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Abstract

Background: Older adults face several barriers to exercise participation, including transportation, lack of access, and poor
weather conditions. Such barriers may influence whether older adults meet the Canadian 24-Hour Movement Guidelines. Recently,
older adults have adopted technology for health care and are increasingly using digital health technologies to improve their access
to care. Therefore, technology may be a valuable tool to reduce barriers to exercise and increase exercise participation rates within
this population.

Objective: This study aimed to explore older adults’ perceptions and experiences of exercise, in general, and specifically related
to our synchronous online exercise program for community-dwelling older adults.

Methods: A total of 3 registered kinesiologists and 1 physiotherapist with experience working with older adults delivered an
8-week, thrice-weekly synchronous online group-based exercise program for older adults in 3 cohorts. The program focused on
strength, balance, and aerobic activity. Following the program, a qualitative study with interpretive descriptive design was
conducted to explore participants’ perceptions and experiences. Participants were invited to take part in a 30-minute, one-on-one
semistructured interview via Zoom with a research team member. Interview data were thematically analyzed to identify common
themes.

Results: A total of 22 older adults (16 women, 6 men; mean age 70, SD 4 years) participated in interviews. Three themes were
identified as follows: (1) health, exercise, and aging beliefs; (2) the pandemic interruption and impacts; and (3) synchronous
online exercise programs attenuate barriers to exercise. Participants discussed their exercise beliefs and behaviors and their desire
to safely and correctly participate in exercise. Older adults found that their physical activity was curtailed, routines disrupted,
and access to in-person exercise programs revoked due to the pandemic. However, many suggested that our synchronous online
exercise program was motivational and attenuated commonly reported environmental barriers to participation, such as transportation
concerns (eg, time spent traveling, driving, and parking), accessibility and convenience by participating at a location of their
choice, and removing travel-related concerns during poor weather conditions.

Conclusions: Given these reported experiences, we posit that synchronous online exercise programs may help motivate and
maintain adherence to exercise programs for older adults. These findings may be leveraged to improve health outcomes in
community-dwelling older adults.

Trial Registration: ClinicalTrials.gov NCT04627493; https://clinicaltrials.gov/study/NCT04627493

(JMIR Aging 2025;8:e66473)   doi:10.2196/66473

KEYWORDS

exercise; older adults; qualitative study; qualitative; experience; attitude; opinion; perception; perspective; interview; internet;
kinesiology; physiotherapy; synchronous; online; home-based; gerontology; geriatric; older; aging; physical activity
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Introduction

Physical activity (PA) guidelines are not met by ≈85% of older
adults in Canada [1,2]. The Canadian Society for Exercise
Physiology recommends that older adults participate in 150
minutes of moderate-to-vigorous PA and 2 bouts of
strengthening exercise each week [3], similar to the World
Health Organization guidelines [4]. If PA guidelines are not
met, older adults are at greater risk of adverse health outcomes,
including falls, cardiovascular disease, mobility limitations,
hospitalization, and mortality [4].

Older adults commonly report barriers to participating in PA
and exercise. A systematic review by Spiteri et al [5] determined
that environmental factors, resources, lack of assistance in
managing change, and social influences are among the common
barriers to PA participation for older adults aged 65‐70 years.
Baeret et al [6] reported similar barriers in their systematic
review of 44 journal papers describing motivators and barriers
to PA in older adults. Common environmental barriers for older
adults include transportation, geographic accessibility,
affordability, and weather [5-7]. Transportation barriers can be
attributed to a lack of transportation to facilities, challenges
navigating parking, and poor reliability of affordable
transportation [5,6]. Lack of access to exercise facilities, the
cost of exercise programming, and distance to programs
contribute to environmental barriers [5,6]. Lastly, poor weather
conditions reduce the likelihood of adults participating in
recreational activities or attending recreation centers [7]. Among
Canadians, 64% are less active in the winter compared with the
summer [8]. Developing exercise programs to mitigate common
environmental barriers may aid in improving older adults’
abilities to participate in exercise and meet PA guidelines.

Recently, older adults have adopted technology for health care
to improve access to care [9,10]. Technology may, therefore,
be a valuable mode of delivery to reduce barriers to exercise
and increase participation rates within this population [11].
Current evidence suggests that online exercise programs improve
physical function and cognition in older adults, although these
programs are exclusively asynchronous, web-based, or
interactive exercise-based video games [12]. Older adults have
reported not enjoying asynchronous exercise programs as they
lack social connectivity, accountability, and adherence, making
it difficult to stay motivated [12,13]. Recently, there has been
a greater uptake of asynchronous and synchronous programming
due to the COVID-19 pandemic [14-16]. A scoping review by
Dagenais et al [16] described the nature and extent of the
existing literature on online exercise programming among older
adults and found 17 studies using asynchronous (9/17, 53%),
synchronous (5/17, 29%), or both asynchronous and
synchronous programming (3/17, 18%). For older adults,
group-based synchronous programs have demonstrated
improvements in muscle strength, balance, physical function,
aerobic capacity, and quality of life [14]. Therefore, gaining
insights into older adults’ perceptions and experiences with
synchronous programming is important.

We developed and delivered a synchronous online exercise
program to help older adults engage in exercise while in-person

programming was temporarily suspended [17]. The synchronous
program was designed and delivered by registered kinesiologists
and physiotherapists. The main aim of the parent trial was to
investigate the preliminary effectiveness and feasibility of the
synchronous online exercise program through a mixed method
pilot randomized controlled trial (RCT) [17]. The aim of this
paper was to explore older adult participants’ perceptions and
experiences of exercise, in general, and of our synchronous
online community exercise program.

Methods

Design
This qualitative study was part of an 8-week community-based,
pilot RCT [17]. An interpretive descriptive design explored
community-dwelling older adults’ experiences and perceptions
of exercise, in general, and of the synchronous online exercise
program [18]. Interpretive description offers a flexible approach
to analyzing qualitative data within medical education research,
as it can explore individuals’ experiences while producing
practical clinical outcomes [19]. The pilot RCT compared
community-dwelling older adults aged 65 to 80 years
participating in a synchronous online exercise program
(ACTIVE) delivered on Zoom with a waitlist control group
(CON). A total of 3 registered kinesiologists and 1
physiotherapist with experience working with older adults
conducted the intervention online in 3 cohorts at the Physical
Activity Centre of Excellence at McMaster University in
Ontario, Canada. The intervention and all data collection,
including the qualitative interviews, were conducted remotely
via Zoom. Zoom meets McMaster University’s privacy
legislation. The study duration was from January 2021 to May
2022. The study was reported in accordance with the
consolidated criteria for reporting qualitative research [20]. For
the purpose of this paper, the qualitative findings alone will be
reported.

Ethical Considerations
This study was approved by the Hamilton Integrated Research
Ethics Board (#11429) and registered at ClinicalTrials.gov
(NCT04627493). Participants were informed of the study
content and procedures both verbally and in writing. Informed
written and oral consent was obtained from all participants. All
participants had the right to withdraw from the study at any
time without any adverse consequences. All data were
anonymized. Participants did not receive compensation for their
participation.

Participants
ACTIVE and CON group participants enrolled in our 8-week
synchronous online program were invited via email to participate
in an individual qualitative interview after completing the
exercise program. The eligibility criteria for the full trial have
been previously reported [17]. Briefly, they were healthy older
community-dwelling women and men between the ages of 65
and 80 years, had access to the internet via a personal
smartphone, tablet, or computer, and participated in ≤150
minutes of moderate to vigorous PA per week. To be eligible
for the qualitative portion of the study, participants must have
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remained enrolled in the study and needed to participate in the
online exercise program. Interested participants were contacted
within 2 weeks of the end of the synchronous online exercise
program to schedule an interview time. With a purposeful
subsample of interested participants from the pilot RCT, we
aimed to conduct between 20 and 24 interviews, as data
saturation typically occurs within this range [21].

Intervention
The 8-week intervention consisted of thrice-weekly 60-minute
synchronous online exercise classes (totaling 24) delivered
online via Zoom by health professionals (ie, registered
kinesiologists and physiotherapists). Briefly, the group-based
classes began with a 5-minute warm-up, 50 minutes of
progressive strength (25 min), aerobic (20 min), and balance
training (5 min), and a 5-minute cool-down [17]. The
physiotherapist (n=1) and registered kinesiologists (n=3) were
trained to work with older adults and adjusted exercise intensity
weekly to meet participants’ abilities. The instructors and
research team members supervised and moderated each class
to ensure participant safety and assist with technological
difficulties. All interactions between participants and the
research team were conducted remotely via Zoom; no
pre-established relationships existed prior to the study.

Qualitative Data Collection
Semistructured, open-ended one-on-one interviews were
conducted via Zoom by a study investigator (GC, female, PhD
Candidate) with experience in qualitative research [22]. A
qualitative interview guide (Multimedia Appendix 1) was
developed with a qualitative methodology expert (MG) to
generate discussion around participants’ experiences and
perceptions of exercise, in general, and with our synchronous
online exercise program [22]. Questions were not provided to

participants before the interview. However, participants were
aware of the interviewer’s personal goals (ie, PhD research) for
conducting the research. Transcripts were transcribed verbatim
from Zoom audio recordings, checked for accuracy, and not
returned to participants.

Data Analysis
The interviews were thematically analyzed using the computer
software Dedoose (version 9.0.17; SocioCultural Research
Consultants, LLC) [23]. Two authors, GC and KSN,
independently coded the first 2 transcripts and discussed initial
patterns and themes to inform the preliminary coding book [24],
which was shared and refined with input from the qualitative
expert. The coding book was used to review subsequent
transcripts and iteratively revised to reflect new concepts.
Themes and subthemes were inductively developed and refined
with the research team. At least 2 interviewers (GC, KSN, and
MG) discussed any disagreements in transcription or content
to reach a consensus [23,25].

Results

Participants’ Characteristics
Of the 32 who participated in the pilot RCT, which determined
the preliminary effectiveness of the synchronous online exercise
program [17], 22 older women and men participated in
semistructured interviews. Ten participants declined or did not
respond to the invitation to participate in this study. Table 1
presents the descriptive characteristics of the sample. There
were no major differences between groups for any variable. The
majority of participants were women (25/32, 78%) and had
completed postsecondary education (29/32, 91%). All interviews
were approximately 30 minutes in duration by design.
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Table . Descriptive characteristics for the ACTIVE, control group (CON), and no-interview participants (N=32).

No interview (n=10)CONb (n=9)ACTIVEa (n=13)

9 (90)7 (78)9 (69)Women, n (%)

74 (4)70 (4)70 (4)Age (years), mean (SD)

Race, n (%)

9 (90)9 (100)12 (92)Caucasian

0 (0)0 (0)1 (8)Indigenous

1 (10)0 (0)0 (0)Asian

Highest level of education earned,
n (%)

1 (10)1 (11)2 (15)Some school or high school diploma

0 (0)1 (11)1 (8)Some college, vocational, or train-
ing school

7 (70)5 (56)5 (38)College graduate or bachelor’s de-
gree

2 (20)2 (22)5 (38)Postgraduate training or degree

Partner status, n (%)

0 (0)2 (22)0 (0)Never married

1 (10)1 (11)4 (31)Divorced or separated

3 (30)1 (11)3 (23)Widowed

6 (60)5 (56)6 (46)Presently married

Living arrangement, n (%)

6 (60)5 (56)6 (46)Wife, husband, or partner

0 (0)0 (0)1 (8)Children

0 (0)1 (11)0 (0)Friends

4 (40)3 (33)5 (38)Living alone

0 (0)0 (0)1 (8)Other

6 (60)5 (56)7 (54)Physically active prior to the pan-
demic, n (%)

aACTIVE: exercise group.
bCON: waitlist control group.

Qualitative Findings

Overview
Our thematic analysis identified 3 main themes with respect to
participants’ perceptions of exercise in general and with the
synchronous online exercise program: health, exercise, and
aging beliefs; the pandemic interruption and impacts; and
synchronous online exercise programs attenuate barriers to
exercise (Textbox 1). Participants described various subthemes
within these 3 main themes, including their exercise beliefs and
behaviors and their desire to safely and correctly participate in
exercise as an older adult. They also reflected upon the impact

of the pandemic on their PA, routine, and lack of access to
exercise programs. Participants discussed how the online
synchronous format contributed to their motivation to exercise,
reduced concerns about transportation, enabled participation
from their desired training location, and allowed them to avoid
poor weather conditions. Our findings provide greater insight
into older adults’ perceptions and experiences of exercise, in
general, through the themes of health, exercise, and aging beliefs
and the impact of the pandemic on older adults’ PA. We also
provide insight into the delivery of synchronous online
community exercise programs and how common barriers to
exercise may be attenuated.
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Textbox 1. Qualitative themes and subthemes.

Health, exercise, and aging beliefs

• Exercise beliefs and behaviors.

• Desire to safely and correctly participate in exercise as an older adult.

The pandemic interruption and impacts

• Physical activity curtailed.

• Routines disrupted.

• Access to exercise programs revoked.

Synchronous online exercise programs attenuate barriers to exercise

• Synchronous programming is motivating.

• Removed concerns about transportation.

• Ease of participation from desired training location.

• Removed poor weather condition concerns.

Health, Exercise, and Aging Beliefs
Participants believed in the benefits of exercise and sought ways
to become more physically active. Many had participated in PA
throughout their lives, and they valued the importance of the
health benefits of exercise. Three participants described their
beliefs about the benefits of exercise and its importance to health
and longevity.

Yeah, it’s like exercise should be long-term or lifetime
commitment… it can really benefit you through your
own lifetime. [CON1]

I have the attitude exercise is important for everybody,
but it’s especially important as we get older. [CON2]

I need physical exercise. My body feels better.
[CON3]

Two participants discussed the reasons for seeking out
opportunities to increase their PA.

If I joined the program at least it would give me a
reason to get up and get started in exercise.
[ACTIVE4]

Since I’ve retired, I’m trying to find some kind of
routine that would keep me active, and [help with]
losing weight and trying to get healthy for longevity.
[ACTIVE5]

Participants expressed concern about their declining fitness
levels. Three participants described their desire to continue
participating in meaningful activities and believed that becoming
more active would help them maintain or improve their health.

I was getting too unfit basically… If I think in terms
of basic fitness, it would be functional fitness. Can I
bend down to get something on the bottom shelf? Can
I reach the top shelf? Can I get in and out of a
bathtub?… Activities of daily living, but all of them,
like the reaching bending stretching [exercise would
help with this]. [CON6]

Because I want to be active in my older age. I don’t
want to be, you know, stuck in a chair and very limited
in what I can do. I still want to travel… You know I
want to be mobile. [ACTIVE7]

What does motivate me is as I’m aging, I want to get
healthier… I want to maybe see my grandkids get
married, you know, things like that, so as I age, I get
more motivation. [ACTIVE8]

One participant described their motivation to become more
physically active for health and vanity.

It’s for health, and to be honest with you, it partly is
vanity, too. [CON2]

The participants in our study had prior beliefs regarding exercise
and believed in the long-term benefits of exercise. Their
motivation stemmed from their desire to improve their health
and continue to participate in activities that are meaningful to
them. While participants expressed a desire to be active, many
disclosed that they lacked knowledge of how to exercise. One
participant described that as an older woman, strength training
is not an easily accessible exercise modality. Aerobic is
traditionally the commonly prescribed type of exercise, but
older adults, including women, are interested in learning about
strength training.

I think as an older person and a woman, I’m less
likely to do [strength training] on my own. I can go
out and walk and do aerobic stuff, but it’s the
resistance work that I would be interested in.
[ACTIVE5]

Three participants described concerns over incorrect form,
potentially leading to injury. Older adults discuss a lack of
confidence, fear of injury, and desire for more supervision when
exercising.

I think as we get older, certainly doing it the proper
way even becomes more important than when you
were young. [ACTIVE9]
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It’s not like I didn’t want to try and join some of those
[traditional] gyms sometimes, but I didn’t feel as
confident about it because of some of the medical part
[injuries]. [CON3]

But there’s not a lot of supervision happening there
[traditional gyms]… the opportunity to do things
incorrectly kind of opens you for doing something
wrong and hurting yourself. [ACTIVE7]

Participants in this study desired to become more physically
active and believed in the benefits of exercise. Their motivations
for exercising varied from wanting to continue with their
activities of daily living to longevity and vanity. However, our
participants suggested that traditional gym settings do not offer
adequate supervision for older adults as they learn to participate
in exercise safely.

The Pandemic Interruption and Impacts
The COVID-19 pandemic interrupted participants’daily routines
and limited access to PA during this study. The first cohort of
participants began the study during the second wave (Beta
variant) of the COVID-19 pandemic and completed the study
during the third wave (Gamma variant). The second cohort of
participants began the study during the third wave of the
COVID-19 pandemic and completed the study as the fourth
wave (Delta variant) began. The third cohort of the study started
and completed the study during the fifth wave (Omicron variant)
of the COVID-19 pandemic. Participants voiced several
concerns about their own inactivity levels and how these were
affected by COVID-19. For example, 3 participants spoke of
the secondary consequences of the pandemic resulting in
unhealthy habits.

I had joined the gym, and then COVID happened. So,
then I’ve put on another 30 pounds, so now I’m 70
pounds over my optimum weight…. I don’t want to
risk it right now because of the COVID stuff. Yeah,
and I’m not doing massages and not doing
physiotherapy, so you know that’s kind of hindered
things too. [ACTIVE10]

I got out first thing in the morning; it was a part of a
routine during the pandemic. I lost all of that;
consequently, I put on weight… when the pandemic
hit, I literally turned into a couch potato. [CON2]

I was really surprised at how de-conditioned I became
over the course of the pandemic; I mean, it wasn’t
great before, but it became a lot worse during the
pandemic. [ACTIVE11]

The pandemic’s secondary consequences left participants more
sedentary during this period and disrupted their routines. For
example, 2 participants described the challenge to keep track
of weekdays.

COVID really slowed us down, and I didn't know what
day of the week it was. [CON1]

Well, yeah, until the program that you gave us, I was
getting lost on what day of the week it was. At least
I knew when it was Monday, Wednesday, Friday.
[ACTIVE10]

In addition to disruptions to participants’ daily routines, the
pandemic revoked access to exercise programs. The public
health-mandated lockdowns resulted in canceled in-person
exercise programs, further limiting access to PA and exercise.
Prior to the pandemic, participants had been engaging in exercise
programs and were members of local gyms. COVID-19
interrupted their participation in programming, and many found
it difficult to motivate themselves to exercise.

… once COVID hit, other classes [exercise programs]
closed, it was very difficult… it’s almost impossible
to continue [exercising]. And I’m not very good at
self-motivating. [CON1]

Okay, I go to the gym quite often, like maybe four
times or five times a week and, of course, the gyms
are closed [COVID], and I found it hard to get
motivated to do stuff on my own. [ACTIVE4]

I just started at the Mac gym in the Senior’s Program
in February, so I was just sort of getting into the
three-times-a-week schedule when, of course, we
stopped in March because of the pandemic.
[ACTIVE11]

The pandemic interrupted many participants’ routines, including
canceled exercise programs and memberships and curtailing
PA.

Synchronous Online Exercise Programs Attenuate
Barriers to Exercise
Participants reported that our synchronous online exercise
program removed several common environmental barriers to
exercise and motivated them to become more physically active.
For example, one participant discussed enjoying exercising
from home while still connecting to people in real time.

The fact that we got to do it at home… that was cool.
I think, maybe something like that would probably
motivate me again that there’s interaction, it’s real
people, and it’s done in real-time… I actually liked
having it [online]. [ACTIVE8]

Another participant spoke about how synchronous programming,
in general, allows them to continue to exercise when they are
not comfortable attending in-person programming.

Yeah, if you have sniffles, you might still want to do
the exercises, but you don't want to spread the
disease… [ACTIVE10]

A third participant described how our synchronous online
exercise program was advantageous compared with in-person
programming.

So, it’s just me moving around in the room, not, you
know, bumping into other people like in a small gym…
We’re always overheated. Here I have a fan blowing
on me, and I don’t have somebody complaining that
wind is blowing on them because they don’t like wind.
[ACTIVE10]

Our synchronous online exercise program motivated participants
to exercise as it allows individuals to remain connected with
others while participating safely and easily from their own
homes. Participants described enjoying the ease of participating
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in our program from home since it removed their concerns about
transportation and reduced time spent traveling to and from the
exercise program, which allowed more time to engage in other
activities. Participants discussed their concerns about driving,
traffic, and parking when attending in-person exercise programs
at the university or recreational facilities. For example, one
participant referred to the difficulty of driving and finding their
way around campus.

… I didn’t like driving to McMaster, and then you
have to figure out where you’re going… that was just
a part that I don’t care about… So, I like local these
days, and the fact that I could do that on Zoom is
great. I think it’s the best thing ever. [CON12]

Another participant spoke about not having to drive (or
otherwise find their way) to the session and how it streamlined
their exercise experience.

No, that was actually really, really good. So, because
it’s COVID, you don’t have to worry about being in
contact. But yes, I don’t like the concept of having to
drive somewhere to exercise. It just defeats the whole
purpose… I liked that. [ACTIVE5]

A third participant discussed the inefficiency of driving to the
gym.

I always used to say if people just walk to the gym or
bike to the gym they wouldn’t even have to go in the
gym. So yes, you’ve cut out that timepiece of having
to go somewhere to do something. [ACTIVE7]

Our online exercise program eliminated transportation concerns
and was described as motivational as it allowed individuals to
participate from their desired training location, including their
homes and while on holiday. For example, one participant
described the ease of connecting to our program while away
from home.

I was out of town, okay? I ended up at my nephew’s
place, and he works the night shift. So, I didn’t want
to disturb him inside, so I went outside, and they had
a nice strong Wi-Fi connection, and it worked out
really good. [CON1]

Another participant enjoyed the flexibility of our program,
allowing them to maintain their routine while away from home.

We’ll sign up for that. We can do it at the lake as
well… With this type of activity, you can do it in your
living room, you can do it out on the deck, and you
can do it wherever you want. I think it’s great that
there’s more flexibility, that you can take the program
to where you are, rather than you go[ing] there.
[ACTIVE9]

Two participants discussed how offering the exercise program
through a synchronous videoconference platform enabled
participation due to the ease of access.

It [Zoom] made me kind of want to go on… how can
you argue about getting up five minutes before it
starts? And, yeah, it’s really, it’s fantastic.
[ACTIVE13]

Having it be virtual means that you don't have to
worry about traffic and parking and driving. [CON6]

The synchronous program allowed flexibility in how and where
participants engaged with our program, easing participants’
concerns about traveling in poor weather conditions. Older
adults described their fears and worries about navigating poor
weather conditions (eg, extreme heat, rain, snow, and ice) on
foot or by car to attend exercise programs or to be physically
active. One participant described enjoying not needing to leave
the house during the winter months to exercise.

Yeah, absolutely. In the winter, too, you didn't have
to, you know, shiver and so on. [CON14]

Two participants spoke of the inconvenience of navigating the
weather conditions when exercising.

To go warm up my car, put my boots on, then go to
the gym, take my boots off... It just doesn’t make sense
to me. [ACTIVE8]

It was helpful that I didn't have to go running and try
to park somewhere and find something [parking] and
go through a snowbank. [CON3]

Another participant discussed barriers when leaving the house
when weather conditions are poor and how exercising from
home helped to ensure they could still exercise.

… if it’s like a torrential rain or snowstorm or ice, I
don’t go out on ice. Yeah, you know, then you would
do it from home. [6ACTIVE10]

Participants described poor weather conditions as negatively
impacting their PA levels. Overall, they enjoyed the ease of the
videoconference platform and participating in a synchronous
online exercise program.

Discussion

Principal Findings
This study provides novel insights into synchronous online
exercise programs for older adults. Specifically, participants
identified themes including health, exercise, and aging beliefs;
the pandemic interruption and impacts; and synchronous online
exercise programs attenuating barriers to exercise. Our findings
suggested that participants in this study believed in the benefits
of exercise and wanted to learn how to exercise safely. The
pandemic curtailed their PA, disrupted their routines, and
revoked access to exercise programs, leaving them seeking new
approaches to exercise. We found that our synchronous online
exercise program was motivational and may reduce commonly
reported environmental barriers, including removing concerns
about transportation (eg, time spent traveling, driving, and
parking), improving access through ease of participation from
desired training locations, and removing poor weather condition
concerns. Therefore, participants expressed a preference for
synchronous online delivery of exercise programs, which may
be a valuable option for motivating older adults to become
physically active while reducing common environmental
barriers.

Our findings suggested that participants believed in the health
benefits of exercise. Participants described motivation to
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exercise due to their desire to be healthy, mobile, and participate
in meaningful activities as they aged. Notably, the majority of
participants in our study were previously active and had prior
experience with exercise, which may influence their perceptions
and experiences with exercise. Our findings are similar to
findings from a qualitative study by Harrison et al [26] focused
on understanding the barriers and motivators of 58 older adults
(49/58, 84% females; 60‐85 years) residing in an urban
community in Washington, DC, which suggested that the main
benefits and reasons for exercising are prolonged life, more
energy, and a stronger body. Other participants in our study
reported their appearance as a motivator for exercise. While
participants in our study discussed their motivations for
exercising, they lacked confidence in their abilities to exercise
safely, feared injury, and desired supervision. Participants
described how traditional gyms lack adequate supervision and
support for older adults learning how to exercise. Access to
exercise programs specific to older adults is critical to help
motivate individuals to exercise and maintain PA levels [5,6].

Our study was conducted during the COVID-19 pandemic,
which has been shown to limit walking, biking, PA, and mobility
while increasing sedentary behavior across all age groups [27].
As a result, participants discussed the interruption of the
pandemic to their lives and its impact in our interviews. While
some evidence suggests that older adults became more active
in the pandemic [28], this was not the case for our participants,
who reported experiencing changes to their PA levels and daily
routines and found it difficult to motivate themselves to be
physically active independently. Similarly, in a 2021 qualitative
study by Petersen et al [29], 12 healthy Canadian adults (6/12,
50% females; 20‐70 years), participants described disruptions
to their daily routines and changes in PA as a result of the
pandemic. Our study builds upon these findings by providing
insight into how the closure of gyms and canceled exercise
programs impacted participants in our study, as many were
active members before the pandemic. Limited access to exercise
programs may lead to difficulty for older adults in motivating
themselves to be physically active.

Social connectivity is a key motivator for older adults to
maintain adherence to exercise programs [6,30]. Our findings
suggest that synchronous online exercise programs are
motivational for older adults as they can connect in real time
with instructors and other participants, which is unique to
synchronous programming compared with asynchronous
programs as older adults identify the lack of real-time objective
feedback [31]. However, some older adults in our study had
previously noted that socializing may not be important when
exercising, and they prefer to focus on exercising alone [17].
The synchronous program made our participants feel
comfortable exercising when they could not attend in-person
programs, and it was advantageous compared with in-person
exercise as they did not need to share their space. Synchronous
programs may be a useful exercise approach as many older
adults are shifting towards more digital connections with family
and friends beyond the pandemic, as seen in a sedentary
behavior reduction intervention with older adults [32]. However,
this may not be a generalizable finding, particularly for older
adults in Canada with lower socioeconomic status and lower

educational attainment, as there may be barriers to technological
access and literacy [33,34]. Careful consideration is needed to
develop accessible future interventions and programs when
leveraging technology to deliver synchronous PA and exercise
programs more broadly. Future work should consider using
in-person recruitment to ensure greater diversity in studies [35].

In addition to technology barriers, other commonly cited barriers
to participation in PA and exercise included environmental
factors, access to resources, assistance in managing change, and
social influences for older community-dwelling adults [5,6].
Our findings reflect the environmental barriers reported in the
literature, including transportation, access to exercise facilities,
and poor weather conditions. Participants in our study expressed
concerns about driving and parking at fitness centers, but these
transportation concerns were alleviated through our online
exercise program, which enabled participants to focus on
exercising. Participants described how the “Internet” was a good
way to “deal” with transportation concerns, as many described
the extra mental load of in-person programming. Previous
research has highlighted the importance of transportation
assistance in promoting the uptake of programs and maintenance
of PA for community-dwelling older adults who are socially
disadvantaged or experience disability [36-38]. Reducing
transportation concerns may improve the accessibility of
exercise programs and the ability for older adults to participate
from their desired training location [38].

Barriers to exercise accessibility due to lack of time (family and
work) and lack of facilities are other commonly reported
environmental barriers [5,6]. In focus groups with recently
retired older adults, they described feeling like they are relied
upon by children, grandchildren, parents, and friends, making
it difficult to prioritize structured PA [39]. For some, online
programs provide convenience in terms of not needing
transportation, allowing older adults to spend more time on
other priorities [40]. Our participants commented on the ease
of getting up 5 minutes before class and our program’s
convenience. The frequency of our program, 3 times per week,
was also feasible for older adults [17]. Our synchronous online
exercise program improved participants’ access to exercise
specific for older adults and allowed the flexibility of attending
class from home while still remaining socially connected. It
additionally created a psychologically safe place for participants
compared with traditional gyms, which are dominated by
younger adults and lack supervised training specifically for
older adults. Creating convenient, safe, and synchronous
programs is important for ongoing adherence [39].

Poor weather conditions (eg, winter, rain, extreme heat) in
Canada are another environmental barrier that contributes to
increased sedentary time [41]. Our findings suggest that ice,
snow, rain, and extreme heat discourage exercise, particularly
since most older adults must travel to a facility to participate in
an exercise program. Participants suggested that online delivery
may effectively reduce this environmental barrier as participants
do not need to be concerned with “cleaning their cars off” or
“walking on ice” to attend a training facility to exercise. In older
Canadians, there is a decrease in PA levels during precipitation
[42] and winter months [8]. Synchronous delivery of exercise
may be a feasible approach to deliver programs broadly,
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particularly to populations who may not access in-person
programs easily. Future work should explore hybrid exercise
programming models, including in-person and synchronous
delivery.

Strengths and Limitations
Our study suggests that synchronous exercise programs are
motivational for older adults as they can connect in real-time
with instructors while eliminating common environmental
barriers to in-person exercise programming. Interpretive design
allowed us to address a complex experiential question while
producing a practical outcome [19]. A potential limitation of
this study is the limited diversity among our sample. Our study
population was predominately Caucasian, with high education
attainment, women between 65 and 80, and motivated to
exercise. Thus, the findings do not represent the perceptions
and experiences of structurally marginalized populations, those
experiencing lower socioeconomic status, men, older than 80
years, and those with low levels of education attainment or
motivation to support behavioral change. We did not include
nonparticipants in the program (n=1) in the interviews. Including
nonparticipants may have allowed us to elucidate further barriers
and health inequities for those unable to complete the program.
Although the study lead provided technological support and
assistance through Zoom or a phone call, including turning on
cameras, muting and unmuting, and connecting speakers, all
participants had good technology literacy and digital access.
Future studies should consider including individuals in different
populations with varying degrees of technological literacy.

Additionally, conducting the synchronous online exercise
program outside of the COVID-19 context would provide
valuable insight into the long-term feasibility of this program.
Trustworthiness may not have been achieved as the transcripts
and codes were not checked and confirmed by the participants
in this study [25]; however, triangulation across analysts
strengthened this aspect of rigor.

Conclusion
The delivery of exercise programs using synchronous online
classes may help older adults meet PA guidelines. Older adults
report experiencing environmental barriers, including
transportation, lack of access, and poor weather conditions when
exercising. Our findings suggest that synchronous online
exercise programs may serve as an approach to mitigate these
environmental barriers and motivate older adults while keeping
them socially connected. Considerations for designing exercise
programs for older adults include delivery of the program by
exercise and health professionals, synchronous programming
to maintain social connectivity, and reducing environmental
barriers such as transportation and weather concerns.
Community programs may consider implementing synchronous
online exercise programs as part of their recreational
programming for older adults to increase engagement and reduce
accessibility barriers. Future work should focus on leveraging
synchronous exercise programs in community programs to
engage older adults in PA and exercise and explore hybrid
(synchronous and in-person) options.
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Abstract

Background: Sexual response problems among older adults are not an inevitable consequence of aging but rather a response
to sexual health. However, there is a lack of recent and multicenter data on this issue in China.

Objective: This study aims to assess the prevalence of sexual response problems and their correlates among older adults.

Methods: A multicenter cross-sectional study on sexual well-being was conducted among individuals aged more than 50 years
in China between June 2020 and December 2022. Data on sociodemographics, physical health, psychological health, and sexual
response problems were collected through face-to-face interviews. We included sexually active older adults who reported either
vaginal, oral, or anal sex in the past 12 months for this study. Sexual response problems included a lack of interest or enjoyment
in sex; feeling anxious, having pain, or no excitement during sex; no desire or orgasms; and the lack of lubrication in sex. The
stepwise logistic regression models were used to examine the correlates of sexual response problems.

Results: A total of 1317 sexually active older adults (842 men, 475 women) were included. Older women reported a higher
prevalence of sexual response problems than older men (52.0% [247/475] vs 43.1% [363/842]). Common factors associated with
at least one of the sexual response problems included living in rural areas (men: adjusted odds ratio [aOR]=0.31, 95% CI 0.22‐0.43;
women: aOR=0.29, 95% CI 0.19‐0.43) and abnormal BMI (aOR=men: 1.52, 95% CI1.11‐2.07; women: aOR=2.19, 95% CI
1.47‐3.28). Among older men, sleep quality (aOR=1.87, 95% CI 1.30‐2.68), emotional connection with sex partners during
sexual intercourse (aOR=0.69, 95% CI 0.50‐0.96), frequently experienced fatigue (aOR=2.47, 95% CI 1.59‐3.90), anxiety
(aOR=4.26, 95% CI 1.12‐21.27), and seeking professional help for sex life (aOR=1.58, 95% CI 1.14‐2.21) were associated
with sexual response problems. Among older women, sexual response problems were associated with a lack of physical exercise
(aOR=1.69, 95% CI 1.13‐2.54), poor sex-partner relationships (aOR=1.70, 95% CI 1.12‐2.60), and depressive symptoms
(aOR=3.18, 95% CI 1.18‐10.24).
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Conclusions: Sexual response problems are common among older adults. These problems were associated with adverse physical
health, mental health, and poor sex-partner relationships. These findings highlight the importance for health care providers to
take into account the physical and psychological health of older adults, as well as the quality of their relationships with sexual
partners when diagnosing and addressing sexual response problems.

(JMIR Aging 2025;8:e66772)   doi:10.2196/66772

KEYWORDS

dysfunction; sexual health; sexual well-being; sexually active; sexual activity; well-being; correlate; sex partner relationship;
gerontology; geriatrics; older adults; elder; elderly; older person; aging; China; cross-sectional study

Introduction

Sexual response problems are characterized by diminished or
absent sexual interest and disruptions in the physiological or
psychosocial patterns associated with the sexual response cycle.
These disruptions include a lack of interest, enjoyment, desire,
orgasms, and lubrication in sex [1]. Sexual response problems
have a profound impact on various aspects of life for older
adults, affecting their quality of life, interpersonal relationships,
dissatisfaction in marriage [2,3], work efficiency [4], self-esteem
[5], and physical and mental health [2,3,6].

Recent studies have shown a high prevalence of sexual problems
in both older men and older women. For instance, in Europe, a
majority of men (73.7%‐79.8%) and women (23.5%‐50.2%)
reported experiencing at least one sexual problem, with the most
prevalent sexual problems being orgasmic difficulties and
reaching orgasm more quickly than desired and failure to reach
orgasm or taking too long to climax [7,8]. An early national
survey in urban China indicated that 21% of men and 35% of
women aged 20‐64 years had at least one persistent sexual
dysfunction, with lack of sex interest, erectile difficulties (men),
and inability to reach orgasm being the most common problems
[9]. There are substantial variations in the prevalence of sexual
response problems across different global regions, with
noticeable differences between men and women. As extensively
demonstrated by a significant number of epidemiological studies
worldwide, there are substantial differences in the prevalence
of sexual response problems among men and women. A few
researchers have suggested that the prevalence of sexual
response problems was higher in men compared to women
[10,11]. Conversely, more studies have reported a higher
prevalence among females [12-15]. It is necessary to elucidate
the specific causes of these differences and inform
gender-specific prevention and intervention strategies.

Sociodemographic, psychological, sex partner relationships,
chronic disease, and physical health were found to be important
determinants of sexual response problems among older adults.
The prevalence of sexual problems tends to increase with age
[16], and there are notable differences between men and women
in terms of prevalence and types of sexual response problems
[17]. Psychosocial factors such as anxiety, depression, stress,
and the quality of marital relationships play significant roles in
sexual response problems [16,18,19]. Intimate partner violence
is associated with a higher likelihood of experiencing sexual
problems [20]. In addition, chronic diseases like cancer [17],
diabetes [21], and coronary heart disease [22] are linked to an
increased risk of sexual dysfunction. Moreover, sexual response

problems in one partner may influence the sexual function of
the other partner [23].

Despite extensive studies on sexual problems, most of the
existing literature was from developed countries or early studies,
and there is a lack of nationally representative, large sample
and recent data on the prevalence and correlates of sexual
response problems among older adults in China. Given China’s
rapidly aging population [24,25], the sexual health of older
adults is a growing concern. A comprehensive understanding
of older adults’ sexual response problems may enhance sex
education, research, policy, and clinical care for this growing
population. This multicentre cross-sectional study, using data
from the Sexual Well-being (SWELL) study in China, aims to
fill the research gap by examining the prevalence of sexual
response problems and their correlates among older adults.
These epidemiological data are essential for andrologists,
gynecologists, urologists, venereologists, and other health care
providers involved in treating and caring for older adults. They
may help them counsel their patients on the potential adverse
effects of different treatment modalities. Moreover, the findings
are expected to contribute valuable insights for developing
targeted interventions to enhance sexual relationships, improve
quality of life, and address the sexual health challenges faced
by aging populations in China.

Methods

Study Participants and Procedures
Our study was based on the SWELL study, a multicenter
cross-sectional survey conducted between June 2020 and
December 2022. The survey spanned four different regions in
China, including Shanghai (Eastern China), Jinan (Eastern
China), Chongqing (Western China), Guangzhou (Southern
China), and Tianjin (Northern China). Participants were
recruited using a multistage sampling design, and more detailed
sampling procedures are provided in our previous protocol [26].
We collected data on demographic characteristics, physical
health characteristics, mental health characteristics, sex partner
relationship characteristics, and sexual behavior characteristics
through face-to-face interviews. All participants provide formal
informed consent to participate in the study.

Participants were enlisted from subdistricts within each chosen
city. Eligibility criteria for participants in this study included:
(1) aged 50 years and older; (2) only heterosexual orientation;
(3) having engaged in heterosexual activities (including oral or
vaginal intercourse) in the preceding year; (4) being able to
comprehend the survey instrument of the SWELL Study.
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Ethical Consideration
The SWELL study was approved by the School of Public Health
(Shenzhen), Sun Yat-sen University Research Ethics Committee
(approval number SYSU-PHS [2019] 006) and was performed
following the Helsinki Declaration. Written consent was
obtained from all participants, who were informed of their right
to withdraw from the study at any time. Participant information
and responses remained confidential, with anonymized data
stored in password-protected folders accessible exclusively to
the research team and supervisors.

Study Variables

Sexual Response Problems (Outcomes Variables)
Respondents were asked to report if they had experienced any
of the following sexual response problems for three months in
the preceding year: (1) lacked desire for sex, (2) lacked
enjoyment in sex, (3) anxiety during sex, (4) discomfort or pain
in sex, (5) no sexual arousal or excitement during sex, (6) lack
of or delayed orgasm despite arousal, and (7) reaching orgasm
faster than you would like, (8) lubrication difficulties (women
only) or erectile function difficulties (men only). These items
captured the major sexual response problem domains in the
classification of sexual dysfunction in the Diagnostic and
Statistical Manual of Mental Disorders, Fourth Edition [27].
The reliability of sexual response problems in this study was
0.75.

Sociodemographic Characteristics
Age, gender (men and women), living area (rural or urban),
monthly income (Chinese Yuan [CNY]), and years of education
(<6 years: primary and lower; 7‐12 years: senior or high
school; >12 years: college and above) were included in
demographic characteristics. Age was categorized into 3 age
groups (50‐59 years, 60‐69 years, and older than 70 years).
Monthly income (CNY) was categorized into 2 groups (≥5000
CNY [US $700] and <5000 CNY [US $700]).

Lifestyle Characteristics

Physical Exercise
Physical exercise was assessed with 5 items that inquired about
the frequency of participation (6 times a week, 3‐5 times a
week, 1‐2 times a week, no more than once a week, hardly
ever, or never). The participants who reported engaging in
physical exercise more than 1‐2 times a week were categorized
as often engaging in physical exercise. The remaining responses
were categorized as not often exercised [28].

Seeking Professional Help for Sex Life
Participants were asked whether they had sought help or advice
about their sex life from a range of sources in the past year.
These sources included 4 informal sources (family member or
friend, information and support sites on the internet) and 6
professional sources (general practitioner or family doctor,
sexual health clinic, genitourinary clinic, sexually transmitted
infection clinic, or relationship counselor); more than one answer
was allowed. If a participant responds that they have previously
sought help for sex life from 6 professional sources, this is
defined as “seeking professional help for sex life.”

Physical Health Characteristics

Frequently Experiencing Fatigue
As for frequently experiencing fatigue, the participants were
asked about their fatigue levels using a question: “Do you
frequently experience fatigue?” with response options of “Yes”
or “No.”

Chronic Disease
Chronic disease is defined as one or more diseases that last for
3 months or more including cardiovascular diseases (including
myocardial infarction, coronary heart disease, angina, other
forms of heart disease, and hypertension), arthritis, diabetes, or
hyperglycemia, cerebral hemorrhage or stroke, chronic lung
disease (excluding asthma), Parkinson disease, epilepsy,
hyperlipidemia, gout or hyperuric acid, chronic gastroenteritis
and chronic pain. A separate section was directed at women
participants, whether they have a history of one of the following,
including bladder surgery, genital or gynecologic surgery,
cesarean section, abdominal surgery, and hip pelvic fractures
or hip replacement.

Body Mass Index and Sleep Quality
In the SWELL Study, BMI is considered abnormal when lower
than 18.5 or higher than 25.

Sleep quality was evaluated using the validated single-item
sleep quality scale (SQS), which ranges from 1 to 10 and has
been proven to be divided into 2 categories for analysis: those
indicating poor sleep quality (scores 1‐6) and those indicating
good sleep quality (scores 7‐10) [29]. The SQS had an
acceptable internal consistency (Cronbach α=0.85).

Mental Health Characteristics

Depressive Symptoms
Depressive symptoms were measured by the 9-item Patient
Health Questionnaire (PHQ-9), which has been validated and
proven [29,30]. The scale’s total score ranges from 0 to 27, with
scores≥10 representing clinically significant depressive
symptoms. This study defined a score greater than or equal to
10 as depressive symptoms.

Anxiety Symptoms
The anxiety symptoms were measured on the generalized
anxiety disorder-7 (GAD-7) scale with 7-item. Mild or normal
anxiety was defined as a GAD-7 score <10, while
moderate-to-vigorous anxiety was defined as a GAD-7 score
≥10 [29]. In this study, a score greater or equal to 10 was defined
as with anxiety symptoms.

Sexual Relationship Characteristics

Emotional Connection With a Sexual Partner During
Sex
The participants were asked, “How often would you say you
feel emotionally close to your partner when you have sex
together? (options: always, most of the time, sometimes, not
very often, hardly ever).” The participants who selected the
options of “always” and “most of the time” were defined as
having a “good emotional connection with a sexual partner
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during sex;” otherwise, they were defined as having a “poor
emotional connection with a sexual partner during sex.”

Relationship With Sex Partners
Regarding relationships with sex partners, the participants were
asked, “How do you evaluate the relationship with your recent
sex partner? Please assign a rating to the quality of your
partnership with them.” The rating scale ranges from 1 to 7,
with 1 indicating “very good” and 7 representing “very poor.”
We categorized the responses into 2 categories for analysis:
good relationship with a sex partner (scores 1‐4) and poor
relationship with a sex partner (scores 5‐7).

Sexual Satisfaction
Sexual satisfaction was measured on a 5-point Likert scale, with
responses ranging from 1 to 5 (strongly agree, agree, medium,
disagree, and strongly disagree). In this study, we reclassified
scores of 1‐3 as sexual satisfaction and scores of 4‐5 as
sexual dissatisfaction [30].

Statistical Analyses
Descriptive analyses were conducted to characterize the study
sample, including presenting percentages, means, and SD. The

χ2 test was used to compare the proportions of characteristics
between the sex groups.

For the multivariable logistic regression analysis, collinearity
diagnostics were initially performed for all potential variables
(Multimedia Appendices 1 and 2). Subsequently, multivariate
logistic regression analysis was carried out for noncollinear
variables. The multivariable logistic regression models selected
variables using a stepwise method based on the Akaike
Information Criterion (AIC). The stepwise regression method
combines forward selection and backward elimination
approaches, adding and removing predictors in the
model-building process. This approach effectively minimizes
the inclusion of covariates, thereby enhancing the robustness

of the analysis. Finally, the model with the minimum AIC was
adopted (men: 1005.929; women: 582.316). Adjusted odds
ratios (aORs) and their corresponding 95% CIs were estimated.

All statistical analyses were performed using R software version
4.2.3 (R Project). The Stats package (version 4.2.2) was used
to build the stepwise multivariable logistic regression models.
In addition, the figures were generated using the ggplot2
package (version 3.4.3) and forestmodel package (version 0.6.2)
from CRAN.

Results

Demographic and Health Characteristics of the
Participants
As shown in Table 1, 1317 older adults were included in this
analysis. The average age was 64 years (SD 8.4 years, ranging
from 50 to 86 years). Over half of the participants resided in
rural areas (men: 53.1% [447/842], women: 50.9% [242/475]),
and the majority reported 7‐12 years of education (junior or
senior high school; men: 70.0% [589/842], women: 59.6%
[283/475]). In addition, a significant proportion of participants
reported infrequent engagement in physical exercise (men:
54.8% [461/842], women: 48.2% [229/475]). Regarding physical
health, more than half of the participants did not frequently
experience fatigue (men: 85% [716/842], women: 74.9%
[356/475]) and did not have chronic diseases (men: 55.2%
[465/842], women: 62.9% [299/475]). Regarding sexual
relationship characteristics, the majority of male participants
reported sexual satisfaction (479/842, 56.9%) and a good
relationship with their sex partner (615/842, 73.0%). In
comparison, women reported slightly lower rates of sexual
satisfaction (228/475, 48.0%) and a good relationship with their
sex partner (306/475, 64.4%). Furthermore, less than 5.1%
(24/475) of both men and women reported symptoms of anxiety
and depression.
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Table . Demographic, lifestyle, health, and sexual relationship characteristics among older adults aged more than 50 years in China (stratified by sex).

WomenMenCharacteristics

P valuesP values

NoYesAllNoYesAllAt least one of
the sexual re-
sponse prob-
lems, n (%)

N/A228 (48.0)247 (52.0)475 (100.0)N/Aa479 (56.9)363 (43.1)842 (100.0)

Demographic
characteristics

<.001<.001    Living area

153 (63.2)89 (36.8)242 (50.9)315 (70.5)132 (29.5)447 (53.1)Rural

75 (32.2)158 (67.8)233 (49.1)164 (41.5)231 (58.5)395 (46.9)Urban

.13.04    Age (years)

135 (49.6)137 (50.4)272 (57.3)265 (60.2)175 (39.8)440 (52.3)50‐59

77 (49.4)79 (50.6)156 (32.8)166 (55.3)134 (44.7)300 (35.6)60‐69

16 (34)31 (66)47 (9.9)48 (47.1)54 (52.9)102 (12.1)70+

.72.37    Monthly in-
come (RMB)

193 (48.5)205 (51.5)398 (83.8)124 (54.1)105 (45.9)229 (27.2)≥5000

35 (45.5)42 (54.5)77 (16.2)355 (57.9)258 (42.1)613 (72.8)<5000

.02.009    Education
level

70 (57.9)51 (42.1)121 (25.5)85 (53.1)75 (46.9)160 (19.0)        ≤6

131 (46.3)152 (53.7)283 (59.6)353 (59.9)236 (40.1)589 (70.0)        7‐12

27 (38)44 (62)71 (14.9)41 (44.1)52 (55.9)93 (11.0)        >12

Lifestyle characteristics

.001.81    Physical ex-
ercise

.137 (55.7)109 (44.3)246 (51.8)219 (57.5)162 (42.5)381 (45.2)Often

91 (39.7)138 (60.3)229 (48.2)260 (56.4)201 (43.6)461 (54.8)Not Often

.96.001    Seeking
professional
help for sex
life

67 (48.6)71 (51.4)138 (29.1)128 (48.1)138 (51.9)266 (31.6)        Yes

161 (47.8)176 (52.2)337 (70.9)351 (60.9)225 (39.1)576 (68.4)        No

Physical health characteristics

.07<.001    Frequently
experienced
fatigue

.0748 (40.3)71 (59.7)119 (25.1)40 (31.7)86 (68.3)126 (15.0)Often

180 (50.6)176 (49.4)356 (74.9)439 (61.3)277 (38.7)716 (85.0)Not often

<.001.001    BMI

135 (58.7)95 (41.3)230 (48.4)272 (62.7)162 (37.3)434 (51.5)Normal

93 (38)152 (62)245 (51.6)207 (50.7)201 (49.3)408 (48.5)Abnormal

.35<.001    Sleep quali-
ty
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WomenMenCharacteristics

P valuesP values

156 (49.7)158 (50.3)314 (66.1)398 (63.2)232 (36.8)630 (74.8)Good

72 (44.7)89 (55.3)161 (33.9)81 (38.2)131 (61.8)212 (25.2)Poor

.06.10    Chronic dis-
ease

95 (54)81 (46)176 (37.1)214 (56.8)163(43.2)377 (44.8)        Yes

133 (44.5)166 (55.5)299 (62.9)265 (57)200 (43)465 (55.2)        No

Mental health characteristics

.34.002    Anxiety
symptoms

7 (35)13 (65)20 (4.2)3 (17.6)14 (82.4)17 (2.0)        Yes

221 (48.6)234 (51.4)455 (95.8)476 (57.7)349 (42.3)825 (98.0)        No

.012<.001    Depressive
symptoms

5 (20.8)19 (79.2)24 (5.1)7 (18.9)30 (81.1)37 (4.4)Yes

223 (49.4)228 (50.6)451 (94.9)472 (58.6)333 (41.4)805 (95.6)No

Sexual relationship characteristics

.004<.001    Emotional
connection
with a sexual
partner during
sex

150 (51)144 (49)294 (61.9)350 (61.1)223 (38.9)573 (68.1)Yes

78 (43.1)103 (56.9)181 (38.1)129 (48.0)140 (52.0)269 (31.9)No

.005.002    Relation-
ship with a sex
partner

162 (52.9)144 (47.1)306 (64.4)370 (60.2)245 (39.8)615 (73.0)Good

66 (39.1)103 (60.9)169 (35.6)109 (48)118 (52)227 (27.0)Poor

<.001<.001    Sexual satis-

factionb

228 (100)0 (0)228 (48.0)479 (100)0 (0)479 (56.9)Yes

0 (0)247 (100)247 (52.0)0 (0)363 (100)363 (43.1)No

aN/A: not applicable
bSexual response problems include lacked interest in having sex, lacked enjoyment in sex, feeling anxiety during sex, feeling physical pain as a result
of sex, feeling no excitement or arousal during sex, difficulty in reaching climax, reaching climax more quickly than desired, trouble getting or keeping
an erection(men) or uncomfortable dry vagina(women).

Prevalence of Sexual Response Problems
The prevalence of at least one sexual response problem
(including or excluding lack of interest in sex) is shown in
Figure 1 and Table 2. In total, 610 out of 1317 participants had
sexual response problems, with an overall prevalence of sexual
response problems of 46.3% (610/1317). There was a significant
difference in the prevalence of the reported at least one sexual
response problem between women and men, with being
significantly higher in women than in men (52.0% [247/475]

vs 43.1% [363/842], χ2
1=9.6, P=.002). The prevalence of at

least one sexual response problem increased with age among
men (The Cochran-Armitage Trend Test, Z=−2.476, P for
trend=.01). However, this trend was only observed in the age
group between the older than 70 years age group and the other
2 age groups among men. There was no significant difference
in the prevalence of sexual response problems between the
60‐69 years age group and the 50‐59 age group among
women.
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Figure 1. Prevalence of sexual response problems among older adults aged 50+ years. (A) At least one of sexual response problems among men and
women; (B) At least one of sexual response problems excluding lack of interest in sex among men and women.

Table . The prevalence of sex response problems among men and women by age group.

P valuesChi-square (df)WomenMenAge group

At least one sex response problem

.0077.24 (1)137 (50.4)175 (39.8)    50‐59

.271.24 (1)79 (50.6)134 (44.7)    60‐69

.191.73 (1)31 (66.0)54 (52.9)Older than 70 years

.0029.65 (1)247 (52.0)363 (43.1)    All age groups

At least one sex response problem excluding lack of interest in sex

.025.29 (1)131 (48.2)172 (39.1)    50‐59 years

.211.58 (1)78 (50.0)130 (43.3)    60‐69 years

.161.95 (1)30 (63.8)51 (50)    Older than 70 years

.0048.31 (1)239 (50.3)353 (41.9)    All age groups

Correlates of Sexual Response Problems
The results of multivariable logistic regression analysis stratified
by sex, which was presented in Figure 2, revealed several

significant associations with reporting at least one sexual
response problem.
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Figure 2. Correlates of sexual response problems among older adults aged 50+ years. (A) Correlates of sexual response problems among men aged
50+ years; the multivariable logistic regression analysis was adjusted by living area, age, educational level, feeling of fatigue, body mass index, sleeping
quality, seeking professional help for sex life, emotional connection with sexual partner during sex, anxiety, depressive symptoms. (B) Correlates of
sexual response problems among women aged 50+ years; the logistic regression model was adjusted by age, living area, physical exercise, body-mass
index, sleeping quality, sexual relationship with partner, emotional connection with sexual partner during sex, depressive symptoms. SRP: Sexual
Response Problem; aOR: adjusted odds ratio; CI: confidence interval.

For older men, residing in rural areas (aOR 0.31, 95% CI
0.22‐0.43) and maintaining an emotional connection with a
sex partner during sexual intercourse (aOR 0.69, 95% CI
0.50‐0.96) were associated with a reduced likelihood of
reporting sexual response problems. In contrast, being 70 years
or older (aOR 1.72, 95% CI 1.05‐2.81), frequently
experiencing fatigue (aOR 2.47, 95% CI 1.59‐3.90), and poor
sleeping quality (aOR 1.87, 95% CI 1.30‐2.68) were associated
with higher odds of reporting sexual response problems. In
addition, moderate to severe anxiety symptoms (aOR 4.26, 95%
CI 1.12‐21.27), abnormal BMI (aOR 1.52, 95% CI
1.11‐2.07), and seeking professional help for sex issues (aOR
1.58, 95% CI 1.14‐2.21) were positively associated with
reporting sexual response problems among older men.

Older women residing in rural areas (aOR 0.29, 95% CI
0.19‐0.43) were less likely to report sexual response problems.
Conversely, factors such as infrequent engagement in physical
exercise (aOR 1.69, 95% CI 1.13‐2.54), depressive symptoms
(aOR 3.18, 95% CI 1.18‐10.24), having an abnormal BMI
(aOR 2.19, 95% CI 1.47‐3.28), and being in a poor sex partner
relationship (aOR 1.70, 95% CI 1.12‐2.60) were associated
with higher odds of reporting sexual response problems.

Discussion

Principal Results
Our study demonstrated a high prevalence of sexual response
problems among older adults, with variations noted between
men and women. In older men, sexual response problems
correlate with advancing age. Our findings also linked sexual
response problems with adverse physical health outcomes such
as frequent experiencing fatigue, poor sleep quality, and
abnormal BMI. In addition, we observed strong associations
between sexual response problems and mental health issues,
including anxiety and depressive symptoms. Moreover, poor
sex partner relationships, sexual dissatisfaction, and lack of
emotional connection during sex were also associated with
sexual response problems. These findings significantly
contribute to the existing literature, underscoring the importance
of addressing sexual response problems within the domain of
sexual health and enhancing our understanding of these issues
among older adults.
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Comparison With Previous Work
In this study, women reported a higher prevalence of sexual
response problems compared to men, consistent with findings
from other countries [12-14]. This discrepancy may be due to
several factors, including physiological alterations,
psychological elements, and sociocultural dynamics. With
advancing age, women experience a significant decline in
estrogen levels, especially after menopause [31]. Furthermore,
older women are subject to various age-related psychological
changes, such as concerns about body image, fears about aging,
and self-consciousness about their sexual lives, which may lead
to decreased sexual desire or arousal issues. In Chinese culture,
the sexual lives of older adults are frequently neglected or
deemed inappropriate, which may influence the perceptions and
expectations of sex among older women, making them feel
ashamed or uncomfortable in their sexual lives. This sex
difference highlights the need for targeted interventions for
women’s sexual health. These interventions should address the
multifaceted nature of sexual health in older women, combining
physiological, psychological, and sociocultural interventions.

In this study, adverse physical health, such as abnormal BMI,
frequent fatigue, and poor sleep quality, played a crucial role
in sexual response problems. These findings were identified by
evidence from high-income countries, which linked poor
physical health to sexual response problems [32-34]. Obesity,
characterized by an abnormal BMI, detrimentally impacts the
reproductive system and sexual function [35-37]. Both men and
women affected by obesity face a heightened risk of fertility
challenges and sexual dysfunction [38]. Weight loss can reduce
fatty tissue and diminish aromatase activity, leading to a relative
increase in testosterone levels [39], which enhances sexual
function in men. Besides, weight loss tends to improve sexual
functioning for women and men [40]. Obesity significantly
affects the hypothalamic-pituitary-gonadal axis in men, leading
to diminished libido and erectile dysfunction [41]. The previous
review highlighted that excess body weight negatively affected
hormones contributing to sexual behavior, noting that adipose
tissue facilitates the conversion of androgens to estrogens,
further impacting sexual function [42]. Given the inverse
association between body mass and sexual response problems,
it is recommended that clinicians, both in general practice and
in weight loss programs, should more fully address sexual
response problems.

Poor sleep quality was associated with sexual response problems
in previous studies [43,44], which was also demonstrated by
this study. Poor sleep is closely linked to sexual dysfunction
due to several physiological and psychological factors.
Inadequate sleep can disrupt hormone production, notably
reducing testosterone levels, which are essential for sexual desire
and performance. Studies have shown that sleep deprivation
can decrease testosterone production, leading to impaired sexual
activity [45]. In addition, sleep disorders often contribute to
stress, anxiety, and depression, all of which can diminish libido
and sexual satisfaction [46]. Furthermore, chronic stress and
anxiety can lead to sleep problems, which in turn may cause
erectile dysfunction [47]. Sleep is fundamental to health, and
its bidirectional relationship with sexual response difficulties
necessitates that clinicians conduct thorough assessments to

identify underlying causes of poor sleep, encourage
patient-partner communication to alleviate psychological
burdens, promote regular physical activity to enhance sleep
quality, and recommend professional sleep therapy to improve
physiological function when necessary.

Our study showed that lack of physical exercise was correlated
with the occurrence of sex response problems among older
women. Regular physical activity is a healthy practice that can
mitigate the risk of sexual response problems [36,48]. These
associations between sexual response problems and physical
health underscore the importance of prioritizing sexual function
within sexual health. Physical exercise and high-quality sleep
are recommended, along with other lifestyle guidance, to
improve sexual functioning in both men and women and to
improve health across a range of domains.

Psychosocial factors, including symptoms of anxiety and
depression, exhibited the strongest association with sexual
response problems, as evidenced by findings from the Global
Study of Sexual Attitudes and Behaviours (GSSAB) [49]. Other
studies also linked the associations between mental health and
sexual response problems, which highlighted that men with
anxiety disorders are at a higher risk of developing erectile
dysfunction [50,51]. Moreover, the physiological responses
triggered by heightened anxiety levels may contribute to
disruptions in sexual function [52]. This finding will capture
the attention of practitioners exploring the causes and treatment
of sexual problems in patients. In clinical practice, there should
be heightened efforts to address sexual problems within
integrated services of mental health and sexual health
counseling, as well as in primary and secondary care.

Our findings underscored the importance of sex-partner
relationships in the context of sexual response problems.
Specifically, men who maintained an emotional connection with
their sex partners during sex were less likely to report sex
response problems, while women experiencing poor
relationships with sex partners were more likely to encounter
sexual response problems in older women. This underscores
the role of brief emotional interactions during sexual activity
in men’s adaptation to sexual response problems. In contrast,
long-term sexual relationships appear to be more influential in
women’s adjustment to sexual response problems. Existing
studies have consistently underscored the significance of partner
relationships for sexual response problems in women [53],
emphasizing the impact of daily intimacies in relationships [9].
In contrast, emotional intimacy is presumed to play a significant
role in maintaining sexual desire and partnered sexual activity
for men [54,55]. In addition, emotional connection with a partner
may foster open communication, trust, and mutual
understanding, all essential to a satisfying sexual relationship.
The variation in sexual response problems concerning sex
partner relationships among older men and women underscores
the importance of physicians considering sex differences when
diagnosing and treating patients with sexual response problems.
In future studies, the sex partner should be included and involved
in the evaluation and management to achieve a better intimate
relationship in an established couple and avoid sexual response
problems.
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Limitations
Our study has several limitations that should be considered.
First, as a cross-sectional study, it cannot establish temporal
order and causal direction. Second, the reliance on self-reporting
in the questionnaires, especially for sensitive issues, introduced
the possibility of recall biases. Third, the sexual response
problems were reported by the participants experiencing them,
and the differences in the sensitivity and understanding of the
same sexual problem may exist among participants, potentially
influenced by factors such as education, age, or living area.
Finally, some analyses were based on small cell sizes,
particularly for variables like anxiety and depressive symptoms,
which may result in unstable estimates.

Conclusion
This study showed a substantial prevalence of sexual response
problems among older adults, with women experiencing these
problems more often than men. The study identified adverse
physical health, poor mental health, and poor relationships with
sex partners as factors contributing to increased sexual response
problems among older adults. To address these concerns, health
care professionals can implement interventions for older adults
experiencing sexual response problems, such as enhancing
physical health, supporting mental health, improving intimate
relationships, and providing educational and
cognitive-behavioral interventions. These insights drawn from
the latest and representative SWELL study data enhance our
understanding of sexual response problems among older adults
and have the potential to promote overall health and well-being
among the aging population in China.
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Multimedia Appendix 1
Collinearity diagnostics of all potential variables for the multivariable logistic regression analysis (Men). Note that no value was
more than 0.3, suggesting no collinearity between variables.
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Multimedia Appendix 2
Collinearity diagnostics of all potential variables for the multivariable logistic regression analysis (Women). Note that no value
was more than 0.3, suggesting no collinearity between variables.
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Abstract

Background: Exercise interventions can reverse frailty. However, their scalability and sustainability are limited by manpower,
which is reducing due to population aging. GrandMove is a program that combines healthy and productive aging strategies to (1)
train and employ robust older adults as exercise coaches and (2) improve fitness and motivate the adoption of an exercise habit
in older adults with frailty and prefrailty.

Objective: The aim of this study is to examine the effectiveness of GrandMove in improving frailty, fitness, and quality of life
in older adults with frailty and prefrailty.

Methods: This cluster randomized controlled trial recruited older adults with frailty and prefrailty (N=390) living in the
community. The 18-month exercise program consisted of three 6-month phases of lifestyle education (E), resistance exercise (R),
and aerobic exercise (A). Each group of participants was randomized into 3 intervention sequence arms: the E-R-A group, the
A-R-E group, and the R-A-E group.

Results: At 6, 12, and 18 months, 346, 305, and 264 participants completed the frailty assessment, respectively. At 6 months,
100 of 346 participants (28.9%) were robust. A-R-E and R-A-E were no better than E-R-A as the active control in addressing
frailty over the first 6 months (A-R-E: interaction coefficient 0.07, 95% CI −0.35 to 0.49, P=.68; R-A-E: interaction coefficient
−0.02, 95% CI −0.42 to 0.38, P=.90). Compared to lifestyle education, resistance training and aerobic training over the first 6
months were associated with greater improvement in fitness measures of grip strength for the left hand (A-R-E: interaction
coefficient 2.99, 95% CI 0.76 to 5.23, P=.009; R-A-E: interaction coefficient 2.21, 95% CI 0.63 to 4.36, P=.04) and right hand
(A-R-E: interaction coefficient 3.75, 95% CI 1.54 to 5.97, P=.001; R-A-E: interaction coefficient 2.29, 95% CI 0.16 to 4.42,
P=.04) and arm curl test (A-R-E: interaction coefficient 1.42, 95% CI 0.39 to 2.46, P=.007; R-A-E: interaction coefficient 1.11,
95% CI 0.12 to 2.11, P=.03). The sequence of exercise interventions (R-A-E vs A-R-E) did not make a difference in primary
outcomes at 12 months, but the R-A-E group showed better quality of life (interaction coefficient 4.50, 95% CI 0.12 to 8.88,
P=.008). Improved frailty outcomes were maintained by the end of the study, but the change in overall physical activity level
was limited.

Conclusions: Combining healthy and productive aging strategies is a scalable and sustainable way to improve frailty, fitness,
and quality of life in older adults with frailty and prefrailty. Different combinations of lifestyle education and physical interventions
improved frailty.

Trial Registration: HKU Clinical Trials Registry HKUCTR-1964; https://www.hkuctr.com/Study/Show/
75c5d2e6825c4b5498f0c65c82714c4b

(JMIR Aging 2025;8:e65636)   doi:10.2196/65636
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Introduction

Frailty, a common condition that increases with age, is a
dynamic clinical state that can improve or worsen over time
[1,2]. About 1 in 10 older adults are frail and 46% are prefrail,
a state with higher risk of progression to frailty [3]. Frailty is
known to predict disability, mortality, risk of fractures, and
many other adverse health outcomes [4]. To date, evidence for
the management of frailty is the strongest with physical activity
[5,6]. In older adults who are very frail, even small gains in
strength can result in important functioning benefits and promote
independence [5]. Evidence suggested superior outcomes with
training carried out 3 or more times per week, for 30-45 minutes
per session, and lasting at least 3-5 months [7]. Adherence to
exercise training is good even in older adults with frailty, with
few adverse events or safety concerns [5].

Practice guidelines widely recommend multicomponent exercise
programs for the management of frailty [8]. Many programs
concurrently prescribe multimodal exercise components, even
though sequential prescription may promote adherence and
minimize attrition [8,9]. The optimal sequence is yet to be
investigated. Theoretically, strength and aerobic training
contribute in different ways by slowing or compensating for
muscle wasting and loss of endurance, as well as preventing
other diseases and resisting the cascade of disability [10]. These
exercise modalities impact on the older person’s quality of life
by affecting their ability to lift load (eg, arising from a chair)
and endurance in performing activities of daily living (eg,
walking), allowing them to take control and lead a purposeful
life. These may have implications for the design of exercise
training protocols for frailty intervention.

Past development of exercise programs put a greater emphasis
on maximizing physical benefits, while less focus was put on
the scalability and sustainability of the program. It is foreseeable
that the health care manpower gap as a result of population
aging is increasing [11] and heavy reliance on professionally
led formal health care services for addressing frailty is unviable
and unsustainable. Our team developed a multicomponent
exercise program, namely the GrandMove program, which has
a group of trained coaches in their 50s to 60s deliver the
interventions. Delivery of exercise interventions by peer coaches
rather than health professionals is a key to the long-term
scalability and sustainability of such programs in the context
of population aging. Our program incorporated both healthy
and productive aging strategies. Although the program had clear
goals of improving frailty, fitness, and quality of life in older
adults with frailty and prefrailty, our peer coaches took on their
own path to successful aging by adopting an active lifestyle and
engaging in postretirement paid work. A detailed description
of the program design is provided in the Methods and
Multimedia Appendix 1.

In this study, three intervention sequences were designed to (1)
examine the effectiveness of a 6-month aerobic or resistance

training program compared with lifestyle education as the active
control intervention at 6 months, (2) investigate any order effect
in resistance and aerobic training in older adults with frailty and
prefrailty at 12 months, and (3) evaluate exercise habit formation
over 18 months.

Methods

Study Design and Participants
This is an 18-month, multicenter, cluster randomized controlled
trial with 3 intervention arms. A cluster design was used because
of the logistical issues associated with the implementation of
the interventions. The study sites included 14 community service
centers for older adults and 15 public rental estates in Hong
Kong. The staff from the participating sites referred potential
participants based on their age and frailty status at screening.

Ethical Considerations
Designated research assistants, who were not involved in the
intervention, obtained written informed consent and conducted
screening interviews with the participants. The study protocol
was approved by the institutional ethics committee (reference
number EA1511048). The study was registered with the HKU
Clinical Trials Registry (reference number HKUCTR-1964).
All data used in this study were deidentified before analysis.
Participants did not receive any compensation for their
involvement.

Participants
Target study participants were older adults living in the
community who did not have any contradictions to participation
in a moderate level of physical activity. Between February 2016
and May 2017, older adults were invited to take part in this
study if they were aged 65 years or older and were screened as
either prefrail (scores of 1‐2 on the FRAIL [Fatigue,
Resistance, Ambulation, Illness, and Loss of weight] scale) or
frail (scores of 3‐5 on the FRAIL scale) [2]. To ensure the
safety of the participants, older adults were excluded from
participating if they reported having specific conditions. Specific
exclusion criteria are described in Multimedia Appendix 2.

The sample size was calculated based on an estimated 0.5-point
improvement in the FRAIL score (SD 1) between an exercise
condition versus lifestyle education, using a 2-sided test at 1%
significance level with 80% power. Assuming a 20% dropout
rate, the minimum sample size is 120 per arm. It was estimated
that about 1 in 10 older adults was frail. To allow subgroup
analysis by frailty status, the ratio of participants with prefrailty
to those with frailty was set at about 6:4 (Multimedia Appendix
2).

Randomization and Masking
As shown in Multimedia Appendix 3, each group of participants
was randomly assigned into one of three parallel arms with
different intervention sequences: (1) lifestyle education –
resistance training – aerobic training (E-R-A); (2) aerobic
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training – resistance training – lifestyle education (A-R-E); and
(3) resistance training – aerobic training – lifestyle education
(R-A-E). Each intervention component lasted for 6 months,
totaling up to 18 months. The sequence of the intervention
components was designed to address the three research aims:
(1) to evaluate the effectiveness of aerobic and resistance
training at 6 months compared to lifestyle education, (2) to
investigate the order effect of aerobic and resistance training at
12 months, and (3) to evaluate exercise habit formation over
18 months.

Randomization (1:1:1) was done by a research assistant using
computer-generated random numbers stratified by frailty status.
The person who was responsible for generating the random
allocation sequence was not involved in any other parts of the
research. Each group of consecutive participants was assigned
to one of the 3 arms. Group allocation could not be masked for
persons delivering or receiving the interventions. Our program
exercise physiologists, who were responsible for developing
the exercise protocols, training exercise coaches, and conducting
the fitness tests with participants, were blind to the group
assignment. Research assistants designated to assess outcomes
were blind to group assignment and had no involvement in the
delivery of interventions.

Intervention Program: GrandMove
The GrandMove program is a structured exercise training
program that contains 2 protocols, one focusing on aerobic
exercise and the other on resistance exercise. Two protocols for
aerobic training and resistance training were designed by our
program exercise physiologists with certified training in strength
and conditioning and tailored for older adults with prefrailty
and frailty in Hong Kong. Robust older people were trained as
exercise coaches to deliver the exercise protocols. The design
of the program was guided by social learning theory [12] and
behavioral principles [13] (see Multimedia Appendix 1 for
program characteristics). Both protocols were designed to be
workable in a small home or group, using only small training
implements such as rubber bands, towels, and water bottles for
exercising. Each protocol had 5 levels, which indicate different
levels of intensity. Based on the initial assessment, participants
would start at a level that was realistic and attainable. A
participant who reached a standard of fitness and strength in
that level would continue with the next level.

The lifestyle education condition was comprised of 12 group
sessions of health talks and 36 telehealth sessions. All health
talks that covered different topics were delivered in a small
group format by a retired nurse. Telehealth sessions involved
a research assistant reviewing the health topics with participants
and consolidating their understanding over the phone.

Each exercise intervention component lasted for 6 months
(Multimedia Appendix 4). The 6-month schedule was designed
to provide active coaching in the first 3 months, followed by
monitoring and supervision (4th and 5th month), and
self-sustained practice (6th month). Group sessions were
provided in a small group format (8‐10 older adults per group
led by 2 coaches). Lifestyle education was designed to match
the frequency of contacts with the exercise interventions.

Measures
The participants were assessed at baseline, 6 months, 12 months,
and 18 months. Each assessment included a battery of self-report
instruments administered through a structured interview and
physical tests. Basic demographic characteristics were obtained,
including age, gender, education level, marital status, and living
arrangement.

Primary Outcomes
There were 3 primary outcomes. First, the frailty score was
calculated using the 5-item FRAIL scale [2]. The items cover
areas of fatigue, resistance, aerobic fitness, illnesses, and loss
of weight. FRAIL scores are classified into three categories:
robust (score of 0), prefrail (score of 1-2), and frail (score of
3-5). Second, physical performance was measured using the
Short Physical Performance Battery (SPPB) [14]. The SPPB
score ranges from 0‐12, with a higher score indicating better
performance. Third, quality of life was measured using the
World Health Organization Quality of Life – Older adults
module (WHOQoL-OLD) scale validated in a Chinese
population [15]. The total score ranges from 0‐100, with a
higher score indicating better quality of life.

Secondary Outcomes
There were 3 fitness performance measures including isometric
handgrip strength as measured by a digital hand dynamometer
(Jamar Plus+), the 30-second arm curl test [16], and the 2-minute
step test [17]. The hand grip strength of each hand was the
average score of 3 trials. Higher fitness scores indicate better
performance.

Other secondary outcomes included instrumental activities of
daily living (IADL) as measured using the Lawton IADL scale
(score range 0‐100, with higher scores indicating a lower level
of disability) [18], level of physical activity as measured using
the Physical Activity Scale for the Elderly (PASE; higher scores
indicate a higher level of physical activity) [19], sleep quality
as measured using the Pittsburgh Sleep Quality Index (PSQI;
higher scores indicate worse overall sleep quality) [20], social
functioning as measured using the Lubben Social Network Scale
(LSNS; higher scores indicate a greater level of social support)
[21], and depressive symptoms as measured using the Patient
Health Questionnaire-9 (PHQ-9; score range 0‐27, with higher
scores indicating greater symptom severity) [22].

Statistical Analysis
We conducted all analyses on an intention-to-treat basis. We
generated descriptive statistics for baseline characteristics. The
proportions of participants who achieved a robust or an
improved frailty status (from frail to prefrail/robust or from
prefrail to robust) at each follow-up were described.
Within-group changes in proportions of robust or improved
frailty outcome were tested using mixed effect logistic
regression models.

The difference in outcome measures between intervention
groups was estimated at each follow-up time point using
repeated measures mixed effect linear regression models,
adjusting for the fixed effects of gender and age at baseline.
The main analysis using mixed models in the whole sample will
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further adjust for other baseline covariates that were found to
be significantly different between groups. To examine the
effectiveness of 6-month aerobic or resistance training, outcomes
in the A-R-E group and R-A-E group were compared to the
E-R-A group. To investigate the order effect in aerobic and
resistance training, we compared 12-month outcomes between
the R-A-E group and the A-R-E group (reference group). To
evaluate the maintenance of exercise effect and habit formation,
we compared the outcomes including the level of physical
activity between groups at 18 months. As intervention
components were switched at the 6th and 12th month, time was
treated as a categorical variable instead of continuous to account
for the possible nonlinear relationship between time and
outcome variables. Treatment effect referred to the coefficient
of the intervention group × time interaction. Subgroup analyses
by baseline frailty status and gender were individually made to

delineate the differential treatment effects. Since 12 outcomes
were examined in this study, we set the significance level at 1%
and reported the 99% CIs for the primary outcomes to account
for multiple comparison bias. The significance level for the
secondary outcomes was set at 5%. All analyses were conducted
using Stata/MP (version 17.0; StataCorp LLC).

Results

Sample Characteristics
In total, 723 potential participants were assessed for eligibility,
of whom 390 (53.9%) were randomized (Figure 1). Of the 390
participants included in the study, 132 (33.8%) were assigned
to the E-R-A group, 124 (31.8%) to A-R-E, and 134 (34.4%)
to R-A-E.
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Figure 1. Study flow chart. All participants were analyzed in repeated measures mixed-effect regression models.

Baseline characteristics for participants by intervention group
are shown in Table 1. The average FRAIL score, SPPB score,
and overall quality of life at baseline were 2.1 (SD 0.9), 7.8 (SD
2.8), and 91.6 (SD 13.1), respectively. Characteristics of
participants in the 3 groups were similar, except for the quality

of life (F2,385=3.26, P=.04) and arm curl test scores (F2,382=5.47,
P=.005). As suggested by the mean PASE scores, all 3 groups
were considered as having low activity levels in general [23].
No reports of adverse events that led to death, hospitalization,
or medical attendance were received by the end of the program.

JMIR Aging 2025 | vol. 8 | e65636 | p.37https://aging.jmir.org/2025/1/e65636
(page number not for citation purposes)

Tang et alJMIR AGING

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


Table . Baseline characteristics of the study population (n=390).

P valueF/χ2 (df)R-A-E group (n=134)A-R-E group (n=124)Ea-Rb-Ac group
(n=132)

.78F=0.25 (2, 387)81.2 (7.4)80.9 (7.1)80.5 (7.5)Age (years), mean
(SD)

.90χ2=0.21 (2)105 (78.4)97 (78.2)106 (80.3)Gender, female, n (%)

.41χ2=6.15 (6)Education, n (%)

73 (54.5)66 (53.2)79 (59.9)No formal education

30 (22.4)29 (23.4)27 (20.5)Primary school

19 (14.2)10 (8.1)11 (8.3)Junior middle school

12 (9)19 (15.3)15 (11.4)High school or above

.73χ2=2.04 (4)Marital status, n (%)

45 (33.8)49 (40.2)47 (35.6)Married

79 (59.4)62 (50.8)75 (56.8)Widowed

9 (6.8)11 (9)10 (7.6)Others

.31χ2=2.34 (2)47 (35.3)46 (37.4)38 (28.8)Living alone

.70χ2=0.70 (2)Frailty status, n (%)

80 (59.7)80 (64.5)80 (60.6)Prefrail

54 (40.3)44 (35.5)52 (39.4)Frail

.76F=0.27 (2, 387)2.1 (1)2.1 (0.9)2.2 (0.9)5-item FRAILd scale,
mean (SD)

.32F=1.14 (2, 387)7.8 (2.9)7.5 (2.9)8 (2.7)SPPBe, mean (SD)

.04F=3.26 (2, 385)89.4 (14.1)91.9 (12.4)93.5 (12.3)WHOQoL-OLDf,
mean (SD)

.63F=0.46 (2, 381)33 (14.6)33.6 (12.7)34.5 (11.5)Grip strength (left
hand), mean (SD)

.94F=0.06 (2, 382)35.7 (14.9)33.7 (13)36.2 (12.6)Grip strength (right
hand), mean (SD)

.005F=5.47 (2, 382)10.5 (4.1)10.6 (4.3)12.1 (4.3)30-s arm curl test,
mean (SD)

.55F=0.60 (2, 382)66.6 (30.8)65.3 (28.2)69.2 (28.2)2-min step test, mean
(SD)

.37F=0.99 (2, 385)15.2 (2.7)15.2 (3.1)14.8 (2.7)IADLg, mean (SD)

.90F=0.11 (2, 382)72.3 (47.7)73.1 (41.7)70.6 (41.9)PASEh, mean (SD)

.87F=0.14 (2, 385)21.4 (9.7)21.8 (9.5)21.1 (9.6)LSNSi, mean (SD)

.91F=0.10 (2, 356)8.3 (3.7)8.1 (3.9)8.3 (4.3)PSQIj, mean (SD)

.42F=0.86 (2, 384)3.3 (4.5)3.8 (4.7)4 (4.9)PHQ-9k, mean (SD)

aE: lifestyle education.
bR: resistance training.
cA: aerobic training.
dFRAIL: Fatigue, Resistance, Ambulation, Illness, and Loss of weight.
eSPPB: Short Physical Performance Battery.
fWHOQoL-OLD: Cantonese version of the World Health Organization Quality of Life – Older adults module.
gIADL: Lawton’s Instrumental Activities of Daily Living scale.
hPASE: Physical Activity Scale for the Elderly.
iLSNS: Lubben Social Network Scale.
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jPSQI: Pittsburgh Sleep Quality Index.
kPHQ-9: Patient Health Questionnaire-9.

Change in Frailty Status
We found a substantial overall improvement in frailty status
(Figure 2 and Multimedia Appendices 5 and 6), both in terms

of achieving a robust status and an improved status (from frail
to prefrail/robust or from prefrail to robust).

Figure 2. Percentage of older participants obtaining robust status at the follow-up assessment time points. Absolute numbers are reported in Multimedia
Appendix 5. The intervention only targeted older adults with frailty and prefrailty, and thus no robust participants were included at baseline. Asterisks
(*) indicate a further significant increase (P<.05) in the proportion of robust status from 6 months. A: aerobic training; E: lifestyle education; R: resistance
training.

In the prefrail sample, 35.8% (76/212) of all participants became
robust after 6 months. The proportion of robust participants
increased to 51.0% (98/192) at 12 months and remained stable
(83/164, 50.6%) at 18 months. In the frail sample, 17.9%
(24/134) of participants became robust at 6 months. The
proportion increased to 20.4% (23/113) at 12 months and
continually increased to 25% (25/100) at 18 months. In terms
of within-group changes, participants from the E-R-A group
and A-R-E group (prefrail sample only) continued to have a
significant improvement in frailty beyond 6 months (Figure 2
and Multimedia Appendices 5 and 6). Although a smaller
proportion of participants with frailty obtained a robust status

within the first 6 months, the majority of them progressed to
prefrailty.

Aerobic Versus Resistance Training: 6-Month
Outcomes
As shown in Table 2, there was an overall improvement (having
a significant time effect) in FRAIL score (coefficient −0.81,
95% CI −1.09 to –0.52; P<.001), IADL (coefficient 0.48, 95%
CI 0.04 to 0.91; P=.03), PSQI (coefficient −0.74, 95% CI −1.34
to –0.14; P=.02), and PHQ-9 (coefficient −0.98, 95% CI −1.81
to −0.16; P=.02) in all groups over 6 months, suggesting that
participants had improved frailty and functional and
psychological outcomes.
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Table . Summary of time and group × time interaction effects on primary and secondary outcomes (whole sample).

Baseline to 18 monthsBaseline to 12 monthsBaseline to 6 months

P valueCoefficient (95% or
99% CI)

P valueCoefficient (95% or
99% CI)

P valueCoefficient (95% or
99% CI)

5-item FRAIL a scale

<.001−1.06 (−1.36 to
−0.75)

<.001−1.10 (−1.40 to
−0.80)

<.001−0.81 (−1.09 to
−0.52)

    Time effect

.350.16 (−0.29 to 0.62).330.16 (−0.27 to 0.60).680.07 (−0.35 to 0.49)    A-R-Eb group ×
time

.230.20 (−0.23 to 0.64).130.25 (−0.17 to 0.67).90−0.02 (−0.42 to
0.38)

    R-A-E group ×
time

SPPB c

.002−0.64 (−1.11 to
−0.16)

.003−0.61 (−1.08 to
−0.15)

.20−0.22 (−0.66 to
0.31)

    Time effect

.220.34 (−0.25 to 1.34).310.27 (−0.41 to 0.95).570.15 (−0.51 to 0.80)    A-R-E group ×
time

.52−0.22 (−0.90 to
0.46)

.880.04 (−0.62 to 0.70).910.03 (−0.60 to 0.65)    R-A-E group ×
time

WHOQoL-OLD d

.660.52 (−2.53 to 3.57).151.66 (−1.31 to 4.63).840.22 (−2.62 to 3.07)    Time effect

.301.85 (−2.75 to 6.45).66−0.73 (−5.10 to
3.63)

.043.34 (−0.85 to 7.52)    A-R-E group ×
time

.024.13 (−0.23 to 8.49).023.77 (−0.47 to 8.01).0015.23 (1.21 to 9.24)    R-A-E group ×
time

Grip strength (left)

Not reported.78−0.22 (−1.81 to
1.36)

<.001−2.81 (−4.31 to
−1.30)

    Time effect

.870.20 (−2.14 to 2.54).0092.99 (0.76 to 5.23)    A-R-E group ×
time

.63−0.55 (−2.82 to
1.72)

.042.21 (0.63 to 4.36)    R-A-E group ×
time

Grip strength (right)

Not reported.16−1.12 (−1.12 to
0.45)

<.001−3.12 (−4.62, to
–1.63)

    Time effect

.371.06 (−1.25 to 3.38).0013.75 (1.54 to 5.97)    A-R-E group ×
time

.66−0.50 (−2.75 to
1.75)

.042.29 (0.16 to 4.42)    R-A-E group ×
time

30-s arm curl

.750.12 (−0.63 to 0.88).760.12 (−0.62 to 0.85).83−0.77 (−0.78 to
0.63)

    Time effect

.380.52 (−0.63 to 1.66).0081.46 (0.38 to 2.54).0071.42 (0.39 to 2.46)    A-R-E group ×
time

.240.65 (−0.44 to 1.73).0541.03 (−0.02 to 2.09).031.11 (0.12 to 2.11)    R-A-E group ×
time

2-min step test

.0027.99 (2.99 to 12.85).0018.46 (3.69 to 13.24).242.75 (−1.81 to 7.31)    Time effect

.771.10 (−6.32 to 8.52).492.49 (−4.57 to 9.54).115.51 (−1.23 to
12.25)

    A-R-E group ×
time
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Baseline to 18 monthsBaseline to 12 monthsBaseline to 6 months

P valueCoefficient (95% or
99% CI)

P valueCoefficient (95% or
99% CI)

P valueCoefficient (95% or
99% CI)

.22−4.46 (−11.50 to
2.59)

.36−3.17 (−9.99 to
3.66)

.681.38 (−5.09 to 7.84)    R-A-E group ×
time

IADL e

.0020.74 (0.27 to 1.20).0060.64 (0.19 to 1.09).030.48 (0.04 to 0.91)    Time effect

.01-0.88 (−1.59 to
−0.18)

.02-0.77 (−1.43 to
−0.11)

.33−0.32 (−0.95 to
0.32)

    A-R-E group ×
time

<.001−1.22 (−1.89 to
−0.56)

.001−1.09 (−1.74 to
0.45)

.23−0.38 (−0.99 to
0.24)

    R-A-E group ×
time

PASE h

.0210.99 (2.06 to
19.90)

.493.11 (−5.67 to
11.89)

.602.25 (−6.18 to
10.67)

    Time effect

.63−3.29 (−16.72 to
10.14)

.960.37 (−12.45 to
13.19)

.464.65 (−7.70 to
17.00)

    A-R-E group ×
time

.64−3.00 (−15.76 to
9.77)

.890.88 (−11.60 to
13.36)

.702.32 (−9.59 to
14.24)

    R-A-E group ×
time

LSNS f

.101.39 (−0.27 to 3.06).0032.43 (0.81 to 4.06).260.89 (−0.66 to 2.44)    Time effect

.60−0.68 (−3.20 to
1.83)

.13−1.82 (−4.21 to
0.56)

.14−1.73 (−4.02 to
055)

    A-R-E group ×
time

.850.23 (−2.15 to 2.62).28−1.28 (−3.60 to
1.04)

.67−0.48 (−2.67 to
1.72)

    R-A-E group ×
time

PSQI g

.610.17 (−0.48 to 0.81).003−0.96 (−1.59 to
−0.33)

.02−0.74 (−1.34 to
−0.14)

    Time effect

.54−0.31 (−1.29 to
0.68)

.021.16 (0.23 to 2.09).310.47 (−0.43 to 1.36)    A-R-E group ×
time

.180.64 (−0.29 to 1.57).040.94 (0.03 to 1.85).190.58 (−0.28 to 1.44)    R-A-E group ×
time

PHQ-9 i

.001−1.19 (−2.38 to
−0.61)

.01−1.14 (−2.00 to
−0.27)

.02−0.98 (−1.81 to
−0.16)

    Time effect

.310.69 (−0.65 to 2.03).450.49 (−0.78 to 1.76).490.43 (−0.79 to 1.65)    A-R-E group ×
time

.0012.14 (0.87 to 3.41).021.51 (0.27 to 2.75).021.34 (0.17 to 2.52)    R-A-E group ×
time

aFRAIL: Fatigue, Resistance, Ambulation, Illness, and Loss of weight.
bA: aerobic training, R: resistance training, E: lifestyle education.
cSPPB: Short Physical Performance Battery.
dWHOQoL-OLD: Cantonese version of the World Health Organization Quality of Life - Older adults module.
eIADL: Lawton’s Instrumental Activities of Daily Living scale.
fLSNS: Lubben Social Network Scale.
gPASE: Physical Activity Scale for the Elderly.
hPSQI: Pittsburgh Sleep Quality Index.
iPHQ-9: Patient Health Questionnaire-9.
jMeasurements reporting 99% CI: 5-item FRAIL scale, SPPB, and WHOQoL-OLD. All other scales used 95% CI.

At 6 months, participants with resistance training (R-A-E group)
compared with those with lifestyle education (E-R-A group)

had greater improvement in quality of life (interaction
coefficient 5.23, 99% CI 1.21 to 9.24; P<.001) but not in FRAIL
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score and SPPB. Similar findings were observed in the prefrail
subsample (Multimedia Appendix 7). Aerobic training (A-R-E
group) was not different from lifestyle education in the primary
outcomes.

For the secondary outcomes, both aerobic training (A-R-E
group) and resistance training (R-A-E group) performed better
in several fitness outcomes than the E-R-A group. The A-R-E
group was associated with greater improvement in left hand
grip strength (interaction coefficient 2.99, 95% CI 0.76 to 5.23;
P=.009), right hand grip strength (interaction coefficient 3.75,
95% CI 1.54 to 5.97; P=.001), and the arm curl test (interaction
coefficient 1.42, 95% CI 0.39 to 2.46; P=.007) than lifestyle
education (E-R-A group). The R-A-E group was also associated
with greater improvement in the 3 outcomes (Table 2). The
A-R-E and R-A-E groups did not differ from the E-R-A group
in all other nonfitness measures including the 2-minute step
test, IADL, PASE, LSNS, and PSQI over 6 months. The R-A-E
group had a significantly higher level of PHQ-9 scores
(interaction coefficient 1.34, 95% CI 0.17 to 2.52; P=.02).
Results of the subgroup analysis by frailty status were
summarized in Multimedia Appendices 7 and 8, whereas results
of the subgroup analysis by gender were summarized in
Multimedia Appendices 9 and 10.

Aerobic and Resistance Training: The Order Effect
(12-Month Outcomes)
To compare the order effect, we also compared the R-A-E group
with the A-R-E group (reference group) on 12-month outcomes
(Multimedia Appendix 11). The 2 groups did not differ in all
outcomes except that the R-A-E group was associated with
greater improvement in WHOQoL-OLD (interaction coefficient
4.50, 95% CI 0.12 to 8.88; P=.008). The result was similar when
the analysis was applied in the prefrail subsample. Participants
with frailty in the R-A-E group achieved significantly fewer
steps in the 2-minute step test compared to their counterparts
in the A-R-E group at 12 months (interaction coefficient −12.48,
95% CI −24.78 to −0.18; P=.047).

In sum, the findings suggested that the order of aerobic and
resistance training did not have an impact on fitness outcome
at 12 months, although some preliminary data suggested that
undergoing resistance training before aerobic training might
improve quality of life.

Maintenance of Exercise Effect and Habit Formation
The A-R-E and R-A-E groups did not receive a physical
intervention between 12 and 18 months. If exercise effects were
maintained, we expected to observe gains to be maintained by
the end of the study. As shown in Table 2, the improvement in
WHOQoL-OLD seemed to be maintained at 18 months in these
2 groups compared to the E-R-A group but the P value did not
reach the .01 threshold (interaction coefficient 4.13, 95% CI
−0.23 to 8.49; P=.02).

However, the gains in IADL appeared to reduce in the A-R-E
(interaction coefficient −0.88, 95% CI −1.59 to −0.18; P=.013)
and the R-A-E groups (interaction coefficient −1.22, 95% CI
−1.89 to −0.56; P<.001) and also for PHQ-9 in the R-A-E group
(interaction coefficient 2.14, 95% CI 0.87 to 3.41; P=.001).

Neither aerobic training nor resistance training improved PASE
at 6 months compared to lifestyle education. We observed a
significant time effect on PASE over 18 months in the whole
sample (coefficient 10.99, 95% CI 2.06 to 19.90; P=.02) and
in the frail subsample (coefficient 14.6, 95% CI 1.39 to 27.81;
P=.03), indicating that combined exercise and lifestyle
education, regardless of intervention sequence, might improve
individuals’ level of physical activity.

Discussion

Principal Findings
This study examined the effectiveness of both aerobic training
and resistance training using a sequential cluster randomized
controlled trial design, which enabled us to examine how these
physical activity interventions and their sequence might
influence frailty outcomes. Although lifestyle education was
initially added as a comparator intervention, our findings have
demonstrated that the 18-month intervention combining lifestyle
education and physical interventions is a viable strategy to
address frailty and is health-promoting. The frailty score
improved across groups, providing further evidence that physical
frailty is reversible. Our study also produced a few other key
findings. Aerobic training or resistance training tended to
improve fitness performance but was not superior to an intensive
lifestyle education program in addressing frailty. It is possible
that 6 months of resistance training followed by another 6
months of aerobic training might be better at improving quality
of life. Although the overall improvement in frailty outcome
was maintained over 18 months, IADL and PHQ-9 appeared to
worsen over the post–physical intervention period. We observed
a small increase in the level of physical activity over 18 months,
but its relation to the formation of exercise habits and an active
lifestyle is yet to be determined.

Despite physical activity intervention being the most widely
studied and recommended approach for the management of
frailty [24], we found that a single-mode exercise program
(aerobic or resistance) for 6 months was no better than lifestyle
education in addressing frailty. The findings coincided with a
recent systematic review suggesting that physical activity
intervention, when compared with an active control intervention,
was not associated with a significant reduction in frailty [25].
We found that the administration of 2 physical interventions in
sequence did not further improve frailty scores but participants
were able to maintain the gain accrued over the first 6 months.
The 3 study arms approximated a multifaceted intervention that
incorporated physical, psychosocial, and educational
components. There were a few multifaceted studies [26-28] but
cross-study comparison was difficult due to their different
designs and the lack of frailty as an outcome. The Hatoyama
Cohort Study [27] found that resistance exercise in combination
with nutritional education and psychosocial programs for 3
months successfully reduced the prevalence of frailty by 24%.
Our study further added that the sequence of intervention
components, if not delivered concurrently, might not make a
significant difference. Nonetheless, older adults with frailty
may find the program more acceptable if they have greater
control over the sequence of interventions.
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We added to the literature that psychosocial intervention might
be complementary to physical activity intervention for the
management of frailty. Following the lifestyle education
program, the subsequent addition of physical intervention
appeared to generate further gain. Participants from the E-R-A
group were observed to have continued improvement in frailty
outcomes after switching from lifestyle education to resistance
training. There were only a few known studies to date exploring
the effectiveness of psychosocial interventions on frailty. A
Swedish study evaluated a 4-week senior group program similar
to our lifestyle education program, which introduced and
discussed various healthy lifestyle topics [29]. The senior group
program had no impact on frailty outcomes, but it was reported
to delay activities of daily living deterioration. Our lifestyle
education program was more intensive in terms of frequency
and duration than the senior group program. Further studies
may explore whether shorter or longer combined interventions
may make a difference in frailty outcomes.

Since frailty is suggested to result from cumulative declines in
multiple physiologic systems [1], it is not surprising that
interventions targeting different systems may yield similar
positive results (ie, the equifinality principle). There might be
common factors across the intervention approaches that mitigate
frailty, such as social support from peers (exercise coaches and
retired nurses). In our study, all 3 intervention components
encouraged social engagement through the group sessions and
peer coaching. Previous studies have suggested that social
support might directly or indirectly contribute to higher levels
of physical activity in older adults [30-32] and could therefore
be health-promoting and lead to a healthier lifestyle. Further
studies should include a comparison group without social
influence and a measure of perceived social support to allow
for an estimation of its impact on frailty and quality of life.
Future studies may also include measures of other psychological
mediators such as self-efficacy, enjoyment, and the use of
behavioral and cognitive processes [33] for mediation analyses.

The subgroup analysis by frailty status showed that participants
with frailty appeared to have a greater magnitude of reduction
in FRAIL score, further demonstrating that frailty is a modifiable
condition. The frail subgroup also had consistently reported
increased social engagement and some reduction in depressive
symptoms over 18 months. Some improvements in physical
fitness were observed but may not have been sustained beyond
the active intervention period. The results echoed our hypothesis
that active physical or psychosocial interventions might enhance
social support for older adults at high risk of vulnerability and
social isolation [34]. Physical activity guidelines should
recommend older adults with frailty to engage in
moderate-intensity exercise regularly [35]. The design of
physical activity interventions should incorporate social or group
elements that enhance social learning and reinforcement. With
a sample predominantly comprised of female older adults
(~80%), the results for the female subsample were largely
consistent with those in the full sample. There may be a lack of
power to detect significant intervention effects in the male
subsample. These results should be interpreted with caution.

We observed a significant increase in the level of physical
activity over 18 months, probably due in part to the significant

change within the frail subsample. No evidence showed that
participants with prefrailty increased their level of physical
activity after interventions. It might take as long as 18 months
to observe an overall increase in the level of physical activity.
The potential of exercise and lifestyle interventions to modify
long-term exercise habits remains unclear. It is common to
observe a relapse pattern in health behavior once an intervention
has ended [36]. Program effectiveness and acceptability are
equally important as pain and discomfort associated with
physical activity could be an obstacle to engaging in further
physical activity [37]. In addition, a physical intervention
combined with smartphone-assisted e-reminders, an activity
tracker, and e-coaching may help habit formation [38]. It is
equally important to implement strategies to discourage
unhealthy habits simultaneously. It is possible that our lifestyle
education program helped increase participants’ awareness
about unhealthy habits and alternative healthy options in the
environment. Further investigation to determine the optimal
form of intervention(s) that best maintains exercise habit
formation is warranted.

We consider the delivery of exercise interventions by peer
coaches to be the key to long-term scalability and sustainability
in the context of population aging. More research is needed to
formally evaluate the sustainability and cost-effectiveness of
the intervention model. Future research should consider the
productive aging component for engaging retired older adults
in productive activities, task shifting from health professionals
to more available human resources (ie, peer coaches), and the
implications of an increased number of robust older people in
the community. Health care utilization associated with a positive
change in frailty outcomes has not been explored, but it is worth
further investigation.

Limitations
Due to the complexity of the study design, we lacked a
care-as-usual comparator group. The active control group only
abstained from physical intervention in the first 6 months.
Therefore, we were unable to evaluate the effectiveness of
physical activity interventions for 12 months compared with an
active control intervention. Further multifaceted intervention
studies may include both psychoeducational components in
combination with physical interventions. An
accelerometer-based measure of physical activity level may be
better than a self-reported one in estimating the effect of a
physical intervention on habit formation [39]. Similar to other
physical intervention programs, the generalization of results
might be limited by attrition bias and a predominantly female
sample. This program was tested in a densely populated
community. This setting may enhance the viability and
cost-effectiveness of delivering both group and home sessions
via peer coaches. Adaptations may be needed if the model is
applied in other contexts, for example, in rural areas, which will
require a separate evaluation of feasibility and effectiveness.

Conclusions
In contrast to most previous trials, we attempted to address
frailty by examining physical interventions in comparison with
a novel comparator, that is, lifestyle education. Both tested
physical interventions and lifestyle education were effective in
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improving frailty status. A simultaneous improvement in quality
of life was observed. Participants with frailty appeared to benefit
beyond a frailty outcome. Despite the positive findings, the

impact of the interventions on exercise habit formation is yet
to be investigated.
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Abstract

Background: Physical inactivity, which increases the risk of chronic diseases in older adults, is prevalent among older adults
in Hong Kong. To address this problem, the Hong Kong government has been proactively promoting active aging.

Objective: Following the World Health Organization’s strategy to prevent chronic diseases in older adults and aligning with
the global goal of active aging, this study evaluated the effects of a 16-week light volleyball (LVB) intervention program on the
physical health of older adults in Hong Kong.

Methods: A total of 276 participants aged ≥60 years were recruited and randomly assigned to 1 of 3 groups: an LVB intervention
group, a Taichi control group (ie, with light physical activity), and a control group. Tests on components of fitness were conducted
before and after the intervention.

Results: Participants from the LVB intervention group exhibited significant improvements in lower body strength (F2,272= 7.23,

P=.001, η2=.05), agility (F2,272= 6.05, P=.003, η2=.043), and dynamic balance (F2,272= 9.41, P=.001, η2=.065) when compared
with those from the Taichi active control group and control group.

Conclusions: To promote active aging among older adults in Hong Kong, the findings of this preliminary study, along with
forthcoming follow-up tests, will provide health specialists and practitioners with valuable insights regarding the health benefits
of the LVB community program for older adults.

Trial Registration: Chinese Clinical Trial Register ChiCTR1900026657; https://www.chictr.org.cn/showprojEN.html?proj=44350

(JMIR Aging 2025;8:e62886)   doi:10.2196/62886

KEYWORDS

adapted physical activity; older adults; gerontology; geriatrics; older; aging; randomized controlled trial; volleyball; light volleyball;
intervention; sports; physical activity; exercise; physical attributes; RCT; controlled trial

Introduction

Given the low birth rate and increasing life expectancy in Hong
Kong, the trend toward an aging population is expected to persist
in the coming decades in this region. The number of individuals
aged ≥65 years is projected to rise substantially, reaching 1.89
million by 2019 and 30.5 million by 2069 [1]. This continual
demographic shift highlights several societal challenges,
including a decline in the working population and an increased
burden on Hong Kong’s social welfare and health care systems.
With an expanding share of older adults in the population, public
health expenditure in Hong Kong is forecasted to increase by
394%, from US $4.9 billion in 2004 to US $24.4 billion in 2033,
accounting for 5.5% of Hong Kong’s total GDP in 2033 [2].
The simultaneous decrease in the working population and

increase in social welfare expenditures for the aging population
are expected to create severe financial strain for the Hong Kong
government in the coming decades.

Although the benefits of physical activity have been
well-documented [3], approximately 40% of older adults aged
60 years or older in Hong Kong engage in insufficient physical
activity [4]. More than 50% of older adults in Hong Kong have
overweight or obesity [5], and 75% have one or more chronic
illnesses [6]. Additionally, older adults in Hong Kong spend an
average of 7.5 hours sitting and 6.7 hours lying down daily [7].
Spiteri et al [8] identified various barriers to physical activity
for older adults, including perceptions of negative consequences
(ie, pain, risk of injury, and fear of falling), and a lack of
knowledge and skills. Similar barriers to physical activity have
been reported among older adults in Hong Kong. To address
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these challenges, promoting active aging through physical
activity is essential [9]. The World Health Organization (WHO)
[10] introduced the “Active Ageing: A Policy Framework,”
warning that failure to address the aging population crisis could
lead to the collapse of health care and social welfare systems.
The Hong Kong government interprets active aging as achieving
full physical, social, and mental well-being [6]. Since 2001, it
has developed a healthy aging report outlining strategies to
promote active aging, including physical activity initiatives.
For instance, the Hong Kong government installed 150 new
fitness equipment sets for older adults across Hong Kong
between 2017 and 2018 to encourage active aging [11].

Meta-analyses have demonstrated that physical activity
interventions have a significant effect on improving balance,
reducing falls [12], and enhancing physical function [13] in
older adults. Both supervised resistance and aerobic physical
activity interventions have demonstrated positive effects on
physical function outcomes. Future research directions include
(1) increasing the number of physical activity interventions
conducted in Asia, (2) aligning intervention programs with the
WHO’s recommendation of 150 minutes of physical activity
per week, (3) using more rigorous randomized controlled trial
designs, and (4) implementing supervised physical activity
interventions with larger sample sizes in Asia [14,15]. Recent
reviews have emphasized the need to examine the effects of
sports interventions on older adults’ health, particularly among
Chinese older adults. Wong et al [16] reviewed 371 studies from
the past 15 years on the effects of physical activity on older
adults’ physical health, and they recommended exploring the
health benefits of newly emerging sports, such as light
volleyball, in future research [16,17]. Franco et al [17]
qualitatively reviewed the literature on older adults’perceptions
of physical activity participation, suggesting that older adults
prefer physical activity programs that are (1) professionally
instructed, (2) group-based and conducive for peer interaction,
and (3) highly accessible, with affordability being a key factor
influencing the willingness to participate [17]. Similar findings
were reported by Van Dyck et al [18], who highlighted older
adults’ preferences for innovative physical activity activities,
such as aqua fitness or light volleyball, over traditional options,
such as walking and cycling, in intervention programs.

Light volleyball (LVB) is a newly adapted physical activity
derived from traditional volleyball. Compared with traditional
volleyball, LVB uses balls with a larger circumference (80‐83
cm vs 65‐67 cm) and lighter weight (150g vs 250g), allowing
the balls to travel at a slower speed. These features make LVB
more accessible, particularly for individuals with reduced
physical capacity due to age-related decline (eg, older adults).
Additionally, the LVB court is smaller (similar in size to a
badminton court), and the net is set lower (1.8 m), further
reducing the physical demands on participants. Studies from
China have reported physical health benefits associated with
regular LVB practice; however, most of these studies did not
have standardized fitness measurements and control groups. In
2020, the first author and her team conducted a
quasi-experimental intervention to examine the effects of LVB
on the physical and psychological health attributes of 78 older
adults aged ≥60 years. The results indicated significant

improvements in physical (ie, lower and upper body muscle
strength, agility, balance, and aerobic endurance) and
psychological (ie, physical activity enjoyment) attributes among
participants in the LVB group when compared with the control
group [19]. Furthermore, improvements in upper body muscle
strength, aerobic endurance, and physical activity enjoyment
were significantly more pronounced in the LVB group than in
the active control group, which participated in Rouliqiu. That
study highlighted the effectiveness of LVB intervention
programs in enhancing both physical and psychological health
attributes in older adults. Despite these promising findings, that
study had notable limitations. First, its sample size was small,
with only 62 participants completing the screening tests, pre-
and postintervention functional tests, and data analysis. Second,
participants were not randomly assigned to groups, which could
have introduced selection bias.

Building on the positive results of the LVB pilot study and the
prioritization of resource allocation for promoting active aging
in Hong Kong, the first author and her team secured Research
Impact funding amounting to US $0.95 million for further
research in this area. This funding supported an investigation
into the effectiveness of an LVB intervention on the physical
and psychological health attributes of older adults in Hong Kong
using both quantitative and qualitative methods and examining
a larger sample size of approximately 300 participants. In this
study, we present the preliminary results of this LVB
intervention in our quantitative arm using the results from the
pretest and posttest. In the current study, Taichi was selected
as the intervention for the active control group because both
Taichi and LVB are whole-body exercises originating from
China and suitable for older adults [20,21]. Compared with the
team-based LVB, Taichi is an individual exercise, which may
lead to differing effects on older adults’ health and quality of
life [22]. Prior research suggests that older adults with greater
social support are more likely to continue exercising regularly
[23,24]. Community-based group physical activity interventions
with increased social support have also been associated with
greater beneficial effects and program adherence. Additionally,
Taichi is a popular activity among Chinese older adults [25].
With LVB gaining traction in Hong Kong, Taichi serves as a
relevant comparison, providing valuable insights into physical
activity promotion among Hong Kong’s older adult population.
This study aimed to assess the effects of a 16-week LVB
intervention compared with Taichi and a control group on two
key outcomes in Chinese older adults aged ≥65 years: (1)
functional fitness and (2) balance. The hypothesis was that both
LVB and Taichi would result in significant and comparable
improvements in these physical health attributes relative to the
control group.

Methods

Study Design
A randomized controlled trial design was used to assess the
effects of the LVB intervention on participants’ physical health
outcomes. Following the CONSORT (Consolidated Standards
of Reporting Trials) guidelines (Checklist 1) [26], detailed
information about the intervention can be found in our
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previously published study protocol (trial registration number
ChiCTR1900026657) [19]. The LVB group was compared
against an active control group (ie, Taichi) and a control group.
Participants were randomly assigned into LVB group, Taichi
group, and control group in 1:1:1 ratio.

Study Intervention
The intervention program was conducted from mid-2021 to
early-2023, with data collection performed at pretest
(immediately before the intervention) and posttest (immediately
after the intervention). The preliminary results presented here
are based on pretest and posttest data only. Participants in the
LVB and Taichi groups attended a 16-week training program
consisting of two 90-minute sessions per week following the
pretest. This intervention duration aligns with the guidelines of
the Centers for Medicare and Medicaid Services of the US
Department of Health and Human Services, which suggest that
the health benefits of physical activity for older adults can be
observed within 1 to 3 months after the start of a program [27].
In contrast, the control group was instructed to continue their
usual daily activities while participating in monthly social
gatherings (eg, health workshops) to control for psychosocial
effects.

Participants
Participants were eligible for recruitment if they (1) were aged
≥60 years, (2) lived independently, (3) had no cognitive
impairment, (4) had not participated in physical activity
programs for 2 consecutive years prior to the program, and (5)
had passing scores on the Abbreviated Mental Test (AMT) and
Timed-up-and-go (TUG) test [28,29]. Specifically, individuals
had to obtain a score of at least 6 out of 10 on the AMT to
demonstrate sufficient cognitive capability and complete the
TUG test within 20 seconds. Participants were ineligible for
recruitment if they had steady hypertension (≥160/90 mmHg),
arthritis, or neurological disorders.

Recruitment and Procedures
Participants were recruited through informational sessions
conducted by the research team and advertisements placed in
local neighborhood elderly centers. All participants were
informed about the confidentiality of their personal data
collected for the study and were assured they could withdraw
from the program at any time. The research team sought consent
from each participant before collecting data and proceeded
immediately to conduct the AMT and TUG test to screen
unqualified participants. After participants passed the screening
tests, they completed the following steps: (1) questionnaires,
(2) sociodemographic questions, (c) measurements of weight
and body fat percentage using the Tanita machine (TBF-410GS),
and (d) a functional fitness test based on the work of Leung et
al [19,20]. After the pretest, an independent researcher used a
computer-generated random number system to assign
participants to the intervention conditions. Data collection and
entry personnel were blinded to the group assignments of
participants. The intervention program commenced the following
week in sports complexes at community centers or community
halls in Hong Kong and lasted for 16 weeks (approximately 3.5
months). The research team arranged the posttest for participants

within 7 days after they completed the intervention program.
All participants received a supermarket cash voucher worth
US$ 12.84 as an incentive for their participation.

Ethical Considerations
The study was reviewed and approved by the Education
University of Hong Kong’s Research Ethics Committee
(approval number E2022-2023-0013).

Measures

Functional Fitness
The research team used the Senior Fitness Test Manual to assess
the physical attributes of older adults [30]. The test comprises
6 items: the chair stand test (lower body strength), arm curl test
(upper body strength), chair sit-and-reach test (lower body
flexibility), back-scratch test (upper body flexibility), 8-foot
up-and-go test (agility and balance), and 2-minute step test
(aerobic endurance). These have been demonstrated to be
reliable, with intraclass correlation coefficients ranging between
.80 and .98 in participant trials. Their validity has been supported
through content, criterion-related analyses, and construct
validation, including comparisons of senior fitness test scores
with other established measures, such as treadmill VO2 testing
[31]. Higher scores in the chair stand test (repetitions), arm curl
test (repetitions), chair sit-and-reach test (cm), back-scratch test
(cm), and 2-minute step test (repetitions) indicate higher levels
of lower and upper body strength, flexibility, and aerobic
endurance; the converse is the case for the 8-foot up-and-go test
(seconds). For the flexibility assessments, negative scores reflect
an inability to reach the toes during the chair sit-and-reach test
or to make hand contact in the back-scratch test.

Balance Test
The Balance System SD (BBS-SD, 950‐441 model) was used
to measure the dynamic balance of older adults in the current
study. Participants were asked to stand upright at the center of
the platform while observing a screen situated 30 cm
(approximately 11.1 in) in front of them. They completed three
20-second trials with 10-second breaks in between. The results
of 3 trials were collected, and the mean values were recorded
by the research team. The findings of previous studies support
the reliability and validity of this balance test [32,33]. The
measurement index and overall stability index generated by the
Biodex balance system were included in the current study. These
indices measured the participants’dynamic balance, specifically
assessing their balance fluctuations across multiple axes. Higher
values indicated greater deviations and poorer balance control.

Data Analysis
Data were analyzed using SPSS 27.0 software (IBM Corp).
Descriptive statistics, specifically mean and SD values for
continuous variables and frequencies and percentages for
categorical variables, were used to describe the data. Preliminary
checks were conducted to ensure that the assumptions of
normality and homogeneity of variance were met. One-way
ANOVA was performed to evaluate baseline differences
between the groups. To examine the effect of the 16-week
intervention program on physical attributes, a series of analysis
of covariance tests were conducted, comparing the 3 groups
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(LVB, Taichi, and control groups) at 2 time points (pre- and
posttest). Body mass was used as a covariate because of its
correlation with the outcome measures [34]. Partial eta squared

(η2), P values, and contrast t-statistics were calculated. Planned
contrasts were used to analyze the differences between the LVB
and control groups, and between the LVB and Taichi groups.
Cohen d was calculated as a measure of effect size, with
thresholds of 0.1 for a small effect, 0.3 for a medium effect, and
0.5 for a large effect [35]. Statistical significance was set at
P<.05.

Results

Overview
Figure 1 presents the recruitment process for the current study.
At the start of the intervention, 334 older adults from 7 elderly
centers were enrolled in the program and completed the pretest.
With simple randomization, there were 122 older adults in LVB
group, 113 in Taichi group, and 99 in control group. A total of
3 participants (2 from the LVB group and 1 from the Taichi
group) withdrew from the program because of personal reasons,
and 7 others (2 from the LVB group, 1 from the Taichi group,

and 3 from the control group) withdrew without providing any
reason. Among the remaining 318 participants, 42 did not
complete the posttest for various personal reasons (eg, illness,
Lunar New Year gatherings, and concerns about social
distancing during the late COVID-19 pandemic). This sample
size met our calculated sample size for this intervention (with
effect size of 0.5 [Cohen d]) in order to achieve a power of 80%
at a significance level of 5% [19]. The retention rate was 82.6%,
slightly higher than the expected 80%. Ultimately, 276
participants (LVB group, n=100; Taichi group, n=86; control
group, n=90) who completed both the pre- and posttest were
included in the final data analysis.

Table 1 presents the sociodemographic characteristics of the
participants. Approximately 56% (156/276) of the participants
were aged ≤70 years, and only 8% (22/276) were aged ≥80
years. The majority of the participants were female (229/276,
83%) and retired (217/276, 78.6%). Approximately 57.3%
(158/276) had attained secondary education or higher.
Approximately half (161/276, 58.3%) reported their financial

status as average. The average BMI was 24 (SD 3.6) kg/m2.
The groups did not significantly differ with each other at the
pretest with respect to all variables (P>.05).

Figure 1. Recruitment statistics.
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Table . Sociodemographic characteristics of participants.

Controlc (n=90)TCb (n=86)LVBa (n=100)Characteristics

Age (years), n (%)

10 (11.1)14 (16.3)30 (30)60‐64

33 (36.7)34 (39.5)35 (35)65‐69

17 (18.9)26 (30.2)24 (24)70‐74

15 (16.7)8 (9.3)8 (8)75‐79

15 (16.7)4 (4.7)3 (3)80 or above

Sex, n (%)

12 (13.3)18 (20.9)17 (17)Male

78 (86.7)68 (79.1)83 (83)Female

Occupation, n (%)

1 (1.1)0 (0)0 (0)Full-time job

21 (23.3)11 (12.8)16 (16)Housewife

66 (73.3)72 (83.7)79 (79)Retired

2 (2.2)3 (3.5)5 (5)Part-time job or others

Education level, n (%)

21 (23.3)4 (4.7)5 (5)    No education

30 (33.3)23 (26.7)35 (35)    Primary education

29 (32.2)41 (47.7)40 (40)    Secondary education

10 (11.1%)18 (20.9%)20 (20%)    Tertiary education

Perceived financial status, n (%)

18 (20)18 (20.9)19 (19)Low

10 (11.1)17 (19.8)21 (21)Below average

58 (64.4)50 (58.1)53 (53)Average

3 (3.3)1 (1.2)3 (3)Above average

1 (1.1)0 (0)4 (4)Higher

House nature, n (%)

32 (35.6)33 (38.4)46 (46)Bought

58 (64.4)53 (61.6)54 (54)Rent

24.2 (3.4)23.5 (3.7)24.1 (3.7)BMI (kg/m2), mean (SD)

aLVB: light volleyball.
bTC: Taichi.
cCG: control group.

Improvement in Physical Fitness
Table 2 presents the mean and SD values of physical measures
for the groups at pre- and posttest, along with the results of
analysis of covariance with repeated measures, with BMI
controlled for. After the intervention, the LVB group achieved
statistically significant improvements in lower limb muscular

endurance (chair stand test, F2,272= 7.2, P=.001, η2=.05), agility

(up-and-go test, F2,272= 6.1, P=.003, η2=.04), and dynamic

balance (Biodex balance test, F2,272= 9.4, P=.001, η2=.07)
compared with the other groups.

Pairwise comparisons revealed that both the LVB and Taichi
groups exhibited significantly improved adjusted performance
in lower limb muscular endurance (chair stand test, LVB group,
mean 17.6, SD 5.0; Taichi group, mean 15.3, SD 4.9, P=.001),
agility (up-and-go test, LVB group, mean 5.6, SD 1.3; Taichi
group, mean 6.2, P=.001), and dynamic balance (Biodex balance
test, LVB group, mean 0.5, SD 0.5; Taichi group, mean 0.7, SD
0.6, P=.001) compared with the control group (chair stand test,
mean 15.3, SD 4.9; up-and-go test, mean 6.1, SD 1.2; Biodex
balance test, mean 0.7, SD 0.5). Notably, the LVB group
performed significantly better on all three measures (chair stand
test, up-and-go test, and Biodex balance test) at posttest
compared with the Taichi group. No significant group

JMIR Aging 2025 | vol. 8 | e62886 | p.52https://aging.jmir.org/2025/1/e62886
(page number not for citation purposes)

Leung & ShiJMIR AGING

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


differences were identified for the arm curl test (F2,270=2.8,

P=.1, partial η2=.02), chair sit-and-reach test (F2,270=0.06, P=.5,
partial η2=.005), and back scratch test (F2,270=1.3, P=.3, partial

η2=.01), and 2-min step test (F2,270=1.1, P=.3, partial η2=.008).

Table . Mean and SD values for measures in groups at pre- and posttest.

Mean difference (95% CI)F test (df)CGc

(n=90), mean (SD)

TCb

(n=86), mean (SD)

LVBa

(n=100), mean (SD)

Measures

LVB-CGLVB-TCPosttestPretestPosttestPretestPosttestPretest

2.3d

(0.8 to 3.9)

2.4d

(0.8 to 3.9)

7.2d (2, 272)15.3 (3.5)15 (3.7)15.3 (4.9)15 (5.1)17.6 (5.0)16.4 (5.1)Chair stand
test (frequen-
cy)

1.9e

(0.2 to 3.5)

1.5

(−0.2 to 3.2)

2.8 (2, 270)14.2 (5.0)14.1

(5.3)

14.6 (4.9)14.4

(5.1)

16.0 (4.8)15.3

(4.9)

Arm curl
(frequency)

3

(−0.4 to 6.4)

2.7

(−0.8 to 6.1)

0.7 (2, 272)4.8 (8.8)5.1

(9.5)

5.2 (12.6)5

(13.0)

7.8 (11.4)7.3

(11.5)

Chair sit-
and-reach
test (cm)

3.7e

(0.1 to 6.3)

0.9

(−1.9 to 3.6)

1.3 (2, 270)−2.7 (9.4)−2 (9.2)0.1 (8.7)0.9

(8.9)

1.0 (9.5)0.6

(9.3)

Back scratch
(cm)

−.7d

(−1.2 to
−0.2)

−.6e

(−1.1 to
−0.1)

6.1d (2, 272)6.1 (1.2)6.5

(1.4)

6.2 (1.7)6.2

(1.8)

5.6 (1.3)6 (1.5)Up-and-go
test (s)

8.7e

(2.7 to 14.7)

4.56

(−1.5 to
10.7)

1.3 (2, 272)85.9 (16.7)85.3

(17.6)

90.0 (21.8)89.4

(22.9)

94.6 (17.6)92.1

(18.3)

Step test
(frequency)

−0.2d

(−0.4 to
−0.04)

−0.2e

(−0.3 to
−.01)

9.4d (2, 272)0.7(0.5)0.8

(0.6)

0.7 (0.6)0.7

(0.6)

0.5 (0.5)0.7

(0.6)

Overall sta-
bility index
(score)

aLVB: light volleyball.
bTC: Taichi.
cCG: control group.
dP<.01.
eP<.05.

Discussion

Principal Findings
Given the continued aging of the population in Hong Kong and
the limitations of our previous LVB pilot study, the current
study aimed to investigate the effect of a 16-week LVB
intervention program on physical health outcomes among older
adults. Compared with the pilot study, the current study used
an randomized controlled trial design and recruited 5.45 times
more participants. The results indicated that the LVB
intervention had a greater effect on improving lower body
strength, agility, and dynamic balance in older adults when
compared with both the Taichi intervention and the control
group. Although significant improvements in lower body
strength, agility, and dynamic balance were identified in the
LVB intervention group, no significant changes in aerobic
endurance and upper body strength were identified.

Improvement in Physical Health
The current study hypothesized that the LVB intervention would
lead to greater improvements in lower body strength, agility,
and dynamic balance relative to the control. This expectation

is supported by our pilot study in 2018, which revealed
significant improvements in these physical attributes for the
LVB intervention group when compared with the control group
[20].

We also hypothesized that the LVB intervention would improve
lower body strength, agility, and dynamic balance relative to
Taichi. First, LVB shares several similarities with traditional
volleyball, such as involving a considerable amount of lower
body movement, which helps enhance lower body strength [36].
Second, LVB was expected to result in more significant
improvements in agility and dynamic balance compared with
Taichi. This is because LVB requires players to use open skills,
enabling them to react and adapt to dynamic, constantly
changing environments. In contrast, Taichi primarily involves
closed skills, which do not require such adaptive responses to
environmental changes [37]. Although there may be differences,
Sheppard and Young [38] defined agility as the ability to change
speed or direction in response to a stimulus, such as an
environmental change. A recent systematic review comparing
the effects of open-skill physical activity and closed-skill
physical activity on cognitive function reported that open-skill
physical activity was more effective in enhancing cognitive
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function than closed-skill exercises were [39]. Furthermore,
Young et al [40] suggested that agility is strongly linked to
cognitive functions such as decision-making ability and
perception.

Additionally, a strong correlation has been observed between
lower body strength and the ability to change direction
(change-of-direction ability) [41]. Recent research has
demonstrated a significant correlation between relative and
absolute strength and agility, including change-of-direction
ability and linear speed [42]. In the current study, we also
identified a correlation between lower body strength and agility.
These were the 2 physical attributes for which more pronounced
improvements were identified in the LVB intervention group
than in the Taichi group. In addition to lower body strength,
balance plays a crucial role in maintaining good posture during
acceleration, deceleration, and sudden changes in location or
direction. Balance training has been found to be beneficial in
improving the agility of volleyball players [43].

Although the participants in the LVB group exhibited greater
improvements in lower body strength, agility, and dynamic
balance, an unexpected finding was the minimal differences in
upper body strength and aerobic endurance, 2 physical attributes
that were initially hypothesized to exhibit significant
improvement in the LVB group compared with the Taichi group.
For upper body strength, LVB involves more frequent and
vigorous arm and shoulder movements relative to Taichi, such
as spiking and blocking, which were expected to result in greater
upper body strength improvements compared with Taichi [44].
Similarly, the higher energy demand in volleyball was assumed
to lead to greater improvements in aerobic endurance in the
LVB group compared with Taichi [45]. However, despite these
expectations, no significant differences in improvements were
observed between the LVB and Taichi groups for these two
physical attributes. Nonetheless, both the LVB and Taichi
programs were demonstrated to improve upper body strength
and aerobic endurance in older adults, although LVB did not
significantly outperform Taichi as was hypothesized. Previous
studies have indicated that both LVB and Taichi can be
beneficial for improving upper body muscle strength in older
adults [19,44]. Regarding aerobic capacity, although we assumed
that volleyball would require higher aerobic endurance,Taichi’s
breathing techniques were found to be beneficial for improving
aerobic capacity in older adults, providing benefits similar to
those achieved through LVB [46].

Limitations
Although this study addressed the limitations of the previous
pilot study, it still has several limitations of its own. First, these
are only preliminary findings, and the scheduled follow-up

evaluation in 6 or 12 months will help determine whether these
advantages are seen or sustained over the longer term after the
intervention. Second, the gender representation was
disproportionate; the number of female participants was higher
because recruitment was conducted through local elderly centers.
These centers in Hong Kong have predominantly female
memberships, with older women showing a greater tendency
to participate in activities [47,48]. This imbalance in gender
representation limits the generalizability of the findings.
Furthermore, the study was conducted during the COVID-19
pandemic and the proposed intervention period was postponed
from 2020‐2022 to 2021‐2023, which may have introduced
variables that are not typically present in nonpandemic
conditions. These factors could have affected the results of the
interventions.

Conclusions
The current study examined the effects of a 16-week LVB
intervention program on the physical health of older adults in
Hong Kong. The results indicated that the participants in the
LVB group experienced significant improvements in lower
body strength, agility, and dynamic balance compared with both
the Taichi active control group and the control group. This study
builds on the previous pilot by adopting an randomized
controlled trial design, incorporating dynamic balance as a
fitness component, increasing the sample size, and collecting
data from 7 local elderly centers instead of just one.

Future studies should address the following: first, studies should
aim for more balanced gender representation and include
follow-up tests to monitor the long-term maintenance of physical
improvements. Numerous studies have highlighted the positive
effects of physical activity on aspects such as cognition and
psychology in older adults, whereas the current study focused
solely on physical attributes. Future research could explore the
effects of LVB on cognitive and psychological outcomes to
provide a more comprehensive understanding of its benefits.
Furthermore, future studies should consider qualitative
approaches to understand participants’ experiences and assess
how LVB intervention influences various health dimensions.
Given the potential limitations due to the COVID-19 pandemic,
future studies may benefit from replication under more stable
conditions, free from social distancing policies, to determine
whether similar results can be observed. In conclusion, this
large-scale study provides strong evidence supporting the
physical health benefits of LVB for older adults. The results
from our future qualitative studies and follow-up measures will
further inform researchers and practitioners about the
acceptability and appropriateness of LVB interventions for older
adults.
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Abstract

Background: Mobile apps and peer support are known to effectively promote physical activity in older adults, which, in turn,
improves physical function. Previously, we investigated the feasibility and impact of using digital peer-supported apps (DPSAs)
to increase physical activity among older adults over a 3-month period. However, the long-term feasibility and impact on sustainable
behavior change remain unknown.

Objective: This study aims to evaluate the 12-month feasibility of the DPSA and to obtain preliminary estimates of its effects
on physical activity and physical function among older Japanese adults.

Methods: This nonrandomized controlled trial recruited older adults aged 65 years or older from 2 physical activity programs.
Participants chose either the intervention (app program + exercise instruction) group or the control (exercise instruction only)
group. Only those participants who had completed the 3-month intervention and wished to continue in the 12-month follow-up
intervention study were included. DPSA feasibility was assessed using retention and adherence rates. Physical activity was
assessed using accelerometers, capturing daily step count, light-intensity activity, moderate to vigorous intensity activity, and
sedentary behavior. Physical function was evaluated using grip strength and the 30-second chair stand test (CS-30). Accelerometer
measurements were collected every 3 months over 12 months (5 time points, including baseline), whereas physical function was
measured at baseline, 3 months, and 12 months.

Results: The follow-up study included 44 of 66 participants from the 3-month intervention study, with 26 participants in the
intervention group and 18 participants in the control group. The 12-month retention rate for participants in the DPSA intervention
group was 73% (19/26), whereas the retention rate among all 41 participants, including those who chose not to participate in the
follow-up study, was 46% (19/41). The adherence rate was 85.9%. The average number of steps per day (95% CI) in the intervention
group changed before and after DPSA use (P=.048). We observed an increase of 1736 (β=1736, 95% CI 232-3241) steps per day
compared with baseline. No significant change was observed in the control group. There were significant within-group differences
in CS-30 scores for both intervention (P<.001) and control (P=.03) groups over the 12-month period. Specifically, there was a
significant change in CS-30 scores (95% CI) between the baseline and 12-month assessments for the intervention (β=6.5, 95%
CI 3.8-9.1; P<.001) and control (β=3.8, 95% CI 0.6-7.1; P=.02) groups.

Conclusions: Participants with long-term DPSA use observed increases in average daily steps and CS-30 scores before and
after DPSA use, although only a limited number of older adults had long-term access to the DPSA. Identifying ways to expand
long-term DPSA use among older adults is necessary. Additionally, randomized controlled trials should be conducted to determine
the long-term effects of DPSAs on physical activity and function in older adults.

Trial Registration: University Hospital Medical Information Network UMIN000050618;
https://center6.umin.ac.jp/cgi-open-bin/ctr_e/ctr_view.cgi?recptno=R000057008
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Introduction

Background
The world’s population is aging at an unprecedented rate [1].
The number of adults older than 65 years has tripled over the
past 50 years, and by 2050, older adults are expected to account
for a quarter of the global population [2-4]. Japan has a high
proportion of older adults: 29.1% of the total population was
aged 65 years or older in 2023 [5]. Healthy aging is a global
health care challenge as population aging accelerates [6].
Regular physical activity aids in reducing the risk of
noncommunicable diseases [7] and is associated with improved
physical health [8] and increased life expectancy [9]. However,
despite decades of public health interventions, the global
physical activity level has remained stable or even declined,
making it an important health policy challenge [10]. Given the
world’s aging population and the health benefits of physical
activity, it is critical to promote regular physical activity among
older adults. The Japanese guidelines for physical activity [11]
recommend a minimum of 15 metabolic equivalent (MET) hours
per week of physical activity with an intensity of at least 3 METs
in older adults. Physical activity of 15 MET hours per week can
be converted into steps, which is more than 6000 steps per day
[11]. However, few older adults meet this recommendation:
among men, 45% of those aged 65‐74 years, 32% of those
aged 75‐84 years, and 11% of those aged 85 years or older
meet this recommendation, and among women, 38% of those
aged 65‐74 years, 22% of those aged 75-84 years, and 5% of
those aged 85 years or older meet this recommendation [11].
Regular physical activity improves physical function in older
adults [12]. Declining physical function is linked with the loss
of mobility and activities of daily life, which are core dimensions
of physical disabilities [13,14], and thus, both physical activity
and physical function need to be improved.

Recently, mobile apps have been successfully used to increase
physical activity levels [15,16]. eHealth, or electronic health,
encompasses health care services supported by information and
communication technology, including computers, mobile
phones, and satellite communications, for health services and
information. Moreover, mHealth, or mobile health, refers to the
use of smart or portable devices for providing health services
and information [17]. These interventions for older adults have
been shown to be effective in increasing the time spent in
physical activity, energy expenditure in physical activity, and
steps walked [18,19]. In a review comparing mHealth with
face-to-face interventions, interventions that included mHealth
were shown to have increased steps and total physical activity,
but there was no observed difference in physical function [20].

In the systematic review by Duan et al [21], eHealth
interventions for physical activity have shown that theory-based
interventions are more effective than non–theory-based
interventions. The transtheoretical model and social cognitive

theory were the top 2 most frequently supporting theories, and
the studies included in this systematic review with the largest
effect sizes were based on these 2 theories [22]. The social
cognitive theory proposed by Bandura [23] stipulates that
behavior is learned by observing and imitating others. This
process is called observational learning or modeling and has
been extensively studied in the context of motor skill
development and education [24-26]. Self-efficacy, an important
aspect of social cognitive theory [23], is an crucial determinant
of exercise persistence and outcomes; interventions based on
self-efficacy can promote exercise participation [27].

The effectiveness of peer support interventions for physical
activity is often explained by social cognitive theory [28]. Webel
et al [29] defined peer support as “a method of teaching or
facilitating health promotion that makes use of people sharing
specific health messages with members of their own
community." Our previous study using a digital peer-supported
app (DPSA) framed by the social cognitive theory showed that
the feasibility of the DPSA was adequate and that the number
of daily steps and the level of moderate to vigorous intensity
physical activity (MVPA) increased in older participants [30].
There are 2 main types of peer support [31]: the first includes
methods related to education and information, such as peer
tutoring and mentoring; the second is the emotional support
provided by peers. Our research is based on peer support
interventions that provide emotional support. Peer support is
provided by comparable peers and promotes physical activity
in ways that cannot be done by professionals or family members;
Burton et al [32] reported that peer support increased adherence
to an exercise program; Ginis et al [28] reported that peer
support was as effective as professional intervention. Peer
support may be cost-effective when considering the expense of
paying professionals [33]. Peer support through the DPSA
includes social support, which contributes to the success of
eHealth and mHealth interventions for increasing physical
activity among older adults [34]. In addition, DPSA
interventions do not require in-person gatherings, thus reducing
constraints owing to scheduling issues, meeting locations, and
costs (eg, transportation) [35]. Thus, the DPSA may be effective
in promoting physical activity among older adults. However,
our previous study was a short-term intervention of 3 months,
and the long-term feasibility and impact for sustainable behavior
change remains unknown.

Three of 4 review studies concluded that mHealth or eHealth
interventions are effective over short term (1‐6 months) in
promoting physical activity in adults aged 50 years or older
[34]. All 3 reviews incorporated randomized controlled trials
(RCTs) comparing interventions that were not eHealth or
mHealth (eg, paper-based intervention, professional face-to-face
intervention, and group face-to-face intervention), or no
intervention. Despite the demonstrated long-term health benefits
of physical activity [36], long-term empirical evidence of
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mHealth and eHealth, beyond 6‐12 months, remains scarce
[37-39]. Furthermore, no study has continued the app
intervention for 12 months and collected device-based physical
activity measures in community-dwelling older adults older
than 65 years [40]. Physical activity interventions for older
adults often face challenges regarding long-term participation
owing to age-related health decline, low self-efficacy, and poor
geographic access to physical activity spaces [41,42]. There is
a need to test the long-term effectiveness of the DPSA in
promoting physical activity among older adults. However, before
testing the long-term effectiveness of the DPSA on a large scale,
a reasonable first step is to examine the feasibility and
preliminary changes in physical activity, physical function, and
self-efficacy in community settings. We hypothesized that 1
year of DPSA use would increase physical activity owing to
increased self-efficacy for exercise. We also expect that the
increase in physical activity will be accompanied by an increase
in physical function.

Objectives
This study was a 12-month longitudinal study of participants
in a 3-month DPSA intervention study who volunteered to
participate in a follow-up study. The objectives of this study
were twofold: (1) to evaluate the feasibility (retention and
adherence rates) of using the DPSA to promote physical activity
in older adults over a 12-month period, and (2) to measure
preliminary estimates of the effects of physical activity, physical
function, and self-efficacy for exercise through the use of the
DPSA.

Methods

Study Design
This study is a nonrandomized controlled trial of 2 groups
conducted over 12 months and is a follow-up study of a 3-month
intervention trial [30]. This study was conducted in Fujisawa
City, Kanagawa, Japan. Fujisawa City is in the southeastern
part of Kanagawa and is an urban area close to Tokyo. As of
April 2023, the city had a population of 445,291; of those, 24.5%
(109,005) were aged 65 years or older. The percentage of older
adults in the total population is increasing year by year [43].
This study was conducted as a collaboration between local
governments, mobile app development companies, and
universities. Industry-government-academia collaboration is
important to further scientific research that is relevant to
real-world community issues [44,45].

Ethical Considerations
This study was approved by the research ethics committee of
Sports Medicine Research Center at Keio University (approval
no. 2022‐07). Informed consent for the follow-up study was

obtained from all participants in the 3-month intervention study.
The data obtained were anonymized. The study protocol was
registered in the University Hospital Medical Information
Network (UMIN000050618).

Participants
The study included Fujisawa City residents aged 65 years or
older. In Japan, older adults are generally defined as persons
aged 65 years or older [40]. We recruited participants for two
3-month programs designed to increase physical activity [30].
Participants from 2 different areas within the municipality of
Fujisawa City were recruited through flyers, local newsletters,
and calls to related organizations. Participants chose either
intervention (app program and exercise instruction) or control
(exercise instruction only) group. The 3-month intervention
study [30] included 74 participants (intervention group: 41,
control group: 33). The follow-up study was introduced to 66
participants who completed the 3-month intervention.
Participants (n=8) who did not provide their informed consent
were excluded from the follow-up study. The eligibility criteria
were adults aged 65 years or older who could walk
independently and perform daily activities without being advised
by a physician to refrain from physical activity (self-reported
criterion). Prospective participants were screened using a
personal health status questionnaire based on the Physical
Activity Readiness Questionnaire [46-48] to ascertain any
potential health problems with study participation. Because the
purpose of this study was to assess feasibility and obtain
preliminary estimates, sample size was not calculated; the
number of participants was limited because the study was
conducted in collaboration with the local government.

Intervention

Program
Regardless of program selection, all participants underwent
face-to-face exercise instruction, program introduction, and
baseline assessment by a physical therapist or health fitness
instructor. Exercise instructions focused on aerobic, stretching,
muscle strengthening, and balance exercises based on the
original “Fujisawa + 10 exercise” program [49,50]. The timeline
of the study procedure is shown in Figure 1. Both intervention
and control groups were instructed to increase their daily
physical activities. The participants completed surveys and
physical function measurements at baseline (start date), 3
months, and 12 months postintervention. Additionally, physical
activity levels were measured every 3 months, 5 times in total,
using triaxial accelerometers. Individualized physical activity
reports were generated from the collected data and provided as
feedback to the participants. The intervention group began using
the app 1 week after the baseline outcome assessment.
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Figure 1. Timeline of 12-month intervention procedure. DPSA: digital peer-supported app.

Digital Peer-Supported App
This study used Minchalle, a commercially available DPSA
[51]. This mobile app was developed in June 2015 by A10 Lab
Inc, with an initial release in November 2015. Figure 2 shows
a sample app screen. The DPSA creates a group chat for up to
5 people with a common goal, and participants anonymously
interact with each other in the group. The common goal of the
intervention group was to increase their physical activity by
walking and exercising. Once a day, participants posted their
step counts, photographs, and comments in a group chat box.
The main functions of the DPSA used in this study were as

follows: (1) posting photographs, step counts, and comments
about the day, (2) reaction buttons from group members (Figure
2), (3) setting step count goals on a group basis, and (4)
providing feedback on the group’s total daily step count. Step
counts were measured using a smartphone, and the DPSA
reported the number of steps taken on that day at the time of
posting. The participants were asked to carry smartphones
throughout the day while they were awake. Participants had the
option to post comments or photographs multiple times a day
and engage with other members. The mobile app was provided
to the participants free of charge. Details of the DPSA’s
functionality are summarized in Multimedia Appendix 1.

Figure 2. Examples of mobile app screens. (A) A group is selected. (B) Photographs, step count, and comments are posted on the group. A photograph
taken that day is posted and comments are added on the day’s events. (C) Contents of the posts are displayed in the group. The total number of steps
for the group is displayed. (D) Responses to posts by group members.

Characteristics of Research Participants
In addition to general characteristics, such as age and sex, the
survey enquired about smartphone ownership, frequency of app

use (except DPSA), and exercise habits. Body weight (kg) was
measured using a digital scale, and height (m) was measured
with a stadiometer after removing shoes. BMI was calculated
as body weight divided by the square of height. Exercise habits
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were considered as “those who exercised at least twice a week
for 30 minutes or longer each time for at least 1 year” [52].

The frequency of neighborhood interaction was assessed by
asking the participants how many times they interact with people
in the neighborhood within 1 week. Group exercise participation
was defined as study participants who participate in a group of
3 or more people who meet voluntarily to exercise.

DPSA Feasibility
DPSA feasibility was assessed based on retention and adherence
rates during the year of program implementation. The retention
rate indicates how many of the participants continued to use the
DPSA for 12 months. The adherence rate indicates how often
participants used the DPSA during the intervention period. The
DPSA used in this study excludes a person from a group if they
have not posted a set of step counts, photographs, or comments
for 15 consecutive days. Dropouts were defined as those
excluded from the group during the 12 months of DPSA use by
researchers. Retention rates were calculated using a population
of 26 participants in the intervention group and a population of
all 41 participants who decided not to participate in the
follow-up study. The retention rate was considered good if it
was ≥70% (≥29 retention out of 41) based on previous studies
by Farrance et al [53] and Picorelli et al [54]. The adherence
rate was calculated by dividing the number of sets of step counts,
photographs, and comments posted during the intervention
period by the duration of the intervention. Adherence was
calculated as the percentage of both participants, including
dropouts and not including dropouts. Considering that the
adherence rate for participants in the 3-month program was
87.7% [30], an adherence rate of ≥80% was considered good.
The adherence rates were also calculated by group (7 groups:
A-G). The number of all chat posts per person by group was
calculated to assess the degree to which the group was used.
The observed negative physical conditions during the
intervention were ascertained by interviewing participants 12
months later. The app developers and the municipality were
available to support the participants for any privacy breaches
and technical issues.

Outcome Measure
To assess physical activity, participants were asked to wear a
triaxial accelerometer [55] (Active Style Pro HJA-750C activity
meter; Omron Healthcare) at the waist level for 7 consecutive
days for a total of 5 times every 3 months starting before the
intervention. This accelerometer provides a relatively accurate
measure of physical activity in healthy older adults [56].
Participants were instructed not to remove the device unless
required for certain tasks, such as changing clothes and bathing.
At the end of the measurement, all the data collected were
transferred from the accelerometer to a personal computer.
Following the suggested method [57] for estimating physical
activity, an individual was required to record ≥10 hours of
activity per day for 3 days to be included in the subsequent
analyses. The data were collected in 60-second epochs for data
analysis and used to estimate the intensity of the activity
(METs). Outcome measurements of physical activity included
the mean daily step count and time spent in sedentary behavior
(SB: ≤1.5 METs), light-intensity physical activity (LPA:

1.6‐2.9 METs), and MVPA (≥3 METs) per day. The number
of steps reported to the group chat in the DPSA was measured
by the smartphone but was not used as an outcome.

Physical function was assessed using grip strength and the
30-second chair stand test (CS-30). The grip strength was
measured using a digital dynamometer (Grip D; TKK 5401;
Takei Scientific Instruments). This digital dynamometer was
reliable and was validated relative to the Jamar dynamometer,
which is the most frequently cited instrument for assessing grip
strength in adults aged older than 60 years [58]. Measurements
were taken in the standing position with the elbow joint in
extension and the wrist joint in midextension. The left and right
hands were measured once, and the highest value was used for
data analysis. For the CS-30 test [59], seated participants were
instructed to stand up from the chair with their arms crossed at
the chest level as many times as possible in 30 seconds. The
CS-30 has been reported to be quite reliable and valid as an
indicator of lower-limb function in older adults [59].

Self-efficacy for exercise consisted of 4 questions on
self-confidence in exercising under the following conditions
[60]: physical fatigue, mental stress, lack of time, and bad
weather. In response to the question, “Do you have the
confidence to exercise regularly under the following
conditions?” participants were asked to select 1 of 5 answers
ranging from “No, I don’t have any confidence at all (1 point)”
to “Yes, I am quite confident (5 points).” The total score ranged
from 4 to 20.

Statistical Analysis
This study used intention-to-treat analysis. Participant
characteristics between groups were compared using
independent sample t, chi-square, and Mann-Whitney U tests.
Fixed-effects models were used because of the intensive
repeated-measures design [61]. The advantage of this method
is that it can handle nested observations, unbalanced numbers
of observations, and missing values [62]. Although it would
have been desirable to use a model that included random effects
in this study, sample size limitations impeded the convergence
of the mixed-effects model, and thus, we applied a model with
fixed effects only. Yet, the fixed-effects model is still capable
of capturing changes in the repeated measures in the outcomes.
On a related note, linear mixed-effects models can be used with
small sample sizes [63,64]. Between-group differences
(intervention vs control) were analyzed using fixed-effects
models adjusted for baseline age, sex, and app usage frequency
(at baseline). The interaction between the groups and the time
of the intervention was then analyzed.

Subsequently, the effects of the intervention for each group
were analyzed using linear mixed-effects models, and significant
differences compared with preintervention were evaluated using
the Bonferroni method (accelerometer data were adjusted for
wear time). Dependent variables, such as daily step count, SB,
LPA, MVPA, grip strength, CS-30, and self-efficacy for
exercise, were analyzed in separate models. Although the daily
step count distribution did not precisely follow the normal
distribution, the consistent results were obtained when applying
a square root transformation, and, therefore, the results without
the square root transformation are presented for interpretation.
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Data were analyzed using IBM SPSS Statistics 29 (IBM). The
statistical significance level was set to 5%. Results

Participants
The follow-up study included 44 of 66 participants from the
3-month intervention study. Of these, 26 were in the intervention
group and 18 in the control group (Figure 3). The intervention
group consisted of 7 groups of 3-4 people.

Figure 3. Flow diagram of participant enrollment and follow-up. DPSA: digital peer-supported app.

Participant Characteristics
Table 1 shows the baseline participant characteristics. The mean
age (SD) of the participants in the intervention group was 75.1
(5.1) years, with 13/26 men (50%). In the control group, the
mean age was 77.4 (SD 5.3) years, with 6/18 men (33%).
Although the participants were relatively older (average age of
76.0 years), both groups consisted of active older adults who
had regular exercise habits, engaged in active interactions with

their neighbors, and had no health problems that would interfere
with study participation. No statistically significant differences
were observed in the baseline demographic characteristics
between the intervention and control groups. Although
statistically significant differences were not observed arguably
owing to the small sample sizes, the intervention group had
larger proportions of smartphone ownership and app use
frequency.
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Table . Participant characteristics.

P valueControl group (n=18)Intervention group (n=26)Total sample (n=44)Characteristics

.15a77.4 (5.3)75.1 (5.1)76.0 (5.2)Age (years), mean (SD)

.27bSex, n (%)

6 (33)13 (50)19 (43)    Male

12 (66)13 (50)25 (57)    Female

.27a22.2 (3.0)23.3 (3.0)22.9 (3.0)BMI (kg/m2), mean (SD)

.24b3 (17)8 (31)11 (26)Living alone, n (%)

.33bSelf-rated health, n (%)

15 (83)24 (92)39 (89)    Excellent, good, or nor-
mal

3 (17)2 (8)5 (11)    Fair or poor

.36bPerceived household eco-
nomic status, n (%)

16 (89)25 (96)41 (93)    Excellent, good, or nor-
mal

2 (7)1 (3)3 (7)    Fair or poor

.52bLife satisfaction, n (%)

16 (90)22 (85)38 (86)    Excellent or good, or nor-
mal

3 (10)4 (15)7 (14)    Fair or poor

.61b5 (28)7 (27)12 (28)Working, n (%)

.06b15 (83)26 (100.0)41 (93)Smartphone owner, n (%)

.09bFrequency of app use, n (%)

11 (61)24 (92)34 (80)    Usually or sometimes

7 (39)2 (8)9 (21)    Rarely or never

.26b8 (44)16 (62)24 (55)Exercise habitsc, n (%)

.30bFrequency of neighborhood
interaction, n (%)

7 (39)13 (50)20 (45)    ≥3 times per week

11 (61)13 (50)24 (55)    ≤2 times per week

.45b9 (50)10 (38)19 (43)Participation in group exer-
cise, n (%)

.48b3 (17)3 (12)6 (14)History falls in the past year,
n (%)

.62bEffect of COVID-19 on de-
creased physical activity, n
(%)

12 (67)19 (73)31 (70)    Greatly/slightly

6 (33)7 (27)13 (30)    Not much/unchanged

.65b12 (67)19 (73)31 (70)Self-reported decrease in
walking speed, n (%)

Triaxial accelerometer

.15d5276 (4062‐7143)7082 (4434‐9866)6849 (4187‐8688)    Steps per day, median
(IQR)

JMIR Aging 2025 | vol. 8 | e66610 | p.64https://aging.jmir.org/2025/1/e66610
(page number not for citation purposes)

Tabira et alJMIR AGING

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


P valueControl group (n=18)Intervention group (n=26)Total sample (n=44)Characteristics

.03a369.1 (98.8)303 (72.1)330.5 (89.5)    LPAe (minutes per day),
mean (SD)

.047a42.7 (29.7)57.7 (25.3)51.4 (27.9)    MVPAf (minutes per
day), mean (SD)

.82a541.8 (146.2)538.7 (85.8)540.0 (113.4)    SBg (minutes per day),
mean (SD)

.18a953.6 (157.8)899.2 (66.6)921.9 (115.6)    Triaxial accelerometer
wearing time (minutes per
day), mean (SD)

Physical function, mean
(SD)

.13a24.2 (7.3)28.1 (8.7)26.4 (8.3)    Grip strength (kg)

.81a19.6 (5.6)20.4 (7.6)20.1 (6.8)    CS-30h

.47a13.1 (3.2)13.6 (3.2)13.4 (3.4)Self-efficacy for exercise,
mean (SD)

aAnalysis was conducted using the independent samples t test (2-tailed).
bAnalysis was conducted using the chi-squared test.
cExercise habit was defined as exercising at least twice a week for ≥30 minutes each time for ≥1 year.
dAnalysis was conducted using the Mann-Whitney U tests.
eLPA: light-intensity physical activity.
fMVPA: moderate to vigorous intensity physical activity.
gSB: sedentary behavior.
hCS-30: 30-second chair stand test.

Feasibility: Retention Rate, Number of Posts, and
Negative Impact
The retention rate among the 26 participants in the intervention
group was 96% (25/26) in the 6th month, 92% (24/26) in the
9th month, and 73% (19/26) in the 12th month. The retention
rate, based on 41 participants, all of whom did not participate
in the follow-up survey, was 61% (25/41) in the 6th month,
59% (24/41) in the 9th month, and 46% (19/41) in the 12th
month; thus, this retention rate was <70% at the beginning of
the follow-up study. The reasons for dropping out of DPSA
were “contracted COVID-19 and stopped submitting” (n=1),

“unknown cause” (n=2), and “after discussion in a group chat,
everyone stopped using DPSA” (n=4).

The adherence rate and number of total posts per day among
members of the intervention group are summarized in Table 2.
The adherence for the DPSA was 85.9%. The total number of
chats per person averaged 2.55 (SD 1.28) per day. Excluding
dropouts, the adherence rate was 92.3%, with a total of 2.88
(SD 1.24) posts per day per person. Adherence rates were good
among participants in the follow-up study. One group had all
members drop out; all members of the group were male. Three
cases of mild physical discomfort that did not interfere with
daily life were reported, with 2 participants reporting knee pain
and 1 reporting foot pain.

Table . Digital peer-supported app adherence rate and number of total posts per day among members of the intervention group.

Excluding dropout (n=19)All participants (n=26)

Total posts/person /day,
mean (SD)

Adherence rate, n (%)Total posts/person /day,
mean (SD)

Adherence rate, n (%)Group

2.88 (1.24)19 (92.3)2.55 (1.28)26 (85.9)All

1.40 (0.33)4 (86.3)1.40 (0.33)4 (86.3)A

2.63 (0.94)3 (99.1)2.61 (0.77)4 (95.4)B

All dropoutsAll dropouts1.17 (0.41)4 (75.0)C

2.24 (0.58)4 (98.6)2.24 (0.58)4 (98.6)D

4.17 (0.22)3 (84.7)4.17 (0.22)3 (84.7)E

3.28 (0.63)4 (85.4)3.28 (0.63)4 (85.4)F

4.74 (1.38)2 (99.6)3.66 (2.10)3 (75.9)G
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No privacy breaches were associated with app usage. There
were 2 inquiries from participants, including account transfer
after a smartphone model change (about 30 minutes) and
uninstallation of the DPSA (about 20 minutes).

Changes in Physical Activity and Function and
Self-Efficacy for Exercise
Table 3 shows the analysis results. In the group comparison of
the linear mixed-effects model analyses of physical activity and
function and self-efficacy for exercise, no differences were
observed. However, a significant change was observed in step
count over time only in the intervention group (P=.048), wherein
we observed an increase of 1736 (β=1736, 95% CI 232-3241)
steps per day compared with baseline. LPA and SB showed

differences in the control group, but no significant difference
was noted at any time point compared with baseline. Regarding
the CS-30, there was a significant within-group difference in
the increase in CS-30 scores for the intervention (P<.001) and
control (P=.03) groups over the 12-month period. Additionally,
the change in CS-30 scores between the baseline and 12-month
assessments was 6.5 (β=6.5, 95% CI 3.8-9.1) times in the
intervention group (P<.001) and 3.8 (β=3.8, 95% CI 0.6-7.1)
times in the control group (P=.02). Regarding the self-efficacy
for exercise, a significant change over time was observed only
in the intervention group (P=.03), wherein an increase of 1.6
(β=1.6, 95% CI 0.2-3.1) points was observed after 12 months
compared with baseline (P=.03).
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Table . Included outcome measures at baseline and 3, 6, and 12 months with within-group and between-group comparisons (26 participants in the
intervention group and 18 participants in the control group).

Group × timeaControlInterventionOutcome mea-
sures

Within-group
changes

Comparison
with baseline

Within-group
changes

Comparison
with baseline

P valueP valueP valueβ (95% CI)P valueP valueβ (95% CI)

.25.08.048Steps per dayb

Reference    Baseline

.99150 (−765 to
1065)

.39960 (−505 to
2425)

    3 months

.99274 (−633 to
1181)

.141213 (−231 to
2657)

    6 months

.28−653 (−1566 to
260)

.99581 (−910 to
2072)

    9 months

.99147 (−803 to
1096)

.021736 (232 to
3241)

    12 months

.71.044.18LPAb,c (minutes
per day)

Reference    Baseline

.23−21 (−49 to 7).99−6 (−35 to 23)    3 months

.993 (−24 to 31).6716 (−13 to 44)    6 months

.57−16 (−44 to 12).995 (−25 to 35)    9 months

.997 (−22 to 36).04818 (−12 to 48)    12 months

.28.96.07MVPAb,d (min-
utes per day)

Reference    Baseline

.991 (−7 to 10).0214 (1 to 26)    3 months

.990 (−8 to 8).328 (−4 to 21)    6 months

.99−1 (−9 to 7).995 (−7 to 18)    9 months

.990 (−9 to 8).2310 (−3 to 22)    12 months

.62.049.16SBb,e (minutes
per day)

Reference    Baseline

.3020 (−8 to 48).99−8 (−40 to 24)    3 months

.99−4 (−31 to 24).22−24 (−56 to 7)    6 months

.4717 (−11 to 45).99−10 (−43 to 22)    9 months

.99−6 (−36 to 23).13−28 (−61 to 5)    12 months

.27.20.51Triaxial ac-
celerometer
wearing time
(minutes per
day)

Reference    Baseline

.59−26 (−70 to 19).999 (−38 to 56)    3 months

.99−14 (−58 to 31).99−8 (−54 to 39)    6 months

.73−23 (−68 to 21).99−19 (−67 to 28)    9 months

.09−42 (−87 to 4).999 (−39 to 58)    12 months
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Group × timeaControlInterventionOutcome mea-
sures

Within-group
changes

Comparison
with baseline

Within-group
changes

Comparison
with baseline

P valueP valueP valueβ (95% CI)P valueP valueβ (95% CI)

.12.15.09Grip strength
(kg)

Reference    Baseline

.35−0.9 (−2.5 to
0.7)

.31−0.8 (−2.1 to
0.5)

    3 months

.95−6 (−36 to 23).07−1.1 (−2.3 to
0.1)

    12 months

.41.03<.001CS-30 (times)b,f

Reference    Baseline

.990.6 (−2.1 to 3.3).401.4 (−1.1 to 4.0)    3 months

.023.8 (0.6 to 7.1)<.0016.5 (3.8 to 9.1)    12 months

.53.54.03Self-efficacy for
exercise (points)

Reference    Baseline

.990.3 (−0.8 to 1.5).121.1 (−0.2 to 2.5)    3 months

.580.7 (−0.8 to 2.1).021.6 (0.2 to 3.1)    12 months

aAnalyses were adjusted for age, sex, and frequency of app use (baseline).
bTriaxial accelerometer data were adjusted for wear time.
cLPA: light-intensity physical activity.
dMVPA: moderate to vigorous intensity physical activity.
eSB: sedentary behavior.
fCS-30: 30-second chair stand test.

Discussion

Principal Results
This study aimed to confirm the feasibility of a 12-month
intervention using the DPSA to improve physical activity among
older adults and to obtain preliminary estimates of its effects
on physical activity, physical function, and self-efficacy for
exercise. The retention rate in the intervention group (n=26)
over the 12-month period was 73% (19/26). Considering the 41
participants who did not express interest in the follow-up surveys
as the denominators, the retention rate was 46% (19/41). The
adherence rate was 87.7%. This study obtained preliminary
estimates of the effects of DPSA use on physical activity,
physical function, and self-efficacy for exercise.

Comparison With Previous Studies
This is a rare study that examined the 12-month long-term
feasibility and changes of an app intervention aimed at
promoting physical activity in older adults. The 26 participants
in the intervention group who used the DPSA had a 12-month
retention rate of 73%. Including participants who did not
indicate a desire for a follow-up survey, the 12-month retention
rate was 46%. A previous study that used a smartphone app and
smart band for weight loss, physical activity, and caloric intake
in an overweight and obese population aged between 20 and 65

years for 12 months reported a 12-month retention rate of 68.4%
(227/332) [65]. Moreover, a previous study of adults aged
30‐60 years on physical activity and weight loss in Japan using
a smartphone app focused on steps reported a 12-month retention
rate of 95% (52/55) [66]. Compared with that reported by these
previous studies, the 12-month retention rate was lower. The
low retention rate might have been because the study included
older adults who were less familiar with the app than younger
adults [67], and daily posting may have been stressful for
participants with the limited app experience. Only about half
of the older adults were capable of long-term retention in the
DPSA. One of the 7 groups had all its members drop out; this
group was unique in that all members were males. Groups
comprising a mix of male and female members may last longer.
Group chat members with fewer posts, indicating lower
engagement, tended to drop out. The following strategies can
be adopted to prevent dropouts: providing opportunities for
interactions among group members, encouraging people to make
supportive posts to each other, and providing canned messages,
such as greeting and appreciation messages, to allow group chat
members communicate with each other through simple
operations. Only 3 negative physical effects were reported;
however, they were all minor and did not cause privacy issues.

In this study, significant changes in the number of steps taken
and the self-efficacy for exercise score (Table 3) were observed
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within the intervention group, but there was no significant
difference between groups. Self-efficacy is an important aspect
of social cognitive theory [23]. As hypothesized, peer support
based on social cognitive theory improves self-efficacy for
exercise, resulting in increased steps. In the intervention group,
an increase of more than 1000 average daily steps was observed.
Increasing the number of steps taken daily by ≥1000 reduces
the risk of various diseases and mortality [68,69] . A systematic
review of 17 prospective studies by Hall et al [68] showed that
each 1000-step increase in the daily step count decreases the
risk of death and heart disease, with a 6%‐36% decrease in
all-cause mortality risk and a 5%‐21% decrease in heart disease
risk. Furthermore, an increase of 1000 steps per day decreases
a woman’s risk of diabetes by 6% and an increase of 2000 steps
per day decreases the risk of diabetes by 12% [69]. Although
there was an increase in MVPA in the 3-month intervention,
there were no significant differences within groups in this study.
However, MVPA increased by 10 (95% CI −3 to 22) minutes
per day at 12 months compared with baseline. This result may
be an effect of the small sample size. Peer support can build
trust and provide social support through interpersonal
communication [70]. In peer-based intervention strategies aimed
at promoting physical activity among older adults, social support
is considered a key factor in facilitating behavior change [71].
In this study, social support through peer support may have
influenced physical activity levels. However, the evaluation of
social support provided by the DPSA was lacking and should
be addressed in future research.

In this study, CS-30 scores changed from baseline to 12 months
for both intervention and control groups (Table 3), but no
significant differences were observed between groups. In the
intervention group, long-term continuation of the DPSA may
have increased self-efficacy for exercise and the number of steps
taken, leading to improved lower limb function. The DPSA may
be effective as a means to improve lower limb function. This
is a meaningful result because improving lower limb function
may lead to the prevention of falls [72,73], sarcopenia [9,74,75],
frailty [74,76], and dementia [34,72,77], and may also lead to
reductions in health care costs associated with these conditions
[78]. The control group also improved lower extremity function
with an increase in CS-30 scores. Older adults in the control
group did not use the DPSA. They attended exercise instruction
and continued regular physical activity monitoring with an
accelerometer. The improvement in lower limb function may
have been due to voluntary physical activity or strength training
that could not be adequately measured with an activity meter.
The DPSA is not for everyone, as it requires possession of a
smartphone and an understanding of its usage. It may be
important to select a menu of interventions that is tailored to
the characteristics of the participants.

Limitations
This study has the following 4 limitations. First, the study design
was less capable of demonstrating the effects of the DPSA,
compared with an RCT. Participants were nonrandomly assigned
to the intervention and control groups and free to choose the
group in which they would participate. Older adults who did
not own a smartphone were unable to participate in the
intervention group, and those unfamiliar with the app’s operation

were less likely to join. Given that this was a non-RCT, fully
accounting for possible confounding bias was challenging,
making it difficult to accurately estimate the intervention’s
effect by comparing the 2 groups. Additionally, follow-up
participation was voluntary. The use of the DPSA is applicable
to only eligible older Fujisawa City residents who own
smartphones and are interested in mobile apps.

Second, the sample size was small. The follow-up participation
rate was 63% (26/41) in the intervention group and 55% (18/33)
in the control group. This low participation rate reduces the
study’s validity and may have impacted the feasibility and
estimates of the effects on physical activity, physical function,
and self-efficacy for exercise. The small sample size might have
resulted in insufficient statistical power to detect differences
between groups, and the model parameter estimation might
have been unstable. Furthermore, the small sample size did not
allow the convergence of the mixed-effects model. The older
adults in this study took more steps per day and were originally
sufficiently physically active compared with the general healthy
older adult population [79]. The mean baseline score for adults
in Japan aged 60 years or older for CS-30 score was 17.3 times
[80]. At baseline, the intervention group averaged 20.4 times
and the control group averaged 19.6 times. The study
participants originally had the adequate level of lower extremity
function. Future studies may benefit an aging society by
targeting many older adults who are less physically active and
have poor lower extremity function.

Third, given that this study included only those who participated
in the follow-up, survival bias may have been present. In the
intervention group, participants who did not complete the
follow-up study were older and engaged in less physical activity
at baseline than those who did. Therefore, the feasibility findings
and estimates of changes in physical activity, physical function,
and self-efficacy for exercise may be overestimated.

Fourth, the generalizability of this study is limited owing to
potential selection bias. Participants in the intervention group
were not only motivated to increase physical activity but also
familiar with using the app. The DPSA was not adaptable to all
participants, as it required a certain level of information
technology literacy and cognitive function. Social, cultural, and
economic factors (eg, older age, privacy concerns, and low
income) may influence preference and feasibility with
smartphone apps [81-83]. Therefore, the use of DPSA may not
be widely accepted.

Conclusions
This study assessed the 12-month feasibility of using the DPSA
and measured preliminary estimates of its effects on physical
activity, physical function, and self-efficacy for exercise. The
12-month retention rate for participants in the DPSA
intervention group was 73% (19/26), and that for 41 participants
including those who decided not to participate in the follow-up
study was 46% (19/41). The DPSA adherence rate was 85.9%.
Only a limited number of older adults had long-term access to
the DPSA. Preliminary estimates suggest that DPSA use may
improve step count, lower extremity function, and self-efficacy
for exercise. However, various biases were introduced,
preventing the demonstration of clear intervention effects. There
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is a need to identify ways in which more older adults can use
DPSAs for extended periods of time; RCTs should be conducted

to ascertain the long-term effects of DPSAs on physical activity
and function in older adults.
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Abbreviations
BMI: body mass index
CS-30: 30-second chair stand test
DPSA: digital peer-supported app
IQR: interquartile range
LPA: light-intensity physical activity
MET: metabolic equivalent
MVPA: moderate to vigorous intensity physical activity
RCT: randomized controlled trial
SB: sedentary behavior
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Abstract

Background: Telomere length (TL) is a marker of cellular health and aging. Physical exercise has been associated with longer
telomeres and, therefore, healthier aging. However, results supporting such effects vary across studies. Our aim was to synthesize
existing evidence on the effect of different modalities and durations of physical exercise on TL.

Objective: The aim of this study was to explore the needs and expectations of individuals with physical disabilities and their
interventionists for the use of a virtual reality physical activity platform in a community organization.

Methods: We performed an umbrella review and meta-analysis. Data sources included PubMed, Embase, Web of Science,
Cochrane Library, and Scopus. We selected systematic reviews and meta-analyses of randomized and nonrandomized controlled
clinical trials evaluating the effect of physical exercise on TL.

Results: Our literature search retrieved 12 eligible systematic reviews, 5 of which included meta-analyses. We identified 22
distinct primary studies to estimate the overall effect size of physical exercise on TL. The overall effect size was 0.28 (95% CI
0.118-0.439), with a heterogeneity test value Q of 43.08 (P=.003) and I² coefficient of 51%. The number of weeks of intervention
explained part of this heterogeneity (Q_B=8.25; P=.004), with higher effect sizes found in studies with an intervention of less
than 30 weeks. Exercise modality explained additional heterogeneity within this subgroup (Q_B=10.28, P=.02). The effect sizes
were small for aerobic exercise and endurance training, and moderate for high-intensity interval training.

Conclusions: Our umbrella review and meta-analysis detected a small-moderate positive effect of physical exercise on TL,
which seems to be influenced by the duration and type of physical exercise. High quality studies looking into the impact of
standardized, evidence-based physical exercise programs on TL are still warranted.

Trial Registration: PROSPERO CRD42024500736; https://www.crd.york.ac.uk/PROSPERO/display_record.
php?RecordID=500736

(JMIR Aging 2025;8:e64539)   doi:10.2196/64539

KEYWORDS

aging; chromosome; exercise; meta-analysis; telomere; telomerase; genes; genome; DNA

Introduction

Life expectancy has increased worldwide over the last century.
The United Nations World Population Prospects [1] estimates

that the world’s population aged 65 years or older will rise by
16% in 2050, doubling the number of children younger than 5
years. This prospect will lead to a significant increase in
age-related illnesses, such as cancer, dementia, or cardiovascular
diseases [2], and is prompting research into the primary
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mechanisms of aging and, subsequently, strategies to promote
a healthy late-life.

López-Otín et al [3] have recently postulated 12 basic biological
mechanisms of aging: epigenetic alterations, loss of proteostasis,
disabled macroautophagy, deregulated nutrient-sensing,
mitochondrial dysfunction, cellular senescence, stem cell
exhaustion, altered intercellular communication, chronic
inflammation, dysbiosis, genomic instability, and telomere
attrition. Indeed, one of the main theories that has attempted to
explain aging relates to telomere length (TL) and the role of
telomerase, an enzyme responsible for maintaining and
elongating telomeres. Telomeres are essential nucleoprotein
structures located at the termini of eukaryotic chromosomes
that play pivotal roles in safeguarding genomic integrity and
regulating processes such as tumor suppression and aging [4].
Typically composed of a repetitive guanine-rich sequence
extending from the chromosome end in the 5’ to 3’ orientation,
paired with a complementary cytidine-rich strand [5], telomeres
exhibit variations in sequence among species, yet share a
common repetitive pattern across organisms. Measuring around
15 kilobases at birth in human somatic cells, telomeres undergo
gradual attrition, with approximately 25 to 200 bases lost from
their ends during each cell division in the absence of telomerase
[6]. Upon reaching a critical length, telomeres signal cell cycle
arrest, leading to cellular senescence and eventual demise [7].
Telomeres serve to shield chromosome ends from degradation
and fusion, thereby upholding genomic stability [8,9].

There are different demographic factors that influence TL, such
as genetics that may explain the high heritability of TL [10,11];
sex, with longer telomeres found in adult females [12]; or
ethnicity, with the White community usually having longer
telomeres than Black or Hispanic communities [13]. Also, stress
levels have been associated with shorter TL, which may be due
to oxidative stress and reduced telomerase enzyme activity
[14,15]. Obesity [16], alcohol consumption [17], and smoking
[16,18] are also factors that negatively influence TL.

Notably, longer telomeres have been found in people who
exercise regularly [19] or with higher levels of daily physical
activity [20,21]. Indeed, one of the most studied interventions
regarding TL is physical exercise. Recent systematic reviews
and meta-analyses [22-26] have investigated the effect of
physical exercise on the TL of clinical and nonclinical samples,
showing some positive, but still inconclusive, results. Aerobic
exercise, such as running or swimming, has been consistently
associated with longer telomeres. Denham et al [27] conducted
a study that found individuals who regularly engage in aerobic
exercise show greater telomerase activity, the enzyme that helps
maintain TL, compared with those who lead a sedentary
lifestyle. In addition, Ludlow et al [28] demonstrated that
resistance training, which includes exercises like weight lifting,
may also have beneficial effects on TL, possibly through
mechanisms involving the reduction of oxidative stress and
inflammation. In addition, more recent research has indicated
that high-intensity training, such as high-intensity interval
training (HIIT), may be more effective in preserving TL
compared with low- to moderate-intensity exercises [29]. This
type of exercise can induce more robust adaptive responses at

the cellular level, including increased expression of genes related
to longevity and telomere protection [3].

The aim of this umbrella review was to synthesize existing
evidence on the effect of different modalities and durations of
physical exercise on TL to inform the implementation of
evidence-based physical exercise programs or recommendations
to add healthier years into longer lives.

Methods

Overview
This umbrella review was conducted in accordance with the
PRISMA (Preferred Reporting Items for Systematic Reviews
and Meta-Analyses) guidelines [30], and it is registered in the
International Prospective Register of Systematic Reviews
(PROSPERO; registration number CRD42024500736).

Inclusion Criteria
The inclusion criteria and description of studies in this review
followed the PICOS (Population, Intervention, Control,
Outcomes, and Study design) framework for reviews [31].

Study Design
We selected systematic reviews, with or without meta-analyses,
of randomized and nonrandomized controlled clinical trials,
excluding nonexperimental designs, such as observational
studies. No restrictions were applied on the basis of any
particular language, following current international
recommendations [32].

Population
Study participants were people with or without a clinical
condition. The systematic reviews had to explicitly state that
they included humans in their analyses. Therefore, studies
involving experimental animals, such as rodents, were excluded.

Intervention and Control
We selected all systematic reviews and meta-analyses comparing
the effects of physical exercise versus other intervention, or
none, on TL. In addition, we further divided the results
according to different types of physical exercise. If any reviews
included primary studies combining different types of exercise,
they were classified as “combined.”

Outcome Measure
The outcome measure was TL-related calculations.

Search Strategy
We performed a literature search for scientific articles published
until January 19, 2024, using the following databases: PubMed
(Medline), PEDro, Embase, Web of Science, and Cochrane
Library. Multimedia Appendix 1 provides the search strategies,
tailored for each database. A total of 2 independent reviewers
(JLS-G and JLS-R) conducted the search using the same
methodology. Any discrepancies during this process were
resolved through consensus including a third reviewer (VN-L).
In addition, we manually examined the reference sections of
the original studies, and, if needed, contacted the authors for
additional information.
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Selection Criteria and Data Extraction
A total of 2 independent reviewers (JLS-G and JLS-R) initiated
a screening process to evaluate relevance of the systematic
reviews and meta-analyses. The initial screening was based on
the title, abstract, and keywords for each review. When there
was no consensus, or if the abstracts provided insufficient
information, the full text was examined. During the second
screening phase, the full text was evaluated to confirm inclusion
criteria. Data presented in the results section were extracted
using a protocol to ensure retrieval of the most relevant
information for each study. The sample sizes, type of exercise,
duration, means, and SDs of the telomere size data were
extracted for each of the studies included in this review. During
the analysis, we checked whether the results were repeated in
different reviews or meta-analyses; if the effect sizes coincided,
only one of the effect sizes was chosen; if the effect sizes did
not match, the primary study was selected.

Methodological Quality Assessment
A total of 2 independent reviewers (JLSG and VNL) evaluated
the methodological quality of the systematic reviews and
meta-analyses, using the modified quality assessment scale for
systematic reviews (AMSTAR-2 [A Measurement Tool to
Assess Systematic Reviews]). AMSTAR-2 [33] is a
questionnaire comprised of 16 domains, with simple categorical
options: “yes,” when the result is positive; “no,” when the
standard is not met or there is not enough information to answer
it; and “partial yes,” when there was partial adherence to the
standard. In addition, we calculated the kappa coefficient (κ)
and percentage (%) agreement scores to assess reliability before
reaching consensus. Interrater reliability was estimated using
κ, where κ>0.7 indicates a high level of agreement between
reviewers, κ of 0.5‐0.7 indicates a moderate level of
agreement, and κ<0.5 suggests a low level of agreement [34].

Risk of Bias Assessment
We evaluated the risk of bias using the Risk Of Bias in
Systematic reviews (ROBIS) assessment, which includes three
domains: (1) relevance of assessment (optional); (2)
identification of concerns with the review process through 4
domains related to study eligibility criteria, identification and
selection of studies, data collection and study appraisal, and
synthesis and findings; and (3) judgment on the risk of bias.
The ROBIS tool includes signaling questions to assess specific
domains and to guide the judgment of the systematic review’s
risk of bias, with responses categorized as “yes,” “probably
yes,” “probably no,” “no,” or “no information.” The risk of bias
is then categorized as “low,” “high,” or “unclear” [35].

A total of 2 independent reviewers (JLS-G and JLS-R) assessed
the risk of bias in the selected studies. In addition, we computed
the kappa coefficient (κ) and percentage (%) agreement scores
to evaluate reliability before reaching consensus.

Grading of Evidence
The Physical Activity Guidelines Advisory Committee Grading
Criteria (PAGAC) were used to evaluate grading of evidence.
The criteria used for assessing the quality of evidence included
(1) applicability of the study sample, exposures, and outcomes

to the research question; (2) generalizability to the population
of interest; (3) risk of bias/study limitations; (4) quantity and
consistency of findings across studies; and (5) magnitude and
precision of the effect. Based on this information, final evidence
grades and conclusion statements for each research question
were formulated [36].

Overlap of Primary Studies
The overlap analysis of primary studies among the systematic
reviews was performed with the Graphical Representation of
Overlap for OVErviews (GROOVE) tool [37]. Using a matrix
of evidence, GROOVE establishes the number of primary
studies and systematic reviews, the absolute number of
overlapped and nonoverlapped primary studies, and an overall
corrected covered area (CCA) assessment. GROOVE also offers
a detailed CCA assessment for each possible pair of systematic
reviews (or “nodes”), with a graphical and easy-to-read
representation of these results. In addition, it provides an
optional function that incorporates the structural missingness
within the matrix.

Data Synthesis and Analysis
Given the high variability of designs, patients and endpoints
across studies, results were integrated following a random effects
model. The Hedges unbiased standardized mean difference was
used to determine effect sizes. Heterogeneity was measured

using Q-tests, I2 coefficients, and prediction intervals [38].
Metaregression and metapartition [39] were used to explain
heterogeneity. These techniques involve partitioning sum of
squares of the homogeneity test into 2 components, QB and QW,
to account for quantitative or qualitative variables. If the QE

value was large and statistically significant compared with the
value of QW, it was considered that this variable explained part
of the heterogeneity found in the integration of results across
studies. If the variable was qualitative, subgroups of studies,
which differed in the effect size and also showed less
heterogeneity, were created. The procedure was repeated for
subgroups that still presented large heterogeneity for other
variables. Publication bias was assessed using the
contour-enhanced funnel plot, Egger test, Doi plot, and LFK
index procedures. 95% CIs were calculated for effect sizes. The
significance level was set at 5%. The analyses were carried out
with the meta v7.0, metafor v4.6 and metasens 1.5‐2 libraries
of the R statistics software (version 4.4.0; R Foundation for
Statistical Computing).

Ethical Considerations
As this is an umbrella review, it is not necessary to have the
approval of the ethics committee.

Results

Study Selection
The initial literature search revealed 3628 records. In addition,
2 more were retrieved manually from the references. A total of
12 systematic reviews were eligible for qualitative synthesis,
and 5 of them allowed a meta-analysis. Figure 1 shows the study
screening strategy.
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Figure 1. PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-Analyses) flowchart.

Characteristics of the Systematic Reviews
Table 1 lists the characteristics of the systematic reviews and
meta-analyses (type of study, design, sample, intervention, lab

technique to measure TL, risk of bias, evaluation of quality,
and conclusions).
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Table . Characteristics of the systematic reviews.

Conclu-
sions

Evalua-
tion of
quality

Risk of
bias

RCCTsa or CCTsb with physical exercise interventionStudy design, nType of
study

Study

Lab tech-
nique for

TLc

InterventionSampleObserva-
tional

Interven-
tional

Duration:
weeks (n)

Type (n)Condition
(number
of studies,
n)

n

The type
and dura-

NoYesqPCRd48 (2), 24
(3), and
16 (2)

Aerobic
exercise
(4) and en-
durance

Healthy
(3), breast
cancer
(2), poly-

93907 (RC-
CTs)

Systemat-
ic review
and meta-
analysis

Song et al
[26]

tion of ex-
ercise for
positivetraining

(3)
cystic
ovary syn-
drome (1),

improve-
ment in

and obese
(1)

TL is aero-
bic exer-
cise for
more than
6 months.

A lifestyle
interven-

NoNoqPCR48 (2), 32
(1), and
24 (4)

En-
durance
training
(7),

Healthy
(5), obese
(1), and
myocar-

908513 (RC-
CTs) and
3 (CCTs)

Systemat-
ic review
and meta-
analysis

Buttet et
al [22]

tion with
physical
activity +strengthdial infarc-

tion (1) diet can
increase

(1), and

HIITe (1)
TL, inde-
pendently
of popula-
tion char-
acteristics
or base-
line TL.

The find-
ings sug-

YesYesqPCR8 (1), 16
(1), 24

En-
durance

Healthy
(9)

132008 (RC-
CTs) and
1 (CT)

Systemat-
ic review
and meta-
analysis

Sánchez-
González
et al [19] gest that

HIIT
seems to

(4), and
52 (3)

training
(4), aero-
bic exer-

have acise (4),
positiveHIIT (3),
effect onand aero-
TL com-bic + en-
pared withdurance

(1) other
types of
exercise
such as
endurance
training or
aerobic
exercise
in healthy
popula-
tion.
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Conclu-
sions

Evalua-
tion of
quality

Risk of
bias

RCCTsa or CCTsb with physical exercise interventionStudy design, nType of
study

Study

Lab tech-
nique for

TLc

InterventionSampleObserva-
tional

Interven-
tional

Duration:
weeks (n)

Type (n)Condition
(number
of studies,
n)

n

There is
very low
certainty
that physi-
cally ac-
tive indi-
viduals
have
longer
telomeres
with a
moderate
effect, but
this effect
is proba-
bly overes-
timated.

NoYesqPCR56 (1), 48
(1), and
24 (4)

En-
durance
training
(5),
strength
(1), aero-
bic exer-
cise (1),
and HIIT
(1)

Healthy
(5) and
obese (1)

61216 (case-
control
studies), 2
(prospec-
tive co-
hort), 3
(cross-sec-
tional),
and 3 (ret-
rospective
cohort)

6 (RC-
CTs)

Systemat-
ic review
and meta-
analysis

Valente et
al [25]

Exercise
training as
an inex-
pensive
lifestyle
factor that
increases
telom-
erase re-
verse tran-
scriptase
expres-
sion and
telom-
erase activ-
ity. Regu-
lar exer-
cise train-
ing could
attenuate
telomere
attrition
through a
telom-
erase-de-
pendent
mecha-
nism and
ultimately
extend
health-
span
longevity.

NoYesqPCR52 (1), 24
(2), 22
(1), 8 (2),
and 1 (1)

HIIT (1),
aerobic
exercise
(3), Pi-
lates train-
ing (1),
and en-
durance
training
(2)

Healthy
(6) and
chronic fa-
tigue (1)

487012 (NRf)Systemat-
ic review
and meta-
analysis

Denham
et al [23]
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Conclu-
sions

Evalua-
tion of
quality

Risk of
bias

RCCTsa or CCTsb with physical exercise interventionStudy design, nType of
study

Study

Lab tech-
nique for

TLc

InterventionSampleObserva-
tional

Interven-
tional

Duration:
weeks (n)

Type (n)Condition
(number
of studies,
n)

n

Although
fewer
sedentary
activities,
optimal
sleep
habits,
and non-
or ex-
smoker
status
have been
associated
with less
telomere
shorten-
ing, sever-
al method-
ological
issues
were de-
tected, in-
cluding
the need
for more
targeted
interven-
tions and
standard-
ized proto-
cols to
better un-
derstand
how physi-
cal activi-
ty and
sleep can
impact TL
and aging.

YesNoqPCR56 (1), 52
(2), 24
(3), 8 (2),
1 (2), and
NR (2)

En-
durance
training
(5), com-
bined
training
(1), aero-
bic exer-
cise (6),
NR (1),
and HIIT
(1)

Healthy
(12)

1.05653 (cross-
sectional
studies),
13 (case-
control),
and 9 (lon-
gitudinal)

12 (NR)Systemat-
ic review

Barragán
et al [40]

Physical
activity
with regu-
lar aerobic
training of
moderate
to vigor-
ous inten-
sity ap-
pears to
help pre-
serve TL.

NoNoqPCR1 (6), 6
(1), 8 (1),
12 (1), 24
(5), and
52 (2)

Aerobic
exercise
(8), en-
durance
training
(8), and
HIIT (1)

Healthy
(13) and
obese (2)

1.70027 (obser-
vational
studies)

8 (RC-
CTs) and
7 (CCTs)

Systemat-
ic review

Schellneg-
ger et al
[41]

JMIR Aging 2025 | vol. 8 | e64539 | p.81https://aging.jmir.org/2025/1/e64539
(page number not for citation purposes)

Sánchez-González et alJMIR AGING

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


Conclu-
sions

Evalua-
tion of
quality

Risk of
bias

RCCTsa or CCTsb with physical exercise interventionStudy design, nType of
study

Study

Lab tech-
nique for

TLc

InterventionSampleObserva-
tional

Interven-
tional

Duration:
weeks (n)

Type (n)Condition
(number
of studies,
n)

n

Based on
the evi-
dence col-
lected it
can be
suggested
that chron-
ic moder-
ate intensi-
ty aerobic
exercise
in a life-
long prac-
tice shows
beneficial
effects in
a dose-re-
sponse
manner in
cancer
preven-
tion by
modulat-
ing telom-
eres
through
epigenetic
mecha-
nism.

NoNoqPCR24 (1)Aerobic
exercise
(1)

Breast
cancer (1)

1513 (litera-
ture re-
view)

2 (RC-
CTs): 1 in
rodents

Systemat-
ic review

Prathap et
al [42]

Weight-
loss and
compre-
hensive
lifestyle
interven-
tion strate-
gies show
encourag-
ing im-
pacts in
delaying
telomere
shorten-
ing. More
rigorous
studies
targeting
popula-
tions at
different
age stages
through
life span
are need-
ed.

YesNoqPCR8 (1), 12
(1), 16
(2), 20
(1), 24
(1), and
48 (1)

Combined
training
(1), en-
durance
training
(3), and
aerobic
exercise
(3)

Myocar-
dial infarc-
tion (1),
healthy
adults (4),
obese (1),
and poly-
cystic
ovary syn-
drome (1)

562—g16 (RC-
CTs) and
14 (CCTs)

Systemat-
ic review

Quiao et
al [43]
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Conclu-
sions

Evalua-
tion of
quality

Risk of
bias

RCCTsa or CCTsb with physical exercise interventionStudy design, nType of
study

Study

Lab tech-
nique for

TLc

InterventionSampleObserva-
tional

Interven-
tional

Duration:
weeks (n)

Type (n)Condition
(number
of studies,
n)

n

Three of
the five
studies re-
ported
that physi-
cal activi-
ty has a
significant
relation-
ship in de-
laying TL
shorten-
ing, but
others ob-
served no
associa-
tion be-
tween
physical
activity
and TL in
breast can-
cer sur-
vivors.

NoNoqPCR24 (1) and
48 (1)

Aerobic
exercise
(2)

2 (breast
cancer
survivor)

2473 (cross-
sectional
study)

2 (RC-
CTs)

Systemat-
ic review

Min et al
[44]
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Conclu-
sions

Evalua-
tion of
quality

Risk of
bias

RCCTsa or CCTsb with physical exercise interventionStudy design, nType of
study

Study

Lab tech-
nique for

TLc

InterventionSampleObserva-
tional

Interven-
tional

Duration:
weeks (n)

Type (n)Condition
(number
of studies,
n)

n

Better car-
diorespira-
tory fit-
ness or a
large car-
diorespira-
tory train-
ing load
are associ-
ated with
an in-
crease in
TL. Al-
though,
TL was re-
lated to
regular
moderate-
to-vigor-
ous aero-
bic exer-
cise and
cardiores-
piratory
fitness in
older
healthy
humans, it
was not
related to
cardiores-
piratory
fitness
among
young
subjects.

YesNoqPCR24 (3) and
48 (1)

Aerobic
exercise
(4), HIIT
(1), and
endurance
training
(1)

Obese (1)
and
healthy
(3)

64716 (cross-
sectional)

4 (RC-
CTs)

Systemat-
ic review

Marques
et al [45]
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Conclu-
sions

Evalua-
tion of
quality

Risk of
bias

RCCTsa or CCTsb with physical exercise interventionStudy design, nType of
study

Study

Lab tech-
nique for

TLc

InterventionSampleObserva-
tional

Interven-
tional

Duration:
weeks (n)

Type (n)Condition
(number
of studies,
n)

n

The incon-
sistent ef-
fects of
weight
loss on
telomere
length or
DNA re-
pair sug-
gest the
need for a
re-assess-
ment of
interven-
tion de-
signs and
assay
methodol-
ogy to
definitive-
ly address
this topic.

NoNoqPCR48 (1)Aerobic
exercise
(1)

Obese (1)439—10 (RC-
CTs) and
11 (CCTs)

Systemat-
ic review

Himbert
et al [46]

aRCCT: randomized controlled clinical trial.
bCCT: (nonrandomized) controlled clinical trials.
cTL: telomere length.
dqPCR: polymerase chain reaction quantitative.
eHIIT: high-intensity interval training.
fNR: not reported.
gNot applicable.

AMSTAR-2 Appraisal
The overall confidence ranged from critically low to moderate
quality scores. A total of 2 studies (16.6%) obtained an overall
confidence of moderate, and 10 studies (83.4%) had critically
low quality (Multimedia Appendix 2). The items with the
highest scores were “did the review authors use a comprehensive
literature search strategy?”, “did the review authors describe
the included studies in adequate detail?”, “did the review authors
provide a satisfactory explanation for, and discussion of, any
heterogeneity observed in the results of the review?”, and “did
the review authors report any potential sources of conflict of
interest, including any funding they received for conducting the
review?” The lowest scoring items were “did the review authors
account for risk of bias in individual studies when interpreting/
discussing the results of the review?”, “did the review authors
report on the sources of funding for the studies included in the
review?”, and “if meta-analysis was performed, did the review
authors assess the potential impact of risk of bias in individual
studies on the results of the meta-analysis or other evidence

synthesis?” The interrater reliability of the methodological
quality assessment was high (κ≥0.8).

ROBIS Assessment
Multimedia Appendix 3 summarizes the risk of bias using
ROBIS. 40% (5/12) of the studies had a low risk of bias, 20%
(2/12) had an unclear risk of bias, and 40% (5/12) had a low
risk of bias. The domains related to “data collection” and
“synthesis and findings” had the highest risk of bias. On the
other hand, the domain related to “eligibility criteria” had the
lowest risk of bias. The interrater reliability of the risk of bias
was high (k>0.8).

PAGAC Grades of Evidence
The grades of evidence were classified as not assignable, limited,
moderate, or strong according to the PAGAC. The level of
evidence was limited to moderate among the studies. Most
reviews evaluated a heterogeneous population of individuals,
which limited the applicability and generalizability of the results.
The domain “quantity and consistency” was affected because
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some studies had inconsistency in the direction of or the effect
size itself (Multimedia Appendix 4).

GROOVE Analysis
A total of 39 primary studies were identified across all
systematic reviews and meta-analyses, 24 of which were distinct
studies. The overall overlap in the matrix of evidence was
moderate (CCA=32.5%) and it remained moderate
(CCA=15.63%) after adjusting for the chronological structural
missingness. Multimedia Appendix 5 shows a graphical
representation of the GROOVE results.

Telomere Length
The number of studies in the systemic reviews that were finally
integrated in the quantitative (meta-analytic analysis) was 22.
The estimated effect size was 0.28 (95% CI 0.118-0.439), with

a heterogeneity test value (Q) of 43.08 (P=.003). The I2

coefficient was 51% and the prediction interval was −0.26 to
0.81. The number of weeks of intervention explained part of
this heterogeneity (QB=7.54; P=.006). This factor explained
20% of the overall heterogeneity. Figure 2 shows that studies
where the number of weeks of intervention was greater than 30
had smaller effect sizes. In fact, if the intervention time was
categorized into <30 and ≥30 weeks, QB was 11.64 (P<.001).

Figure 2. Scatterplot of primary studies including effect size and number of weeks of intervention.

Figure 3A shows that the effect size was 0.39 for studies with
an intervention length of less than 30 weeks, and −0.01 for those
with interventions longer than 30 weeks. There was no
significant difference in the average number of weekly sessions
between these two groups (3.3 vs 3 sessions, respectively).
Interestingly, the first group presented a statistically significant

heterogeneity (I2=41%), whilst the second, despite having a
large range of outcomes, did not. Since heterogeneity was high
in the group of studies with shorter interventions (<30 wk), it
was analyzed with respect to other variables. The factor that
better explained this heterogeneity was the type of physical
exercise defined by the 4 categories (subgroups) as shown in

Figure 3 (QB=11.15, P=.01). One subgroup was comprised of
just 1 study that included a combination of aerobic exercise
with endurance training and achieved a large effect size. The
other 3 subgroups did not have a statistically significant
heterogeneity between them, although the subgroup of studies
defined by an intervention based on HIIT, which alternates short
periods of intense anaerobic exercise with brief recovery periods,

had a marked I2 value (49%). The HIIT subgroup only included
3 studies, one of which had a very high effect size compared to
the other two. When we compared the effect sizes of the 3 types
of noncombined physical exercises, the value was small for
aerobic exercise and endurance training, and moderate for HIIT.
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Figure 3. (A) Forest plot of subgroups of primary studies defined by length of intervention. (B) Forest plot of subgroups of primary studies defined by
type of exercise. TE: treatment effect.

The contour-enhanced funnel plot (Multimedia Appendix 6)
did not identify publication bias. Many of the effect sizes were
not significant, and at the top of the funnel, there was some
asymmetry, which could be due to the heterogeneity of results.
The nonpresence of publication bias was confirmed with the
Egger method (P=.10). The Doi plot and LFK index also found
a weak asymmetry (Multimedia Appendix 7).

Discussion

Principal Findings
This umbrella review studied the effects of physical exercise
on TL. The estimated overall effect size indicated a
small-moderate positive impact of exercise on TL. However,
we found some discrepancies in the results across studies that
may be explained by several methodological and contextual
reasons, including different methodologies for measuring TL,
such as quantitative polymerase chain reaction and terminal
restriction fragment assays, that can contribute to inconsistencies
in TL calculations. In this regard, Smith et al [47] pointed out
that intraindividual TL can vary significantly depending on the
lab technique used to measure it. Differences in study
populations could also be a factor responsible for disparities in
results. Demographic factors, such as age, sex, ethnicity, and
health status, can influence the relationship between exercise
and TL. For instance, LaRocca et al [48] and Puterman et al
[21] suggest that the benefits of exercise on TL may be more
pronounced in older adults and in those with higher stress levels.
In addition, the duration and intensity of the intervention could
be another confounding factor. Our findings suggest that
interventions longer than 30 weeks tend to show a lesser positive
impact on TL. This could be due to a ceiling effect where
additional benefits of exercise do not translate into further
increase of TL. This is consistent with Werner et al [29], who
observed that the beneficial effects of exercise on TL are more
evident in the early phases of physical exercise programs.

The high heterogeneity in study designs, including interventions,
participant adherence, and control measures, could have also

contributed to different outcomes. In fact, Denham et al [23]
and Puterman et al [21] have already highlighted the importance
of these methodological issues when interpreting TL results.
Studies such as Cherkas et al [20] had found that vigorous
aerobic physical activity was associated with longer telomeres
in adults, which is in line with our finding of a positive effect
of aerobic exercise, especially when combined with endurance
training, on TL. However, a systematic review by Du et al [49]
did not identify a significant association between aerobic
exercise and TL in younger populations, suggesting that age
may be an important moderating factor. Denham et al [23] found
mixed results related to endurance physical training. Our review
also found significant variation in the effects of noncombined
endurance training, which suggests that factors such as the
intensity and duration of this type of physical exercise may
influence the magnitude of the effect on TL. Finally, HIIT had
previously shown a significant positive effect on TL [29]. Our
review results are consistent with this; nonetheless, the low
number of HIIT studies and variety of designs limit
generalizability.

Biological Understanding of the Effect of Exercise on
TL

Reduction of Oxidative Stress and Inflammation
Oxidative stress and chronic inflammation are 2 major factors
contributing to telomere erosion [50,51]. Studies have shown
that regular exercise can mitigate these factors [52-54]. Acute
and chronic physical activity have different effects on oxidative
stress. While acute exercise triggers the production of reactive
oxygen and nitrogen species, leading to oxidative stress, regular
exercise training enhances the body’s endogenous antioxidant
system, offering protection against the harmful effects of
oxidative damage [55]. This antioxidant effect protects cells
from oxidative damage, which in turn preserves the integrity
of telomeres. In addition, exercise reduces the levels of
inflammatory markers such as C-reactive protein and tumor
necrosis factor-alpha, which can protect telomeres from
inflammation-induced damage [56].

JMIR Aging 2025 | vol. 8 | e64539 | p.87https://aging.jmir.org/2025/1/e64539
(page number not for citation purposes)

Sánchez-González et alJMIR AGING

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


Increase in Telomerase Activity
Telomerase is a crucial enzyme for maintaining TL, as it adds
repetitive sequences to the end of chromosomes. Research
suggests that exercise can increase telomerase activity. Ornish
et al [57] demonstrated that an intensive lifestyle change
program, which included regular exercise, significantly
increased telomerase activity in men with prostate cancer. This
finding suggests that exercise can directly influence telomere
biology by activating telomerase, which helps maintain TL and
protects cells from premature aging. In addition, a systematic
review with meta-analysis published by Denham et al [23]
concludes that regular exercise may attenuate telomere attrition
through a telomerase-dependent mechanism and ultimately
prolong lifespan and longevity. Furthermore, Ludlow et al [28]
found that moderate physical activity levels are associated with
increased telomerase activity in leukocytes, indicating that
regular exercise not only improves overall health, but also acts
at a molecular level to protect cells from premature aging. These
studies highlight the importance of exercise continuity and
intensity in maximizing the benefits related to telomerase
activity and cellular longevity.

Improvement of Cardiovascular Capacity and Metabolic
Health
Improved cardiovascular capacity and metabolic health are also
associated with longer telomeres. Puterman et al [21] found that
better aerobic capacity and higher insulin sensitivity are
associated with longer telomeres. These cardiovascular and
metabolic benefits reduce oxidative stress and inflammation,
creating a healthier cellular environment that protects TL.
Regular exercise enhances cardiovascular system efficiency,
increases blood circulation, and facilitates the delivery of oxygen
and nutrients to cells, which can contribute to the preservation
of telomeres.

Strengths and Limitations
We present a comprehensive analysis of systematic reviews and
meta-analyses of the effect of physical exercise on TL, providing
a broad and robust synthesis of the available evidence. The
methodology used to assess the quality of studies and the

application of standardized tools for evaluating the risk of bias
and heterogeneity strengthens the validity of our results.
However, our work has some limitations. The methodological
quality of the reviews included in this analysis varies, with many
of them classified as critically low. Also, the heterogeneity in
study designs, samples, and interventions makes difficult to
generalize the results, even after the use of a random effects
model to integrate outcomes. Furthermore, some meta-analyses
reported results only using postintervention measures, whilst
others used postintervention differences adjusted for
preintervention measures; this may lead to variations in effect
sizes.

Clinical Implications
The implementation of exercise programs into clinical practice
could be an effective strategy to limit telomere shortening,
promoting healthy aging and reducing the incidence of
age-related diseases. HIIT and the combination of aerobic
exercise with endurance training may be promising interventions
in this regard but still require to be further tested in high-quality
studies. In addition, physical exercise should be tailored to each
individual’s physical capability and health condition to
maximize cellular health benefits. Implementing physical
exercise programs will also require ongoing health education
and monitoring to ensure adherence to and adjustment of
interventions based on observed outcomes. Future studies should
investigate sex and ethnic TL differences in response to various
types of physical exercise. This could help personalize
recommendations and optimize benefits on cellular health and
aging.

Conclusions
Our umbrella review and meta-analysis identified a
small-moderate positive effect of physical exercise on TL, which
seems to be influenced by the duration and type of physical
exercise. In health care systems, the implementation of
evidence-based physical exercise, training programs, and/or
recommendations tailored to each individual might be a valuable
preventive strategy for a healthy aging. More studies, with larger
sample sizes, testing the impact of standardized, evidence-based
physical exercise interventions on TL are warranted.
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Abstract

Background: Advancements in mobile technology have paved the way for innovative interventions aimed at promoting physical
activity (PA).

Objective: The main objective of this feasibility study was to assess the feasibility, usability, and acceptability of the More In
Action (MIA) app, designed to promote PA among older adults. MIA offers 7 features: personalized tips, PA literacy, guided
peer workouts, a community calendar, a personal activity diary, a progression monitor, and a chatbot.

Methods: Our study used a mixed methods approach to evaluate the MIA app’s acceptability, feasibility, and usability. First,
a think-aloud method was used to provide immediate feedback during initial app use. Participants then integrated the app into
their daily activities for 5 weeks. Behavioral patterns such as user session duration, feature use frequency, and navigation paths
were analyzed, focusing on engagement metrics and user interactions. User satisfaction was assessed using the System Usability
Scale, Net Promoter Score, and Customer Satisfaction Score. Qualitative data from focus groups conducted after the 5-week
intervention helped gather insights into user experiences. Participants were recruited using a combination of web-based and offline
strategies, including social media outreach, newspaper advertisements, and presentations at older adult organizations and local
community services. Our target group consisted of native Dutch-speaking older adults aged >65 years who were not affected by
severe illnesses. Initial assessments and focus groups were conducted in person, whereas the intervention itself was web based.

Results: The study involved 30 participants with an average age of 70.3 (SD 4.8) years, of whom 57% (17/30) were female.
The app received positive ratings, with a System Usability Scale score of 77.4 and a Customer Satisfaction Score of 86.6%.
Analysis showed general satisfaction with the app’s workout videos, which were used in 585 sessions with a median duration of
14 (IQR 0-34) minutes per day. The Net Promoter Score was 33.34, indicating a good level of customer loyalty. Qualitative
feedback highlighted the need for improvements in navigation, content relevance, and social engagement features, with suggestions
for better calendar visibility, workout customization, and enhanced social features. Overall, the app demonstrated high usability
and satisfaction, with near-daily engagement from participants.

Conclusions: The MIA app shows significant potential for promoting PA among older adults, evidenced by its high usability
and satisfaction scores. Participants engaged with the app nearly daily, particularly appreciating the workout videos and educational
content. Future enhancements should focus on better calendar visibility, workout customization, and integrating social networking
features to foster community and support. In addition, incorporating wearable device integration and predictive analytics could
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provide real-time health data, optimizing activity recommendations and health monitoring. These enhancements will ensure that
the app remains user-friendly, relevant, and sustainable, promoting sustained PA and healthy behaviors among older adults.

Trial Registration: ClinicalTrials.gov NCT05650515; https://clinicaltrials.gov/study/NCT05650515

(JMIR Aging 2025;8:e63348)   doi:10.2196/63348

KEYWORDS

mobile health; mHealth; feasibility; physical activity; older adults; health promotion; usability; mobile phone

Introduction

Background
Ensuring the well-being of the global aging population is a
pressing concern, particularly as the World Health Organization
predicts a significant rise in the number of individuals aged >65
years by 2050 [1]. To confront this impending public health
challenge, the promotion of regular physical activity (PA) is
paramount [2].

Research has consistently demonstrated the multifaceted
advantages of regular PA on physical, cognitive, and mental
health even in advanced age. In recognition of these benefits,
the World Health Organization advocates for specific PA
guidelines for individuals aged ≥65 years [3,4]. These guidelines
encompass moderate-intensity aerobic activities,
muscle-strengthening exercises, and balance training. However,
despite the wealth of evidence supporting these
recommendations, a substantial proportion of older adults
worldwide fail to meet the prescribed PA levels [5,6]. Hence,
adherence to recommended guidelines remains a challenging
issue [7].

Addressing the gap in PA participation among older adults
necessitates the implementation of innovative and sustainable
interventions. Mobile technology has opened up avenues for
innovative approaches to foster PA and cultivate healthier
lifestyles even among older adults [8,9]. Mobile health
(mHealth) apps have emerged as promising and cost-effective
health intervention tools, especially in promoting PA. These
apps harness technology to offer personalized guidance and
track and encourage PA [10]. Capitalizing on the widespread
use of smartphones and tablets, these apps possess the potential
to revolutionize how we address and promote PA among aging
populations [11]. They offer convenient access to PA advice
and support, deliver an enjoyable user experience, and furnish
feedback on progress over time [12-14].

Despite these positive trends, adoption of these technologies in
real-life conditions is still relatively limited. Several challenges

and hurdles must be overcome before such interventions can
be successfully and sustainably implemented in the field. The
challenge is not solely in developing mHealth apps but also in
maintaining long-term engagement and motivation among older
adults. In addition, studies often report high attrition rates and
small intervention effects [14-16]. These problems must be
addressed to use the full potential of mHealth interventions.
First, high attrition is likely due to the intervention not matching
the users’ needs, goals, and expectations [17,18]. This may be
avoided by involving potential users during the entire cycle of
intervention development [19-22]. Second, research has revealed
that theory-based interventions are more effective at modifying
health behaviors than traditional interventions [23,24]. Thus,
interventions should be grounded within and informed by
theoretical models.

Objectives
In response to these challenges, a collaborative cocreation
process led to the development and refinement of an mHealth
app named More In Action (MIA) [19]. The app’s content and
design were crafted through cocreative workshops and based
on the theoretical framework of the Behavior Change Wheel
(BCW) [23]. Despite the active involvement of end users from
the outset of development and throughout the iterative process,
as well as preliminary results indicating high levels of enjoyment
and ease of use of the app [19], the long-term retention rate and
motivation levels of the participants remain unknown. Therefore,
the primary objective of this study was to thoroughly explore
the acceptability, feasibility, and usability of the MIA app in
promoting PA and encouraging sustained, active, and healthy
behaviors among its users.

Methods

Study Design
We used a comprehensive mixed methods approach to assess
the MIA app’s acceptability, feasibility, and usability, as shown
in Figure 1.
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Figure 1. Study design. The colors represent the different evaluation focuses: yellow for demand (interest and need), orange for practicality (feasibility),
green for acceptability (user satisfaction and acceptance), and blue for implementation (integration into the study). CSAT: Customer Satisfaction Score;
DHRQ: Digital Health Readiness Questionnaire; IPAQ: International Physical Activity Questionnaire; MIA: More In Action; NPS: Net Promoter Score;
PACES: Physical Activity Enjoyment Scale; SUS: System Usability Scale; UEQ: User Experience Questionnaire.

Our methodology adhered to the recommended framework for
feasibility studies by Bowen et al [25]. This framework allowed
us to explore critical aspects of the MIA app, such as
acceptability, demand, practicality, and implementation. These
interrelated concepts were systematically integrated into our
study design and procedures, as detailed in Table 1.

Acceptability was defined as the perceived suitability of the
app and is directly tied to user satisfaction and their intent to
continue using the app, as shown in Table 1. Feasibility, on the
other hand, addresses the ease of implementing the app among
older adults [26], focusing on demand and implementation and
examining whether it can be effectively implemented and
sustained in users’ daily routines. In Table 1, feasibility is
broken down into 2 distinct areas. The first is demand, which
addresses whether older adults are willing to adopt and regularly
use the app. This area evaluates actual use, intention to use, and

perceived demand. The second is practicality, which assesses
how easily the MIA app can be integrated into the users’ daily
lives. This area was explored through the think-aloud method,
focus groups, and questionnaires. Practicality measures the ease
of integrating the app into daily routines, user willingness to
pay, and any perceived positive or negative effects. Usability,
a key aspect of our investigation, was defined as the ease of use
and suitability of the system or product for a specific user group
performing designated tasks in a particular environment,
including practicality. In this context, ease of use directly
impacted user performance and satisfaction, whereas
acceptability determined the likelihood of the product being
embraced and used [27]. In Table 1, usability directly impacts
acceptability (satisfaction and intent to continue using the app)
and feasibility (ease of integration and ability to perform the
required intervention activities).
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Table 1. Key areas of focus for the More In Action (MIA) feasibility study based on the framework by Bowen et al [25].

MeasuresOutcomeMethodArea of focus and research question

Usability

Acceptability

SUSb, CSATc, NPSd, and
Likert-scale questions on
how the app fits into the end
users’ daily-life activities

To what extent is the MIA app as a means to pro-

mote PAa acceptable among community-dwelling
adults aged ≥65 years?

•• SatisfactionQuestionnaire
•• Intent to continue useFocus group

Feasibility

Demand

Questions regarding the in-
fluence of the app on modu-
lating PA behavior (eg,

PACESe and IPAQf) and
analytics to compare the
frequency of use and pat-
terns of use across the partic-
ipants

What is the level of adoption of the MIA app
among community-dwelling older adults?
What factors influence the intention to use
and engage with the app?

•• Actual useQuestionnaire
•• Intention to useMicrosoft Power BI

(Microsoft Corp) ana-
lytics

• Perceived demand

• Plausible Analytics

Practicality

First impressions, Likert
scale, and in-depth questions
regarding integrating the app
into their daily lives (eg,

DHRQg)

To what extent can the MIA app be integrated
into the daily lives of older adults aged ≥65
years residing within the community?

•• Positive or negative ef-
fects

Think-aloud method
• Questionnaire

• Ability of participants
to execute intervention
activities

• Focus group

• Willingness to pay

Implementation

In-depth questions on how
the MIA app can be de-
ployed in the community
context

How can the MIA app be optimally imple-
mented to facilitate sustained engagement in
PA among community-dwelling older adults?

•• Amount and type of re-
sources needed to im-
plement

Focus group

• Factors affecting imple-
mentation

aPA: physical activity.
bSUS: System Usability Scale.
cCSAT: Customer Satisfaction Score.
dNPS: Net Promoter Score.
ePACES: Physical Activity Enjoyment Scale.
fIPAQ: International Physical Activity Questionnaire.
gDHRQ: Digital Health Readiness Questionnaire.

Ethical Considerations
This study was registered at Clinical Trials.gov (NCT05650515)
and was approved by the ethical committee of Hasselt University
(B1152023000011). All participants provided informed consent.
To ensure privacy, the data used in this study were deidentified
before analysis. Participants did not receive any compensation
for their involvement.

Participants
Older adults without severe illness were invited to participate
in this study. They were recruited via social media outreach,
newspaper advertisements, and pitches at several older adult
organizations and through the local community services during
the recruitment period from August 2023 to September 2023.

The inclusion criteria for participants encompassed that they
had to be aged ≥65 years, competent to provide informed
consent (Multimedia Appendix 1), able to actively participate
in the study, community dwelling (living either independently
at home or in a serviced apartment), without any severe illnesses,
and native Dutch speakers. The exclusion criteria were the
presence of current neurological, cardiovascular, respiratory,
severe metabolic, or cognitive disorders. Participants were not
excluded based on digital literacy, ensuring a diverse range of
digital competence levels. The complete list of exclusion criteria
is presented in Multimedia Appendix 2.

Figure 2 provides a CONSORT (Consolidated Standards of
Reporting Trials) flowchart for this single-arm feasibility study.
The methodology and results were reported following the
CONSORT 2010 checklist [28].
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Figure 2. Modified CONSORT (Consolidated Standards of Reporting Trials) flow diagram for a single-arm feasibility study of the 5-week More In
Action intervention.

Intervention

General Description
The mHealth app MIA represents an innovative approach to
promoting PA and fostering a lifestyle centered on health and
activity among older adults. Developed through a collaborative
cocreation process, MIA has been refined over several iterations
to meet the specific needs and preferences of its target user
group [19]. MIA is optimized for both smartphone and tablet

use, thereby ensuring accessibility and user engagement across
a broad spectrum of mobile devices.

The app’s design and content draw upon insights gained from
cocreative workshops and are firmly grounded in the
intervention functions of the BCW theoretical framework [29]
as well as principles from self-identification theory [30,31] as
key elements to motivating individuals toward healthier
behaviors. Textbox 1 presents a comprehensive summary of
the behavior change techniques incorporated into MIA.
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Textbox 1. Overview of behavior change techniques implemented in the More In Action (MIA) app.

Behavior Change Wheel (BCW) [32]

• The BCW framework is centered on 3 core components: capability, opportunity, and motivation (Capability, Opportunity, and Motivation–Behavior
system), which can drive behavior change. The MIA app enhances users’ capability through educational content and reminders, increases
opportunity through social features such as the community calendar, and boosts motivation by offering personalized goals and feedback.

Self-determination theory (SDT) [33]

• SDT emphasizes 3 fundamental psychological needs—autonomy, competence, and relatedness—as essential for motivation toward healthy
behavior changes:

• Autonomy: the MIA app can provide users with the ability to customize their exercise routines, choose their goals, and select the types of physical
activity (PA) they prefer. The workouts are composed personally based on the tailored personal goals users enter after registering.

• Competence: to enhance users’ feelings of competence, the MIA app incorporates a system of progressive challenges and feedback. The app
tracks users’ progress in real time, offering progress bars or celebratory messages for achieving milestones (eg, achieving the World Health
Organization guideline for PA). In addition, educational content on the benefits of regular PA and other health benefits helps users feel more
skilled and capable.

• Relatedness: the MIA app fosters a sense of relatedness by integrating a community calendar that allows users to connect with others.

Self-identification theory (SIT) [31]

• Implementing SIT within the MIA app involved creating features that allow older adults to integrate PA into their self-concept, making it a core
part of their identity. Users start by selecting goals that resonate with their personal aspirations and lifestyle. These goals can range from improving
health, gaining strength, and enhancing mobility to participating in community activities or playing with grandchildren. They choose freely. The
key is for users to choose goals that reflect their values and how they perceive themselves.

Unique Attributes of MIA
The MIA app exhibits several unique attributes within the scope
of gerontechnology that set it apart from other existing mHealth
technologies. To compare MIA with existing solutions, we

conducted a review to map the currently available mHealth
technologies for promoting PA in older adults.

All technologies were scored according to 11 key components
previously identified [19,20,34]. These findings are detailed in
Table 2.
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Table 2. Comparative analysis of mobile health app features for enhancing physical activity among older adults.

Older
adult–spe-
cific fea-

turesk

Accessi-
bility and

inclusionj

Rewards
and incen-

tivesi

Educa-
tion and
informa-

tionh

Social co-

hesiong
Integra-
tion with
wearable

devicesf

Activities
of daily

livinge

Interac-

tivityd
Personal-
ized inter-

ventionc

Behavior
change
tech-

niquesb

User-cen-
tered de-

signa

Existing
apps

✓✓✓✓lStanding-
Tall [35]

✓✓✓✓✓✓✓✓Web + [36]

✓✓✓✓✓✓✓Ready
Steady Go
[37]

✓✓✓✓✓✓✓✓HBex [24]

✓✓✓Vivo [38]

✓✓✓✓✓App-based
exercise
program
[39]

✓✓✓Physitrack
[40]

✓✓✓✓✓✓✓✓My plan
2.0 [41]

✓✓✓✓✓✓Bingocize
[42]

✓✓✓Fit for All
platform
[43]

✓✓✓✓✓Ac-
tiveLifestyle
[44]

✓✓✓✓✓Vibrotac-
tile app
[45]

✓✓✓✓✓PACEm

app [46]

✓✓✓✓✓✓✓✓Gymcen-
tral [47]

✓✓✓Telehealth
interven-
tion [48]

✓✓✓✓✓Nymbl
[49]

✓✓✓✓✓✓✓eLIFE [50]

✓✓✓✓✓Exercise
app [51]

✓✓✓✓✓✓✓✓Make
Movement
Your Mis-
sion [52]

✓✓✓✓✓✓✓Evident
[53]

✓✓✓✓✓✓✓✓✓✓✓MIAn app
[19]

aThis design prioritizes the end user’s needs, preferences, and limitations throughout the development process.
bThese are systematic strategies derived from behavioral science theories to influence and sustain behavior modification.

JMIR Aging 2025 | vol. 8 | e63348 | p.99https://aging.jmir.org/2025/1/e63348
(page number not for citation purposes)

Daniels et alJMIR AGING

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


cPersonalized interventions involve tailoring health-related strategies and communications to individual users based on specific data gathered about
their behaviors, preferences, and environmental contexts.
dRefers to the dynamic capability of the app to engage users through direct and responsive interactions.
eIntegrates physical activity into routine daily tasks to reduce perceived barriers and enhance the practicality of exercises.
fThis component involves the app’s capability to synchronize with wearable technology to gather continuous physiological data, which can be used for
monitoring health conditions in real time.
gEncourages the formation of supportive social networks within the app, enhancing user engagement through community building.
hDelivers evidence-based health information and instructional content to improve knowledge and skills related to physical activity.
iUses motivational elements such as web-based badges, achievement unlocking, and progress tracking to enhance motivation and encourage continual
app engagement.
jAccessibility ensures that products and services are usable by people with various abilities, whereas inclusivity focuses on creating environments that
accommodate and welcome diverse individuals across all backgrounds and needs.
kAn older adult–specific feature is a design element in a product or service, particularly mobile apps, that addresses the physical, cognitive, and social
needs of older adults, such as mobility, sensory impairments, chronic conditions, and isolation, to enhance usability, safety, and autonomy.
lPresence of component.
mPACE: Physical Activity Cardiorespiratory Exercise.
nMIA: More In Action.

Features
MIA incorporates 7 major features: tailor-made tips, literacy
initiatives to enhance awareness about PA and a healthy
lifestyle, guided exercise workouts with peers, a community
calendar fostering social connections, a personal diary for
manual uploads of non–app-based PAs, a progression monitor,
and a chatbot named MIA. The chatbot serves as a platform
where users can pose questions and receive insights, motivation,
and support in return. The current chatbot function is managed
manually, with researchers on the development team directly
addressing user inquiries. This approach allows for personalized
responses and ensures that user concerns are addressed with
accuracy and expertise but also for the collection of data that
will be used later on to develop an artificial intelligence
(AI)–driven chatbot. This AI chatbot would maintain human
oversight to ensure the accuracy and relevance of the responses,
particularly for complex queries. The app also includes 195
guided workout videos, each featuring 30-second exercise bursts
followed by breaks. These exercises cover strength, endurance,

coordination, and balance and are demonstrated by peers.
Workouts are tailored to 3 skill levels—beginner, advanced,
and expert—and range from 10 to 20 minutes. MIA continuously
adapts workouts based on user experiences; for example, if an
exercise is too challenging, the algorithm adjusts future sessions
to ensure that they remain enjoyable and achievable.

User Onboarding and Interaction
Upon initiating MIA, users undergo a preliminary assessment
through a questionnaire that informs the customization of their
exercise regimen. This personalization is central to MIA’s
approach, tailoring the app experience to individual needs and
preferences.

As shown in Figure 3, the home page presents a personalized
PA agenda that adapts daily based on user feedback to align
with their physical and mental health status. This adaptive
feature is critical for tailoring the experience to the user’s
day-to-day condition, emphasizing the interconnection between
mental well-being and PA.
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Figure 3. Screenshots of the More In Action interface: (A) home page displaying a physical activity (PA) agenda, suggested workout videos, and daily
tips designed to engage users with personalized fitness guidance; (B) library of workout videos with filters for exercise type, fitness level, and target
body areas supporting a tailored workout experience; (C) a community calendar for local PA events; (D) manual logging of nonapp PAs; (E) PA progress
monitor; and (F) a web-based coach. MIA: More In Action.

Throughout the intervention period, participants were not
required to use the app daily. Instead, following the principles
of behavior change techniques, autonomy was emphasized,
allowing users to set personalized goals and choose their own
frequency of app engagement. This flexibility enabled
participants to engage with the app at their preferred rate, from

as little as once a week to daily over the course of the 5-week
intervention.
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Outcome Measures

Quantitative Measures

At Baseline
Demographics and PA levels were first assessed during the
baseline measurement. The International Physical Activity
Questionnaire–Short Form (IPAQ-SF) [54], the Physical
Activity Enjoyment Scale (PACES) [55], and the Digital Health
Readiness Questionnaire (DHRQ) [56] were used to measure
digital health readiness via a web-based questionnaire using
Qualtrics (Qualtrics International Inc). The IPAQ-SF showed
moderate validity with accelerometry but had wide limits of
agreement, indicating caution for longitudinal use [57,58]. Both
the PACES [55,59] and DHRQ [56] demonstrated strong internal
consistency and reliability, making them suitable for assessing
enjoyment of PA and digital health readiness, respectively.

The 5-Week Postintervention Assessment
To evaluate user satisfaction and experience, 3 established
instruments were used: the System Usability Scale (SUS) [60],
Net Promoter Score (NPS) [61], and Customer Satisfaction
Score (CSAT) [62]. The SUS provides a standardized
assessment of usability through 10 items with response options
ranging from Strongly agree to Strongly disagree. Scores of
>68 indicate above-average usability. The SUS has demonstrated
high internal consistency (Cronbach α=0.74) and test-retest
reliability (Pearson correlation coefficient=0.75), supporting its
use in evaluating digital health interventions [63]. The NPS
measures user loyalty by asking participants to rate their
likelihood of recommending the app on a scale from 0 to 10.
This metric is calculated by asking older adults the following:
On a scale from 0 to 10, how likely are you to recommend
MIA-app to a friend or peer? Respondents are classified into 3
categories: promoters (those who provide a score of 9-10),
passives (those who provide a score of 7-8), and detractors
(those who provide a score of 0-6). The NPS, derived by
subtracting the percentage of detractors from that of promoters,
offers a straightforward approach to understanding user loyalty
and referral potential [62].

The CSAT quantifies user satisfaction using a 10-point scale,
capturing immediate feedback on the app experience.
App-specific concerns (user-friendliness, layout, and utility)
were also evaluated across multiple categories, with ratings
ranging from 1 to 5 (1-2 indicating dissatisfaction, 3 indicating
neutrality, and 4-5 indicating satisfaction).

Microsoft Power BI (Microsoft Corp) was used to analyze
participant behavior during app use to provide insights into app
use analytics and user engagement patterns [64]. Data on metrics
such as workout frequency, session duration, and instances of
premature workout termination were collected using integrated
tracking tools such as Plausible Analytics. These data were
imported into Microsoft Power BI for further analysis.
Web-based dashboards and visualizations, including bar charts,
were created to represent key engagement metrics and user
navigation patterns.

Qualitative Measures

At Baseline
A concurrent think-aloud approach allowed participants to voice
their thoughts and actions while using the app throughout
installation and use [65,66]. Usability and enhancement
suggestions were supplied to the researchers in real time [67-69].
Multimedia Appendix 3 details the think-aloud protocol, with
an average procedure time of 20 (SD 6.2) minutes. These
sessions were conducted in our laboratory at PXL University
of Applied Sciences and Arts.

The 5-Week Postintervention Assessment
Qualitative data from focus groups were also collected to better
understand app users’ experiences. Following the 5-week trial
of the app, the participants were invited to take part in focus
groups in our laboratory at PXL University of Applied Sciences
and Arts, each consisting of 6 older adults. Each focus group
session lasted 2 hours and aimed to explore participants’
perceptions of the app along with their reflections and
suggestions for improvement. The sessions covered all app
features. The focus groups were facilitated by experienced
researchers (JR and KD) who are specialized in qualitative
research. Multimedia Appendix 4 contains the interview guide.

Data Analysis

Quantitative Analysis
The quantitative analysis used mostly descriptive statistics to
examine the data. Frequency distributions were also used to
observe the occurrence of data values or categories, offering a
detailed view of data distribution across outcomes. In addition,
Microsoft Power BI analytics played a crucial role in visualizing
and interpreting the data. Microsoft Power BI allowed for
dynamic dashboards and visualizations, making it easier to
explore trends, patterns, and relationships within the data. By
integrating various data sources, it enabled the creation of charts,
graphs, and tables that provided real-time insights into
participant behavior and app use.

Qualitative Analysis
The think-aloud method and focus groups were audio recorded
with participants’ consent for the qualitative component. The
transcriptions of the focus groups were carried out verbatim,
followed by a rigorous content analysis using the NVivo
software (QSR International) [70]. Themes were systematically
coded based on the guidelines by Braun and Clarke [71]. The
coding process was independently carried out by 2 experienced
researchers (KD and JR), ensuring reliability and reducing the
potential for bias in theme interpretation.

Integration of Qualitative and Quantitative Results
The Nonadoption, Abandonment, Scale-up, Spread, and
Sustainability (NASSS) framework was used to integrate both
the qualitative and quantitative results of the study, providing
a structured analysis of the potential for sustainable
implementation of the MIA app [72]. Recognized for its utility
in evaluating complex technological health interventions, the
NASSS framework allows for a systematic examination of key
factors influencing the deployment and long-term sustainability
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of digital health technologies. The analysis encompassed the
framework’s 7 domains: the condition being addressed (physical
inactivity among older adults), the technological characteristics
of the MIA app (including usability and technical robustness),
the value proposition (perceived benefits to end users and
stakeholders), the adopter system (end users and supporters),
the organizational context (integration within health care
systems), the wider sociopolitical environment (regulatory and
cultural considerations), and the processes of embedding and
adapting the technology over time.

Results

Demographic Characteristics
A total of 30 participants (mean age 70.3, SD 4.8 y; n=17, 57%
female) were included in this study. Participants had different
educational backgrounds; the largest proportion (15/30, 50%)
had completed higher education. Their level of digital literacy
was commendable, displaying a mean score of 59.6 (SD 8.8)
out of 75 on the DHRQ. Notably, 80% (24/30) of the participants
acknowledged the affirmative impact of digitalization on health,
whereas 73% (22/30) actively engaged with social media, among
whom 36% (8/22) used it daily, 23% (5/22) used it often, 23%
(5/22) used it occasionally, and 14% (3/22) used it rarely.
Furthermore, 67% (20/30) of the participants sought
health-related information on the web, whereas all 30
participants reported internet use, with 27 (90%) of them
accessing it daily, and 17 (57%) owned a smartwatch. When it

came to monitoring PA through their smartphones’ health apps,
73% (22/30) of the participants checked their step count daily,
13% (4/30) did so frequently, 3% (1/30) did so occasionally,
3% (1/30) did so rarely, and 10% (3/30) never did. Regarding
health-related app use, 17% (5/30) of the participants actively
used this type of apps.

The IPAQ-SF revealed variability in PA levels among
individuals. The median activity levels indicated moderate
engagement in walking (1386, IQR 284.8-2178 metabolic
equivalent of task min/wk) and lighter involvement in vigorous
activities (median 0, IQR 0-1830), suggesting a skew toward
lower-intensity exercises. Moreover, it was found that 10%
(3/30) of the participants were classified as inactive, 40%
(12/30) fell into the category of minimal activity, and a
significant 50% (15/30) were categorized as vigorously active.
High SDs across all categories underscored a wide range of PA
levels, from minimal to extremely active, reflecting the diverse
nature of physical engagement in this sample.

The PACES results revealed that participants, on average,
reported a moderate to high level of enjoyment during PA, with
a mean score of 107 [55]. Considering that the PACES scale
ranges from 18 to 126, where higher values signify greater
enjoyment, the mean score of 107 suggests that participants’
enjoyment levels were significantly skewed toward the upper
end of the scale. This positioning implies a generally positive
perception of PA among the participants. The complete
sociodemographic characteristics of the participants are
presented in Table 3.
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Table 3. Participant characteristics (N=30).

ValuesVariable

70.3 (4.8)Age (y), mean (SD)

17 (57)Sex (female), n (%)

Marital status, n (%)

2 (7)Single

1 (3)Living together

21 (70)Married

4 (13)Divorced

2 (7)Widowed

Educational level, n (%)

1 (3)Primary school

6 (20)Middle school

15 (50)University of applied sciences

8 (27)University

3 (10)Fall incidence (yes), n (%)

59.6 (8.8)Digital literacy score (DHRQ a ; out of 75), mean (SD)

16.3 (3.1)Use (out of 20)

21.3 (3.2)Skills (out of 25)

12.3 (2.2)Literacy (out of 15)

9.8 (3.2)Health literacy (out of 15)

20.7 (2.5)Learnability (out of 25)

Physical activity level (IPAQ - SF b ), median (IQR)

3273 (1345.5-3873)Total

1386 (284.8-2178)Walking

1020 (310-2070)Moderate

0 (0-1830)Vigorous

aDHRQ: Digital Health Readiness Questionnaire.
bIPAQ-SF: International Physical Activity Questionnaire–Short Form.

Quantitative Analysis

Acceptability
First, the general acceptability was accessed using the 3 main
indicators, as shown in Figure 4.

JMIR Aging 2025 | vol. 8 | e63348 | p.104https://aging.jmir.org/2025/1/e63348
(page number not for citation purposes)

Daniels et alJMIR AGING

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


Figure 4. Results of the System Usability Scale, Customer Satisfaction Score, and Net Promoter Score (NPS). MIA: More In Action.

According to the SUS, the mHealth app was considered
acceptably good, with a mean score of 77.4 (SD 14.3). The
results of the CSAT revealed that 47% (14/30) of the participants
indicated that they were very satisfied, whereas 40% (12/30)
reported being satisfied. Another 10% (3/30) had a neutral
response, and only 3% (1/30) were dissatisfied. None of the
participants provided a very dissatisfied score. This distribution
led to a CSAT score of 86.6%, indicating a high satisfaction
level among older adults using the MIA app. The NPS was used
to assess customer satisfaction with and loyalty and enthusiasm
toward the app. A total of 50% (15/30) of the participants were
promoters, indicating that they would recommend the MIA app
to peers and family. In addition, 33% (10/30) were passives,

reflecting moderate satisfaction without strong advocacy,
whereas 17% (5/30) were detractors, indicating that they were
unlikely to recommend the app. The resulting NPS is calculated
by subtracting the percentage of detractors from the percentage
of promoters, yielding a total NPS of 33.34.

Furthermore, the specific acceptability of the different features
was assessed. The quantitative results also guided the qualitative
part of the study, where focus groups were conducted to dive
deeper into participants’ reflections and gather additional
insights. The aggregated results are presented in Figure 5. The
complete results per category are presented in Multimedia
Appendix 5.
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Figure 5. User satisfaction and engagement—categorized ratings of app features and interface (1-2: dissatisfaction [red]; 3: neutrality [yellow]; 4-5:
satisfaction [green]).

User Behavioral Patterns
To track user navigation and behavior within the app, Microsoft
Power BI analytics were collected on the following features:
workout videos, learning modules, community calendar, manual
diary, progression monitor, and chatbot. Visual representations
of the Microsoft Power BI analytics are available in Multimedia
Appendix 6.

Workout Videos
A total of 585 workout videos were analyzed, highlighting
general satisfaction with a median satisfaction score of 4 (IQR
3-4; scale of 1-5) and physical exertion rated at a median of 5
(IQR 5-7; scale of 0-10). Users engaged for a median duration
of 14 (IQR 0-34) minutes per session, with use times ranging
from 0 to 34 minutes. Strength workouts were most common,
comprising 40% (234/585) of the sessions, followed by
endurance, flexibility, and balance workouts. Most workouts
(429/585, 73.3%) were aimed at beginners, with only 5%
(29/585) targeting expert levels, reflecting the app’s focus on
older adults. Notably, 77% (23/30) of users expressed no
preference for a specific type of exercise, suggesting a wide
acceptance of the available workout options.

Learning Modules
The distribution of the learning modules comprised 255 read
articles across 6 different topics: mental health, social
well-being, physical well-being, nutrition, sleep, and risk of
falling. Physical well-being was the most frequently engaged
with topic, with 26.3% (67/255) of the total read articles.

Nutrition followed with 17.3% (44/255) of the read articles,
whereas mental health comprised 16.9% (43/255) of the read
articles.

Community Calendar
Only 3 activities were added to the participants’ community
agenda, all of which were organized walks.

Manual Entries in Diary
The analysis of 545 external activities showed a median general
feeling after exercise score of 4 (IQR 4-4) on a scale from 2 to
5, indicating generally positive responses. The range of
perceived exertion scores was broader, with a median of 5 (IQR
5-7) indicating a balance between lower and higher levels of
perceived effort. Walking emerged as the most popular activity
(210/545, 38.5% of external activities), followed by cycling
with electric assistance (78/545, 14.3%); cycling without electric
assistance (66/545, 12.1%); and other activities such as padel,
tennis, strength training, and running. The duration of these
activities varied significantly, with a median time of 60 (IQR
40-90) minutes ranging from 5 to 400 minutes, indicating
diverse engagement levels. The data revealed that a quarter of
the participants (8/30, 27%) engaged in activities for <40
minutes, whereas a significant portion spent ≥90 minutes.

Chatbot
During the 5-week period, the chatbot was consulted 66 times.
Most of the interactions involved feedback, accounting for 48%
(32/66) of instances. Communication regarding exercise
differentiation occurred 15% (10/66) of times, whereas
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medical-related queries were raised 5% (3/66) of times.
Technical issues led to 9% (6/66) of consultations, and
motivational support prompted 17% (11/66) of interactions.
The remaining 6% (4/66) of consultations fell into other
categories.

Adherence
During the 5-week intervention, app adherence was measured
by tracking both the frequency of use and interaction patterns.
Rather than requiring daily use, the study sought to assess
whether participants engaged with the app according to the
personalized goals and self-determined use frequencies they
had set. The intervention, guided by self-determination theory
[33], prioritized autonomy, enabling participants to select their
own goals and decide how often to use the app. Engagement
levels varied, with participants using the app between 3 and 7
times per week, with a median of 5 (IQR 4-6) times per week.
Adherence rates averaged 135%, with individual rates ranging

from 21% to 271%, reflecting the diverse levels of user
interaction throughout the intervention.

On average, participants engaged with the app 32.88 (SD 14.06)
times, ranging from 11 to 59 times used, which translates to an
approximate daily use rate of 0.94 (SD 0.40) times. This
indicates near-daily use of the app among the study cohort.

Despite the considerable variability in workout interactions
within the app, with a median workout frequency of 17 sessions
(IQR 11.2-28.5), motivation remained notably stable throughout
the study, with some dips during the weekends. Participant
engagement and interaction patterns throughout the 5-week
intervention are visualized in Figure 6. Daily engagement varied
between 0.66 and 3 sessions per day; however, there were no
discernible fluctuations in adherence over time. Unlike the
common pattern of an initial surge in activity followed by a dip
and potential recovery, participants demonstrated consistent
interaction with the app across the 5-week intervention.

Figure 6. Participant engagement and interaction patterns over the 5-week intervention. The y-axis shows the number of visits to the More In Action
app.

Qualitative Analysis

Think-Aloud Method
The thematic analysis of the think aloud data resulted in the
identification of 3 major key themes presented in Textbox 2.
The other results and functionality are briefly described in the
following sections.

Participants began interacting with the MIA app by opening it
and completing their profiles. The welcome screen was inviting
and easy to navigate, but some participants encountered
difficulties with the profile questionnaire, highlighting a need
for clearer guidance. When exploring the home screen, the
interface was straightforward, with large icons and a simple
layout. However, some features such as mood indicators were
confusing, indicating a need for better explanations. The
workout section was well received for its variety and suitability

for different fitness levels, enhancing user experience. However,
navigating the calendar feature proved challenging for some,
with issues in adding or removing items pointing to a need for
a more intuitive design. The learning module page was
appreciated for its informative content, although some noted a
lack of retirement-related topics, suggesting room for expansion.
The diary functionality faced some hurdles as users found it
difficult to add past activities, needing more flexible controls.
Visually, the app was praised for its appealing design with bright
colors and clear typography, making it esthetically pleasing and
not overly complex. However, specific challenges such as
difficulties with the profile questionnaire and mood indicators
revealed that clarity in guidance is also crucial. Thus, while the
app’s visual appeal contributes to its overall usability, the
complexity of certain features points to the need for balancing
esthetics with intuitive guidance.
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Textbox 2. Key themes of the think-aloud protocol.

Usability and accessibility

• The participants’experiences reveal that usability and accessibility are crucial for a successful app. Challenges with completing profiles, navigating
calendars, and adding diary entries highlight areas in which the app could improve. Ensuring that the app is intuitive and easy to use can lead to
a better user experience.

User interface and design

• The overall design and layout of the app play a significant role in user satisfaction. The positive feedback on the app’s simplicity, large icons,
and bright colors shows that a visually appealing and straightforward design enhances usability. This theme indicates that maintaining a clean
and user-friendly interface is essential.

Feature functionality and clarity

• The confusion regarding certain features, such as the mood indicators and the calendar, suggests that functionality and clarity are important.
Ensuring that each feature is well explained and operates smoothly can lead to a more satisfying user experience. This theme points to the need
for clear communication and improved design in specific areas of the app.

Focus Groups

Overview
The transcripts of these focus groups led to identifying 5 key
themes, presented in Figure 7: calendar and activity
management, workout videos, user interface and accessibility,
personalization and profile management, and social features.
Participants valued the community calendar for fostering social
connections, but engagement in activities was low. Tailored

workout videos were appreciated for their adaptability, although
more flexibility in goal setting and detailed instructions were
desired. Feedback highlighted the intuitive interface but
suggested improvements in flexibility, readability, and tracking.
Personalization features such as the chatbot were appreciated,
although users wanted better clarity in activity plan
customization. Social features, including a buddy system, were
seen as ways to boost user interaction and engagement. Each
of these themes is further detailed in the following subsections.

Figure 7. Key themes of the postassessment focus groups.
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Calendar and Activity Management
Participants valued the community calendar for enhancing social
connections but reported limited participation in the listed
activities. A participant aged 68 years highlighted the following:

The agenda is there because of the social connection
with others. I really liked it, although I didn’t go to
an organized activity. You should definitely keep it
in there.

Others suggested that participation might increase with better
visibility and advertising of the activities, along with reminders
and notifications to prompt more active involvement.

Workout Videos
The tailored workout plans and videos were popular among
users. A participant aged 67 years wanted greater control over
his workout goals, saying the following:

The target of 150 minutes per week is good, but I
would like to choose my target minutes myself, for
instance, 500 minutes.

This comment indicated that some users prefer more flexibility
in setting personal goals. Another participant aged 72 years
commented the following:

The algorithm when a workout is too challenging
works well; the next video suggestion is indeed
tailored to my level. I tested it to see if it would work.

This adaptability was valued, but users pointed out that the
video instructions could sometimes be too quick to follow.
Another participant aged 70 years who was already active and
doing a lot of cardiovascular exercise mentioned the
following—“The app and the exercises made me realize I need
to work on my strength as well”—suggesting that the app can
broaden users’ fitness horizons.

Participants also suggested improvements such as being
informed about required materials in advance. A participant
aged 69 years noted the following:

It would be good to know which materials to use in
advance.

This feedback suggests that clearer preparation instructions
could enhance user experience.

User Interface and Accessibility
Various aspects of the app’s interface and accessibility were
highlighted, noting strengths and areas for improvement. The
calendar feature was appreciated for fostering social interactions,
although it lacked sufficient engagement tools. Users found the
manual diary and progression monitor helpful for tracking
activities. Still, they criticized their limited functionality,
particularly the inability to edit past entries and the short view
range of 7 days. Suggestions included enhancing flexibility and
extending tracking capabilities to improve usability.

The Learning section received mixed reviews; while the content
was engaging, users suggested features such as checkboxes to
track articles read, indicating a need for more interaction and
relevance to older adults. Although the app’s layout was praised

for its esthetic and ease of navigation, calls for better readability
and customization were prominent.

Feedback on the chatbot was mixed, with some users finding
it motivating whereas others saw room for personalization.
General usability issues related to smartphone optimization and
intuitive navigation were raised but reportedly resolved quickly,
demonstrating effective technical support. While the app was
generally well received, users desired more robust features and
personalization to enhance their experience.

Personalization and Profile Management
Users appreciated features that allowed for personalization, such
as the chatbot and manual diary, recognizing their value despite
some limitations. A user aged 68 years praised the diary feature,
stating that “The diary was great. It is really good to track your
activities,” but also recommended enhancements, suggesting
that “It would be nice if the diary could go back in the past,
more than now.” In addition, it became apparent that users were
unaware that the initial registration questions were intended to
personalize their plans as a user stated the following:

I didn’t know we could adjust the information in the
PA plan.

This misunderstanding also led to them not expecting the system
to adapt over time.

Nonetheless, several participants acknowledged the app’s added
value in promoting PA. A participant aged 66 years noted the
following:

Getting the push notifications motivated me; it was
like a digital motivator in being more active.

Social Features
The social features such as the community calendar were
highlighted as significant opportunities to enhance user
engagement. A participant aged 66 years suggested a buddy
system to increase interaction:

Perhaps a buddy system where I can see my friend
and we can motivate each other.

Suggestions for Improvement
Multimedia Appendix 7 summarizes the suggestions and
iterations from the focus groups, offering insights into lessons
learned during the development process.

Integration of Quantitative and Qualitative Analysis
The NASSS framework [72] provided a structured approach to
integrating the quantitative and qualitative results, revealing
barriers to and facilitators of adoption and the interactions
influencing scalability and sustainability. It enabled comparisons
among user experiences, usability scores (eg, SUS and CSAT),
and app interaction data while incorporating qualitative insights
from focus group feedback on usability challenges and user
perceptions. This enabled us to identify alignment and
discrepancies between users’ perceived value of the MIA app
and their actual app interactions, as well as broader contextual
factors influencing sustained use. Figure 8 visualizes this
analysis, emphasizing how the NASSS framework bridges the
gap between numerical data and user narratives.
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Addressing physical inactivity among older adults is challenging
due to varying digital literacy, physical abilities, and health
conditions. A key facilitator was the app’s customization,
allowing users to adjust exercise recommendations, leading to
positive SUS and CSAT scores. The app’s technical stability
and responsive support further encouraged adoption among
digitally literate users.

However, barriers such as navigation difficulties and insufficient
guidance on features such as profile setup and calendar use
limited engagement, with 30% (9/30) of the users classified as
passive and 17% (5/30) classified as detractors in the NPS,
indicating a risk of user churn. While users appreciated tailored
workouts and real-time feedback, some sought greater control
over goal setting, suggesting the need for enhanced
personalization.

The NASSS analysis identified opportunities to boost
engagement, including social features such as a buddy system
to align with older adults’ social preferences. Integration with
health care systems could facilitate broader adoption if endorsed
by providers. Alignment with health policies and partnerships
may also expand the app’s reach.

Despite these strengths, challenges such as technological
intimidation, market competition, age-related declines, and data
privacy concerns pose risks to long-term adoption. Adherence
to ethical standards mitigated some concerns. Sustained
engagement depended on the app’s adaptability to user feedback,
requiring continuous updates and technical support to maintain
user interest. Detailed information is available in Multimedia
Appendix 8.

Figure 8. Nonadoption, Abandonment, Scale-up, Spread, and Sustainability framework adapted for the feasibility study of the More In Action app.

Discussion

Principal Findings
In recent years, the intersection of aging and technology has
gained recognition as a vital factor in enhancing quality of life

for older adults [73]. Technology holds substantial potential to
improve everyday living for this demographic, yet adoption
barriers remain a significant concern as outcomes often rely on
user-driven interactions, which can vary significantly
[10,34,74,75]. Effective technology design for older users is
best achieved through user involvement and cocreation, a
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strategy that leverages the unique insights of users, who are
experts in their own experiences [19,20,61,76,77]. This
participatory approach not only results in products that better
meet older adults’ specific needs, desires, and challenges but
also counters age-related stereotypes in gerontechnology [78].
MIA exemplifies this by having been developed through a
collaborative cocreation process with older adults. However, to
achieve acceptable technologies for older adults, an in-depth
understanding of their acceptability, feasibility, and usability
is necessary [79]. Against this backdrop, the main aim of this
study was to thoroughly explore the acceptability, feasibility,
and usability of the MIA app in promoting PA and encouraging
sustained, active, and healthy behaviors among its users.

The app received positive feedback, achieving an SUS score of
77.4 and a high CSAT rate of 86.6%. The NPS stood at 33.34,
indicating a good level of customer loyalty, with half (15/30,
50%) of the participants categorized as promoters. Feedback
on the app was positive for its clarity and engagement. In
addition, feasibility and adherence levels were comparable to
those observed in other apps evaluated. For example,
StandingTall showed acceptable usability, with exercise
adherence improving over time [35], whereas Physitrack
reported a high study retention rate of 95% and an adherence
to prescribed exercises of 84% [40]. Similarly, Fit for All [43]
recorded an adherence rate of 82%, supporting the app’s
potential in facilitating engagement and promoting PA among
users. The workout videos on the MIA app received a
commendation, although some participants suggested
improvements. The learning module and diary functions were
praised for their utility, yet some users noted challenges with
navigation and desired the ability to edit past diary entries. The
progression tracker and chatbot were also seen as valuable,
although there was a call for more detailed tracking and
enhanced personalization. Analysis showed strong engagement
with the workout videos, especially strength-focused sessions,
and high satisfaction levels with these workouts. Insights from
the think-aloud protocols and focus groups highlighted the need
for clearer guidance on profile management, workout
customization, and calendar functionality. Participants also
expressed a desire for more engaging social features, such as a
buddy system. In general, the app was well received for its
educational content and tracking features. However, there were
recommendations for improving the user interface, enhancing
social connectivity, and further personalizing the content.

There are 3 reasons why the MIA app offers more value
compared to other alternatives (Table 2). First, the development
and design process of the MIA app was based on the design
thinking method and user-centered approach, guided by older
adults at every stage. Their input was pivotal, ensuring that the
app’s features were tailored to their specific needs and
preferences. Moreover, most existing apps in this domain
predominantly cater to the younger segment of the older
population, typically those aged 50 to 55 years [10,12,13,80-82].
This demographic focus leaves individuals aged ≥65 years
underrepresented. The MIA app addresses this gap by
concentrating research and design efforts on the age group of
≥65 years, thereby providing a more inclusive and representative
technological solution for older adults.

Second, the MIA app incorporates behavior change theories
such as the BCW [29], self-determination theory [33], and
self-identification theory [30] to enhance user engagement.

Finally, the MIA app is engineered to dynamically adapt to the
diverse capabilities and fluctuating motivations of its users
[83,84]. It features an extensive repertoire of 195 distinct
exercises encompassing various PA domains such as strength,
coordination, balance, flexibility, and endurance, as well as
incorporating activities pertinent to daily living. During the
feasibility study, sending push notifications with personalized
health messages was linked to increased user engagement. In
addition, research indicates that users are more likely to interact
with the app within 24 hours when push notifications are sent
at midday on weekends [85-87]. Personalization is achieved by
accounting for the inherently dynamic nature of motivation,
which is known to vary not only from day to day but also within
a single day [88]. To systematically capture these fluctuations,
the app uses the technique of ecological momentary assessment
[89]. This approach involves the intensive and recurrent
collection of data on an individual’s behavior and motivation
in a real-time environment [90-92]. Moreover, the app
continuously refines its exercise recommendations based on
user interactions and feedback. If an exercise is deemed
excessively challenging, the algorithm records this, adjusting
future workouts to better match the user’s current abilities and
psychological state. This ensures that subsequent sessions are
both enjoyable and attainable, fostering ongoing engagement
and facilitating progressive improvement.

To ensure long-term retention and motivation, new videos and
activities are regularly added to the app. Future updates to the
MIA app will emphasize social features and gamification,
including a buddy system for users to connect with exercise
partners for mutual support, as well as earning badges,
completing challenges, and participating in leaderboards for
friendly competition. These elements, along with personalized
workouts, progress tracking, content refreshers, and timely
reminders, aim to enhance user engagement and sustained
adherence.

Strengths and Limitations
The results of this study should be interpreted in light of some
limitations. First, the participant profile may not fully represent
the broader older adult population. The individuals involved in
this feasibility study were notably well educated and digitally
literate, with nearly 60% (17/30, 57%) owning smartwatches.
This contrasts with broader trends identified in a recent study
[93], which found that only 25% of those aged ≥65 years use
smartwatches or health apps, a number that declines to 16%
among those aged >75 years. In our study, most participants
already owned smartphones and were more acquainted with
mobile technology. Future studies could explore the perceptions
and willingness to adopt this mHealth app among older adults
less familiar with such technology.

In addition, the participants who volunteered for this study might
have been inherently more motivated and interested in PA than
the general older adult population. This could limit the
generalizability of the findings as their feedback might not
reflect the perspectives of a broader, less technologically adept
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audience. Involving representatives of the older people
demographic was very challenging because older adults are an
extremely heterogeneous group with highly varied
characteristics and needs who use, modify, and interact with
technologies in rather diverse ways [94]. To mitigate the
limitations of this study and enhance its generalizability, several
strategies need to be implemented in the future. This involves
targeting individuals who are less educated and less familiar
with digital technology and those who do not own smart devices.
Collaborating with general practitioners can help reach this
more varied participant pool.

In addition, focus groups with older adults can sometimes result
in conflicting opinions regarding an app’s design and features,
which proves that a one-size-fits-all approach does not work
for this population. Fortunately, the opinions of the older adults
were well studied and were considered as much as possible
during the iteration process after the feasibility study. To address
the issue of conflicting opinions in focus groups, it would be
beneficial to implement a more personalized approach in future
studies [95,96]. This could include individual interviews that
can capture a wider range of perspectives and experiences. This
would allow researchers to explore deeper insights and
accommodate each participant’s unique needs and preferences,
moving beyond a one-size-fits-all solution.

To enhance both the reliability and validity of future studies, it
is recommended to incorporate randomized controlled designs
that include blinding procedures. This approach will help
minimize bias by ensuring that assessors do not know which
participants have received the intervention, thereby providing
a more objective assessment of the outcomes [97,98]. In
addition, conducting longitudinal assessments could yield a
richer understanding of the intervention’s long-term attrition
rates, further strengthening the study’s findings and their
applicability across different settings and populations [99,100].

Finally, unrealistic expectations surrounding an mHealth app
could pose a challenge. Users might expect immediate and
significant improvements, failing to recognize that behavior
change is typically a gradual process [24]. Therefore, it is crucial
to underscore that the app is designed to be a supportive aid in
the journey toward change, not a quick fix. To address this issue,
managing expectations proactively is essential. Effective
communication and educational initiatives are key to
establishing a realistic understanding of what the app can and
cannot do. By clearly outlining the app’s functionalities and
limitations, users can be better prepared for their experience.
This approach helps maintain sustained engagement and
maximizes the app’s potential as a tool for positive
transformation.

Despite these limitations, this study’s primary strength lay in
its adoption of a mixed methods approach, which facilitated a
comprehensive understanding of the app’s feasibility. The
methodology combined surveys using validated tools,
interviews, focus groups, and Microsoft Power BI analytics.
This robust approach enabled us to construct a detailed profile
of user behavior within the app. Through the systematic analysis
of interaction data, we identified the features that garnered the
most engagement and pinpointed areas for potential

enhancement to improve user experience and retention. The
insights derived from this extensive data analysis are
fundamental in shaping the future development strategies of the
app, ensuring that it aligns more closely with user needs and
preferences. Furthermore, by using these diverse research
techniques, we were able to gather rich data on participants’
experiences concerning the feasibility of the MIA app. This
collaborative methodology proved especially beneficial,
fostering meaningful dialogues between participants and
researchers. These discussions yielded valuable perspectives
on potential improvements to the mHealth app.

Future Use and Implications in the Field
The MIA app is currently free and open source. However, to
ensure its long-term viability, partnerships with health care
insurers and other market players are being explored. A
willingness-to-pay analysis [101], detailed in Multimedia
Appendix 9, indicated that end users are willing to pay €4.50
to €7 (US $4.66 to US $7.25 at a conversion rate of €1=US
$1.04) per month for access to the app. This willingness to pay
suggests a perceived value of the app beyond its initial free
access, which is further supported by user behavior. Specifically,
after 6 months, 43% (13/30) of the participants continued using
the app daily without being prompted.

Implementing MIA in real-world settings involves integrating
it into health care systems, community programs, and support
networks, positioning it as a preventive tool. Partnerships with
health care providers and insurers can promote MIA’s role while
community centers leverage its social features to encourage
group activities.

As digital health technologies continue to evolve, the MIA app
needs to take several opportunities into account to expand its
applicability and feasibility. This offers a range of possibilities
for the field.

Tailored user experience remains a very important subject to
keep motivating older adults by providing relevant and
achievable goals that cater to their individual fitness levels and
health conditions [87,102,103]. Enhanced just-in-time
interventions enabled by the app’s real-time data capabilities
through ecological momentary assessment could revolutionize
preventive health measures [104,105]. This merges with the
potential for integration with wearable technologies, promising
a more holistic approach to health monitoring that could improve
predictive health interventions for older adults [106-108].
Moreover, integration with wearable devices can enhance the
MIA app’s functionality by providing real-time, accurate data
on PA levels and health metrics. This integration can promise
a more holistic view of a user’s health and a more precise
adjustment of their activity recommendations [50].

As social engagement appeared to be a critical component in
maintaining motivation for PA among older adults, the MIA
app could include more robust social networking features such
as support groups, cooperative challenges, and shared fitness
goals [30,109,110].

Another important evolution to consider is the evolution of
advanced predictive analytics [111-113]. With advancements
in AI and machine learning, the app could incorporate predictive
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analytics to forecast potential health risks based on user activity
and health data. This feature could alert users and health care
providers to potential health issues before they become severe,
facilitating timely intervention.

In addition, the MIA app’s potential expansion to provide
targeted support for informal caregivers, especially those
managing care for partners with dementia, offers a pathway to
significantly alleviate caregiver burden [114,115]. This feature
could become increasingly vital during crisis situations such as
pandemics, where the app’s adaptability could ensure continuous
support for physical and mental health under restrictive
conditions [116-119]. Furthermore, by enabling older adults to
exercise independently, the app could empower health care
professionals by reducing the frequency of in-person checkups,
thereby optimizing health care resources [120].

Finally, a broader health integration more closely with health
care systems allowing for a smoother exchange of information
between the app and health care providers could be a great
opportunity [121]. This integration could enable the
development of personalized health care plans based on the
app’s insights, enhancing the overall health care experience by
keeping physicians informed and engaged in their patients’
lifestyle changes.

Conclusions
This study highlights the potential in merging aging with
technology to enhance quality of life and prevention through

promotion of PA. Despite some limitations, the app received
positive feedback for its usability and customer satisfaction.
This underscores the value of involving users in the design
process, adhering to a cocreation model that caters to their
specific needs and counters age-related stereotypes in technology
design. However, the insights gathered suggest a need for
broader inclusivity in future studies, targeting less
technologically savvy older adults to improve generalizability.

The analysis revealed strong engagement with specific app
features (eg, workout videos) and highlighted areas for
improvement, such as user interface and social connectivity
enhancements. Longitudinal studies and ongoing iterations
informed by user feedback will be crucial in refining these
features. Managing expectations is also essential as technology
adoption among older adults often requires recognizing that
behavior change is gradual. Future directions include integrating
the app into health care systems to tailor health plans more
precisely to individual needs and expanding the app’s
functionality using predictive analytics to pre-empt health issues.
Ultimately, by continuing to evolve and adapt to user feedback
and technological advancements, technology such as the MIA
app can significantly contribute to promoting sustained, active,
and healthy behaviors among older adults, demonstrating the
profound impact of well-designed gerontechnology.
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Abstract

Background: Loneliness is a significant issue among older Asian Americans, exacerbated by the COVID-19 pandemic. Older
age, lower income, limited education, and immigrant status heighten loneliness risk. Information communication technologies
(ICTs) have been associated with decreased loneliness among older adults. However, older Asian Americans are less likely to
use ICTs, particularly if they are immigrants, have limited English proficiency, or are low income. The Technology Acceptance
Model posits that perceived usefulness (PU), and perceived ease of use (PEOU) are key factors in predicting technology use.

Objective: This study aimed to examine associations between PU, PEOU, ICT use, and loneliness among low-income, older
Asian Americans.

Methods: Cross-sectional survey data were gathered from predominately older Asian Americans in affordable senior housing
(N=401). Using exploratory factor analysis and Horn parallel analysis, we examined 12 survey items to identify factors accounting
for variance in ICT use. We deployed structural equation modeling to explore relationships among the latent factors and loneliness,
adjusting for demographic and cognitive factors.

Results: Exploratory factor analysis and Horn parallel analysis revealed 3 factors that accounted for 56.48% (6.78/12) total
variance. PEOU combined items from validated subscales of tech anxiety and comfort, accounting for a 28.44% (3.41/12) variance.
ICT use combined years of technological experience, computer, tablet, and smartphone use frequency, accounting for 15.59%
(1.87/12) variance. PU combined 2 items assessing the usefulness of technology for social connection and learning and accounted

for a 12.44% (1.49/12) variance. The 3-factor structural equation modeling revealed reasonable fit indexes (χ2
133=345.132;

P<.001, chi-square minimum (CMIN)/df = 2595, comparative fit index (CFI)=0.93, Tucker-Lewis Index (TLI)=0.88). PEOU
was positively associated with PU (β=.15; P=.01); PEOU and PU were positive predictors of ICT use (PEOU β=.26, P<.001;
PU β=.18, P=.01); and ICT use was negatively associated with loneliness (β=–.28, P<.001). Demographic and health covariates
also significantly influenced PU, PEOU, ICT use, and loneliness. English proficiency and education positively predicted PEOU
(r=0.25, P<.001; r=0.26, P<.001) and ICT use (β=1.66, P=.03; β=.21, P<.001), while subjective cognitive decline and Asian
ethnicity were positively associated with loneliness (β=.31, P<.001; β=.25, P<.001).
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Conclusions: This study suggests that targeted interventions enhancing PU or PEOU could increase ICT acceptance and reduce
loneliness among low-income Asian Americans. Findings also underscore the importance of considering limited English proficiency
and subjective cognitive decline when designing interventions and in future research.

(JMIR Aging 2025;8:e63856)   doi:10.2196/63856

KEYWORDS

social isolation; loneliness; aged; older adults; Asian American; immigrant; vulnerable populations; internet; information and
communication technologies; ICTs; digital divide; technology acceptance model; mobile phone

Introduction

Background
The 2019 California Health Interview Survey (CHIS) found
that 1 in 4 (25.7%) Asian Americans aged 65 years and older
were lonely [1]. Loneliness is defined as a subjective experience
stemming from perceived isolation or a disparity in one’s desired
and actual social interactions [2]. In the CHIS, Asian American
older adults reported significantly lower levels of perceived
social and emotional support (56%) as compared with
non–Asian American older adults (80%) [3]. During the
COVID-19 pandemic, loneliness increased among older
Americans, and even today, loneliness levels are higher as
compared with prepandemic levels [4]. In 2023, the Surgeon
General announced that the United States is experiencing a
pandemic of loneliness [2].

As compared with younger generations, older adults are
particularly at risk for loneliness and social isolation due to
factors such as retirement, relocation, and shrinking social
circles. Besides older age, other risk factors for loneliness
include financial insecurity, low educational attainment, poor
physical or mental health, being an immigrant, having a
disability, and living alone [2,5-7]. A systematic review
exploring factors associated with loneliness among older Asian
American immigrants found that migration grief, diminished
ethnic ties, mental and physical impairment, deteriorating health
conditions, living alone, a lack of meaningful social connections
and support networks, and fewer interactions with family
members were all significant factors contributing to loneliness
[8].

Among older adults, the use of information communication
technologies (ICTs), including smartphones, tablets, personal
computers, the internet, and social media, is associated with
decreased loneliness [9,10]. ICT use can strengthen preexisting
connections with family and friends, foster new social
relationships, and build intergenerational bonds [9]. ICT use is
also positively associated with self-efficacy, self-esteem, a sense
of autonomy, independence, and greater well-being among older
adults [9]. Older Asian Americans can further benefit from using
ICTs to stay in contact with distant relatives and maintain a
connection with their culture of origin; this is particularly
relevant given that 85% of Asian Americans aged 65 years and
older are foreign-born [11-13]. Furthermore, ICTs can facilitate
access to information in one’s native language and translation
services. However, both the CHIS and the National Health and
Aging Trends Study (NHATS) showed that older Asian
Americans are less likely than non-Hispanic White older adults
to use the internet, send emails or text messages, conduct

personal tasks on the internet, or seek web-based health
information, particularly if they are immigrants, have limited
English proficiency, or are low income [14-16]. Furthermore,
other factors, such as age, gender, educational attainment, and
subjective cognitive decline significantly impact ICT acceptance
and use among low-income, older Asian Americans [17,18].

A recent systematic mapping review identified 59 articles
describing 119 factors that predict older adults’ intention to use
digital technologies [19]. However, despite a rich literature
focused on this topic, the mapping revealed that most studies
(68%) did not examine these factors using an established
theoretical framework or model for technology acceptance. For
example, although loneliness was identified as a factor
associated with ICT use, it has not been analyzed through a
theoretical framework or model [19].

Theoretical Framework
The Technology Acceptance Model (TAM) is the most
commonly used theoretical model to study technology adoption
among older adults and also among the general population
[19-21]. The backbone of the TAM is comprised of perceived
usefulness (PU) and perceived ease of use (PEOU). PU relates
to one’s perception of technology as being useful for
accomplishing desired goals, while PEOU refers to how much
effort one anticipates needing to make to learn to use new
technology. The TAM proposes that PEOU predicts PU, PU,
and PEOU predict attitudes toward technology, and these
attitudes predict behavioral intention to use technology, which
subsequently influences actual use [21].

In 2 previous studies, we validated a simplified TAM to predict
ICT use among low income, older Asian Americans. The
simplified model removed the mediators (attitudes toward
technology and behavioral intentions) and adapted the constructs
of PU and PEOU from the original TAM [17,18]. In the adapted
model, PU was defined as older adults’ perceptions of ICTs as
being useful for connecting with family and friends and learning
new information and skills, and PEOU was operationalized
using 6 evidence-based items that measure older adults’comfort
and anxiety with ICTs [18]. However, in our previous work,
we had not empirically examined the assumptions of the
operationalization of PU, PEOU, and ICT use using robust
statistical methods. In addition, the association between ICT
use and loneliness among older Asian Americans has never
previously been examined using the TAM framework.

Research Design
This cross-sectional study aimed to rigorously assess the
assumptions underlying the conceptualization of PU, PEOU,
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and ICT use using a series of statistical techniques. In addition,
we plan to extend the simplified TAM as described in DeLange
Martinez et al [18] to explore the association between
technology acceptance and loneliness among low income, older

Asian Americans (Figure 1). Based on previous studies, we
adjusted the model for age, gender, education, English
proficiency, Asian ethnicity, and subjective cognitive decline
[17,18].

Figure 1. Extended Technology Acceptance Model examining the association between information communication technologies acceptance and
loneliness among low income, older Asian Americans. ICT: information communication technology.

In this study, we test three hypotheses, that are (1) H1: PEOU
will be positively associated with PU. (2) H2: PEOU and PU
will be significant, positive predictors of ICT use. (3) H3: ICT
use will be significantly negatively associated with loneliness.

Methods

Data and Sample
In the Fall of 2020, The Lighthouse Project for Older Adults
was launched with the aim of developing a scalable model to
address barriers to technology use among residents of affordable
senior housing communities. To inform the intervention, focus
groups were held with 29 residents and 13 staff across 2
communities. The discussion revealed many challenges,
including high rates of social isolation, low literacy levels in
multiple languages, cognitive and sensory challenges, low
comfort with technology, and lack of infrastructure [22].

To address these challenges, residents were offered access to
high-speed broadband internet, ICT devices, a series of digital
literacy training courses, and tech support led by peer
ambassadors. As part of the program evaluation, participants
completed pre- and postsurveys. The surveys were
evidence-based, translated into 5 languages (English, Spanish,
Chinese, Vietnamese, and Korean), and pilot-tested with 20
residents and 4 staff. The final surveys were self-administered
by all Lighthouse participants in their preferred language with
staff available to assist as needed.

Measures
The operationalization of PU, PEOU, and ICT use were based
on the theoretical constructs from the original TAM [21]. In 2
previous studies, we operationalized these 3 constructs with 12
survey items as described below, standardizing and summing
the items for subsequent analysis with hierarchical linear
regression [17,18]. In this study, we examined the theoretical

assumptions of these constructs by using exploratory factor
analysis (EFA), Horn parallel analysis, and structural equation
modeling (SEM).

Perceived Usefulness
In the TAM, PU refers to whether one perceives technology to
be useful for accomplishing desired goals [21]. In this study,
we operationalized PU with 2 items developed by Sims et al
[23] in their measure of Motivations for ICT Use. (“Technology
helps me be connected with family and friends,” and
“Technology helps me learn new information and skills.”)
Response categories for both statements ranged on a scale of 1
(strongly disagree) to 4 (strongly agree).

Perceived Ease of Use
In the TAM, the construct of PEOU refers to how much effort
one anticipates needing to make to learn to use a new
technology. PEOU has been operationalized to measure feelings
of confusion, frustration, or ease when using technology;
predictability or intuitiveness of the system; and frequency of
making mistakes [21]. In this study, we examined 6 items from
2 validated subscales that we predicted would collectively
represent the construct of PEOU. Two items were included from
the Senior TAM – Tech Anxiety Subscale [24] (“I feel
apprehensive about using technology,” and, “I hesitate to use
technology for fear of making mistakes I cannot correct.”) and
4 items were included from the Attitudes Towards Computers
Questionnaire (ATCQ) – Comfort Subscale [25] (“I feel
comfortable with technology” (reverse scored), “Technology
makes me nervous,” “I don’t feel confident about my ability to
use technology,” and, “Technology is confusing”). Response
options for all statements ranged on a scale from 1 (strongly
agree) to 4 (strongly disagree). Although the original ATCQ -
Comfort Subscale included 5 items, one item was not included
in the Lighthouse for Older Adults survey (“Computers make
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me feel dumb.”) based on input from staff about cultural
relevance.

ICT Use
We operationalized ICT use with 4 survey items. Three items
asked about the frequency of use of computers, tablets, and
smartphones. (“How often do you use a desktop or laptop
computer?”; “How often do you use a tablet or iPad?”; and
“How often do you use a smartphone (iPhone or Android)?”)
Response options ranged from 0 (never, or I do not own), to 3
(about once per day). A fourth item inquired about years of
experience using ICTs (“How long have you been using
technology, such as a computer, laptop, tablet, or smartphone?”).
Response options ranged from 0 (I’ve never used these) to 3
(more than 2 years).

Dependent Construct: Loneliness
Loneliness was measured using the 3-item University of
California, Los Angeles (UCLA) Loneliness Scale (“How often
do you feel that you lack companionship?”; “How often do you
feel left out?”; and “How often do you feel isolated from
others?”) [26]. While the University of California, Los Angeles
Loneliness Scale typically includes 3 response options (hardly
ever, some of the time, often), a fourth answer option (never)
was added because several residents handwrote “never” in the
margins of the survey during pilot testing. During analysis,
“never” responses were collapsed with “hardly ever.” Therefore,
in our analysis, response categories ranged on a scale of 1 (never
or hardly ever) to 3 (often).

Control Variables
In our final SEM, we controlled for age, gender, Asian ethnicity,
education, subjective cognitive decline (measured with 1 item,
“During the past 12 months, have you experienced confusion
or changes in memory that is happening more often or is getting
worse?” [dichotomous response options]), and English
proficiency (measured with one item, “How well do you speak
English?” (response options ranged from 1 [not at all] to 4 [very
well]). The full survey used in the Lighthouse Project for Older
Adults is attached as a Multimedia Appendix 1.

Analytic Strategy
We began our analysis by examining descriptive statistics and
conducting Pearson correlation analysis to explore relationships
among all variables.

Subsequently, using IBM SPSS Statistics (version 29), we
performed EFA to investigate the underlying theoretical
constructs of the survey items concerning attitudes and use of
ICTs. Despite having hypotheses about the latent variables, we
chose to conduct EFA before confirmatory factor analysis
(CFA), aiming for a more data-driven approach to thoroughly
explore the underlying structure. To determine the number of
factors to retain, we applied several criteria, including factors
with loadings greater than .45 and using Kaiser
eigenvalues-greater-than-one rule as illustrated on a scree plot
[27]. We used principal axis factoring and varimax rotation with

Kaiser normalization to account for the correlational nature of
the factors. In addition, Horn parallel analysis was used to
confirm the EFA results.

Moving forward, we used IBM SPSS AMOS (version 29) to
conduct SEM, beginning with CFA. SEM integrates
measurement models and structural models, allowing for
validation of instruments and analysis of relationships while
considering variances and covariances. It facilitates the
examination of complex relationships among multiple variables
and enables mediation analysis [28]. During CFA, we assessed
convergent validity using criteria suggested by Hair et al [29]
and Fornell and Larcker [30], calculating average variance
extracted (AVE) and composite reliability. Discriminant validity
was determined based on the Fornell-Larcker criterion [30].

Next, we used SEM to represent and test our 3 hypotheses,
exploring relationships among PEOU, PU, ICT use, and our
outcome of interest (loneliness). As shown in Figure 1, we
examined a model with PU partially mediating the relationship
between PEOU and ICT use, and ICT use fully mediating the
relationships between PU, PEOU, and loneliness. We also
examined the impact of adjusting for demographic and cognitive
factors based on previous findings [15-18]. Maximum likelihood
estimation was used for factor structure verification, and missing
data were imputed by estimating means and intercepts. Measures

of fit, including chi-square statistic (χ2), chi-square divided by

degrees of freedom (χ2/df), comparative fit index (CFI),
Tucker-Lewis coefficient (TLI), and root-mean-square error of
approximation (RMSEA), were reported. Regression weights
and correlation estimates among latent factors, the outcome of
interest, and control factors were also provided. For all analyses,
the α-level for testing significance was set to .05.

Ethical Considerations
For this study, we analyzed presurveys from 5 Lighthouse
communities, collected between July 2021 and July 2022, before
receiving the intervention. All participants were aged 62 years
and older, based on housing eligibility criteria. In total, 31
participants were excluded from the analysis due to missing at
least 1 of the dependent variables. The final dataset included
401 participants. On the basis of the HRP-210 Determination
Request, the University of California, Davis, institutional review
board determined that this research is exempt as it did not
directly involve human participants and used deidentified
secondary data (ID: 1938286-1).

Results

Overview
Participant (n=401) demographics are described in Table 1.
Participants ranged in age from 62 to 97 (mean 79.07, SD 7)
years, most were female, had a high school degree or less,
reported limited English proficiency, and were Asian. Over a
quarter of participants reported subjective cognitive decline and
over a third reported loneliness.
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Table 1. Participant demographics (N=401).

Percentage, %Frequency, nParticipant demographics

Gender

69.2276Female

30.8123Male

Ethnicity

12.048Non-Hispanic White

79.8320Asian

65.3262Korean

12.550Chinese

0.52Japanese

0.52Filipino

0.21Vietnamese

2.711Latinx

1.56Black or African American

0.52American Indian or Alaskan Native

1.77More than one race or ethnicity

English proficiency

14.858Very well

15.862Well

43.8172Not well

25.7101Not at all

Educational attainment

5.521Never attended school

33.0127Some high school

18.772Completed high school or general educational development

19.575Some college

16.965College degree

6.525Graduate degree

Subjective cognitive decline

72.2283No

27.8109Yes

Years of experience using information communication technologies

59.6239More than 2 years

9.7391 to 2 years

8.032Less than 1 year

22.791I have never used these

Computer use

21.787About once per day

7.0282 to 4 times per week

6.225Once or less than once per week

65.1261Never

Tablet use

22.992About once per day
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Percentage, %Frequency, nParticipant demographics

7.2292 to 4 times per week

6.225Once or less than once per week

63.6255Never

Smartphone use

61.6247About once per day

9.7392 to 4 times per week

4.016Once or less than once per week

24.799Never

About 1 in 5 participants reported they have never used a
smartphone, tablet, or computer, while 6 in 10 reported over 2
years of experience using these devices. When asked about the
frequency of use of each type of device, two-thirds reported
that they never use a computer, slightly less than two-thirds
never use a tablet, and a quarter never use a smartphone. Despite
this, 89.2% (340/381) somewhat or strongly agreed that
technology is useful for connecting with family and friends,
and 90.4% (341/377) agreed that technology is useful for
learning new information and skills.

Next, we used correlation analysis to examine relationships
among items measuring ICT use, PEOU, PU, loneliness, and
our control variables (age, gender, Asian ethnicity, education,
subjective cognitive decline, and English proficiency). The
assumptions for factor analysis were met. We observed multiple

correlations among the items, most ranging from 0.30 and above.
Importantly, none of these correlations exceeded 0.9, indicating
no issues with multicollinearity. Correlation results are included
in Multimedia Appendix 2.

EFA and Horn Parallel Analysis
The Kaiser-Meyer-Olkin measure of sampling adequacy was
.83 indicating sufficient correlation among the variables. The
Bartlett test of Sphericity indicated P<.001, allowing us to reject
the null hypothesis that the correlation matrix is an identity
matrix and that it is reasonable to proceed with EFA.

Three factors had an initial eigenvalue greater than one (Factor
1=4.65, Factor 2=1.89, and Factor 3=1.50). This is illustrated
with the scree plot (Figure 2). The rotated factor matrix is shown
in Table 2.

Figure 2. Scree plot.
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Table 2. Rotated factor matrix of independent variables.

FactorVariables

PUcICTb usePEOUa

.35.42.40Tech comfort

.01.08.72Tech nervous

.10.16.82Tech confidence

.08.14.88Tech confusion

.10.20.79Tech apprehension

.10.22.75Tech fear

.75.07.06Tech connection

.85.15.09Tech learning

.16.60.21Years of tech experience

.03.67.19Computer use frequency

–.03.68.03Tablet use frequency

.17.52.11Smartphone use frequency

aPEOU: perceived ease of use.
bICT: Information communication technology.
cPU: perceived usefulness.

The first factor, PEOU, combined the 2 items from the Senior
TAM – Tech Anxiety Subscale and 3 of the 4 items from the
Attitudes Towards Computers Questionnaire – Comfort
Subscale. One item, “I feel comfortable with technology,” had
a factor loading of .40. According to Tabachnick and Fidell
[27], loading above 0.71 is excellent, 0.63 is very good, 0.55 is
good, 0.45 fair, and 0.32 poor. Therefore, we dropped the tech
comfort item from PEOU in further analyses.

The second factor, ICT use, combined 4 items: years of tech
experience, computer use frequency, tablet use frequency, and
smartphone use frequency.

The third factor, PU, combined 2 items: “Technology helps me
be connected with family and friends,” and “Technology helps
me learn new information and skills.”

After rotation, the 3 factors combined accounted for a total
variance of 56.48% (6.78/12), with PEOU accounting for
28.44% (3.41/12) of the variance, ICT use for 15.59% (1.87/12),
and PU for 12.44% (1.49/12). The 3 factors were confirmed
when running a Horn parallel analysis. These factors also
showed high internal reliability with Cronbach α scores of .90,
.74, and .76 for PEOU, ICT use, and PU, respectively.

EFA was conducted separately for the dependent variables and
generated 1 interpretable factor, loneliness, with an eigenvalue
of 2.29 (Table 3). Loneliness had strong internal reliability with
a Cronbach α score of .84.

Table 3. Component matrix for dependent variables using principal extraction method.

Factor (loneliness)Variables

.69Lack companionship

.93Feel left out

.79Feel isolated

CFA Findings
We ran CFA to further examine the relationships among the
latent variables and to assess our conceptual model (Figure 3).
As shown in Table 4, each of the items significantly loaded to
form the 3 latent factors, confirming our EFA results.

Except for chi-square, all fit indices reached recommended level
of fit: (χ²41=182.114; P<.001, chi-square minimum
(CMIN)/df=4.44, CFI=0.92, TLI=0.87). The RMSEA of 0.09
was borderline. Since χ² is sensitive to large sample sizes, with
a large sample of 401 participants, it was not unusual to get a
significant value; for sample sizes greater than 250, a significant
χ² value is acceptable [31].
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Figure 3. Standardized results from confirmatory factor analysis to assess our conceptual model. ICT: information communication technology.

Table 4. Regression estimates of items loading into 3 factors.

P valueComposite reliabilitySEUnstandardized regres-
sion estimate

Standardized re-
gression estimate
(factor loading)

Latent variablesObserved variables

———b1.00.76PEOUa←Tech fear

<.00115.963.06.99.80PEOU←Tech apprehension

<.00118.156.061.09.89PEOU←Tech confusion

<.00117.130.061.05.85PEOU←Tech confidence

<.00113.797.06.86.70PEOU←Tech nervous

———1.00.90PUc←Tech learning

<.0014.796.16.77.68PU←Tech connection

———1.00.69ICTd use←Years of tech experience

<.00110.053.10.97.67ICT use←Computer use frequency

<.0019.719.10.93.63ICT use←Tablet use frequency

<.0019.166.09.86.58ICT use←Smartphone use frequency

aPEOU: perceived ease of use.
bNot applicable.
cPU: perceived usefulness.
dICT: Information communication technology.

There was evidence for convergent validity because all three
of the conditions were fulfilled, that is, (1) composite reliability
values are 0.7 or greater, (2) all standardized factor loadings
are 0.5 or greater, and (3) AVE values are 0.5 or greater [29].
All 3 of these criteria were met for PEOU and PU, which had
composite reliability values of .90 and .77, standardized factor
loadings all greater or equal to .68, and AVE values of .64 and
.63, respectively.

ICT use had an AVE of .42, slightly lower than ideal [29].
However, according to Fornell and Larcker [30], if the AVE is

less than 0.5, but composite reliability is higher than 0.6, the
convergent validity of the construct is acceptable [30]. ICT use
had a composite reliability of .74, therefore we concluded that
the latent variable had convergent validity.

Discriminant validity was met, with discriminant values of .80,
.80, and .65 for PEOU, PU, and ICT use, respectively, while
the correlation estimates all fell below 0.4 as shown in Table 5
[30].

Finally, as shown in Table 6, the relationships between the latent
variables were all significant.
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Table 5. Correlations and covariances of latent variables in confirmatory factor analysis.

P valueComposite
reliability

SECovariance estimateCorrelation estimateLatent variables

.0013.273.033.107.200PU↔PEOUa

<.0014.501.042.190.317PU↔ICTb Use

<.0015.643.048.269.399PEOU↔ICT Use

aPEOU: perceived ease of use.
bICT: Information communication technologies.

Table 6. Regression weights (unadjusted model).

P valueComposite reliabilitySEUnstandardized regression
estimate

Standardized regression
estimate

Latent variables

<.0013.38.05.18.20PEOU←PUa

.0013.19.10.31.24PU←ICTb Use

<.0015.75.07.41.37PEOU←ICT Use

<.001-4.48.03-.15-.29ICT Use←Loneliness

aPU: perceived usefulness.
bICT: Information communication technologies.

Structural Equation Modeling

The 3-factor SEM revealed reasonable fit indexes (χ2
73=231.835,

CMIN/DF=3.18, CFI=0.93, TLI=0.90). An RMSEA of 0.07
was acceptable. Once again, the chi-square value was significant,
which, as previously described, is acceptable for this sample
size [31].

As shown in Figure 4 and Table 6, hypothesis 1 was supported;
PEOU was significantly, and positively associated with PU
(β=.20, P<.001).

Hypothesis 2 was also supported; both PEOU and PU were
significant, positive predictors of ICT use (PEOU: β=.37;
P<.001; PU: β=.24; P=.001).

Finally, hypothesis 3 was supported; ICT use was significantly,
negatively associated with loneliness (β=–.29; P<.001).
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Figure 4. Standardized results from structural equation modeling (unadjusted model).

Structural Equation Modeling Adjusting for Control
Factors
When we reran the model adjusting for age, gender, education,
Asian ethnicity, English proficiency, and subjective cognitive

decline, the model fit improved (Figure 5; χ2
133=345.13, P<.001,

CMIN/DF=2595, CFI=0.93, TLI=0.88). The RMSEA of 0.06
was acceptable.

As shown in Table 7, the adjusted results continued to support
Hypotheses 1, 2, and 3. PEOU continues to be significantly
positively associated with PU (β=.152, P=.01). PEOU and PU
were significant, positive predictors of ICT use (PEOU: β=.26,

P<.001; PU: β=.179, P=.01). And, ICT use was significantly
negatively associated with loneliness (β=–.28, P<.001). In
addition, some of the control variables were significant
predictors of the endogenous variables, PU and ICT use, and
the dependent variable, loneliness (Table 7). Education was
significantly, positively associated with PU (β=.19; P=.003).
English proficiency and education significantly, positively
predicted ICT use (English proficiency: β=1.66; P=.03;
Education: β=.21; P<.001), while age was negatively associated
with ICT use (β=–1.36; P=.01). Finally, subjective cognitive
decline and Asian ethnicity were each positively associated with
loneliness (subjective cognitive decline: β=.31; P<.001; Asian
ethnicity: β=.25; P<.001).
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Figure 5. Adjusted, standardized results from structural equation modeling. ICT: information communication technology.
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Table 7. Regression weights (adjusted model).

P valueComposite
reliability

SEUnstandardized regres-
sion estimate

Standardized regression
estimate

Variables

.012.55.06.14.15cPUa←PEOUb

.97–.04.06–.002–.003PU←English proficiency

.071.83.13.24.13PU←Asian

.83–.22.09–.02–.01PU←subjective cognitive decline

.44–.78.01–.004–.04PU←age

.0032.98.03.10.19cPU←education

.42.80.09.07.04PU←female

.012.70.08.22.18cICTd use←PU

.24–1.17.10–.12–.06ICT use←female

.01–2.52.01–.02–.14cICT use←age

.032.13.07.15.17cICT use←English proficiency

.36–.92.10–.10–.05ICT use←subjective cognitive decline

<.0014.30.07.29.26cICT use←PEOU

<.0013.30.04.13.21cICT use←education

.051.93.15.29.13ICT use←Asian

.11–1.59.05–.08–.08Loneliness←female

.53–.63.003–.002–.03Loneliness←age

.311.01.04.04.08Loneliness←English proficiency

<.001–3.93.04–.14–.28cLoneliness←ICT use

<.0015.76.05.31.31cLoneliness←subjective cognitive decline

.84.21.02.004.01Loneliness←education

<.0013.64.08.28.25cLoneliness←Asian

aPU: perceived usefulness.
bPEOU: perceived ease of use.
cP≤.05.
dICT: Information communication technology.

While PEOU was an exogenous factor, correlation estimates
reveal significant associations with all the control variables
except for Asian ethnicity (Table 8). English proficiency and
education were each significantly positively associated with
PEOU (English proficiency: r=0.25, P<.001; Education: r=0.26;

P<.001). Subjective cognitive decline, age, and female gender
were each significantly, and negatively associated with PEOU
(Subjective cognitive decline: r=–0.130; P=.02; Age: r=–0.18;
P=.001; Female: r=–0.15; P=.01).

Table 8. Correlations and covariances of control variables with perceived ease of use (adjusted model).

P valueComposite reliabilitySECovariance estimateCorrelation estimateControl variables

.11–1.58.02–.03–.09Asian

.02–2.40.02–.05–.13Subjective cognitive decline

<.0014.47.04.19.25English proficiency

<.0014.54.06.28.26Education

.001–3.18.30–.95–.18Age

.01–2.73.02–.05–.15Female
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Discussion

Principal Findings
In this study, we examined the association of PU, PEOU, ICT
use, and loneliness among low income, predominately Asian
American, older adults. This research built upon 2 previous
studies that simplified the TAM to examine demographic and
health factors that impact technology acceptance among Asian
Americans aged 62 years and older living in affordable senior
housing communities [17,18]. In these previous analyses, the
conceptualization of PU, PEOU, and ICT use were based on
the existing literature and theory around how these constructs
apply to older adults. The constructs were developed by
summing and normalizing 12 survey items. In this study, the
assumptions underlying the conceptualization of PU, PEOU,
and ICT use and the TAM framework were rigorously assessed
and confirmed using a combination of statistical techniques.
Initially, EFA was conducted to determine the appropriate
number of factors and explore the underlying structure of the
constructs. Horn parallel analysis was subsequently used to
validate the EFA results. Following this, SEM (beginning with
CFA) was performed to validate and confirm the factor structure
identified in EFA and examine the relationships among PU,
PEOU, ICT use, and loneliness.

The original TAM focused on technology acceptance in the
workplace. PU was measured with items such as, “Using [chart
master] in my job would enable me to accomplish tasks more
quickly,” and, “Using [chart master] would improve my job
performance” [21]. Our research findings support a modified
construct of PU that accounts for older adults’ perceptions of
ICTs as being useful for social connection and for learning new
information and skills. We found that the item, “Technology
helps me learn new information and skills,” had a slightly higher
factor loading than the item, “Technology helps me be connected
with family and friends.” Mixed methods longitudinal data from
the Lighthouse Project for Older Adults supported this finding;
participants reported that they most frequently used ICTs to
access YouTube (eg, to view videos related to nutrition,
exercise, and cultural content), followed by accessing
entertainment and checking the weather [32]. The Pew Research
Center reported that, in 2021 among adults aged 65 years and
older, the use of YouTube experienced the most growth as
compared with any other app [33]. Notably, studies suggest that
app- and web-based activities among older adults vary
significantly by age group and gender [23,34-36].

When it comes to PU, it is essential to note that the COVID-19
pandemic spurred an exponential increase in the use of ICTs
for social connection. American Association of Retired Persons
(AARP) 2021 Tech Trends reported a notable surge in the use
of various communication technologies among individuals aged
50 years and above to stay connected with others. A significant
portion of this demographic reported an uptick in their usage
of video chats (45%, 1022/2271), texting (37%, 840/2271),
emailing (26%, 590/2271), and phone calls (29%; 659/2271)
compared with prepandemic levels. In 2019, approximately half
had never used video chat, whereas by 2020, this figure rose to

70%, with one out of 3 engaging in video chats on a weekly
basis [37].

Our findings supported the operationalization of PEOU
combining 2 items from the Senior TAM – Tech Anxiety
Subscale [24] and 3 items from the ATCQ – Comfort Subscale
[25]. Previous studies note an array of emotions that influence
technology acceptance and use, including enjoyment, effort
expectancy [38], control, efficacy [24,39], confidence [40,41],
comfort [25,42,43], and anxiety [24,40]. Due to the variety of
existing measures and constructs highlighted in the literature
(some developed in the 1980s and with highly educated, White,
middle-aged adults), it can be challenging for researchers to
select a concise set of items that are specific to older adults and
modern technology. We believe our findings can inform future
studies with Asian American older adults, who require survey
modification [44]. During exploratory analysis, one item, “I
feel comfortable with technology,” was dropped due to low
factor loading. We believe this may have been due to the item
being reverse scored, which may have been confusing due to
participants’ limited literacy levels. Our findings align with
previous research which suggests that assessment scales
containing reverse-scored items impose higher cognitive
processing demands, potentially resulting in measurement
challenges for older adult participants [45], particularly since
our participants had self-reported limited English proficiency
and low educational attainment (Table 1).

Our mediating factor, ICT use, was unique in that it combined
measures assessing the frequency of use of smartphones, tablets,
and computers, as well as years of experience. We believe this
measure is valuable to better understand ICT use since these
devices are often used interchangeably among older adults for
multitasking [46]. Furthermore, we are not the first to identify
years of experience as an important factor in understanding
technology acceptance [38].

Using CFA, we found significant, positive relationships between
PU, PEOU, and ICT use. This finding is aligned with the Senior
Technology Exploration, Learning, and Acceptance model [47]
and the Senior Technology Acceptance and Adoption Model
(STAM) [48]. The concept of reinforcement of use is consistent
with a model of technology acceptance or rejection from an
ease-of-learning perspective [49]. When ICTs are perceived as
more useful, their usage tends to increase, forming a reinforcing
cycle. Increased usage and familiarity make it easier,
encouraging individuals to master new skills and diversify their
usage, such as progressing from social chats to watching
YouTube videos, further reinforcing their mastery and use.

SEM confirmed our modified TAM, supporting our three
hypotheses. PEOU significantly, and positively predicted PU
and ICT use. Further, ICT use was significantly negatively
associated with loneliness. These relationships remained
significant, even when adjusting for gender, age, education,
English proficiency, Asian ethnicity, and subjective cognitive
decline. Interestingly, English proficiency was related to PEOU
and ICT use, suggesting a cultural or linguistic bias in
technology and application development favoring
English-speaking users. Asian ethnicity was associated with
loneliness, affirming observations of the vital role technology
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can play for immigrants in maintaining social and cultural
connections [11]. Subjective cognitive decline was also
associated with loneliness, perhaps a reflection of lower social
and technology engagement [50].

This study has implications for interventions, particularly among
populations with lower literacy. Both PEOU and PU are
modifiable factors and could be enhanced by offering digital
literacy training and support to new learners [43,51-53] or
tailoring user interfaces [54,55]. The relevance of technology
for the individual can be increased by demonstrating various
culturally relevant use cases for devices, such as connecting
with distant relatives, accessing health information, or enjoying
entertainment in one’s native language. In the Lighthouse Project
for Older Adults, the low-income housing providers made a
commitment to enhance technology use and offered the
technology, training, and support to encourage adoption. This
not only provided tangible support in the form of equipment
and training but also created a community of learners where
individuals could benefit from the experience of peers [32].
This is an example of how service providers can play a role in
potentially improving quality of life and reducing loneliness by
encouraging the adoption of technology.

Study Limitations
This study was partially limited by the use of a convenience
sample of participants who were interested in learning more
about technology, not a random sample. This potentially biases
the sample toward those with more positive attitudes toward
technology. Even with this bias, we observed variability in
perceptions about technology but did not capture the full array
of attitudes likely present in the population. In addition,
participants all lived in age-restricted affordable housing
communities. Therefore, our findings are not representative of
older adults living in multigenerational households. We removed
participants whose data were missing the dependent variable,
loneliness. We retained all other participants, yet 4%-7% of
responses were missing for items related to PEOU and PU.

Methodological considerations included minimizing participant
burden to maximize potential engagement with technology and

the most complete dataset. This required modifications to
measures, to accomplish parsimony and ease of administration,
potentially compromising psychometric properties. However,
our CFA indicated the adequacy of the measures for crucial
constructs, despite having fewer than 3 observations for each
latent variable in the case of PU.

EFA and SEM were limited by the inclusion of binary and
ordinal observed variables (eg, gender, Asian ethnicity, and
subjective cognitive decline). While this represents a
methodological weakness, these variables were included because
of their known importance to the constructs of interest.
Furthermore, we used the same dataset for all multivariate
analyses because of the early phase of understanding
relationships among our variables of interest, recognizing that
typically the confirmatory analysis should be conducted on an
independent sample.

Finally, many other factors potentially impact technology
acceptance among older adults, including social and health
factors, access to Wi-Fi and devices, and digital literacy training.

Conclusion
Despite the limitations, this study affirms the usefulness of the
TAM in understanding the dynamics of technology adoption
among a low-income Asian American population. At baseline,
there is considerable interest in technology, affirming its
relevance in the lives of older adults. The role of English
proficiency in ICT use warrants further exploration to identify
ways to increase equity and access for those who have another
primary language. The study further highlights the potential
role that technology could play in alleviating loneliness through
greater engagement with family and friends and the ability to
maintain cultural ties. Future studies could explore the most
effective ways to overcome resistance to technology, the most
meaningful ways to support novice users to adopt a new device,
and ways to increase the diversity of use once a user has become
comfortable with basic functions. While technology cannot
replace the human touch, it has the promise to improve
engagement and social connection among isolated, low-income
older adults.
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Abstract

Background: Malnutrition is a challenge among older adults and can result in serious health consequences. However, the dietary
intake monitoring needed to identify malnutrition for early intervention is affected by issues such as difficulty remembering or
needing a dietitian to interpret the results.

Objective: This study aims to co-design a tool using automated food classification to monitor dietary intake and food preferences,
as well as food-related symptoms and mood and hunger ratings, for use in care homes.

Methods: Participants were 2 separate advisory groups and 2 separate sets of prototype testers. The testers for the first prototype
were 10 community-dwelling older adults based in the Stirlingshire area in Scotland who noted their feedback on the tool over
2 weeks in a food diary. The second set of testers consisted of 14 individuals (staff: n=8, 57%; and residents: n=6, 43%) based
in 4 care homes in Scotland who provided feedback via interview after testing the tool for a minimum of 3 days. In addition, 130
care home staff across the United Kingdom completed the web-based survey on the tool’s needs and potential routes to pay for
it; 2 care home managers took part in follow-up interviews. Data were collected through food diaries, a web-based survey, audio
recordings and transcriptions of focus groups and interviews, and research notes. Systematic text condensation was used to
describe themes across the different types of data.

Results: Key features identified included ratings of hunger, mood, and gastrointestinal symptoms that could be associated with
eating specific foods, as well as a traffic light system to indicate risk. Issues included staff time, Wi-Fi connectivity, and the
accurate recognition of pureed food and fortified meals. Different models for potential use and commercialization were identified,
including peer support among residents to assist those considered less able, staff-only use of the tool, care home–personalized
database menus for easy meal photo selection, and targeted monitoring of residents considered to be at the highest risk using the
traffic light system.

Conclusions: The tool was deemed useful for monitoring dietary habits and associated symptoms, but necessary design
improvements were identified. These should be incorporated before formal evaluation of the tool as an intervention in this setting.
Co-design was vital to help make the tool fit for the intended setting and users.

(JMIR Aging 2025;8:e64661)   doi:10.2196/64661
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Introduction

Background
Diet is an important component of a healthy lifestyle, and it
remains one of the most common challenges among older adults
in the United Kingdom [1]. Malnutrition is also a prevalent
issue in this population. The World Health Organization defines
malnutrition as “deficiencies or excesses in nutrient intake,
imbalance of essential nutrients or impaired nutrient utilization”
[2]. Approximately 10% of those aged  65 years are
malnourished or are at risk of malnutrition in the United
Kingdom [3], a figure that rose to 25% of those aged  60 years
during the COVID-19 pandemic [4-6]. The prevalence of severe
malnutrition is reported to be as high as 45% in those living in
residential care homes [7] but may be worse because
approximately 70% of malnutrition in the United Kingdom is
unrecognized [8,9]. Malnutrition is strongly associated with
frailty, as well as functional and health decline [10-12]; thus, it
is important to monitor dietary intake and identify malnutrition
risk before symptoms are already evident. However, tracking
and understanding the impact of dietary intake is not easy. It is
possible for people to become malnourished if they do not eat
enough nutritionally rich foods for 2 to 5 days [6,13].

Malnutrition in older adults is commonly identified via the
Malnutrition Universal Screening Tool (MUST) [14], and when
individuals are classed as medium to high risk, it is
recommended to document food and drink intake for 3 days.
However, there are difficulties with self-reported food diaries,
which can be inaccurate due to recording error,
misremembering, and socially desirable responses. Additional
barriers include limited staff time in care homes and the need
for analysis and interpretation by a dietitian [15].

Computer-based tailored interventions may offer a solution
because there is evidence that they have positively impacted
dietary monitoring in the general population [16]. Automated
food classification is a rapidly advancing field of artificial
intelligence research that uses a computer source to identify
different foods from an image [17,18]. Creating new nutrition
databases or using or adapting existing databases means that it
is possible to infer detailed nutritional data from photos of food
[19]. Convolutional neural network algorithms are used to
identify food automatically from photos, and these are linked
to a nutritional database to calculate the calories in the identified
foods. Machine learning techniques can then be applied to
correlate dietary intake with important individual differences
such as food preferences, physical symptoms, and malnutrition
risk [20]. Automated food classification can consider the portion
size and regularity of food intake, which is crucial to monitor
in older people because this can significantly influence
malnutrition risk. Linking food intake to preferences and
symptoms through technology and artificial intelligence means
this information could be used to identify potential risks quickly
and accurately. This would provide care staff with information
to help monitor older people’s diet and decrease malnutrition
risk. Studies that have evaluated photo-based dietary assessment
tools have found measurement errors comparable to traditional
methods [21], and those that have found it a valid method have

focused on a younger population, reporting positive feedback
[22,23].

Objectives
Consequently, following the 6 steps for quality intervention
development (6SQuID) [24], we sought to co-design a prototype
tool with key stakeholders, which we refer to as a “digital
nutritional assessment tool.” We aimed to work with advisory
groups (AGs) and participants to develop the key features of a
prototype tool for monitoring dietary intake, map this onto food
preferences and symptoms, and test the prototype with
stakeholders. It is important to note that this study reports on
developmental research to identify the tool’s suitability, features
needed, and usability, rather than its efficacy at capturing and
estimating nutrient intake, which is part of the next stage of
development and testing. Its key objectives were to complete
the first two 6SQuID steps: (1) defining and understanding the
problem and its causes and (2) identifying which causal or
contextual factors are modifiable—which have the greatest
scope for change and who would benefit the most—using a
co-design and coproduction approach. This inclusive approach
was taken due to the wish for the resulting tool to have real-life
application and translation outside of the academic setting while
acknowledging the importance of specifying up front the
motivations of coproduction, what outcomes are required for
whom, and how these might be achieved [25]. This qualitative
approach to data collection is necessarily reflective and
conscious and has attempted to follow recently produced
resources as a guide to quality coproduction methods in health
research [26,27]. In this way, it positions end users as essential
to the research process; thus, it is collaborative and equitable
[27]. In this study, stakeholders were identified as older adults,
the tool software designers, dietitians, and ultimately care home
staff and residents themselves.

Methods

Recruitment
Participants consisted of 2 AGs and 2 separate sets of prototype
testers. Both AGs comprised different older adults and dietitians.
Care home staff as well as app and tool designers were
consistent across the 2 groups. The testers for the first prototype
were community-dwelling older adults and care home employees
recruited across Stirlingshire in Scotland. For care home testing,
the aim was to recruit 3 care homes, 2 staff members, and 4 to
5 residents in each care home. Care home staff and managers
were recruited via social media and Scottish Care newsletters
to complete a survey and semistructured interviews, respectively.

Study Design
The study used a co-design and coproduction approach [27] to
determine key components of the tool to be developed and used
through multiple iterations of usability feedback from older
adults, care staff, and dietitians. The tool was developed using
the information provided by the AGs in a collaboration between
the research team and the app developers, Game Doctor. The
development process involved AGs with key stakeholders in
the design process (phase 1); community testing and feedback
(phase 2); and care setting feasibility and usability testing, as
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well as consultation and data gathering with a wider group of
care home staff and managers (phase 3). This was a continual
process, with feedback resulting in a new build of the tool

prototype, to 3 builds. A summary of the timeline for the study
design and the different groups involved is shown below in
Table 1.

Table 1. Timeline and summary of the study design.

Phase 3Phase 2Phase 1

15141312111098765432Month 1

✓✓AGa 1

✓✓✓Testing

✓✓✓Survey

✓✓Interviews

✓✓AG 2

aAG: advisory group.

Procedure

Phase 1: AG Recruitment and Co-Design of Tool
According to the 6SQuID framework [24], the first step of
intervention development is “defining and understanding the
problem.” This was achieved through the creation of the first
AG (AG 1) with key stakeholders to develop ideas and identify
features that would be vital for a food recognition tool in the
care home setting. The study and AG role were advertised
through email to the Stirling 1000 Elders email list used by
ACW to recruit 2 older adults. A snowball technique was then
used to recruit key stakeholders working within nutrition and
care settings. Through this process, AG 1 with 6 key
stakeholders (older adults: n=2, 33%; care home staff: n=1,
17%; app developers: n=2, 33%; and dietitian: n=1, 17%) was
formed. The first session was run face-to-face and was used to
define and understand the problem (ie, the need for a food
recognition model for dietary monitoring and how artificial
intelligence could be used as a potential solution). In addition,
AG 1 members were asked to brainstorm key features that the
tool should include, such as the identification of symptoms
related to eating a particular food and potential rating scales to
assess mental and physical well-being after eating. AG 1 also
identified potential issues and challenges that would be faced
in using the tool with older adults in a health care setting
generally.

Feedback from this first AG 1 meeting provided the app
developers, Game Doctor, with information on which to base
the initial build of the tool and the 2 subsequent builds based
on later AG meetings. The LogMeal (AIGecko Technologies
SL, Artificial Intelligence and Deep Learning Food Division)
photo database used by the tool to identify the foods
photographed was selected in collaboration between the research
team and app developers based on a review of potential existing
services, considering the range of foods recognized and financial
costs. The first prototype was then developed by Game Doctor,
linked to the photo database, and demonstrated in a second
meeting of AG 1 for prototype testing and feedback before bug
fixing and independent feasibility testing.

Phase 2: Feasibility Testing of the Tool and Food Diaries
This phase was based on 6SQuID step 2: “identify which causal
or contextual factors are modifiable—which have the greatest
scope for change and who would benefit the most.” We recruited
10 community-dwelling older adults via email to Stirling 1000
Elders. Eligibility included owning an Android mobile phone
or tablet capable of downloading the tool. The older adults were
provided with a pseudonymized log-in ID for the tool and asked
to use it to record each meal over 2 weeks by photographing
their plate before and after eating. They were also asked to select
the foods present that were identified by the tool or to correct
any misidentified foods by entering what the foods circled in
the tool were. They could then also rate on a 5-point emoji-based
Likert scale their mood, level of hunger after eating, and the
presence of up to 7 further symptoms. The symptoms included
in the tool were based on feedback from AG 1 and included
tiredness, diarrhea, cramping, swallowing difficulties,
constipation or discomfort, and bloating. A written diary to
complete alongside using the tool was provided to participants
to indicate the contents of each meal and note down any
problems with using the tool and provide general feedback about
it. A third and final meeting of AG 1 was planned to discuss
the findings from prototype testing and give the members the
opportunity for further testing to provide feedback to the app
developer so that a third version of the prototype could be
developed. Due to difficulties in arranging a final meeting, AG
1 members were asked to use the tool for a week and then
complete a short web-based survey. The survey asked about
missing tool features and symptoms, strategies to support the
tool’s integration in care settings, and other populations that
would benefit from using the tool. This was then used as the
basis for discussions among members of the second AG (AG
2).

Phase 3

Overview

As the tool was intended for eventual use in care homes, phases
1 and 2 were repeated with AG 2, a newly recruited group of 4
key stakeholders (older adults: n=2, 50%; care home staff: n=1,
25%; and dietitian [also an older adult]: n=1, 25%). In addition,
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a new cohort of tester participants, including staff and residents,
was recruited through 4 care homes.

At the first AG 2 meeting, the members discussed version 3 of
the prototype and the challenges of its application in care homes.

Care Home Testing and Focus Groups

For testing, 8 care homes were contacted through existing
networks with information on the study and what was expected
of staff and residents. The lead researcher (JC) prepared an
introduction to the tool and led a separate discussion at each
care home on key features that care home staff and residents
wanted to see in this type of tool. Each care home then had
access to version 3 of the prototype for 2 weeks, and staff and
residents were asked to record food intake and food-related
symptoms. The care homes were given an Android tablet
preloaded with the tool that could be used to take photos of the
food. During this period, residents (n=6) were asked to take
photos of all foods they consumed, while staff members (n=8)
recorded food intake for other residents, across a minimum of
3 days, ensuring that each type of meal (breakfast, lunch, dinner,
and snacks) was recorded at least once. The photos were then
added to a timeline, and participants had the option to indicate
how hungry they felt after the meal using an emoji-based Likert
scale and click on any symptoms they were experiencing from
a list of common symptoms, which were then added to the
timeline. Participants also entered any verbal preferences and
indicated whether they needed support with eating.

After prototype testing, JC conducted semistructured interviews
with 5 participants (care home staff: n=4, 80%; and resident:
n=1, 20%) to obtain their feedback on the usability and
acceptability of the tool. Questions covered topics such as what
they liked about the tool, difficulties encountered with its use,
missing features (eg, physical or mental symptoms that should
be included), additional features that should be included, and
advice on the usability of the tool in practice (eg, who would
take the photos and whether there was enough time to use the
tool during a typical care home day). A second and final AG 2
meeting was convened to talk through the feedback from care
homes and suggest future directions.

Care Home Staff Perspectives Survey and Manager
Interviews

Concurrently with the care home testing, a web-based survey
was devised for care home staff that included 16 questions under
three headings: (1) “About you” (including job title,
organization, and time spent in the care sector), (2) “Nutrition”
(including questions about monitoring diet and dietary outcomes
in their care home organization), and (3) “Routes to integrate
tool.” Of the 16 questions, 6 (38%) were open ended. These
were included (under the appropriate headings listed previously)
to explore any care home–specific strategies or features that
would improve the integration of the tool. The survey was
designed to take no longer than 20 minutes to complete. This
included a 7-minute video on the web showcasing the tool and
its current features, which was required to be watched before
completing the survey.

A total of 130 participants (care home staff) were recruited
across Scotland via social media (ie, Twitter [subsequently

rebranded as X] and LinkedIn), emails to existing partner care
homes, and through Scottish Care. The inclusion criteria
included any worker from within a UK care home. The survey
was available through the advertising link, and, when clicked,
the individual was taken to the participant information sheet.

After the survey, semistructured interviews were conducted
with care home managers to explore the survey feedback and
assess how the tool would fit within their care homes. Care
home managers could sign up for these interviews via the last
question in the survey.

Data Analysis
This project used systematic text condensation [28] across the
different types of qualitative data collected. This is a descriptive
and explorative method for gathering themes across different
types of qualitative data, including interviews, observations,
and written text analysis. As such, it represents a pragmatic
approach that can turn total impressions of the overall chaos of
the data into themes with units of meaning that can then be
condensed and synthesized into descriptions and concepts.

Ethics Approval
This study was conducted in accordance with the Declaration
of Helsinki and approved by the General University Ethics
Committee of the University of Stirling (8857; September 7,
2023) for studies involving human participants. As a token of
thanks, the participants testing the app received £50 (US $63.32)
at the end, once the device had been returned. The feedback
provided on the tool was anonymized in terms of users but not
per care home. This was carried out in this manner to ensure
feedback could be related to the size and location of the care
home. Those who took part in the advisory group received £50
(US $63.32) per meeting they attended. For both the survey and
the follow-up interviews, participants implied consent by
clicking the provided link to take part in the survey.

Results

Participants
Participants consisted of 2 separate AGs (AG 1 and AG 2) and
2 separate sets of prototype testers. The testers for the first
prototype were 10 community-dwelling older adults and care
home employees based in the Stirlingshire area. Four care homes
responded about participating in the study. The care home testers
consisted of 14 individuals (staff: n=8, 57%; and residents: n=6,
43%) in 4 care homes across Crieff, Stirling, and Fife, differing
in size and type of organization (nursing care, older adults only,
mixed needs, and dementia specialty or general care).
Altogether, 130 individuals completed the web-based survey,
with 2 managers volunteering to take part in follow-up
interviews.

Phase 1: AG Recruitment and Co-Design of Tool
AG 1 members met with the research team for 2 hours on 2
occasions over the course of 1 year to design, test, and improve
the first protype. They also tested the final prototype and gave
feedback before testing in community-dwelling older adults.
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Game Doctor staff took part in all AGs and produced an initial
prototype in March 2022. Game Doctor. They suggested that
the 3-sprint model would work well for the development of up
to 3 builds of the initial prototype within the project timeline
and budget. At the first meeting of AG 1, key features for the
prototype were discussed, and priority was assessed. The need
for a food recognition model and key features it should have,

such as simple and quick food recognition, were noted. How it
would work in the care home environment, issues of data
security and consent, symptoms that needed to be included,
potential for a mood scale, and overall usability of the tool were
also considered. Priorities were summarized into a set of features
to be incorporated (Table 2).

Table 2. Key features identified through the advisory group, along with the priority level determined in collaboration with Game Doctor.

PriorityDescriptionIDFeature

HighFood tracking using off the shelf image recognition modelF1V1Food tracking via image recognition model

HighA way to create profiles for each patient or resident using the applicationF2V1Patient profiles

HighInput button to confirm that the model has recognized food accuratelyF3V1Correct food button input

MediumAbility of model or application to recognize plates as before or after mealF4V1Before or after plate recognition

HighManual input form to record symptoms and mood via a 5-point Likert scaleF5V1Manual input form

MediumAnalytics to track user use of prototypeF6V1Analytics

HighConsent form for users during testing of prototypeF7V1Opt-in or consent form

HighCentralized storage of resident data so multiple devices can access resident
data

F8V1Resident data storage

MediumNotifications or prompts such as push notifications to attract the user back
into the application

F9V1Push notifications

Next, Game Doctor produced a short video to guide participants
on how to download the tool and use its initial features (ie,
taking photos of plates of food before and after meals, logging
symptoms via tick-box selections, and recording mood using a
face emoji scale). The basic initial prototype was presented at
the second meeting of AG 1. Game Doctor provided a
walk-through of the basic prototype and presented different
food recognition models Game Doctor. LogMeal was chosen
as the food recognition model provider due to the size of its
database and the accuracy of food recognition (refer to Table 3
for the models compared). This meeting lasted twice as long as
the first session to allow for Game Doctor to talk through the
functions of the tool and food recognition model, for the group
to try it and test with singular foods, and then test with mixed

foods over a restaurant meal. The prototype was tested by taking
photos of fruits and vegetables after Game Doctor’s presentation.
Food in different presentations and textures was provided on
plates for testing with the tool. Basic feedback was given when
the group tested the tool with whole meals during dinner, with
participants providing feedback on its usability. Other features
identified to enhance the tool included having an “after” photo
to calculate food eaten; adding an element to note whether food
had been fortified (eg, high fat or additional protein added);
including additional relevant medical conditions; and keeping
the tool simple by, for example, using a tick-box approach and
having symptom recording options appear when the “after”
photo is uploaded.

Table 3. Different food recognition models available that could be integrated into the tool.

PricingProvider

Free for academic projectsClarifai

Depends on projectLogMeal

To be confirmedFoodAI

To be confirmedBiteAI

To be confirmedCalorie Mama

Key design issues noted in feedback included the positioning
of the “confirm” screen, which sometimes overlapped the photo
taken; how to enter a food if the database does not recognize it
and provide a correct option; whether the highlighting circles
link to each food on the plate; how to cancel the recognition
system if there is an error in recognizing a food; and how plate
size would be distinguished to calculate nutrition from different
portion sizes. Important features discussed as being needed in
the next build, based on feedback from using the tool, included

(1) the ability to select resident ID and room number; (2)
“before” and “after” photos; (3) adding a food fortification
button to indicate the addition of butter, cream, protein powder,
and so on; (4) having tick boxes for various symptoms that can
be personalized to residents and structuring the page to follow
the “after” photo or providing an option to enter symptoms later;
(5) plate size option; (6) the option to add medical conditions
to the user profile; and (7) having the symptoms page appear
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right after the second photo, including options to indicate
fullness, mood, swallowing difficulties, and so on.

Phase 2: Feasibility Testing of the Tool and Food
Diaries
The next phase of the project involved further testing and
feedback by users in their home settings. We recruited 10
community-dwelling older adults to test the tool for 2 weeks.
Of the 10 participants, 9 (90%) managed to use the tool, while
1 (10%) had difficulty downloading it and withdrew from the
study. Of the 9 participants, 8 (89%) used the tool for the full
2 weeks, while 1 (11%) used it for 1 week. Each day, they
documented their food intake and any difficulties encountered
with the tool in food diaries. In addition, members of AG 1
tested the tool in free-living conditions over 1 week and
submitted comments about their experience through a brief
web-based survey. The findings from the diaries and survey
covered 3 topics: symptoms, features, and populations.
Regarding symptoms, it was noted that the tool monitored a
good range of symptoms specific to the target group; however,
there were suggestions to include additional symptoms, such
as thirst, confusion, and anxiety. Regarding features, it was
reported that the tool was easy to use when it connected well
with the food recognition model. Most of the group said that
they did not feel that any key features were missing, although
they noted that testing in care home settings would help identify
site-specific needs. Suggested features included an “empty plate”
button and a directory of foods. As for other populations and
settings that might benefit from the tool, the survey responses
highlighted community care, patients with dementia, family
carers, and hospitals.

Phase 3

Overview
At the first meeting of AG 2, members suggested that care
homes would face unique challenges in using the tool, different
from those within the community. These might include potential
difficulties in recognizing pureed food, fortified meals, or
culturally specific foods (eg, haggis), residents with cognitive
impairment not being able to use the tool, and the possibility
for staff or visitors to assist with tool use. It was decided that
we would trial the tool across a range of care homes with
residents of varying abilities to gain direct feedback on these
issues.

Care Home Testing and Focus Groups
The prototype was tested in 4 care homes with 8 staff members
(n=2, 25% in each home) and in 1 care home with 6 residents
(older adults: n=4, 67%; and younger adults [aged 54 y and 58
y] with learning disabilities: n=2, 33%). Of the 4 care homes,
3 (75%) did not recruit older adults for the testing due to the
cognitive functioning status of their residents who would not
be able to use the tool; therefore, the staff members used it
themselves. The 6 residents who were recruited all tested the
tool themselves. The staff recruited had from 6 months to 20
years of experience of working in the care sector. The older
adults recruited were aged between 78 and 84 years and had
lived in the care home for at least 6 months. After prototype
testing in the care homes, the semistructured interviews with
staff (4/8, 50%) and residents (1/6, 17%) identified (1) the pros
and cons of using the tool in their care home, (2) how it can be
adapted to enhance its usability, and (3) common symptoms
reported in the tool. The resident who tested the tool was 1
(50%) of 2 younger residents with learning disabilities (aged
58 y). The main outcomes from these interviews are displayed
in Textbox 1.
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Textbox 1. Themes emerging from semistructured interviews with care home staff and residents.

Key design issues

• Wi-Fi issues slowed down the uploading of data

• Tool struggled to recognize pureed food

• Camera picked up patterns on plates as food

• Design features are needed to speed up the process

Key features

• Staff would prefer photo profiles of residents instead of names

• International Dysphagia Diet Standardization Initiative framework [29] and Malnutrition Universal Screening Tool [14] malnutrition risk score
should be built in

• Traffic light system approach to identifying risk

• Self-choose whom to measure option

• Empty plate button

• Monitor fluid intake too

• Pureed food and fortification recognition is essential

• A notification or prompt system as a reminder

Positive feedback

• Recognized food well

• Residents liked monitoring their own food intake

• Enjoyed playing around with the tool and learned how to use it quickly

Key Design Issues and Usability
All care homes reported difficulties in using the tool when the
home Wi-Fi connection was poor:

We had connection issues and found the app to be
very slow or would freeze-could there be an easy
offline system to use throughout the home that would
automatically upload when a strong wifi connection
was made? [Staff, care home 2]

All care homes reported slow uploads, with the tool freezing;
therefore, participants had difficulty clicking on the foods on
the screen. This then led to slower identification of foods and
a slow search for foods that were not identified, highlighting
the need for features that would speed up this process.

A resident who was using the tool revealed that they did not
have these issues because they just saved the photo to upload
later when their Wi-Fi connection was stronger:

I found the tool easy to use, wifi is terrible here so I
just waited until the signal was stronger and uploaded
the photo then. [Resident, care home 2]

Staff members expressed concern that if they did not upload
photos and ratings immediately, they would not be able to do
so later due to a change of shift or being given another role or
task within the home. Furthermore, choking was identified as
a major concern in all participating care homes, and many of
the residents were on a pureed diet. The tool struggled to
recognize pureed foods, highlighting the need for better pureed
food recognition or an alternative solution:

A number of our residents are on pureed diets or we
add thickening agents (which contain calories) to
some of their foods, the tool could not properly detect
it, although funnily enough we use molds shaped like
the foods and it could sometimes pick that up. [Staff,
care home 1]

Staff members also wanted to add a measure of swallowing
difficulties to the tool, which would link to food intake and the
International Dysphagia Diet Standardization Initiative (IDDSI)
framework [25]:

Having a feature and notes in IDDSI, malnutrition
risk and fortification is really important for us and
our residents. [Staff, care home 4]

The current version did not link a swallowing difficulties feature,
but adding this would encourage care homes to change the
texture of the food.

Finally, when photos were taken of plates, the food recognition
function of the tool sometimes misidentified the design patterns
on the plate as food:

The plate was empty but it was saying the patterns
were food and giving it a value. [Staff, care home 3]

However, the more the tool was used, the less this became a
problem because users worked out how to delete the circle
around the patterned part that was misidentified as food. In
addition, continued use improved the tool’s accuracy through
machine learning, reducing misidentifications over time.
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Key Features Missing From the Tool
Regarding features needed in the tool for the care home setting,
all homes reported the need for a resident profile instead of the
current name function, which takes users straight to the diary:

We need a profile with the resident’s picture which
we choose from to quickly find the resident—we have
a few residents with the same name. [Staff, care home
2]

Staff members wanted to be able to upload a photo of each
resident to click on instead of selecting a name, which would
take them directly to the resident’s profile. This profile would
incorporate relevant information about the resident such as
weight, changes in weight, issues with previous foods such as
stomach problems or swallowing difficulties, risky foods and
allergies, IDDSI [29] and MUST [14] scores, medications that
may affect diet, and a category for food monitoring (high risk,
medium risk, or low risk). Having the malnutrition risk score
assessed via the tool and keeping track of IDDSI scores was a
high priority for staff. These features would support staff,
particularly new staff who are less familiar with a resident, in
ensuring that the correct food is provided:

Choosing the picture would help with our new staff
or our bank staff to recognize the resident, we have
quite a high turnover here so a photo would quicken
the recognition process. [Staff, care home 4]

The profile would be accessed, leading to the diary, and a
warning signal would be produced when a picture is taken to
highlight risky foods for that resident. This was suggested as
an important future feature:

If the tool was able to actually warn or prompt staff
of certain foods it would really support our staff-we
have a lot of residents here who have allergies or are
choking hazards so it would support staff unfamiliar
with these residents when giving them their meals.
[Staff, care home 2]

A key concern for care home staff using the tool was the time
it would require to take the photo and deliver a meal to the
resident while it was still hot. Some homes had 80 residents,
and staff would not be able to monitor everyone in addition to
their other duties. Upon further discussion, a traffic light system
was suggested:

Having something like a traffic light system for overall
nutrition risk of the resident as well as risk of the food
would be brilliant. We could then monitor our resident
over time and give more detailed reports when the
dietitian came to who was priority. [Staff, care home
3]

This would be a system that would categorize individuals as
green (does not need regular monitoring), amber (needs
monitoring but is not of major concern), and red (needs
monitoring and may need observation or support with eating
due to key issues such as swallowing difficulties or choking
concerns). Care staff also wanted to be able to choose which
residents to monitor because this would help reduce the time
spent using the tool by prioritizing residents who needed

monitoring the most while eliminating those who did do not
require it.

Given concerns over staff time, methods to speed up the tool’s
use were highlighted as essential components to integrate. One
suggestion was allowing staff to self-select individuals they
needed to monitor based on their own experience of who needed
support the most:

We know our staff well, we know who has problems
when it comes to eating, and we know who to
highlight to our manager, if we could choose who to
monitor and have the tool to support our statements
it would help. [Staff, care home 1]

Another suggestion was to add an “empty plate” button:

Being able to just even say they ate everything would
really help. [Staff, care home 4]

This would eliminate the need for a second photo. A
“half-finished” button was also suggested; however, it was
highlighted that this could lead to users not knowing what parts
of the meal had been eaten, resulting in an inaccurate estimate
of nutritional intake:

Being able to click that they ate half would quicken
things up, but saying that, we have certain residents
who only eat their meat and leave their veggies.
[Staff, care home 2]

Having a database with preexisting photos based on current care
home menus was identified to speed up use of the tool, with the
staff only needing to take an “after” photo. Another suggestion
to expedite the process was to work with the care homes to
integrate their menus into the tool. Of the 4 care homes, 3 (75%)
reported a 3-week menu that could be incorporated, and staff
would pick from preassigned photos of each meal rather than
take “before” photos of all meals. They would then only need
to capture “before” photos for individuals with smaller portions
or meal modifications (eg, substitution or fortification).
Afterward, staff would take “after” photos of unfinished plates,
using an “empty plate” button for completely finished meals.

Care staff mentioned the importance of monitoring fluid intake
as well as food consumption. Linking fluid intake to bathroom
breaks and urinary tract infection diagnoses would motivate
staff to provide better fluid care for residents:

If we could monitor what they are drinking and then
when we take them to the toilet, particularly during
the night, it would be really useful so our staff can
monitor who hasn’t drank in a while. It would be even
better if the tool could tell us when to stop giving them
liquids or if certain liquids made them need more, to
prevent them needing at night time. [Staff, care home
3]

Staff felt that it would be useful to build a feature into the tool
that gave personalized fluid feedback and indicated when best
to give out fluids, the best type of fluids to give, and whether
there should be any time restrictions to ensure the best level of
hydration for each resident.

Given that most residents were on restricted diets—some
requiring pureed food due to swallowing difficulties and others
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needing fortified meals—having these dietary modifications
recognized by, or incorporated into, the tool was deemed
essential. Staff identified taking multiple photos as the only
feasible solution that would still provide accurate nutritional
information. This process would involve taking (1) a photo
before pureeing, (2) a photo of the pureed meal, and (3) a photo
after consumption. At the second meeting of AG 2, it was
confirmed that further discussions with app developers would
be needed to determine the quickest and most accurate method
for implementing this approach.

Residents who tested the tool suggested having a notification
or prompt system to remind them to use it. They mentioned that
they sometimes forgot to log their food intake and became upset
when they missed the opportunity to do so:

I eat at different times to the other residents, and was
worried I wasn’t allowed to use it out with mealtimes
so I sometimes forgot to take pictures. This was
annoying as I really enjoyed using the tool. Will I still
have access to it? [Resident, care home 2]

Residents reported that being able to set their own prompts or
notifications would be beneficial. However, staff did not share
this preference because they felt that they themselves would
remember to use the tool at mealtimes as part of their work
routine. The only instance in which staff considered a prompt
system useful was for alerts warning them if a resident’s meal
contained an allergen or had previously posed a choking risk.

Care Home Staff Survey and Interviews
Altogether, 130 individuals working in the care industry
completed the survey. Most of the respondents were health care
staff working in a care home (62/130, 47.7%), followed by care
workers (25/130, 19.2%), support staff (19/130, 14.6%), and
managers (9/130, 6.9%). Of the 9 managers, 2 volunteered to
participate in the postsurvey interview. Of the 130 respondents,
60 (46.2%) had worked in the care industry for >5 years, while
30 (23.1%) had worked for <2 years. When asked how they
monitored residents’ diets, most (114/130, 87.7%) did not
provide specific examples or measurable approaches used in
their care homes. Many mentioned menu planning, staff training,
and nutritional analysis but without detailing the methods or
explaining how food intake was tracked for each resident.
Among those who provided examples, methods included written
reports (9/16, 56%), diet diaries (4/16, 25%), and computer
platforms (2/16, 13%). When asked about additional symptoms
that they felt were important to monitor in residents but were
not available in the current version of the tool, the most
commonly mentioned were hunger (45/130, 34.6%), mood
(41/130, 31.5%), and swallowing difficulties (39/130, 30%).
However, these symptoms were already included in the tool but
may need to be more visually prominent and not limited to being
reported only after meals. Other suggested symptoms included
tiredness and pain. When asked which features they felt should
be added that were not available in the current version, the most
common responses were profiles that use photos to identify
resident rather than just their name (42/130, 32.3%), a traffic
light system (36/130, 27.7%), and integration of IDDSI and
MUST scores (36/130, 27.7%). Additional suggestions aligned
with feedback from individual care homes, including a regular

weigh-in section and fluid intake monitoring. These suggestions
were discussed at the second meeting with AG 2, focusing on
developing a basic version of the tool that meets general needs
across care homes, with the option for individual care homes
to add personalized features if deemed essential, provided they
were willing to cover the additional cost.

The survey data were supported by the interviews with care
home managers. Both managers reported using multiple methods
to monitor residents’ diets, although these were not always
consistent across staff members or health professionals. They
noted that having an app capable of tracking diet, identifying
malnutrition, and monitoring associated symptoms would help
standardize care across residents and life situations. The
managers agreed that such a tool would allow dietary monitoring
beyond the care home, including when residents were out with
family or hospitalized, ensuring that symptoms could be
monitored during these periods. A traffic light system that was
visible to staff but not residents was considered highly important
to ensure close monitoring of only residents who needed it. The
managers were enthused about the tool and using it as part of
care but had some concerns. They were worried about the time
required to take photos and monitor symptoms, but when
prompted during the interview, they came up with strategies
themselves to speed up the process. Both managers expressed
concerns about the cost of the tool and its uptake. While they
acknowledged the tool’s value, they noted that traditional paper
methods were more economical unless the tool provided clear
value for money. When discussing ways to make this feasible,
they suggested (1) making it free for National Health Service
(NHS) users, (2) implementing a tiered fee structure for access
to different tool features, (3) generating revenue from external
users to help subsidize the costs for care homes, and (4) finding
funding to support its implementation in care homes.

Discussion

Principal Findings
We co-designed a prototype tool that enabled users to take
photos of food plates using Android phones or tablets and link
foods to a variety of chosen symptoms and mood ratings. The
prototype was then tested in care homes. While the ultimate
version of the tool would also calculate nutritional intake from
the photos, the aim of this study was to co-design the tool to
maximize usability. The co-design involved older adults, care
home staff, dietitians, app developers, and researchers. The
repeated design and test approach ensured that the prototype
was co-designed with AGs, with participants’ feedback used to
make incremental improvements before testing whether the
suggested features were usable and integral to the overall
objectives of the tool. This agile methodology implemented by
Game Doctor allowed for rapid prototyping and testing of each
of the 3 builds by end users. Testing in the community and later
in care homes revealed what worked well and what needed
updating as well as features that should be included to make
the tool specifically suitable for use in care home environments.
This collaboration with end users was vital to developing a tool
suited for diet and symptom monitoring in care homes.
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Care home staff and residents provided feedback on how to
ensure that the tool could be implemented in their care home
and were very positive about using it overall, although it should
be acknowledged that this may have been influenced by the
relative experience of the staff. However, the range of
experience across the testers gives us confidence that we have
captured a range of views. All participants emphasized the tool’s
value in supporting staff; facilitating quicker diagnosis of
dietary-related symptoms; and enabling earlier detection of
malnutrition, which is an important issue in care homes [7].
They reported that they would not need to monitor every resident
or use every aspect of the tool but that it would be very valuable
to use and could additionally form part of their marketing
approach to attract residents.

Care home staff and residents suggested several important
features and ways to increase usability. Priority features that
will be integrated into future design are enhanced resident
profiles with a traffic light system, integration of IDDSI [29]
and MUST [14] scores, and recognition of pureed food and
fortified meals. Traffic light systems have been found to be
successful in dietary monitoring previously by encouraging
users to choose lower-calorie alternatives [30]. A similar
approach could be applied to identifying “safe foods” in the
current targeted group. This would circumvent the need for diet
diaries and bringing in a dietitian to interpret data [15],
potentially accelerating the recognition of malnutrition with the
addition of a nutrition calculator and other tool features to enable
appropriate actions to be taken before hospitalization becomes
necessary. Previous tools [22,23] that have used photo-based
dietary assessment have found this to be a valid, feasible, and
user-friendly approach to monitoring dietary intake. However,
these tools have focused on younger populations, who may have
different dietary requirements and greater familiarity with
technology compared to the current target group.

Regarding wider use across care homes and potential methods
of commercialization, the care staff survey and manager
interviews indicated a preference for the tool to be free for NHS
users. This would support its adoption across services and ensure
that those who most needed it could fully benefit from its
features. Finding funding from the local council or government
or having the cost subsidized by nonresident users was brought
up as another way to keep costs low or eliminate them for care
homes. Managers suggested that even staff members interested
in using the tool for their own dietary monitoring could help
subsidize costs. When discussing payment for the tool, managers
remained positive about using it, provided it was not too
expensive, which would divert funding from other activities.
Their preference was to pay an annual fee that would give them
access to the tool, including updates and maintenance support.
A tiered fee structure was also suggested, where costs would
increase based on the number of features accessed. Although
the managers would prefer the tool to be free, they were still
keen to use it even if it was associated with a small fee. The
global revenue for nutrition apps was projected to reach US
$5.4 billion in 2024, with an expected annual growth rate of
11.2% [31]. This highlights the popularity of dietary monitoring
and the importance of working with care home organizations
to develop a financially feasible model for the tool.

Co-design between end users, the tool developers, and the
research team was integral to this tool’s production. As previous
tools [22,23] and reviews of image-assisted dietary assessment
methods [32] have focused on younger populations, it was
essential to involve older adults in the codevelopment process.
The feedback gathered played a crucial role in shaping the tool’s
functionality and features, ensuring that it was suited to the
intended environment and users. This emphasizes the importance
of co-design and coproduction in this type of research and
innovation [27]. Applying the 3-sprint approach to design
enabled a continual process of refinement, resulting in the
production of a tool created by and for older adults and staff in
care homes. Without this iterative process, the research team
could have estimated which features might be important for
users in care homes, but direct lived-experience evidence was
essential to verifying whether these were the right features to
incorporate and ensuring the tool’s feasibility for the intended
end users. However, despite this inclusive approach to ensuring
that the tool incorporated the most important features for the
setting, several technical improvements are still needed, along
with the integration of new features; for example, because this
study focused on co-design and feasibility testing, it is not yet
clear how well the tool scores in terms of the accuracy of food
recognition, and further testing, as well as comparison to similar
tools, will be needed to ensure that this critical aspect performs
well. Future versions would need to use a specially trained
model that is linked to known menus; this should improve food
recognition substantially. Other tools have reported mixed
accuracy estimates, ranging from 9% to 63% [33]. One
advantage of our tool is that it allows manual corrections or
direct entry of specific foods and can be directly linked to a care
home’s menu plan to increase the accuracy of food recognition.
Many similar tools have been criticized for their inability to
accurately assess the quantity of food eaten [33]. Our tool
addresses this limitation by incorporating “before” and “after”
meal photos, enabling it to calculate the actual amount consumed
rather than just identifying the food on the plate. Future research
is needed to evaluate food quantity estimation as well as food
recognition performance. However, the tool has the potential
to simplify and speed up malnutrition recognition and dietary
monitoring in later life among older adults, who are at higher
risk than younger populations.

Limitations
This study is not without limitations. While the use of co-design
and coproduction ensured that the tool included relevant features
suited to its intended setting, our testing sample lacked diversity.
All care homes recruited were private rather than council funded,
and all AG members and tool testers were of White British
origin. However, this reflects the typical ethnic composition of
the Scottish population [34], and there was diversity in terms
of gender, age, occupation, and specific care home site across
participants. Future research would benefit from recruiting more
diverse samples, including participants from both council-funded
and private care homes, as well as recruiting across a range of
geographic locations, including inner-city areas where
communities are more ethnically diverse. A second limitation
was the specific database used, which was developed in Spain
and optimized for a more European-style diet. As a result, it did
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not include many foods commonly consumed in Scotland and
misidentified some foods as typical Spanish dishes (eg, paella).
However, a future direction for this research is to create a
bespoke database of food consumed in Scottish care homes as
well as exploring the possibilities of working with individual
homes’ menu planners to create a tool specific to each home.
This approach could be fundamental to the economic model for
maintaining and continually updating the tool as a way of
charging for a bespoke service rather than tool use in future,
allowing us to provide the tool free in other settings, such as
the NHS. One limitation of the co-design and coproduction
methodology was the diversity of feedback regarding the tool
and its usability and key features. While some care homes
wanted enhanced features, such as malnutrition risk scores, a
traffic light system, and fluid measurement with urinary
continence tracking, others preferred to keep the tool’s functions
simple to enable ease of use. Further discussions clarified that
the enhanced features could be optional, tailored to individual
care homes’ needs, and potentially cost associated, which
eliminated the contradictions in the feedback.

Future Directions
Building on the outlined future directions, the next steps for
this research project are to incorporate the care home feedback
into the next build of the tool to ensure its suitability for care
homes. To do this, we plan to apply steps 3 to 6 of the 6SQuID
framework [24], test the tool in a more diverse sample of care
homes, link it to a specially developed database of food photos
reflecting the typical Scottish care home diet, and explore
cost-effectiveness options and sustainability strategies to ensure
that the tool remains up to date.

Conclusions
This journey through the co-design of a digital food recognition
tool has revealed both its considerable potential and areas for
further design improvement and feature enhancement. As we
progress toward further prototype refinement and wider testing
in diverse care home settings, the feedback and
recommendations from this project will guide our approach,
ensuring that the tool is practical, feasible, and robustly designed
to comprehensively monitor diet and identify malnutrition risk
and food-related problematic symptoms in older adults in
residential care homes.
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Abstract

Background: Due to the progressive nature of dementia, concerns about the safety of nursing home residents are frequently
raised. Surveillance technology, enabling visual and auditory monitoring, is often seen as a solution for ensuring safe and efficient
care. However, tailoring surveillance technology to individual needs is challenging due to the complex and dynamic care
environment involving multiple formal and informal stakeholders, each with unique perspectives.

Objective: This study aims to explore the scientific literature on the perspectives and values of stakeholders involved in applying
surveillance technology for people with dementia in nursing homes.

Methods: We conducted a scoping review and systematically searched 5 scientific databases. We identified 31 articles published
between 2005 and 2024. Stakeholder characteristics were extracted and synthesized according to the theory of basic human values
by Schwartz.

Results: In total, 12 stakeholder groups were identified, with nursing staff, residents, and informal caregivers being the most
frequently mentioned. Among stakeholder groups close to residents, values related to benevolence, security, conformity, and
tradition were most commonly addressed. Furthermore, values such as self-direction, power, and achievement seemed important
to most stakeholder groups.

Conclusions: Several stakeholder groups emphasized the importance of being and feeling involved in the application of
surveillance technologies. In addition, they acknowledged the necessity of paying attention to stakeholders’ perspectives and
values. Across these stakeholder groups, values related to benevolence, security, and self-direction were represented, although
various stakeholders assigned different meanings to these values. Awareness of stakeholders’ perspectives demands a willingness
to acknowledge each other’s values and bridge differences.

(JMIR Aging 2025;8:e64074)   doi:10.2196/64074
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Introduction

Background
Globally, people are living longer. Every country in the world
expects growth in the number and proportion of older persons
[1]. As the population ages, diseases such as dementia are
diagnosed more often because age is their strongest known risk
factor [2,3]. Dementia is a major cause of disability and
dependency, affecting cognitive abilities and behavior, leading
to an inability to signal when help is needed, which is associated
with safety concerns [3,4]. Compared with 2015, the number
of people affected with dementia will triple by 2050 [3].

In several countries worldwide, the number of care professionals
is insufficient to meet the growing care demands [5]. In addition,
global shortages of skilled care professionals will increase due
to the aging workforce [6,7]. To meet the increasing care
demands, documents from the Netherlands government show
that by 2024, 1 in 4 employees should work in the health care
sector, a figure that should rise to 1 in 3 by 2060 [8,9]. One of
the proposed solutions to this challenge is allowing people with
dementia to live at home as long as possible. However, due to
their increasing care demands, a need for long-term care (LTC)
facilities providing high-quality intensive dementia care will
continue. Studies in different countries worldwide indicate that
approximately 30% to 40% of people with dementia will
eventually need a care environment in nursing homes [10-12].
The Netherlands is known for its high percentage of residents
receiving end-of-life care in nursing homes, which makes
nursing homes the most frequent place of death [13].
Consequently, there has been a large increase in health care
expenditures for the population with dementia, especially in
LTC facilities [12].

One recommendation to address these societal challenges in
home care and nursing homes is to foster investment in health
technologies that contribute to sustainable and high-quality care
for people with dementia, such as assistive and innovative care
technologies [3,14,15]. Care technologies can delay or replace
admission in a nursing home and reduce the workload of nursing
staff and informal caregivers in community care and nursing
homes [16,17]. There are different types of care technologies.
One is surveillance technology, which allows visual and auditory
monitoring and registration of events, including residents’
activities. Surveillance technologies include tagging and tracking
technology, sensors, and audio and video surveillance [18,19].
Surveillance technologies are increasingly focused on supporting
autonomy and respecting privacy while enhancing safety and
individualized care for people with dementia [7,20-23].

Surveillance technologies are often regarded as a solution for
ensuring safe and efficient health care, including in nursing
homes [14,19,20]. These technologies have the potential to
provide high-quality care and relieve nursing staff as staff
shortages increase [7]. Due to the potential benefits of using
surveillance technologies for quality of life and care, general
attitudes toward these technologies have become more positive
[16]. Nonetheless, surveillance technologies can affect privacy,
autonomy, and freedom of movement [16,20,21]. Therefore,
the use of these technologies should comply with regulations

governing privacy and involuntary care, including requirements
for subsidiarity, proportionality, and expediency. In addition,
the use of surveillance technologies has to be justified in the
care plan [24-26].

The application of surveillance technologies for people with
dementia living in nursing homes is complex in practice.
Successfully implementing care technologies, including
surveillance technologies in psychogeriatric nursing homes,
appears to be challenging as it involves more than just
implementing a technological application successfully used
elsewhere [27]. One of the greatest challenges in implementing
care technologies such as surveillance technology seems to be
integrating technology into the care process. Surveillance
technologies affect residents and other primary stakeholders,
such as residents’ representatives and formal caregivers [16,28].
The involvement of these primary stakeholders, also known as
end users, and secondary stakeholders such as managers,
information and communication technology (ICT) employees,
developers, and vendors of surveillance technologies is
necessary to increase stakeholder commitment [28].

Early involvement of relevant stakeholders increases the
likelihood of successful implementation [29]. A prerequisite
for their involvement is knowing and acknowledging
stakeholders’ cultures, perspectives, and interests [29]. Given
the broad spectrum of stakeholders involved in applying
surveillance technologies for people with dementia in nursing
homes, there is a great diversity of backgrounds, resulting in
differences in values and interests [27,30]. Values represent
what is (most) important to people and direct their attitudes,
behaviors, and actions [31,32]. Differences in stakeholder values
and interests can complicate the creation of support among
stakeholders [30]. In addition, dealing with different perceptions
and values among a range of stakeholders is a major challenge,
further exacerbated by a limited understanding of stakeholders’
values [33]. Therefore, a knowledge of these values can help
explain decision-making processes, attitudes, and behaviors of
persons or groups in different contexts [31,34,35].

This situation necessitates exploring the stakeholder groups that
are involved in implementing surveillance technologies, and
their respective values. Nursing staff and informal caregivers’
attitudes toward using surveillance technologies [18,36] and
their ethical dilemmas when using surveillance technology in
psychogeriatric nursing homes have been explored [23,36-38].
For example, Rostad and Stokke [39] noted the high complexity
of the LTC setting, involving “wicked problems,” such as many
and changing stakeholders, competing interests, and
disagreements regarding the nature of problems. However, it
remains unclear what these competing interests consist of. In
addition, little is known about the variation in the perspectives
and values of the stakeholders.

This Study
To the best of our knowledge, no literature review has been
conducted to explore the stakeholders involved, their
perspectives, and values in the application of surveillance
technologies for people with dementia living in nursing homes.
Therefore, this scoping review aimed to explore which
stakeholders are described in the scientific literature concerning
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surveillance technologies for people with dementia in nursing
homes. In addition, we seek to identify what is known about
these stakeholders’ values.

Methods

Overview
We conducted a scoping review to systematically explore, map,
and synthesize the characteristics of stakeholders involved in
applying surveillance technology for people with dementia in
nursing homes and identify existing knowledge gaps. The
PRISMA-ScR (Preferred Reporting Items for Systematic
Reviews and Meta-Analyses Extension for Scoping Reviews)
checklist was used as a guideline for this review [40]
(Multimedia Appendix 1). The corresponding steps were
followed [41]: (1) identifying research questions; (2) identifying
relevant literature in databases; (3) selecting the literature; (4)
charting the data; and (5) collating, summarizing, and reporting
the results.

Identifying the Research Questions
The research questions formulated were as follows: (1) Which
stakeholders are involved in applying surveillance technology
for people with dementia residing in psychogeriatric wards in
nursing homes? and (2) What is known about the values of these
stakeholders?

Identifying Relevant Literature
We believed that articles of interest had been published in
psychological, health care, medical, nursing, and technological
journals. Therefore, we conducted a literature search using the
following databases: MEDLINE, CINAHL, PsycINFO, ACM
Digital Library, and IEEE Xplore. Search terms encompassed
the LTC setting and the use of surveillance technology for
people with dementia. A search string for each database was
developed and programmed with the help of an information
specialist (Multimedia Appendix 2). A search was first
performed in April 2022 and fully updated in August 2023 and
December 2024.

Studies were eligible for inclusion if surveillance technology
was applied to people with dementia in nursing homes or a
comparable 24×7 LTC setting. The use of surveillance
technology was evaluated or monitored using qualitative,
quantitative, or mixed methods designs. Furthermore, studies
had to be peer reviewed, written in English or Dutch, and
published between 2002 and 2023. The year 2002 was chosen
because it was then that literature on the implementation of
surveillance technologies became increasingly prevalent. In
addition, studies had to mention the stakeholders who were
involved in the process of applying surveillance technology.
Studies mostly focusing on assistive technologies, such as
automatic lights, or supportive technologies, for example,
medication dispensers, health care apps for managing chronic
diseases, etc were excluded. Studies conducted in an
experimental or laboratory setting and nonoriginal research,
such as scoping reviews and systematic reviews, were excluded.

Literature Selection
First, duplicate studies were removed. Title screening was
performed by one of the authors (DvG-R), and in case of doubt,
one of the other authors (AS) was consulted. Two authors
(DvG-R and AS) independently screened abstracts using the
literature review management tool Rayyan (Rayyan Systems
Inc) [42]. The full text of articles considered eligible by both
authors was reviewed for relevance. In all the selection steps,
the results were compared and discussed until a consensus was
reached. In case of doubt, the third author (EW) was consulted.

Charting the Data
A format for further data extraction was agreed upon and
included the title, authors, year, country, aim, study design,
method of data collection, study population, sample size, setting,
technology type, an overview of the results per identified
stakeholder, and limitations for this scoping review. Using this
format, 2 authors (DvG-R and AS) independently reviewed 10
(32%) of the 31 included articles. When the reviews were
compared, only minor differences were found. The remaining
articles were reviewed by DvG-R, who consulted one of the
two other authors (AS or EW) when appropriate. When no
consensus about data extraction was reached, the other author
(EW or AS) was consulted.

Collating, Summarizing, and Reporting the Results
We categorized the findings from each article per stakeholder
group in data extraction forms. Subsequently, an overview of
results per stakeholder group was compiled. Through an
inductive process, we categorized our findings into frequently
mentioned words, such as acceptance; privacy; safety; freedom
of movement; person-centered care; quality of life;
quality-of-care characteristics; technology characteristics; and
resident characteristics, involvement, concerns, and their values.
The findings were linked to human values to deepen an
understanding of stakeholders’ perspectives. Describing and
defining values is considered complex, and analyzing them is
an even greater challenge [43]. Therefore, we used the theory
of basic human values by Schwartz et al [31], an empirically
tested framework of values that is recognized across many
cultures [44]. This theory is an important and well-known theory
and is widely used to predict attitudes and behaviors in different
contexts and situations [34,35]. These values are grounded in
the 3 universal requirements of human existence: the needs of
individuals as biological organisms, requirements of coordinated
social interaction, and survival and welfare needs of groups
[31]. This framework conceptualizes values ordered by
importance relative to one another, and they form a system of
priorities for groups, societies, and individuals [45]. The refined
theory of basic human values has 19 values grouped into 4
higher-order categories as follows: openness to change,
self-enhancement, conservation, and self-transcendence [31].
Table 1 presents the motivational goals of the Schwartz values
based on the circular motivational continuum [31].
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Table 1. The 19 values of Schwartz et al [31] explained in terms of their motivational goals based on the circular motivational continuum.

Conceptual definition in terms of motivational goalsHigher order value and values

Openness to changes

Freedom to cultivate one’s own ideas and abilitiesSelf-direction-thought

Freedom to determine one’s own actionsSelf-direction-action

Excitement, novelty, and changeStimulation

Self-enhancement

Pleasure and sensuous gratificationHedonism

Success according to social standardsAchievement

Power through exercising control over peoplePower-dominance

Power to control material and social resourcesPower-resources

Conservation

Security and power through maintaining one’s public image and avoiding
humiliation

Face

Safety in one’s immediate environmentSecurity-personal

Safety and stability in the wider societySecurity-societal

Maintaining and preserving cultural, family, or religious traditionsTradition

Compliance with rules, laws, and formal obligationsConformity-rules

Avoidance of upsetting or harming other peopleConformity-interpersonal

Self-transcendence

Recognizing one’s insignificance in the larger scheme of thingsHumility

Being a reliable and trustworthy member of the ingroupBenevolence-dependability

Devotion to the welfare and well-being of ingroup members and being
empathic

Benevolence-caring

Commitment to equality, justice, and protection for all peopleUniversalism-concern

Preservation of the natural environmentUniversalism-nature

Acceptance and understanding of those who are different from oneselfUniversalism-tolerance

Results

General Findings
We identified 4116 unique studies. After screening titles, 298
(7.2%) abstracts were screened. After applying inclusion and
exclusion criteria, we selected 91 (30.5%) articles for full-text
screening. Eventually, we included 29 (32%) articles in this
study. The search was updated in August 2023, and December
2024, resulting in 2 additional articles, bringing the total to 31
articles. The included studies were published between 2005 and
2023. Studies were conducted in 14 countries: The Netherlands
(n=7, 23%), Finland (n=2, 6%), Denmark (n=1, 3%), Norway
(n=2, 6%), Sweden (n=2, 6%), Spain (n=1, 3%), Germany (n=1,
3%), Switzerland (n=1, 3%), the United Kingdom (n=3, 10%),
the United States (n=5, 16%), Canada (n=3, 10%), Mexico (n=1,
3%), Singapore (n=1, 3%), and China (n=1, 3%). A total of 10

(32%) articles had a quantitative research design, 18 (58%)
articles had a qualitative design, and 3 (10%) articles had a
mixed methods design. Figure 1 shows the flowchart of the
selection process. The key characteristics of the included articles
are available in Multimedia Appendix 3 [7,18-22,37,38,46-68].

In total, 12 stakeholder groups were identified in the
publications. The most frequently identified stakeholder groups
were nursing staff (23/31, 74%), residents (20/31, 65%), and
informal caregivers (13/31, 42%). The stakeholder groups care
managers (9/31, 29%), developers of surveillance technologies
(7/31, 23%), physicians (5/31, 16%), LTC administrators (4/31,
13%), maintenance employees (2/31, 6%), ICT (2/31, 6%),
vendors of surveillance technologies (1/31, 3%), project
managers (1/31, 3%), and academics (1/31, 3%) were mentioned
less frequently. A total of 9 (29%) of the 31 articles included 4
or more stakeholder groups in their research. Table 2 shows the
stakeholders’ frequency of occurrence in the included articles.
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Figure 1. Flowchart of the selection process.

Table 2. Frequency of stakeholder occurrence in included articles and proxy perspectivesa.

Proxy or partly proxy, n (%)bFrequency (N=31), n (%)Stakeholder

7 (30)23 (74)Nursing staff

17 (85)20 (65)Residents

7 (53)13 (42)Informal caregivers

—c9 (29)Managers

—7 (23)Developers

—5 (16)Physicians

—4 (13)Long-term care administrators

—2 (6)Maintenance

—2 (6)ICTd

—1 (3)Vendors

—1 (3)Project managers

—1 (3)Academics

aProxy perspective refers to the perspective of a stakeholder filled in by another stakeholder.
bPercentages in this column represent the proportion of articles in the corresponding cells in the "Frequency" column.
cNot applicable.
dICT: information and communication technology.
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Values of Stakeholders

Nursing Staff
Of all identified stakeholder groups, nursing staff (registered
nurses, assistant nurses, and nurse aids) were mentioned in 23
(74%) out of 31 articles. Of these 23 articles, 7 (23%) articles
were written from a proxy perspective of care managers (n=4,
17%), LTC administrators (n=2, 8%), and informal caregivers
(n=1, 2%).

Several values of Schwartz were represented in the stakeholder
group nursing staff. The values benevolence and security were
strongly represented. The value benevolence is related to being
helpful, supporting, and assisting those in need [31]. Staff’s
desire to be helpful and respond to the needs of residents also
partly overlapped with the value security, which is characterized
by striving to assure the safety of loved ones, taking precautions
to prevent harm, and being warned in case of threats [45]. From
the nursing staff perspective, surveillance technologies were
most often applied to enhance the general safety of residents,
mitigate the risk of falling, alert staff promptly, and contribute
to efficient care [7,22,46]. Surveillance technologies can help
nursing staff prioritize and direct their attention to where care
and support are most needed [7,22,47]. Nursing staff expected
monitoring technologies to increase the safety of residents [20],
although they were aware of its limitations [21]. For example,
they mentioned that surveillance technologies could not
guarantee that residents would never fall [22]. Nursing staff
rated residents’ safety higher than they rated the experience of
freedom [20], possibly due to the fear of being blamed for
accidents or injuries to residents [22].

Because nursing staff felt responsible for their residents, the
former expressed hesitation toward entirely relying on new
surveillance technologies [48]. The values conformity and
tradition were reflected in the nursing staff’s conservativeness
and preference to maintain their traditional routines. The nursing
staff mentioned that altering their care routines was more
difficult than expected. They tended to continue doing their
rounds and checking on residents as usual despite the use of
new technologies [49]. Managers’ proxy perspectives also
recognized the difficulties in altering care routines [48].
Although nursing staff tended to keep their traditions, they were
generally supportive of new technologies that contributed to
improvements in daily practice, particularly when the
technologies functioned as intended [46]. However, new
surveillance technologies never functioned properly from the
outset, and implementing them often resulted in initial
malfunctions [50]. These initial malfunctions, such as false
alarms, poor Wi-Fi, and slow software had a negative influence
on the level of acceptance, partly due to the nursing staff’s great
sense of responsibility for the residents [7,46,51]. These
challenges limited the usability and accuracy of detecting unsafe
situations and led to an even higher workload [7,22,46,48]. In
addition, these challenges resulted in nurses’ alarm fatigue and,
as a result, nursing staff primarily relied on their previous
experiences with residents’ routines [21,48,51].

Moreover, nursing staff found new technologies challenging
because these technologies required skills they did not
previously need in their daily practice [52]. The extent to which

procedures and instructions were tailored to the nursing staff’s
daily work, their shifts, and professional language influenced
the nursing staff’s openness to changes and the experienced
extent of self-direction [7,20,51,53]. Moreover, they expected
the technology vendors to help them, for instance, by providing
support even outside regular business hours [7,51]. Nursing
teams also felt supported when some of their colleagues took
the lead in teaching them [7,47,51].

Although surveillance technologies contributed to providing
optimal security and safety for residents, nursing staff expressed
concerns about the impact of the use of monitoring technology
on privacy, their competence in using the technologies, and the
replacement of their roles [51,54]. This outcome relates to the
value self-direction. Nursing staff expressed concerns that the
monitoring technology was applied as a “big brother tool,”
indicating a lack of confidence [7,19,37,54]. Nursing staff
preferred the application of codes of ethics and limited access
by authorized professionals to protect their privacy and that of
residents [7,53]. In addition, staff were concerned that
monitoring had an impact on resident relationships [54] and
that their role would be replaced by technology [51]. The latter
was also recognized by care managers, as reflected in their proxy
perspectives [51,52]. Particularly, older nursing staff expressed
concerns about experiencing challenges while working with
technology, resulting in a reserved attitude toward care
technology [51]. The extent to which nursing staff felt involved
influenced the freedom they experienced to determine their
ideas and actions. This outcome impacted their openness to
changes, represented by the values self-direction in action and
thought. From a proxy perspective, care managers and
administrators recognized these challenges faced by nursing
staff, and they mentioned that nursing staff needed time to adapt
to new care technologies before they could appreciate them
[55,56].

Because surveillance technologies directly interfered with the
nursing process, nursing staff expressed a desire to be involved
from the beginning, for instance by being involved in
discussions and decision-making processes [22], to be able to
express their needs, opinions, and concerns [53]. The values
achievement and power are related to the nursing staff’s desire
to be acknowledged and appreciated as important stakeholders.

In summary, the values benevolence, security,
conformity,tradition, self-direction in action and thought,
achievement, and power were represented among the stakeholder
group of nursing staff.

Residents
Of the 31 included articles, 20 (65%) described residents as
stakeholders, with 17 (85%) articles based on a (partial) proxy
perspective of nursing staff (n=12, 47%), informal caregivers
(n=4, 20%), LTC administrators (n=2, 10%), and developers
of surveillance technologies (n=2, 10%).

Several residents who were interviewed, said they were aware
of their dependency on care as a result of their cognitive decline.
They adapted to life’s circumstances, reflecting the value
humility. Moreover, they indicated that care customized to their
preferences and needs supported their independence and
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contributed to their safety [52,55]. The value (personal) security
is represented in the residents’ feeling of being heard by care
professionals. This means that professionals know where they
are, respond to their alarms, and can care for them [22,53,57].
Consequently, surveillance technologies were perceived as part
of the deal, improving their safety, and receiving individualized
care [38,57]. This was recognized by nursing staff because they
mentioned that surveillance technologies enhanced safety and
contributed to the care, in line with residents’ personal
preferences, contributing to the latter’s level of independence
[52,53,55].

Residents knew that they partly gave up their privacy when they
moved to a nursing home. Nevertheless, surveillance
technologies could contribute to their feeling of (personal)
security because the technologies protect their privacy. Coded
doors, for example, could prevent other residents from
unintentionally entering their rooms [19,38]. Although residents
expressed a feeling of increased (personal) security due to
surveillance technologies, they feared the consequences of these
technologies as they expressed worries that these technologies
would replace the valuable human contact with staff, because
social contacts were an essential and highly valued part of life
[37,38].

Furthermore, the values conformity and tradition seemed
important to residents. These values include the avoidance of
significant changes in their living environment, for instance,
due to the use of surveillance technologies. Residents
emphasized the importance of maintaining a feeling of
homeliness [38,57]. In addition, surveillance technology should
not jeopardize their feeling of homeliness or be (too) visible.
Instead, surveillance technology should be aesthetically pleasing,
easy to use, and not disrupt their daily routines [57,58].
Caregivers, as proxies, noticed that the extent of devices’
intrusiveness to residents influenced the acceptability of devices
[47,55,59]. Moreover, several residents expressed resistance to
technology based on the usefulness they experienced [60]. The
relevance of these factors was recognized in the proxy
perspective of nursing staff and informal caregivers [47,59,61].
In addition, nursing staff experienced fewer nighttime
disturbances for residents resulting in calmer nights [7,51].
Nursing staff noticed that the residents’ openness to changes
and the experienced self-direction decreased when there were
more false alarms [57], which was recognized in the reluctance
the latter expressed and is related to the experienced usefulness.

Residents’ feelings of being stigmatized or being regarded as
patients increased when their wishes regarding the visibility,
appearance, and usability of surveillance technologies were not
met [18]. This outcome aligns with the value face, which
emphasizes maintaining one’s public image and avoiding
humiliation. Regarding this value, residents expressed greater
concern about cameras than about other devices. These concerns
were particularly about being recognizable in images while
performing personal and hygienic activities, evoking feelings
of intrusion and vulnerability [37,38,54]. This factor was
similarly mentioned by managers when they expressed their
concerns about the invasion of residents’ privacy and dignity
arising from surveillance cameras [54].

In summary, the values humility, (personal) security, conformity,
tradition, self-direction, and face were most represented in the
resident stakeholder group.

Informal Caregivers
Of the 31 articles, 13 (42%) mentioned informal caregivers
(such as family caregivers and authorized representatives) as
stakeholders. In total, 7 (53%) of these articles (partly) described
a proxy perspective. Proxy perspectives were mostly represented
by nursing staff (n=6, 46%), LTC administrators (n=2, 15%),
and physicians (n=1, 8%).

Informal caregivers, mostly family members, expressed their
concerns about the safety of their loved ones. Preventing (new)
falls was often mentioned as a reason to use surveillance
technology [19,22]. In their desire to contribute to the safety
and well-being of their loved ones, deriving from the values
benevolence and security, informal caregivers often valued
residents’personal safety above possible threats to their privacy
and freedom of movement [22,38]. This was also recognized
by nursing staff and physicians, who observed informal
caregivers’ peace of mind when surveillance technologies were
used [21,54]. In line with this value benevolence, informal
caregivers felt responsible for the well-being of their loved ones.
Informal caregivers feared that surveillance technologies would
replace valuable human contact that arises from this value, and
this fear may be reinforced by informal caregivers’ awareness
of the staff shortages in nursing homes [38,51]. This fear was
recognized by nursing staff who indicated that they perceived
it among informal caregivers [38,51]. Informal caregivers noted
surveillance technologies should support nursing staff rather
than replace them [38]. From a transcendent perspective, the
value universalism seemed to be represented in informal
caregivers’ concerns about striving for equality and protection
of people who were weak [31].

Informal caregivers mentioned they were willing to accept a
wide range of surveillance technologies, including video
surveillance, as long as they were convinced about the
contribution these technologies made to the safety, quality of
life, and well-being of their loved ones [22,37,38]. In addition,
nursing staff and managers said that the level of informal
caregivers’ openness to changes was also determined by their
perception of usefulness and their interest in technologies [53].
Informal caregivers’ willingness to accept a broad range of
surveillance technologies and their openness to changes reflected
the value self-direction, embodying their ability to choose their
goals and be involved in decision-making. The prerequisite of
getting involved in (discussions about) applying surveillance
technologies to their loved one [38,47,53,62] arises from the
value power. Informal caregivers mentioned that these
discussions should occur between all relevant stakeholders,
such as residents, relatives, and nursing staff. In addition,
informal caregivers wanted to be asked for formal consent as
they were (authorized) representatives [38]. In practice, informal
caregivers mentioned that they were not or not sufficiently
informed about the available surveillance technologies [62].

In summary, the values benevolence and security, universalism,
self-direction, and power were represented in the stakeholder
group of informal caregivers.
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Care Managers
Of the 31 articles, 9 (29%) mentioned care managers as
stakeholders. Several care managers mentioned that their priority
was to manage the 24×7 health care service and that surveillance
technologies could contribute to achieving this aim [53,54]. The
application of surveillance technologies increased the safety of
residents, which is related to the values benevolence and
security. Furthermore, data from these systems could be used
to defend nursing homes against allegations of negligence
leveled by families [19]. In line with this situation, care
managers mentioned that data could help them monitor staff
and hold them to account. However, care managers
acknowledged that responding to an alarm was no guarantee
that care was being provided [19]. The ethical objections against
surveillance technologies that care managers mentioned were
particularly aimed at the potential impact on residents’ privacy,
rather than the impact on nursing staff [19,22]. They
acknowledged camera surveillance could contribute to a “big
brother” effect and a culture of mistrust [19,54]. For care
managers, surveillance technologies particularly seemed to
represent values with a personal focus, namely, to have control
over and manage the residential care facility. This outcome
aligned with values such as power and achievement.

Care managers mentioned they were often insufficiently
prepared for new ways of working and, subsequently, the
different authority structures resulting from implementation
strategies. In addition, they mentioned they were unable to make
implementations a priority due to other organizational priorities
[51]. The unpreparedness for changes they experienced could
be a consequence of the changed ways of working, fear of the
unknown, and clinging to the values conformity and tradition.
Nevertheless, they were open to changes, although they also
experienced unpreparedness for cocreation from several
stakeholders [51]. This unpreparedness stems from an
expectation of a tailored solution from vendors—not a
realization that everyone’s input including their own was a
prerequisite for a joint implementation process [51]. Care
managers taking the initiative in prioritizing reflections with
other stakeholders to discuss dilemmas was mentioned as a
facilitator for the successful use of surveillance technologies
[51]. In this respect, care managers faced challenges in their
self-direction in action and thought [31].

Furthermore, care managers felt that values power and
achievement might be occasionally threatened. They indicated
that they were concerned about increasing costs associated with
new technologies, such as surveillance systems, while revenues
remained stagnated [63]. In addition, surveillance technologies
were not always as robust as they needed to be to withstand use
in nursing home practice, leading to recurring costs due to
damaged products [19]. Furthermore, care managers mentioned
they felt restricted by rules and contractual obligations with
vendors, which could hinder their access to technologies [19].

In summary, the values benevolence and security were somewhat
represented in the stakeholder group of care managers. However,
the values power,achievement, conformity,tradition, and
self-direction in action and thought were more clearly
represented.

Developers
A total of 7 (23%) of the 31 articles mentioned developers as
stakeholders. Developers envisioned surveillance technologies
would be used to enhance the safety of residents with dementia
and improve the security of residents and nursing staff while
respecting the privacy of both [19,55,58]. This outcome aligned
with the value security.

In addition, developers mentioned they sought to use their
technologies to enable nursing staff to support and assist
residents with progressive diseases such as dementia. Due to
the characteristics of the resident population, developers
mentioned that surveillance technologies should be dynamic
and scalable and be designed for failure and intensive use [55].
This outcome reflected the value benevolence as it underscored
their determination to support and assist those in need.

Developers emphasized that by testing monitoring technologies
new insights were created and improvements could be made.
Testing in real life supported them to achieve success, in line
with the values achievement and power. However, they
acknowledged that high error rates in initial tests had an
influence on the nursing staff’s openness to change
[52,58,60,61]. Conversely, many initial errors occurred due to
unskillful use. A higher level of training for nursing staff could
reduce these errors [58]. This outcome challenged developers’
values stimulation and self-direction because they were generally
excited about new technologies when they noticed the impact
of their technologies on end users in nursing homes [60].
Furthermore, developers emphasized the importance of
evaluating the effects of surveillance technologies in nursing
homes [60]. Moreover, they underlined the importance of
development in close collaboration with end users and specialists
in dementia care to meet their needs and requirements [52,55].
Developers acknowledged that this close collaboration was an
intensive process [52,55].

In summary, for the developer stakeholder group, the values
security, benevolence, achievement, power, stimulation, and
self-direction were most represented.

Physicians
Of the 31 articles, 5 (16%) included physicians as stakeholders
in the application of surveillance technologies.

As with nursing staff and informal caregivers, the values security
and benevolence were represented, as physicians agreed that
providing safety was an important reason to apply these
technologies. Moreover, they noted these technologies offered
peace of mind to nurses and informal caregivers [21,37]. This
outcome might explain physicians’ high acceptance rate of
surveillance technologies [55,58].

In summary, the values security and benevolence were clearly
represented in the stakeholder group of physicians.

LTC Administrators
LTC administrators were mentioned in 4 (13%) of the 31
articles. LTC administrators expressed their vision of being at
the forefront of implementing new technologies, especially in
newly constructed nursing homes. Generally, new technologies
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were considered an important solution for health care challenges
[52]. In these administrators’ perspectives, the values
self-direction in action and thought and stimulation were
reflected. However, LTC administrators acknowledged that
implementing these technologies challenged institution’s
openness to changes because these new technologies demanded
time and resources across various roles and professions [51].
LTC administrators noted that education for staff was an
important issue; however, they sometimes questioned the
abilities of nursing staff to master the new technologies despite
offering education to the latter [37].

The values power and achievement emerged in the
acknowledgment by LTC administrators that their residential
care facilities were perceived as more attractive employers when
they used modern surveillance technologies [37,52]. The
financial investments required could force organizations to opt
for a cheaper but more generic design, although this may be
less suitable than preferred designs [19]. Consequently, LTC
administrators could feel restricted in their control over
resources. In line with care managers’ perspective, LTC
administrators mentioned that organizational contracts limited
their scope and flexibility around product choices and ongoing
maintenance [19].

In summary, the values self-direction in action and thought,
stimulation, power, and achievement were represented in the
stakeholder group of LTC administrators.

Values of the Other Stakeholders
The other stakeholder groups, that is, maintenance staff, ICT
staff, vendors of surveillance technologies, project managers,
and academics were mentioned only once or twice in the 31
articles included. Maintenance staff mentioned that although
new surveillance technologies might seem to have a limited
scope, only affecting night shift workers and residents, these
technologies could also have an influence on janitors, cleaning
staff, and substitute personnel [37,51]. In their view,
maintenance staff members were also in need of information
and education to accommodate the technologies in their
(cleaning and maintenance) routines. When they were not
informed or did not receive education, they reported difficulties,
for example, in replacing sensors and reconnecting cables after
cleaning [37,51]. Because a new system is only as good as the
people who are responsible for operating it, the people operating
the system could affect its reliability [37,51]. Maintenance staff
expressed a desire to be acknowledged as important stakeholders
and be involved in education, which relates to their openness
to changes in the values self-direction and stimulation. In line
with the apprehensions of nursing staff, maintenance staff
expressed concerns about being observed [37]. For instance,
maintenance staff sometimes felt threatened due to their
openness to changes and self-direction, reducing their motivation
to engage with new technologies.

ICT staff emphasized the importance of system and component
interoperability for ensuring system reliability because new
systems were often installed into existing systems and
infrastructure [19,51]. However, they mentioned that this
interoperability between systems often was not facilitated by
manufacturers [19]. Furthermore, the staff highlighted the
importance of their involvement from the outset in exploring
this compatibility and interoperability to prevent compromises
in residents’ safety and security [51]. This outcome reflected
the need for ICT staff to be involved and acknowledged as
stakeholders, in line with the values power and achievement.
However, in practice, it was seen that ICT staff only became
seriously involved when systems were unstable or errors
occurred [51].

In the research by Dugstad et al [51], vendors of surveillance
technologies and ICT were challenged to adopt a more socially
focused approach to bridge differences between stakeholder
groups. The vendors mentioned that despite their knowledge
about their products, they needed the nursing staff’s insights to
ensure their technologies worked in specific care environments
due to the great variety of care practices and infrastructure.
Besides vendors striving for their own success, reflecting the
values power and achievement, they were challenged to pursue
a higher purpose, in line with the value
universalism. Universalism relates to vendors’ willingness to
engage with other stakeholders to contribute to successful
applications. In line with this value, ICT staff and vendors
recognized being challenged to adopt a language that was more
understandable for nursing staff who experienced differences
in professional cultures and language (jargon) [51]. The ICT
staff and vendors mentioned they were not used to adapting
their language; therefore, misunderstandings were initially
manifested due to a lack of knowledge and insight into each
other’s workflows. This situation challenged them to transcend
their profession and jargon in order to contribute to a successful
digital transformation [51]. Local project managers also
underlined the importance of recognizing and bridging cultural
differences as conditions for ensuring successful digital
transformation. Hence, project managers identified their role
as translators between different stakeholders [51], in line with
the value universalism.

Finally, academics mentioned that the balance between freedom
and security is important. They tended to value freedom of
movement over security [20]. The socially focused value
benevolence was reflected in being devoted to the welfare of
others and protecting people with an increased care dependency.
However, academics tend to attach great importance to residents’
freedom to determine their own actions despite the dementia,
which relates to the value self-direction.

Figure 2 presents the stakeholders’ basic human values. The
darker the color scheme, the more often this value is applied to
various stakeholders.
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Figure 2. Value palette for all stakeholders in the proposed circular structure of the 19 basic human values by Schwartz [32].

Discussion

Principal Findings
This scoping review aimed to identify the stakeholders involved
in applying surveillance technologies for people with dementia
in nursing homes and to describe the values of these
stakeholders. Overall, 12 stakeholder groups were identified in
31 articles. The stakeholder groups of nursing staff, residents,
and informal caregivers were most often mentioned in these
articles. Several stakeholder groups, such as physicians, LTC
administrators, maintenance staff, ICT staff, vendors, and project
managers, were mentioned significantly less frequently
[51,52,55].

Although many stakeholder groups emphasized the importance
of being acknowledged and feeling involved as stakeholders
[22,37,51,53,62], they said that their involvement should be
improved [22,51,53,62]. Moreover, several stakeholders
mentioned feeling dissatisfied when they did not feel sufficiently
involved [53,62]. As dissatisfaction could detract from success,
all relevant stakeholders should be involved [53]. Furthermore,
in literature, the importance of involving both primary

stakeholders, also known as end users, and secondary
stakeholders (ie, more distantly involved stakeholders) is
underlined as contributing to the successful implementation of
care technologies, such as surveillance technologies [22,28,29].

To determine which primary and secondary stakeholders should
be involved and engaged, it is important to identify these
stakeholders [69]. Identifying stakeholders can be accomplished,
for example, through a stakeholder analysis [69]. Several
stakeholder matrices such as the power-interest matrix, the 3D
matrix, and the responsible, accountable, consulted, and
informed matrix offer tools to identify stakeholders and
categorize their attributes such as their power, position, and
level of interest [69,70]. In addition, these matrices support
prioritizing who should be involved and to what extent. These
matrices reflect the increased recognition of how the
characteristics of stakeholders influence innovation and
implementation processes [69,71,72]. Regardless of the
distinction between stakeholders’ level of involvement and their
responsibilities, the resistance of any stakeholder can have an
influence on the success of the implementation of care
technologies.
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Resistance by stakeholders is a challenge, necessitating the
identification of alternative perspectives to a situation [73-75].
Therefore, besides identifying stakeholders when applying care
technology, it is necessary to realize that care technologies
strongly influence the care process and everyone involved.
Therefore, cooperation between stakeholders who have
previously rarely cooperated is essential. Hence, it is important
to thoroughly know and acknowledge the different stakeholders
and their differences and respect their differing interests [29].

Several implementation theories provide theoretical support to
implementation processes, especially in complex contexts such
as health care. One of the theoretical constructs for involving
multiple stakeholders in implementation processes in health
care is the normalization process theory (NPT) by May et al
[76]. NPT provides tools to enhance an understanding of the
social processes of thinking, enacting, and organizing work to
implement and adopt interventions in care processes within
health care organizations [77]. NPT distinguishes 4 constructs:
coherence, cognitive participation, collective action, and
reflexive monitoring. These 4 constructs emphasize the
relevance of knowledge about the value that stakeholders assign
to care technology and attention to stakeholders’ willingness to
participate and cooperate. NPT also focuses on keeping people
engaged during the whole implementation process, including
reflecting upon and appraising the effect of newly implemented
technology [29,78].

A common thread across the NPT as well as other
implementation theories is the need for cooperation and
communication between stakeholders focusing on knowing and
acknowledging each other’s perspectives, values, and interests
[29,79]. For instance, in the early 90s, Gregory and Keeney [72]
wrote about the right of multiple stakeholders to be involved in
policy decision processes and consequently balance between
conflicting objectives. In addition, they mentioned that values,
beliefs, cooperative potential, and stakeholders’ concerns are
known to influence the outcome of innovation processes [72].
Similarly, in business ethics, Dentoni et al [80] mentioned the
complexity of multiple stakeholder involvement in dynamic
settings because each stakeholder group has its own set of
values, perceptions, and interests that may clash. This situation
requires fundamentally different approaches that demand
understanding differing values, complex settings, and acting
upon uncertain knowledge [80].

The active participation of stakeholders challenges them to
effectively collaborate with a critical and open stance toward
their perspectives and values. Several stakeholders in this
scoping review mentioned that this collaboration demands not
only time and effort but also challenges them to adapt their
jargon to interprofessional cultures and bridge their differences
[51,52]. Although all stakeholders should be able to operate
and communicate across boundaries between different practices
with each other, collaborating with people is difficult and can
lead to tensions and misunderstandings related to values and
interests [81]. Such collaboration demands competence to
perceive differences as learning opportunities and to cross
boundaries between multiple stakeholders [81,82]. Collaboration
between stakeholders is receiving increasing attention from
organizations. In addition, organizations have shown a growing

interest in creating value through participation and interaction
with multiple stakeholders. However, until now, most of the
attention has been given to creating value for stakeholders and
not with them. In cases of increased awareness about
stakeholders’ input, values and interests may be well identified
[83]. Thus, besides merely identifying and superficially
involving stakeholders, it is important to pay attention to their
perspectives, values, and interests.

Therefore, this scoping review also focused on what is already
known about the stakeholder group values identified in the 31
articles reviewed. Several values in the theory of basic human
values by Schwartz et al [31] were frequently represented among
the stakeholder groups. The values benevolence and security
were represented in 6 (50%) out of 12 stakeholder groups. This
outcome is unsurprising given the progressive nature of
dementia. Most stakeholder groups mentioned they experienced
a feeling of being responsible for caring for residents with
dementia and responding to their needs, in line with the value
benevolence [21,22,37,38,55]. Concerning the value security,
striving for safety for residents with dementia is often mentioned
as a reason to apply surveillance technologies [7,22,46].
However, the meaning assigned to this value varies among the
different stakeholder groups. The trade-off between safety and
aspects such as privacy and freedom of movement differs among
various stakeholders and appears to be related to how closely
a stakeholder is involved with a resident [20]. For nursing staff,
security is related to enhancing the safety of residents and
mitigating their risk of falling [7,22,46]. This relates to the
responsibility they feel for their residents because they feel
accountable for accidents or injuries of residents [22,48]. For
care managers, the value security is also related to their
accountability for providing care, managing the residential care
facility, assuring families that care is provided, and monitoring
staff [19,54]. For residents, security is related to the feeling of
being heard regarding their personal preferences and (care)
needs and experiencing a feeling of homeliness [22,52,53,57].
Informal caregivers have concerns about their loved ones and
they seem to experience more peace of mind when surveillance
technologies are applied [21,54]. Consequently, informal
caregivers often value safety above freedom of movement and
the possible threats to privacy [19,22]. In contrast, academics,
a group of stakeholders who do not have a close relationship
with residents, tend to value freedom of movement above safety,
giving high importance to the residents’ experience of freedom
and self-determination [20].

As is evident in the considerations regarding safety, surveillance
technologies that are applied in practice affect the work and
living environment of several stakeholder groups [37,51,53].
Accordingly, many stakeholders emphasized their desire to be
and to feel involved in the application of surveillance
technologies [22,53]. Arising from this desire, the values
self-direction in action and thought were represented in 8 (67%)
of 12 stakeholder groups. This outcome underlines the relevance
of thoroughly involving stakeholders throughout the
implementation and application process. In addition, the degree
of stakeholders’ openness to changes, their experienced
self-direction, and their tendency to cling to traditional routines
seem to be related to the extent to which they feel involved.
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The more they feel involved, the more they are open to changes
and willing to collaborate [22,38,47,53,62]. Being and feeling
involved is especially an important issue for nursing staff
because surveillance technologies directly interfere with the
nursing process. Therefore, nursing staff were the most
frequently cited stakeholders. They were mentioned in 23 (74%)
of the 31 articles. Accordingly, they expected to be involved
from the beginning; asked to express their needs, opinions, and
concerns [53]; involved in decision-making; and acknowledged
as important stakeholders [22]. Informal caregivers mentioned
that they were willing to accept a broad range of technologies
for their relatives as long as the former were informed about
the surveillance technologies, were involved in deliberations
about the technologies, and were asked for their consent
regarding the application of the technologies [38,47,53,62].

Related to the value self-direction were the values power and
achievement, representing stakeholders’ desire to exert their
influence on other people or use material resources and pursue
success in competencies and performance. The values power
and achievement were mentioned by 7 and 6 stakeholder groups,
respectively. These values are a reflection that stakeholders
such as nursing staff, informal caregivers, developers, ICT staff,
and vendors want to feel recognized in their knowledge and
experiences, and want to exert their influence in the application
of surveillance technologies [22,38,51-53,61,62]. For care
managers and LTC administrators, the values power and
achievement are related to control over and the management of
residential care facilities [53,54].

Although several values such as benevolence, security,
self-direction, power, and achievement were represented by
most of the stakeholders, the various stakeholder groups
assigned different meanings to these values. Knowing and
understanding diverse stakeholders’ perspectives and attitudes,
including the different meanings they attribute to values, is
crucial because this knowledge and understanding influence the
adoption and use of technologies [84]. Integrating multiple
perspectives is valuable to fully understand the complexities of
care practices [29] and dementia care technology [84]. In
addition, it is challenging to distinguish whether stakeholders
give meaning to a certain value based on their interests or
whether they act from the resident’s perspectives. This situation
demands that designated persons in health care organizations
have courage and take the lead in initiating meaningful and
in-depth conversations where the diverse stakeholders will be
challenged to communicate across their boundaries, looking
beyond their own perspectives.

Methodological Considerations
A proxy perspective was often observed in the stakeholder
groups of nursing staff, residents, and informal caregivers. This
outcome is not unusual because proxy perspectives often
originate from stakeholders with whom one works or lives [85].
In addition, proxy perspectives are often seen in stakeholder
groups that collaborate and deal with matters that touch on
values and interests. Hence, a proxy perspective was regularly
seen among nursing staff and informal caregivers in this scoping
review. Furthermore, when making assumptions, people are
less understanding of others’ actual motivations [85].

Accordingly, Kloos et al [86] researched the well-being of
residents and found that nursing staff tended to overestimate
the well-being of residents. Their study underlines the
importance of combining proxy assessments with self-reports
whenever possible. In addition, Kunicki et al [87] noted that
the level of involvement of proxies and their sense of well-being
could influence their perception of the resident’s preferences.
Kunicki et al [87] recommended that proxies find methods to
better understand residents’ preferences when residents were
not able to express their preferences properly [87]. This scoping
review raises the question of whether proxy perspectives of
residents with dementia reveal resident’s perspectives. Although
it is challenging to interview residents with dementia due to the
impairments related to their condition, it is possible to involve
them. Therefore, in future research, residents should be made
participants in research to understand their perspectives [88,89].

Strengths and Limitations
Previous studies primarily focused on facilitating and limiting
factors and ethical dilemmas when applying surveillance
technologies to people with dementia [18,23,36-38]. However,
this scoping review is the first to explore which universally
recognized human values are reflected in the experiences and
opinions of stakeholders. Because values reflect human thinking
and determine attitude and behavior, it is crucial to consider the
underlying values that explain stakeholders’ behavior and
reactions [34,35,79]. Stakeholders’values were classified using
the basic human values model by Schwartz. Although this model
offers an empirically tested theory to predict attitudes and
behaviors in different contexts and situations, it is possible that
not all opinions and experiences of stakeholders could be
categorized using the model. Furthermore, it is likely that the
stakeholders’ values do not provide a complete picture of the
values that stakeholders hold in practice because the
representation of stakeholders’ values in this scoping review is
based on information that did not primarily focus on
stakeholders’ values.

Recommendations for Research
Although this scoping review identified 12 stakeholder groups,
most (26/31, 84%) of the articles included in the review
described only 4 or fewer stakeholder groups. Therefore, various
stakeholder groups were underrepresented. Future research
should emphasize the involvement of all relevant stakeholders.
In addition, our explorations of stakeholders’ values revealed
there is insufficient information about stakeholders’ values.
Hence, more research about the values that influence
stakeholders’ actions and decisions should be conducted. In
exploring stakeholders’ perspectives and values, a proxy
perspective should be avoided where possible. In future research,
inviting stakeholders to look beyond their perspectives and
boundaries could be useful in mitigating language and
knowledge boundaries between different stakeholders. This
approach could facilitate constructive cooperation between
stakeholders. In addition, efforts should be made to include
residents with dementia in research to explore their perspective
rather than assumptions about residents’ perspectives being
largely based on a proxy perspective. Listening to people with
dementia can enhance the quality, relevance, and impact of
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dementia research, which contributes to the enhancement of
knowledge based on what we learn from them and their informal
caregivers, in order to create knowledge with them [90].
Participatory research could apply to this kind of research about
complex dynamic subjects; research should be conducted with
rather than about stakeholders.

Conclusions
All stakeholders involved in applying surveillance technologies
expressed a desire for their perspectives and values to be
acknowledged. This desire stems from the human need to be
acknowledged and appreciated. Moreover, all the stakeholders

manifested a willingness to be engaged and participate. The
broad acknowledgment and involvement of stakeholders and
an understanding of their perspectives and values contribute to
the successful implementation and application of surveillance
technologies for people with dementia in nursing homes.
Therefore, when applying surveillance technologies for people
with dementia, residential care facilities are expected to
intensively collaborate with an increasing number of
stakeholders. Therefore, stakeholders’ active engagement, with
attention to everyone’s perspectives and values, is more
important than ever.
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Abstract

Background: Teleconsultation has expanded rapidly in recent years, especially during the COVID-19 pandemic, and has become
standard practice among physicians. The benefits of teleconsultation, namely, improving access to care, ensuring continuity and
quality of care, increasing patient satisfaction, and reducing costs and wait times, are well documented. However, its use in nursing
practice, especially in long-term care settings, remains underresearched despite its significant transformative potential, particularly
in resource-limited and rural settings, where it could address major challenges such as nursing shortages and access to care.

Objective: This study aimed to identify barriers to and facilitators of implementing overnight nursing teleconsultation in rural
residential and long-term care centers in Quebec, Canada (centres d’hébergement et de soins de longue durée [CHSLDs]), with
≤50 beds.

Methods: A 6-month pilot project was rolled out sequentially in 3 rural CHSLDs in 2 administrative regions of Quebec between
July 2022 and March 2023. A total of 38 semistructured interviews were conducted with managers (n=27, 71%), nursing staff
members (n=9, 24%), and resident committee presidents (n=2, 5%) between February 2023 and July 2023.

Results: The study identified several barriers to the implementation of teleconsultation. The main barriers reported included
union opposition (managers: 23/27, 85%), network instability (resident committee presidents: 2/2, 100%), limited technology
skills (nursing staff members: 7/9, 78%), a perceived increase in workload (nursing staff members: 8/9, 89%; resident committee
presidents: 2/2, 100%), and a low volume of teleconsultations (nursing staff members: 8/9, 89%). Despite the barriers, participants
also identified key facilitators. These included the care setting (nursing staff members: 9/9, 100%; managers: 21/27, 78%), buy-in
from senior management and managers (managers: 27/27, 100%; resident committee presidents: 2/2, 100%), collaboration between
the departments (nursing staff members: 9/9, 100%), nursing staff motivation (nursing staff members: 9/9, 100%), and improvements
in professional practices (nursing staff members: 8/9, 89%). Finally, the relative benefits of teleconsultation, such as enhanced
mutual vision, faster assessment of clinical situations, improved resident care management quality, and greater flexibility and
safety, were unanimously recognized (38/38, 100%) as contributing to its acceptability and potential for success.

Conclusions: This study provides an in-depth understanding of the barriers to and facilitators of implementing overnight nursing
teleconsultation in small rural CHSLDs. This constitutes a sound basis for developing tailored strategies aimed at overcoming
identified barriers and optimizing facilitators. The results also provide practical guidelines for decision makers, highlighting the
need to adapt implementation approaches to the unique context of each facility. Furthermore, this study highlights the importance
of further research to broaden our knowledge on the dissemination and scale-up of health care innovations. This includes the
development of learning health systems capable of responding in an agile and effective way to the needs of rural and vulnerable
populations both in Quebec and elsewhere.

JMIR Aging 2025 | vol. 8 | e71950 | p.170https://aging.jmir.org/2025/1/e71950
(page number not for citation purposes)

Nabelsi et alJMIR AGING

XSL•FO
RenderX

mailto:veronique.nabelsi@uqo.ca
http://www.w3.org/Style/XSL
http://www.renderx.com/


(JMIR Aging 2025;8:e71950)   doi:10.2196/71950

KEYWORDS

teleconsultation; long-term facilities; nursing; barriers and facilitators; rural; telehealth; qualitative; pilot study; Quebec

Introduction

Background
Teleconsultation has evolved considerably in recent years,
especially during the COVID-19 pandemic, when it became
standard practice for general practitioners and specialists alike
[1-3]. Numerous studies have demonstrated its effectiveness in
improving access to care [4-6], ensuring continuity [7,8] and
quality of care [9,10], increasing patient satisfaction [11-15],
and reducing costs [16-18] and wait times [2,19-22]. Moreover,
internet-based clinical support initiatives between novice and
expert professionals are being implemented in both urban
[23-25] and rural [26,27] settings specifically to address
challenges related to the shortage of qualified health care
workers.

Despite the increasing adoption of teleconsultation, its use in
nursing practice remains largely unexplored [28-31], even
though its potential to transform care, including in long-term
care centers, is well recognized [32,33]. This potential is even
more significant in rural and resource-limited settings, where
access to health care services remains a major challenge [34-37].

The lack of data on the use of teleconsultation in nursing practice
is concerning as nurses play a key role in the continuum of care,
especially in rural settings and long-term care facilities, where
they are often patients’ first point of contact [38-40]. Although
recent studies have focused on the facilitators of and barriers
to implementing geriatric teleconsultation in home nursing care
[33,41], its impact on nurses’and nursing assistants’workflows
[35], and the costs and cost savings associated with its use in
residential and long-term care centers [34], these studies remain
limited.

To date, studies have not yet provided a comprehensive picture
of the effectiveness and impact of teleconsultation in nursing
practice. Thus, in-depth exploration of this approach is essential
to optimizing its benefits and supporting nursing professionals
in the adoption and integration of this technological innovation.

Context
This research gap is of concern in residential and long-term care
centers (centres d’hébergement et de soins de longue durée
[CHSLDs]) in Quebec, Canada, where continuity and quality
of care are essential to residents’ well-being. Directives from
the Ministry of Health and Social Services (Ministère de la
Santé et des Services sociaux [MSSS]) and guidelines from the
Order of Nurses of Quebec (Ordre des infirmières et infirmiers
du Québec) stress the need to ensure the presence of nurses 24
hours a day in these facilities. However, smaller CHSLDs,
namely, those with ≤50 beds, face major challenges in meeting
this requirement due to nursing staff shortages, especially during
night shifts. These frequent periods when no resources are
available expose residents to increased risks to their safety and
well-being [42,43]. This situation is even more critical in

semiremote and remote areas, where difficulties associated with
recruiting and retaining nursing staff exacerbate the challenges
related to access and quality of care. A better understanding of
the opportunities offered by teleconsultation could help alleviate
these structural challenges and help build the CHSLDs’capacity
in these settings.

As a response to these challenges, the National Directorate of
Nursing Care and Services of the MSSS has initiated a pilot
project to assess the impact of access to overnight nursing
teleconsultation in rural CHSLDs with ≤50 beds. This initiative
is based on the implementation of nursing teleconsultation, a
promising solution to reinforce continuity of care and reduce
regional disparities in access to health care services in Quebec.

Recent studies have shown that teleconsultation can mitigate
limitations related to the lack of on-site nursing staff and offer
real-time clinical support, thus reducing the risk of adverse
events during periods of understaffing [35,44,45].

In line with this approach, this project explored innovative
solutions to build resilience in long-term care systems and
respond more effectively to the growing challenges associated
with nursing shortages.

Objectives
The aim of this study was to identify barriers to and facilitators
of implementing overnight nursing teleconsultation in rural
Quebec CHSLDs with ≤50 beds. Specifically, this study aimed
to gather the views of managers, nursing staff, and resident
committee presidents. Exploring these viewpoints will fill a
significant gap in the current literature and suggest critical
avenues to support the successful integration of teleconsultation
in long-term care settings.

Methods

Study Design and Setting
The 6-month pilot project was rolled out in 3 rural CHSLDs
located in 2 administrative regions of Quebec. The regions were
selected by the MSSS for their alignment with the project’s
outlined criteria, which include facilities located in semiremote
and remote areas, those already experiencing nursing shortages
during the night shift, and those reporting issues and risks related
to these shortages. In addition, at least 30% of all CHSLD
facilities in the territory have a capacity of ≤50 beds. The rollout
was conducted sequentially from July 2022 to March 2023 at
different sites. Given the innovative nature of the pilot project,
an exploratory qualitative study was conducted to identify the
barriers to and facilitators of implementing teleconsultation in
overnight nursing care.

Data Collection
An interview guide was designed, tested, and validated by the
research team. The guide, comprising 12 open-ended questions,
aimed to identify the barriers to and facilitators of implementing
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teleconsultation. This guide provided a better understanding of
the context and experiences surrounding the pilot project’s
deployment. This study was guided by key factors influencing
the implementation of health innovations as outlined in the
framework proposed by Chaudoir et al [46]. The interview guide
is included in Multimedia Appendix 1.

The framework developed by Chaudoir et al [46] was selected
for several key reasons that ensure that it is an appropriate
framework to assess the implementation of health innovations.
In fact, this model is based on a systematic review of the
literature. It also captures the complexity of implementing health
innovations by considering various levels of influence, such as
organizational structures, health care providers, patients, and
the specific characteristics of the innovation.

This holistic approach enables a more comprehensive and
nuanced assessment of the factors that can affect an innovation’s
success. Furthermore, by incorporating levels of analysis that
reflect practical realities in the field—such as the nursing staff
and residents—the model provides health care professionals
with an applicable and relevant framework. It helps identify the
barriers and facilitators that are specific to each setting, thus
facilitating the design of customized implementation strategies.
Finally, the model is flexible and can be tailored to different
health innovations and settings. Whether we are examining the
implementation of a new technology or a care protocol, the
model proposes analysis categories that can be adjusted
according to the features of the innovation and environment.

The model’s components can be described on five levels: (1)
the structural level, which includes factors related to the broader
context in which the innovation is implemented, such as health
care policies, funding structures, or available resources. These
variables directly or indirectly influence an organization’s ability
to adopt and integrate new practices. (2) the organizational level,
which focuses on the specific characteristics of the organizations
themselves, such as organizational culture, leadership, support
systems, and communication dynamics. It examines how these
internal elements facilitate or hinder the implementation of
innovations. (3) the health care provider level; at this level, the
focus is on the individuals responsible for implementation, such
as physicians, nurses, or other health care professionals. The
model assesses health care providers’ attitudes, knowledge,
skills, and beliefs, all of which can influence how an innovation
is adopted and applied. (4) the patient level, which analyzes
patients’ perceptions, attitudes, and behaviors, as well as their
level of innovation engagement and buy-in. Patients’
psychosocial factors, such as their understanding, beliefs, or
preferences, are crucial to the successful implementation of
health innovations. (5) the innovation level, which examines
the specific characteristics of the innovation itself, such as
complexity, compatibility with existing practices, cost, and
flexibility. An innovation perceived as easy to use, relevant,
and beneficial is more likely to be adopted.

This framework provides a solid foundation to analyze the
perspectives of managers, nursing staff, and resident committee
presidents, highlighting the key factors influencing the adoption
and effectiveness of nursing teleconsultation in small CHSLDs.

Participants
Participant recruitment was conducted using nonprobability
sampling [47], through which participants were identified by
pilot project managers in each region. This selection method is
designed to maximize participants’ intrinsic motivation by
giving them the opportunity to become involved on their own
terms. By promoting this freedom of choice, this study aimed
to attract participants who were especially motivated and
engaged, thereby improving the quality of the collected data as
well as enhancing the relevance and validity of the findings.

Participants were initially contacted through an email that
included the interview guide and a detailed consent form. The
consent form outlined the context of the study, the project’s
objectives, the procedures and expected duration of participation,
the anticipated benefits, and assurances regarding anonymity
and confidentiality. A total of 38 semistructured individual
interviews were conducted with managers (n=27, 71%), nursing
staff (n=9, 24%), and resident committee presidents (n=2, 5%)
between February 2023 and July 2023.

These semistructured interviews were carried out in French and
were conducted via videoconference (Zoom; Zoom Video
Communications, Inc). The principal investigator (VN)
conducted the interviews. Participants were given the option to
review the transcripts of each interview, but none of the
participants chose to receive the transcripts. No additional
recruitment process was necessary as information redundancy
indicated data saturation [48].

Data Analysis
On the basis of the framework by Chaudoir et al [46], we
conducted a pattern analysis of interview transcripts to identify
factors describing facilitators of and barriers to implementing
overnight nursing teleconsultation in small CHSLDs. This
approach emphasized hierarchical coding, enabling rigorous
structuring of the textual data analysis while offering the
flexibility required to meet the specific needs of the study.

The analysis prioritized participants’ responses, highlighting
their descriptions of barriers and facilitators. To do this, we
immersed ourselves in the data by reading and rereading
transcripts while taking handwritten notes on emerging factors
and codes. This iterative process carried out by a single coder
(the principal investigator, VN) is a valid method in qualitative
analysis of thematic data, enabling researchers to understand
how participants gave meaning to their experiences. A
handwritten thematic map was created to group data extracts
into broad categories of barriers and facilitators, which fostered
a thorough review process and helped generate initial codes.
These codes were then applied during a second analysis phase
using the NVivo software (version 14; QSR International). The
initial codes were used to identify overlaps and search for
emerging themes.

To ensure a comprehensive and structured analysis, the coder
(VN) applied the 5 levels of the framework by Chaudoir et al
[46]—structural, organizational, health care provider, patient,
and innovation—as primary coding categories. Each identified
barrier or facilitator was initially coded under one of these levels.
The coder developed subthemes within each level, enabling a
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more nuanced examination of the data. This structured approach
reinforced the consistency of our analysis, ensuring that all
aspects of the implementation process were thoroughly explored
while maintaining alignment with established theoretical
constructs.

Finally, potential factors were examined and verified across the
dataset by rereading the transcripts and checking themes against
identified codes. This approach ensured the robustness and
consistency of the findings.

Ethical Considerations
Ethics approval was obtained from the Research Ethics
Committee of the Outaouais Integrated Health and Social
Services Centre before the beginning of the study (reference
2022-353_195) in Quebec, Canada. All participants gave their
consent electronically before beginning the interviews.
Participation was anonymous and voluntary. Study participants
did not receive monetary compensation. All interviews were
audio recorded with the participants’ permission and then
transcribed in compliance with ethical and confidentiality

standards. The deidentified recordings were transcribed verbatim
by a third-party transcription service bound by a confidentiality
agreement. The study’s findings will be disseminated through
presentations at conferences and publications in peer-reviewed
journals using anonymized data. The findings will also be shared
through presentations to various MSSS stakeholders and the
nursing community.

Results

Overview of Barriers
This study aimed to identify the barriers to and facilitators of
implementing overnight nursing teleconsultation in 3 of
Quebec’s rural CHSLDs with ≤50 beds. The results are
presented in accordance with the 5 levels of the framework by
Chaudoir et al [46]: structural, organizational, health care
provider, patient, and innovation.

Table 1 presents a comprehensive overview of the framework
detailing the barriers identified at each level and for each
participant group.
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Table 1. Level, factors, and number of participants who mentioned each factor.

Resident committee presidentsc

(n=2), n (%)
Nursing staff membersb

(n=9), n (%)
Managersa (n=27), n (%)Level and factor

Structural

——d23 (85)Union opposition

2 (100)4 (44)11 (41)Network instability

——16 (59)Overburdened managers

—6 (67)—Lack of support from project leaders

Organizational

—4 (44)—Lack of leadership from the site manager

Health care provider

—6 (67)12 (44)Resistance to change

—7 (78)12 (44)Limited technology skills

—4 (44)12 (44)Insecurity about using technology

2 (100)8 (89)10 (37)Increased workload associated with the technology

Patient

1 (50)——Concerns about quality of care

Innovation

—8 (89)14 (52)Low volume of teleconsultations

——16 (59)Complexity of the process compared to a phone call
with a remote on-call nurse

—5 (56)—Increased time to initiate care management

—5 (56)—Insecurity about the quality of nursing assessments

—4 (44)—Difficulty using the tablet

aIndividuals in positions of authority. They oversee operations, manage resources, and supervise personnel in health care settings. Their role is to ensure
the smooth functioning of the facility.
bThis refers to all individuals involved in providing direct care to patients or residents, including both nurses and nursing assistants.
cThese individuals lead the residents’ committee. The committee represents residents in health care facilities such as long-term care homes. Its mandate
is to protect residents’ rights. The committee ensures that residents are treated with dignity and that their rights and freedoms are respected. It also serves
as a key spokesperson for residents. It brings residents’ concerns and needs to the attention of the institution’s governing bodies.
dNot applicable.

Barriers: Structural-Level Factors

Union Opposition
Union opposition was mentioned by most managers (23/27,
85%) as a major factor before the launch of the pilot project.
According to respondents’ testimonials, for several months, the
union waged a disinformation campaign conveying alarming
messages to health care professionals and the community.

The union disseminated messages stating that the “government
was planning to replace nurses with tablets,” which it claimed
would “diminish the quality of care and endanger the safety of
residents” (M10). Another manager (M9) specified that “They
ran a lot of ads saying nurses were being replaced by tablets.”
Some managers reported that this campaign had a disruptive
effect, creating “a shock wave and a wave of fear in the
community” (M22), and the pilot project was perceived “as
devaluing this client group, as if they were receiving
second-class care” (M25).

The union’s intervention was not confined to the public sphere;
it also manifested itself directly in the workplace. Managers
reported that union representatives visited CHSLDs attempting
to dissuade nurses from participating in the pilot project. One
manager (M8) explained the following:

The union would come directly into the workplace,
to frighten employees.

The union told nursing assistants that their participation was
“super dangerous, because they would be going beyond their
scope of practice and their professional order would turn against
them,” added one manager (M9). Despite this initial pressure,
none of the interviewed nursing staff members (9/9, 100%)
reported any problems with their union after the beginning of
the pilot project. Unlike the managers, nursing staff members
did not perceive union opposition as a barrier.

Network Instability
Network instability was identified as a barrier by some managers
(11/27, 41%) and nursing staff members (4/9, 44%), as well as
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by the resident committee presidents (2/2, 100%), especially in
rural and remote areas.

Interviewees’ testimonials revealed that connectivity was not
uniform across the facilities. One manager (M1) explained the
following:

It didn’t necessarily work everywhere in the CHSLD.

In total, 44% (4/9) of nursing staff members added that there
were sometimes 15- to 20-minute delays in logging in. This
wasted time, although occasional, can have significant
repercussions on the quality of care, as mentioned by one
resident committee president (RC36):

From time to time, it won’t work there...you have to
take that into account, because it would be a huge
waste of time to start an intervention, then you lose
the network, you have to restart another way, by
telephone, etc.

Overburdened Managers
The extra workload associated with the pilot project was a
barrier for 59% (16/27) of the managers, especially for project
leaders, project coleaders, and site managers. They had to
reconcile their usual tasks while ensuring rapid deployment of
the project within the context of a nursing shortage. One
manager (M4) explained the following:

We weren’t optimal in our monitoring, which created
an obstacle, because, basically, we weren’t as present.

Moreover, daily monitoring of nursing staff practices increased
the burden on site managers, who feared that implementation
of the project would not be feasible without additional resources.
One manager (M9) raised the following question:

Is the workload going to be realistic for managers
who are already highly solicited?

Lack of Support From Project Leaders
Lack of support from project leaders was identified as a barrier
by 67% (6/9) of nursing staff members. This limited support
manifested as reduced availability as project leaders were often
overwhelmed by their many responsibilities. One nursing staff
member (NS34) indicated the following:

We’d have liked to have a little more time, but they’re
kind of busy with everything.

This created a feeling of abandonment among nursing staff,
with some expressing a lack of guidance. One staff member
(NS29) reported that “The project leaders didn’t always have
the answers to our questions.”

Barriers: Organizational-Level Factors (Lack of
Leadership From the Site Manager)
In one administrative region, the site manager’s lack of
leadership was perceived as a barrier by some nursing staff
members (4/9, 44%). This lack of leadership manifested itself
as a lack of proximity between the site manager and the nursing
staff, namely, infrequent travel to meet the team and gaps in
communication. This distance hindered the exchange of
information and the understanding of the pilot project’s issues,
leading the site manager to become disinterested, which

generated frustration and reduced nursing staff buy-in and
motivation at the outset of the pilot project. However, as the
project progressed, the situation improved, and they were able
to overcome these challenges.

Barriers: Health Care Provider–Level Factors

Resistance to Change
Resistance to change was identified as a barrier by 44% (12/27)
of managers and 67% (6/9) of nursing staff members. This
resistance took the form of a reluctance to participate in training
and simulations, as well as a marked preference for using the
telephone, which was perceived as quicker and more effective.
For example, one nurse refused to use teleconsultation to assess
a resident after a fall, preferring to travel to the CHSLD herself.
One manager (M3) indicated the following:

The nursing staff found it cumbersome.

Indeed, nursing staff members reported that their colleagues
preferred traditional methods such as on-call nursing or traveling
to visit the resident in person. Even when teleconsultation would
have been more appropriate, using the telephone remained the
preferred method.

Limited Technology Skills
Limited technology skills represented a barrier, as identified by
67% (18/27) of the managers. One manager (M20) pointed out
the following:

One of the barriers we encountered very, very quickly
was that people were not familiar with the technology
and then were not able to use it.

According to one manager (M23), this shortcoming can be
explained by “a lack of simulation and comfort as well as by
constraints such as nursing shortages, heavy workloads, and
COVID-19 outbreaks.” One manager (M8) said the following:

In addition to learning new tools, our nurses had to
continue providing care. At one point, they were
saying, “It’s just not working”.... It was a real
challenge to implement this on a daily basis.

According to 78% (7/9) of nursing staff members, this barrier
is especially significant among older nurses, who are often less
comfortable with new technology. One nursing staff member
(NS33) described this generational challenge:

We weren’t all born with a keyboard or tablet in our
hands...we have a few who are in their fifties. Not all
of them were comfortable with it either.

One nursing staff member (NS29) added the following:

...although the younger generation showed an initial
interest, this desire was curbed by older nurses’
reluctance to embrace the technology, creating a
barrier to the successful integration of digital tools
into professional practices.

Furthermore, the low volume of remote activities and
insufficient monitoring limited the practice of teleconsultation,
resulting in the loss of acquired skills. One nursing staff member
(NS33) described it as follows:
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We had practices, and I fell on the practice that was
postponed.... It was never rescheduled. So, the first
time, I’d never even practiced.

Insecurity About Using Technology
Insecurity about using technology was a concern due to the
novelty of teleconsultation and was mentioned by 44% (12/27)
of managers. In addition, 44% (4/9) of care staff members
reported that nursing assistants in particular felt vulnerable when
they were alone on-site, fearing that they would not know how
to use teleconsultation properly or solve technical problems.
As one manager (M4) explained, “It’s my nurse who takes
charge” when a resident is not doing well. Another manager
(M9) confirmed this feeling of insecurity:

This practice, in terms of the technology, well, it
caused a little insecurity at first, because we didn’t
know that much about it. 

Similarly, one nursing staff member (NS32) noted that “a fear
of computer technology” discouraged some of the more
experienced nurses from becoming involved in the pilot project.

Increased Workload Associated With the Technology
The implementation of teleconsultation led to an increased
workload for remote nurses, a challenge that was highlighted
by 37% (10/27) of managers, 89% (8/9) of nursing staff
members, and 100% (2/2) of resident committee presidents.
One nursing staff member (NS31) reported the following:

We were the ones who had to adapt the most. 

Before every night shift, nurses had to make sure that they had
the necessary tools for teleconsultation, which often meant
traveling to the CHSLD even on their days off. In addition to
their usual tasks, they had to manage interdepartmental reports,
fill in specific follow-up forms, and immediately document each
teleconsultation. One resident committee president (RC36)
explained the following:

We also had to foresee working time to connect, use
the equipment, get everything working and then
provide electronic notes afterward, transfer them,
etc.

One manager (M23) pointed out the following:

...the people who are working remotely, the ones who
are doing the teleconsultation, are the same people
who are there in the evening, during the night...it
creates a great deal of anxiety.

Barriers: Patient-Level Factors (Concerns About
Quality of Care)
In the context of teleconsultation, concerns about the quality of
care were primarily raised by 50% (1/2) of the resident
committee presidents. He feared that teleconsultation would
undermine the personal nature of care, concerned that
technology would compromise the human contact that is
essential to in-person interactions. Initially opposed to the
project, fearing the impersonality and disempowerment of
nurses, he eventually recognized the benefits of teleconsultation
as the pilot progressed. One of the presidents (RC36) expressed
the following:

My initial opposition to the project was based on what
I didn’t want: That it would become impersonal, that
it would prevent human contact...that it would change
the on-call nurse’s responsibility, relying on a screen,
which is not the same as what you might experience
during an in-person visit.

Barriers: Innovation-Level Factors

Low Volume of Teleconsultations
According to 52% (14/27) of managers, the low volume of
teleconsultations was a barrier and could be attributed to the
small size of CHSLDs, but the low volume of activity also raised
important questions, as one manager pointed out (M25):

Was the volume low because there wasn’t a need?
Was the volume low because practices were already
good on both sides, and [the person carrying out an
intervention] acted preventively?

Another manager (M4) added the following:

Nursing assistants who said, “Oh no, look, it’s 4
o’clock. The nurse is coming in two hours, we’ll wait
two hours.” Did this harm the resident? Well,
indirectly, for someone who is in pain, yes it did. But
there was no report of an incident or accident that
could have or did cause harm to the resident’s health,
safety, and well-being.

According to 89% (8/9) of nursing staff members, the low
volume of teleconsultations hindered their ability to maintain
their skills. One of them (NS26) said the following:

It had been a month since we’d had one...I forgot to
fill in the smartsheet.

Moreover, a manager (M10) observed the following:

...when comparing data from the previous year to [the
data related to] the implementation of
teleconsultation, the number of telephone calls
received is equal to the number of teleconsultations
over the same period.

Complexity of the Teleconsultation Process Compared
to On-Call Nursing
The complexity of the teleconsultation process compared to
on-call nursing was perceived as a barrier by 59% (16/27) of
managers. Unlike on-call nursing, when the nursing assistant
can contact the on-call nurse directly, teleconsultation involves
a series of more complex actions, such as waking up the on-call
nurse to initiate the consultation and, sometimes, the need to
call back the CHSLD. This complexity prolongs the time it
takes to obtain a nursing assessment, as explained by one
manager (M18):

It’s too slow...the time to turn on the laptop, to
connect safely.

Another manager (M10) added that the speed of the on-call
process influenced perceptions of teleconsultation:

It influenced the teleconsultation project.
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In addition, the necessity of having the teleconsultation on-call
travel case added another layer of difficulty, especially when
staff forgot the equipment, as described by one manager (M12):

Ah OK, but now I don’t have the equipment, I have
to go to the CHSLD to get the equipment.

Increased Time to Initiate Care Management
According to 56% (5/9) of nursing staff members, the use of
teleconsultation led to an increase in the time taken to initiate
the residents’ care management. Unlike previous practices, the
nurse had to assess the resident over a digital platform before
intervening, adding an extra step that delayed the response to
immediate needs. This delay was exacerbated in remote areas,
where unstable internet connections complicated access to
teleconsultation, potentially leading to a deterioration of the
resident’s condition. One nursing staff member (NS26)
illustrated this problem by describing a situation in which the
requirement to use a tablet for teleconsultation interfered with
the prompt management of a resident’s pain:

A lady was experiencing pain.... I found the
computer-based support detrimental to immediate
care.... Meanwhile, the lady was in pain. You know,
we are managing pain at the same time as we manage
the tablet.

Insecurity About the Quality of Nursing Assessments
There were concerns about the quality of nursing assessments
carried out via teleconsultation, including the fear that visual
assessment cannot adequately replace a physical examination.
In total, 56% (5/9) of nursing staff members shared these
concerns. One of them (NS30) explained the following:

I had concerns about the physical assessment in the
sense that shifting to a visual assessment instead of
doing it in real life...that my assessment would not be
complete. 

The absence of physical contact with the resident was perceived
as a limitation as nonverbal communication plays an important
part in a comprehensive assessment. Another nursing staff
member (NS33) illustrated this difficulty:

Non-verbal and verbal [messages] contradict each
other in residents...with the tablet, it wasn’t easy
because I couldn’t look at my resident’s face and leg
movement at the same time.

The use of technology such as the digital stethoscope also
prompted reservations. One nurse expressed unease:

Listening over the phone, it’s not like performing the
auscultation myself. [NS31]

Difficulty Using the Tablet
When using a tablet, nursing staff members experienced physical
constraints in terms of mobility and effectiveness. These
constraints made it difficult to carry out teleconsultations, as
one nurse described:

The hindrance was caused by the darn arm they set
up to hold that tablet.... It would swing around. You
know, to be honest, it wasn’t the best. [NS33]

A total of 44% (4/9) of the nurses emphasized the need for a
stand to hold the tablet, freeing up the nursing assistant’s hands.

Overview of Facilitators
Table 2 presents a comprehensive overview of the framework
detailing the facilitators identified at each level and for each
participant group.
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Table 2. Level, dimension, and number and percentage of participants who mentioned each factor.

Resident committee presidentsc

(n=2), n (%)
Nursing staff membersb

(n=9), n (%)
Managersa (n=27), n (%)Level and dimension

Structural

—d9 (100)21 (78)Care setting

——18 (67)Legitimization of the practice of overnight on-call
nursing

2 (100)——Culture of on-call nursing

——21 (78)Implementation monitoring

Organizational

2 (100)—27 (100)Buy-in from senior management and managers

——19 (70)Support from project leaders

—7 (78)19 (70)Support from site managers

——15 (56)Team involvement, motivation, and stability

—9 (100)18 (67)Collaboration between the nursing department and the
Support Program for the Autonomy of Seniors

——21 (78)Transfer of knowledge and experience

Health care provider

——13 (48)Nursing staff buy-in

—9 (100)—Nursing staff motivation

——13 (48)Development of the nursing staff’s skills

—7 (78)—Ability to adapt and use technology

2 (100)——Openness to change

Patient

——12 (44)Buy-in from residents, families, and resident commit-
tees

—6 (67)—Communication

Innovation

2 (100)9 (100)27 (100)Relative benefits

——19 (70)Development of nursing staff’s roles

—8 (89)—Improved professional practices

aIndividuals in positions of authority. They oversee operations, manage resources, and supervise personnel in health care settings. Their role is to ensure
the smooth functioning of the facility.
bThis refers to all individuals involved in providing direct care to patients or residents, including both nurses and nursing assistants.
cThese individuals lead the residents’ committee. The committee represents residents in health care facilities such as long-term care homes. Its mandate
is to protect residents’ rights. The committee ensures that residents are treated with dignity and that their rights and freedoms are respected. It also serves
as a key spokesperson for residents. It brings residents’ concerns and needs to the attention of the institution’s governing bodies.
dNot applicable.

Facilitators: Structural-Level Factors

Care Setting
Testimonials from 78% (21/27) of the managers and all nursing
staff members (9/9, 100%) highlighted the care setting’s decisive
role in the success of the pilot project. Faced with a nursing
staff shortage, this initiative was viewed as a promising solution
to optimize practices and the management of available resources
while maintaining the quality and safety of resident care. One
manager (M1) explained the following:

Our objective is to ensure that every nursing staff
member is in the right place, playing their role to the
full and that we are using our resources wisely.

Legitimization of the Practice of Overnight On-Call
Nursing
Legitimization of the practice of overnight on-call nursing
factored positively in the project’s success. According to 67%
(18/27) of managers, the fact that this practice was framed within
a specific, temporary context reassured stakeholders such as the
Order of Nursing Assistants of Quebec (Ordre des infirmières
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et infirmiers auxiliaires du Québec), the Quebec ombudsman,
and user and resident committees. One manager (M1) explained
the following:

This legitimization enabled nursing staff to feel they
had greater authorization to use teleconsultation,
mitigating fears related to professional compliance.

Culture of On-Call Nursing
The existing culture of on-call nursing was a significant
facilitator. All resident committee presidents (2/2, 100%) stated
that this culture, which was already well established and
accepted in CHSLDs, facilitated the implementation of
teleconsultation. Considered “an innovative and adaptive
solution, on-call nursing was seen as essential to maintaining
optimal quality of care,” as indicated by one of the presidents
(RC36). He added the following:

...the pre-existing culture facilitated the transition to
teleconsultation by normalizing the idea of a remote
nurse and positioning it as a safe and effective
approach.

Implementation Monitoring
Close monitoring by the nursing department (ND) and the
Support Program for the Autonomy of Seniors (SAPA) within
the health care system in Quebec was a key facilitator according
to 78% (21/27) of managers. Monitoring took place at three
levels: (1) strategic level—committees and regular meetings
with the MSSS promoted fluid communication on project
advancement; (2) operational level—project leaders organized
regular meetings with site managers, enabling actions to be
adjusted quickly and providing immediate feedback (as one
manager [M16] reported, “monitoring by the Ministry...was
highly beneficial”); and (3) day-to-day level—ongoing
monitoring of teleconsultation practice was implemented,
including a review of ministry forms, hospital transfers, and
incident reports, as well as audits in CHSLDs to ensure that
nursing staff had the support they needed.

Facilitators: Organizational-Level Factors

Buy-In From Senior Management and Managers
Senior management buy-in was viewed as a facilitator by all
managers (27/27, 100%), namely owing to the support of the
chief executive officer of the Integrated Health and Social
Services Centre of Abitibi-Témiscamingue and the Integrated
University Health and Social Services Centre of Mauricie and
Centre-du-Québec, as reported by one manager (M8):

He took it on, then he defended it.

When senior management prioritizes a project, it motivates
other managers to engage, facilitating rollout and the resolution
of challenges such as acquiring equipment—“We received our
equipment very quickly because it was a priority,” according
to one manager (M1). The resident committee presidents (2/2,
100%) also confirmed that this support was important to the
project’s success. One of the resident committee presidents
(RC35) explained the following:

When senior management is supportive of the project,
it sends a strong signal to the members of the

organization about the strategic importance of
teleconsultation. This approval from leadership can
positively influence the levels of acceptance and
engagement within the team.

In addition, the managers’ buy-in was unanimously recognized
as a facilitator by participating managers (27/27, 100%). Their
engagement made it possible to effectively navigate MSSS
requirements and ensure the buy-in of the nursing staff members
who were consulted, underlining the importance of creating an
environment that is conducive to the implementation of
teleconsultation.

Support From Project Leaders
Support from project leaders was a determining factor according
to 70% (19/27) of managers. Project leaders played a key role
in motivating nursing staff by clarifying objectives, allaying
concerns, and fostering champions within the teams, creating
a conducive environment for the adoption of teleconsultation.
As one manager (M5) explained, “Having a dedicated person
to answer questions and solve problems” was essential.

Support From Site Managers
According to 70% (19/27) of managers, site managers also
fostered the implementation of teleconsultation. One manager
(M12) reported the following:

Their knowledge of the environment and their existing
bonds of trust played a key role in the human
management of change and in nursing staff
mobilization.

The nursing staff (7/9, 78%) also appreciated this support,
underlining the site managers’ guidance and availability. One
nursing staff member (NS32) explained the following:

I felt supported throughout the project. If I had any
questions, I knew where to turn. I had a lot of support
from my manager.

Involvement, Motivation, and Stability of Nursing Staff
According to 56% (15/27) of managers, the involvement,
motivation, and stability of nursing staff were key facilitators.
Team cohesion facilitated flexibility and mutual support, as
stated by one manager (M16):

Nursing staff demonstrated solidarity by swapping
shifts during snowstorms to ensure staff availability. 

This solidarity enabled staff to respond effectively to residents’
needs and maintain reasonable response times.

Collaboration Between the ND and SAPA
According to 67% (18/27) of managers, collaboration between
the ND and SAPA was a key facilitator. A clear division of
roles enabled the ND to manage external relationships with the
MSSS and other agencies, whereas the SAPA dealt directly
with the implementation of teleconsultation, ensuring effective
coordination. One manager (M16) reported the following:

Having a single point of entry was helpful.

This synergy promoted the cocreation of solutions to the
project’s challenges, namely in terms of training and monitoring,
reinforcing the effectiveness and success of the initiative.
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The training plan, including coaching, simulations, and tool
adaptations, was tailored to meet regional needs and reinforce
the safety of nursing practices. One manager (M10) underlined
the following:

Training was customized...to reinforce safety. 

Practical guides and equipment such as headsets supported the
practice of teleconsultation, and simulations boosted the nursing
staff’s confidence. Nursing staff members (9/9, 100%)
unanimously appreciated the training, deeming it essential to
the adoption of the technology and success of the pilot project.

Transfer of Knowledge and Experience
The transfer of knowledge and experience was a significant
factor for most managers (21/27, 78%), facilitating collaboration
and adaptation between regions and within participating
CHSLDs.

Between regions, managers worked closely, sharing their
experiences and adjusting approaches according to the specific
needs of each region. Although support tools were not cocreated
systematically, these exchanges enabled participants to adjust
based on local context. Regarding collaboration and adaptation
within CHSLDs, in one region, the level of sharing between 2
CHSLDs was particularly striking. Nursing staff from the first
site shared their experiences with that of the second, fostering
buy-in to the pilot project. For example, a manager’s guide
created from lessons learned was passed on to the other site,
facilitating the implementation of teleconsultation in similar
settings. One manager (M16) described it as follows:

The manager took notes on everything she had
implemented...and brought it back to the ND....So, it
ranged from the criteria we had to meet, to making
sure we met them, to the tasks we had to carry out...all
in one guide.

Facilitators: Health Care Provider–Level Factors

Nursing Staff Buy-In
For 48% (13/27) of managers, nursing staff buy-in was a
facilitator. Nursing staff members were not only favorable to
the idea, they were also motivated to actively participate in the
pilot project, demonstrating a willingness to move forward with
teleconsultation. One manager (M5) noted the following:

The nursing staff were very open and aligned with
the project. They wanted to move forward with the
change.

Despite initial stress, the nursing staff adapted quickly. As one
manager (M24) pointed out, “Once the adaptation period was
over...there was no more stress. It went well,” underlining their
ability to overcome resistance and make a successful transition
to teleconsultation.

Nursing Staff Motivation
All nursing staff members (9/9, 100%) considered that the
motivation of health care staff was a facilitator. The main
sources of motivation included commitment to the team, interest
in technological tools, and the desire to help resolve the nursing
shortage. Nursing staff members appreciated the creation of

overnight nursing assistant positions with remote support,
helping address the shortage and improve the quality of care.
As one staff member put it, “We’re not as effective after 1 p.m”
(NS28), highlighting the challenges of working long hours.
Being motivated to use technological tools such as
teleconsultation reflects a desire to explore innovative solutions
to improve working conditions and better meet residents’needs.

Development of the Nursing Staff’s Skills
Development of the nursing staff’s skills was a key factor, as
highlighted by 48% (13/27) of managers. Training tailored to
the staff’s needs fostered their preparedness and engagement,
making them champions of the pilot project. Younger members
showed greater mastery of computer and technological skills.
In addition, the training improved nursing assistants’ level of
autonomy and clinical judgment, contributing to the
development of clinical leadership and team management skills.
One manager (M7) described it as follows:

When she’s on her own, she also takes on a bit of a
coordination role...something she didn’t usually do
because it was part of the nurse’s role.

Ability to Adapt and Use Technology
For 78% (7/9) of nursing staff members, the ability to use
technology was directly related to computer literacy and
adaptability. Despite a low level of initial fluency, some
managed to overcome their difficulties. One staff member
(NS33) put it as follows:

I’m not very tech-savvy. I managed. It went well.

Thus, adaptability was a key factor, with nursing staff members
demonstrating an ability to adjust to teleconsultation, including
those who were not as comfortable with computers.

Openness to Change
Nursing staff’s openness to change was essential according to
both resident committee presidents (2/2, 100%). This positive
attitude was fostered by the fact that the project was recognized
as an opportunity for exploration. One of the resident committee
presidents (RC36) said the following:

Given that it was a pilot project, everyone agreed to
give it a try.

RC35 added the following:

...the transfer of experience from nurses performing
on-call nursing to teleconsultation is also a concrete
example of this openness to change. The fact that the
staff had prior experience in similar practices made
it easier to adapt to new methods.

Facilitators: Resident-Level Factors

Buy-In From Residents, Families, and Resident
Committees
Buy-in from residents, families, and resident committees greatly
facilitated the implementation of teleconsultation according to
44% (12/27) of managers. This support was reinforced by the
creation of a relationship of trust through transparent

JMIR Aging 2025 | vol. 8 | e71950 | p.180https://aging.jmir.org/2025/1/e71950
(page number not for citation purposes)

Nabelsi et alJMIR AGING

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


communication and regular meetings with the site manager.
One manager (M17) pointed out the following:

The site manager kept us informed on a regular basis,
establishing a climate of trust.

Communication
Communication was a facilitator, especially in interactions with
residents and their families. In total, 67% (6/9) of nursing staff
members noted that proactive communication with residents
and their families, namely, explaining the project, answering
questions, and obtaining informed consent, facilitated resident
buy-in. One nursing staff member (NS30) said the following:

Transparency, especially about concerns such as data
leaks, fostered a positive reception to
teleconsultation. 

Families generally welcomed the technology, recognizing the
additional benefit to care delivery. Nursing staff members
observed that there was no negative impact on residents, which
could be attributed to the effective communication that reassured
families about data confidentiality and security.

Facilitators: Innovation-Level Factors

Relative Benefits
Analysis of the relative benefits of teleconsultation showed that
this modality represented a significant added value for the dyad
composed of the remote nurse and the CHSLD nursing assistant
according to all managers (27/27, 100%), nursing staff members
(9/9, 100%), and resident committee presidents (2/2, 100%).
Benefits included, first, improved mutual vision. All nursing
staff members (9/9, 100%) agreed that teleconsultation enabled
direct observation of the resident and of the nursing assistant’s
nonverbal cues, fostering a greater understanding of the situation
than was possible through on-call nursing. One staff member
(NS31) pointed out the following:

The way [the nursing assistants] report it to us over
the phone and the way we see it through our own
assessment, are two different things. Sometimes it’s
minimized, and sometimes it’s exaggerated.

This visual component enhanced the remote nurse’s ability to
carry out a more accurate and thorough assessment. One of the
resident committee presidents (RC35) stated the following:

...the use of video in teleconsultation provides a clear
advantage in terms of assessment quality compared
to voice-only interactions. This ability to visualize the
patient can lead to more informed decisions regarding
necessary interventions.

The second benefit was faster assessment. Teleconsultation
reduced the wait time for nursing assessments, enabling more
effective interventions according to all nursing staff members
(9/9, 100%). One staff member (NS32) noted the following:

...an intervention that might have taken an hour could
take only 15 minutes with teleconsultation.

Moreover, the direct electronic transmission of nursing notes
to the CHSLD promoted continuity of care. One of the resident
committee presidents (RC36) noted the following:

...that despite the implementation of teleconsultation,
it is not intended to completely replace in-person
visits, but rather to complement care, thus offering
flexibility and adaptability in the delivery of
healthcare services.

The third benefit was improved quality of care management.
The visual component of teleconsultation helped identify signs
or symptoms that were not described verbally, leading to more
informed decisions according to all nursing staff members (9/9,
100%). In addition, one manager (M25) reported that
teleconsultation “provides visual support that the telephone does
not, enabling [the nurse] to validate the on-site nursing
assistant’s hypothesis or to support her in her contribution to
the assessment.”

The fourth benefit was flexibility and safety. According to the
resident committee presidents (2/2, 100%), teleconsultation did
not replace in-person visits but was complementary to them,
providing flexibility in the delivery of health care services. One
of the presidents (RC36) mentioned the following:

Nurses are not prevented from physically traveling
if necessary.

This innovation also contributed to resident safety according to
the other president (RC35), noting that “residents were safe
with this technological innovation, reinforcing the idea that
teleconsultation does not entail any compromise in terms of
patient safety.”

All managers (27/27, 100%) reported that the introduction of
teleconsultation was perceived as a major step forward,
enhancing the quality and safety of care delivery. According to
them, teleconsultation provided greater safety by enabling nurses
to exercise their clinical judgment under improved conditions.
One manager (M4) stated the following:

Teleconsultation gives the manager a sense of security
because they know that the healthcare professional
is in a better position to exercise their clinical
judgment.

Development of Nursing Staff’s Roles
The pilot project contributed significantly to the development
of nursing staff’s roles according to 70% (19/27) of managers.
Although overnight on-call nursing was already integrated into
the organizational culture, the pilot project improved the
organization and quality of care by strengthening nursing staff’s
roles.

Key improvements included enhancement of the remote nurse
and nursing assistant dyad as the nursing assistant’s practice
was strengthened, including more effective nursing assessments
and better care planning during the night shift, and expanded
scope of practice for nursing assistants as changes to nursing
care procedures enabled nursing assistants to fully exercise their
skills. One manager (M1) pointed out the following:

Nursing assistants have activities...that we’ve allowed
them to carry out.
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Another manager (M16) added that the pilot project enabled
them to “apply their entire scope of practice, enhancing the
value and recognition of their role.”

Improved Professional Practices
The implementation of teleconsultation significantly improved
professional nursing practices according to most nursing staff
members (8/9, 89%). The main observed benefits were, first,
the development of nursing assistants’ skills. Teleconsultation
enabled nursing assistants to develop their scope of practice,
acquiring new skills and playing a more active role in assessing
and delivering care. Structuring communication when
transmitting information also helped strengthen their
communication skills. The second main observed benefit was
proactive information updates. Teleconsultation facilitated the
updating of therapeutic nursing plans and medication
administration records, enhancing nursing assistants’autonomy.
One nursing staff member explained that teleconsultation
eliminated the need to constantly contact the nurse for simple
decisions such as administering medication, ensuring greater
autonomy for nursing assistants. This staff member (NS29)
underlined that “this project has really helped to make us more
autonomous...we can manage almost everything on our own.”

Discussion

Principal Findings

Overview
The aim of this study was to gain a better understanding of the
experiences of managers, nursing staff, and resident committee
presidents involved in the pilot project to identify the factors
that may promote the implementation of teleconsultation. Our
multilevel analysis revealed the presence of facilitators and
barriers.

Structural-Level Factors
Among the identified structural barriers, union opposition, which
was reported by most managers (23/27, 85%), initially
represented a significant obstacle, but it subsided once the
project was in place. The union recognized that teleconsultation
complied with professional standards while at the same time
complementing the work done by nurses in CHSLDs without
seeking to replace it. This helped dispel any initial fears. In
addition, managers’ leadership played a decisive role by
supporting the nursing staff, responding to their concerns, and
facilitating a smooth and harmonious transition.

However, network instability in rural areas was a barrier for
some managers (11/27, 41%) and nursing staff members (4/9,
44%). Connectivity issues coupled with the lack of overnight
technical support led to delays and interruptions, compromising
the effectiveness and reliability of teleconsultation. These
difficulties highlighted the limitations of technological
infrastructures in these environments and created situations in
which interventions were delayed, compromising continuity of
care. This problem is corroborated by studies that underline the
importance of stable network connectivity to ensure the smooth
operation of teleconsultation services. Indeed, network quality
is a determining factor in ensuring the fluidity of exchanges and

the effectiveness of remote consultations, as highlighted by
several research studies [28,49-52]. In these settings, ensuring
reliable network coverage and efficient technical support is
imperative to avoid interruptions that could adversely affect the
quality of care.

Overburdened managers, who had to juggle their usual
responsibilities with the demands of the pilot project, led to
suboptimal management according to 59% (16/27) of managers.
This double workload, compounded by a nursing shortage, made
it difficult to adequately monitor the project and led to
management being less present and reactive. This finding is in
line with observations found in the literature, which stress that
work overload is a major challenge in project management,
especially in settings with limited resources [53]. Thus,
managers’ inability to respond optimally to project requirements
due to the pressure of their day-to-day responsibilities
contributed to the suboptimal implementation of the initiative,
underlining the need for greater support for managers during
the implementation of complex projects.

Lack of support from project leaders was a barrier for 67% (6/9)
of nursing staff members. Insufficient training and monitoring
limited the nursing staff’s ability to use teleconsultation
effectively. This situation reflects the importance of
organizational support, which studies have shown to be a key
factor in the success of training and implementation programs
[54]. Indeed, constant support and adequate coaching help build
the staff’s skills and ensure the successful adoption of new
technology, such as teleconsultation, in care settings.

However, several facilitators contributed to the project’s success.
The context of the health care system, marked by a nursing
shortage that was exacerbated by the COVID-19 pandemic,
acted as a catalyst for the implementation of teleconsultation
according to several managers (21/27, 78%) and all nursing
staff members (9/9, 100%). Perceived as an effective solution
to the shortage, teleconsultation enabled better management of
human resources, which reduced excessively long shifts and
improved the nursing staff’s working conditions. This approach
is supported by studies demonstrating that technology can
optimize the use of human resources during a shortage [55,56].

Some managers (18/27, 67%) highlighted that legitimization
of the practice of overnight on-call nursing played a key role in
nursing staff’s acceptance and adoption of teleconsultation.
According to the literature, framing new clinical practices within
a defined, transparent, and temporary framework is essential to
reassuring stakeholders such as professional orders, user
committees, and regulatory bodies [35,57,58]. Such a framework
helps build an environment of trust, reducing reluctance to adopt
innovative practices and ensuring compliance with professional
standards.

The preexisting culture of on-call nursing facilitated the
acceptance of the pilot project by making the transition to
teleconsultation smoother according to the resident committee
presidents (2/2, 100%). Familiarity with remote practices
fostered acceptance of the new technology. This observation is
supported by the literature, which indicates that preexisting
practices and organizational cultures play a decisive role in the
acceptance of health care innovations [35,59].
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Finally, close monitoring at several levels was a key factor in
the successful implementation of teleconsultation for a large
proportion of managers (21/27, 78%). By integrating strategic,
operational, and daily monitoring, the project benefited from
rapid adjustments, ensuring compliance with project objectives
and requirements. This systematic monitoring not only
facilitated proactive management of challenges but also
enhanced responsiveness to emerging issues, helping maintain
coherent and fluid processes. According to the literature,
structured and sustained monitoring is essential to optimizing
the implementation of new practices, especially in a context of
technological transformation, helping overcome barriers and
ensure project sustainability [60,61].

Organizational-Level Factors
According to the nursing staff in 1 of the 2 administrative
regions (4/9, 44%), one of the barriers at the organizational level
was the site managers’ lack of leadership. This lack of
leadership, characterized by minimal presence and limited
communication with nursing staff, was viewed as a barrier to
the implementation of teleconsultation. The perceived distance
between the site managers and care teams created a climate of
frustration and disengagement. This situation is corroborated
by the literature, which underlines that weak leadership can
hinder the implementation of change initiatives by generating
feelings of frustration and disengagement among health care
teams [62-64].

As part of the implementation of teleconsultation, several
organizational factors facilitated its rollout, highlighting the
importance of a coordinated approach and sustained engagement
at all levels of the organization. Buy-in and active support from
senior management and managers were crucial to the project’s
success according to all managers (27/27, 100%) and resident
committee presidents (2/2, 100%). The literature supports this
observation, stating that the engagement of organizational
leaders is a key factor in the success of change initiatives in
health care facilities [65,66]. This engagement helped mobilize
the necessary resources and promote a culture conducive to
innovation.

The role of project leaders and site managers was considered
essential by 70% (19/27) of managers. Their availability and
expertise not only enabled the effective resolution of operational
issues but also played a key role in maintaining the nursing
staff’s level of motivation.

Specifically, nursing staff members (7/9, 78%) stated that
regular meetings and personalized support helped clarify
objectives, allayed concerns, and ensured constant monitoring,
which helped overcome challenges and optimize implementation
processes. These results are in line with the literature, which
emphasizes the importance of management practices and
managers’ commitment to the success of digital transformation
initiatives [67,68].

According to some managers (15/27, 56%), the involvement,
motivation, and stability of nursing staff members were also
facilitators. The staff’s ability to adapt and maintain a high level
of service despite challenges was facilitated by increased
motivation and cohesiveness, which is supported by the work

by Nabelsi et al [35]. Their research shows that staff motivation
and stability are essential elements to ensuring efficient
processes in health care. The solidarity and cooperation observed
within the teams helped maintain high levels of service even
under difficult conditions.

Another facilitator was the collaboration between the ND and
the SAPA according to all nursing staff members (9/9, 100%)
and several managers (18/27, 67%). This collaboration clarified
the division of roles, avoided duplication, and ensured smooth
project management. A clear division of responsibilities and
coordination between departments are essential [35]. This model
of cross-directorate collaboration helped maximize efficiency
and avoid overlaps that might slow down the implementation
process.

Finally, most managers (21/27, 78%) said that the transfer of
knowledge and experience between regions and within CHSLDs
played a significant role in localizing the project. This approach,
which centered on collaboration and the sharing of best
practices, enhanced the effectiveness of the pilot project [35].
The study by Nabelsi et al [35] shows that knowledge sharing
between teams and sites not only fosters the adoption of
technology, it also enables better management of the challenges
encountered in the field by adapting to local needs and
constraints.

Health Care Provider–Level Factors
Resistance to change was a barrier to the implementation of
teleconsultation, especially for certain nursing staff members
(6/9, 67%). Their marked preference for the telephone, perceived
as faster and more effective, highlighted their resistance to the
adoption of teleconsultation. The literature on organizational
change in health care indicates that this resistance may be fueled
by the perception of being overloaded and by deeply ingrained
habits, making it difficult to accept new technology [28,69,70].

According to nursing staff members (7/9, 78%), a lack of skill
in using new technology was also a limiting factor, especially
among older nursing staff members, who were not as
comfortable with technological tools. This shortcoming is a
recognized factor in the failure to implement technology in
health care [44,71,72]. Work overload, exacerbated by crises
such as the COVID-19 pandemic, added a further dimension to
this challenge, creating a cognitive overload that complicated
the effective integration of new technology.

Insecurity about using technology was another barrier for a
small proportion of managers (12/27, 44%) and nursing staff
members (4/9, 44%). Nursing assistants in particular felt
vulnerable due to their lack of familiarity with teleconsultation
and fear of dealing with technical problems. The literature on
technology acceptance underlines that insecurity and fear of the
unknown can reduce user motivation and performance [73,74].

The increased workload associated with technology was also a
barrier. The implementation of teleconsultation led to increased
management of reports, specific forms, and detailed
documentation, an issue recognized by most nursing staff
members (8/9, 89%) as well as all resident committee presidents
(2/2, 100%). Studies show that increased workloads can cause
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stress and reduce job satisfaction, negatively influencing the
implementation of new practices [75,76].

Among the facilitators, nursing staff buy-in was important,
although it was mentioned by a lower proportion of managers
(13/27, 48%). The nursing staff’s willingness to participate in
the pilot project and their positive attitude toward
teleconsultation were key to its success. The literature on
organizational change in health care suggests that stakeholder
buy-in is important to the success of change initiatives [77,78].

Nursing staff members’ motivation also played a significant
role in the pilot project’s success, a factor unanimously
recognized by all staff members (9/9, 100%). Commitment to
the team, interest in technological tools, and the desire to help
solve the nursing shortage were all motivating factors. Research
shows that motivation is a facilitator of the acceptance and
successful use of health technology [79,80].

Development of the nursing staff’s skills was a facilitator,
although it was mentioned by a lower proportion of managers
(13/27, 48%). Adequate training strengthened nurses’ readiness
and commitment, enabling them to become project champions.
The literature indicates that skill development is key to the
successful adoption of new technology [66,81,82]. Customized
training and support tools such as practical guides and
simulations helped build the nursing staff’s skills and confidence
[35].

The ability to use the technology was also crucial to the success
of the pilot project, as underlined by nursing staff members (7/9,
78%). Rapid adaptation to new technology is indeed a facilitator,
as confirmed in research on technology acceptance [74,80].

Finally, openness to change facilitated the implementation of
the project, a factor that was unanimously recognized by resident
committee presidents (2/2, 100%). This openness to change led
to smoother adoption of teleconsultation, which is supported
by studies demonstrating that acceptance of change is essential
to the success of transformation initiatives [83].

Resident-Level Factors
The only barrier was fear concerning the quality of care provided
via teleconsultation, which was mentioned by 50% (1/2) of the
resident committee presidents. One of the presidents expressed
concerns about the reduction in human contact, which could
lead to perceived depersonalization of care. However, these
concerns were dispelled as the pilot progressed, and he
eventually recognized the benefits of teleconsultation. This fear
that technology would disempower nurses and create a sense
of impersonality represented a barrier to the acceptance of
teleconsultation. Studies indicate that concerns about quality
of care and depersonalization can negatively influence
acceptance of telehealth technology by residents and their
families [50,72,84,85].

According to some managers (12/27, 44%), buy-in from
residents, families, and resident committees was a facilitator of
the implementation of teleconsultation. The managers observed
that transparent communication and regular meetings with these
stakeholders helped establish a climate of trust. This approach
is in line with the literature, which stresses the importance of

trust and effective communication when fostering acceptance
of health technology by patients and their families [86-88].

For most nursing staff members (6/9, 67%), effective
communication itself was a facilitator. Research shows that
managing expectations and clarifying the benefits of new
technology are important to their acceptance by residents and
their families. The ability to clearly explain the benefits of
teleconsultation and address residents’ concerns contributed
greatly to their buy-in [35].

Innovation-Level Factors
The low volume of teleconsultations was recognized as a barrier
by more than half (14/27, 52%) of the managers. Several
possible explanations were put forward. Some managers
suggested that this low volume may reflect a lack of real need,
the preexisting effectiveness of preventive practices, or some
nursing staff members’ reluctance to use teleconsultation.
However, when comparing data from the previous year with
the data related to implementation of teleconsultation, findings
reveal that the number of telephone calls received was equal to
the number of teleconsultations over the same period. In
addition, the low volume of consultations impacted the nursing
staff’s ability to maintain their skills. Most nursing staff
members (8/9, 89%) reported a decrease in their level of comfort
with the technological tools due to sporadic use.

The complexity of the teleconsultation process was also a barrier
for more than half (16/27, 59%) of the managers. Compared to
traditional on-call nursing, teleconsultation involves more
complex technological processes. Connolly et al [89] underline
that this complexity can reduce the effectiveness of interventions
and increase staff frustration, hindering the adoption and
effectiveness of technology [51,90].

Another barrier was the increased time to initiate care
management according to over half (5/9, 56%) of nursing staff
members. Using digital platforms for assessments can increase
response times, a problem that is exacerbated by technological
limitations and connectivity issues. The research by Pilosof et
al [91] shows that these delays can adversely impact the quality
of care by affecting the responsiveness of interventions.

Concerns about the quality of assessments conducted via
teleconsultation were noteworthy. Just over half (5/9, 56%) of
nursing staff members expressed concern about the ability of
visual assessment to effectively replace a physical assessment,
highlighting the potential risk of compromising quality of care.
This fear is corroborated by studies revealing that telemedicine
can sometimes alter the quality of clinical assessments if not
properly integrated into care practices [85-87,92-95].

Finally, the difficulty of using a tablet for teleconsultations
represented a barrier for a small proportion of nursing staff
members (4/9, 44%). Srinivasan et al [85] highlight that
ergonomic issues and difficulties in handling technological
equipment can reduce the effectiveness of interventions and
user satisfaction, complicating the integration of teleconsultation
[86,87,89].

Despite these challenges, several innovation-level factors
facilitated the implementation of teleconsultation. The relative
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benefits of this technology were viewed positively by all
managers (27/27, 100%), nursing staff members (9/9, 100%),
and resident committee presidents (2/2, 100%). They appreciated
the improved mutual vision and faster assessment.
Teleconsultation solutions offer significant benefits in terms of
visual communication and speed of intervention [35]. This
perception of the benefits fostered acceptability and support for
the project.

The development of nursing staff’s roles was another facilitator
according to several managers (19/27, 70%). The project
strengthened professional practices and broadened the nursing
assistants’ skills. The work by Nabelsi et al [35] indicates that
teleconsultation technology can support the expansion of
professional roles and improve quality of care.

Moreover, the implementation of teleconsultation led to
improved professional practices for most nursing staff members
(8/9, 89%). Research has shown that technology integration
improves professional skills and care management, highlighting
the potential of innovations to positively transform practices in
care settings [35,91,96].

Limitations and Future Research
This study has a number of limitations that must be taken into
account when interpreting the results. First, this study was
conducted in only 2 Quebec regions, including a total of 3
CHSLDs. This limited scope may restrict the generalizability
of the results to other geographical settings or types of facilities.
In addition, the small number of sites included in the study may
not enable researchers to capture the diversity of practices and
challenges encountered in other regions or in facilities of
different sizes. Second, this study focused exclusively on smaller
facilities with ≤50 beds. While this is in line with the study’s
objective of targeting small CHSLDs, the results may not be
directly applicable to larger facilities, which may have different
organizational structures and needs. Finally, this study’s
evaluation period was short, making it impossible to observe
the long-term impact of nursing teleconsultation, especially in
terms of the continuous improvement of nursing practices, the
sustainability of interventions, and the changes in stakeholder
perceptions.

Furthermore, this study used a nonprobabilistic sampling
method, which may have resulted in the inclusion of participants
who were more inclined to view teleconsultation favorably or
who had a particular interest in the topic. To mitigate this
potential selection bias, the team researcher actively sought a
diversity of perspectives during data collection, encouraging
participants to share both supportive and critical viewpoints
regarding the implementation of teleconsultation. Moreover, a
rigorous qualitative analysis was conducted, with particular
attention given to dissenting opinions and negative experiences,
ensuring a comprehensive representation of the facilitators and
barriers encountered. Despite these efforts, the inherent
limitations of qualitative research, including the subjectivity of
self-reported experiences, necessitate further investigation
through complementary methodologies. A quantitative study
conducted through a survey would strengthen the robustness of
our findings and allow for a more generalizable assessment of
the impact of teleconsultation

To broaden our understanding of the implementation of nursing
teleconsultation in long-term care, it would be relevant to
conduct studies in a larger number of CHSLDs, including
facilities of various sizes located in different regions, to assess
the transferability of this study’s findings and their effectiveness
on a larger scale. Longitudinal research would also be needed
to assess the long-term effects of nursing teleconsultation on
quality of care, resident satisfaction, and human resource
management in CHSLDs, as well as to identify any adjustments
needed to ensure the sustainability of these practices.

It would also be useful to study the impact of teleconsultation
on nurses’well-being and workload, namely by examining how
this technology can be optimized to effectively support their
role without increasing their stress level or mental load. Finally,
economic studies could help quantify the costs associated with
implementing nursing teleconsultation and compare them with
potential savings in terms of decreased hospitalizations, adverse
events, and improved quality of care.

Conclusions
This study provides the first in-depth analysis of barriers and
facilitators related to the implementation of overnight nursing
teleconsultation in small long-term care facilities. The findings
provide a better understanding of these barriers, which can be
used to develop strategies to overcome them during
implementation. These findings are also particularly relevant
to decision makers who are responsible for designing health
initiatives as their choices influence the implementation and
scaling-up process.

Broadly, the results provide a comprehensive overview of the
factors influencing the successful implementation of
teleconsultation in long-term care. This can help identify key
factors to consider when scaling up teleconsultation in CHSLDs.
The framework developed by Chaudoir et al [46] highlights the
concept of adaptability, emphasizing the importance of adjusting
the deployment of an innovation to suit the specific context.
When scaling up teleconsultation, it is important to consider
the specific characteristics of each CHSLD and region and tailor
the implementation of teleconsultation accordingly.

While resistance to change is often considered a major barrier
to implementing new health care technologies, our findings
challenge this assumption. In the rural CHSLDs studied, the
preexisting on-call nursing culture not only facilitated the
adoption of teleconsultation but also eased its integration into
clinical practice. This contrasts with previous research
suggesting that health care professionals may resist new
technology due to concerns about workflow disruptions or
unfamiliarity with remote care models. In this context, previous
experience with remote support likely mitigated these
challenges, highlighting the importance of accounting for
contextual factors when implementing teleconsultation.
Furthermore, the identification of a low volume of
teleconsultations as a barrier contradicts the common assumption
that a phased rollout is always beneficial. Instead, our results
suggest that achieving a critical mass of teleconsultations is
essential to maintaining staff engagement and competencies.
These findings provide new insights into teleconsultation
implementation by demonstrating how preexisting practices
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and use patterns can significantly influence the adoption and
sustainability of technological innovations in long-term care
settings.

Efforts to implement overnight nursing teleconsultation in
long-term care are more likely to succeed if they are based on

an understanding of the forces driving the dissemination and
scale-up of teleconsultation. Therefore, further research is
needed to develop and strengthen the conceptual and applied
foundations of the dissemination and scale-up of health care
innovations, especially in the context of Quebec’s emerging
learning health care systems.
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Abstract

Background: Urinary and defecatory dysfunction (UDD) is a significant concern among the aging population in China. However,
there is a lack of longitudinal research exploring the risk factors of UDD severity in Chinese older adults.

Objective: This study uses data from the China Health and Retirement Longitudinal Study spanning 2011 to 2020 to explore
UDD risk factors in the middle-aged and older adult Chinese population, focusing on epidemiological characteristics and potential
influences on severity.

Methods: A longitudinal cohort of over 10,000 participants from the China Health and Retirement Longitudinal Study was
analyzed across 5 waves using Bayesian logistic regression. This analysis examined associations between UDD severity and
factors including demographic, lifestyle, and health-related factors, including comorbidities, BMI, and handgrip strength.

Results: Higher UDD prevalence was observed among female population, older adults, those with low education levels, and
rural residents. Depression, arthritis, and low handgrip strength emerged as critical predictors of severe UDD. Additionally,
abnormal BMI, both underweight (odds ratio [OR] 3.019, 95% CI 1.484‐5.951; P=0.002) and obesity (OR 2.697, 95% CI
1.338‐5.217; P=0.005), was strongly linked to increased severity and persistence of UDD. Participants aged 66 years and older
exhibited the highest UDD prevalence, with both underweight and obese individuals facing the greatest risk of persistent and
worsening symptoms.

Conclusions: This study is the first to longitudinally examine the risk factors of UDD severity in China’s middle-aging and
aging population. The findings underscore the need for targeted interventions focusing on muscle strength rehabilitation and
comorbidity management to mitigate UDD progression, contributing to improved quality of life for older individuals.

(JMIR Aging 2025;8:e70541)   doi:10.2196/70541

KEYWORDS

China; characteristic; risk factors; urination and defecatory dysfunction; longitudinal cohort study

Introduction

Population aging has become a public health issue, imposing a
major global challenge across countries in recent decades [1].
The population aged 60 years and older in China is projected
to exceed 300 million by 2025, accounting for more than 20%
of the total population [2]. Due to the decline in muscle function
and disorders of the nervous system among older people,
particularly hormonal changes in female population that lead

to muscle changes, and urethral sphincter atrophy in male
population, millions experience urinary and defecatory
dysfunction (UDD) [3-7].

The World Health Organization’s integrated care for older
people model emphasizes the significance of UDD, particularly
urinary incontinence, highlighting its impact on health systems
worldwide. Additionally, the care burden associated with urinary
retention, fecal incontinence, and constipation is substantial,
underscoring the need for comprehensive strategies to address
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these pervasive health issues [8]. UDD is defined as a disorder
that affects the storage or elimination of urine and feces [9].
Recent studies on UDD reveal varying prevalence rates.
Research shows 37.1% global prevalence for female urinary
incontinence [10], 18.9% for constipation in older adults [11],
and 8% for fecal incontinence [12]. However, these studies,
mainly from China, are limited by small, regional samples and
a lack of comprehensive data on influencing factors, highlighting
the need for broader research to fully understand UDD’s impact.
This common disorder can have a negative impact on the quality
of life of patients and exacerbate their economic burden,
particularly in long-term or severe cases [13-16].

Numerous studies have demonstrated that UDD may be
associated with chronic conditions (such as hypertension,
diabetes, stroke, depression, and so on), abnormal BMI
(overweight, obesity, or underweight), handgrip strength, and
unhealthy lifestyle factors such as smoking and drinking
[10,17-22]. Due to limitations in existing cross-sectional studies,
which cannot confirm causal relationships, we established a
cohort of over 10,000 participants, with an innovative focus on
UDD severity, to study the factors influencing its severity.

The study aimed to use data from a 5-wave survey conducted
by the China Health and Retirement Longitudinal Study
(CHARLS) [23] to (1) describe the characteristics of UDD from
2011 to 2020 and (2) to identify the risk factors impacting the
severity of UDD in China.

Methods

Study Design and Participants
The CHARLS, a nationally representative survey targeting
individuals aged 45 years and older from 450 villages or
communities in 28 provinces and 150 counties or districts across
Mainland China, was conducted by the National School of
Development at Peking University from 2011 to 2020 [23]. A
total of 150 counties were randomly selected, with stratification
by region and urban or rural classification. Administrative
villages and neighborhoods were designated as primary sampling
units. Households with at least 1 member aged 45 years or older
were selected, and 1 individual, along with their spouse, was
interviewed. The CHARLS database encompasses a broad array
of variables related to demographic statistics, socioeconomic
conditions, and health status. Participants in CHARLS are
interviewed face-to-face every 2 years using a computer-assisted
personal interview technique.

To map the characteristics and temporal trends in UDD
prevalence, all participants with UDD were identified in each
wave of the cross-sectional survey from 2011 to 2020. For
identification of risk factors, participants with UDD who
enrolled in 2011 and were continuously followed up in the
subsequent 4 cross-sectional surveys were included. Detailed
information about the sampling design used in the survey has
been described in earlier publications [24].

Ethical Considerations
The CHARLS was approved by the Biomedical Ethics Review
Committee of Peking University (IRB0000105211015) [23].
All participants provided signed informed consent forms and

received modest financial compensation. Data were anonymized
before release and are only available to approved researchers.

Data Collection
In each county or district, trained staff collected data at
participants’ homes and local community health centers as well
as County Centers for Disease Prevention and Control in
accordance with the reported protocol [23]. Deidentified
information was collected for analysis, consisting of data on
participants’ demographic characteristics, health-related
behaviors and outcomes, childhood conditions, community
environment, cognitive and physical health, current economic
status, social and family support, health insurance, health care
use, comorbidities (chronic diseases such as hypertension and
diabetes), and their urinary and defecation control abilities.

Referring to the World Health Organization standard,
participants were divided into the following age groups: 45‐59
years (middle-aged), 60‐74 years (young-old), 75‐89 years
(old), and ≥90 years (very old) [25]. Residences of participants
included rural and urban areas. Education levels were
categorized as illiterate, primary school graduate, secondary
school graduate, and college graduate or above. Regions of
China were classified as Southwest, Southern, Eastern,
Northwest, Northern, and Northeast.

The CHARLS did not include data from Ningxia Hui
Autonomous Region, Xizang Autonomous Region, Hainan
province, Hong Kong, Macau, and Taiwan province.
Additionally, the 2020 follow-up survey in the CHARLS did
not include participants from the Xinjiang Uygur Autonomous
Region due to the impact of the COVID-19 pandemic.

Case Identification and Study Outcomes
According to the International Classification of Functioning,
Disability, and Health, urinary function refers to the ability to
discharge urine from the bladder, while bowel function refers
to the ability to expel waste materials and undigested food in
the form of feces, along with the associated physiological
processes [26]. Therefore, impairment in either of these
functions is classified as UDD. Based on participants’ responses
to the question “Do you have any difficulties with controlling
urination and defecation?” in CHARLS, all participants
reporting “I have difficulty” or “I cannot do it” were identified
as having UDD.

The second aim of the study was to explore the risk factors for
UDD. To this end, participants with UDD were divided into the
4 subgroups based on clinical expert experience and the actual
disease status of the participants, each comprising, individuals
with increasingly severe UDD, from group A to group D, in
order, as follows:

• Group A: Participants who had never experienced UDD.
• Group B: Participants who identified as having UDD in 1

or 2 consecutive surveys, without recurrence in the later
follow-ups.

• Group C: Participants who reported having experienced
UDD in 1 or 2 consecutive surveys and had recovered at
the time of the subsequent 1 or 2 follow-ups but eventually
experienced recurrence.
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• Group D: Participants who identified as having UDD in
consecutive 3 or more surveys.

Statistical Analysis
To achieve the first study aim, a descriptive analysis was
conducted to examine the characteristic of prevalence of UDD
by sex, residence, marital status, age group, education level,
and geographic region over 5 waves from 2011 to 2020. The
calculation of the prevalence rate is the cumulative number of
cases divided by the total number of participants followed up
per year.

To achieve the second study aim, a chi-square test was initially
performed to identify potential risk factors among the 4 groups.
These factors were then further examined through Bayesian
logistic regression analysis. Prior to regression analysis,
chi-square tests were conducted to assess univariate associations.
A weakly informative prior was used to ensure robust parameter
estimation. Parameter estimation was conducted using Markov

Chain Monte Carlo sampling, and model results are presented
as odds ratios (ORs) with 95% CIs. To enhance interpretability,
exponentiation was applied to the estimated coefficients, and
2-sided P values were calculated. R (version 64 4.4.3; R
Foundation for Statistical Computing) was used for descriptive
analysis and logistic regression. P values were 2-sided with a
significance level of .05.

Results

Characteristics of Study Participants in the 5 Waves
The participants in the 5 waves comprised 17,156, 17,897,
17,715, 19,097, and 19,129 individuals, respectively. Although
there were no significant differences between sexes, significant
differences were found among age groups, places of residence,
education levels, marital status, and regions across the 5 waves.
Figure 1 shows the screening process of this study. Table 1
presents the characteristics of patients with UDD across various
groups.

Figure 1. Flowchart of participant inclusion or exclusion and grouping diagram. UDD: urinary and defecatory dysfunction.
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Table . Demographic characteristics of participants with urinary and defecatory dysfunction in the 5-wave survey from 2011 to 2020.

P valueFifth wave in 2020
(n=19,129), n (%)

Fourth wave in
2018 (n=19,097), n
(%)

Third wave in 2015
(n=17,715), n (%)

Second wave in
2013 (n=17,897), n
(%)

Baseline wave in
2011 (n=17,156), n
(%)

.98Sex

513 (5.09)491 (4.89)429 (4.66)349 (3.77)388 (4.41)    Female

447 (4.94)411 (4.54)401 (4.71)372 (4.31)365 (4.63)    Male

<.001Age group (years)

32 (1.27)31 (1.30)47 (1.62)54 (1.46)57 (1.49)    45‐50

73 (1.97)54 (1.47)76 (2.43)58 (2.18)59 (2.11)    51‐55

90 (3.21)67 (2.48)97 (3.34)95 (2.75)130 (3.72)    56‐60

161 (4.69)132 (3.87)136 (4.19)133 (4.31)132 (4.91)    61‐65

199 (6.66)185 (6.24)138 (5.99)104 (5.15)106 (5.92)    66‐70

154 (8.75)134 (7.49)129 (8.40)110 (7.71)92 (7.55)    71‐75

122 (11.37)144 (12.04)111 (11.28)80 (8.71)67 (8.54)    76‐80

129 (15.64)155 (15.78)96 (13.64)87 (13.30)110 (20.04)    ≥81

<.001Education

537 (6.51)545 (6.48)482 (5.99)414 (5.09)476 (6.15)    Illiteratea

205 (4.90)185 (4.42)177 (4.59)147 (3.88)146 (3.98)    Primaryb

182 (3.13)162 (2.64)162 (3)150 (2.70)122 (2.29)    Secondc

36 (4.17)10 (2.63)9 (2.17)10 (2.43)9 (2.14)    Colleged

<.001Marital status

695 (4.34)635 (3.92)625 (4.09)560 (3.61)593 (3.96)    Marriede

265 (8.51)267 (9.19)205 (8.37)161 (6.78)160 (7.30)    Other statusf

<.001Residence

728 (5.11)738 (4.87)637 (4.70)585 (4.27)627 (4.72)    Rural

143 (4.99)163 (4.17)180 (4.64)131 (3.27)122 (3.24)    City

<.001Region

64 (5.41)68 (5.16)59 (4.52)52 (3.75)66 (5.18)    Northeast

263 (4.38)213 (3.62)201 (3.63)159 (2.93)222 (4.27)    East

136 (5.64)146 (5.75)119 (5.19)124 (5.13)87 (3.72)    North

162 (5.32)150 (5.11)126 (4.61)119 (4.26)94 (3.49)    Central

78 (4.75)58 (3.66)64 (4.37)49 (3.25)42 (2.76)    South

185 (5.39)204 (6.06)217 (7.04)163 (5.25)199 (6.84)    Southwest

72 (5.18)63 (4.29)44 (3.39)55 (4.40)43 (3.51)    Northwest

aWithout formal education, did not finish primary school, was homeschooled.
bWith primary school education.
cWith middle school or high school education.
dWith college education and above.
eMarried with spouse present or married but not living with spouse temporarily for reasons such as work.
fSeparated, divorced, widowed, or never married.

JMIR Aging 2025 | vol. 8 | e70541 | p.195https://aging.jmir.org/2025/1/e70541
(page number not for citation purposes)

Zhu et alJMIR AGING

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


Trends and Distributions of UDD Prevalence From
2011 to 2020
The prevalence of UDD from 2011 to 2020 was 4.39% (n=753),
4.03% (n=721), 4.69% (n=830), 4.72% (n=902), and 5.02%
(n=960), respectively. Figure 2 demonstrates that the prevalence
of UDD by sex and residence rose slowly over the 10 years,

with female participants or participants living in rural areas
having higher prevalence than their counterparts. The prevalence
of UDD by education level and marital status remained
essentially stable across the decade in China, although illiterate
or married participants had higher prevalence than other
categories.

Figure 2. Temporal trends of prevalence of urinary and defecatory dysfunction by sex, education level, marital status, and residence among middle-aged
and older people in China from 2011 to 2020.

Figure 3 illustrates that the prevalence of UDD gradually
increased with age over the decade, particularly among those
aged 66 years and older who had a higher prevalence than the
overall prevalence. The prevalence of the 4 groups aged 66

years and older slightly increased, while the corresponding
figures for the 4 younger groups younger than 65 years were
almost stable during the 10 years of surveys.
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Figure 3. Temporal trends of age-specific prevalence (in years) of urinary and defecatory dysfunction among middle-aged and older people in China
from 2011 to 2020.

The prevalence of UDD varied significantly across different
regions over the years, being consistently higher in the
Southwest region than in other regions. Both the Southwest and

Northwest regions saw an increasing prevalence of UDD in the
past 10 years (Figure 4).
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Figure 4. Regional distribution of urinary and defecatory dysfunction prevalence among middle-aged and older people in China from 2011 to 2020
(because of the impact of the pandemic, information from Xinjiang participants in 2020 was not included in the China Health and Retirement Longitudinal
Study database).

Identification of Risk Factors for Different UDD
Conditions in a Cohort Study
There were 10,572 participants enrolled in the cohort study;
among them, 8966 participants had never experienced UDD
over the 10-year period, while 1275 had recovered, 245 reported
recurrence, and 86 reported persistence at the last follow-up.
There were significant differences for factors other than sex

(P=.19), cancer (P=.12), and smoking (P=.39). Among all
groups with various severity of UDD, the proportion of female
participants was slightly higher than that of male participants.
Higher proportions of participants were aged 60‐75 years,
illiterate, married, living in rural areas, living in the Southwest
and East regions, with normal BMI, nonsmokers, and
nondrinkers. The comorbidities of participants with UDD are
shown in Table 2.
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Table . Univariable analysis of 4 groups of urinary and defecatory dysfunction (UDD).

P valueeReported persistent

UDDd (group D;
n=86), n (%)

Reported recurrentc

UDD (group C;
n=245), n (%)

Recovered from UDDb

(group B; n=1275), n
(%)

Without UDDa (group
A; n=8966), n (%)

Sex

.1947 (54.65）132 (53.88)717 (56.24)4751 (52.99)    Female

<.001Age group (years)

30 (34.88)85 (34.69)555 (43.53)5604 (62.50)    45‐59

47 (54.65)137 (55.92)608 (47.69)3015 (33.63)    60‐75

8 (9.30)22 (8.98)109 (8.55)343 (3.83)    76‐90

1 (1.16)1 (0.41)3 (0.24)4 (0.04)    ＞90

<.001Education

47 (54.65)147 (60)715 (56.08)3935 (43.89)    Illiterate

26 (30.23)46 (18.78)289 (22.67)1967 (21.94)    Primary

12 (13.95)50 (20.41)260 (20.39)2918 (32.55)    Second

1 (1.16)2 (0.82)11 (0.86)146 (1.63)    College and above

Marital status

<.00174 (86.05)210 (85.71)1088 (85.33)8169 (91.11)    Married

Residence

.00274 (86.05)213 (86.94)1115 (87.45)7400 (82.53)    Rural

<.001Region

6 (6.98)15 (6.12)75 (5.88)557 (6.21)    Northeast

22 (25.58)63 (25.71)351 (27.53)2891 (32.24)    East

11 (12.79)30 (12.24)183 (14.35)1149 (12.82)    North

14 (16.28)40 (16.33)215 (16.86)1482 (16.53)    Central

4 (4.65)13 (5.31)84 (6.59)735 (8.20)    South

26 (30.23)68 (27.76)279 (21.88)1521 (16.96)    Southwest

3 (3.49)16 (6.53)88 (6.90)631 (7.04)    Northwest

<.001BMIe

14 (17.07)24 (10.57)83 (6.83)466 (5.41)    Underweight

29 (35.37)113 (49.78)636 (52.35)4486 (52.09)    Normal weight

20 (24.39)64 (28.19)330 (27.16)2615 (30.36)    Overweight

17 (20.73)25 (11.01)157 (12.92)1018 (11.82)    Obese

.3933 (38.37)107 (43.67)483 (37.97)3434 (38.32)Smokinge

<.00125 (29.07)83 (33.88)342 (26.89)3065 (34.21)Drinkinge

Comorbidities

<.00132 (37.21)71 (29.22)387 (30.57)1882 (21.09)    Hypertensione

.00211 (12.79)30 (12.35)144 (11.31)772 (8.64)    Dyslipidemiae

<.00110 (11.63)22 (9.05)83 (6.52)424 (4.73)    Diabetese

.121 (1.16)1 (0.41)19 (1.49)76 (0.85)    Cancer

<.00120 (23.26)40 (16.39)184 (14.51)701 (7.84)    Chronic lung dis-

easee

.033 (3.49)16 (6.53)59 (4.63)320 (3.57)    Liver diseasee
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P valueeReported persistent

UDDd (group D;
n=86), n (%)

Reported recurrentc

UDD (group C;
n=245), n (%)

Recovered from UDDb

(group B; n=1275), n
(%)

Without UDDa (group
A; n=8966), n (%)

<.00118 (21.18)45 (18.44)210 (16.51)854 (9.53)    Heart problemse

<.0016 (7.06)12 (4.92)41 (3.24)125 (1.40)    Strokee

<.00114 (16.28)35 (14.29)110 (8.63)472 (5.27)    Kidney diseasee

<.00137 (43.53)96 (39.18)370 (29.20)1954 (21.86)    Digestive diseasee

<.0016 (6.98)12 (4.90)26 (2.05)66 (0.74)    Memory-related dis-

easee

<.00150 (58.14)141 (57.55)578 (45.62)2839 (31.74)    Arthritis or rheuma-

tisme

<.0016 (6.98)24 (9.84)53 (4.18)239 (2.68)    Asthmae

<.00165 (75.58)174 (71.02)748 (58.67)3334 (37.18)    Depressione

Handgrip strength

<.00130 (37.04)70 (31.39)289 (24.41)1005 (11.84)    Low handgrip
strength

aParticipants who had never experienced UDD.
bParticipants who identified as having UDD in 1 or 2 consecutive surveys without recurrence in the later follow-ups.
cParticipants who reported experiencing UDD in 1 or 2 consecutive surveys and having recovered in the subsequent 1 or 2 follow-ups but eventually
experienced recurrence.
dParticipants who identified as having UDD in 3 or more consecutive surveys.
eMissing data: 436 for BMI, 7 for smoking, 10 for drinking, 53 for hypertension, 30 for dyslipidemia, 14 for diabetes, 27 for chronic lung disease, 4 for
liver disease, 13 for heart problem, 36 for stroke, 5 for kidney disease, 37 for digestive disease, 42 for memory-related disease, 29 for arthritis or
rheumatism, 52 for asthma, and 593 for handgrip strength.

Figure 5 shows the ORs and 95% CIs of the risk factors for
UDD in patients with different conditions. Four common risk
factors were identified across the 3 groups, namely, older age
(60‐89 years), depression, arthritis (or rheumatism), and
handgrip strength. For group C and group D, who had more
severe UDD than group B, participants with gastrointestinal
diseases had a higher risk of experiencing recurrent or persistent
UDD. Memory-related diseases (OR 3.328, 95% CI

1.505‐6.836; P=.002) may cause UDD to recur. Additionally,
underweight (OR 3.019, 95% CI 1.484‐5.951; P=.002) and
obesity (OR 2.697, 95% CI 1.338‐5.217; P=.005) were
identified as potential independent risk factors for the persistent
nature of UDD among middle-aged and older people in China.
The detailed results of the Bayesian logistic regression model
are provided in Multimedia Appendix 1.

Figure 5. OR and 95% CI of risk factors for UDD in different population groups with UDD. Forest plots show ORs and 95% CIs for group (B) recovered
from UDD, (C) reported UDD recurrence, and (D) UDD persisted adjusted for sex, age, education, marital status, residence, region, BMI, handgrip
strength, smoking status, drinking status, and comorbidities. In the forest plot, only the significant results within each group (P<.05) are shown. The
reference group for groups B, C, and D consists of participants who had never experienced UDD. OR: odds ratio; UDD: urinary and defecatory
dysfunction.
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Discussion

Principal Findings
This is the first study to use a representative sample to describe
the temporal, spatial, and interpersonal distributions of UDD
among middle-aged and older people in China. The study
identified that over the past decade, the prevalence of UDD has
remained stable across different education levels, kinds of
marital status, and age groups. However, it significantly
increased among both sexes, urban residents, and in the
Northwest and Southwest regions. Participants who were female,
illiterate, or married and those aged 66 years and older exhibited
a higher prevalence of UDD. The incidence, recurrence, and
persistence of UDD were more likely to be influenced by aging
and comorbidities such as depression, arthritis (or rheumatic
diseases), and handgrip strength in China. More importantly,
being underweight or obese might contribute to the long-term
persistence of UDD.

The Prevalence and Time Trends of UDD
Due to its increased prevalence, the disease burden associated
with UDD has shown a gradually escalating trend in China over
the past 10 years. However, despite a slight increase, the
prevalence of UDD in China (5.02% in 2020) has remained
lower than the global prevalence, which ranges from 7% to
55%. This lower prevalence might be attributed to lower
self-report due to participants’potential embarrassment or their
belief that UDD is a natural aging-related phenomenon among
the Chinese population [10,21,27,28]. Approximately, 50% to
67% of patients were unwilling to report their UDD conditions
to health care providers [29,30]. The slowly increasing trend in
prevalence observed in this study may reflect improved
awareness and diagnosis of UDD over time, leading to more
UDD cases being identified.

Over the past decade, the prevalence of UDD in female
individuals has consistently remained higher than that in male
individuals. This finding underscores the necessity of addressing
the unique physiological and reproductive health challenges
that female individuals face, as the relaxation of pelvic floor
muscles during childbirth significantly contributes to this
increased prevalence [31]. This suggests that we should place
greater emphasis on female individual’s pelvic health. By
implementing early interventions and training, such as pelvic
floor muscle exercises, we can significantly improve the quality
of life for female individuals in their later years [32].

It was notable that the Northwest and Southwest provinces—2
resource-limited regions in China—experienced an obviously
higher prevalence of UDD during the 5-wave survey. The
evidence aligned with other studies demonstrating that economic
status may influence the prevalence of UDD, while UDD places
a significant economic burden on patients too [14,15,33]. The
higher prevalence of UDD among participants from
resource-limited areas may be related to the insufficient health
insurance or poor access to medical services, such as postpartum
pelvic floor rehabilitation [34,35]. Therefore, economic
development may serve as a solution to improve the quality of
life of patients with UDD in these regions along with enhancing
the accessibility of medical resources.

Given the impact of UDD, it is necessary to establish a
surveillance system for UDD to provide more evidence for the
identification of the long-term impact of UDD and the
development of prevention and treatment strategies at the
population level.

Population Aging, Comorbidities, and Low Handgrip
Strength May Lead to All Severity of UDD Among the
Chinese Population as Marked Risk Factors
Population aging is an important risk factor influencing the
occurrence, recurrence, and persistence of UDD. This study
suggests that the physiological senescence associated with aging
may contribute to the development and exacerbation of UDD,
particularly among participants aged 66-90 years. It is widely
recognized that aging can lead to the occurrence or aggravation
of UDD, likely due to the frailty and functional impairment
associated with aging [13,36-39]. However, the potential
mechanism underlying the association between frailty and UDD
remains unknown. Finite element models can make it possible
to explore the mechanism underpinning the relationship between
frailty and UDD [40]. By comparing defecation outcomes under
different parameter settings, the association between training
methods and urinary and fecal control ability can be quantified,
providing accurate guidance for rehabilitation.

This study demonstrated that comorbidities are the second
important risk factor for UDD. For instance, depression was
found to significantly impact the incidence, recurrence, and
persistence of UDD, as it was usually associated with reduced
serotonin function, which leads to urgency urinary incontinence
[41]. Some studies argue that the medicines patients take
potentially result in gastrointestinal side effects such as
constipation [42]. In addition, participants with urinary and
fecal incontinence and constipation exhibit significantly higher
levels of depression and stress [43-49], possibly due to the
production of certain gut microbiota that lead to depressive
symptoms and lower levels of g_Pseudoramibacter-Eubacterium
and g_Candidatus-Solibacter. [50] Functional constipation in
middle-aged and older individuals may lead to a decrease in the
abundance of these microbiota [51], ultimately exacerbating
depression. This interaction creates a vicious cycle between
depression and UDD.

In addition to depression, arthritis or rheumatism likely also
contributes to the increased risk of incidence, recurrence, and
persistence of UDD, although its impact on UDD might have
been underestimated over the past 20 years. The most recent
studies on the association between arthritis and UDD were
conducted in the 1990s. These studies implied that arthritis may
increase susceptibility to urinary tract infections, and atlantoaxial
subluxation in the late stage of arthritis may lead to neurogenic
bladder [52], which in turn increases the incidence of UDD.
Medications such as misoprostol and cyclophosphamide, used
to treat arthritis, may also cause UDD [52,53]. Moreover,
opioids, commonly taken by patients with arthritis and rheumatic
diseases, are likely to cause constipation. Additionally, the
limited mobility of patients with osteoarthritis is perhaps
associated with urinary incontinence [54,55].
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Other comorbidities, such as hypertension and memory-related
diseases, were also identified as potential contributors to the
occurrence or recurrence of UDD. For instance, studies indicate
a correlation between hypertension and constipation, potentially
linked by shared physiological mechanisms and lifestyle factors
[56]. Patients with Alzheimer disease often lose the ability to
send bladder signals to the brain’s urination center, resulting in
an inability to urinate normally [57,58].

This study, therefore, suggested potential causal relationships
between comorbidities and UDD, indicating that health care
providers should pay more attention to the prevention and
treatment of these comorbidities. Optimizing pharmaceutical
therapy may effectively alleviate the incidence and progression
of UDD in middle-aged and older individuals. Additionally,
increasing physical therapy or dietary and nutritional treatments
for mental health, arthritis or rheumatic diseases, and other
chronic conditions could be beneficial. Dissemination of
knowledge about these chronic diseases to enhance public
awareness at the community level might help address the
occurrence, recurrence, and persistence of UDD.

Our study also reveals a significant correlation between grip
strength and the severity of UDD. Specifically, individuals with
reduced grip strength exhibited a higher incidence of severe
UDD manifestations, including recurrent and persistent
conditions. This relationship may suggest that grip strength
serves as an indirect biomarker for overall muscle integrity and
functional capacity, which could influence the severity of UDD
symptoms [59,60]. These results align with existing literature
emphasizing the importance of muscle function in maintaining
urogenital health and also underscore the need for further
research into preventive strategies focusing on strength training
in vulnerable populations.

Being Underweight or Obese Can Lead to Long-Term
Persistence of UDD
This study found that almost half of the older Chinese population
in the cohort had abnormal weight, with underweight or obesity
considered independent risk factors for persistent UDD. This
finding aligned with evidence from other studies showing that
obesity is closely related to the occurrence of UDD [10,61-63].
The mechanism underlying this association is that metabolic
changes and increased abdominal pressure caused by obesity
may lead to the development of UDD. Additionally, underweight
older adults might experience reduced muscle strength,
particularly in the pelvic floor, possibly triggering the incidence
of UDD. Some studies argue that population aging–related
muscle atrophy and decreased strength are more likely to cause
persistence of UDD [64,65], particularly among those who are
underweight. Consequently, the improvement of nutritional
intake is vital for older people in both communities and health
care facilities. The awareness of healthy diet and appropriate
physical exercises be enhanced among the older population,

and health care providers and community health workers should
develop individual tailored interventions for patients with UDD
who are underweight or obese.

Strengths and Limitations
The study population was selected from 28 provinces in China,
ensuring sufficient representativeness to reflect the
characteristics and risk factors of UDD in the middle-aged and
older Chinese populations. To achieve the second study
objective, a cohort study was designed to establish clear causal
relationships between the identified risk factors and the
incidence, progression, and persistence of UDD in the Chinese
population. Additionally, the population with UDD was
classified based on the severity of UDD, facilitating the
exploration of risk factors and the development of personalized
interventions.

There are some limitations to this study. The CHARLS does
not provide detailed information on urinary and fecal
incontinence or constipation, making it difficult to distinguish
risk factors for diverse UDD conditions. The CHARLS also
lacks information on factors that may affect UDD, such as
bladder outlet obstruction, urinary tract infections, benign
prostatic hyperplasia, use of analgesics, and history of abuse,
and factors such as hospital capacity, network scale, and
accessibility of medical services over the past decade could not
be analyzed due to the same limitations. Additionally, due to
the statistical methods used in the CHARLS database, the impact
of incontinence related to childbirth in female population may
have been underestimated. Consequently, this study could not
assess the impact of these factors on UDD. Furthermore, those
who had UDD in both 2018 and 2020 could not have their UDD
prognosis determined after the CHARLS survey: they may have
recovered and not be included in the most-severe group, which
may have resulted in misclassification bias. In addition, the
emergence of recovered participants may also be related to
respondents’ misjudgment of their own UDD conditions. In the
Results section, middle school and high school education
emerged as a protective factor for the recovered population,
though the underlying reasons require further investigation.

Conclusions
In summary, the prevalence of UDD increased with age and
was found to be higher among illiterate individuals, married
people, and those living in the Southwest and Northwest regions.
Depression, arthritis and rheumatic diseases, and other chronic
comorbidities contributed to the occurrence, recurrence, and
persistence of UDD; further, being underweight or obese
independently affected the persistence of UDD among the
middle-aged and older Chinese population. Enhancing the
treatment of psychological and chronic diseases and improving
BMI may alleviate the occurrence, recurrence, and persistence
of UDD.
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Abstract

Background: Disability profoundly affects older adults’ quality of life and imposes considerable burdens on health care systems
in China’s aging society. Timely predictive models are essential for early intervention.

Objective: We aimed to build effective predictive models of disability for early intervention and management in older adults
in China, integrating physical, cognitive, physiological, and psychological factors.

Methods: Data from the China Health and Retirement Longitudinal Study (CHARLS), spanning from 2015 to 2020 and involving
2450 older individuals initially in good health, were analyzed. The dataset was randomly divided into a training set with 70%
data and a testing set with 30% data. LASSO regression with 10-fold cross-validation identified key predictors, which were then
used to develop an Extreme Gradient Boosting (XGBoost) model. Model performance was evaluated using receiever operating
characteristic curves, calibration curves, and clinical decision and impact curves. Variable contributions were interpreted using
SHapley Additive exPlanations (SHAP) values.

Results: LASSO regression was used to evaluate 36 potential predictors, resulting in a model incorporating 9 key variables:
age, hand grip strength, standing balance, the 5-repetition chair stand test (CS-5), pain, depression, cognition, respiratory function,
and comorbidities. The XGBoost model demonstrated an area under the curve of 0.846 (95% CI 0.825‐0.866) for the training
set and 0.698 (95% CI 0.654‐0.743) for the testing set. Calibration curves demonstrated reliable predictive accuracy, with mean
absolute errors of 0.001 and 0.011 for the training and testing sets, respectively. Clinical decision and impact curves demonstrated
significant utility across risk thresholds. SHAP analysis identified pain, respiratory function, and age as top predictors, highlighting
their substantial roles in disability risk. Hand grip and the CS-5 also significantly influenced the model. A web-based application
was developed for personalized risk assessment and decision-making.

Conclusion: A reliable predictive model for 5-year disability risk in Chinese older adults was developed and validated. This
model enables the identification of high-risk individuals, supports early interventions, and optimizes resource allocation. Future
efforts will focus on updating the model with new CHARLS data and validating it with external datasets.

(JMIR Aging 2025;8:e66723)   doi:10.2196/66723

KEYWORDS

disability; prediction model; older adults; China Health and Retirement Longitudinal Study; CHARLS; medical resources allocation

Introduction

The aging of the population presents a significant global
challenge, with profound implications for health care systems,
economic stability, and social services [1,2]. In China, where
the older population is rapidly increasing, the prevalence of
disability among older adults has become a pressing concern.
According to the Chinese Centers for Disease Control and
Prevention, the number of older individuals with disabilities
reached 52.71 million in 2020 and is projected to exceed 77.65
million by 2030. By 2030, disabled older adults are expected
to account for over 57% of the total disabled population,
potentially rising to more than 70% by 2050 if no preventive

measures are implemented [3]. Disability in older adults
encompasses various limitations or difficulties in performing
daily activities independently, typically due to chronic
degenerative changes in function. It is commonly assessed
through activities of daily living (ADL) and instrumental
activities of daily living (IADL). This growing burden of
disability impacts quality of life and places a significant strain
on families and public resources. Therefore, accurate prediction
of disability is crucial for early intervention and effective
management.

Despite significant research efforts to forecast disability in older
adults, existing models often lack sufficient precision and fail
to account for the complex, multifactorial nature of disability.
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These models typically overlook the broader context of risk
factors and offer limited utility for public health decision-making
[4-6]. For instance, a study by Sun et al [5] identified depressive
symptoms as a significant predictor across different types of
disability. However, many existing models still fail to
incorporate mental health factors alongside physical health
indicators, limiting their real-world applicability. Furthermore,
cognitive impairment has been found to be a strong predictor
of disability in specific ADL and IADL tasks [6], highlighting
the importance of integrating mental, cognitive, and physical
health factors in predictive models. Disability, as a complex
health issue, is influenced by multiple risk domains, including
chronic diseases, polypharmacy, aging, mental health problems,
unhealthy lifestyles, and the family social environment. A
comprehensive predictive model should serve as a vital tool to
improve early identification of at-risk individuals, inform public
health strategies, and optimize resource allocation.

This study seeks to address the limitations in existing research
by developing a disability prediction model specifically designed
for the older Chinese population, using longitudinal data from
the China Health and Retirement Longitudinal Study (CHARLS)
collected between 2015 and 2020 [7]. While previous research
has developed disability prediction models based on CHARLS
data from 2015 to 2018 [8], the release of the 2020 survey data
enables the extension of the analysis over a longer time frame.
This study will leverage the validated Extreme Gradient
Boosting (XGBoost) algorithm [8] to explore disability
predictors in greater depth. In addition, by integrating variables
such as sarcopenia and frailty-related indicators, which have
previously been underexplored in predictive models for
disability, we offer a more nuanced understanding of the
physical, cognitive, physiological, and psychological factors
contributing to disability risk. We aim to create a predictive
model that not only offers high precision but also provides
practical insights for health care professionals and policymakers.

Methods

Study Population
The data for this study were sourced from the CHARLS,
initiated in 2011 by the National School of Development at
Peking University. The CHARLS used a stratified, multistage
Probability Proportional to Size random sampling method,
covering 150 counties and 450 villages and urban communities
across 28 provinces, involving 17,708 individuals from 10,257
households. Follow-up surveys were conducted in 2013, 2015,
2018, and 2020, with detailed methodology available in other
publications [7].

Initially, 21,095 participants from the 2015 baseline survey
were included. The final cohort consisted of 2450 individuals
after applying the following exclusion criteria: (1) no
information on biomarker or blood data; (2) younger than 60
years (for this study, older adults were defined as individuals
aged 60 years or older, in accordance with the World Health
Organization and the Chinese government’s standard for aging
population classification); (3) missing ADL or IADL data in
2015; (4) missing follow-up ADL or IADL data in 2020; (5)
having ADL and IADL limitations or any form of disability in

2015, including physical, intellectual, visual, auditory, or
significant speech impairments; and (6) other relevant data
missing.

Ethical Considerations
The Institutional Review Board of Peking University (IRB No.
IRB00001052-11014) approved the research, and all respondents
provided informed consent. CHARLS adheres to the Declaration
of Helsinki and China's Personal Information Protection Law.
The CHARLS database adheres to strict privacy protection and
anonymization principles during data collection and processing
to ensure the security of participants' personal information.

Assessment of Disability
Disability in this study was defined as impairment in performing
ADL and IADL, which is commonly used in geriatric research
to evaluate functional limitations in older adults. ADL assessed
the ability to perform fundamental self-care tasks such as
dressing, bathing, eating, getting out of bed, toileting, and
managing urination and bowel movements. IADL measured
more complex daily tasks, including household chores, cooking,
shopping, phone use, financial management, and medication
adherence. Responses were categorized into four levels: (1) no
difficulty, (2) difficulty but can still do it, (3) difficulty and need
help, and (4) cannot do it. To create a binary outcome, responses
of (2) “Difficulty but can still do it,” (3) “Difficulty and need
help,” and (4) “Cannot do it” were coded as 1 (indicating ADL
and IADL disability), while the response “No difficulty” was
coded as 0 (no disability). Participants were classified as having
ADL and IADL disabilities if they reported any level of
difficulty (levels 2‐4) in at least one ADL or IADL item [9].

Predictive Variables

Clinical Factors
Laboratory assessments included a range of biomarkers: white
blood cell count, hemoglobin, hematocrit, triglycerides, total
cholesterol, glucose, uric acid, creatinine, blood urea nitrogen
(BUN), high-density lipoprotein cholesterol, low-density
lipoprotein cholesterol, cystatin C, C-reactive protein, and
glycated hemoglobin.

Depressive symptoms were evaluated using the 10-item Center
for Epidemiologic Studies Depression Scale (CES-D) [10].
CES-D scores ranged from 0 to 30, with higher scores indicating
more severe symptoms. The CES-D has been validated for
Chinese middle-aged and older populations [11]. A score of 10
or above was used to indicate depression, while scores below
10 indicated no depressive symptoms [12]. Cognitive function
was assessed using a modified version of the telephone interview
for cognitive status (TICS) questionnaire [13]. The overall
cognitive score was calculated by summing the scores from
four domains: (1) orientation (5 points), (2) computation (5
points), (3) memory (20 points), and (4) drawing (1 point), with
a total possible score of 31 points [14]. Higher scores indicate
better cognitive performance.

Physical Performance
The physical examination included measurements of systolic
and diastolic blood pressure, pulse, and respiratory function.
Respiratory function was measured using a peak flow meter.
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Participants were instructed to stand, take a deep breath, and
blow as hard and fast as possible into the mouthpiece. The
highest value from 3 attempts was recorded for analysis.
Physical performance was assessed using gait speed, the
5-repetition chair stand test (CS-5), and standing balance. Gait
speed was measured to evaluate lower limb function and
mobility. A walking course of 2.5 meters was set up, and
participants were instructed to walk the course twice at their
usual pace. The average gait speed was calculated by dividing
the distance by the time taken. The 5-repetition CS-5 was
conducted to assess lower limb strength and endurance.
Participants were asked to sit in a chair with their arms folded
across their chest and, upon the examiner’s command, to stand
up and sit down 5 times consecutively at their fastest pace
without using their arms for support. The total time required to
complete the 5 repetitions was recorded, with a longer duration
indicating poorer lower limb function. The standing balance
assessment involved maintaining a standing position for 10
seconds in three distinct foot placements: (1) side-by-side, (2)
semitandem, and (3) full tandem. Handgrip strength, the primary
indicator of muscle strength, was measured for each participant
using a Yuejian WL-1000 dynamometer (Nantong Yuejian
Physical Measurement Instrument Co). Handgrip strength was
measured in both the dominant and nondominant hands, with
2 measurements per hand. The higher value for each hand was
recorded, and the average value for the 2 hands was taken to
represent the handgrip strength. Together, these assessments
provided a comprehensive evaluation of physical function and
performance.

Appendicular skeletal muscle mass (ASM) was estimated using
a formula specifically developed for the Chinese population,
which closely corresponds with dual-energy X-ray
absorptiometry measurements [15,16]. The formula accounts
for weight, height, sex (1 for males, 2 for females), and age as
follows:

ASM =0.193× weight (kg) + 0.107 × height (cm) − 4.157 × sex
− 0.037 × age − 2.631

Potential Covariates
Covariates for our study were identified from previous literature
and grouped into 2 main categories. The first included social
and lifestyle factors: age, gender, BMI, marital status, residential
area, daily sleep hours, and alcohol and tobacco use. BMI
categories were defined as underweight (BMI <18.5 kg/m²),
normal weight (BMI =18.5‐24 kg/m²), and overweight (BMI
≥24 kg/m²). The second category addressed pain, incidents of
falling, and number of comorbidities (hypertension,
dyslipidemia, diabetes, cancer, stroke, heart disease, lung
disease, liver disease, kidney disease, digestive disease, mental
health disorders, memory disorders, asthma, and arthritis)
[14,17]. The comorbidity classification was based on the
CHARLS questionnaire design. Neurological disorders,
including Parkinson disease and Alzheimer disease, are included
under memory-related diseases.

Statistical Analysis
The preprocessed dataset was split into a training subset with
70% data and a testing subset with 30% data. Continuous

variables were described using medians and IQR, with
comparisons using the Mann–Whitney U test. Count variables
were expressed as frequencies and percentages and assessed

using the χ2 test. Model development and testing were
performed using the training and testing sets, respectively.

Initial correlation analysis identified potential multicollinearity.
Variable selection was conducted exclusively on the training
set using LASSO regression with 10-fold cross-validation to
prevent information leakage and ensure an unbiased evaluation
of model performance. LASSO regression was chosen over
other methods due to its ability to perform simultaneous variable
selection and regularization, reduce overfitting, and enhance
model interpretability. In addition, ablation experiments were
conducted to evaluate the effect of removing specific features
related to sarcopenia and frailty on model performance. The
logloss metric was used to assess the performance of the models
with and without these features. The selected variables informed
the development of an XGBoost model, a machine learning
algorithm that uses gradient boosting through decision trees to
iteratively minimize prediction errors. For the optimization of
the XGBoost model, hyperparameter tuning was performed
using a grid search approach. Key hyperparameters were tuned,
including the number of boosting rounds (nrounds), which
determines the number of iterations for boosting, and the
maximum tree depth, which controls the complexity of each
individual tree. The learning rate (eta) was adjusted to control
the weight of each update during training. In addition, the
minimum loss reduction (gamma) for tree splitting, the feature
subsampling ratio (colsample_bytree), and the minimum child
weight were optimized to control the model’s complexity and
prevent overfitting. The subsample ratio (subsample) was also
tuned to control the fraction of training data used in each
boosting round. The optimal parameters were selected based
on the lowest logloss value obtained during cross-validation.

Model performance was assessed using receiver operating
characteristic (ROC) curves and area under the curve (AUC)
values, with higher AUC indicating better discrimination.
Calibration curves evaluated the agreement between predicted
and observed outcomes. Decision curve analysis (DCA) and
clinical impact curves (CIC) aided in determining optimal
application and estimating the model’s impact on patient
management. SHapley Additive exPlanations (SHAP) values
were used to interpret variable importance and model
transparency. Four key SHAP plots were generated: (1) a
summary plot, (2) dependence plot, (3) interaction plot, and (4)
force plot. The model has been deployed on a web-based
platform.

Analyses were conducted with R software (R Foundation for
Statistical Computing), version 4.3.2. A P value <.05 was
considered statistically significant.

Results

Baseline Characteristics
This study assessed a cohort of 2450 older adults initially in
good health. Over a 5-year follow-up period, 610 participants
developed disabilities, resulting in a disability incidence rate of
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24.90%. The dataset was split 7:3, with the training set
consisting of 1715 individuals (427 with disabilities) and the
testing set comprising 735 participants (183 with disabilities).
Baseline characteristics of both sets were detailed in Table 1

and Figure 1. Except for differences in sleep duration and white
blood cell counts, no statistically significant differences were
observed between the 2 groups (P>.05).
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Table . Baseline characteristics in the training and testing subset.

P valueTesting setTraining setTotalVariable

N=735N=1715N=2450

Dependent variable, n (%)

—183 (24.90)427 (24.90)610 (24.90)    Disability

—552 (75.10)1288 (75.10)1840 (75.10)    Non-disability

.126.92 [6-7.70]6.87 [5.96-7.56]6.89 [5.97-7.59]ASM/Ht2

.7831 [24.60-38]31 [25-38]31 [25-38]Hand grip (kg)

.170.83 [0.70-0.99]0.83 [0.69-0.97]0.83 [0.69-0.97]Gait speed (m/s)

.118.71 [7.08-10.50]8.81 [7.30-10.70]8.78 [7.22-10.60]CS-5 (s)

.993 [3-3]3 [3-3]3 [3-3]Balance

.7065 [62-70]65 [62-70]65 [62-70]Age (year)

.50Sex, n (%)

426 (57.96)967 (56.38)1393 (56.86)    Male

309 (42.04)748 (43.62)1057 (43.14)    Female

.14BMI level, n (%)

38 (5.17)104 (6.06)142 (5.80)    Underweight

373 (50.75)926 (54.00)1299 (53.02)    Normal weight

324 (44.08)685 (39.94)1009 (41.18)    Overweight

.21Marital status, n (%)

114 (15.51)303 (17.67)417 (17.02)    Unmarried

621 (84.49)1412 (82.33)2033 (82.98)    Married

.59Living area, n (%)

582 (79.18)1376 (80.23)1958 (79.92)    Rural

153 (20.82)339 (19.77)492 (20.08)    Urban

.24Education level, n (%)

234 (31.84)577 (33.64)811 (33.10)    Illiterate

309 (42.04)753 (43.91)1062 (43.35)    Primary school

132 (17.96)256 (14.93)388 (15.84)    Middle school

60 (8.16)129 (7.52)189 (7.71)    High school and above

.04aSleeping, n (%)

188 (25.58)511 (29.80)699 (28.53)    <6 h

547 (74.42)1204 (70.20)1751 (71.47)    ≥6 h

.17Pain, n (%):

607 (82.59)1374 (80.12)1981 (80.86)    No

128 (17.41)341 (19.88)469 (19.14)    Yes

.81Falldown, n (%)

633 (86.12)1469 (85.66)2102 (85.80)    No

102 (13.88)246 (14.34)348 (14.20)    Yes

.35Smoking, n (%)

460 (62.59)1037 (60.47)1497 (61.10)    No

275 (37.41)678 (39.53)953 (38.90)    Yes

.45Drinking, n (%)
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P valueTesting setTraining setTotalVariable

N=735N=1715N=2450

440 (59.86)1056 (61.57)1496 (61.06)    No

295 (40.14)659 (38.43)954 (38.94)    Yes

.33Comorbidities, n (%)

496 (67.48)1209 (70.50)1705 (69.59)    0

173 (23.54)365 (21.28)538 (22.96)    1

66 (8.98)141 (8.22)207 (8.45)    ≥2

.37Depression, n (%)

561 (76.33)1339 (78.08)1900 (77.55)    No

174 (23.67)376 (21.92)550 (22.45)    Yes

.4616 [12-19]15.00 [11.50-18]15.00 [12.00-18.00]Cognition

.21130.33 [118-143.67]129.67 [116.33-143.33]129.67 [116.67-143.67]Systolic BPb

.7174.33 [67.33-81.83]74 [67.33-81.33]74.00 [67.33-81.33]Diastolic BP

.5372 [66-79]72.67 [66-79.67]72.3 [66-79.3]Pulse

.15280 [213-363.00]276.67[200-356.67]280 [203.33-360]Respiratory function

.01a5.90 [4.80-6.90]5.67 [4.72-6.78]5.70 [4.75-6.80]WBCc (1000)

.1313.90 [12.70-14.90]13.70 [12.60-14.80]13.74 [12.66-14.80]HGBd (g/dl)

.1941.90 [38.70-45.20]41.40 [38.40-44.80]41.60 [38.50-45.00]HCTe (%)

.30114.16 [81.42-163.72]109.73 [80.53-161.06]110.62 [81.42-161.95]TGf (mg/dl)

.24181.47 [159.85-203.86]183.40 [161.39-206.56]182.63 [161-205.79]CHOg (mg/dl)

.4697.30 [90.10-108.11]95.50 [90.09-108.11]97.30 [90.09-108.11]GLUh (mg/dl)

.514.90 [4.10-5.90]5.00 [4.10-5.90]5.00 [4.10-5.90]UAi (mg/dl)

.171.40 [0.80-2.40]1.40 [0.80-2.70]1.40 [0.80-2.60]CRPj (mg/l)

.815.90 [5.60-6.20]5.90 [5.60-6.20]5.90 [5.60-6.20]HbA1ck (%)

.270.81 [0.70-0.94]0.80 [0.69-0.93]0.81 [0.69-0.93]CREAl (mg/dl)

.3715.13 [12.61-18.49]15.41 [12.89-18.49]15.13 [12.89-18.49]BUNm (mg/dl)

.5050.19 [43.24-57.14]50.19 [43.24-58.30]50.19 [43.24-57.92]HDLn (mg/dl)

.1599.61 [84.17-120.08]102.32 [84.56-121.24]101.93 [84.56-120.85]LDLo (mg/dl)

aP< .05
bBP: blood pressure.
cWBC: white blood cell.
dHGB: hemoglobin.
eHCT: hematocrit.
fTG: triglycerides.
gCHO: total cholesterol.
hGLU: glucose.
iUA: uric acid.
jCRP: C-reactive protein.
kHbA1c: glycated hemoglobin.
lCREA: creatinine.
mBUN: blood urea nitrogen.
nHDL: high-density lipoprotein cholesterol.
oLDL: low-density lipoprotein cholesterol.
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Figure 1. Flowchart of the data selection. CHARLS: China health and retirement longitudinal study, ADL/IADL: Activities of daily living and
instrumental activities of daily living.

Predictor Selection
Figure 2 represented the interrelations among the continuous
independent variables measured in the study. The matrix used
varying shades of color and circle sizes to illustrate the
magnitude and direction of correlation coefficients. The analysis
revealed significant correlations, such as a negative association
between hand grip and age, and a positive association between
CHO and high-density lipoprotein (P<.001).

To identify the strongest predictors of disabilities, the training
dataset was normalized to account for different measurement
units across variables. With disability as the dependent variable,
36 potential predictors were evaluated using LASSO regression.
The compressive variable coefficient was used to avoid
overfitting and improve predictive accuracy. The parameter λ
was selected based on the largest λ within 1 SD of the minimal

binomial deviance to enforce stricter penalty constraints. The
LASSO regression retained 9 predictors with non-zero
coefficients (Figure 3): age, hand grip, standing balance, CS-5,
pain, depression, cognition, respiratory function, and the count
of comorbidities.

Following LASSO regression, Table 2 summarizes the results
of the ablation experiments, which evaluates the impact of
removing specific sarcopenia- and frailty-related features (hand
grip, CS-5, and standing balance) on model performance.
Logloss was used as the primary metric to evaluate the model’s
performance, with lower values indicating better predictive
accuracy. The results showed that removing these features
increased the logloss, with the most significant increase observed
when all 3 features were removed simultaneously. These
findings suggest that including sarcopenia-related parameters
is crucial for maintaining the model’s predictive accuracy.
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Figure 2. Correlation matrix of continuous independent variables. *: P<.05; **: P<.01; ***: P<.001. ASM/Ht2: appendicular skeletal muscle mass
and height 2, CS-5: five-repetition chair stand test, Systolic and Diastolic BP: systolic blood pressure, WBC: white blood cell, HGB: hemoglobin, HCT:
hematocrit, TG: triglycerides, CHO: total cholesterol, GLU: glucose, UA: uric acid, CRP: C-reactive protein, HbA1c: glycated hemoglobin, CREA:
creatinine, BUN: blood urea nitrogen, HDL: high-density lipoprotein cholesterol, LDL: low-density lipoprotein cholesterol. Positive correlations are
represented by blue tones, and negative correlations by red tones, with the intensity of the color indicating the strength of the correlation. Circle size is
proportional to the absolute value of the correlation coefficient.
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Figure 3. Variable selection via LASSO regression model. (A)Optimal parameter selection in LASSO regression. This plot illustrates the choice of
the optimal λ, displaying log(λ) on the horizontal axis and regression coefficients on the vertical axis. (B)LASSO regression parameter (λ) selection
via binomial deviance plot. Each point represents the model’s deviance at varying log (λ) values, with the vertical dotted line indicating the λ value that
minimizes the binomial deviance.

Table . Performance comparison of ablation experiments on model performance.

Number of featuresChangeLoglossModel configuration

900.411All features (full model)

80.0160.427Removing hand grip

80.0100.421Removing CS-5a

80.0020.413Removing standing balance

60.0310.442Removing hand grip, CS-5, and
standing balance

aCS-5: five-repetition chair stand test

Construction and Assessment of the Predictive Model
Using disability outcomes from 2020 as the dependent variable
and 9 predictors selected through LASSO regression, a
predictive model was constructed using the XGBoost algorithm.
The model’s hyperparameters were optimized through grid
search and cross-validation. The best parameters identified were:
nrounds=100, max_depth=3, eta=0.1, gamma=0.1,
colsample_bytree=0.8, min_child_weight=3, and

subsample=0.8. These parameters were used to train the final
XGBoost model, which was then evaluated on the testing
dataset.

The performance of the XGBoost model was evaluated using
ROC curves to assess its discrimination ability. In the training
set, the model achieved an AUC of 0.846 (95% CI
0.825‐0.866), indicating good discrimination (Figure 4A). In
the testing set, the AUC was 0.698 (95% CI 0.654‐0.743),
reflecting moderate predictive accuracy (Figure 4B).
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Figure 4. Receiver operating characteristic curves.

Calibration curves for the training and testing sets assessed the
model’s predictive accuracy. The training set showed a mean
absolute error of 0.001 (Figure 4C), suggesting high precision,
while the testing set had a mean absolute error of 0.011 (Figure
4D). Both curves closely approximated the ideal line, confirming
the model’s reliable prediction of disability risk.

Clinical decision analysis demonstrated the effectiveness of the
XGBoost model in predicting disability across different risk
thresholds. In the training set, the DCA showed that using the
XGBoost model to identify high-risk patients provided a net
benefit (Figure 5A). For example, at a chosen risk threshold of
0.30, applying the model’s predictions would result in a better
net benefit than treating all patients or treating none, highlighting
the model’s clinical utility in improving decision-making. The
testing set also demonstrated a similar net benefit (Figure 5B),

confirming the model’s robustness and clinical applicability in
an independent dataset.

In both datasets, the “Number high risk” line decreased steeply
with increasing thresholds, indicating fewer individuals were
classified as high-risk under stricter criteria (Figure 5C and D).
In contrast, the “Number high risk with event” line, representing
individuals who experienced disability, showed a more gradual
decline. These trends highlight the model’s ability to focus
predictions on a targeted group as thresholds increase,
demonstrating its utility in guiding clinical decision-making
and optimizing interventions for those most likely to benefit.
For a more comprehensive evaluation of the model’s
performance, the specificity, accuracy, positive predictive value
(PPV), and negative predictive value at thresholds of 0.2 and
0.5 are provided in Multimedia Appendix 1.
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Figure 5. Clinical decision curves and impact curves for XGBoost model. (A)The red line represents the net benefit of the training set. (B)The blue
line represents the net benefit of the testing set. The ’all’ line indicates the benefit when all patients are treated, and the ’none’ line when no patients are
treated. (C-D) The solid lines depict the total number of individuals identified as high risk, and the dashed lines represent those at high risk who
experienced the true event.

SHAP for Model Interpretation
We used SHAP values to assess the influence of each variable
on the 5-year disability risk. Figure 6A ranked predictors by
their mean SHAP values, reflecting their average contribution
to the model’s output. Pain had the highest mean SHAP value,
followed by respiratory function and age, indicating their strong
overall influence on disability prediction. Figure 6B showed

the SHAP value distributions, where pain, respiratory function,
and age exhibited the broadest ranges, suggesting their dynamic
and individualized impact. Hand grip and CS-5 also significantly
influenced the model, highlighting their importance in predicting
physical function-related disability, while cognition,
comorbidities, and depression showed more consistent
contributions. Balance had the least impact.
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Figure 6. SHAP: SHapley additive exPlanations value interpretation diagram for predicting disability.(A)Variable importance in the predictive model
as measured by SHAP values.(B)SHAP value distribution for predictive model variables. SHAP values for model variables are shown as violins. The
color represents feature value intensity, and the width indicates impact density. (C)Scatterplot matrix of SHAP values for model predictors. Each plot
reveals the influence of a single variable on the model output, with color intensity indicating the magnitude of the feature value. (D)Individual sample
SHAP value analysis for disability risk prediction.

The SHAP summary plot (Figure 6C) provided an overview of
the overall influence of each predictor on the model’s output,
revealing that pain, age, and respiratory function had the most
substantial and wide-ranging influence on the predicted
disability risk. The SHAP dependence plot (Figure 6D)
visualized the individualized impact of these predictors on a
single patient’s disability risk profile, offering insights into the

model’s decision-making process at both macro and micro
levels. Together, these plots provided a comprehensive
understanding of the predictors’ contributions to disability risk
prediction.

A web-based calculator [18] enables clinicians to estimate the
5-year disability probability by entering patient-specific data
[18], aiding in personalized clinical decisions (Figure 7).

JMIR Aging 2025 | vol. 8 | e66723 | p.218https://aging.jmir.org/2025/1/e66723
(page number not for citation purposes)

Chu et alJMIR AGING

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


Figure 7. Online calculator for individual disability prediction.

Discussion

Principal Findings and Comparison With Previous
Works
This study constructed an effective 5-year disability prediction
model using baseline data from CHARLS 2015 to forecast
disability occurrence in 2020. The model identified 9 key
predictive variables (pain, respiratory function, age, handgrip
strength, CS-5, cognitive function, depression, comorbidities,
and standing balance) that are closely associated with disability
incidence in Chinese older adults. Calibration curves
demonstrated the model’s strong discrimination and consistency
in both training and test sets, while DCA and CIC highlighted
its positive clinical and social application value. The use of
longitudinal data from CHARLS allowed for a more accurate,
data-driven understanding of aging-related disability trends,
leveraging demographic and health-related variables highly
relevant to the Chinese context. In addition, the inclusion of
sarcopenia and frailty-related diagnostic indicators as predictive
variables represents a novel aspect of this research. These

indicators enhance the model’s sensitivity to physical, cognitive,
physiological, and psychological changes associated with aging
that contribute to disability. This model offers a practical tool
for improving disability prevention and management in older
adults.

One notable observation in this study is the difference in AUC
values between the training set (0.846) and the testing set
(0.698). This discrepancy suggests potential overfitting, where
the model may have captured noise or random fluctuations in
the training data that do not generalize to unseen data. The
observed discrepancy may be due to the imbalance in the dataset
with respect to the outcome variable (disability status). To
address this, we attempted oversampling to balance the data.
However, this approach increased model complexity by retaining
additional statistically significant predictors, raising concerns
about overfitting. As a result, we proceeded with the original
dataset to prioritize model simplicity and reduce overfitting
risks. Although the model’s discriminative performance
decreased in the test set, the overall trends remain robust,
providing valuable insights into disability prediction for older
populations. Moving forward, we plan to conduct external
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validation using additional datasets or longitudinal CHARLS
follow-up data to further assess the model’s generalizability
across diverse settings and time points. We selected the
XGBoost algorithm for modeling based on its demonstrated
ability to handle complex datasets and address class imbalance
by assigning higher weights to the minority class [8]. This
approach enhances the model’s ability to predict the minority
class accurately. XGBoost’s advantages over other algorithms
include its superior performance with structured and
unstructured data, its regularization techniques to reduce
overfitting, and its efficiency in training large datasets. In
addition, its gradient boosting framework captures complex
variable interactions, making it more suitable than traditional
linear models. To optimize performance, we used advanced
techniques such as cross-validation and hyperparameter tuning,
including a comprehensive grid search over key parameters.
This rigorous process ensured the model was robust and
well-calibrated, improving its predictive performance. By
extending the analysis to the latest 2020 CHARLS data, this
study offers a more comprehensive 5-year prediction window
compared with previous work focused on shorter time frames.

SHAP summary charts clarified the role and importance of each
variable in predicting disability, providing transparency and
interpretability to the model. According to the SHAP chart,
pain, respiratory function, and age were the top 3 factors in
importance, with the wide distribution of SHAP values. This
indicates that changes in these variables significantly alter the
risk of disability. Chronic pain, particularly lower back and
neck pain, is a leading cause of disability globally, as highlighted
by the Global Burden of Disease Study 2015. These types of
pain are major causes of years lived with disability in many
regions, including Latin America, the Caribbean, most regions
of Asia, Oceania, and sub-Saharan Africa [19]. Chronic pain is
closely linked to functional disability and poor physical
performance in the older, as supported by various studies
[20,21]. Respiratory function declines with age in older people,
and respiratory impairment accounts for 20.7% of all types of
disability [22]. Maximal inspiratory pressure and maximal
expiratory pressure are correlated with hand-grip strength and
skeletal muscle mass index [23,24]. Respiratory sarcopenia,
characterized by a decrease in respiratory muscle strength
alongside systemic skeletal muscle with aging [25], can lead to
deterioration in respiratory force generation, adversely affecting
activities of daily living [26]. Overall, respiratory impairment
is prevalent among older individuals and is linked to physical
inactivity and poor performance-based mobility [27]. Age is an
independent risk factor for disability, with intrinsic capacity
and functional ability declining with age. Disability levels are
highest in the oldest patients [28], and age correlates with
increased pain and respiratory impairment. Older adults are
more likely to experience these issues, further increasing their
disability risk [29]. In summary, higher pain scores, poorer
respiratory function, and older age are associated with a greater
risk of disability. Clinically, this suggests the need for emphasis
on pain management and respiratory exercises in old people,
particularly for those with chronic respiratory diseases.

The concentrated distribution of SHAP values for handgrip
strength, CS-5, and cognitive function indicates these variables

significantly influenced disability prediction. The ablation
experiments further confirmed the impact of handgrip strength
and CS-5 on the model. When these sarcopenia-related features
were removed, the model’s performance was notably affected,
as indicated by a significant increase in logloss. This finding
aligns with the SHAP analysis results, which showed a wide
distribution of values for these variables. Weak handgrip
strength is identified as a key component of sarcopenia, strongly
associated with subsequent disability and mortality [30].
Reduced handgrip strength and lower extremity strength, as
measured by the CS-5, are strong predictors of functional
impairment, disability, and low health-related quality of life,
significantly increasing the risk of severe disability, frailty, and
other health limitations in older adults [31,32]. Cognitive
function is another crucial risk factor for disability. Studies have
shown that cognitive decline is associated with ADL disability
[33], and longitudinal research indicates that cognitive
impairment may precede ADL disability, serving as a predictor
of intermediate and late-stage ADL loss [34]. Physical and
cognitive functions are closely related, with physical activity
enhancing neurogenesis in the adult brain. Dual-task training,
which enhances both cognitive and physical functions, has
shown positive effects on cognitive function and physical
activity in older individuals [35]. In summary, declines in
handgrip strength, lower extremity strength (CS-5), and
cognitive function are positively correlated with an increased
risk of disability. This underscores the importance of targeted
interventions, such as early muscle strength training for the
upper and lower limbs and cognitive function exercises, to help
reduce the risk of disability.

Although the roles of depression, comorbidities, and standing
balance are less significant in predicting disability, they still
contribute to its progression in the elderly and remain
non-negligible factors. Depression, in particular, is a common
psychological disorder among older adults and continues to be
one of the most prevalent and disabling biopsychosocial
conditions in this population. A Chinese cross-sectional study
provided evidence of the association between depressive
symptoms and ADL disability [36]. There is also a strong
association between depression and physical activity, with
significant mental health benefits gained from being physically
active, even at levels below public health recommendations
[37]. This may explain why depression can affect disability
progression through physical function measures such as handgrip
strength and CS-5. Similarly, comorbidities and standing balance
are associated with disability and are critical factors in the
multifactorial process of disability [38,39]. Comorbidity, the
coexistence of 2 or more chronic diseases in older adults is a
well-documented risk factor for increased mortality, reduced
quality of life, and functional decline, ultimately leading to
disability [40]. As a consequence of managing multiple chronic
conditions, polypharmacy, defined as the concurrent use of
multiple medications, becomes increasingly common in older
populations [41]. Polypharmacy has been associated with a
higher risk of falls, frailty, cognitive impairment, and adverse
drug interactions, further exacerbating health deterioration and
disability [42]. However, in this study, medication use was
categorized in the CHARLS questionnaire only as Chinese
traditional medicine or Western modern medicine, without
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detailed data on specific medications. This limitation prevented
a comprehensive analysis of polypharmacy’s impact. The
decline in standing balance in older adults indicates decreased
postural control and increased risk of falls, often seen in
populations with sarcopenia and frailty, which eventually
progresses to disability [43]. Overall, these findings suggest
that we should consider the combined effects of mental health,
management of multiple chronic diseases, and balance function
when predicting disability and formulating prevention strategies.

In our study, we evaluated the treatment benefits of the model
using DCA. Figure 6A shows the net benefit across different
risk thresholds. At low thresholds (<0.2), the net benefit was
high but gradually declined as the threshold increased,
approaching zero around 0.6. The model outperformed both
all-treatment and no-treatment strategies across most thresholds,
demonstrating its clinical utility. In practice, selecting an
appropriate threshold is critical for clinical decision-making
and resource allocation. A low threshold is suitable for
high-sensitivity scenarios, such as community screening for
early intervention in older adults. A medium threshold balances
sensitivity and specificity, making it ideal for resource-limited
settings where the model can precisely identify high-risk
individuals for targeted interventions. Many clinicians have
used DCA to test various disease prediction models, such as
those for 30-day mortality in MIMIC-III patients with sepsis-3,
major adverse cardiovascular events in older patients, and
hypertension risk in patients with type 2 diabetes mellitus
[44-46].

• We evaluated the model’s predictive efficacy at different
risk thresholds using CIC. As shown in Figure 6C, at
thresholds below 0.2, the model identifies over 500
high-risk patients, with approximately 200 actual events,
resulting in a high false-positive rate and increased resource
consumption. This range is suitable for early widespread
screening when follow-up resources are available. At
thresholds between 0.2 and 0.5, the number of high-risk
patients identified aligns more closely with actual events,
balancing sensitivity and specificity while improving
cost-effectiveness. This range is ideal for resource-limited
settings. At thresholds above 0.5, the number of high-risk
patients decreases significantly, nearly matching actual
events but potentially missing some high-risk cases. The
CIC provides clinicians with a visual tool to balance
sensitivity and specificity, optimizing disability prediction
and intervention strategies in older adults. CIC is commonly
used to evaluate the predictive accuracy and clinical value
of clinical prediction model for various diseases [47-49].
However, they are rarely used to evaluate the clinical
usefulness of disability prediction models in older adults.

The 9 variables selected through LASSO regression form a
streamlined yet effective set of predictors that can be easily

integrated into routine clinical practice. Specifically, the
inclusion of sarcopenia and frailty-related features provides
health care professionals with clear and actionable insights into
the ability of older adults to live independently, enabling timely
interventions to prevent disability. By focusing on these key
variables, the model remains interpretable, reducing the risk of
“black-box” complexity in clinical decision-making. To facilitate
practical application, we developed a web-based application
via the Streamlit platform that uses these 9 predictors to
calculate the 5-year risk of disability for individual patients.
This user-friendly tool allows clinicians to input patient-specific
data and receive immediate risk assessments, integrating
predictive analytics into clinical workflows and bridging
complex data models with everyday decision-making. Future
applications of this model can aid healthcare professionals in
identifying individuals at high risk of disability and
implementing early, targeted interventions. This approach has
the potential to delay the onset of disability and improve the
quality of life for older individuals.

Limitations
The limitations of this study include the selection of predictor
variables. While the selected predictors are based on the best
available evidence, other important variables, such as activity
intensity, were not included due to high missing values. In
addition, the model generalization and optimization is a
limitation. The model performs well on the internal test set but
lacks external validation due to the unavailability of a suitable
external dataset. We plan to collect data from multicenter older
care communities for external validation to further improve and
optimize the model. As the CHARLS database updates, the
model may need periodic updates to maintain accuracy and
usefulness. Moreover, predicting long-term disability risk is
challenging due to complex time interactions that may alter the
risk trajectory.

Conclusions
Our research incorporates parameters aligned with the diagnostic
criteria for sarcopenia and frailty. These physical function
measures are combined with predictors from cognitive and
psychological health dimensions, recognizing the complex
interplay of physical capability, aging, and mental health in the
development of disability. This approach enhances the model’s
precision and considers the need for the efficient identification
of at-risk individuals and the optimization of medical resources
in clinical practice. Consequently, the model provides a highly
reliable disability prediction tool for older patients, health care
workers, and policymakers. In the future, we will adjust the
model based on updates to the CHARLS database to ensure its
suitability for the older population in China. In addition, we
will seek appropriate external databases for validation and
promote the model’s application across different ethnic groups.
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Abstract

Background: Understanding the dementia disease trajectory and clinical practice patterns in outpatient settings is vital for
effective management. Knowledge about the path from initial memory loss complaints to dementia diagnosis remains limited.

Objective: This study aims to (1) determine the time intervals between initial memory loss complaints and dementia diagnosis
in outpatient care, (2) assess the proportion of patients receiving cognition-enhancing medication prior to dementia diagnosis,
and (3) identify patient and provider characteristics that influence the time between memory complaints and diagnosis and the
prescription of cognition-enhancing medication.

Methods: This retrospective cohort study used a large outpatient electronic health record (EHR) database from the University
of Connecticut Health Center, covering 2010‐2018, with a cohort of 581 outpatients. We used a customized deep learning–based
natural language processing (NLP) pipeline to extract clinical information from EHR data, focusing on cognition-related symptoms,
primary caregiver relation, and medication usage. We applied descriptive statistics, linear, and logistic regression for analysis.

Results: The NLP pipeline showed precision, recall, and F1-scores of 0.97, 0.93, and 0.95, respectively. The median time from
the first memory loss complaint to dementia diagnosis was 342 (IQR 200-675) days. Factors such as the location of initial
complaints and diagnosis and primary caregiver relationships significantly affected this interval. Around 25.1% (146/581) of
patients were prescribed cognition-enhancing medication before diagnosis, with the number of complaints influencing medication
usage.

Conclusions: Our NLP-guided analysis provided insights into the clinical pathways from memory complaints to dementia
diagnosis and medication practices, which can enhance patient care and decision-making in outpatient settings.

(JMIR Aging 2025;8:e65221)   doi:10.2196/65221

KEYWORDS

dementia; memory loss; memory; cognitive; Alzheimer disease; natural language processing; NLP; deep learning; machine
learning; real-world insights; electronic health records; EHR; cohort; diagnosis; diagnostic; trajectory; pattern; prognosis; geriatric;
older adults; aging

Introduction

The rising prevalence of dementia, driven by an aging
population, presents a profound concern for society [1-4],
placing substantial burdens on individuals and imposing high
financial costs [5-7]. Despite these challenges, no curative
treatments are currently available [8,9], highlighting the critical
need for early detection of prodromal symptoms of dementia,

such as mild cognitive decline [10-13], and timely diagnosis.
Early intervention can delay disease progression or alter the
trajectory toward dementia [9,14,15]. However, dementia and
its associated symptoms are frequently underreported and
underdiagnosed in clinical practice [16,17]. As the condition
progresses, patients commonly experience increased memory
loss, deteriorating cognitive ability, heightened confusion, and
changes in personality like agitation. The conversion from mild
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cognitive impairment to Alzheimers disease has been explored
using patient health data [18].

Electronic health records (EHRs) offer a valuable resource for
enhancing the detection and management of disease by
providing comprehensive data on patient health and history
[19-23]. However, much of the nuanced patient information is
embedded within unstructured clinical notes and is not
accessible through structured data. Natural language processing
(NLP), a subfield of artificial intelligence that enables computers
to understand, interpret, and generate human language, holds
promise for extracting meaningful information from vast and
complex free-text EHRs [24-27]. NLP has been instrumental
in automatically extracting clinical information in various
medical domains, including geriatric care [28-35]. For instance,
Kharrazi et al [36] showcased higher rates of geriatric syndrome
extraction from unstructured EHR using NLP compared to
relying solely on claim data or structured EHR data. Studies
have successfully extracted cognitive status and measurement
scores [37,38], as well as lifestyle exposures and discourse
production for Alzheimers disease [39], from clinical
documentation using NLP. Additionally, multiple studies have
applied NLP methods to extract neuropsychiatric symptoms
and cognitive or function impairment information [40-43].
State-of-the-art models, such as pretrained Bidirectional Encoder
Representation from Transformer (BERT), have been applied
in clinical settings for tasks like detecting inpatient falls [44]
and classifying dementia risk [45] using clinical notes. While
previous research has made significant strides in the earlier
detection of cognitive decline using EHR, most studies have
focused on extracting symptoms or cognitive measurement
scores rather than other clinical features that affect disease
progression, such as the relationship of the primary caregivers
with patients.

We aimed to investigate the time interval from initial memory
loss complaints to dementia diagnosis and explore the
association between various clinical features, including the

family primary caregiver relationship, using real-world
outpatient clinical notes. Additionally, we aimed to analyze the
pattern of cognition-enhancing medication prescriptions before
diagnosis. To achieve this, we developed a customized NLP
pipeline using deep learning techniques, based on a prodromal
dementia symptom ontology that we established.

Methods

Study Cohorts
This retrospective study used data from the UConn Health
Center between 2010 and 2018. The use of longitudinal EHR
data allowed us to track all patients’ clinical information,
including demographic characteristics, diagnoses, measurements,
medications, and signs. The study cohort was defined as patients
who met the following criteria: (1) received a dementia
diagnosis, (2) had at least one outpatient visit per year, (3) had
at least one visit before the dementia diagnosis, and (4) had
documented memory loss–related symptoms (eg, memory loss,
confusion, cognition impairment, trouble remembering, not
recalling, forgetting, and blackout) in the EHR. Dementia was
defined based on the presence of 3 or more ICD (International
Classification of Diseases) codes used for dementia phenotyping
in our study (as detailed in Multimedia Appendix 1) and
dementia documentation in their clinical notes. We analyzed
demographic and clinical characteristics from structured EHR
data, including insurance details, the initial location (medical
unit) of memory loss complaints, and the location of the first
dementia diagnosis. These locations encompass various settings
within this health care system, such as geriatric medicine,
internal medicine, and neurology outpatient clinics. NLP was
used to extract symptoms and primary caregiver (family
supporter) relationship information from clinical notes. Both
diagnosis and cognition-improving medication information were
extracted from both structured and unstructured data. Figure 1
provides an overview of the selection process of the study cohort
and the information extraction process.

Figure 1. The workflow for the study cohort selection and information extraction. EHR: electronic health record; NLP: natural language processing.

Building a Deep Learning–Based NLP Pipeline
A framework was developed to curate the prodromal dementia
symptoms comprising four stages: (1) preprocessing and query
expansion, (2) ontology construction and annotation, (3) NLP
model development, and (4) system evaluation.

Preprocessing and Query Expansion
In this stage, a query was expanded to extract and identify a
broad set of patient notes with documented memory loss
symptoms. A list of seed terms was obtained through a manual
survey of the literature and a clinical note review by a clinical
researcher and domain expert. A bigram word2vec algorithm
[46] was used to identify additional significant terms potentially
related to memory loss symptoms to ensure the encapsulation
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of an expansive cohort. The expanded, rule-based query terms
provided in Multimedia Appendix 2 were subsequently applied
to extract the relevant patient notes for NLP modeling.

Ontology Construction and Annotation
This stage involves the simulation of an expert’s knowledge
and understanding of the free text. A prodromal dementia
symptom ontology was built based on the physician’s opinion,
a comprehensive literature review, and a clinical note review.
The ontology includes 9 entities and 9 relations. The 9 entities
are “memory loss symptom (Sx),” “dementia diagnosis (Dx),”
“temporal,” “duration,” “status change: worse,” “other

symptoms,” “cognitive test result,” “caregiver relation,” and
“cognition enhancing medication (Rx).” The 9 relations are “has
complaint date,” “has diagnosis date,” “has other symptom
information,” “has status change information,” “has duration
information,” “has test information,” “has caregiver
information,” “has treatment information,” and “has effects” as
depicted in Figure 2A. Two independent annotators manually
annotated notes using Clinical Language Annotation, Modeling,
and Processing (CLAMP) [47], an NLP toolkit, guided by the
constructed ontology. Figure 2B shows an example note with
entities and relations annotated.

Figure 2. The ontology of memory loss and the annotated sample note. (A) The ontology of prodromal dementia symptoms. In total, 9 entities and 9
semantic relations between entities were defined in the ontology. (B) A sample note that has been deidentified and annotated with prodromal dementia
symptoms. In this note, the following entities have been annotated and related to each other: symptoms, relation, medication, duration, status change,
test, and temporal. MRI/MRA: magnetic resonance imaging/magnetic resonance angiography, dtr:daughter, ETOH: ethanol, FL: florida, hx: history.

NLP Model Development
The annotated notes (n=815) obtained in the previous stage
were used for NLP model training. These notes were randomly
split into a training set (80%, n=652, of annotated notes) and
an independent validation set (the remaining 20%, n=163). The
manual annotation and training processes were iteratively
performed with additional manually annotated notes to enhance
model performance until the model achieved an F1-score of
>0.8. For model training, a multilayer deep learning architecture
was adopted, which involved transforming the text into
sequential vectors of characterization through the embedding
step. The vectors were then fed into a Bidirectional Long
Short-Term Memory (BiLSTM), a text classification architecture
based on artificial neural networks, for pattern recognition in
both forward and backward directions. Finally, the patterns were
sent to the next layer of a Conditional Random Field (CRF)
model for prediction probability computation. BiLSTM-CRF
architectures are widely used in clinical NLP tasks,
demonstrating robustness in recognizing entities in sequential
data like clinical notes [48] and effectively leveraging
moderate-sized datasets with lower computational resource
requirements.

NLP Pipeline Evaluation
The performance of the pipeline was evaluated in the validation
set through precision (positive predictive value [PPV]), recall

(sensitivity), and F1-score (a balanced score between false
positives [FPs] and false negatives [FNs]). Recall was calculated
as the ratio of the number of entities that were identified by the
pipeline over the total number of the corresponding entities in
the manually annotated gold standard (ie, true positive
[TP]/[TP+FN]). Precision was measured as the ratio of the
number of distinct entities returned by the correct pipeline
according to the gold standard divided by the total number of
entities found by our pipeline (ie, TP/[TP+FP]). F1-score was
calculated as the harmonic mean of PPV and sensitivity (ie, 2
× PPV × sensitivity / [PPV + sensitivity]).

Standardization of Concept Values Leveraging NLP
Clinical notes contain abundant information but are often
heterogeneous in form. To enable use case analysis, these
heterogeneous entities needed to be standardized. Figure 3A
illustrates the various forms in which cognition-related concepts
like forgetfulness, memory loss, short-term memory, and
confusion were documented in the clinical notes. Abbreviations
(eg, dtr for daughter) and mixed use of brand names and generic
names of the same drugs (eg, Aricept and donepezil) were
commonly found. Figure 3B provides examples of standardized
concept values obtained through the NLP process. The
cognition-enhancing medications discussed include donepezil,
memantine, rivastigmine, and galantamine. For the analysis,
the son, son-in-law, daughter-in-law, grandson, and
granddaughter were classified as other adult children, while the

JMIR Aging 2025 | vol. 8 | e65221 | p.227https://aging.jmir.org/2025/1/e65221
(page number not for citation purposes)

Paek et alJMIR AGING

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


nephew, niece, cousin, brother, and sister were classified as other family support.

Figure 3. Clinical note standardization via NLP. (A) The diverse expressions used in clinical notes depict concepts such as memory loss symptoms,
primary caregiver relationships, and cognition-enhancing medications. (B) A sample of the standardized output generated by the NLP process, representing
the standardized values of the various original expressions. Dx: diagnosis; HPI: history of present illness; NLP: natural language processing; Rx:
medication; Sx: symptom.

Characterization of Dementia Cohorts and
Longitudinal Analysis of Dementia Trajectory
The collection of clinical information of patients was
accomplished through the extraction of both structured and
unstructured EHR data. The statistical analysis was performed
using R software (R Core Team). A logistic regression model
was used to assess the relationship between medication
prescription history and other factors, such as memory loss
complaints and the primary caregiver relation information, by
calculating the odds ratio (OR) and 95% CI. A total of 149
patients who had memory loss complaints and diagnoses
recorded on the same day were excluded from this study.

Ethical Considerations
This study involved no interaction with patients as it is a
retrospective cohort study that used a deidentified dataset. As
such, it was deemed as exempt from institutional review board
approval.

Results

Building a Memory Loss NLP Pipeline
The performance of our memory loss NLP pipeline was
evaluated using precision, recall (sensitivity), and F1-score
metrics in the validation set, with detailed results presented in
Multimedia Appendix 3. Our system achieved high scores across
all semantic types, including “memory loss symptom,”
“dementia diagnosis,” “duration,” “primary caregiver,” and

“status change” (overall precision, recall [sensitivity], and
F1-scores of 0.97, 0.93, and 0.95, respectively). For example,
the precision for “memory loss symptoms” was 0.97, indicating
that 97% of “memory loss symptoms” were identified by our
NLP system in patients’ clinical notes, as verified against a
manually curated gold standard. The recall (sensitivity) of 0.93
implies that our system correctly identified 93% of actual
memory loss cases, with only 7% missed. Multimedia Appendix
3 provides comprehensive details for various semantic types
and relations, enabling a thorough understanding of the NLP
pipeline’s performance.

Clinical Characterization of Study Cohorts

Cohort Identification
An average of 358,854 patients visited the UConn Health system
for outpatient care between 2010 and 2018, with the number of
visits increasing annually from 224,488 in 2010 to 1,024,349
in 2017. There were 8686 patient visits in 2018 until the time
point we collected data. Out of these patients, 99,039 patients
were aged 55 years or older at their first visit. From more than
600,000 narrative records and coded data of those patients, we
identified 730 patients who had at least one outpatient visit per
year, at least one visit before their dementia diagnosis, and
documented memory loss symptoms in their clinical notes. Of
these, 149 (20.4%) patients reported memory loss complaints
and were diagnosed with dementia on the same day, while 581
(79.6%) patients had at least a 1-day gap between the complaint
and diagnosis. For the following analysis, 581 patients with
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memory loss symptoms documented at different days were
included in study cohorts (Figure 1).

Cohort Demographics
The demographic characteristics, primary insurance, and
medication information of study cohorts are summarized in

Table 1. Most cohort members were non-Hispanic White
individuals (509/581, 87.6%) and female (381/581, 65.6%),
with an age distribution of over 85 years (315/581, 54.2%),
75‐84 years (171/581, 29.4%), 65-74 years (63/581, 10.8%),
and under 65 years (32/581, 5.5%).

Table . Demographic characteristics, primary insurance, and medication information of study cohorts (N=581).

Values, n (%)Characteristics

Age (years)

32 (5.5)<65

63 (10.8)65‐74

171 (29.4)75‐84

315 (54.2)85+

Race

509 (87.6)White

33 (5.7)African American

39 (6.7)Others

Sex

381 (65.6)Female

200 (34.4)Male

Primary caregiver (family supporter) relation (n=291)

26 (8.9)Husband

39 (13.4)Wife

135 (46.4)Daughter

50 (17.2)Son

41 (14.1)Other family members

290 (49.9)Missing

146 (25.1)Prior medication before the first diagnosis of dementia

Primary Caregiver and Medication Information
Out of 291 patients with primary caregiver relation information,
adult children were the main caregivers (n=185, 63.6%, with
n=135, 46.4%, being daughters and n=50, 17.2%, being sons),
followed by spouses (n=65, 22.3%, with n=39, 13.4%, being
wives and n=26, 8.9%, being husbands). Other family members
(eg, nephew) made up 14.1% (41/291) of the cohort. Out of 581
patients, 146 (25.1%) patients had been prescribed
cognition-improving medications prior to the dementia
diagnosis.

Outpatient Care Locations
Next, we investigated the outpatient care locations where the
first memory loss complaints were reported and where dementia
was diagnosed. Geriatrics is the most frequent location for both
the first memory loss complaints made (308/581, 53%) and the
diagnosis of dementia (350/581, 60.2%), followed by primary
care (185/581, 31.8%, and 163/581, 28.1%, respectively) and
neurology (39/581, 6.7%, and 61/581, 10.5%, respectively).
The majority of the cohort was covered by Medicare (354/581,
60.9%) or Medicaid (72/581, 12.4%) as primary insurance,
while 26.2% (152/581) had commercial insurance. Only a small

percentage of patients (2/581, 0.3%) had no insurance coverage
(Multimedia Appendix 4).

Distribution of Time Intervals Between Cognitive
Symptom Complaints and Dementia Diagnosis and
the Number of Complaints

Time Interval
The median time interval between the first memory loss
complaints and dementia diagnosis was 342 days, ranging from
a minimum of 1 day to a maximum of 1458 days in our study
cohort (n=581) (Multimedia Appendix 5).

Health Care Use
Additionally, the number of complaints made before being
diagnosed was analyzed, with a median of 3 complaints, ranging
from a minimum of 1 complaint to a maximum of 18 complaints
(Multimedia Appendix 5).

Association Analysis for the Earlier Dementia
Diagnosis
We aimed to identify the clinical features that are associated
with earlier diagnosis of dementia from the first memory loss
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complaints. Results indicated that the location of the first
complaints made and the diagnosis, as well as the relation of
the primary caregiver, were significantly associated with earlier
diagnosis of dementia. Patients who made complaints in
geriatrics (−141 days, P<.001, χ² test) or neurology (−158 days,
P=.02) were diagnosed with dementia earlier compared to those
who made complaints in primary care. Furthermore, patients
diagnosed with dementia in geriatrics had a shorter interval of

152.9 days (P<.001) compared to those diagnosed in primary
care. Additionally, having a wife or a daughter as a primary
caregiver was associated with an earlier diagnosis of dementia,
with a shorter interval of 249.6 days (P=.01) and 176.8 days
(P=.04), respectively, compared to those who had a husband
as a primary caregiver. However, factors such as age or
insurance types were not found to have a significant impact on
earlier diagnosis (Table 2).

Table . Statistical analysis of time intervals between the first complaints and dementia diagnosis.

P value (χ² test)Estimate (95% CI)Features

Age (years)

.12109.8 (–26.7 to 246.3)<65

.24–61.6 (–163.2 to 40)65‐74

≥.990.08 (–69.4 to 69.6)75‐84

—bRefa85+

Primary insurance

.2436.8 (–25 to 98.6)No insurance

.975.8 (–255.5 to 267.1)Medicaid

.1436.8 (–11.9 to 85.5)Medicare

—RefCommercial

The location of the first memory loss complaint

<.001–141 (–212 to –70)Geriatrics

.02–158 (–286.2 to –29.8)Neurology

—RefPrimary care

.1781 (–35.1 to 197.1)Other

The location of the first diagnosis of dementia

<.001–152.9 (–244 to –61.8)Geriatrics

.14–82.2 (–191.4 to 27)Neurology

—RefPrimary care

.7642 (–225.4 to 309.4)Other

Primary caregiver (family supporter) relation

.009–249.6 (–437.2 to –62)Wife

.04–176.8 (–346.1 to –7.5)Daughter

.05–127.4 (–256.9 to 2.1)Other adult children

.11–257.5 (–577.1 to 62.1)Other family support

—RefHusband

aReference.
bNot applicable.

Association Analysis for the Medication Usage
Medication was prescribed in 25.1% (146/581) of patients before
dementia diagnosis. We next analyzed factors associated with
the usage of cognition-enhancing medication before the
diagnosis of dementia after the 1st complaints of memory loss.

The only factor that was significantly associated with medication
usage was the total number of memory loss complaints made;
each additional memory complaint was associated with a 15%
greater likelihood that cognition-enhancing medications were
prescribed (OR 1.148, 95% CI 1.027‐1.283; Table 3).
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Table . An analysis of the factors associated with the usage of medication before the diagnosis of dementia.

ORa (95% CI)Features

Age (years)

3.827 (0.403‐23.32)<65

1.251 (0.507‐3.727)65‐74

1.127 (0.615‐2.445)75‐84

Refb85+

The location of the first memory loss complaint

1.477 (0.551‐3.959)Geriatrics

2.124 (0.449‐10.05)Neurology

RefPrimary care

0.331 (0.103‐1.058)Other

The location of the first diagnosis

0.489 (0.172‐1.39)Geriatrics

0.65 (0.182‐2.319)Neurology

RefPrimary care

Family support

4.367 (0.85‐22.447)Wife

1.831 (0.263‐12.74)Daughter

1.609 (0.538‐4.816)Other adult children

1.033 (0.276‐3.871)Other family support

RefHusband

1.148 (1.027‐1.283)Total number of memory loss complaints before the diagnosis of dementia

aOR: odds ratio.
bReference.

Discussion

Principal Findings
We developed a high-performance deep learning–based NLP
algorithm on an EHR dataset of dementia patients to delve into
the real-world trajectory of dementia, starting from initial
memory loss complaints to dementia diagnosis. Our
investigation focused on the time interval from the first memory
loss complaints to dementia diagnosis, the proportion of
prescribed cognition-enhancing medication before diagnosis
during this trajectory, and the clinical characteristics associated
with these features.

We found that 20.4% (149/730) of patients had same-day
documentation of memory loss complaints and dementia
diagnosis. Among the remaining 79.5% (580/730) of patients
with at least a 1-day gap between complaints and diagnosis,
over half of the patients received a dementia diagnosis within
a year of their initial memory loss complaints, with a median
time of 342 days. The location of the first complaint and
diagnosis and the relationship with the primary caregiver
emerged as influential factors in achieving an earlier diagnosis.
Notably, patients who initiated complaints or were diagnosed
in geriatrics or neurology received earlier diagnoses compared

to those in primary care. This underscores the important role of
the initial complaint’s location and the dementia diagnosis’s
setting in the early detection and management of dementia. Our
findings align with previous research indicating missed and
delayed diagnoses in primary care [49]. Geriatricians and
neurologists possess significantly more expertise and practical
experience in diagnosing dementia and prescribing these meds
than most primary care doctors. To enhance early detection in
primary care, it is crucial to train primary care providers to
recognize the nuances of dementia symptoms and to appreciate
the importance of thorough assessments during initial
consultations. This approach could significantly reduce delays
in diagnosis. Furthermore, improving caregiver education
regarding the signs and symptoms of dementia is essential, as
it can lead to earlier recognition of concerns and encourage
timely visits to health care professionals. Additionally,
understanding the factors that lead patients to receive care in a
geriatric or neurological department rather than primary care
would be an important question for further investigation. Similar
to the previous study that identified dementia severity and
marital status as independent predictors of receiving a clinical
cognitive evaluation [50], other factors such as more complex
medical needs (eg, multiple chronic conditions and
polypharmacy), severe function decline, and the primary
caregiver’s educational level or relationship with the patient
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could be associated with visits to geriatric or neurologic
departments.

Remarkably, we found that patients with a wife or daughter as
their primary caregiver were diagnosed earlier and more
frequently used cognitive-improving medication before the
dementia diagnosis. This emphasizes the vital role of primary
caregivers in the diagnosis and treatment of dementia patients.
Mahmoudi et al [35] previously emphasized the importance of
extracting caregiver information in dementia patient notes and
developed the rule-based NLP algorithm to identify caregiver
availability. In our work, we extended this by also extracting
family-caregiver relationships with patients and analyzing their
impact on the early diagnosis of dementia. Subsequent research
should explore the underlying mechanisms and factors of
caregivers in this context such as the association between the
relationship of primary caregivers and visits to geriatric or
neurologic departments. Contrary to expectations, our study
revealed that age and insurance were not associated with earlier
diagnoses.

Surprisingly, the total number of memory loss complaints
emerged as the sole factor significantly linked to medication
usage, with other factors showing no significant association.
The correlation between increased medication prescriptions and
additional memory loss complaints highlights health care
providers’ responsiveness to escalating symptoms and
underscores the importance of proactive monitoring of cognitive
symptoms. This finding aligns with the Alzheimer’s Association
guidelines for early identification and treatment of Alzheimers
disease, particularly in its initial stages. By recognizing and
documenting memory loss complaints, clinicians can better
initiate appropriate therapeutic interventions, particularly those
aimed at altering disease progression. Additionally, our findings
emphasize the need for enhanced caregiver education on the
importance of reporting memory loss and other cognitive
changes.

We demonstrated that extracting cognitive symptom-related
terms from longitudinally documented patient notes before
dementia diagnosis could be an alternative approach to analyzing
documented cognitive measurement scores during patient visits,
potentially aiding in identifying dementia patients. Previous
studies have highlighted a significant lack of such
documentation in clinical notes [37,41,51]. For instance, Harding
et al [51] found that cognitive measurement scores were rarely
available in their cohorts when establishing the algorithm for
identifying dementia patients in EHR. Similarly, Maserejian et
al [37] demonstrated a low percentage of dementia (11%) or
Alzheimers disease (24%) in patients with cognitive
measurement scores such as Mini Mental State Examination
(MMSE), a recall test, a clock drawing, Montreal Cognitive
Assessment (MoCA), Mini-Cog, or Saint Louis University
Mental Status (SLUMS) documented and suggested prompts
of cognitive measurement. McCoy et al [41] attempted to extract
cognitive symptom-related terms (eg, impulsive, forgetful,
cognitive, and memory) and converted them into scores, given
the issue of reliability and scalability of the cognitive
measurement test. Consistently, the proportion of patient notes
with cognitive test names, including MMSE, SLUMS, MoCA,
Mini-Cog, clock drawing, trail making, Boston naming test,

and Wisconsin card sorting test, was very low in our study, so
these were not used in further analysis.

Our NLP approach in automatically identifying cognitive
symptom-related terms and primary caregivers, and
systematically analyzing these factors along with other
structured data, enhanced our understanding of dementia
progression and management. This approach provides a practical
and scalable method for identifying cognitive impairment,
especially when traditional cognitive measurement scores are
lacking. Further exploration using this NLP method could
significantly advance the field, providing deeper insights and
more effective interventions for dementia care. Moreover, our
study findings align with the Alzheimer’s Association’s
recommendations for using simple practical tests like Mini-Cog
or General Practitioner Assessment of Cognition (GPCOG),
developed by a group of clinical dementia experts, during annual
visits, particularly when symptoms are reported by patients or
caregivers, thereby supporting current clinical practice in
dementia care.

Strengths and Limitations
Our study has several strengths. First, our work presents a novel
approach to understanding clinical practices in dementia by
examining the time interval from the symptom complaints to
the diagnosis of dementia using real-world data. Second, our
study highlights how the relationship between primary
caregivers and patients and the location (medical units:
geriatrics, neurology, and primary care) of complaints made
may influence the time to diagnosis. While existing ontologies
provide comprehensive medical concepts, they often lack the
specificity necessary to accurately capture the relationships
between concepts. By defining the relationships between entities
such as “has date” and “has caregiver information” in the
ontology, our study could provide deeper insights into the
clinical features that affect the time interval from the symptom
presentation to dementia diagnosis in real-world contexts. Third,
our study developed and validated a customized NLP model to
be used to predict an outcome in a clinical setting using EHRs.

Several limitations of this study should be considered. First, the
study relied on EHR data from a single health care system,
which may limit the generalizability of the findings to other
populations and health care settings. This system-specific
reliance may introduce potential biases related to local clinical
practices, documentation standards, and patient demographics,
which could affect the study’s findings if applied to broader or
more diverse health care environments. Additionally, the patient
population in our dataset was predominantly White, female,
and older patients above 85 years with Medicare or Medicaid
insurance, which may further limit the generalizability of the
findings to other demographic groups, including younger
patients, males, and individuals from diverse racial backgrounds.
Future studies should aim to include a more diverse patient
population in terms of age, race, and insurance type across
multiple health care systems to validate and potentially broaden
the applicability of the findings.

Another limitation is the potential for loss of follow-up within
the EHR data, as patients with less frequent or inconsistent visits
may have different clinical trajectories. We preselected patients
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who had been diagnosed with dementia, had at least one
documented memory loss complaint before diagnosis, and
visited the health care system at least once per year to reduce
the likelihood of significant follow-up loss. Nonetheless,
variability in follow-up could still influence our results.
Furthermore, potential biases within EHR documentation may
impact the findings. For example, memory complaints may be
underreported or inconsistently documented, depending on
clinician practices and the completeness of note-taking. This
variability could affect the accuracy of data extraction and the
insights derived from the patient journey. Lastly, the study did
not account for the potential impact of other medical conditions

on the result. Incorporating objective measures of cognitive
decline and other co-occurring neuropsychiatric symptoms could
enhance the assessment of dementia.

Conclusions
Our study highlights the importance of the location of initial
memory loss complaints, the location of the dementia diagnosis,
and the role of the primary caregiver in the early diagnosis and
treatment of dementia patients. By analyzing complex clinical
dementia care practice patterns within a real-world setting on
a large scale using NLP, our exploratory analysis demonstrates
the potential of advanced analytical techniques in achieving
earlier and more accurate diagnoses of dementia.
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Abstract

Background: A composite outcome of hospital-associated complications of older people (HAC-OP; comprising functional
decline, delirium, incontinence, falls, and pressure injuries) has been proposed as an outcome measure reflecting quality of acute
hospital care. Estimating HAC-OP from routinely collected administrative data could facilitate the rapid and standardized evaluation
of interventions in the clinical setting, thereby supporting the development, improvement, and wider implementation of effective
interventions.

Objective: This study aimed to create a Diagnosis Procedure Combination (DPC) data version of the HAC-OP measure
(HAC-OP-DPC) and demonstrate its predictive validity by assessing its associations with hospital length of stay (LOS) and
discharge destination.

Methods: This retrospective cohort study acquired DPC data (routinely collected administrative data) from a general acute care
hospital in Tokyo, Japan. We included data from index hospitalizations for patients aged ≥65 years hospitalized for ≥3 days and
discharged between July 2016 and March 2021. HAC-OP-DPC were identified using diagnostic codes for functional decline,
incontinence, delirium, pressure injury, and falls occurring during the index hospitalization. Generalized linear regression models
were used to examine the associations between HAC-OP-DPC and LOS, and logistic regression models were used to examine
the associations between HAC-OP-DPC and discharge to other hospitals and long-term care facilities (LTCFs).

Results: Among 15,278 patients, 3610 (23.6%) patients had coding evidence of one or more HAC-OP-DPC (1: 18.8% and ≥2:
4.8%). Using “no HAC-OP-DPC” as the reference category, the analysis showed a significant and graded association with longer
LOS (adjusted risk ratio for patients with one HAC-OP-DPC 1.29, 95% CI 1.25-1.33; adjusted risk ratio for ≥2 HAC-OP-DPC
1.97, 95% CI 1.87-2.08), discharge to another hospital (adjusted odds ratio [AOR] for one HAC-OP-DPC 2.36, 95% CI 2.10-2.65;
AOR for ≥2 HAC-OP-DPC 6.96, 95% CI 5.81-8.35), and discharge to LTCFs (AOR for one HAC-OP-DPC 1.35, 95% CI
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1.09-1.67; AOR for ≥2 HAC-OP-DPC 1.68, 95% CI 1.18-2.39). Each individual HAC-OP was also significantly associated with
longer LOS and discharge to another hospital, but only delirium was associated with discharge to LTCF.

Conclusions: This study demonstrated the predictive validity of the HAC-OP-DPC measure for longer LOS and discharge to
other hospitals and LTCFs. To attain a more robust understanding of these relationships, additional studies are needed to verify
our findings in other hospitals and regions. The clinical implementation of HAC-OP-DPC, which is identified using routinely
collected administrative data, could support the evaluation of integrated interventions aimed at optimizing inpatient care for older
adults.

(JMIR Aging 2025;8:e68267)   doi:10.2196/68267

KEYWORDS

delirium; functional decline; Japan; older adult; routinely collected health data; elder; hospital complication; HAC-OP; incontinence;
pressure injury; inpatient care; diagnosis procedure combination; predictive validity; hospital length of stay; administrative data;
acute care; index hospitalization; diagnostic code; linear regression; logistic regression; long-term care; retrospective cohort;
observational study; patient care; gerontology; hospital care; patient complication

Introduction

Hospitalization can impose a heavy physical and psychological
burden on older adults, leading to in-hospital complications
such as functional decline (the loss of independence in activities
of daily living) and delirium [1]. A recent meta-analysis reported
that the prevalence of functional decline following acute
hospitalization was 30% in older adults aged ≥65 years [2].
Such functional decline is associated with various adverse
outcomes, including prolonged hospital length of stay (LOS)
and increased risks of hospital readmission and mortality within
30 days after discharge [3,4]. Similarly, delirium is estimated
to affect around one quarter of older hospitalized adults [5-7],
and is associated with longer stays, higher mortality, and higher
health care costs [8,9].

Previous studies have developed and demonstrated the
effectiveness of interventions to prevent such complications in
hospitalized older adults [10,11]. While these interventions have
generally focused on single complications as outcomes, they
may also be effective in preventing other complications (eg,
delirium prevention programs can also reduce falls) [1,12-16].
This is because in-hospital complications common in older
people (often termed “geriatric syndromes”) tend to have
overlapping risk factors that can be collectively targeted by
complex and multifaceted interventions [1,12-16]. Mudge et al
[1] proposed a multicomponent measure of “hospital-associated
complications of older people” (HAC-OP) comprising common
complications (functional decline, hospital-associated
incontinence, hospital-associated delirium, pressure injury, or
fall) among older adults admitted to acute care hospitals. In a
prospective study using regular structured patient assessments
as well as document review, the authors demonstrated a
significant graded association between the HAC-OP measure
and hospital LOS, facility discharge, and mortality within 6
months after admission. However, collecting this research
measure was resource-intensive [1,17], which makes it difficult
to replicate in routine practice. Routinely collected
administrative data have been examined to assist clinicians,
patients, and policy makers in making informed decisions
[18,19]. Estimating HAC-OP from routinely collected
administrative data could facilitate the rapid and standardized
evaluation of interventions in the clinical setting, thereby

supporting the development, improvement, and wider
implementation of effective interventions.

In Japan, the majority of acute care hospitals use the Diagnosis
Procedure Combination (DPC) case-mix patient classification
system, which is linked to a lump-sum payment system for
inpatients [20]. DPC-compliant hospitals must generate and
submit DPC data to the government. These data include
administrative claims and discharge abstracts containing
patient-level information on diagnoses (recorded using ICD-10
[International Statistical Classification of Diseases, Tenth
Revision] codes), treatments, and prescribed drugs. Unlike many
other countries, the required data also include activities of daily
living (ADL) assessment scores at admission and discharge
[20]. Prior studies have used DPC data to assess ADL scores
in patients to examine the effects of rehabilitation services and
to identify patients at high risk of early readmission in acute
care settings [21,22]. Hospital outcomes, such as LOS and
readmission within 28 days after discharge from hospital, are
published annually for each DPC hospital [23]. However,
in-hospital complications are not currently reported or
benchmarked as they are in some other countries [24,25]. The
systematic and accurate identification of HAC-OP from DPC
data would support the evaluation of inpatient care and
interventions that target these complications in Japan’s acute
care hospitals.

Although the validity of chronic disease diagnoses in DPC data
has been reported to be generally high [26], no study has tested
the validity of in-hospital complications in DPC data, and
complications are often underestimated in administrative
datasets [27]. Understanding the current reporting of in-hospital
complications and the association with important outcomes such
as LOS and discharge destination could inform their use as an
efficient and standardized evaluation of system-level
interventions. Therefore, this study was conducted to develop
a DPC data version of the HAC-OP measure (HAC-OP-DPC),
describe the incidence of HAC-OP-DPC in a cohort of older
acute care inpatients, and evaluate the predictive validity of this
composite measure and its components by assessing associations
with LOS and discharge destination.
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Methods

Study Design and Patients
This retrospective cohort study was conducted using an
anonymized DPC database obtained from a large general public
acute care hospital (550 beds: 520 beds on general wards and
30 beds on psychiatric wards) in Tokyo, Japan. The DPC data
comprised patient-level demographic characteristics, ICD-10
codes, treatments, and prescribed drugs during all
insurance-covered clinical encounters. The study used data from
July 2016 to March 2021.

Patients who had been admitted to the study hospital from home
or a long-term care facility (LTCF) and discharged during the
study period were eligible for inclusion; the first hospitalization
episode during the study period was designated the index
hospitalization and included in the analysis. We excluded
patients aged <65 years, patients discharged within 2 days of
admission, patients who died during the index hospitalization,
and patients with missing data in the study variables.

Ethical Considerations
The study protocol was approved by the Ethics Committee of
the Tokyo Metropolitan Geriatric Hospital and Institute of
Gerontology (approval number R18-20). All procedures
followed the ethical guidelines of the Medical and Biological
Research Involving Human Subjects established by the Japanese
government. Opt-out consent was used because all data were
anonymized before being received by the authors.

Measures

HAC-OP-DPC
Based on the original HAC-OP measure [1], we identified the
following 5 conditions as HAC-OP-DPC: hospital-associated
functional decline, incontinence, delirium, pressure injury, and
fall. Each condition was defined using DPC data.

First, hospital-associated functional decline was defined as a
decrease in ADL scores for the Barthel Index (BI) components
of bathing, dressing, toileting, transfers, mobility, and feeding
from hospital admission to discharge. In the BI, each component
is given a score of 0, 5, 10, or 15 points (maximum scores vary
among the components), with higher scores indicating greater
independence in that activity [28]. BI was assessed at admission
and hospital discharge by bedside nurses. Second,
hospital-associated incontinence was defined as a decrease in
scores for the BI components of bladder function and bowel
function from hospital admission to discharge. Third,
hospital-associated delirium was identified based on a recorded
diagnosis of delirium (Multimedia Appendix 1) as a
postadmission complication and recorded prescriptions of drugs
used to manage agitation in delirium (injections of haloperidol
or other antipsychotic drugs identified using prescription codes
that remained constant throughout the study period). Fourth,
hospital-associated pressure injury was identified based on a
recorded diagnosis of pressure injury as a postadmission
complication and discharge abstract records indicating pressure
injury treatment during hospitalization without any similar
treatment at admission. Fifth, a hospital-associated fall was

identified based on a recorded diagnosis of fall as a
postadmission complication. The overall multicomponent
HAC-OP-DPC measure was categorized into none, 1, and 2 or
more complications based on the count of conditions occurring
in each patient.

Outcome Measures
The study outcome measures were hospital LOS during the
index hospitalization, discharge to other hospitals, and discharge
to LTCFs. LOS was calculated as the number of days between
the dates of admission and discharge. Discharges to other
hospitals, such as rehabilitation hospitals and LTCFs (including
special nursing homes, private paid care facilities, and social
welfare institutions), were identified using the relevant DPC
codes indicating discharge destination.

Covariates
Using the subject hospital’s DPC data, we extracted
demographic variables of patient sex, age group (65-74, 75-84,
and ≥85 years), and annual household income (<¥3.7 million,
≥¥3.7 million, and unknown; ¥1=US $0.0092 in 2016) at the
index hospitalization [29]. Income was estimated from the
available data about insurance copayments. Insurance copayment
rates are the designated rates that patients pay at the point of
care in Japan. For patients who have an annual household
income below ¥3.7 million (approximately US $34,040; ¥1=US
$0.0092), the copayment rates are 10% and 20% for patients
aged ≥75 years and 70-74 years, respectively [29]. For patients
aged ≥70 years who have an annual household income of ¥3.7
million or higher (¥1=US $0.0092), the copayment rate is 30%.
The DPC data did not indicate the copayment rates for patients
who received public medical assistance and patients aged 65-69
years. Therefore, income for these cases was categorized as
“unknown.”

We calculated variables for disease category, comorbidity, and
frailty using ICD-10 codes. Using previously described methods
[30,31], we grouped patients into 12 disease categories based
on their recorded primary diagnosis for admission. Next, we
determined each patient’s score in the Charlson Comorbidity
Index (CCI), which is a weighted index of specific comorbidities
that were identified using ICD-10 codes [32]. CCI scores were
divided into 3 categories (0, 1-2, and ≥3). Similarly, we
calculated each patient’s Hospital Frailty Risk Score (HFRS),
which was developed to identify older adults experiencing frailty
with a higher risk of adverse outcomes [33]. The total HFRS
ranges from 0 to 99 and was divided into 2 categories (<5 and
≥5). To determine baseline functional dependence and
incontinence levels in patients at admission, we analyzed the
following 2 variables: dependence in ≥1 ADL items (BI
components of bathing, dressing, toileting, transfers, mobility,
and feeding) at admission and urinary and fecal incontinence
(BI components of bladder function and bowel function) at
admission. We dichotomized each of these 2 variables into
independent (ie, scoring the maximum score on all components)
or dependent (all other patients). We also determined each
patient’s location before admission (home or LTCF) and the
surgical treatment received during the index hospitalization.
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Statistical Analysis
The chi-square test was used to compare the differences in
patient characteristics among the 3 HAC-OP-DPC categories.
We generated cross-tabulations to examine the co-occurrences
of each complication. Pearson correlation coefficients were
calculated to measure the associations between each
complication.

The associations between HAC-OP-DPC and LOS were
examined using multivariable generalized linear regression
models for gamma-distributed data with a log-link function that
adjusted for all covariates. Effect sizes for 1 HAC-OP-DPC and
≥2 HAC-OP-DPC were quantified using adjusted risk ratios
(ARRs) and their 95% CIs, which indicated the likelihood of
having a longer LOS. Next, the associations of HAC-OP-DPC
with discharge to other hospitals and discharge to LTCFs were
examined using multivariable logistic regression models that
adjusted for all covariates. Effect sizes for 1 HAC-OP-DPC and
≥2 HAC-OP-DPC were quantified using adjusted odds ratios
(AORs) and their 95% CIs, which indicated the odds of being
discharged to another hospital or LTCF. In addition to analyzing
the associations between the number of HAC-OP-DPC and the
3 outcomes, we constructed models to examine the associations
between individual HAC-OP-DPC components and the
outcomes. For the analysis of hospital-associated functional
decline, we excluded patients who were already dependent in
all the BI components at admission because they could not
experience any further functional decline. Similarly, for the
analysis of hospital-associated incontinence, we excluded
patients who were already dependent in both bladder function

and bowel function at admission because they could not
experience new-onset incontinence during hospitalization. We
also conducted several sensitivity analyses. First, we re-ran the
primary analysis for each of the 3 outcomes, excluding patients
who could not experience functional decline (fully dependent
on admission) or hospital-associated incontinence (incontinent
on admission). Second, we recalculated the HAC-OP-DPC
composite outcome excluding cases of delirium that were
identified only by drug prescribing as we recognized that
antipsychotic drugs might be prescribed for other indications
(eg, behavioral and psychological symptoms of dementia,
psychosis). All analyses were conducted using SPSS (version
28.0; IBM Corp), and the cross-tabulations were created using
R (version 4.3.2; R project for Statistical Computing). P values
(2-tailed) below .05 were considered statistically significant.

Results

Study Participant Selection
We first identified 26,780 candidate patients who were admitted
to the subject hospital and discharged to home, another hospital,
or an LTCF during the study period (Figure 1). After applying
the exclusion criteria, the final sample for analysis consisted of
15,278 patients aged ≥65 years. Multimedia Appendix 2 shows
the characteristics among 833 patients ≥65 years who died
during hospitalization and without missing data at admission.
These excluded participants were aged ≥85 years, had ≥2 CCI,
were more likely to have ADL dependency and incontinence,
and were more likely to have cancer, pneumonia, or heart failure.

Figure 1. Flowchart of patient selection. BI: Barthel Index.

Characteristics of Study Patients
Their mean age was 81.2 (SD 7.9) years, and women accounted
for 55.4% of all patients (Table 1). There were 2877 (18.8%)

patients who experienced 1 HAC-OP-DPC and 733 (4.8%)
patients who experienced ≥2 HAC-OP-DPC during the index
hospitalization.
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Table 1. Patient characteristics according to the number of HAC-OP-DPCa.

HAC-OP-DPCTotal (N=15,278)Characteristics

P value≥2% (n=733)1% (n=2877)None (n=11,668)

%n%n%n%N

.16Sex

48.035244.5128044.4518344.66815Men

52.038155.5159755.6648555.48463Women

<.001Age (years)

10.17417.750823.7277121.9335365-74

36.827038.8111742.9500941.9639675-84

53.138943.5125233.3388836.25529≥85

<.001Annual household income ( ¥; ¥ 1=US $0.0092)

83.461177.5223075.1875975.911,600<3.7 million

9.16710.730810.2119510.31570≥3.7 million

7.55511.833914.7171413.82108Unknown

<.001Primary diagnosis for admission

4.6347.12037.68907.41127Musculoskeletal diseases

0.431.6472.52882.2338Coronary heart disease

7.0514.61334.35054.5689Congestive heart failure

4.4324.61337.58746.81039Cerebrovascular disease

10.2759.52748.39748.71323Pneumonia or acute bronchitis

4.4324.81373.54073.8576Fracture

7.0516.51866.37356.4972Metabolic diseases

5.9436.61905.56465.8879Renal diseases

2.9213.51004.45104.1631Neurological diseases

9.57012.235210.9127211.11694Gastrointestinal diseases

16.812313.940011.5134412.21867Cancer

27.019825.172227.6322327.14143Other

<.001CCIb

49.436254.3156361.0711659.290410

37.427434.8100030.7357831.848521-2

13.29710.93148.39749.11385≥3

<.001HFRSc

79.558382.4237188.510,32486.913,278<5

20.515017.650611.5134413.12000≥5

<.00189.465577.8223983.7976482.912,658Dependence in ≥1 ADLd items at admission

<.00125.618836.1103833.7393233.85158Urinary and fecal incontinence at admission

<.001Location before admission

91.366991.8264293.210,87592.914,186Home

8.7648.22356.87937.11092LTCFe

<.00122.016125.473220.9244421.83337Surgical treatment

aHAC-OP-DPC: hospital-associated complications of older people-Diagnosis Procedure Combination data version.

JMIR Aging 2025 | vol. 8 | e68267 | p.241https://aging.jmir.org/2025/1/e68267
(page number not for citation purposes)

Mitsutake et alJMIR AGING

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


bCCI: Charlson Comorbidity Index.
cHFRS: Hospital Frailty Risk Score.
dADL: activities of daily living.
eLTCF: long-term care facility.

HAC-OP-DPC Among This Study’s Patients
The most common complication was functional decline (n=2103,
13.8%), followed by delirium (n=1345, 8.8%: recorded diagnosis
of delirium (n=59); recorded prescriptions of drugs for delirium,
n=1286), new incontinence (n=860, 5.6%), pressure injury
(n=104, 0.7%), and fall (n=59, 0.4%). Figure 2 demonstrates
the patterns of co-occurrence amongst HAC-OP-DPC. For
example, among patients with functional decline, 20.6% also
experienced incontinence during hospitalization, while 50.5%
of patients with incontinence, 33.9% of patients with falls, and

22.5% of patients with delirium also experienced functional
decline during hospitalization. While there were statistically
significant correlations between most complications, the strength
of these correlations was weak (maximum correlation coefficient
of 0.26; Table 2). As shown in Table 1, older age, annual
household income, multimorbidity, frailty, baseline functional
impairment and incontinence, and living in LTCF were all
significantly associated with HAC-OP-DPC. Patients with ≥2
HAC-OP-DPC had a significantly greater proportion of patients
with congestive heart failure, pneumonia or acute bronchitis,
metabolic diseases, and cancer as the principal diagnosis.

Figure 2. Co-occurrence of each HAC-OP-DPC among older patients aged ≥65 years (N=15,278). Values show the percentages of patients in each
row who also had the column condition during hospitalization. HAC-OP-DPC: hospital-associated complications of older people-Diagnosis Procedure
Combination data version.

Table 2. Within-patient correlations between each HAC-OP-DPCa among older patients aged ≥65 years (N=15,278). Values show Pearson correlation
coefficients (r) between each HAC-OP-DPC.

Hospital-as-
sociated fall

Hospital-associated
pressure injury

Hospital-associated
delirium

Hospital-associated
incontinence

Hospital-associated
functional decline

0.036b–0.0080.079b0.260b1.000Hospital-associated functional decline

0.040b0.021b0.099b1.000—Hospital-associated incontinence

0.025b0.016c1.000——Hospital-associated delirium

0.0081.000———Hospital-associated pressure injury

1.000————Hospital-associated fall

aHAC-OP-DPC: hospital-associated complications of older people-Diagnosis Procedure Combination data version.
bP<.01.
cP<.05.
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Association of HAC-OP-DPC With Outcome Measures
Table 3 demonstrates the significant and graded association
observed between HAC-OP-DPC and outcomes. Adjusting for
all covariates, those with 1 and ≥2 HAC-OP-DPC were
significantly more likely to have a longer LOS during the index
hospitalization (ARR 1.29, 95% CI 1.25-1.33, and ARR 1.97,
95% CI 1.87-2.08, respectively) compared to those with no
HAC-OP-DPC. They were significantly more likely to be
discharged to other hospitals (AOR 2.36, 95% CI 2.10-2.65,
and AOR 6.96, 95% CI 5.81-8.35, respectively), and be
discharged to LTCFs (AOR 1.35, 95% CI 1.09-1.67, and AOR
1.68, 95% CI 1.18-2.39, respectively). The analyses of
individual HAC-OP-DPC showed that patients who experienced
hospital-associated functional decline, incontinence, delirium,

pressure injury, and falls were significantly more likely to have
a longer LOS and be discharged to other hospitals than patients
without these complications. However, only delirium was
significantly associated in this individual complication analysis
with discharge to LCTFs. A sensitivity analysis (n=11,075) that
excluded 4203 patients who could neither experience
hospital-associated functional decline nor incontinence found
that HAC-OP-DPC still had a significant and graded association
with longer LOS and discharge destination (Multimedia
Appendix 3), similar to the results of the main analysis.
Moreover, the associations of the number of HAC-OP-DPC
using delirium identified from a recorded diagnosis alone with
these outcomes were similar to the results of the main analysis
(Multimedia Appendix 4).
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Table 3. Association of HAC-OP-DPCa with outcome measures in 15,278 participants.

Discharge to LTCFscDischarge to other hospitalsLOSbParticipants, n

AOR (95%

CI)k
OR (95%

CI)i
%AORj

(95% CI)k
ORh (95%

CI)i

%ARRf

(95% CI)g
RRd (95%

CI)e

IQRMedian

HAC-OP-DPC

1.001.007.31.001.0014.41.001.00(7-25)1411,482No

(Refl)

1.35

(1.09-1.67)

1.42

(1.24-1.64)

9.72.36

(2.10-2.65)

1.94

(1.76-2.14)

24.61.29

(1.25-1.33)

1.28

(1.25-1.32)

(9.5-32)182,8381

1.68

(1.18-2.39)

1.76

(1.38-2.23)

11.16.96

(5.81-8.35)

4.40

(3.76-5.14)

42.61.97

(1.87-2.08)

1.88

(1.78-1.99)

(14-44)29724≥2

Hospital-associated functional declinem

1.001.004.31.001.0010.41.001.00(7-24)1310,124No
(Ref)

1.09

(0.81-1.47)

1.77

(1.46-2.14)

7.33.56

(3.11-4.09)

2.67

(2.37-3.00)

23.61.35

(1.30-1.40)

1.35

(1.30-1.40)

(8-31)162,103Yes

Hospital-associated incontinencen

1.001.003.41.001.008.61.001.00(7-22)1210,615No
(Ref)

1.24

(0.84-1.83)

4.39

(3.51-5.49)

13.37.33

(6.16-8.73)

8.12

(6.98-9.44)

43.31.80

(1.71-1.9)

1.93

(1.83-2.04)

(14-42)27860Yes

Hospital-associated delirium

1.001.007.61.001.0016.11.001.00(8-26)1413,933No
(Ref)

1.61

(1.24-2.10)

1.71

(1.44-2.04)

12.32.23

(1.94-2.56)

2.70

(2.39-3.05)

34.11.53

(1.47-1.59)

1.61

(1.54-1.68)

(14-40.5)251,345Yes

Hospital-associated pressure injury

1.001.007.91.001.0017.51.001.00(8-27)1515,174No
(Ref)

0.69

(0.31-1.56)

2.44

(1.46-4.07)

17.32.78

(1.83-4.22)

4.37

(2.97-6.43)

48.11.43

(1.24-1.64)

1.68

(1.45-1.95)

(16.25-
42.75)

28104Yes

Hospital-associated fall

1.001.008.01.001.0017.61.001.00(8-27)1515,219No
(Ref)

0.68

(0.15-3.19)

0.62

(0.19-1.98)

5.14.65

(2.63-8.23)

4.53

(2.72-7.56)

49.22.02

(1.68-2.43)

2.05

(1.68-2.49)

(22-50)3859Yes

aHAC-OP-DPC: hospital-associated complications of older people-Diagnosis Procedure Combination data version.
bLOS: length of stay.
cLTCF: long-term care facility.
dRR: risk ratio.
eGeneralized linear regression analysis.
fARR: adjusted risk ratio.
gGeneralized linear regression analysis that adjusted for all covariates (sex, age group, annual household income, primary diagnosis for admission,
Charlson Comorbidity Index score, Hospital Frailty Risk Score, dependence in ≥1 activities of daily living items at admission, urinary and fecal
incontinence at admission, location before admission, and surgical treatment).
hOR: odds ratio.
iLogistic regression analysis.
jAOR: adjusted odds ratio.
kLogistic regression analysis that adjusted for all covariates (sex, age group, annual household income, primary diagnosis for admission, Charlson
Comorbidity Index score, Hospital Frailty Risk Score, dependence in ≥1 activities of daily living items at admission, urinary and fecal incontinence at
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admission, location before admission, and surgical treatment).
lRef: reference.
mModels for functional decline excluded participants with pre-exiting full dependence (model n=12,227).
nModels for hospital-associated incontinence excluded those with pre-existing incontinence (model n=11,475).

Discussion

Principal Findings
This retrospective cohort study is the first to develop and apply
a tool to assess HAC-OP from routinely collected administrative
data and evaluate its predictive validity for hospital outcomes.
Our analysis showed that almost one quarter of older inpatients
with multiday stays of more than 2 days had a coded HAC-OP,
and that having one or more HAC-OP-DPC was associated with
longer LOS and discharge to other hospitals and LTCFs. The
clinical implementation of the HAC-OP-DPC measure could
support comparative analyses of clinical and policy interventions
aimed at preventing these complications, thereby contributing
to the optimization of acute care for older adults.

Almost 1 in 4 older patients had coding documentation of any
HAC-OP-DPC in the present study, which was approximately
half that of the incidence of any HAC-OP described in the
Australian study [1]. Nonetheless, the incidences of each
HAC-OP-DPC were ranked in similar order, with functional
decline and delirium being most common. A large contribution
to the disparity in incidence is likely to be reliance on DPC data
to identify individual complications as HAC-OP-DPC, while
the HAC-OP study used repeated patient and clinical record
assessments by trained research assistants [1,17]. Although we
made efforts to minimize the underestimation of delirium, falls,
and pressure injuries by including additional codes and data
sources in their identification criteria, it is very likely that the
coding data underestimated the incidences of all complications.
For example, there were no coded falls without fracture, and
only 59 cases of direct recording of a delirium diagnosis. There
are recognized gaps in clinician recognition and documentation
of hospital complications as well as translation into coding [27].
Understanding and improving the accuracy and usability of
HAC-OP-DPC may require correlation with clinical data and
comparisons between sites. There are other reasons that our
incidence estimates may have been lower than expected. The
denominator in our main analysis included 3051 patients who
could not experience further functional decline and 3803 patients
who could not experience new-onset incontinence, which may
have led to an underestimation of these HAC-OP-DPC. Our
analyses also excluded patients who died during their inpatient
stay, who may have had a higher rate of HAC-OP.

Nonetheless, our study found that the HAC-OP-DPC measure
was associated with longer LOS and discharge destination,
thereby demonstrating its predictive validity for outcomes in
an acute care setting. Furthermore, our analysis found
nonoverlapping risk estimates for LOS and discharge to other
hospitals between patients with 1 and ≥2 HAC-OP-DPC,
showing a significant exposure-outcome effect of a graded
nature. These findings were consistent with the results of the
original HAC-OP study [1] and suggest that prevention of
further HAC-OP is important in those who have already acquired
1 complication. Our observations that HAC-OP-DPC was

significantly associated with older age and baseline function
are consistent with previous reports [1]. Importantly, our study
is the first to demonstrate the strong associations of HAC-OP
with higher CCI scores and HFRS, consistent with existing
knowledge that comorbidities and frailty are risk factors for the
individual complications included in the composite measure
[13,16,34-37].

Our analysis also confirmed that the individual HAC-OP-DPC
were associated with longer LOS and discharge to other
hospitals, which was congruent with previous studies
[6,14,35-39]. All HAC-OP-DPC have been individually
recognized as important outcomes in older patients
[1,6,14,17,36-42]. Although our study showed that there were
patterns of co-occurrence and significant correlations among
the individual HAC-OP-DPC, these correlations were weak.
This suggests that these complications represent relatively
distinct conditions and that they can be treated individually [1].
Moreover, a systematic review of composite outcomes in clinical
trials proposed that studies should list results for all components
of a composite outcome to avoid confusion and bias [43], and
an outcome study using the original multicomponent HAC-OP
measure demonstrated significant and clinically important
improvements in individual outcomes but not in the composite
measure [17]. We recommend that future studies should report
the effects of interventions not only on the HAC-OP-DPC
measure as a composite outcome but also on its individual
complications.

Strengths and Limitations
Strengths of this study include a large, representative dataset
with high levels of item completeness (including functional
variables), adjustment for important covariates, and use of
sensitivity analyses to explore data assumptions. We also
recognize several limitations. First, we included additional
information to reduce these anticipated underestimates that may
have reduced precision; for example, by including drug
prescribing of antipsychotics in the delirium diagnosis, we may
have included some patients with other indications such as
behavioral and psychological symptoms of dementia. However,
our sensitivity analysis using a more stringent definition of
delirium suggests that this had minimal impact on our overall
findings. Second, our study was conducted in a single acute
care hospital in Japan, and its findings may not be generalizable
to other hospitals, regions, or countries. Nevertheless, the
majority of acute care hospitals in Japan have adopted the DPC
system [20], and future studies could compare the incidence of
HAC-OP-DPC in each acute hospital throughout Japan. Also,
although a previous study identified the validity of chronic
disease diagnoses in DPC data as being generally high [26], we
recognize that the performance of comorbidity scoring methods
based on administrative data may vary between health systems
[44]. Third, we could not infer a causal relationship between
HAC-OP-DPC and LOS because we were unable to identify
the date when each complication occurred, and we cannot
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exclude reverse causality between HAC-OP-DPC and LOS [1].
Fourth, our study did not examine the association between
HAC-OP-DPC and mortality, which had been analyzed in the
original HAC-OP study [1], because there are no BI scores
assigned on discharge for in-hospital deaths to calculate
functional decline and incontinence of HAC-OP-DPC, and DPC
data lack information on death after discharge. Future studies
could link DPC data with mortality data to examine the
associations between HAC-OP-DPC and mortality. Finally, our
database lacked information on potentially important
confounders, such as residential status (eg, living alone or with
others), the presence of caregivers, and disease severity that
could be included in future studies.

Conclusions
This study showed that almost one quarter of older acute care
inpatients in a Japanese hospital have coding indicating a
HAC-OP and demonstrated the predictive validity of the
HAC-OP-DPC measure for longer LOS and discharge to other
hospitals and LTCFs. To attain a more robust understanding of
these relationships, additional studies are needed to verify our
findings in other hospitals and regions. The clinical
implementation of HAC-OP-DPC, which are identified using
routinely collected administrative data, could support the
efficient evaluation of integrated interventions aimed at
optimizing inpatient care for older adults.
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DPC: Diagnosis Procedure Combination
ICD-10: International Statistical Classification of Diseases, Tenth Revision
HAC-OP: hospital-associated complications of older people
HAC-OP-DPC: hospital-associated complications of older people-Diagnosis Procedure Combination data version
HFRS: Hospital Frailty Risk Score
LOS: length of stay
LTCF: long-term care facility
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Abstract

Background: Dementia is characterized by impairments in an individual’s cognitive and functional abilities. Digital cognitive
assessments have been shown to be effective in detecting mild cognitive impairment and dementia, but whether they can stage
the disease remains to be studied.

Objective: In this study, we examined (1) the correlation between scores obtained from BrainCheck standard battery of cognitive
assessments (BC-Assess), a digital cognitive assessment, and scores obtained from the Dementia Severity Rating Scale (DSRS),
and (2) the accuracy of using the BC-Assess score to predict dementia stage delineated by the DSRS score. We also explored
whether BC-Assess can be combined with information from the Katz Index of Independence in activities of daily living (ADL)
to obtain enhanced accuracy.

Methods: Retrospective analysis was performed on a BrainCheck dataset containing 1751 patients with dementia with different
cognitive and functional assessments completed for cognitive care planning, including the DSRS, the ADL, and the BC-Assess.
The patients were staged according to their DSRS total score (DSRS-TS): 982 mild (DSRS-TS 10‐18), 656 moderate (DSRS-TS
19-26), and 113 severe (DSRS-TS 37-54) patients. Pearson correlation was used to assess the associations between BC-Assess
overall score (BC-OS), ADL total score (ADL-TS), and DSRS-TS. Logistic regression was used to evaluate the possibility of
using patients’ BC-OS and ADL-TS to predict their stage.

Results: We found moderate Pearson correlations between DSRS-TS and BC-OS (r=−0.53), between DSRS-TS and ADL-TS
(r=−0.55), and a weak correlation between BC-OS and ADL-TS (r=0.37). Both BC-OS and ADL-TS significantly decreased
with increasing severity. BC-OS demonstrated to be a good predictor of dementia stages, with an area under the receiver operating
characteristic curve (ROC-AUC) of classification using logistic regression ranging from .733 to .917. When BC-Assess was
combined with ADL, higher prediction accuracies were achieved, with an ROC-AUC ranging from 0.786 to 0.961.

Conclusions: Our results suggest that BC-Assess could serve as an effective alternative tool to DSRS for grading dementia
severity, particularly in cases where DSRS, or other global assessments, may be challenging to obtain due to logistical and time
constraints.

(JMIR Aging 2025;8:e65292)   doi:10.2196/65292

KEYWORDS

stage; severity; progression; correlation; association; cognitive impairment; functional activities; cognitive assessment; BrainCheck;
dementia; Alzheimer disease; gerontology; geriatric; old; elderly; aging; retrospective analysis; digital assessment; patient
assessment; digital cognitive assessment; digital health; neurodegeneration; memory loss; memory function; risk factors

Introduction

Dementia is characterized by impairments in an individual’s
cognitive and everyday functional abilities. Although the pattern
and advancement of these impairments vary among patients,
the disease is usually considered as having 3 main stages: mild

(early-stage), moderate (middle-stage), and severe (late-stage)
[1]. The distinction between these categories lies in the extent
to which a patient’s physical, cognitive, and psychosocial
well-being deteriorates. The rate of deterioration widely varies
and progresses through subtle changes in daily functioning to
complete loss of independence and the need for a caregiver [1].
Staging of dementia has important implications for practical
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decision-making and research [2]. From the practical standpoint,
knowledge of disease severity is helpful for selection of
appropriate intervention options, for prognosis and
communication with patients and their family about
expectations, care needs, as well as early planning for the future
[3-5]. From the research standpoint, staging patients is needed
to determine their eligibility for participation, to achieve better
clinical efficacy, and to obtain homogeneous sampling in
research studies [4], particularly clinical trials.

As noted earlier, dementia is not a monolithic disease; therefore,
both cognitive and functional abilities need to be measured to
accurately assess its severity and progression. Standardized
cognitive tests can provide objective measures of cognitive
functioning in different domains such as memory and executive
function. Brief cognitive screening tests such as the Montreal
Cognitive Assessment and the Mini-Mental State Examination
are widely used in clinical practices, but they are rarely used to
grade dementia severity [6,7]. Formal neuropsychological tests
provide a more comprehensive evaluation of cognitive
functioning to support differential diagnoses [8,9]. However,
these tests typically take hours and require administration by
specialists. Digital cognitive assessments are emerging as an
efficient solution due to their self-administration capability,
remote accessibility, and automated scoring. Although these
types of assessments have been shown to be effective in
detecting mild cognitive impairment and dementia [10-12], their
ability to stage dementia is not yet clear. Functional assessments
quantify the ability to perform activities of daily living through
questionnaires such as the Katz Index of Independence in
activities of daily living (ADL) [13,14]. Functional assessments
are valuable for helping to evaluate dementia severity and also
for providing proper guidance to patients and their caregivers.

In clinical practice, both cognitive and functional deficits can
be measured using global staging scales. These scales typically
come in the form of a questionnaire or interview, relying on
subjective judgments and reports from patients or their
knowledgeable informants. Compared with other scales, such
as the Global Deterioration Scale [15] or the Functional
Assessment Staging [16], the Clinical Dementia Rating (CDR)
[17-19] scale appears to be the most well-studied and
best-evidenced for dementia staging [20,21]. However, the use
of this instrument is often impractical in many situations where
time and cost are concerns, due to its semi-structured nature,
long administration time (30‐60 min), and requirement of
clinical judgment from a trained professional during
administration and scoring [18,22]. In response to this, brief
instruments have been developed to mirror the CDR, including
the Dementia Severity Rating Scale (DSRS) [23]. The DSRS
uses a multiple-choice format in which the caregiver rates the
patient’s cognitive and functional ability in 12 categories
[23,24]. The DSRS has been shown to be effective in staging
and determining the progression of dementia [23,25,26].

While cognitive tests have been shown to correlate with the
above dementia staging tools [4,27,28], previous research
primarily focused on traditional paper-based cognitive tests.
The increasing adoption of digital solutions and tools in health
care calls for the re-evaluation of dementia staging tools and
digital cognitive assessments. The first goal of this study was

to examine the correlation between scores obtained from the
BrainCheck standard battery of cognitive assessments
(BC-Assess), a digital cognitive assessment, and scores obtained
from the DSRS, a global staging scale. The second goal of this
study is to evaluate the effectiveness of using the BC-Assess
score to predict dementia stage delineated by the DSRS score.
We also explored whether BC-Assess can be combined with
information from ADL to obtain enhanced predictive capability.

Methods

Data Source
This retrospective study analyzed a real-world dataset of patients
who received cognitive care planning services from their
providers through BrainCheck Plan. These patients and their
caregivers had completed a series of assessments, including
DSRS, ADL, and BC-Assess, and received a comprehensive
and personalized cognitive care plan. Inclusion criteria for this
study were (1) patients 60 years of age or older; (2) assessments
of cognitive care planning completed in English on an iPad;
and (3) Dementia Severity Rating Scale total score (DSRS-TS)
≥10. The criterion for DSRS-TS was to only include patients
that were rated by DSRS to have mild, moderate, and severe
dementia [29].

Patients that showed evidence of moderate to severe depression,
defined by a Geriatric Depression Scale score of 9 or above
[30], were excluded. This is to avoid including reversible causes
of dementia, which may have poorly correlated impacts on
cognitive and functional measures. Given that depression is
common among patients with dementia [31-33], patients with
mild depression were not excluded to avoid overfiltering of the
data. For patients having multiple care plans, only the latest
record was considered. To reduce the impact of practice effect,
only data from providers who had completed ≥20 cognitive care
planning services for their patients were included. In total, data
from 1751 patients with their cognitive care plans completed
between February 2022 and April 2024 across 48 providers
were included for this analysis.

Measurements
The DSRS is a brief informant-based questionnaire made up of
12 items that measure functional abilities, including memory,
orientation to time, orientation to place, decision-making, social
interaction, home activities, personal care, eating, toileting,
mobility, recognition, and speech and language. DSRS-TS is
calculated by adding up scores across 12 functional areas,
ranging from zero (no impairment) to 54 (extreme impairment)
[25]. The patients could be categorized into 3 groups of different
dementia severity levels based on their DSRS-TS. The majority
56% (n=982) were mild-stage patients (DSRS-TS 10‐18),
moderate-stage patients (DSRS-TS 19‐26) accounted for
37.5% (n=656), and the remaining 6.5% (n=113) were
severe-stage patients (DSRS-TS 37‐54). The 3 severity levels
serve as class labels in a logistic regression analysis in this study
to predict patients’ conditions based on their BC-Assess and
ADL data.

The BC-Assess, completed by the patients, consisted of 6
individual cognitive assessments: Immediate Recognition and
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Delayed Recognition (memory), Digit Symbol Substitution
(processing speed), Stroop (executive function), Trails Making
Test A, and Trails Making Test B (attention or mental
flexibility). Detailed descriptions of these tests can be found in
previous studies [12,34]. The raw score for each assessment is
calculated using assessment-specific measurements based on
accuracy or reaction time (Table S1 in Multimedia Appendix
1). The BC-Assess raw overall score is the average of raw scores
from all completed assessments after each score has been
transformed from its natural range into a common range [0,100]
using the formula in Table S1 in Multimedia Appendix 1. A
z-score is then calculated for each assessment score and for the
overall score using the corresponding age- and device-specific
mean and standard deviation values from the BrainCheck
normative database. Assessment standardized scores and
BC-Assess overall standardized score (BC-OS) are reported by
rescaling the z-scores to have a mean of 100 and a standard
deviation of 15.

The ADL is an informant-based 6-item survey that measures
an individual’s ability to independently perform basic activities
of daily living, including bathing, dressing, going to the toilet,
transferring, continence, and feeding. It is calculated by adding
up scores from the 6 categories, each of which takes a value of
1 for independent and 0 for dependent, resulting in an ADL
total score (ADL-TS) ranging from 0 to 6. An ADL-TS of 2 or
less indicates severe functional impairment, 3‐4 indicates
moderate impairment, and 5‐6 indicates full function [13,35].

Statistical Analysis
Data analyses were performed using Python (version 3.8.5).
Descriptives were presented for demographics and each score.

The χ2 test was used to examine whether the distribution of
gender was similar in patients from the 3 groups. The
Kruskal-Wallis test was used to compare the mean age of
patients across groups.

A 3-way multivariate analysis of variance (MANOVA) was
used to examine the joint variation of ADL-TS and BC-OS as
a function of dementia stage, age group, and gender. Post-hoc
analysis employed 1-way MANOVAs to compare these 2 scores
across dementia stages for each individual age and gender group.
Tests for statistical significance of the mean differences across
stages, age groups, and genders were also performed separately
for each score using 3-way ANOVAs. For these statistical
comparisons, age is treated as a factor with 3 levels: 60‐69,
70‐79, and 80+.

Logistic regression was used to investigate the effectiveness of
using the patients’BC-OS and ADL-TS to predict their dementia
stage, where age and gender served as covariates. In this
analysis, age is treated as a continuous variable, and gender is
treated as a binary variable: 1 for male and 0 for female.
Although the 3 dementia stages form ordinal classes, separate
binary logistic regressions were used to classify mild versus
moderate; moderate versus severe; and mild versus severe,
because the proportional odds assumption was not satisfied for
both BC-OS (P=.01) and ADL-TS (P<.001) from Brant’s Wald

test [36], suggesting ordered logistic regression was not
appropriate.

The binary logistic regression model for predicting a patient’s
condition is:

(1)logit(p)=β0+β1⋅stBC+β2⋅stADL+β3⋅stAge+β4⋅stGender

where p is the probability of predicting the patient as having a
pre-specified positive class. In each of the above binary
classifications, we chose the more severe stage to be the positive
class. stBC,stADL,stAge,stGender are standardized values of
predictor variables BC-OS, ADL-TS, age, and gender. The
coefficients βi`s (i=1‐4) represent the effects of the 4
predictors, and β0 is the intercept.

Model fitting was based on weighted loss functions to take into
consideration class imbalance across the 3 dementia groups.
Model performance was evaluated using 5-fold cross-validation
with stratification, repeated 20 times (100 iterations), such that
on each iteration, all training and testing subsets had roughly
the same proportion of patients from each group as in the
original dataset. We compared four different models:

(1) full model that included all 4 predictors as in equation (1)

(2) reduced model 1 that included BC-OS and ADL-TS:

(2)logit(p)=β0+β1⋅stBC+β2⋅stADL

(3) reduced model 2 that included BC-OS, age, and gender:

(3)logit(p)=β0+β1⋅stBC+β3⋅stAge+β4⋅stGender

(4) reduced model 3 that included only BC-OS:

(4)logit(p)=β0+β1⋅stBC

An receiver operating characteristic (ROC) curve was generated
for each model on each cross-validation iteration.
Paired-samples t-tests were used to compare areas under the
receiver operating characteristic curves (ROC-AUC) across
models.

Ethical Considerations
This study was conducted using existing deidentified data
collected through BrainCheck. The dataset contained no personal
identifiers, and no attempt was made to reidentify the
individuals. As such, the research does not meet the definition
of “human subjects research” as outlined by HHS 45 CFR
46.102. Therefore, this study did not require ethics review or
approval by an institutional review board.

Results

Demographics and Assessment Performance
Table 1 summarizes the demographic characteristics of the
patients in this study. Group sample size decreased with
increasing severity for both genders. The distribution of gender
was similar across the 3 groups (P=.84). Although the range of
age was similar, mean age significantly increased with severity
(P<.001; pairwise comparisons: P<.001 for mild vs moderate
and mild vs severe, P=.02 for moderate vs severe). Statistical
comparisons were not performed for education level and race
due to a lot of missing information.
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Table . Demographics and summary statistics of scores across dementia severity groups and the total sample.

Total (N=1751)Severe group (n=113)Moderate group (n=656)Mild group (n=982)Demographic characteristics

Gender, n (%)a

1054 (60.2)71 (62.8)394 (60.1)589 (60)    Female

697 (39.8)42 (37.2)262 (39.9)393 (40)    Male

Age, yearsb

79.0 (8.6)80.9 (9.0)80.3 (8.4)78 (8.3)    Mean (SD)

60‐10261‐10160‐10260‐101    Range

Age bucket (years), n (%)c

250 (14.3)15 (13.3)74 (11.3)161 (16.4)    60‐69

659 (37.6)34 (30.1)232 (35.4)393 (40)    70‐79

842 (48.1)64 (56.6)350 (53.3)428 (43.6)    ≥80

Education (years), n (%)

122 (7)1 (0.9)49 (7.5)72 (7.3)    >12

98 (5.6)9 (8)41 (6.3)48 (4.9)    ≤12

1531 (87.4)103 (91.2)566 (86.3)862 (87.8)    Not reported

Race, n (%)

186 (10.6)6 (5.3)72 (11)108 (11)    White

37 (2.1)2 (1.8)12 (1.8)23 (2.4)    Black

37 (2.1)1 (0.8)17 (2.6)19 (1.9)    Others

1491 (85.2)104 (92.0)555 (84.6)832 (84.7)    Not reported

19.8 (9.2)43.3 (5.0)25.4 (4.8)13.4 (2.5)DSRS-TSd,

mean (SD)

45.8 (41.4)–5.0 (26.8)30.1 (38.9)62.2 (35.1)BC-OSe,

mean (SD)

4.0 (2.1)1.2 (1.5)3.2 (2.1)4.8 (1.7)ADL-TSf,

mean (SD)

aP=.84 (χ2 test): distribution of gender was not significantly different across groups.
bP<.001 (Kruskal-Wallis test): mean age of patients was significantly different across groups.
cP<.001 (χ2 test): distribution of age bucket was significantly different across groups.
dDSRS-TS: Dementia Severity Rating Scale total score.
eBC-OS: BrainCheck standard battery of cognitive assessments overall score.
fADL-TS: activities of daily living total score.

The means and standard deviations of DSRS-TS, ADL-TS, and
BC-OS are provided in Table 1. Overall, the BC-OS and
ADL-TS decreased with increasing severity delineated by the
DSRS-TS. Figure 1 shows the distributions of BC-OS and
ADL-TS across patients within each group. For both scores,

the distribution was systematically skewed toward the high
values for the mild group, toward the low values for the severe
group, and more evenly distributed for the moderate group.
Table 2 shows the number and percentage of cases in each group
that fall in different BC-Assess and ADL-TS score intervals.
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Figure 1. Box plots of the distributions of BrainCheck standard battery of cognitive assessments overall score (BC-OS; left) and activities of daily
living total score (ADL-TS; right) for each patient group: green=mild, yellow=moderate, and red=severe. Normally distributed random noise was used
to add displacements along the x-axis for patients within each group (left and right) and along the y-axis at each ADL-TS value (right).

Table . ADL-TSa and BC-OSb distributions across dementia severity groups.

Severe group (n=113)Moderate group (n=656)Mild group (n=982)Score

BC-OS, n (%)

112 (99.1)532 (81.1)480 (48.9)    Beyond 2 SD of normative meanc

1 (0.9)124 (18.9)502 (51.1)    Within 2 SD of normative mean

ADL-TS, n (%)

96 (85)275 (41.9)137 (14)    0‐2 (severe)

10 (8.8)142 (21.7)119 (12.1)    3‐4 (moderate)

7 (6.2)239 (36.4)726 (73.9)    5‐6 (Full function)

aADL-TS: activities of daily living total score.
bBC-OS: BrainCheck standard battery of cognitive assessments overall score.
cBased on a BC-OS normative mean of 100 and a standard deviation of 15.

Correlations Between Assessments
We found moderate Pearson correlations between DSRS-TS
and BC-OS (r=−0.53; P<.001), between DSRS-TS and ADL-TS
(r=−0.55; P<.001), and a weak correlation between BC-OS and
ADL-TS (r=0.37; P<.001). Since DSRS covers both cognitive
and functional performance of a patient, moderate associations
between DSRS-TS with BC-OS and ADL-TS were as expected.
The weak correlation between ADL-TS and BC-OS suggests
that cognitive and functional abilities are associated with each
other, but certain discrepancies exist between the two.

The heatmap in Figure 2 plots Pearson correlations across
DSRS, BC-Assess, and ADL subscores. Compared with
BC-Assess subscores, BC-OS showed stronger correlations
with DSRS and ADL subscores. However, these correlations
were weak. Among DSRS subscores, BC-OS was most
associated with home-activities (r=−0.41; P<.001), mobility
(r=−0.39; P<.001), personal-care (r=−0.39; P<.001),
orientation-to-time or orientation-to-place (r=−0.43 and −0.37;
P<.001), and recognition-of-family (r=−0.37; P<.001). Among
ADL subscores, BC-OS was most associated with dressing

(r=0.36; P<.001), bathing (r=0.35; P<.001), and toileting
(r=0.33; P<.001). Although weaker, a clear trend can be
observed from Figure 2 for BC-Assess subscores. With regard
to the DSRS, assessments of memory (Immediate or Delayed
Recognition) were most associated with memory-demanding
activities such as memory, orientation-to-time,
orientation-to-place, recognition-of-family, and
decision-making, whereas assessments of executive function,
attention, or mental flexibility (Stroop, Trails Making A/B)
were most associated with home-activities, mobility, and
personal-care. With regard to the ADL, BC-Assess subscores
were more associated with bathing, dressing, and toileting than
with categories that are more essential, such as feeding,
continence, and transferring. Between ADL and DSRS
subscores, correlations mainly occurred within a subset of DSRS
activities that are of the same types as those rated by the ADL
such as eating, home-activities, mobility, personal-care, and
toileting. Of these, the strongest correlations were found between
DSRS toileting and ADL continence (r=−0.72; P<.001), and
between DSRS personal-care and ADL bathing (r=−0.70;
P<.001), dressing (r=−0.68; P<.001), and toileting (r=−0.68;
P<.001).
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Figure 2. Correlations between BC-Assess (BrainCheck standard battery of cognitive assessments), DSRS (Dementia Severity Rating Scale), and ADL
(activities of daily living) subscores. DSRS-TS: DSRS total score; ADL-TS: ADL total score; BC-OS: BC-Assess overall score.

Comparison of BC-OS and ADL-TS Across Dementia
Stages, Age Groups, and Genders
Given the correlation between BC-OS and ADL-TS, we
analyzed the differences in these two scores across dementia
stages, age groups, and genders by running a 3-way MANOVA
(BC-OS + ADL-TS~ Dementia Stage * Age Group * Gender).
Results based on the Pillais Trace method showed a significant
effect of Dementia Stage (Pillais Trace =0.046 , F43,466=20.5;
P<.001) whereas the effects of age and gender and all interaction
terms were not significant. Post hoc 1-way MANOVAs (BC-OS
+ ADL-TS~ Dementia Stage) were run to compare BC-OS and
ADL-TS combined between mild versus moderate and between
moderate versus severe separately for each age and gender
group. Except for the 60‐69 and female group (n=136) showing
a nonsignificant difference between moderate versus severe,
significant differences were observed for all other cases. We
further performed 3-way ANOVAs where BC-OS (BC-OS~
Dementia Stage * Age Group * Gender) and ADL-TS (ADL-TS~
Dementia Stage * Age Group * Gender) were considered
separately. For BC-OS, we found a significant main effect of
Dementia Stage only (F21,733=270.31; P<.001). The insignificant
differences in BC-OS across age groups were as expected as
this score had been standardized to adjust for age differences.

For ADL-TS, we found significant effects of Dementia Stage
(F21,733=278.87; P<.001), Age Group (F21,733=4.77; P=.009),
and Gender (F11,733=7.82; P=.005). For both scores, no
interaction terms were significant.

Logistic Regression to Examine the Roles of BC-OS,
ADL-TS, Age, and Gender in Predicting a Patient’s
Condition
ROC analysis (Figure 3) showed a comparable performance
between the full model (BC-OS + ADL-TS + age or gender:
ROC-AUC=0.787 for mild vs moderate; 0.832 for moderate vs
severe; and 0.959 for mild vs severe) and reduced model 1
(BC-OS + ADL-TS: ROC-AUC=0.786 for mild vs moderate;
0.836 for moderate vs severe; and 0.961 for mild vs severe),
and between reduced model 2 (BC-OS + age or gender:
ROC-AUC=0.739 for mild vs moderate; 0.765 for moderate vs
severe; and 0.921 for mild vs severe) and reduced model 3
(BC-OS only: ROC-AUC=0.733 for mild vs moderate; 0.767
for moderate vs severe; and 0.917 for mild vs severe). The small
differences in ROC-AUC generated by the omission of age and
gender suggest that they are not important predictors. Moreover,
including these demographic factors appears to have led to some
degree of overfitting where reduced model 1 performed slightly
but significantly better than the full model (mild vs severe:
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P=.002; moderate vs severe: P<.001) and reduced model 3
performed slightly but significantly better than reduced model

2 (mild vs moderate: P<.001; moderate vs severe: P=.04; mild
vs severe: P<.001).

Figure 3. Model comparisons for the classification between mild and moderate (left) and between moderate and severe (right): receiver operating
characteristic curves and mean area under the receiver operating characteristic curve (ROC AUC) for the full model (BrainCheck standard battery of
cognitive assessments overall score [BC-OS] + activities of daily living total score [ADL-TS] + age and gender; magenta), reduced model 1 (BC-OS
+ ADL-TS; yellow), reduced model 2 (BC-OS + age and gender; green), and reduced model 3 (BC-OS only; blue). The shaded area along each curve
represents the corresponding standard deviation across cross validation iterations. In each classification, the more severe condition was chosen to be
the positive class.

The 2 models that include ADL-TS (full model and reduced
model 1) performed significantly better than the 2 models
without ADL-TS (reduced models 2 and 3) (P<.001 for each
pairwise comparison), suggesting the important role of ADL.
For all binary classifications, although BC-OS alone can serve
as a fairly effective predictor with an ROC-AUC of at least
0.733, including ADL-TS in the model significantly improved
prediction accuracy.

As age and gender were not important factors, we excluded
them from further analysis. We examined the diagnostic
performance of reduced models 1 (BC-OS + ADL-TS) and 3

(BC-OS only) at the optimal cut-points from their ROC curves.
These are points on the ROC curves that maximize true positive
rate and minimize false positive rate. Table 3 shows sensitivity
(true positive rate) and specificity (1–false positive rate) at the
optimal cut-point for each model and classification. When
included, ADL-TS improved the sensitivity and specificity by
3%‐5%. For reduced model 3, which included only BC-OS,
we found that the optimal cut-point corresponded to a BC-OS
of 52 (roughly 3 standard deviations below the normative mean)
for the classification between mild versus moderate, and a
BC-OS of 0 for the classification between moderate versus
severe.

Table . Sensitivity (Se) and specificity (Sp) by model and classification: mean (SD) across cross-validation iterations. In each classification, the more
severe condition was chosen to be the positive class.

BC-OS onlyBC-OSa + ADL-TSbClassification

Sp, mean (SD)Se, mean (SD)Sp, mean (SD)Se, mean (SD)

0.68 (0.05)0.69 (0.05)0.72 (0.04)0.74 (0.04)Mild versus moderate

0.72 (0.07)0.77 (0.07)0.76 (0.05)0.84 (0.06)Moderate versus severe

0.86 (0.04)0.89 (0.04)0.93 (0.03)0.92 (0.04)Mild versus severe

aBC-OS: BrainCheck standard battery of cognitive assessments overall score.
bADL-TS: activities of daily living total score.

The fitted model coefficients are provided for reduced models
1 and 3 in Table 4. The 1-sided P value obtained from
bootstrapping for each coefficient is shown in the parentheses.
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Table . Coefficients (P values) of the fitted reduced models 1 (BC-OSa + ADL-TSb) and model 3 (BC-OS only).

Regression coefficients, β (P value)

Reduced model 3Reduced model 1

β1 (stBC)β0 (Intercept)β2(stADL)β1 (stBC)β0 (Intercept)Classification

−0.890 (<.001)−0.053 (.002)−0.717 (<.001)−0.757 (<.001)−0.071 (.01)Mild versus moderate

−1.215 (<.001)−0.453

(<.001)

−1.059 (<.001)−0.989 (.03)−0.819 (<.001)Moderate versus severe

−2.076 (<.001)−1.557 (<.001)−1.517 (<.001)−1.611 (<.001)−2.443 (<.001)Mild versus severe

aBC-OS: BrainCheck standard battery of cognitive assessments overall score.
bADL-TS: activities of daily living total score.

Discussion

By conducting a retrospective analysis of patient data in
real-world clinical settings, this study sought to investigate the
relationship between cognitive performance in a battery of
digital cognitive assessments, BC-Assess, and dementia severity
measured by the DSRS. We found a statistically significant
moderate correlation between the BC-OS and the DSRS-TS.
This correlation is comparable with that between the ADL-TS
and the DSRS-TS. Both BC-OS and ADL-TS significantly
decrease with increasing severity. BC-Assess demonstrated to
be a good predictor of dementia severity, with ROC-AUC of
classification using logistic regression ranging from 0.733 to
0.917. When BC-Assess was combined with ADL, higher
prediction accuracies were achieved, with ROC-AUC ranging
from 0.786 to 0.961.

Our results suggest that BC-Assess could serve as an alternative
tool to DSRS for grading dementia severity, particularly in cases
where DSRS, or other global assessments, may be challenging
to obtain due to logistical and time constraints. Unlike DSRS,
BC-Assess, as a brief digital cognitive assessment, offers the
advantage of flexible choice of self-administration or
administration by clinical support staff, runs on common
consumer technology, and does not require availability of an
informant. The significant improvement of prediction accuracies
when BC-Assess is combined with ADL indicates the synergetic
relationship between cognitive and functional measures in
grading dementia severity. Previous studies have shown that
patients’ loss of independence to manage activities of daily
living is nonlinearly related with their cognitive decline [37],
and their correlation weakens as the disease progresses [38].
This is consistent with the finding of relatively low correlation
(r=0.37) between the 2 measures in this study and elsewhere
[39,40]. Together, these findings suggest that ADL carries
additional information of functional abilities that is partially
independent of cognitive abilities measured by BC-Assess.
When combined, the 2 measures provide a more comprehensive
understanding of a patient’s condition.

While the BC-OS and the ADL-TS from the mild and severe
groups separate well from each other, scores from the moderate
group vary widely among patients and largely overlap with both
the mild and severe groups. This is reflected in high sensitivity
and specificity (.86 or higher) for the classification between the
mild and severe groups, and moderate sensitivity and specificity

(0.83 or lower) for the classifications of the moderate group.
Overall, however, a gradual change in the distribution of each
score across stages can be observed. In line with current
knowledge about the progression and stages of dementia [1,41],
this pattern of results suggests that cognitive and functional
declines do not happen in the same way across patients with
dementia, and that there might only be subtle differences in
cognitive or functional performance, or both, across patients
within 2 successive stages.

Implicit in this study is the assumption that the staging of
dementia severity based on the DSRS-TS had accurately
identified each patient’s underlying degree of severity. Previous
studies demonstrated that the DSRS has high test-retest and
inter-rater reliability [25] and good concurrent validity with
high correlations with the CDR, the Mini-Mental Status
Examination, and the Consortium to Establish a Registry for
Alzheimer’s Disease [23,25]. Other studies showed that the
DSRS-TS can effectively differentiate between individuals with
dementia, MCI, and healthy controls [42], and that it changes
at a constant linear rate throughout the entire clinical course of
dementia [25]. However, the psychometric properties of the
DSRS in distinguishing between patients with mild, moderate,
and severe dementia have not been studied. The DSRS-TS
cut-offs used for staging of dementia severity have been
suggested based on the mapping of the DSRS-TS onto CDR
stages where a CDR global score of 0, 0.5, 1, 2, and 3 represent
no, questionable, mild, moderate, and severe dementia.
However, it has been shown that there is a large variability in
the degree of severity among patients placed in a particular CDR
stage, and patients with the same degree of severity can be
placed in different CDR stages [2,43,44]. Furthermore, the
precision of severity grading depends on the scoring approach
to the CDR, ie, the item-response-theory approach is more
precise than the sum-of-the-boxes approach, which is more
precise than the global score approach [43]. On top of that, the
mapping of DSRS-TS to CDR global score was based on a
limited sample of patients with dementia that might not be
representative of patients at different severity stages in general
[23]. These limitations are possible contributing factors to the
widespread distributions and overlaps of BC-OS and ADL-TS
across patient groups delineated by the DSRS-TS in this study.
To allow for more systematic investigations into the
effectiveness of using these scores in dementia staging, future
research needs to address these limitations and establish more
fine-grained and well-defined staging criteria as well as optimize
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the scoring methods for the DSRS, the CDR, and other
assessments of dementia severity.

Suboptimal and inconsistent data quality in a dataset acquired
outside typical clinical research settings is another factor that
potentially causes large variabilities of scores observed in this
study [45]. While real-world data may better represent diverse
clinical environments, which is desired to obtain a generalized
relationship between assessments, limited control over the data
collection process and differences in clinical practices may
result in reduced accuracy and consistency of the data.
Inconsistencies exist across clinical sites and across units within
each site due to differences in internal policies, staff training,
workflow, and expertise. Inconsistencies also come from the
different patient or caregiver populations each site serves.
Patients may also have different dementia pathologies, leading
to significant differences in the pattern of scores.

The ADL and BC-Assess also have their own limitations that
one should take into consideration when interpreting the current
results. The ADL measures 6 basic activities of daily living and
employs dichotomous scoring, which allows only 2 possible
scores for each functional category, ie, 1 for independent and
0 for dependent. Therefore, it lacks the resolution to capture
intermediate levels of dependence. Furthermore, as it is
subjective ratings from informants, for cases with small changes
in functional activities, patients may end up receiving
substantially different scores depending on their caregivers’
judgments, resulting in low interrater variability [46,47]. In this
study, with only patients with dementia included (based on their
DSRS-TS), we found high variability in the ADL-TS across
patients within each group, especially for the moderate group.
As for the BC-Assess, besides measurement errors that exist in
any assessment and technical difficulties older adults may have
when using smart devices for the assessment, it might have
limited utility in severity staging because patients with extremely
severe conditions might not be able to complete it [48], and it
could also suffer from a floor effect, a common limitation of
psychometric tests [49].

Our data show a high imbalance in the number of patients across
the 3 groups, with mild, moderate, and severe dementia
accounting for 56%, 37.5%, and 6.5%, respectively. Although
the trend is similar, higher proportions of patients estimated to
be in the moderate (31%) and severe (21%) stages of

Alzheimer’s Disease were reported in a previous study [50]. As
patients included in this study were those that received cognitive
care planning services from their providers through the
BrainCheck Plan platform within a 2-year period, our data do
not necessarily reflect the prevalence of each stage. The fact
that we only included patients with DSRS, ADL, and BC-Assess
data also limited the number of patients in later stages who
might be too impaired to take the BC-Assess. Furthermore,
given its main goals are to help patients and their families better
understand the patients’ condition and needs, to offer strategies
to improve their overall quality of life, and to plan for the future
when their condition gets worse, cognitive care planning is more
meaningful for patients in early stages. Patients in the severe
stage of dementia are completely dependent on their family or
caregivers, and many of them require specialized care and
attention in facilities. These institutionalized patients tend to
have been diagnosed and given care plans tailored to their
specific needs by the institution.

In addition to the findings of this study, the growing field of
ecological digital assessment tools offers valuable insights into
monitoring and predicting dementia progression using digital
biomarkers in real-world settings. For example, Buegler et al
[51] show how these tools provide individualized,
context-sensitive data to better understand cognitive
performance. Integrating ecological tools with measures like
BC-Assess could enhance its utility by capturing real-time data
and offering a more comprehensive view of a patient’s
condition. These tools could also address challenges in tracking
cognitive and functional abilities over time, particularly when
in-person assessments or informants are unavailable. Further
research into combining ecological tools with BC-Assess could
refine dementia severity assessments and improve patient
outcomes across stages of the disease.

Despite the limitations, this study shows that BC-Assess could
be a promising solution for measuring dementia severity. The
use of BC-Assess for this purpose will be particularly useful in
primary care settings, where DSRS or other comprehensive
global assessments may pose implementation challenges. Due
to its flexibility, efficiency, and ease of use, BC-Assess can help
streamline the assessment process, supporting timely diagnosis
and management of dementia. This, in turn, can improve patient
outcomes and ease the burden on caregivers.
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Multimedia Appendix 1
Raw score (RS) metric and transformed score (TS) calculation for each assessment.
[DOCX File, 7 KB - aging_v8i1e65292_app1.docx ]
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Abstract

Background: Hospitalized, frail older adults have an increased risk of developing hospital-acquired disability associated with
hospital practices of restricted physical activity and immobilization. The use of activity tracking wearable devices may allow
identification and prevention of mobility decline, reducing hospital-acquired disability.

Objective: This study aimed to identify the optimal wearable device and wear location for monitoring mobility in older
hospitalized patients. Specific objectives included (1) comparison of the feasibility and acceptability of ActiGraph wGT3X-BT
(ActiGraph LLC), MOX1 (Maastricht Instruments), MetaMotionC (mBientLab), and Fitbit Versa (Google) for continuous mobility
monitoring and (2) determination of the concurrent validity of the selected device for detecting body posture and step count.

Methods: Participants were recruited for this observational study in the acute medical care unit of an academic hospital in
Hamilton, Ontario, Canada. Eligible patients were aged 60 years and older, able to undertake the mobility protocol, and had an
anticipated length of stay greater than 4 days. The study was divided into 2 experiments. Experiment 1 evaluated the feasibility
of 4 wearable devices and validated the derived data for body posture and step count. Experiment 2 involved a mobility assessment
session and a 24-hour monitoring and feasibility period with the selected device from experiment 1.

Results: The ActiGraph wGT3X-BT emerged as the most feasible device, demonstrating superior usability, data acquisition,
and management. The thigh-worn ActiGraph accurately detected sedentary behavior, while the ankle-worn device provided
detailed information on step counts and body postures. Bland-Altman plots and intraclass correlation coefficients indicated that
the ankle-worn ActiGraph showed excellent reliability for step counting, with minimal bias and narrow limits of agreement.
Patients expressed a high willingness to wear a continuous mobility tracking device at the hospital and at home.

Conclusions: Thigh- and ankle-worn ActiGraph are optimal for assessing and monitoring mobility in older hospitalized patients.
Challenges such as discomfort and device removal observed during the 24-hour monitoring period highlight areas for future
studies. Overall, our findings support the integration of wearable technology in hospital settings to enhance mobility monitoring
and early intervention strategies. Further research is warranted to evaluate the long-term use of wearable data for predicting health
outcomes post hospitalization and informing clinical decision-making to promote early mobility.

(JMIR Aging 2025;8:e64372)   doi:10.2196/64372
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Introduction

Research indicates that a significant proportion of the adverse
functional and health outcomes experienced by older adults
during hospitalization may not be directly linked to their

underlying health conditions or the reasons for hospitalization
[1-3]. Instead, they may arise from certain hospital practices,
such as restricted physical activity and immobilization, which
may be harmful for older patients, especially for those who are
frail [1]. Studies have consistently shown that older patients
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spend a minimal amount of time standing or walking during
their hospital stay, typically just 3% of the time [4-7]. This
limited mobility can have significant consequences for function,
with each day spent in bed associated with a 1%‐5% loss in
muscle strength [3]. On the other hand, there is evidence
showing that older adults who regain their prehospitalization
level of function after discharge have lower mortality rates and
maintain their functional levels 1 year post discharge. Therefore,
early detection and prevention of mobility decline during
hospitalization is critical to improving patient outcomes and
reducing health care utilization [8].

Wearable technology provides a direct means of assessing and
monitoring mobility, by gathering continuous information on
patients’physical activities and mobility patterns. This capability
would allow practitioners to create and monitor tailored mobility
care for each patient, which may improve functional outcomes.
Several wearable monitors have been validated in healthy
individuals including among older adults living in the
community [9,10]. However, experiment protocols, including
population type, settings, sensor type, activity, and wear location
(eg, wrist vs thigh) can influence the validity of these devices
[11-14]. Despite the increased use of wearables in clinical
settings, the feasibility, validity, and reliability of these devices
have not been fully established in older hospitalized patients
[15,16]. Collecting data accurately with wearables in
hospitalized patients presents significant challenges, as they
tend to be more sedentary and walk slower [17]. In addition,
hospitalized patients often have medical devices attached to
them, such as intravenous lines or heart monitors, which can
impede mobility and make it challenging to select the optimal
wear location for data collection.

The overall objective of this study was to identify the optimal
wearable device and wear location for assessing and monitoring
mobility in older hospitalized patients. Specifically, we aimed
to (1) compare the feasibility and acceptability of different
wearable devices to assess mobility for long-term continuous
monitoring during inpatient hospital stays among older
hospitalized patients, and (2) for the selected device from aim
1, determine its concurrent validity for detecting body posture
and step count. To fulfill the study aims we performed 2
experiments with 2 independent samples. In the first experiment,
we used a standardized protocol to test the feasibility of data
collection with the ActiGraph wGT3X-BT, MOX 1,
MetaMotionC (MMC), and Fitbit Versa over a short period of
time, while validating the data collected for detecting body
posture and step count using a standardized protocol. The second
experiment was divided in 2 parts where patients wore the
selected wearable from experiment 1 in 3 different body
locations and performed a standardized activity protocol,
followed by a 24-hour free-living protocol. This investigation
was crucial for understanding the practicality of wearable
devices for mobility monitoring in older adults in a hospital
setting, as well as identifying potential barriers or limitations
that may impact their utility.

Methods

Participants
Patients were recruited from the acute medical care unit of the
Juravinski Hospital, Hamilton, Ontario, Canada. Inpatients were
initially identified by the admitting physician, who sought
approval before study personnel approached them. Patients were
only included if, based on the judgment of the admitting
physician, they were deemed capable of providing informed
consent. A study coordinator, not directly involved in patient
care, then contacted the eligible patients to obtain informed
consent. During data collection, a hospital physical therapist,
who accompanied all participants and assisted with data
collection, ensured safety and facilitated communication when
necessary.

Eligible patients were aged 60 years and older, able to undertake
the mobility protocol with or without assistance, had an
anticipated length of stay of more than 4 days, and able to
provide written informed consent. Experiment 1 was conducted
from November to December of 2019 and experiment 2 from
September to December 2020.

Ethical Considerations
This study was approved by the Hamilton Integrated Research
Ethics Board (HiREB #7145) and all participants provided
written informed consent before participation. At the time of
consent, we recorded information regarding participants’
demographics, preadmission functional performance, and health
status. All participants had the right to withdraw from the study
at any time without any adverse consequences. All data were
anonymized. Participants did not receive compensation for their
participation.

Measurement Instruments
For the feasibility and device performance of experiment 1, 4
devices were compared, that is, the MetaMotionC (MMC), Fitbit
Versa 1, MOX1, and the medical-grade monitor ActiGraph
wGT3X-BT. The MMC by mBientLab was chosen for its open
platform enabling on-board programming, in addition to its
lower cost. The Fitbit Versa 1 (Google) was widely recognized
in the community at the study’s time, despite lacking direct
access to raw sensor data extraction. For both devices, a Python
algorithm was developed to extract the raw data. The MOX1
device (Maastricht Instruments , Netherlands) presents a triaxial
accelerometer sensor and is equipped with proprietary software.
During the study period, the proprietary software of the MOX1
did not offer direct access to the raw data and step count data.
To address this limitation, the company provided us with a
MATLAB function for extracting the raw data. Finally, the
medical-grade ActiGraph wGT3X-BT (ActiGraph), often
viewed as the gold standard in accelerometry movement analysis
for research, features a built-in triaxial accelerometer that
captures high-resolution raw acceleration data. The ActiLife
software (ActiGraph LLC, version 6.11.4) was employed to
initialize, process, and download data, extracting step counts
and body posture measures (time spent lying down, sitting, and
standing). In experiment 2, we used the ActiGraph wGT3X-BT
as it was the selected device from experiment 1.
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Protocols

Experiment 1
Patients from the first experiment were engaged in the activity
data procedures to test the feasibility of 4 different wearable
devices (ActiGraph wGT3X-BT, MOX1, MMC, and Fitbit
Versa), as well as the concurrent validity of the ActiGraph in
detecting body posture and step counts. Each patient wore all
4 devices on the waist, 3 devices on the thigh, and 3 on the ankle
simultaneously and interchangeably, that is, up to 10 devices
per patient. An elastic band equipped with Velcro on both ends
was used to attach the devices securely to the body. The
waistband featured 4 pockets, while the thigh and ankle bands
had 3 pockets each, providing the flexibility to interchange the
devices as needed during the study. The waistband was
positioned at the level of the anterior superior iliac spine, the
thigh band above the kneecap, and the ankle band above the
malleolus. After positioning the elastic bands, the wearable
devices were randomly assigned to each pocket. Once wearable
devices were placed, patients performed the mobility protocol

that included body posture tasks (standing, sitting, and lying)
and the timed up and go (TUG) [18] mobility test.

During the body posture tasks, patients were asked to lie down,
sit on the edge of the bed, and then stand with or without support
for 5 minutes. The time spent in each body posture was observed
and recorded by a physiotherapist. Following, the patients
performed the TUG which is a reliable and valid test to assess
mobility and balance in older adults [18]. It measures, in
seconds, the time taken by an individual to stand up from a
standard armchair, walk 3 meters, turn, walk back to the chair,
and sit down. The participants wore their customary walking
aid (none, cane, or walker), and no physical assistance was
given. The recording initiated as the patient raised from the
chair and stopped as the patient sat on the chair again. The time
and the number of steps taken to complete the test were also
counted and recorded. Following the activity procedures,
patients were invited to complete the acceptability questionnaire
(Textbox 1). The protocol took approximately 45‐60 minutes
to complete.

Textbox 1. Feasibility questionnaires for experiments 1 and 2.

Experiment 1

1. Have you ever used a device to measure physical activity in the past? (Responses: yes, no)

2. Would you be willing to wear the device for a longer period, 5 to 7 days, as part of a research study? (Responses: very likely, somewhat likely,
not likely)

3. What part of the body would you prefer to wear the device? (Responses: waist, thigh, ankle)

4. Which of these devices would you likely use? (Responses: ActiGraph, MOX1, Versa, MetaMotionC)

5. How easy would it be for you to remember to use the device every day? (Responses: very easy, easy, very difficult, difficult)

6. Do you think this device would interfere with your daily routine? (Responses: no effect, minor effect, major effect)

7. Would you feel more motivated to move when wearing the device? (Responses: yes, no, no answer)

Experiment 2

1. Have you ever used a device to measure physical activity in the past? (Responses: yes, no)

a. What devices did you use?

b. What activity (or activities) did you track with the devices?

c. How long ago was it that you used the devices?

d. If you stopped using the devices, why did you stop?

2. Would you be willing to wear a device to measure physical activity for 5 to 7 days while in the hospital? (Responses: likely, uncertain, unlikely,
very likely, very unlikely)

3. Would you be willing to wear a device daily to measure physical activity once you return home from the hospital, for a period of up to say 3
months? (Responses: yes, no)

4. What part of the body would you most prefer to wear the device? (Responses: wrist, waist, thigh, ankle, other)

5. Would you feel more motivated to move when wearing a device to measure physical activity? (Responses: yes, no)

6. Prior to being in the hospital, how many days per week on average did you engage in 30 minutes or more of physical activity, which was enough
to raise your breathing rate? (Responses: 1, 2, 3, 4, 5, 6, 7, none)

Experiment 2
We conducted 1 mobility assessment session where patients
wore the chosen device from experiment 1 (ActiGraph) in 3
different body locations (wrist, thigh, and ankle) and performed
a standardized mobility protocol under the supervision of a

trained physiotherapist. Patients wore the ActiGraph on the
wrist using a wristband. At the thigh, the ActiGraph was
attached to the anterior aspect of either the left or right thigh
just above the kneecap, and at the ankle, the device was attached
just above the malleoli. The Hypafix Stretch Non-Woven
Adhesive (BSN Medical) was used to affix the devices. The
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mobility protocol included the same body posture protocol as
the first experiment, followed by a step count task recorded
during a 30-meter walking test (30MWT) [19,20]. Patients were
asked to stand up from a chair, walk 30 meter, turn around, and
walk back at a comfortable pace using their usual walking aid
if necessary. The time and the number of steps taken to complete
the test was counted and recorded. The mobility protocol in
experiment 2 lasted approximately 30‐45 minutes.

After the mobility assessment, each patient was randomly
assigned to wear the ActiGraph devices on either the wrist and

thigh or wrist and ankle for the next 24 hours. We assessed the
acceptability and feasibility of the wearable devices by location,
as well as their acceptability of

wearing the adhesive patches over a 24-hour duration in the
hospital. We also documented any interruptions or issues
encountered during the 24-hour monitoring period. If patients
removed or stopped using the device, the research assistant
recorded feedback from both the patient and the attending nurses
regarding the reasons for discontinuation. Figure 1 illustrated
the variations within each experiment.

Figure 1. Summary of procedures for experiment 1 and 2.

Data Reduction

Experiment 1
Data were collected at 100 Hz for MOX1, and at 50 Hz for the
other devices. In the second experiment, the ActiGraph data
were collected at 30 Hz. Custom Python algorithms were created
for the MMC and Fitbit devices to enable continuous saving
and downloading of raw accelerometer data, necessitating the
use of a companion device, a tablet. The MOX1 device was
initialized using its proprietary software and data were
downloaded using the provided MATLAB function. Raw data
from these devices were not subjected to further processing;
our focus was solely on recording downloading time, as well
as the quantity and quality of the saved data.

In both experiments, the ActiLife software (version 6.11.4) was
used to initialize, download, and process the ActiGraph data.
Data were aggregated into 60 seconds time-stamped epochs.
The following measures were obtained from the ActiLife: wear
time, counts per minutes, activity intensity, step counts, and
body posture (time spent in lying down, sitting, and standing).
The following measures were obtained from the ActiLife
algorithms: wear time, counts per minute, activity intensity,
step counts, and body posture (time spent lying down, sitting,
and standing). For step counts, since the ActiLife algorithms
measures strides when attached to the thigh, we doubled the
stride numbers to determine the actual number of steps taken.
This adjustment is necessary because each stride recorded by
the device corresponds to two steps—one for each leg—so the
raw stride count is multiplied by 2 to obtain an accurate step
count.
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In addition, we applied the ActiGraph manufacturer’s step
algorithm, the low-frequency extension filter, to the step count
data. This filter is designed to detect lower-amplitude
movements, enhancing the accuracy of step detection [21]. Body
posture classification in both experiments was obtained using
the thigh-worn algorithm from the ActiGraph that relies on
movement and the thigh angle to accurately classify lying and
sitting versus standing positions [22]. The first and last 45
seconds of data from each activity were discarded to avoid
potential participant error in recording time and to exclude the
transition times.

Experiment 2
For the 24-hour protocol, the accelerometer data from the
ActiGraph was screened for wear time using the method
described by Choi et al [23]. Based on the activity counts
determined by the ActiLife algorithms, and using an epoch
length of 60 seconds, nonwear time was defined as 90
consecutive minutes of zero counts, with an allowance of 2
minutes of nonzero counts, provided there were 30-minute
consecutive zero counts before and after that allowance. Based
on the wear time, we determined the average amount of time
the patients wore the devices at the wrist, thigh, and ankle during
the 24-hour protocol.

Statistical Analysis
Descriptive data were analyzed using measures of central
tendency and dispersion. Absolute percentage errors were
calculated between the observed body posture time and step
count against the values obtained using the ActiGraph algorithm
(absolute percentage errors=[(observed data–ActiGraph
data)÷observed data]×100). Intraclass correlation coefficients

(ICC2,1) [24] were used to examine criterion validity between
step count taken from the ActiGraph compared with those
observed during the TUG and 30MWT. By convention, an ICC
≥0.75 was considered excellent, 0.60‐0.74 good, 0.40‐0.59
fair, and <0.40 poor [25].

Bland-Altman plots [26,27] were constructed to show the
variability of the ActiGraph in recording step count compared
with the observed data. With this technique, the mean error
score and the 95% prediction intervals can be examined in
graphical form. Comparisons that are in closer agreement will
have a mean bias close to zero and tighter 95% prediction
intervals. Statistical analyses were conducted with SPSS version
26 (IBM Corp) with the α level set at .05.

Results

Overview
A total of 25 older adults (n=17, 65% women) with a mean age
of 79.6 (SD 8.1) years participated in experiment 1, and 30
participants (n=24, 80% women), with a mean age of 81.4 (SD
8.8) years, participated in experiment 2 (Table 1). The patients
were hospitalized due to the following conditions: cardiac
conditions (n=6) including hypertension, congestive heart
failure, atrial fibrillation, and coronary artery disease; urinary
tract infection (n=5); deconditioning (n=5); falls (n=3); acute
kidney injury (n=3); exacerbation of COPD (n=2); shortness of
breath (n=2); sepsis (n=2); pneumonia (n=1); syncope (n=1);
leg pain (n=1); vertigo (n=1); gastroenteritis (n=1); and back
pain (n=1). Table 1 describes the patients’ demographics and
clinical characteristics. In general, patients were more
independently mobile before admission.
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Table . Demographics, comorbidities, and mobility characteristics of the patients.

Experiment 2Experiment 1Variables

3025Demographics, n

81.4 (8.8)79.6 (8.1)Age (y), mean (SD)

24 (80)17 (65)Sex (female), n (%)

25.2 (7.7)25.6 (6.2)BMI (kg/m2), mean (SD)

29 (100)25 (100)Gait aids, n (%)

7 (24)12 (48)None

16 (55)12 (48)Walker rollator

2 (6)1 (4)Cane

4 (14)0Cane and walker

—c30Most common comorbidities, n

—25Cardiac condition (hypertension, congestive heart failure,
atrial fibrillation, and coronary artery disease)

—9Diabetes

—8Osteoarthritis

—7Cancer

—7COPDb and Asthma

—5Osteoporosis

—5Kidney disease

—2Early diagnosis of Alzheimer

—2Parkinson

30 (100)—Mobility before admission, n (%)

8 (27)—Independent

3 (10)—Independent with cane

15 (50)—Independent with walker

1 (3)—1 Person assist

2 (7)—1 Person assist with walker

1 (3)—Independent with cane inside and walker outside

N=30—Mobility after admission

1 (3)—Independent

1 (3)—Independent with cane

11 (37)—Independent with walker

3 (10)—1 Person assist

14 (47)—1 Person assist with walker

—23Mobility tests, n

TUGa (s)

—28.5 (13.7)Mean (SD)

—23.3 (7.14-61.0)Median (IQR)

Average speed (m/s)

—0.27 (0.16)Mean (SD)

—0.22 (0.09-0.84)Median (IQR)

30MWTd (m-s) test 1
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Experiment 2Experiment 1Variables

50 (31)—Mean (SD) (s)

35 (30-120)—Median (IQR) (s)

32—Percentile 25 (s)

67—Percentile 75 (s)

30MWT (m-s) retest

58 (17)—Mean (SD) (s)

20 (30-50)—Median (IQR) (s)

50—Percentile 25 (s)

70—Percentile 75 (s)

aTUG: timed up and go.
bCOPD: chronic obstructive pulmonary disease.
cNot applicable.
d30MWT: 30-meter walking test.

Experiment 1
The acceptability questionnaire showed that out of 25 patients,
24 patients (96%) reported no previous experience with
wearables. However, 20 patients (80%) expressed their
willingness to wear a wearable for a period of 5-7 days. In terms
of the preferred body location, the ankle was selected by 14
patients (58%), the waist was selected by 7 patients (29%), and
the thigh by 4 patients (17%). Furthermore, 1 patient did not
answer this question. Among the wearable devices, the Fitbit
Versa was selected by 12 patients (48%), the ActiGraph was
chosen by 6 patients (24%), and the MOX1 and MMC were
selected by 3 (12%) and 2 (8%) patients, respectively.

We observed that both the ActiGraph and MOX1 devices were
easy to set up and enabled faster data downloads compared with
Fitbit and MMC devices. Of the 4 devices, only the ActiGraph
retrieved 100% of the collected data. The MATLAB function
from the MOX1 retrieved 72% of the files, with 1 file containing
missing data, and 7 files having a lower frequency than the
specified 100 Hz setup. In addition, the MATLAB function
provided by the manufacturer did not include time stamps. The

algorithms on the Fitbit Versa were able to retrieve 79% of the
data, with the primary issue being missing data. Similarly, the
MMC algorithms retrieved 81% of the data, although some data
were missing due to a time stamp error that was not identified
until later in the data collection process. In addition to its high
performance, the ActiGraph device also had the longest battery
life and storage volume compared to all other devices. The
proprietary software offered by ActiGraph allowed us to process,
quickly view and extract the data using a comprehensive
selection of independently developed and validated algorithms.
Given the ease of data collection using the ActiGraph in the
above experiment, it was selected as the most user-friendly
device for further evaluation.

For the body posture assessments, the waist- and thigh-worn
ActiGraph identified the lying down position correctly 73.6%
and 78.2% of the time, respectively. For the standing posture,
both the thigh- and ankle-worn ActiGraph achieved high
identification rates of 83.8% and 82.3%, respectively. However,
all devices exhibited poor performance in identifying the sitting
position, ranging from 25.4% to 49.6% (Table 2).

Table . Percentage of times the ActiGraph correctly detected body posture compared with the physiotherapist recordings during experiment 1 (n=25).

Experiment 1 devices’ attachmentPatient body
posture

Ankle, %Thigh, %Waist, %

StandSitLieStandSitLieStandSitLiea

0054b05478b0074bLie

1550b01525b03841b11Sit

84b480.184b1161b570Stand

3345120211116Offc

aLie: laying down.
bPercentage of time the ActiGraph device correctly identified the body postures.
cOff: percentage of time that the device detected it was off.
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Table 3 displays the results of the ICC analysis, comparing the
step counts during the TUG tests recorded by the ActiGraph
devices worn on the waist, thigh, and ankle compared with
direct observation by the physiotherapist. Data from 2
participants were excluded due to errors in registering the start
and end of the tests. The ankle-worn device demonstrated the
highest agreement with the physiotherapist (ICC2,1=0.94, 95%
CI 0.85-0.97), the lowest bias (average of the mean

difference=0.9 steps), and a lower percentage of error counting
steps (12.8%). The waist-worn device also shows excellent
agreement with direct observation (ICC2,1=0.85, 95% CI
0.65-0.94) but higher bias (1.4 steps) and a higher percentage
of error counting steps (21%). The thigh-worn device has the
lowest agreement (ICC2,1=0.75, 95% CI −0.21 to 0.93), the
highest bias (overcounted on average 7.3 steps), and the highest
percentage of error counting steps (28.8%).

Table . Intraclass correlations and percentage of error in counting steps between the physiotherapist (observer) step count and ActiGraph during the
timed up and go test in experiment 1 (n=23).

Percentage error count-
ing steps

P value95% CIICCaBiasBody location

21.0010.65 to 0.940.851.4Waist

28.8.001−0.21 to 0.930.757.3Thigh

12.8.0010.85 to 0.970.940.9Ankle

aICC: intraclass correlation coefficient.

Experiment 2
The acceptability questionnaire was completed by 25 patients.
Their responses indicated that 22 (88%) had never used a
wearable before, 19 (76%) would wear a device for 5 to 7 days
while in hospital, and 16 (64%) were willing to wear the device
daily at home, up to 3 months, as part of a research study.
Furthermore, 12 (48%) patients felt motivated to move when
wearing a device, and 8 (32%) would prefer to wear the device
on the wrist. Intercurrences during the 24-hour protocol, include
the following challenges with the devices: 1 participant had the
thigh device removed and reapplied by nurses, while another
participant removed both the ankle and wrist devices due to
discomfort and itching. In 1 case, the wrist device was taken
off because of itchiness, and another participant forgot the
purpose of the devices, leading to the removal of both the wrist
and thigh devices. In addition, the wrist device was loosened
because of swelling, 1 participant had to remove the ankle device
for 24 hours due to a major infection on the lower leg, and
another was unable to wear the thigh device because the tape
caused irritation.

Of the 30 patients, the ActiGraph devices were positioned on
the wrist and ankle in 11 (37%) patients and on the wrist and
thigh in 19 (63%) patients for the 24-hour protocol. One
thigh-worn device recorded only 1:36 of data during the 24-hour

protocol so the data were not included in the analysis. On
average, the patients wore the device on the wrist for 22:45
(range 20:58-25:51), on the thigh for 24:36 (range 23:33-26:51),
and on the ankle for 20:11 (range 8:03-26:16). Intercurrences
reported while wearing the devices included itchiness at the
wrist and thigh, patients removing devices due to forgetting
their purpose, and patients loosening the device due to joint
swelling.

The ActiGraph algorithms for the thigh-worn devices have
recently changed, combining lying down and sitting as sedentary
posture and including stepping detection (Table 4). The
thigh-worn devices identified 100% of sedentary posture while
the patient was lying down, 98% while they were sitting, and
91% while they were standing. The ankle-worn devices best
identified lying (89%) and standing (84%) postures, and poorly
identified the sitting posture (43.2%). In addition, the ankle-worn
devices classified the position as sedentary on average 93% of
the time when lying, but only 49% while the patients were
seated. The wrist-worn devices performed poorly compared
with the thigh- and ankle-worn devices, identifying lying down
between 49% and 52% of the time and sitting and standing
around 15% ‐25% of the time. The wrist-worn devices were
able to identify 80% of the sedentary posture while the patient
was lying down, and 71% while sitting (Table 4).
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Table . Percentage of times the ActiGraph correctly detected body posture compared with the physiotherapist recordings during experiment 2 (N=30).

Experiment 2 devices’ attachmentPatient’s
body pos-
ture

Ankle, %Thigh, %Wrist, %

StandSitLieSedStepStandSedStandSitLiebSeda

1.3389c9200100c83450c84Lie

4943c4471198c2326c4672Sit

84c13013091c824c661076Stand

246————058—Offd

aSed: sedentary (lying down + sitting).
bLie: laying down.
cPercentage of time the ActiGraph device correctly identified the body postures.
dOff: percentage time that the device detected it was off.
eNot applicable

Figure 2 shows the Bland-Altman plots of the difference
between the observed step count and the ActiGraph placed on
the waist, thigh, and ankle during the TUG test during
experiment 1. Visual interpretation of the plots shows less bias
(0.9), narrower limits of agreement (−7.4 to 9.1), and more

observations closer to zero for the ankle-worn ActiGraph. In
contrast, the thigh-worn device showed a larger limit of
agreement, suggesting poor agreement between the 2
measurements, and a tendency to overcount steps.
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Figure 2. Bland-Altman plots comparing observer measurements with ActiGraph data from devices worn on the waist, thigh, and ankle during the
TUG test in experiment 1. The dashed lines denote the 95% limits of agreement (SD 1.96) of the mean difference, with darker dashed lines highlighting
the mean difference or bias. TUG: timed up and go.

During the 30MWT in experiment 2, the wrist- and thigh-worn
devices showed poor ICC values and a high percentage of
miscounted steps. The ankle-worn devices showed excellent

reliability and on average overcounted the number of steps by
1.9% (Table 5).
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Table . Intraclass correlation coefficients and absolute percentage error of steps between the physiotherapist step count and the ActiGraph during the
30-Minute Walk Test in experiment 2 (n=30).

Percentage error count-
ing steps

P value95% CIICCaBiasBody location

49.4.62–0.217 to 0.218–0.032–42.1Wrist

56.8<.001–0.149 to 0.7060.331–36.0Thigh

1.9<.0010.915 to 0.9810.9591.6Ankle

aICC: intraclass correlation coefficient.

The Bland-Altman plots in Figure 3 illustrate the agreement
between observer-rated step counts and ActiGraph step counts
at the wrist, thigh, and ankle locations during the 30MWT.
Among the 3 locations, the ankle-worn device demonstrated

the best agreement with observer ratings, exhibiting a small
bias and most observations falling within the 95% limits of
agreement. In contrast, the wrist-worn device exhibited poor
agreement, with the largest bias and widest limits of agreement.
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Figure 3. Bland-Altman plots comparing observer measurements with ActiGraph data from devices worn on the wrist, thigh, and ankle during the 30
MWT in experiment 2. The dashed lines denote the 95% limits of agreement (SD 1.96) of the mean difference), with darker dashed lines highlighting
the mean difference or bias. 30 MWT: 30-meter walk test.
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Discussion

This study aimed to identify the optimal wearable device and
wear location to assess and monitor mobility among older
patients during hospitalization. We observed a high level of
acceptability and feasibility regarding the usability and accuracy
of wearable devices for detecting and monitoring activity in
older patients hospitalized for acute medical illness. Although
most patients had limited experience with activity monitoring
devices, they were willing to wear one while hospitalized.
Patients showed a preference for the Fitbit and ActiGraph
devices, worn at the ankle or waist. Both the ActiGraph and
Mox1 devices were easy to set up, but only the ActiGraph
allowed for the retrieval of all data collected. Overall, the
ActiGraph wGT3X-BT emerged as the preferred device with
superior usability, data acquisition, and management.

The ActiGraph wGT3X-BT is widely recognized as the gold
standard research-grade device for wearable mobility tracking,
which is consistent with the findings of this study in our
population. Its previous use in hospital settings underscores its
utility for monitoring physical activity and posture in clinical
contexts [28-30]. For example, other studies have employed the
ActiGraph to predict hospital-acquired disability [28] and
demonstrated its accuracy in quantifying postures and activity
levels among hospitalized adults [29]. This study supports the
device’s reliability and validity among older hospitalized
patients with unique challenges such as slower movement
patterns and increased sedentary behavior.

However, when planning a cohort study in a hospital setting, it
is crucial to consider multiple factors beyond just device
accuracy, including accessibility to raw data and patient
acceptability. During our study, the Fitbit Versa 1 was a popular
device choice but lacked the option to download raw data
directly. Instead, the download process relied on a companion
device, a tablet, and any miscommunication between the 2
devices resulted in data lost. The MMC was selected for its
affordability and open-source platform. However, we
encountered challenges with the downloading process, which
was time-consuming, and we also noted timestamp errors. The
MATLAB function provided by the MOX 1 also resulted in
missing data and lack of time stamps. Despite the challenges
encountered with the MMC, MOX 1, and Fitbit devices in our
study, it is plausible that these issues have since been addressed
and resolved, underscoring the potential advancements made
by these companies in their software and device functionalities.
Our study highlights the importance of considering broader
factors, such as data accessibility and device functionality, when
evaluating the feasibility of wearable technology for
hospital-based cohort studies.

Studies have suggested the lack of physical activity and
immobilization during hospitalization may be more related to
aspects of hospital care rather than to the patient’s diagnosis
[1,31]. While performance-based mobility tests can predict
functional decline and hospital discharge, they are not commonly
integrated into hospital measures [32-34]. Conducting a gait
speed test, for example, is time-consuming and might not be
feasible on a day-to-day basis in the hospital setting. Therefore,

the use of wearable technology could be an attractive option,
requiring minimal time investment for both patients and health
professionals. There is a substantial body of literature on the
utilization of wearables in hospitalized patients [16,28,34,35].
However, the research on patient feedback regarding their
experiences and perceptions of wearing the devices while
hospitalized is limited [17], which is crucial for optimizing their
use in health care settings. In addition, we were particularly
concerned about the potential interference of these devices with
patients’medical conditions. Prolonged sitting and fluid intake,
common in hospitalized patients, can lead to swelling,
particularly in the ankles and wrists. We observed instances of
wrist and ankle swelling in patients that resulted in the devices
being removed, underscoring the importance of considering
these issues when implementing wearable technology in hospital
settings. Furthermore, we also considered the possibility of the
devices interfering with medical equipment commonly used
during hospitalization, including colostomy bags, urinary
catheters, and wound dressings, as any disruption to these
essential devices could compromise patient care and safety. For
instance, in our first experiment, we applied an elastic band
with pockets to the patient’s waist, thigh, and ankle. We noticed
that the waistband was problematic because it would interfere
with heart sensor wires and colostomy bags. In addition, the
thigh elastic band would easily fall from the participant’s leg.
Thus, in the second experiment, we disregarded the waistband
and used an adhesive patch, which could also bring discomfort
due to skin itchiness, as observed in our study. Considering
these factors before launching a larger cohort is crucial and
might save time and effort for both patients and researchers.

Our findings highlight the importance of considering both
practical and contextual factors when selecting wear locations
for mobility monitoring in hospital settings. While the literature
supports the thigh for measuring postural behaviors and the
waist or ankle for step counts, these locations may not always
be feasible in clinical environments. Wrist-worn devices,
although convenient and widely accepted, presented challenges
such as patient discomfort due to swelling and skin irritation.
This study serves as a preliminary exploration of acceptable
and practical wear locations in a hospital setting, emphasizing
the need to balance feasibility with the specific mobility metrics
of interest.

It is well-established that sedentary behavior in hospitalized
older adults is associated with a heightened risk of
hospital-acquired disability (HAD) and functional decline
[28,29]. Therefore, accurately measuring sedentary behavior in
this population is essential for timely intervention and
management strategies within the hospital setting. Body posture
poses a challenge in accurate measurement, ideally requiring
the use of at least 2 devices. For instance, thigh-worn devices
have been reported as optimal for placing accelerometers to
determine sedentary behavior (ie, lying and sitting). In this
regard, the thigh-worn inclinometer algorithm provided by
ActiGraph uses a movement threshold and thigh angular
orientation to distinguish lying and sitting from standing and
stepping [36]. Compared with other algorithms such as the
activPAL, the ActiGraph’s thigh angular parameter improves
the classification of sitting posture, even when the participant
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has their legs crossed or stretched, in both laboratory and
free-living conditions [22,37]. Waist-worn devices are effective
for differentiating lying from sitting but not from sitting and
standing, while ankle-worn devices distinguish lying and
standing. In our study, we tested the ActiGraph on the waist,
thigh, and ankle, and in experiment 1, all wear locations
performed well for lying and standing but poorly for sitting.
We believe that the thigh elastic band likely changed position
when participants transitioned from lying to sitting, changing
the orientation of the ActiGraph, thus affecting the algorithms’
ability to detect sitting posture. In experiment 2, we incorporated
a wrist-worn device due to its user-friendly nature. To mitigate
the issue encountered in experiment 1 with the elastic band, we
adopted adhesive patches to secure the devices on the thigh and
ankle. The thigh device exhibited the highest performance across
various postures, followed by the ankle device, which showed
adequate accuracy in detecting lying and standing postures.
However, the wrist device, despite its ease of use, performed
poorly in detecting all body postures. Our findings are supported
by the literature [17,29], and we recommend using an
accelerometer on the thigh and ankle to capture more detailed
information on sedentary behavior.

Our investigation on step counts showed that the ankle is the
most accurate body position to capture this metric. This finding
aligns with previous research examining the validity of
ankle-worn ActiGraph devices in conjunction with the lower
frequency extension filter for step counting among hospitalized
older adults [16,38]. In their study, Webber and St John [38]
demonstrated that the ActiGraph positioned on the ankle was
comparable with direct observation (ICC=0.94, median absolute
error=2.5%) for monitoring step counts during the 10-meter
walk test in hospitalized older adults. In addition, Anderson et
al [16] reported that the ActiGraph positioned on the ankle
(mean difference=−0.85 steps, ICC=0.99) accurately records
step counts in hospitalized adults during free self-selected
walking. By leveraging the ankle and thigh as the placement
site for capturing mobility, researchers and health care
practitioners can enhance the accuracy of monitoring and
promote more effective interventions aimed at improving
mobility and overall health outcomes in hospitalized adults and
similar populations.

A potential limitation of this study is the bias introduced by
patients wearing multiple devices simultaneously in experiment
1. The discomfort or inconvenience of wearing several devices
may have influenced their feedback, as they were likely focused
on the overall experience rather than evaluating each device
individually. However, the primary goal of experiment 1 was
to assess the feasibility of using multiple devices in a hospital
setting, with a focus on understanding the practical and
real-world challenges of device wearability, data retrieval, and
integration in a clinical environment. While this may introduce
some bias in the acceptability results, it does not diminish the
value of these insights into how devices function together in
practice.

Building on these findings, our study has several strengths,
including identifying optimal devices and placement sites for
wearable data collection, as well as validation through
comparison with a gold-standard observer. However, it is
important to note that our free-living protocol in experiment 2
was limited to a 24-hour duration. Despite this constraint, we
were able to gather valuable insights, particularly regarding the
feasibility and integration of wearable technology in hospital
settings.

In conclusion, our study found that the ActiGraph wGT3X-BT
was the most feasible device for assessing and monitoring
mobility among older hospitalized patients. The ActiGraph’s
thigh-worn algorithm accurately detects sedentary behavior
under supervised conditions and, when paired with a device at
the ankle, provides detailed information on lying and sitting
postures. In addition, our findings indicate that step counts can
be accurately detected using the low-frequency extension with
devices on the ankle. Therefore, we recommend the use of two
devices, at the thigh and ankle, to accurately measure sedentary
behavior and step count among older people in a hospital setting.
Longer-term studies are warranted to evaluate the use of
wearable data for predicting health outcomes after
hospitalization and for informing clinical decision-making and
efforts to promote early mobility among older hospitalized
patients.
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Abstract

Background: Consumer wearable devices could, in theory, provide sufficient accelerometer data for measuring the 24-hour
sleep/wake risk factors for dementia that have been identified in prior research. To our knowledge, no prior study in older adults
has demonstrated the feasibility and acceptability of accessing sufficient consumer wearable accelerometer data to compute
24-hour sleep/wake rhythm measures.

Objective: We aimed to establish the feasibility of characterizing 24-hour sleep/wake rhythm measures using accelerometer
data gathered from the Apple Watch in older adults with and without mild cognitive impairment (MCI), and to examine correlations
of these sleep/wake rhythm measures with neuropsychological test performance.

Methods: Of the 40 adults enrolled (mean [SD] age 67.2 [8.4] years; 72.5% female), 19 had MCI and 21 had no cognitive
disorder (NCD). Participants were provided devices, oriented to the study software (myRhythmWatch or myRW), and asked to
use the system for a week. The primary feasibility outcome was whether participants collected enough data to assess 24-hour
sleep/wake rhythm measures (ie, ≥3 valid continuous days). We extracted standard nonparametric and extended-cosine based
sleep/wake rhythm metrics. Neuropsychological tests gauged immediate and delayed memory (Hopkins Verbal Learning Test)
as well as processing speed and set-shifting (Oral Trails Parts A and B).

Results: All participants meet the primary feasibility outcome of providing sufficient data (≥3 valid days) for sleep/wake rhythm
measures. The mean (SD) recording length was somewhat shorter in the MCI group at 6.6 (1.2) days compared with the NCD
group at 7.2 (0.6) days. Later activity onset times were associated with worse delayed memory performance (β=−.28). More
fragmented rhythms were associated with worse processing speed (β=.40).

Conclusions: Using the Apple Watch-based myRW system to gather raw accelerometer data is feasible in older adults with
and without MCI. Sleep/wake rhythms variables generated from this system correlated with cognitive function, suggesting future
studies can use this approach to evaluate novel, scalable, risk factor characterization and targeted therapy approaches.

(JMIR Aging 2025;8:e67294)   doi:10.2196/67294

KEYWORDS

sleep; sleep/wake; circadian; activity pattern; dementia; cognition; mobile sensing; actigraphy; accelerometer

Introduction

Twenty-four-hour sleep/wake characteristics, which are
objectively measurable using accelerometer-containing devices,
are related to both dementia biomarkers and dementia risk. Prior
studies have shown that sleep/wake rhythm disruption, including
fragmentation of 24-hour sleep/wake rhythms, temporally

precedes the incidence of mild cognitive impairment (MCI) and
dementia [1,2]. Even among adults with normal cognition,
rhythm fragmentation correlates with greater brain amyloid
deposition [3,4]. Over time, 24-hour rhythm fragmentation has
been associated with increased risk and faster rates of cognitive
decline in people with MCI and mild-to-moderate dementia
[1,5] .
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The above-mentioned studies linking sleep/wake rhythm
disruption with cognitive impairment and neurodegenerative
processes in aging raise the potential that accelerometer-based
sleep/wake monitoring may have useful clinical applications.
For example, wearable accelerometers could potentially be used
to identify individuals who have established sleep/wake risk
factors for dementia, assign targeted interventions, and track
sleep/wake patterns throughout clinical trials. Compared with
researcher-focused accelerometer devices, consumer wearables
(which also contain triaxial accelerometers) could yield more
widely scalable, and clinician and user-friendly, systems for
developing and testing potential applications. Our prior pilot
study demonstrated that it is possible to collect 24-hour
accelerometer data from the Apple Watch and generate standard
24-hour sleep/wake rhythm measures [6]. However, this prior
study was limited to a convenience sample of young adults.

Prior to studies evaluating the use of consumer wearable-based
sleep/wake monitoring for dementia risk stratification and
targeting prevention approaches, we sought to establish the
feasibility of using a consumer wearable device to assess
24-hour sleep/wake patterns in older adults (including those
with elevated dementia risk by virtue of having a diagnosis of
MCI). Our first aim was therefore to evaluate the feasibility of
using the Apple Watch and a software platform called
myRhythmWatch (myRW) to obtain 24-hour accelerometer
data assessing sleep/wake rhythms in older adults with and
without MCI. Second, we sought to validate that the sleep/wake
rhythm data collected from this system is relevant to cognition.
To do so, we evaluated if sleep/wake rhythm variables extracted
from this system correlated with cognitive function similar to
prior published studies that used researcher-focused
accelerometer devices.

Methods

Participants and Study Protocol
Participants were identified by referral from either local studies
that adjudicated MCI diagnoses or a local research recruitment
registry that is led by the University of Pittsburgh Clinical and
Translational Science Institute (Pitt+Me). The inclusion criteria
were (1) being 50 years of age or older; (2) passing the San
Diego Brief Assessment of Capacity to Consent [7] with scores
≥14.5; (3) have a score of >27 on the Telephone Interview for
Cognitive Status (TICS) [8]; (4) having a TICS score of either
≤34 (high-risk group) or ≥39 (no cognitive disorder or NCD);
and (5) have a prior adjudicated diagnosis of MCI (high-risk
group) or reporting no concerns regarding cognitive decline (ie,
NCD). The exclusion criteria included (1) self-reporting active
behavioral health treatments for insomnia or depression; (2)
self-reporting of performing the prescribed exercises; and (3)

self-reported use of sleep medications every night or nearly
every night. After explaining the study purpose and procedures,
we obtained verbal consent to screen interested individuals for
eligibility. Of 82 potentially eligible participants who completed
the verbal eligibility screening, 35 were ineligible, 6 refused,
and 41 were enrolled. One participant withdrew after enrollment,
resulting in an analytic sample of 40 individuals (19 high-risk
(ie, having a low TICS score and prior MCI diagnosis) and 21
low-risk (ie, having a high TICS score and no prior MCI
diagnosis), as shown in Figure S1 in Multimedia Appendix 1
(ie, a flow diagram illustrating how we arrived at our analytic
sample).

After completing web-based written informed consent forms,
participants completed baseline procedures and assessments via
Health Insurance Portability and Accountability Act
(HIPPA)-compliant video-conferencing. We sent participants
the following study devices: an Apple Watch 8, iPhone SE 2nd
generation with active data plans, and nonstock 40-Watt charger.
After the participants received the devices, we conducted an
additional study visit to instruct them on logging in and using
the myRW application. We specifically instructed participants
that about 20‐30 minutes of charging a day is sufficient, and
asked them to wear the watch whenever it was not charging for
a week.

Ethical Considerations
All study procedures were approved by the University of
Pittsburgh Institutional Review Board (identifier:
STUDY22080033). All the participants completed web-based
written informed consent forms

Study Application
The myRW software system, developed by the corresponding
author, extracts triaxial accelerometer data that are recorded at
50 hertz on the Apple Watch. After bandpass filtering, we
aggregate across axes and into 30-second counts, and transmit
data for storage and further computations on the Amazon Web
Services platform. To encourage data collection, we depict the
amount of data collected per day graphically by proportionally
filling and color coding a star (Figure 1). We explicitly told
participants that sufficient data were required to “get a star,”
that the goal was to get 7 stars in a row, and we also displayed
information on how many days in a row participants obtained
stars (to encourage data collection “streaks”). Participants
received reminders three times daily to check in to the
application. Other features, including personal data graphs and
sleep/wake metrics, were disabled for this study to prevent the
feedback from potentially altering the users’ behavior/typical
sleep/wake patterns.
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Figure 1. Illustrations of the graphic user interface (left) and the amount of accelerometer data collected in the sample (right). The difference in the
mean (SD) recording length between the no cognitive disorder (NCD; 7.2 [0.6]) and mild cognitive impairment (MCI; 6.6 [1.2]) groups is shown visually
in the density plot (P=.04).

Sleep/Wake Measures
Consistent with prior publications using researcher-focused
accelerometers [9-11], we required participants to have at least
3 valid continuous days of accelerometer data to consider the
recording adequate for processing. Valid days were defined,
consistent with National Sleep Research Resource data
processing standards [12], as those with no more than 4 hours
of nonwear time or any nonwear time during the main sleep
period. Invalid days and remaining data missing within days
were censored (not imputed). Although we applied this
aforementioned 20 hours per day criterion, to maximize data
collection, note that the app was programmed to reward
participants with a green star only if they collected at least 22
hours of data per day.

Following previously published technical definitions, we
calculated extended cosine-based [13] and nonparametric
[14-17] sleep/wake measures using the R package ‘RAR’ and
custom code. From the extended-cosine models, we extracted
measures of 24-hour robustness (pseudo-F statistic, indicating
how well the observed data fits the 24-hour curve); activity
onset time (up-mesor, the time which the modeled activity level
passes the middle modeled rhythm height prior to the peak);
and activity offset time (down-mesor or the time which the
modeled activity level passes the middle modeled rhythm height
prior to the nadir). From the nonparametric method, we
calculated the cross-daily stability (inter-daily stability,
measuring the consistency of circadian sleep/wake activity
rhythms across days); rhythm strength (relative amplitude,
measuring the standardized peak-trough difference of 24-hour
activity rhythms); and sleep/wake rhythm fragmentation

(intradaily variability or IV, measuring the frequency and extent
of transitions in activity levels). Although sleep/wake rhythm
fragmentation is typically measured using differences in activity
levels every hour, it can also be computed on a range of
timescales [16,17]. For all nonparametric metrics, we used
all-time series data and did not subsample to hourly activity
levels, as described previously [14]. To explore the relevance
of fragmentation timescale, we computed IV values using
numerator timescales ranging from 5 to 60 minutes, but holding
the denominator constant as done previously [16].

Neuropsychological Measures
Cognitive performance was measured using the Hopkins Verbal
Learning Test (HVLT; PAR, Lutz, FL) and the Oral Trail
Making Test (O-TMT).

The HVLT is a verbal list learning measure with three trials of
12 words from multiple representative semantic categories, and
includes delayed recall and delayed recognition memory
components [18,19]. For the delayed recall, participants were
asked to repeat as many terms as they could recall from the
word listed presented to them thrice, 30 minutes earlier. For
delayed memory recognition, participants were asked to
recognize those same terms appearing on a broader list
containing semantically related terms, ie, “horse” must be
differentiated from “dog,” which was not part of the original
term set. The HVLT assessed encoding, storage, and retrieval
of noncontextual verbal information.

Processing speed was measured as the time taken on Part A of
the O-TMT, which requires the subject to verbally count
upwards from 1 to 25 as quickly as they are able [20].
Set-shifting, an aspect of cognitive function, was measured as
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the time taken using Part B of the O-TMT, which requires the
subject to alternate between listing numbers and letters in
sequence (“1, A, 2, B,” etc). Note that longer times on both
parts of the O-TMT indicates worse performance [21].

Statistical Analyses
To compare recording lengths between the MCI and NCD
groups, we used an independent sample t test and density plots
illustrating recording length distributions by groups. To examine
relationships of sleep/wake rhythm measures with cognitive
function, we first adjusted for key confounders by taking the
residuals from linear regression models (one for each cognitive
outcome variable) that had the confounders age, sex, education
(college degree vs less than college degree), and accelerometer
recording length as predictor variables. We used the residualized
values as age, sex, education, and recording length-adjusted

cognitive outcome variables in a series of linear regressions
(one per sleep/wake predictor variable). Since there were many
conceptually similar or highly inter-correlated intradaily
variability metrics, for related analyses, we only report
Benjamini-Hochberg corrected false discovery rates (which are
here referred to as q values instead of P values) [22] to account
for the 12 statistical tests relating intradaily variability metrics
within each cognitive outcome.

Results

Sample Characteristics
The sample included older adults, with a mean (SD) age of 67.2
(8.4) years; the majority of the participants were females with
college degrees (Table 1).

Table . Sample characteristics.

ValueCharacteristics

67.2 (8.4)Age, years, mean (SD)

29 (72.5)Female sex, n (%)

29 (72.5)College degree or greater, n (%)

19 (47.5)Prior diagnosis of MCIa, n (%)

6.9 (0.9)Accelerometer recording length, days, mean (SD)

26.7 (5.2)Immediate memory, mean (SD)

8.7 (2.8)Delayed memory, mean (SD)

10.3 (2.8)Processing speed, seconds, mean (SD)

40.1 (31.6)Set shifting executive function, seconds, mean (SD)

aMCI: mild cognitive impairment

Accelerometer Recording Lengths in People With and
Without a Diagnosis of MCI
In both the groups, all participants achieved the minimum data
requirement for computing 24-hour sleep/wake rhythm
assessments. There was, however, a statistically significant
difference in the mean (SD) recording lengths of about a half a
day when comparing the NCD (7.2 [0.6] days) and MCI groups
(6.6 [1.2] days), with the Satterthwaite test assuming unequal
group variances (df 25.033; t value −2.15; P=.04). This
difference was due to 3 individuals in the MCI group who
collected 3‐6 days of data each (Figure 1).

Associations of Sleep/Wake Characteristics With
Cognitive Performance
As shown in Table 2, there were small effect size associations
of later activity onset time with lower delayed memory

performance (β=−.28, 95% CI −0.55 to ‐0.02; t=−2.17, df=38,
P=.04) and more stable rhythms with better processing speed
and performance (β=−0.27, 95% CI: −0.54 to 0.00; t=−2.00,
df=38, P=.05). None of the other sleep/wake measures listed in
Table 2 were associated with the cognitive outcomes. Regarding
sleep/wake rhythm fragmentation, greater fragmentation levels
in the 40‐60-minute timeframe was significantly associated
with worse processing speed and performance (Table 3; β point
estimate range: 0.36, 0.40; q=.022). When repeating analyses
in the subgroup with at least 6 days of data, results were not
substantively altered (n=37; see Tables S1 and S2 in Multimedia
Appendix 1).

To illustrate the accelerometer data collected in this study and
visualize 24-hour sleep/wake fragmentation, Figure 2 shows
data from example participants with lower and higher degrees
of 24-hour sleep/wake rhythm fragmentation.
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Table . Associations between 24-hour sleep/wake rhythm variables and cognitive performance.

Set shifting executive functionbPsychomotor speed/attentionbDelayed memoryaImmediate memoryaVariable

P valueβ (95% CI)P valueβ (95% CI)P valueβ (95% CI)P valueβ (95% CI)

.22−.18 (−.48 to
.11)

.53−.09 (−.38 to
.20)

.22.17 (−.11 to
0.44)

.67.06 (−.22 to
.34)

24 h robust-
ness

.45−.11 (−.42 to
.19)

.05−.27 (−.54 to
.00)

.34.13 (−.14 to
.41)

.44.11 (−.17 to
.39)

Cross-daily
stability

.43−.12 (−.42 to
.18)

.76−.04 (−.33 to
.24)

.75.04 (−.23 to
.32)

.59.08 (−.21 to
.36)

Rhythm
strength

.46−.11 (−.41 to
.19)

.76.04 (−.24 to
.33)

.04−.28 (−.55 to
‐.02)

.36−.13 (−.41 to
.15)

Activity onset
time

.26.17 (−.13 to
.47)

.40−.12 (−.41 to
.16)

.60−.07 (−.35 to
.21)

.81−.03 (−.32 to
.25)

Activity offset
time

aHigher scores on the memory tests indicates better performance (as the outcome is number of items recalled)
bFor psychomotor speed/attention and set-shifting, higher scores indicate worse performance (as the outcome is the duration of time to complete Oral
Trails A and B, respectively)

Table . Associations between 24-hour sleep/wake rhythm fragmentation on various timescales with cognitive performance.

Set shifting executive functionbPsychomotor speed/attentionbDelayed memoryaImmediate memoryaTime scale

q valueβ (95% CI)q valueβ (95% CI)q valueβ (95% CI)q valueβ (95% CI)

0.092.28 (−.01 to
.58)

0.314.14 (−.14 to
.43)

0.938−.01 (−.29 to
.27)

0.938-.10 (−.38 to
.18)

5 minutes

0.102.26 (−.03 to
.55)

0.314.14 (−.14 to
.43)

0.938−.02 (−.3 to
.26)

0.938−.10 (−.38 to
.18)

10 minutes

0.092.30 (.02 to .59)0.298.16 (−.12 to
.45)

0.841−.05 (−.33 to
.23)

0.841−.10 (−.39 to
.18)

15 minutes

0.092.34 (.06 to .62)0.203.21 (−.07 to
.49)

0.628−.11 (−.38 to
.17)

0.628−.12 (−.41 to
.16)

20 minutes

0.092.34 (.06 to .63)0.203.20 (−.08 to
.48)

0.628-.10 (-.38 to
.18)

0.628−.11 (−.40 to
.17)

25 minutes

0.092.32 (.03 to .61)0.177.23 (−.05 to
.51)

0.628−.11 (−.39 to
.16)

0.628−.11 (−.39 to
.17)

30 minutes

0.093.28 (−.01 to
.57)

0.085.28 (.01 to .55)0.628−.13 (−.41 to
.14)

0.628−.09 (−.37 to
.19)

35 minutes

0.092.32 (.03 to .60)0.022.37 (.10 to .63)0.628−.15 (−.42 to
.13)

0.628−.08 (−.36 to
.20)

40 minutes

0.092.29 (.00 to .58)0.022.37 (.11 to .63)0.628−.16 (−.44 to
.11)

0.628-.09 (-.38 to
.19)

45 minutes

0.118.25 (−.05 to
.54)

0.022.40 (.14 to .65)0.628−.18 (−.45 to
.09)

0.628−.11 (−.39 to
.17)

50 minutes

0.254.17 (−.13 to
.47)

0.022.36 (.09 to .62)0.628−.18 (−.45 to
.1)

0.628−.08 (−.36 to
.21)

55 minutes

0.250.18 (−.12 to
.48)

0.022.36 (.09 to .62)0.628−.23 (−.50 to
.04)

0.628−.12 (−.40 to
.16)

60 minutes

aHigher scores on the memory tests indicates better performance (as the outcome is number of items recalled).
bFor psychomotor speed/attention and set-shifting, higher scores indicate worse performance (as the outcome is duration of time to complete Oral Trails
A and B, respectively).
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Figure 2. Accelerometer data from two participants. Top: The participant was in the low risk (no cognitive disease) group and had relatively lower
sleep/wake rhythm fragmentation. Bottom: The participant is from the high-risk (mild cognitive impairment) group and had relatively higher sleep/wake
rhythm fragmentation.

Discussion

These results demonstrate that it is feasible to collect raw
accelerometer data and characterize 24-hour sleep/wake rhythms
in older adults with and without MCI using the Apple Watch
and myRW system. Each individual in our sample met the
minimum data requirement to derive sleep/wake rhythms
measures. Notably, however, several individuals in the MCI
group generated shorter recordings. Thus, while supporting the
feasibility of using the Apple Watch and myRW system to assess
sleep/wake rhythms in people with MCI who are at risk for
dementia, our findings also suggest that some individuals with
MCI may require additional support (eg, additional human
support or programmed reminders) and data imputation [23] to
monitor sleep/wake rhythms over longer periods with this
system.

With regard to our second aim, we found that sleep/wake rhythm
variables extracted from the Apple Watch accelerometer data
were correlated with cognitive function. We found
small-to-medium effect size correlations between sleep/wake
measures and cognitive performance. Specifically, we found
that later activity onset times were related to worse delayed
memory performances. In addition, less stable and more
fragmented rhythms were correlated with worse processing
speed. Detecting these signs of disrupted sleep/wake rhythms
early on could help target prevention strategies, given prior
research demonstrating that sleep/wake rhythm fragmentation
[1], worse memory [24,25], and slower processing speeds [26]
are all associated with the risk of developing dementia.

The study had several limitations. This was a cross-sectional
observational study limited to accelerometer and
neuropsychological measures, so there is no way to determine

causality or the mechanisms underlying associations between
the variables examined. The sample size was relatively small;
therefore, there is a risk of false negative associations and effect
size estimates (relating sleep/wake measures with cognition)
that should be deemed less reliable than those from large
epidemiologic studies. We failed to detect some associations
that were expected based on prior literature examining dementia
risk (eg, previous findings linking low rhythm strength with
dementia risk [27]). Larger studies examining the relationships
between these sleep/wake factors and specific domains of
cognitive function, earlier in the disease processes, will be
needed to verify our findings. We made efforts to minimize
data loss as described above, but did not use data imputation,
which could be applied in future studies. Additionally, given
the small sample, future studies will be required to confirm
results of using this system in samples that are more broadly
representative, eg, samples including more ethnically diverse
population subgroups. Finally, we note that determining the
mechanism underlying these relationships between sleep/wake
rhythm disruption, cognition, and dementia risk is outside the
scope of this work. Recent literature has notably suggested that
sleep/wake rhythm fragmentation relates to neurodegeneration
of the locus coeruleus [28], which could hasten dementia
pathology and cognitive decline [29,30].

In summary, we have demonstrated that it is feasible to use the
Apple Watch and myRW system to gather accelerometer data
and characterize sleep/wake risk factors for dementia in older
adults including adults with MCI. A strength of this study is the
use of the Apple Watch, which is already voluntarily being used
by millions of people, as it may provide increased scalability
for applications of sleep/wake risk factor monitoring into the
general public and general practice settings. One implication
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of this research is that it is feasible for future research to be
conducted for evaluating if monitoring sleep/wake disruption
using consumer wearable-based systems improves upon existing
dementia risk factor detection and management approaches.

Future studies will also be needed to examine if tailoring
interventions using information on sleep/wake patterns derived
from this system improves outcomes among older adults who
are at risk for dementia.
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Abstract

Background: Australia’s aging population is looking to age in place, accessing care alternatives external to the traditional model
of residential aged care facilities. This evaluation is situated in a Social Day Program, delivered by an aged care organization. It
is designed to cater for people living with dementia, located in an environment equipped with new technologies including
age-specific interactive computer gaming, social robots, sensory stimulation, and virtual reality. The technologies are designed
to support older adults, enabling them to stay connected and maintain physical and cognitive functioning, independence, and
quality of life.

Objective: This project aimed to undertake a multifaceted evaluation of the implementation of the new technologies, including
an exploration of the barriers and enablers to uptake. The key issue is how to enhance the potential for optimizing the use of these
technologies in the Social Day Program environment, to help inform decision-making regarding the implementation of these
technologies at the organization’s other sites, and future investment in such technologies by aged care organizations generally.

Methods: Observation of technology use within the organization was conducted over a 16-week period. Surveys and semistructured
interviews were used to collect information from staff related to their experiences with the technology. Thematic analysis was
used to analyze the interviews. Data were triangulated across the sample.

Results: Forty-eight observation periods were completed, totaling 126.5 observation hours. Technology use by clients was
observed on 24 occasions, for 22 (17.4% of the observation time) hours. Nineteen staff completed surveys. Nearly three-quarters
(n=14) of the staff perceived there to be barriers to the clients’ use of technology, and 18 (95%) staff reported that they assisted
clients to use the technology. Ten (53%) staff reported receiving training to use the technology and feeling confident in their
knowledge of the technology to assist clients in using it. Twelve staff members participated in an interview. Key themes identified
from the interview data were: technology has potential but is not for everyone, incorporating the subtheme technology as a
placation tool, staff knowledge and confidence, and technology functionality and support.

Conclusions: This evaluation identified that technology was not being used for the purposes of enrichment or experience
enhancement, nor extensively. Multiple barriers to the implementation and sustained use of the technology items were identified.
Recommendations to improve implementation and promote sustained use of technology, based on the findings of this evaluation
and evidence from the literature, may apply to other organizations seeking to implement these technologies in similar programs.

(JMIR Aging 2025;8:e60297)   doi:10.2196/60297

KEYWORDS

aged care; older adults; interactive robots; social engagement; evaluation; geriatric; robot; day program; perception

Introduction

Background
With a shift to consumer-directed care, and Australia’s aging
population looking to age in place and access a range of
supported care alternatives outside the traditional model of
residential aged care facilities, there are a lot of new offerings
for consumers. Often funded through the Australian
government–supported Aged Care Community Packages, these

offerings can include in-home care and home support services
or colocated aging-specific services in centralized hubs. Services
include Dietetics, Allied Health Group Programs, Exercise
Physiology, Gym and Physical Activity, Massage, Music
Therapy, Occupational Therapy, Physiotherapy, Podiatry,
Speech Pathology, Gerontology, and Social Day Programs.

ECH Inc (hereinafter referred to as the organization) is a South
Australian retirement living and in-home care services provider
established in 1964 and based in the state of South Australia.
The “profit for purpose” organization’s mission is “helping
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people to live confidently and independently, and to get more
out of life” [1]. This project was situated in one of the
organization’s Social Day Programs, which occur at 4 centers
across metropolitan South Australia. The Social Day Program
involved in this evaluation is situated within a proof-of-concept
Care Hotel that was purpose-designed to provide care givers
respite options with 8 short-stay suites for people living with
dementia or who may be recovering from surgery. These Social
Day Programs, provided on weekdays between 9 AM and 3
PM, are designed to cater for community-dwelling people living
with dementia or memory loss and are located in environments
where the clients have space to engage socially with others or
have supported, quiet alone time. Clients can be dropped off at
and picked up from the Social Day Program by family members
or transported to and from the Social Day Program by a bus
provided by the organization. Program staff are trained to ensure
that each client’s interests and abilities are met, with the
provision of activities that are enjoyable and meaningful.
Participation in the Social Day Program is also available to Care
Hotel guests, as is access to the space outside the Social Day
Program hours (evenings and weekends). This space is equipped
with new technologies that are designed to support older adults
as they age, enabling them to stay connected and maintain
physical and cognitive functioning, independence, and quality
of life [2-5]. These technologies are varied and includes an
age-specific interactive computer gaming console, “Obie” that
projects interactive games onto a surface (table or floor) to
encourage active play; a relaxation chair in a sensory stimulation
room; virtual reality (VR) headsets (the Odysee system, with
virtual experiences including travel, museums, and hot air
ballooning); white noise bubble tubes (tubes with color changing
lights, filled with bubbles, that are intended to provide visual
distraction and calm); 2 robotic dolls; and a robotic sensory cat.

Systematic reviews support the effectiveness of these
technologies, with interactive computer gaming improving
physical and psychological functioning [6]; interactions with
social robots positively affecting agitation, anxiety and
loneliness, medication consumption, and quality of life [5]; and
VR technology improving physical health outcomes [7] and
cognition, memory, and depression [8] for older adults. The
implementation of such technologies in the aged care
environment is not without its challenges. Other studies have
identified organizational factors, such as funding and staff
engagement or knowledge, client-specific issues such as frailty,
dementia, or limited prior exposure to technology, inappropriate
or unsuitable technologies, or resistance from family members
[9]. Similar barriers were identified in a systematic review of
VR technology, with the addition of the potential for
cybersickness during use also perceived to be a barrier [10].
Research focused on social and assistive robots has identified
concerns around the potential for infantilization or loss of dignity
for older adults who use them [11]. The items chosen by the
organization were selected due to the evidence supporting their
effectiveness and with the intention of supporting engagement
and enrichment for their clients. Providing a variety of
technologies, rather than a single type of technology, was
intended to broaden the appeal of technology to clients.

This Study
The organization requested an extensive review of the use of
these technologies in this unique setting. This research aimed
to undertake a multifaceted evaluation of the implementation
of technologies at the Social Day Program, including an
exploration of the barriers and enablers to the use of technology
within the Social Day Program. The key issue, and the focus of
this paper, is identifying how to enhance the potential for
optimizing the use of these technologies at the organization,
making recommendations to help inform decision-making
regarding the implementation of these technologies at other
sites, and future investment in new technologies for the
organization’s clients.

The evaluation was intended to answer the following research
questions:

1. What is the utility of these technologies?
2. What are the barriers and enablers to the uptake of these

technologies?
3. What is the impact (physical, psychosocial, and quality of

life) of technology use experienced by the clients, as
perceived by the staff?

Methods

Study Design
Observation of technology use within the Social Day Program
was conducted over 16 weeks by a research assistant (RA), with
periodic support from undergraduate physiotherapy students
completing a health promotion placement with the evaluation
team. Surveys and semistructured interviews were used to collect
information from staff related to their experiences with the
technology. Data were triangulated across the sample, with
observation, survey, and interview data integrated and compared
to establish alignment and contrast among the findings of each
method.

Participants
Participants were staff working in the organization’s Care Hotel
or Social Day Program. Staff provided written informed consent
to participate in the evaluation. For the observation component,
participants included clients of the Social Day Program and
clients of the Care Hotel who were accessing the Social Day
Care space.

Observation of Technology Use
Observation of the use of technology by staff, Social Day
Program clients, and Care Hotel guests using the Social Day
Program space was undertaken between July and November
2022. Observation periods of 4 hours each, either morning and
overlapping early afternoon or late morning until the end of the
day, occurred during the Social Day Program sessions across
the week, but also after hours and on weekends to ensure capture
of use of technology outside of typical program activity periods.
An observation checklist was used to capture data related to
technology-user type (ie, client, family member or carer, staff,
or other), technology item, duration of use, concurrent use of
an item by multiple participants, support or assistance provided,
emotional impacts, communication, physical impacts, and other
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notable information. This checklist was developed by the
evaluation project team in consultation with the Stakeholder
Advisory Group and piloted by the RA and placement student
observers, with checklist items modified as required throughout
piloting.

Surveys
Consenting staff completed an anonymous electronic survey
(Qualtrics). Survey items were initially drafted by the evaluation
team and refined using a co-design approach in collaboration
with the Stakeholder Advisory Group. The Stakeholder Advisory
Group was comprised of members of the organization and
evaluation project team and a representative from each of the
3 stakeholder-participant groups (clients, family members or
carers, and staff of the Social Day Program) and was formed to
ensure consumer awareness and the suitability and feasibility
of evaluation methods. The staff survey was intended to identify
the perceived implications for staff involved in implementing
the technology and supporting clients to use the technology.

Survey questions collected information about participant
demographics, staff assistance with technology items, length
of time staff assisted clients with the technology, and most- and
least-assisted technology items. Perception of impact were
collected across 6 domains relative to each of the items of
technology: social engagement, cognitive awareness,
communication, mood state, activities of daily living, and
physical mobility. Responses were on a 4-point Likert scale,
with responses being: don‘t know, no improvement, some
improvement, and a lot of improvement. Additionally, there
were questions relating to whether staff perceived that clients
disliked any technology items; barriers to clients using the
technology; staff training; staff confidence when supporting
clients; and barriers to staff supporting clients with the
technology items.

Interviews
Semistructured, once-off, one-on-one interviews were conducted
by 1 of 2 University of South Australia RAs, with consenting
staff. Interview questions were initially drafted by members of
the evaluation project team and refined and co-designed in
collaboration with the Stakeholder Advisory Group (Multimedia
Appendix 1). Interviews were conducted either in person at the
Social Day Program or over the phone. All interviews were
recorded and then transcribed verbatim.

Data Analysis
Observation and survey data are reported as counts or counts
and percentage responses as relevant. Content analysis of
open-ended survey questions was intended; however, an
insufficient number of responses was provided, and a descriptive
approach to reporting the responses was instead used. Reflexive
Thematic Analysis [12,13] was used to analyze interview data,
which were coded independently by a member of the evaluation
team. Semantic codes and candidate themes were reviewed and
discussed among the team across multiple iterations before the
final themes were decided. We applied a constructionist
epistemology, with an experiential lens on the data, with the
intention of highlighting the experiences and perspectives of
staff related to the use of technology in the Social Day Program

environment. While our approach was predominantly inductive,
in that we sought to represent the meaning of the information
as it was communicated by the staff, elements of a deductive
approach were applied to ensure that the established themes
aligned with the research questions, for example, what the staff
perceived to be barriers to and enablers of technology use in
this setting.

Ethical Considerations
This evaluation research was approved by University of South
Australia’s Human Research Ethics Committee (204457). A
waiver of consent was approved for the purpose of observing
technology use in the Social Day Program. This was on the
proviso that before commencing each observation period, staff
and the evaluation project team announced to clients during
Circle Time—an activity during which information is relayed
to clients and their family members—that an observation period
was about to begin. This enabled clients to leave the room if
they did not wish to participate in this part of the evaluation
project. Participants remained anonymous, in that information
that might identify them was not recorded per their use of
technology, and they were not asked to modify their behavior
for the evaluation. Participants provided written informed
consent for use of their survey data. Written informed consent
was also provided by interview participants. Each interview
participant received an honorarium (AUS $30 gift card; US
$19.43) to acknowledge their contribution to the project. Data
are anonymized and no information is provided that would
identify participants.

Results

Participants
Thirty-one staff were approached to participate in the evaluation
project; 19 based in the Care Hotel, and 12 staff based in the
Social Day Program. Nineteen (61.3%) staff completed surveys
(9 Care Hotel and 10 Social Day Program). Ten (32.3%) of the
31 staff approached (3 Care Hotel and 7 Social Day Program)
provided written informed consent to participate in the
interview; all 10 interviews were completed.

Observation of Technology Use
Forty-eight observation periods were completed, totaling 126.5
observation hours. Technology use by clients was observed on
24 occasions, for 22 (17.4% of the observation time) hours. The
relaxation chair and the robotic cat were the most frequently
used technology items. The relaxation chair was used 7 times
for a total of 9 hours and 36 minutes, and the robotic cat was
used 7 times for a total of 3 hours and 14 minutes. Conversely,
the Obie interactive games table and VR headsets were the least
frequently used technology items (once for 64 min and once
for 39 min, respectively). When technology was used, clients
were mostly observed socially engaging and communicating
with staff and other clients, with some clients also observed
speaking to the robotic cat and dolls.

Surveys
Of the 19 staff members who consented and responded to the
staff survey, 10 (53%) worked in the Social Day Program and
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9 (47%) were Care Hotel staff. Ninety-five percent (n=18) of
staff reported that they helped or supported clients in using the
technology items. Social Day Program staff assisted clients
more than Care Hotel staff across all technology items except
for the relaxation chair. Furthermore, all 9 Social Day Program
staff indicated they assisted clients with the Obie interactive
games table and robotic cat. Seventeen of the nineteen (89%)
staff members nominated the VR headsets as the technology
item they engaged with the least. Staff reported that on average,

clients engaged with the technology items from 10-minutes to
more than 60-minutes. This finding is reflected in the
observation data, with the average time clients spent using
technology items ranging from 32-minutes to 96-minutes.

Improvements in social engagement, cognitive awareness,
communication, mood state, activities of daily living, and
physical mobility were seen to some extent across each of the
technologies, although not for all items (Table 1).
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Table . Perceived improvements associated with technology use.

Some or a lot of improve-
ment, n (%)

No improvement, n (%)Don’t know, n (%)Technology item and domain

Obie ICGa table

15 (79)3 (16)1 (5)Social engagement

12 (64)4 (21)3 (16)Cognitive awareness

16 (84)2 (11)1 (5)Communication

18 (95)0 (0)1 (5)Mood state

8 (42)9 (47)2 (11)Activities of daily living

11 (58)8 (42)0 (0)Physical mobility

VRb headsets

5 (26)4 (21)10 (53)Social engagement

2 (11)5 (26)12 (63)Cognitive awareness

3 (16)4 (21)12 (63)Communication

5 (26)4 (21)10 (53)Mood state

1 (5)7 (37)11 (58)Activities of daily living

1 (5)6 (32)12 (63)Physical mobility

Robotic cats

16 (84)1 (5)2 (11)Social engagement

12 (63)5 (26)2 (11)Cognitive awareness

15 (79)2 (11)2 (11)Communication

17 (90)0 (0)2 (11)Mood state

5 (26)11 (58)3 (16)Activities of daily living

8 (42)8 (42)3 (16)Physical mobility

Robotic dolls

17 (90)1 (5)1 (5)Social engagement

14 (74)4 (21)1 (5)Cognitive awareness

15 (79)1 (5)3 (16)Communication

17 (89)0 (0)2 (11)Mood state

6 (32)8 (42)5 (26)Activities of daily living

9 (47)6 (32)4 (21)Physical mobility

Relaxation chair

10 (52)7 (37)2 (11)Social engagement

10 (53)5 (26)4 (21)Cognitive awareness

11 (58)5 (26)3 (16)Communication

18 (95)0 (0)1 (5)Mood state

10 (53)6 (32)3 (16)Activities of daily living

11 (58)6 (32)2 (11)Physical mobility

aICG: interactive computer gaming.
bVR: virtual reality.

Nearly three-quarters (n=14) of the responding staff perceived
there to be barriers to the clients’ use of technology, with equal
numbers responding “yes” when compared by staff type. Ten
(53%) of the responding staff had received training. Ten (53%)
staff indicated they felt confident when assisting clients to use

the technology; however, ten (53%) staff also felt that barriers
existed that inhibited them from assisting the clients to use the
technology (5 each from the Social Day Program and Care
Hotel).
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Key concepts raised by staff in their responses to the open-ended
questions about their perceptions of technology use within the
Social Day Program related to why clients may dislike
technology, the barriers to technology use by clients, factors
related to staff confidence in supporting clients to use
technology, and the barriers to staff supporting clients to use
technology.

Staff perceived that clients may dislike the technology because
they have health or cognition issues that limit their ability to
engage with technology; due to negative perceptions or
stigmatization by other clients of people who use the robotic
doll or cat; that clients have no interest in technology or use of
technology; and that clients did not like particular items, finding
them to be noisy or creepy (ie, the robotic doll). These aspects
were also considered to be barriers to clients’use of technology,
with the addition of staff knowledge and confidence in the use
of technology, and the time impact on staff to assist clients in
using the technology.

Interviews
Interviews were conducted with 12 staff members to assess the
use of technology within the Social Day Program, and the
enablers of and barriers to technology use. Interviews ranged
between 18 and 44 minutes. The three themes developed during
the analysis of the interview data: (1) technology has potential
but is not for everyone, with the subtheme technology as a
placation tool; (2) staff knowledge and confidence in using
technology; and (3) technology functionality and support, are
based on our interpretation of how staff experienced technology
use in the Social Day Program and the factors that are likely to
be enablers or barriers that influence the adoption of technology
and sustainability of technology use in this environment. These
themes address the research questions that form the basis for
the evaluation. Quotes from participants are used as illustrative
examples of the themes established.

Technology Has Potential but it Is not for Everyone
This theme reflects the value and appropriateness that the staff
perceive in technology use for their clients, assuming who might
be likely to benefit from technology use and, conversely, for
whom technology is not for. This theme incorporates the safety
and personal considerations that were voiced as being needed
when using technology. There were conflicting perspectives
related to the use of technology within the Social Day Program.
The potential benefits of the technology were raised often,
including increased social engagement through the use of
interactive games or being able to placate agitated clients with
the robotic cat or time in the relaxation chair (a subtheme).
While there was some concern about the cognitive benefits of
the technologies, that the clients had to sit for prolonged periods
to use some of them and therefore were being sedentary just as
they would be at home (staff 14), and that some items had the
potential to cause “sensory overload” (staff 2), others thought
that the technology promoted social interaction, could “enrich
the time clients spent at the Social Day Program” (staff 24), and
could benefit future clients, in particular those who were
tech-savvy. For one staff member, their initial perception that
technology would “not be a great idea” (staff 1) changed
positively when they saw the impact of technology use for some

clients, for example, the connections made with the robotic cat.
Similar observations of such connections are reflected by the
following comment from a staff member.

I wasn’t sure about the babies and the cat. I thought
maybe that was a bit babyish...It’s funny to watch
how they [clients] perceive that and how quick they
are to defend the cat, whereas sometimes you
wouldn’t even get a couple of words out of them, but
they’ve got to make sure the cat is okay. [Staff 7]

Generational factors, in that the client demographic needed
assistance as they were not tech-savvy, or not familiar with, or
not interested in technology, situated some clients in the
“technology is not for everyone” group, in the eyes of the staff.
These factors were often raised as a possible barrier to greater
use of the technology in the Social Day Program. Future
generations were viewed to be more likely to be receptive to
technology, as evidenced by the following comments:

I think it’s a double-edged sword and it has the
potential to be brilliant, however unfortunately with
that particular generation, because they were not
particularly technologically minded or advanced,
they are somewhat overwhelmed by it perhaps. [Staff
6]

Look, we do have to help them most times just because
they are technologies and it’s not their era. Today’s
kids will be great in the future for these things, but
these people were not brought up with these
technologies. [Staff 4]

While there was acknowledgment of the potential benefits of
technology use, it was clear that staff were wary of the possible
downfalls associated with it, demonstrating concern around
physical and psychological safety for clients with frailty or
cognition issues, or for whom memories of past traumas were
triggered by using technology. Examples of this included clients
who had worked in child abuse situations and had experienced
miscarriages or the death of infants being exposed to the robotic
dolls.

Some clients are really not suitable for the dolls and
some aren’t suitable for the animals. It does depend,
because they’ve got either histories of – we’ve got
some clients that have worked in child abuse
situations. They’re not good with the dolls, because
it really upsets them. Knowing that background as
well...we do the assessments and we ask the questions.
But it’s good knowing those things. [Staff 4]

The juxtaposition between the potential benefit of technology
use and its appropriateness was evident in the commentary
around the use of the VR equipment. There was a common
thread that the VR equipment could be the most beneficial for
clients of all of the technologies introduced to the Social Day
Program, allowing clients to reminisce about places they may
have previously lived in or visited and activities previously
performed, such as flying planes. For others, the VR was a
source of concern; for example, clients with frailty issues may
be scared to use it due to a fear of falling, and those with
cognitive issues may be confused by what they are seeing.
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I think that the VR would definitely be useful for some
clients who may enjoy it, a lot of more cognitive ones
I think, because people who have low cognition may
get very frightened of some of the things they see.
[Staff 1]

Ensuring the safety of clients while they were using technology
by having measures in place to assess physical capacity to use
the VR, for example, or having background information that
enabled identification of potential trauma triggers to avoid
clients being exposed to them, was raised, with some staff
indicating processes were in place within the organization to
accommodate this.

We’ve got a safety test before we just chuck anybody
on it [VR], because some people do have the same
thing as me with the nausea and dizziness and stuff.
There is a possibility of falling down. [Staff 4]

Combined, not being tech-savvy, being averse to technology,
or perceived to be at risk of physical or psychological injury
due to technology use cemented the concept that technology is
not for everyone involved in the Social Day Program.

Technology as a Placation Tool
Incorporated within this theme is the subtheme of technology
as a placation tool. We initially wrestled with whether the use
of technology in this way was situated as a potential benefit of
technology use or a standalone theme; however, throughout the
data, the utility of technology as a method of placation for
clients, and therefore, it being perceived as a potential benefit,
was evident. It seemed that while this was not an intended
application of technology within the Social Day Program,
placating agitated clients with items such as the robotic cat or
time in the relaxation chair was rationalized by staff to lead to
enriched experiences for those clients, as well as other clients
in the program, whose experience was no longer being impinged
upon by an agitated client. As a by-product, the benefit was
extended to family members of the agitated clients who did not
have to pick clients up from the Social Day Program earlier
than intended, as described in the following comment:

It makes them extend their stay here in the day
program. Rather than having to be picked up at
lunchtime because their day is done and they’ve had
enough stimulation for the day, they can be in there
[the sensory room] for half an hour to an hour, come
back out and enjoy the rest of the day ‘til 3:30 [PM].
[Staff 4]

Knowledge and Confidence in Using Technology
This theme encapsulates concepts related to staff knowledge of
the capabilities of the various pieces of technology and how to
use them, as well as their confidence in assisting clients to use
the technology, as a key driver in the use of technology in the
Social Day Program. Further, these aspects are likely to
influence whether technology continues to be used in the
program. It was apparent across the data that training was
important to staff; however, most reported that they had received
little to no training in the use and maintenance of the technology.
Further, there were perceptions that some of the technology
required little training, such as the robotic doll and cat, whereas

other types of technology, such as the VR or Obie, required
more training of staff. This may have contributed to lower usage
of these technologies as evidenced through observation, survey,
and interview data, as may have confidence in using the
technology. Perceptions of the relationship between training
and confidence to use technology are contrasted. In some cases,
staff reported that more training in the use of the available
technology would increase their confidence to use the
technology, for example:

I would like more training and capacity. I can do
basic things, but I’m not confident using things...Yeah,
I think I don’t feel really confident with it. I’d like to
be. I’d like to learn to do it. [Staff 9]

Others felt confident to use the technology, irrespective of the
level of training they had received. It was suggested that
increasing confidence in the use of technology may increase
the enthusiasm staff have for technology use, and subsequently,
increase the regularity of technology use in the programs at the
organization and assist in better tailoring technology use to
individual clients.

Technology Functionality and Support
This theme reflects the importance of having available
technology that is functional, as well as accessible support for
staff in cases when the technology was not working. This would
seem obvious in any environment where technology such as
that implemented was being used; however, it was frequently
raised by interviewees that technical and maintenance issues
with the technology were common. These are clear barriers to
the use of technology in the Social Day Program and are likely
to influence the willingness of staff to use the technology or
assist clients to use it. An example of this related to the VR
technology, which staff reported had rarely been in working
condition since its introduction. While some staff reported
helping other staff to use the technology, obtaining higher-level
support to repair the equipment had proved problematic, as
illustrated by this comment from a staff member.

[If] I had a problem with something over the weekend
let’s say, I would have absolutely no idea who to call
to get that support and I don’t even think that the
support necessarily is available. Therefore, from that
perspective those clients would simply miss out until
someone was able to be contacted to fix it. It would
be a too bad, so sad kind of concept, which is not cool
really. [Staff 6]

Discussion

Principal Findings
This project aimed to undertake a multifaceted evaluation of
the implementation of technologies at a Social Day Program to
help inform decision-making regarding their implementation
at the organization’s other sites. The evaluation included (1)
observation of use, (2) surveys of staff members’ perceptions
of enablers and barriers to use of the technologies, and (3)
interviews with staff to further explore their experiences in use
of technology and enablers and barriers to implementation and
use of the technologies. The observation, staff survey, and
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interviews provide a rich dataset to enable the evaluation.
Observation over an extensive period identified limited use of
technology, further verified by the survey data, with potential
reasons for this, including barriers to and enablers of technology
use identified in survey data and thematic analysis of interview
data.

When technology was used it was predominantly used during
the Social Day Program and by Social Day Program clients
rather than after hours by the Care Hotel guests. One reason for
this may be that guests in the Care Hotel might be recuperating
from medical procedures, rather than solely attending for respite
purposes. As such, these guests may not be able to engage, nor
be interested in engaging, in technology use at this time.
Alternatively, the technology located in the guests’ Care Hotel
rooms, such as an interactive television and tablet, which were
not the focus of this evaluation, may have negated the need to
access the technology located in the Social Day Program. For
example, guests could relax and listen to music in their hotel
rooms, and therefore would not need to access the sensory room
and relaxation chair.

While items such as the robotic cat have been shown to be
popular, a large portion of the use appears to be as a means of
placating clients who were agitated or were disturbing other
clients. This is not to say that the potential benefits of technology
use at the organization were not recognized by some staff;
however, encouragement of use may not be aligned with the
original intention behind the implementation of the technology.
Staff highlighted occasions when the use of the robotic cat by
clients enhanced interaction between those clients, other clients,
and staff. While mixed findings have been reported concerning
the use of robotics in other aged care environments, some studies
have shown that robotic animals such as cats and dogs can be
conversation starters and contribute to enhanced engagement
for older adults and people living with dementia [14,15].

In other cases, staff spoke of the opportunity that the sensory
room provided for clients in being able to support an extended
period of attendance at the Social Day Program, and in their
eyes, held this as a potential benefit of technology use. Clients
who may normally need to be picked up early, as they found
the activities of the Social Day Program tiring or overwhelming,
could instead remove themselves from the activities and take
some time-out to relax in the sensory room. Being able to do
this meant that these clients could spend longer days at the
Social Day Program, rather than having to go home early. This
has flow on benefits for their family carers, who, as a result,
have a longer period on that day for respite. Research supports
a reduction in care-related stressors for the carer during respite,
and that the longer the respite duration, the greater the benefit
to the carer [16]. Each of these factors can be highlighted to
staff as potential benefits as a means of supporting
implementation and greater use of the technology.

Harnessing the staff members’own perceptions of the emotional,
social, cognitive, and physical benefits of technology use that
were identified through this evaluation may be one approach
to facilitating successful implementation. Observational, survey,
and interview data indicated that technologies were perceived
to positively impact the emotional state of clients. This was not

only the calming effect reported and that is acknowledged in
the literature [17], but also included observed happiness and
enjoyment, as well as the social engagement that occurred
among groups of Social Day Program clients as they used the
Obie and robotic cats, for example.

Safety—both physical and psychological—was a prominent
consideration for staff. Caution was raised about the risk of falls
with some of the technology, in particular VR. The use of VR
has been evaluated in other aged care environments and has
been shown to have both positive and negative impacts. While
it has the potential to engage and enrich the experience of the
organization’s clients by providing them access to activities,
experiences, and environments that may no longer be physically
accessible to them, VR may not be acceptable to, nor appropriate
for, all people living with dementia [18]. Raised in the survey
and interview data, these safety concerns extended to the
possibility of psychological trauma for clients exposed to
technology such as the robotic cats, categorizing them as part
of the “technology is not for everyone” group. Concerns were
raised about the stigma associated with people who use
technologies such as the robotic cat or doll, because they are
“not real.” “Infantilization” of older adults living with dementia
and their loss of dignity through the use of robotic toys, which
they perceive to be real, has been explored in other research
[17], and in some cases, it is the family members of the older
adult holding this perception [19]. Strategies suggested to
minimize this and maintain dignity when items such as robotic
toys are used to engage people include creating an obvious
environment of “play” [20].

Barriers to, and Enablers of, Technology Uptake and
Use
As evidenced through this evaluation, several factors act as
barriers to and enablers of technology use within the Social Day
Program. The key factors, reflected by the developed themes,
relate to staff training in, and knowledge of, technology
operation and features; technology functionality and the
availability of real-time technology support for staff; and
perceptions of a generational influence on technology use. All
of the barriers—and subsequently the enablers—to technology
use identified in this evaluation were common to another recent
Australian evaluation of technology use in aged care [9],
suggesting they are not specific to this particular organization,
but more reflective of the aged care environment generally.

Staff awareness and understanding of the underlying purpose
of technology use for this population, beyond it being used as
a behavior management tool, may also act as an enabler of
greater use of technology within the organization. This includes
opportunities for technology to promote “meaningful
engagement” and social interaction [19], particularly, the
technology should facilitate social interaction among those
present and not be a replacement for it [9]. However,
technologies that require staff to invest more of their already
limited time to support clients in using them may also be less
likely to be encouraged within the Social Day Program.

“Visibility” of the technology was considered by some staff to
be an enabler of technology use; however, it was not raised
sufficiently to warrant inclusion as a theme. Staff suggested

JMIR Aging 2025 | vol. 8 | e60297 | p.295https://aging.jmir.org/2025/1/e60297
(page number not for citation purposes)

Post et alJMIR AGING

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


that technology items that are visible and easily accessible by
staff and clients are more likely to be used regularly. Further,
staff members who regularly use the technology and encourage
clients to do so have the potential to encourage other staff
members to do the same. As such, increased visibility of the
technology has the potential to encourage more use within the
organization.

Other potential barriers to the use of technology relate to
perceptions that the current generation of clients at the Social
Day Program are not “tech-savvy,” do not like technology, or
just have no interest in using it. Interviews identified that the
clients were perceived not to have used much technology across
their lifetime and that technology is likely to be more acceptable
to future generations of clients who have grown up with and
are familiar with technology. Staff reported observing positive
impact related to social engagement, communication, and mood
state, suggesting that some clients did enjoy using the
technology. Enjoyment and acceptability of technology by older
adults would seem to be obvious in whether technology is used
and have been shown to be perceived by older adults as relevant
in the successful implementation of technology to support ageing
in place [20].

Sustainability
Targeting the enablers of technology use identified in this
evaluation will contribute to ongoing technology use in the
organization’s Social Day Program. Taking a person-centered
approach to technology use, by modifying organizational
approaches to understanding the interests of clients, the physical
and cognitive capabilities of clients, knowledge of potential
triggers for negative or trauma responses associated with
technology use; as well as technology that is maintained in good
working order will also be a driver of sustainability.

Limitations
A limitation of this evaluation was having little data from clients
and their family members, and therefore not being able to make
their voices prominent in this evaluation. To an extent, this is
reflective of other evaluations that have been undertaken in the
aged care environment. In some cases, family members may
not be involved in the lives of their guest or client family
member. In others, the only respite family members may have
is when the guest or client is at the Social Day Program. This
may see family members not wanting to use that time for
activities such as this evaluation.

In cases where guests or clients are living with cognitive decline
or dementia, it was difficult to engage them in the interview
process. However, it is important to ensure that people living
with cognitive decline or dementia are included in projects about
them, in particular, in the consultation and co-design process
[21], which we were able to achieve through having clients and
family members in the stakeholder group. While there were
several instances in which staff provided negative feedback
related to the technology not being operational, with limited
support provided, it is also possible that other staff were
reluctant to provide negative perspectives, which may introduce
some bias to the findings.

Recommendations
While the use of technology may benefit this population, the
potential benefits have not been fully realized at the organization
due to several implementation barriers: there is a lack of staff
knowledge, confidence in use, and training relevant to the
operation of the different technologies, the technology has not
always been operational and ongoing, accessible support is not
available. There is a perception that technology has benefits,
although the use of technology may not always be as intended
by the organization, however, this is contrasted by the expressed
view that technology is not for everyone and there are physical
and psychological risks involved in use of technology in the
Social Day Program population, many of whom live with
cognitive decline. By addressing the barriers identified in this
evaluation and strengthening the enablers per the following
recommendations, the potential for clients to benefit across the
domains could be enhanced.

Based on the results from the evaluation and considering the
evidence from the literature, the following recommendations
may enhance the implementation of technology in programs
similar to the one described here:

• Increase staff knowledge of technology and its potential
benefits for older adults living with cognitive decline,
through the provision of more structured and regular
training, a summary information sheet of project findings,
quick refresher sessions, instruction sheets, and time to
“play” and practice with the technology. This needs to
include not only how to operate the technology and trouble
shoot common problems or issues, but also provide an
understanding of all the features and options (to enable
tailoring to client needs or capabilities) and how to use the
technology to best benefit the clients.

• Develop an information technology maintenance and
support process that is resourced to ensure the equipment
is functional at all times and enables staff to access real-time
information technology support to address operational or
technical issues. This should also include the development
of comprehensive but user-friendly instructions to assist
with understanding the features of the technology, operating
the technology, and troubleshooting.

• Ensure that appropriate measures are in place to establish
client physical and psychological safety, so that they are
not exposed to technology that may be inappropriate for
their circumstances.

• Increase the visibility and accessibility of the technology,
so that it is at the forefront of staff’s, clients’ and their
family members’ or carers’ thoughts as an activity. This
may be through pictural posters placed around the room as
reminders that the technology is there, with simple step by
step instructions placed near technology or by leaving the
technology in easy-to-access locations.

• Consider the placement of technology within the space.

Conclusions
This evaluation of technology use in a Social Day Program has
identified that technology is not being used extensively, nor is
it being used for the purposes of enrichment or experience
enhancement. Multiple barriers to implementation and sustained
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use of the technology items have been identified, spanning
perceptions of clients’ preference or low ability, to a lack of
staff training and knowledge to support adequate use of the
technology. Recommendations to improve implementation and

promote sustained use of technology, based on the findings of
this evaluation and evidence from the literature, may apply to
other organizations seeking to implement these technologies in
similar programs.
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Abstract

Background: Frailty syndrome increases the vulnerability of older adults. The growing proportion of older adults highlights
the need to better understand the factors contributing to the prevalence of frailty. Current evidence suggests that geomatic tools
integrating geolocation can provide valuable information for implementing preventive measures by enhancing the urban physical
environment.

Objective: The aim of this study was to analyze the relationship between various elements of the urban physical environment
and the level of frailty syndrome in older Chilean people.

Methods: A cohort of 251 adults aged 65 years or older from Talca City, Chile, underwent comprehensive medical assessments
and were geographically mapped within a Geographic Information Systems database. Frailty was determined using the Fried
frailty criteria. The spatial analysis of the frailty was conducted in conjunction with layers depicting urban physical facilities
within the city, including vegetables and fruit shops, senior centers or communities, pharmacies, emergency health centers, main
squares and parks, family or community health centers, and sports facilities such as stadiums.

Results: The studied cohort was composed of 187 women and 64 men, with no significant differences in age and BMI between
genders. Frailty prevalence varied significantly across clusters, with Cluster 3 showing the highest prevalence (14/47, P=.01).
Frail individuals resided significantly closer to emergency health centers (960 [SE 904] m vs 1352 [SE 936] m, P=.04), main
squares/parks (1550 [SE 130] m vs. 2048 [SE 105] m, P=.03), and sports fields (3040 [SE 236] m vs 4457 [SE 322]m, P=.04)
compared with nonfrail individuals. There were no significant differences in urban quality index across frailty groups, but frail
individuals lived in areas with higher population density (0.013 [SE 0.001] vs 0.01 [SE 0.0007], P=.03).

Conclusions: Frail individuals exhibit geospatial patterns suggesting intentional proximity to health facilities, sports venues,
and urban facilities, revealing associations with adaptive responses to frailty and socioeconomic factors. This highlights the crucial
intersection of urban environments and frailty, which is important for geriatric medicine and public health initiatives.

(JMIR Aging 2025;8:e64254)   doi:10.2196/64254

KEYWORDS

aging; frailty; geospatial clustering; urban factors; neighborhood conditions.

Introduction

Understanding the aging process and the sociodemographic
determinants related to enhancing the quality of life has emerged
as a very relevant research area in light of the rapid aging of the
global population [1-3]. Currently, 12% of the world’s
population is aged ≥60 years, and projections suggest that this

proportion may rise to 21.5% by the mid century [4]. Similarly,
the ≥80 years age group is expected to increase from 1.7% to
4.5% [4]. In this context, Chile is experiencing a pronounced
aging phenomenon [4,5]. Projections indicate that the Chilean
population aged ≥60 years is set to surge from 15.7% to 32.9%
by 2050, with the proportion of individuals aged ≥80 years
potentially reaching 10.3% [4].
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According to the World Health Organization, the frailty
syndrome is a crucial determinant regarding the state of
dependency, the presence of chronic diseases, polypharmacy,
and the quality of life in older people [6,7]. The frailty syndrome
is defined as a preventable and reversible clinical state in which
the capacity of older people to cope with everyday stressors is
compromised by an increase in vulnerability and the
physiological deterioration associated with aging [8]. Recent
results show a prevalence of frailty in Chile slightly higher than
20% [9,10]. Frail persons have higher risks of mortality,
cognitive impairment, fractures, and hospitalization, among
other adverse health events, which, considering the increase in
the population of older people, represents a challenge for public
health and social welfare systems [11,12].

The built environment refers to spaces altered or created by
human activities, encompassing a spectrum from homes and
schools to workplaces, highways, urban expanses, accessibility
to amenities, recreational areas, and pollution [13]. This
environment can be delineated into 2 primary components: the
microenvironment, encapsulating neighborhood and street-level
attributes, and the macroenvironment, which includes the degree
of urbanization and patterns of land use [14]. Enhancing our
understanding of how the urban physical environment impacts
older adults can significantly aid in formulating effective plans
and interventions to prevent the progression and onset of frailty
while promoting the well-being of this population [15]. Previous
research conducted by our group has demonstrated that
leveraging geomatic tools, which integrate geolocation as an
additional dimension of analysis, can provide valuable insights
for studying frailty as a syndrome and supporting the
implementation of preventive measures [16,17].

According to reports from the World Health Organization on
aging and friendly cities, enhancing the environment through
improvements in physical structures and community support is
an effective approach to maintaining the health of older people
[18]. Recent evidence underscores the impact of neighborhood
characteristics on frailty among older people. Those residing
in neighborhoods with abundant green spaces exhibit a lower
incidence of frailty, whereas individuals perceiving precarious
conditions in their surroundings, houses, and environment face
a higher risk of frailty [19-21]. A comprehensive multilevel
(individual and community) cross-sectional analysis highlighted
that older adults living in aesthetically pleasing and walkable
neighborhoods tend to exhibit lower levels of frailty. In contrast,
areas with high-traffic roads, for example, were associated with
a higher prevalence of frailty [22,23]. These findings emphasize
the critical role of physical environmental factors in shaping
the health and well-being of older populations, highlighting the
importance of designing age-friendly communities that promote
active and healthy aging.

In this context, this study aims to analyze the relationship
between various elements of the urban physical environment
and the level of frailty syndrome in older Chilean people.

Methods

Participants and Study Design
The research adopted a cross-sectional case-control design, with
a representative sample of older persons (aged ≥65 years old,
both men and women) randomly selected from various Family
Health Centers and community groups of older people in Talca
City, Chile (n=251). All medical centers that serve older adults
in the city were considered, ensuring geographical
representation. The inclusion criterion was adults aged 65 years
and older. Participants with self-reported or medically
documented cancer, Parkinson disease, or vascular events were
excluded, as were older individuals unable to walk or speak [9].
The calculation of the sample size (aged ≥65 years old, both
men and women) considered a prevalence of frailty in older
adults of 24.6% [9], with a 95% CI, statistical power of 80%,
and a loss percentage of 20%. The proportions of women and
men in the sample were determined by the relative distribution
of the adult population over 65 years using data from the
National Socioeconomic Characterization Survey [24]. No
additional stratification was applied.

Frailty Diagnosis
The Fried frailty phenotype criteria were used as the diagnostic
tool for assessing frailty [9,25]. This method evaluates the
presence or absence of the following components: slowness,
weakness, weight loss, exhaustion, and low physical activity.
These parameters were defined based on the criteria described
previously by Palomo et al [9], which include: (1) slowness:
walking velocity below a cut-off of 0.8 m/s average 3-meter
walk at a usual pace, adjusted for sex and height according to
the standards of the Short Physical Performance Battery, (2)
weakness: handgrip strength measured using an Electronic
Handgrip Dynamometer (Camry), with sex-specific cut-off
(male <27 kg, female <15 kg), (3) weight loss: defined as loss
of at least 5 kg in the previous 6 months, (4) exhaustion: a
positive response to any of the following two questions from
the Center for Epidemiological Studies Depression Scale: “I
felt that anything I did was a big effort” and “I felt that I could
not keep on doing things” at least 3 to 4 days a week,” (5) low
physical activity: difficulty walking, assessed by the questions
“Do you have difficulty walking a block?” or "Do you have
difficulty climbing several flights of stairs without resting?
Participants meeting 3 or more of these components were
categorized as frail, those with no 1 or 2 components were
considered prefrail, and individuals lacking all components
were classified as non-frail or robust [9].

Geospatial Clusters
Each participant was geographically located according to the
city address informed and represented as a point object based
on the residence information provided during the medical
evaluation. All data were organized into a point feature layer
accompanied by its corresponding thematic table. This layer
was integrated into a geodatabase for subsequent analysis within
its geographical context, along with pertinent factors related to
the urban physical environment. Figure 1 displays the individual
residency positions of each older adult participating in the study
within their respective geographical cluster. These geographical
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areas were delimited in the city of Talca, Maule Region, Chile,
based on geospatial location and sociodemographic
characteristics. Cluster 1 corresponds to the northeastern sector
characterized by high socioeconomic status. Cluster 2
encompasses the southeastern sector with low socioeconomic

status. Cluster 3 covers the northern sector with a lower-middle
socioeconomic class, and Cluster 4 represents the “historic
center” area. The southern sector of medium-high
socioeconomic level is covered by Cluster 5, and Cluster 6
corresponds to the “industrial center” area.

Figure 1. Location of older individuals within the 6 urban sectors.

Urban Quality Level
A georeferenced database was constructed using Geographic
Information Systems (GIS) technology to represent pertinent
geographical information concerning urban physical facilities
within the city, encompassing: (1) vegetables and fruits shops,
(2) senior centers or communities, (3) pharmacies, (4)
emergency health centers, (5) main squares and parks, (6) family
or community health centers, and (7) stadiums and sports fields.
Each component within the study area was depicted as a GIS
layer, either in point or polygon form, at the neighborhood scale.
This representation (Figure 2) was derived from data sourced
from OpenStreetMap [26], Google Maps [27] and Infraestructura
de Datos Geospaciales de Chile (IDE Chile) [28]. Subsequently,
each GIS layer underwent analysis using the Euclidean distance
method, providing insights into the proximity of every location
within the city to the considered infrastructure. The resulting

distance layers were subsequently classified to delineate 3
distinct zones encircling the urban facilities, categorizing their
proximity as either close, medium, or distant. Next, each
proximity class for every layer was assessed on a scale ranging
from 1 to 3, wherein the closest proximity received a score of
3, and the more distant areas were assigned a score of 1. The
distance ranges, and the corresponding values assigned to each
urban facility were defined according to local context and are
presented in Table 1. A general criterion for evaluation was that
the closer the facility, the higher the value assigned. A raster
calculator was used to aggregate all layers, yielding a summary
index where a higher numerical value signifies enhanced urban
quality in the depicted area. Afterward, the values derived from
the distance analyses and the corresponding summary index for
each participant were integrated into the point feature layer.
Management, processing, and analyzing data were performed
using ArcGIS software, version 10 (ESRI, Redlands, USA).
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Figure 2. Geographical distribution of urban physical facilities within Talca City.
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Table . Distance ranges and values for each urban physical facility.

ValueFacility and distance ranges

Vegetables and fruit shops (m)

3    <300

2    300‐600

1    >600

Senior centers or communities (m)

3    <500

2    500‐1000

1    >1000

Pharmacies (m)

3    <500

2    500‐1000

1    >1000

Emergency health centers (m)

3    <1000

2    1000‐2000

1    >2000

Main squares and parks (m)

3    <200

2    200‐400

1    >400

Family or community health centers (m)

3    <700

2    700‐1400

1    >1400

Stadiums and sports fields (m)

3    <400

2    400‐600

1    >600

Statistical Analysis
Statistical analyses were conducted using GraphPad Prism 9.
Continuous variables were expressed as mean (SD) or median
(95% CI). Categorical variables were expressed as percentages
with a 95% CI. In the evaluation of differences between groups,
the chi-square test with Yate correction was used to assess
proportions, while ANOVA or the Kruskall-Wallis test, as
appropriate, was applied to assess differences in means or
medians. Statistical significance was considered at P values
below .05.

Ethical Considerations
The institutional board review approval for this study was
obtained from the Comité de Ética Científica (CEC) of
Universidad de Talca (reference number 06‐2021). All

procedures followed adhered to the ethical standards of the CEC
and the World Medical Association’s Declaration of Helsinki.
All study participants provided written informed consent.

Results

Sociodemographic Characteristics and Cluster
Distribution
Table 2 presents the sociodemographic characteristics of the
analyzed cohort of older people. The sample comprised 74.5%
women and 25.2% men, with no significant differences observed
in age and BMI between the 2 genders. In addition, Table 2
illustrates the distribution of the geospatial clusters established
during the study. Analysis indicated no significant difference
in the distribution of the 6 designated clusters between men and
women.
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Table . Sociodemographic description and geospatial distribution of the studied sample of older people.

P valueMen (n=64)Women (n=187)Variable

—a25.5 (20.5-31.2)74.5 (68.7-79.4)Gender, % (95% CI)

.15275 (5)73.8 (5.9)Age (years), mean (SD)

.24328.4 (6.5)33.6 (33.5)BMI (kg/m2), mean (SD)

Spatial cluster showing percent-
age of prevalence, % (95% CI)

.26015.6 (8.7-26.4)10.2 (6.6-15.3)    Cluster 1

.45214.1 (7.6-24.6)18.7 (13.7-24.9)    Cluster 2

.14225 (16-36.8)16.6 (11.9-22.5)    Cluster 3

.8179.4 (4.4-18.9)11.2 (7.5-16.6)    Cluster 4

.17617.2 (9.8-28.2)26.2 (20.4-32.9)    Cluster 5

.84518.8 (11.1-29.9)17.1 (12.4-23.2)    Cluster 6

a —: not applicable.

Analysis of Urban Quality
Figure 3 shows the different levels of urban quality [3] obtained
from the cumulative assessment of physical environmental
elements considered in this study. These elements mainly
encompass basic urban services and infrastructures essential
for the local population, with particular importance for the
cohort of older people under study. The quality level is closely
related to the accessibility of the various facilities from each

location within the city. In addition, Figure 3 also shows the
individual distribution of older adults, each denoted by their
frailty status, which is subsequently analyzed in Table 3. This
table displays the distribution of the frailty status through the
different geospatial clusters. The prevalence of frailty varies
between 7.3% and 34.1% among these clusters. Notably, cluster
3 exhibits a significantly high prevalence of frail people (34.1%,
P=.006), followed by cluster 5 (21.9%, P=.417); however, this
last prevalence is not significantly high.

Figure 3. Frailty status of older individuals over summary index within the geospatial clusters defined for Talca city.
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Table . Distribution of older people by frailty status and geospatial clustering.

P valueFrailty status considering the percentage of prevalenceSpatial cluster

Frail (%, 95% CI)Prefrail (%, 95% CI)Nonfrail (%, 95% CI)

.6207.3 (2.5‐19.4)11.7 (6.9‐19)14.3 (8.5‐22.9)Cluster 1

.27017.7 (8.5‐31.3)21.6 (14.9‐30.2)14.3 (8.5‐22.9)Cluster 2

.00634.1 (21.5‐49.5)19.8 (13.5‐28.2)12.1 (6.8‐20.4)Cluster 3

.47712.2 (5.3‐25.5)8.1 (4.3‐14.6)14.3 (8.5‐22.9)Cluster 4

.41721.9 (12‐36.7)20.7 (14.2‐29.2)30.7 (22.2‐40.9)Cluster 5

.2257.3 (2.5‐19.4)18 (11.9‐26.2)14.3 (8.5‐22.9)Cluster 6

—a100100100Total

a —: not applicable.

Analysis of Distances to Urban Facilities, Summary
Index, and Population Density
Figure 4 illustrates the variation in average distance between
old persons (categorized by their frailty status) and relevant
urban facilities. For the facilities of vegetable and fruit shops
(A), senior centers or communities (B), pharmacies (C), and
family and community health centers (F), there were no
significant differences in the average distance across different
frailty status groups. However, a clear linear trend is observed
between the groups, where frail people tend to reside further
from vegetable and fruit shops (frail: 335.6 [SE 31.2] vs
nonfrail: 275.9 [SE 16.5]) and closer to the senior centers or
communities (frail: 368.2 [SE 38.6] vs nonfrail: 435.9 [SE 35.9])
than the nonfrail people. On the other hand, the facilities of
emergency health centers (D), main squares and parks (E), and

stadiums and sports fields (G) present significant differences
in the average distance across different frailty status groups,
where frail people resided significantly closer to emergency
health centers (frail: 960.4 [SE 90.4] vs nonfrail: 1352 [SE 93.6],
P=.04), main squares and parks (frail: 155 [SE 13] vs prefrail:
204.8 [SE 10.5], P=.03), and stadiums and sports fields (frail:
304 [SE 23.6] vs prefrail: 445.7 [SE 32.2], P=.04), than both
nonfrail and prefrail people, respectively. Finally, Figure 5
shows the variations in the summary index and population
density between the frailty status groups. While the summary
index (A) shows no significant differences between groups,
there is a significant difference in population density (B)
between the frail and nonfrail status groups, being higher for
frail people (frail: 0.013 [SE 0.001] vs nonfrail: 0.01 [SE
0.0007], P=.03).
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Figure 4. Comparison of the mean distance for different frailty status diagnosed using the Fried phenotype criteria with respect to relevant urban
facilities of (A) vegetables and fruits shops; (B) senior centers or communities; (C) pharmacies; (D) emergency health centers; (E) main squares and
parks; (F) family or community health centers; (G) stadiums and sports fields. The data presented are the mean (SE). Statistical analysis was performed
using the ANOVA test with the Tukey pos-hoc test. *P<.05.

Figure 5. Comparison of mean values for different frailty status diagnosed according to the Fried phenotype criteria for the (A) summary index, (B)
population density. The data presented are mean (SE). Statistical analysis was performed using the ANOVA test with the Tukey post-hoc test. *P<.05.
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Discussion

Principal Findings
This study explores the relationship between urban physical
environment factors and frailty syndrome, with a particular
focus on its diagnostic criteria. The results mentioned above
indicate that frail individuals tend to live closer to emergency
health centers, stadiums, sports fields, and senior centers,
suggesting efforts to improve their health and social engagement.
In addition, frail individuals primarily reside in densely
populated areas, which are associated with limited physical
activity and higher mortality rates. Given the relevance of the
Fried frailty phenotype as a standard frailty assessment tool in
various studies involving older adults, it was selected for frailty
characterization [11,29,30]. Investigating the link between frailty
and urban environment is innovative and can provide invaluable
insights for government programs aimed at enhancing the
well-being of older people [31,32]. However, this emerging
topic remains underdeveloped, limiting opportunities for
comparisons specific to frailty. The incorporation of geomatics
tools enables the use of geolocation as an additional analytical
dimension, offering valuable insights into the study of frailty
as a syndrome. This is especially important when the primary
focus is on understanding the impact of the urban physical
environment on the frail condition of older individuals [16,17].
Currently, the use of information and communication
technologies among older persons is increasing, and different
benefits have been developed about frailty with respect to
predicting the risk, assisting in identifying changes in frailty
parameters, enhancing adherence to a healthy diet, and
distinguishing older rehabilitation patients who need to be
readmitted to the hospital from those who can remain in the
community which could facilitate this key process [33-37].

The data from Table 2 indicate homogeneity within the cohort,
with no significant influences in the study parameters when
stratified by gender. Participants had an average age range of
73‐75 years old and exhibited a high BMI. This trend of
elevated BMI is consistent with findings from other studies
focused on older Chilean people, wherein a significant

prevalence of obesity (BMI >25 kg/m2) has been documented
[8,9,38]. Gender did not appear to influence the distribution
prevalence within the identified clusters. However, it is
necessary to account for gender in geospatial clustering analyses
involving older people, given its potential impact on various
health outcomes, as recently evidenced in COVID-19 studies
[39].

The findings presented in Table 3 suggest that geospatial
distribution significantly impacts the prevalence of frailty
syndrome. Notably, clusters 3 and 5, which are associated with
middle to low socioeconomic classes, concentrate more than
half of the frail people. This evidence is consistent with studies
where low socioeconomic groups have been associated with a
higher risk of developing frailty [31]. Furthermore, previous
research indicates that frailty condition among older people
tends to exhibit spatial clustering, wherein certain areas within
and outside the city display localized concentrations of both
high and low prevalence of frail people [16,40]. These clustering

patterns can be attributed to the diverse urban infrastructures
and socioeconomic disparities observed across different sectors
within the city [16].

In this study, the outcomes depicted in Figure 3 reveal a
geospatial clustering concentrated in the southern part of the
city, primarily associated with clusters 3 and 5. However, when
considering the general condition of the urban physical
environment, characterized by the summary index, the group
of frail people does not show significant differences compared
with the other groups (Figure 5A). This fact suggests that,
despite various groups of adults residing in environments
characterized by comparable habitability conditions, distinctions
in certain factors, as evidenced in Figure 4, can exert relevant
positive or negative influences. Thus, the urban physical
environment is likely connected with concurrent factors
associated with the frailty syndrome, serving either as causal
factors or as responses to such influences.

Frailty is acknowledged as a critical factor influencing the health
and well-being of older people [11-18]. It stands out as the
primary risk factor and indicator for the initiation of dependency,
as well as the occurrence of chronic diseases, hospitalizations,
falls, fractures, and mortality. The extensive array of
health-related challenges observed in frail people may be
associated with their proximity to emergency health centers, as
well as family or community health centers [15-20]. Likewise,
frailty has exhibited strong associations with obesity, sarcopenia,
and low physical activity. Consequently, the proximity identified
between the frail group and stadiums and sports fields may
suggest a purposeful endeavor to improve body composition
and address underlying clinical conditions [41,42].

Simultaneously, the frail group exhibited greater proximity to
main squares and parks and to senior centers or communities
renowned for fostering social activities among older people
[43]. Given the well-established associations between frailty
and social isolation, depression, and loneliness [44], the
observed significant trend might signify a proactive response
to enhance community engagement. This trend could also be
indicative of the city government’s concerted efforts to provide
these facilities to a population in need. By strategically situating
frail individuals near these spaces, urban planners and
policymakers may be aiming to reduce the adverse effects of
isolation and encourage greater social participation. Engaging
in recreational activities and interacting with peers in accessible
public spaces can help mitigate the mental health challenges
often faced by frail older adults. Furthermore, these spaces serve
as venues for both physical and mental stimulation, which are
critical to maintaining functional independence and improving
overall well-being.

Conversely, the robust association between frailty and obesity
might elucidate the trend observed trend of increased distance
from the frail group to fruit and vegetable shops. Nevertheless,
validation of this hypothesis necessitates examination within a
more extensive cohort. While elevated intake of fruits and
vegetables has been linked to a diminished frailty risk, the
impact of the proximity of these food supply points on frailty
remains ambiguous [45]. Furthermore, greater distances to
pharmacies may indicate challenges in accessing essential drugs

JMIR Aging 2025 | vol. 8 | e64254 | p.307https://aging.jmir.org/2025/1/e64254
(page number not for citation purposes)

Ormazábal et alJMIR AGING

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


and medications, a factor that should be taken into account in
health programs tailored to support the frailty group.

The findings depicted in Figure 5B indicate that the frail group
tends to inhabit regions characterized by elevated population
density. Older adults tend to live in densely populated
marginalized areas due to economic, social, and structural
factors. Financial limitations, the lack of adequate housing
options, access to family support networks, and mobility barriers
are some of the key factors influencing their stay in these areas.
This circumstance poses an increased risk to this group, as
current scientific understanding suggests a positive correlation
between population density in a given neighborhood and
increased susceptibility of middle-aged and older adults to
overweight conditions [46]. This association can be ascribed to
the proclivity of individuals residing in densely populated areas
to adopt a sedentary lifestyle, marked by limited physical
activity and diminished energy expenditure [20,46]. Notably,
low physical activity and sedentarism are integral components
of the frailty phenotype observed across diverse cohorts of older
adults [11,12,26]. Furthermore, elevated population density has
been lined to increased mortality rates across all causes in older
people [11,12,47,48].

Initiatives aimed at preventing frailty underscore the imperative
to advocate for physical activity, nutrition, and social
engagement as primary and efficacious interventions. These
interventions can be effectively implemented through a health
education program tailored to inspire and engage older people
[49,50]. Our findings underscore the importance of taking urban
factors into account when examining the frailty condition of
older people. This evidence aligns with previous research
emphasizing the importance of these factors in the well-being
and social engagement of older adults, as well as their
association with frailty [16,51]. These results emphasize the
imperative to investigate further and enhance our comprehension
of the role played by urban factors in shaping frailty among
older people. Regardless, it is imperative to consider the
complex interrelationship between the urban physical
environment and frailty condition when devising structural

preventive measures aimed at improving the well-being of older
people [16,47].

Conclusions
Contemporary evidence underscores the relevance of urban
factors in influencing the onset of frailty and the diverse health
factors linked to this syndrome. Frailty stands as a highly
prevalent geriatric syndrome in the elderly, elevating the
susceptibility to a range of adverse health and social outcomes.
Addressing this challenge necessitates the development of
age-friendly cities tailored to the needs of older populations.
Our findings suggest that individuals classified as frail tend to
reside in closer proximity to emergency health centers, as well
as family or community health centers, which may be indicative
of adaptive responses to the features associated with frailty,
such as elevated mortality risk and diminished levels of physical
activity. Likewise, frail people tend to reside closer to stadiums
and sports fields, which may imply a deliberate endeavor to
enhance body composition and address underlying clinical
conditions. On its part, the closer proximity of frail people to
urban infrastructures such as main squares and parks, and senior
centers or communities may be indicative of the concerted effort
by the municipal government to provide these facilities to a
population in need. However, it is important to highlight that
the frail group predominantly inhabits areas characterized by
elevated population density, aligning with earlier research
associating higher mortality rates with increased population
density among older adults. Likewise, the geospatial clustering
highlights the relevance of both socioeconomic status and
geographic location in relation to frailty prevalence, unveiling
an elevated occurrence of this syndrome in sectors characterized
by a lower-middle socioeconomic class. This finding aligns
with and reinforces previously established evidence. Ultimately,
the existing body of evidence, coupled with our study findings,
underscores the significance of investigating frailty and its
associations with the urban environment and related factors.
This emerging field of research holds groundbreaking potential,
offering substantial implications for geriatric medicine.
Furthermore, it provides invaluable insights that can inform the
development of governmental initiatives aimed at promoting
healthy aging and proactively preventing frailty.
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Abstract

Background: Hospital discharge for older adult patients carries risks. Effective patient-provider communication is crucial for
postacute care. Technology-based communication tools are promising in improving patient experience and outcomes. However,
there is limited evidence comparing patient and provider user experiences on a large-scale basis, hindering the exploration of true
patient-provider shared understanding.

Objective: This study aimed to evaluate an electronic health record–based discharge communication tool by examining and
comparing patient and provider perspectives.

Methods: This study comprised a cross-sectional self-administered staff survey and a pre-post cross-sectional patient survey.
Physicians, nurses, and older adult patients aged 65 years and older discharged from 4 public hospitals were included.
Patient-provider comparison items focused on 3 aspects of the design quality of the tool (information clarity, adequacy, and
usefulness) and overall satisfaction with the tool. In addition, patients’ experience of discharge information and their
medication-taking behaviors before and after the program implementation were compared based on a validated local patient
experience survey instrument. Providers’ perceived usefulness of this tool to their work and implementation intentions were
measured based on the technology acceptance model to enhance understanding of their experiences by conducting structural
equation modeling analysis.

Results: A total of 1375 and 2353 valid responses were received from providers and patients, respectively. Patients’ overall
satisfaction with this communication tool is significantly higher than providers’, and patients rated the information clarity and
usefulness presented by this tool higher as well (P<.001). However, patients rated information adequacy significantly lower than
providers (P<.001). Meanwhile, patients reported a significant improvement in their experience of discharge medication information,
and fewer patients reported side effects encounters after the program implementation (126/1083, 11.6% vs 111/1235, 9%; P=.04).
However, providers showed inconsistent implementation fidelity. Providers’ perceived quality of the tool design (β coefficient=0.24,
95% CI 0.08-0.40) and perceived usefulness to their work (β coefficient=0.57, 95% CI 0.43-0.71) significantly impacted their
satisfaction. Satisfaction can significantly impact implementation intentions (β coefficient=0.40, 95% CI 0.17-0.64), which further
impacts implementation behaviors (β coefficient=0.16, 95% CI 0.10-0.23).

Conclusions: A notable disparity exists between patients and health care providers. This may hinder the achievement of the
tool’s benefits. Future research should aim for a comprehensive overview of implementation barriers and corresponding strategies
to enhance staff performance and facilitate patient-provider shared understanding.

(JMIR Aging 2025;8:e60506)   doi:10.2196/60506

KEYWORDS

older adult; gerontology; geriatric; old; older; elderly; aging; aged; post-acute care; communication; satisfaction; medication
information; patient-provider comparison; technology-based intervention; technology acceptance model; discharge; EHR; record;
portal; cross-sectional; survey; questionnaire; experience; attitude; opinion; perception; perspective; acceptance; adoption; design;
user experience
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Introduction

At hospital discharge, health care providers play a crucial role
in delivering comprehensive medication information, including
side effects and warnings, to ensure safe medication therapy
during patients’postacute care [1]. However, previous literature
has reported that older adult patients often lack awareness or
understanding of their medication regimen after being
discharged home [2-4]. Insufficient knowledge is associated
with their suboptimal adherence to treatment [5,6], an elevated
likelihood of adverse events [7], increased readmissions and
emergency department visits [8], and burden on the health care
system [9].

A wide array of communication strategies has been documented
in the literature with the aim of facilitating information provision
by health care providers and enhancing patient awareness and
understanding of health-related information [10]. Their
effectiveness in reducing readmissions and enhancing patient
satisfaction was supported by a recent meta-analysis [1].
Notably, information technology–based communication
practices have emerged as a prominent and preferred mode for
delivering discharge information, as highlighted in literature
reviews [11]. In addition, a systematic review concluded that
computer-enabled discharge communication interventions
improve both patient and provider satisfaction and reduce
perceived adverse events [12]. A Cochrane review further
indicated that computer-generated reminders presented on paper
can enhance the quality of care [13]. However, there is a scarcity
of research comparing the perspectives of older adult patients
and health care providers with concordance measures for a
large-scale technology-based discharge communication tool.
Measuring and comparing the alignment between patient and
provider perspectives enables the unveiling of true shared
understanding in terms of discharge education [14].

In Hong Kong, the provision of discharge medication
information, particularly regarding side effects and warnings,
was found to be suboptimal, according to a regular patient
experience survey [15]. In 2017, the Hospital Authority
developed a computer-generated written medication reminder
called the postdischarge information summary (PDIS) to address
this issue [16]. The key components of the PDIS were
co-designed by a multidisciplinary program team consisting of
government officials, clinicians, quality and safety
representatives, and technology experts. The first component
includes a salient medication reminder, a computer-based drug
database encompassing 58 prescribed medications for local
older adult patients, and 235 most pertinent side effects and
warning items. This database underwent validation through 3
rounds of Delphi expert consensus meetings [17]. The second
component comprises a list of follow-up appointments across
all Hong Kong public hospitals. The PDIS system generates
personalized information by integrating into the electronic health
record (EHR). During discharge, physicians or nurses are
required to print the written summary through the PDIS system
and distribute it to discharged patients or their caregivers, along
with a detailed explanation of its contents. No teach-back was
required at the moment of program introduction. A comparison
of the discharge communication workflow between usual

practice and PDIS-incorporated practice is shown in Multimedia
Appendix 1.

The objective of this study is to evaluate this EHR-based
discharge communication tool by examining and contrasting
the perspectives of both older adult patients and health care
providers.

Methods

Study Design
This study comprises a self-administered cross-sectional staff
survey and a pre-post cross-sectional patient survey. The
pre-post patient surveys were conducted among 2 different
patient groups. The STROBE (Strengthening the Reporting of
Observational Studies in Epidemiology) guideline [18] was
used to strengthen the reporting process (Checklist 1).

Setting and Sampling
The study involved 4 piloting public tertiary hospitals
representing 3 out of 7 geographical clusters of Hong Kong.
The PDIS was introduced in a phased manner within the
geriatric and medicine department in January 2018 [16]. For
the staff survey, all physicians and nurses involved in the PDIS
implementation were invited to participate in the study. The
surveys were conducted at least 6 months after the PDIS
implementation, which spanned from August 2018 to June 2019.
Paper-based promotion leaflets, invitation letters, and
questionnaires were distributed through designated coordinators
in each hospital. This survey was conducted anonymously and
on a voluntary basis.

For the patient survey, the sample size was determined based
on the inpatient discharge statistics for patients aged 65 years
or older in 2015, as provided by the Hospital Authority. In order
to achieve a precision level of ±4% with a 95% CI, a minimum
of 1450 respondents was required for pre-post rounds. Assuming
a 50% response rate, at least 2900 patients were randomly
selected from the discharge records for each round. Responses
from caregivers acting as surrogates were accepted if patients
were unable to respond independently. Readmitted cases and
day patients were excluded. Within 14 days of their discharge,
patients were contacted by telephone. The pre-post survey was
conducted from June to December 2017 and May to December
2018, accordingly.

The staff survey used English and the patient version used
Chinese. We used English in staff survey because English is
their working language and they are proficient in English.
Furthermore, staff surveys are typically conducted in English
in Hong Kong, so it was assumed that participants would feel
comfortable with this language. To ensure language did not
pose a barrier to participation or affect the responses collected,
we decided to use Chinese for the patient survey. We do not
anticipate any language concordance issues because the
researchers who were responsible for collecting patient
responses were well-trained before the survey to ensure they
can correctly convey the meaning of the questions.
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Theoretical Framework
The staff survey collected information on providers’ practicing
behaviors and user experience, adapted by the technology
acceptance model (TAM) [19]. TAM has been designed to
investigate why individuals adopt a specific technology and has
been widely used in different settings [20].

According to the TAM, the perceived usefulness of the
technology can impact users’ behavior intention, which can be
a determinant of users’ actual behaviors. We added another
domain named design quality to capture providers’ perceived
information quality of the tool. We also measured the overall
satisfaction of the PDIS experience. Existing literature suggests
that design quality can significantly influence staff adoption
and implementation of the technologies [21]. The traditional
TAM component of “Perceived Ease of Use” was not fully
applicable in this context, as our primary aim was to compare

the perceptions of patients and staff regarding their user
experiences and perceptions of the PDIS. However, “Perceived
Ease of Use” tends to be more relevant to staff, given that staff
interact with the information system while patients interact with
a paper-based version rather than a technology. Consequently,
we adopted “Design Quality” as a domain to facilitate a
meaningful comparison of perspectives between these 2 groups.
In addition, we sought to streamline our survey to enhance
response rates, particularly among staff who may have limited
time to participate. Thus, we decided to use design quality as a
domain in place of perceived ease of use.

We hypothesized that (1) design quality would have an impact
on perceived usefulness, satisfaction, and behavior intention;
(2) perceived usefulness would impact satisfaction and behavior
intention; (3) satisfaction would impact behavior intention; and
(4) behavior intention would impact actual behavior (Figure 1).

Figure 1. Conceptual framework of the factors impacting implementation fidelity. AB: actual behavior; BI: behavior intention; DQ: design quality;
PU: perceived usefulness; “ε1”, “ε2”, “ε3”, and “ε4” were the residual errors.

Measurements

The Staff Survey

Perceived Usefulness

In total, 4 items were used to measure perceived usefulness: (1)
“PDIS supports my medication education,” (2) “PDIS enhances
my communication with patients or caregivers,” (3) “PDIS
enhances my job efficiency,” and (4) “I find PDIS useful in my
job.” The Cronbach α for this domain was 0.97, indicating the
good reliability. A Likert scale ranging from 0 (“strongly
disagree”) to 10 (“strongly agree”) was used for these 4 items.

Design Quality

Design quality was measured using 3 items developed by the
research team: (1) “The information provided by the PDIS is
clear,” (2) “The information provided by the PDIS is sufficient,”
and (3) “The information provided by the PDIS is useful to your
patients or caregivers.” The Cronbach α for this domain was
0.92, indicating good reliability. A 10-point Likert scale was
used to measure these three items ranging from 0 (“strongly
disagree”) to 10 (“strongly agree”).

Behavior Intention

One item, which was investigator team constructed, was adopted
to measure behavior intention: “I am willing to use PDIS to
deliver patient discharge information in the future.” The 10-point
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Likert scale was used (0: strongly disagree to 10: strongly agree)
for this item.

Satisfaction

Satisfaction was measured using a single item: “How would
you rate your experience of delivering patient discharge
information using PDIS?” A 10-point Likert scale ranging from
0 (“very poor”) to 10 (“very good”) was used for this question.

Actual Behaviors

The actual behavior was defined as the implementation fidelity
and measured by the frequency of distributing, reading, and
explaining the PDIS to patients and caregivers with a 3-level
ordinal scale (never, sometimes, and always). A composite score
for actual behavior was created by converting the ordinal scale
for each behavior into to a 0, 1, and 2 scale and summing it up
across the 3 practicing behaviors (distribution, read, and
explanation) to generate a total score.

Qualitative Comments

Free-text fields were provided to solicit provides’ comments
on their PDIS experiences. Respondents were prompted with
the following question: “Is there anything you would like to tell
us about the PDIS (eg, things that were particularly good, areas
for improvement, or any other comments)?”

Demographic Information

Demographic information was collected in the final section of
the survey. For example, we asked their self-reported gender,
age, working experience in years, and professional role (eg,
interns, residents, specialists, associate consultants, and
consultants for physicians; enrolled nurses, registered nurses,
advanced practice nurses, and ward managers for nurses).

The Patient Survey
The pre-post patient surveys consist of the following sections.

The Patient Experience
The items were drawn from the validated local assessment tool,
the Short-form Hong Kong Inpatient Experience Questionnaire
(SF-HKIEQ) [22], soliciting patient agreement on the clarity,
adequacy, and usefulness of discharge medication information,
including side effects and warnings, using an ordinal scale (yes,
to some extent, or no) or Likert scale of 0‐10 from strongly
disagree to strongly agree; the Cronbach α is 0.87, indicating
good reliability. The overall satisfaction of the PDIS experience
was also solicited. A 0‐10 Likert scale of strongly
disagree/very bad to strongly agree/very good was applied to
measure the items. In the patient survey, consistent with the
previous analysis approach for the SF-HKIEQ, questions with
an ordinal scale were converted to a 0, 5, and 10 scale and
aggregated to calculate the mean and SD.

Self-Reported Medication-Taking Behavior
This section was developed based on the 4-item Morisky, Green,
Levine (MGL) scale [23] and relevant studies [24]. Furthermore,
1 item was adopted from the MGL scale: “Ever forget to take
medicines?” In addition, 2 items were investigator-constructed:
“Whether you were compliant with their medication regimen”
and “Whether you have ever experienced medication side

effects.” These 3 items were measured by binary responses (yes
or no).

Design Quality
The patient postsurvey includes the same question of the design
quality domain of the staff survey, allowing comparative
analysis: (1) “The PDIS information is clear to me or patients,”
(2) “The PDIS information is enough to me or patients,” and
(3) “The PDIS information is useful to self-care or care for
patients.” A 10-point Likert scale was used (0: “strongly
disagree” to 10: “strongly agree”). The Cronbach α was 0.94,
indicating a high reliability.

Free-Text Field
A free-text section was added to solicit patients’ comments on
the PDIS experiences. Similarly with staff survey, we asked
patients “what information do you need that was not provided
by the PDIS, and any other comments?”

Patient Characteristics
Patient characteristics, such as their age, self-reported gender,
education level (primary, secondary, college, and above),
whether received the government subsidy, the comprehensive
social security assistance designed for people whose income is
not sufficient to meet basic needs), living arrangements (living
alone or living with others), chronic conditions (including heart
disease, hypertension, type 2 diabetes, and cancer), and
self-reported quality of life using visual analog scale of the
EQ-5D-5L Hong Kong [25], were also asked.

Data Analysis
The statistical analysis was performed utilizing R version 4.0.5
(R Project for Statistical Computing) and Stata version 18 for
Mac (StataCorp). Provider and patient demographic information
were summarized as means and percentages using descriptive
statistical analysis. The staff survey and patient survey were
analyzed separately. For the staff survey, subgroup analysis was
conducted to evaluate the differences among physicians and
nurses. The practicing behavior frequency and PDIS experiences
were compared using the Pearson chi-square test and
Mann-Whitney U test. The Mann-Whitney U test was used due
to the outcome variables were skewed. In order to understand
the relationship between the determinants of the behaviors like
design quality, perceived usefulness, behavior intention,
satisfaction of the PDIS, and the actual behavior, as well as the
relationship between different determinants, the
covariance-based structural equation modeling (CB-SEM) was
applied. The goodness of fit index, comparative fit index (CFI),
root mean square error approximation (RMSEA), Tucker-Lewis
index (TLI), and standard root mean squared residual (SRMSR)
were used to evaluate the goodness-of-fit of the model. The
direct effects, indirect effects, and total effects between the core
variables were assessed using a bootstrapping approach
(n=2000). Standardized path coefficients (β) were used to
estimate the path relationships. Statistical significance was set
at P=.05.

For the patient survey, changes in patient experience regarding
medication information before and after PDIS implementation
were compared using the Mann-Whitney U test due to the
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outcome variables were skewed. The difference between
self-reported side effects encounters and compliance was
assessed using the Pearson chi-square test.

To identify the disparity between staff and patient. the shared
questions related to PDIS experience (eg, information clarity,
adequacy, and usefulness, and the overall experience of the
PDIS) in the staff and patient postsurveys were compared using
the Mann-Whitney U test. For the qualitative comments from
both staff and patient, thematic synthesis [26] was applied to
identify and compare the common themes in free-text comments
for the PDIS program between patients and providers.
Furthermore, 2 coders independently coded all the utterances
of patients and staffs to generate the initial codes to achieve
consensus on coding. The disagreement were formally resolved
through several discussions with a senior researcher experienced
in qualitative study. After that, the inductive analysis was
performed by one coder to generalize initial codes into
overarching themes. The initial summary themes were developed
and discussed with the senior research to reach consensus. The
final list of themes was reviewed and consented by the research
team. The theme list were identical for patient and staff and the

frequency of each theme were counted in order to compare the
pattern for patients and staffs.

Ethical Considerations
Ethical approval has been provided by the Joint Chinese
University of Hong Kong – New Territories East Cluster Clinical
Research Ethics Committee in compliance with the Declaration
of Helsinki (CREC 2019.436). For the staff survey, implied
consent was applied as participating staff members returned the
completed questionnaires to the research team. For the patient
survey, verbal consent was obtained from patients over the
phone before the survey. All data were deidentified to protect
participants’ privacy and confidentiality.

Results

Comparative Analysis
A total of 1375 providers completed the survey with a 76%
response rate, comprising 966 (72%) female participants, 650
(50%) participants aged 18‐29 years old, 595 (50%)
participants with 0‐5 years of working experience, and 1216
(88%) nurses (Table 1).

Table . Demographic information of health care providers.

Nurses (n=1216)Doctors (n=159)Total (N=1375)Characteristics

Sex, n (%) a

911 (77)55 (35)966 (72)Female

279 (23)103 (65)382 (28)Male

Age (years), n (%) b

598 (52)52 (34)650 (50)18-29

299 (26)50 (32)349 (27)30-39

174 (15)32 (21)206 (16)40-49

65 (5.7)21 (14)86 (6.6)50-59

5 (0.4)0 (0)5 (0.4)>59

Working experience (years), n (%) c

549 (53)46 (34)595 (50)0-5

253 (24)25 (18)278 (24)6-10

71 (6.8)23 (17)94 (8.0)11-15

107 (10)18 (13)125 (11)16-20

29 (2.8)13 (9.6)42 (3.6)20-25

27 (2.6)10 (7.4)37 (3.1)26-30

8 (0.8)1 (0.7)9 (0.8)>30

a31 participants excluded from analysis due to missing information.
b82 participants excluded from analysis due to missing information.
c185 participants excluded from analysis due to missing information.

From the patient side, we received 2353 valid responses,
including 1109 (47%) and 1244 (53%) responses collected
through the pre- and postsurveys, respectively. The response
rate was 55.5% for the presurvey and 59.4% for the postsurvey.
The demographic composition was similar between the pre-

and postsurvey groups, except that 6.4% (presurvey group:
853/1106; postsurvey group: 1023/1226) more participants were
receiving the government subsidy in the postsurvey group
(P<.001) (Table 2).
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Table . Demographic information of older adult patients.

Postsurvey (n=1244)Presurvey (n=1109)Total (N=2353)Characteristics

77.65 (7.93)77.54 (8.00)77.48 (7.98)Age (years), mean (SD)

Sex, n (%)

553 (44.5)517 (46.6)1070 (45.5)Female

691 (55.5)592 (53.4)1283 (54.5)Male

Education, n (%) a

946 (62.3)695 (63.4)1461 (62.8)≤Primary

361 (29.4)341 (31.1)702 (30.2)Secondary

102 (8.3)60 (5.5)162 (7)≥College

Living status, n (%) b

154 (12.4)138 (12.4)292 (12.4)Living alone

1085 (87.6)971 (87.6)2056 (87.6)Living with others

Government subsidy, n (%) c

1023 (83.5)853 (77.1)1880 (80.5)Yes

203 (16.5)253 (22.9)456 (19.5)No

Heart diseases, n (%) d

446 (36.3)398 (35.9)844 (36.1)Yes

782 (63.7)710 (64.1)1492 (63.9)No

Hypertension, n (%) e

709 (57.7)671 (60.6)1380 (59.1)Yes

519 (42.3)437 (39.4)956 (40.9)No

Type 2 diabetes, n (%) f

396 (32.2)358 (32.3)754 (32.3)Yes

832 (67.8)750 (67.7)1582 (67.7)No

Cancer, n (%) g

71 (5.8)85 (7.7)156 (6.7)Yes

1158 (94.2)1023 (92.3)2181 (93.3)No

Length of stay (day), n (%) h

664 (53.7)592 (53.6)1256 (53.7)0-3

343 (27.7)296 (26.8)639 (27.3)4-7

230 (18.6)216 (19.6)446 (19.1)>7

65.04 (19.33)68.37 (17.39)66.61 (18.51)EQ-5D-VAS, mean (SD)i

Discharge day, n (%)

1007 (80.9)909 (82)1916 (81.5)Weekday

237 (19.1)200 (18)437 (18.5)Weekend

a29 participants excluded from analysis due to missing information.
b5 participants excluded from analysis due to missing information.
c17 participants excluded from analysis due to missing information.
d17 participants excluded from analysis due to missing information.
e17 participants excluded from analysis due to missing information.
f17 participants excluded from analysis due to missing information.
g16 participants excluded from analysis due to missing information.
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h12 participants excluded from analysis due to missing information.
i109 participants excluded from analysis due to missing information.

The comparative evaluation showed that patients consistently
provided significantly higher ratings for their overall PDIS
satisfaction compared with providers (mean 8.28, SD 1.60 vs
mean 6.29, SD 1.88, respectively; P<.001) (Figure 2).
Specifically, patients reported higher ratings for information
clarity (mean 8.58, SD 2.50 vs mean 6.54, SD 1.86, respectively;

P<.001) and usefulness of the PDIS (mean 8.14, SD 2.46 vs
mean 6.50, SD 2.02, respectively; P<.001). On the contrary,
patients were inclined to receive more information through the
PDIS (mean 5.33, SD 1.35 vs mean 6.14, SD 2.08, respectively;
P<.001).

Figure 2. Comparison of patient and health care providers’postdischarge information summary experiences. P value was obtained from the Mann-Whitney
U test. *P<.001.

Figure 3 displays the similarities and differences between
patients and providers regarding their comments on PDIS
experiences. A total of 538 comments were received (421 were
from providers and 117 were from patients). The most frequently
commented aspect was PDIS features for both providers
(147/421, 35%) and patients (73/117, 62%). However, the
specific area of the feature was different. Providers emphasized
the need for broader coverage of the drug databases (60/147,
41%) and the lack of multiple language versions (59/147, 40%),

while patients’ concerns revolve around the inconvenience of
medication names and follow-up information being in English
(45/73, 61%), the discomfort with medical jargon (9/73, 13%),
and font size (7/73, 10%). In addition, providers frequently
commented on the content of the PDIS form. For example, 27%
(114/421) of the comments were related to the medication listed
on the PDIS and emphasized the need for additional medication
details such as medication changes, indications, and instructions.
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Figure 3. Comparison of the qualitative comments on the postdischarge information summary between patients and health care providers. PDIS:
postdischarge information summary.

Staff Survey
Analysis of the practicing behaviors (Table 3) revealed that
72.1% (n=922) of the providers reported being able to
consistently distribute the PDIS form to patients or caregivers,
whereas 56% (n=667) stated they could consistently explain its

content. Subgroup analysis demonstrated significant variations
across different roles. Regarding distribution, 78% (n=915) of
nurses reported always doing so, compared with 6.4% (n=7) of
doctors (P<.001). Similarly, 57% (n=666) of nurses reported
always explaining the content, compared with 4% (n=1) of
doctors (P<.001).
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Table . Health care providers’ practicing behaviors and experience of the postdischarge information summary.

P valueaNurses (n=1216)Doctors (n=159)Total (N=1375)Items

PDISb implementation behavior, n (%)

<.0011170 (96.2)109 (68.6)1234 (89.7)Distribute

915 (78)7 (6.4)922 (72)Always

244 (21)17 (16)261 (20)Sometimes

11 (0.9)85 (78)96 (7.5)Never

<.0011154 (94.9)26 (16.4)1190 (86.5)Read

725 (62)5 (19)730 (61)Always

409 (35)16 (62)425 (36)Sometimes

30 (2.6)5 (19)35 (2.9)Never

<.0011164 (95.7)26 (16.4)1190 (86.5)Explain

666 (57)1 (3.8)667 (56)Always

464 (40)11 (42)475 (40)Sometimes

34 (2.9)14 (54)48 (4)Never

Perceptions of PDIS experiences, mean (SD)

Perceived design quality

.676.54 (1.86)6.50 (1.61)6.54 (1.86)PDIS information
is clear to your pa-
tients or careers

.936.14 (2.08)6.24 (1.61)6.14 (2.07)PDIS information
is adequate to your
patients or careers

.706.50 (2.02)6.69 (1.81)6.50 (2.02)PDIS information
is useful for pa-
tients or careers

Perceived usefulness

.326.36 (2.07)6.08 (1.81)6.35 (2.07)PDIS supports my
medication educa-
tion to patients or
careers

.346.21 (2.06)6.00 (1.55)6.21 (2.05)Patient-provider
communication be-
comes more effec-
tive with PDIS

.835.97 (2.21)6.08 (1.72)5.97 (2.20)PDIS enhances my
job efficiency

.976.02 (2.17)6.12 (1.68)6.03 (2.16)PDIS is useful in
my job

Behavior intention

.726.09 (2.19)6.12 (1.63)6.09 (2.18)I am willing to use
PDIS

Overall satisfaction

.756.28 (1.88)6.56 (1.51)6.29 (1.88)Overall rating of
PDIS user experi-
ences

aP value was obtained from the chi-square test and Mann-Whitney U test.
bPDIS: postdischarge information summary.

Physicians and nurses indicated moderate satisfaction with the
design quality and perceived usefulness of the PDIS to their

work, as reflected by mean agreement scores ranging between
5.96 and 6.54 (Table 3). The subgroup analysis did not identify
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any differences between professional roles regarding user
experiences. The CB-SEM analysis (Figure 4) showed that
design quality significantly impacted their perceived usefulness
(β coefficient=0.96, 95% CI 0.90-1.01) and behavior intention
(β coefficient=0.14, 95% CI 0.06-0.21). In addition, perceived
usefulness had a significant impact on behavior intention (β
coefficient=0.48, 95% CI 0.26-0.70). Furthermore, behavior
intention had a significant impact on the actual behavior (β
coefficient=0.16, 95% CI 0.10-0.23). In addition, satisfaction
can be significantly impacted by the design quality (β
coefficient=0.24, 95% CI 0.08-0.40) and perceived usefulness
(β coefficient=0.57, 95% CI 0.43-0.71). The structural equation
modeling (SEM) model presents a good fit overall, with all

indicators exceeding the recommended thresholds (Table 4).
The results of the indirect effects and total effects can be found
in Multimedia Appendices 2 and 3. In total, 3 mediating
pathways were identified: (1) an indirect pathway from design
quality through satisfaction to behavior intention (β
coefficient=0.770, 95% CI 0.700‐0.841, proportion
mediated=15.1%); (2) an indirect pathway from perceived
usefulness through satisfaction to behavior intention (β
coefficient=0.228, 95% CI 0.185‐0.272, proportion
mediated=32.5%); and (3) an indirect pathway from design
quality through perceived usefulness to satisfaction (β
coefficient=0.544, 95% CI 0.482‐0.605, proportion
mediated=30.8%).

Figure 4. Structural equation modeling for factors impacting the providers’ implementation fidelity. AB: actual behavior; BI: behavior intention; DQ:
design quality; PU: perceived usefulness; “ε1”, “ε2”, “ε3”, and “ε4” were the residual errors.

Table . Direct effects for the modela.

RemarksStandardized estimates (95% CI)Relationship

Supported0.955 (0.923-0.987)Design quality → Perceived useful-
ness

Supported0.242 (0.151‐0.333)Design quality → Satisfaction

Supported0.569 (0.487-0.651)Perceived usefulness → Satisfaction

Supported0.137 (0.031-0.242)Design quality → Behavior inten-
tion

Supported0.476 (0.371-0.582)Perceived usefulness → Behavior
intention

Supported0.402 (0.288-0.515)Satisfaction → Behavior intention

Supported0.164 (0.131-0.197)Behavior intention → Actual behav-
ior

aModel fit: χ441
2=3088.344, P<.001; root mean square error approximation=0.052; comparative fit index=0.997; Tucker-Lewis index=0.990; standard

root mean squared residual=0.021.
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Patient Survey
Table 5 showed significant improvements in patient experience
related to overall discharge information clarity (mean 8.18, SD
1.69 vs mean 7.93, SD 1.84, respectively; P=.002), adequacy
(mean 8.15, SD 1.76 vs mean 7.92, SD 1.93, respectively;
P=.01), and usefulness (mean 8.26, SD 1.70 vs mean 8.06, SD
1.80, respectively; P=.02). In addition, a significant increase

was found in information adequacy for both side effects (mean
9.6, SD 2.0 vs mean 8.6, SD 3.4, respectively; P<.001) and
warnings (mean 9.7, SD 1.8 vs mean 9.2, SD 2.7, respectively;
P=.004). Only warning information reached statistically
significant improvement in clarity (mean 8.77, SD 2.32 vs mean
8.45, SD 2.45, respectively; P=.03) and usefulness (mean 8.7,
SD 2.45 vs mean 8.44, SD 2.39, respectively; P=.03).

Table . Older adult patients’or caregivers’perceptions of discharge medication information and medication-taking behavior between pre- and postsurvey
groups.

P valueaPostsurvey
(n=1244)

Presurvey (n=1109)Total (N=2353)Items

Perspectives of the discharge medication information

Clarity, mean (SD)

.108.60 (2.39)8.31 (2.63)8.47 (2.50)Side effects

.038.77 (2.32)8.45 (2.45)8.61 (2.39)Warning signs

.0038.18 (1.69)7.93 (1.84)8.06 (1.77)Overall

Adequacy, mean (SD)

<.0019.6 (2.0)8.6 (3.4)9.2 (2.8)Side effects

.0049.7 (1.8)9.2 (2.7)9.4 (2.3)Warning signs

.028.15 (1.76)7.92 (1.93)8.04 (1.85)Overall

Usefulness, mean (SD)

.128.57 (2.42)8.34 (2.51)8.47 (2.46)Side effects

.038.70 (2.45)8.44 (2.39)8.57 (2.42)Warning signs

.018.26 (1.70)8.06 (1.80)8.17 (1.75)Overall

Medication-taking behaviors

.041235 (86.6)1083 (85.6)2318 (86.1)Self-reported side effects encounter, n
(%)

111 (9)126 (11.6)237 (10.2)Yes

1124 (91)957 (88.4)2081 (89.8)No

.391240 (87)1085 (85.8)2325 (86.4)Self-reported medication compliance,
n (%)

1183 (95.4)1043 (96.1)2226 (95.7)Yes

57 (4.6)42 (3.9)99 (4.3)No

aP value was obtained from the Mann-Whitney U test and chi-square test.

No statistically significant difference was found between pre-
and postsurvey groups in the percentage of self-reported
medication compliance. Notably, the postsurvey group had a
significantly lower percentage of self-reported side effects
encounters (126/1083, 11.6% vs 111/1235, 9%, respectively;
P=.04). Among participants who reported encountering side
effects, the majority (96/111, 86.4%) still followed the
medication instructions as prescribed.

Discussion

Principal Results
This is the first study to compare the perceptions of older adult
patients and health care providers regarding the use of
large-scale EHR-based discharge communication tools with
concordance measures. There was a noticeable difference in

ratings between patients and providers, with patients giving
higher ratings in terms of design quality and overall experience
of this tool. Qualitative comments indicated that patients and
providers have different areas of concern regarding this
communication tool. Furthermore, from the health care
providers’ side, inconsistent practicing behaviors were found,
which were significantly influenced by the implementation
intentions (represented as behavioral intentions in the SEM
model), overall satisfaction, design quality, and perceived
usefulness of the program. However, from the patients’ side,
older adults who received the written summary reported
improved experiences with discharge information, including
information clarity, adequacy, and usefulness.
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Comparison With Previous Work
Providers assigned significantly lower scores to the perceived
information clarity of the PDIS to their patients than patients
themselves. This difference may be due to the providers’
concern about the challenges associated with older adults’health
literacy [27] and the potential negative consequences of sharing
information on side effects, such as patients’ anxiety and
non-compliance [28-30]. However, the improved
patient-reported ratings of information clarity on medication
warnings and overall medication information, significantly
fewer side effects encounters, and no evidence of patient
noncompliance found by our study and others [31] suggested
that taking action is no worse than inaction but yields better
outcomes, contrary to the biased perception held by staff
members [32]. In order to address staff concerns, facilitate their
implementation, and fulfill patients’ needs, rephrasing risk
information by using lay language, shorter sentences,
supplementing verbal descriptions with visual aids, and
presenting medication benefits along with side effects can be
considered [33-35].

Providers rated information usefulness for patients or caregivers
lower than patients in this study, further impacting their
implementation. The lower beliefs on the value of the
communication tool for patient care from the provider side may
be due to the beliefs that patients may not effectively follow
the advice due to a lack of skills or inability to recall, despite
clinicians appropriately delivering the instructions [36].
Therefore, it is suggested that using cognitive aid strategies
such as teach-back techniques, repetition, demonstration, and
reducing the complexity of the information to enhance patients’
capacity to perform self-care tasks and recall of information
[10]. The discrepancy can also be attributed to providers’ lack
of awareness regarding patient needs, which was also reported
by previous studies [37]. Our study results, as well as other
research [38], suggest that patients view information about
medication side effects and warnings as crucial when making
decisions about seeking professional assistance. Patient-provider
information gap may not only lead to patient dissatisfaction but
also levy stress on providers [37]. Therefore, it is important to
leverage patient voices as credible sources and build long-term
patient-provider relationships to address this gap.

It is important to note that older adults tend to rely more on
health care providers and perceive them as trustworthy sources
of information, as reflected in higher satisfaction with received
medication information among older adults than younger
individuals in a previous study [39]. Therefore, it is crucial to
address provider-reported barriers in PDIS implementation to
ensure a higher level of program satisfaction and implementation
fidelity. Our study found that the design quality and perceived
usefulness to providers’ work can hinder their implementation,
which is in accordance with previous studies [40,41]. This can
be attributed to the low compatibility of the service with
providers’ existing workflow [21]. Our study found that
providers expressed a preference for enriching the PDIS content

with additional medication elements, such as medication
changes, indications, and instructions, indicating their priorities
for discharge education are not fully met. This suggested that
involving frontline implementers as program designers and
developers is crucial for program fit, staff self-efficacy, capacity,
and commitment [21]. Other than the perceived usefulness and
design quality of the program reported in our study, a
comprehensive understanding of the complex elements involved
in implementation, including context, stakeholders, and
organizational factors, is needed [42]. This knowledge facilitates
the creation of customized strategies and policies that have a
higher likelihood of achieving success [43]. Therefore,
conducting implementation research is essential in identifying
the barriers and facilitators linked to the implementation of the
PDIS to ensure providers’ user experiences are optimized,
leading to improved patient access to high-quality care and
maintaining a high level of patient experiences among the older
adult population.

Limitations
This study has several limitations. First, self-reported data may
be subject to inaccuracies due to social desirability bias.
However, including participants from diverse backgrounds may
mitigate this limitation to some extent. Second, patient outcomes
were not measured in this study, as our focus was on exploring
and comparing patient and provider experiences with
technology-based communication tools. Given the positive
experiences reported by patients, future research could
investigate clinical outcomes to further enhance the evidence
base. Third, the pre-post survey design for a patient survey
without a control group limits our ability to determine whether
the observed changes are directly attributable to the PDIS. The
cross-sectional design for the staff survey can limit our ability
to establish causal inferences regarding factors influencing
providers’ inconsistent implementation. Subsequent studies
using longitudinal or experimental designs are warranted to
understand the causal mechanisms and develop effective
strategies to enhance staff performance. Finally, as we did not
impose a strict designation of specific professional roles (doctor
or nurse) for the tasks involved in PDIS implementation, there
may be an underestimation of the effects of the determinants
on behavioral intention and actual behaviors.

Conclusions
EHR-based discharge communication tools have the potential
to improve the patient experience with discharge information.
However, there is a notable difference in user perceptions
between patients and providers. This difference may hinder the
full benefits of the program for patients. These findings have
implications for future research, particularly in implementation
research, where barriers and strategies to enhance staff
performance can be investigated. In addition, the study provides
valuable insights for organizations seeking to improve
patient-provider shared understanding of postacute care plans
among older adult patients during hospitalization, particularly
through technology-based interventions.
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Abstract

Background: Subjective cognitive concerns (SCCs) may be among the earliest clinical symptoms of dementia. There is growing
interest in applying a mobile app–based cognitive assessment to remotely screen for cognitive status in preclinical dementia, but
the relationship between SCC and relevant mobile assessment metrics is uncertain.

Objective: This study aimed to characterize the relationship between SCC and adherence, satisfaction, and performance on
mobile app assessments in cognitively unimpaired older adults.

Methods: Participants (N=122; Meanage=68.85 [SD 4.93] years; Meaneducation=16.85 [SD 2.39] years; female: n=82, 66.7%;
White:n=106, 86.2%) completed 8 assessment days using Mobile Monitoring of Cognitive Change (M2C2), an app-based testing
platform, with brief daily sessions within morning, afternoon, and evening time windows (24 total testing sessions). M2C2
includes digital working memory, processing speed, and episodic memory tasks. Participants provided feedback about their
satisfaction and motivation related to M2C2 upon study completion. SCC was assessed using the Cognitive Function Instrument.
Regression analyses evaluated the association between SCC and adherence, satisfaction, and performance on M2C2, controlling
for age, sex, depression, and loneliness. Linear-mixed effects models evaluated whether SCC predicted M2C2 subtest performance
over the 8-day testing period, controlling for covariates.

Results: SCC was not associated with app satisfaction or protocol motivation, but it was significantly associated with lower
rates of protocol adherence (ß=−.20, P=.37, 95% CI −.65 to −.02). Higher SCC endorsement significantly predicted worse overall
episodic memory performance (ß=−.20, P=.02, 95% CI −.02 to −.01), but not working memory or processing speed. There was
a main effect of SCC on working memory performance at day 1 (estimate=−1.05, SE=0.47, P=.03) and a significant interaction
between SCC and working memory over the 8-day period (estimate=0.05, SE=0.02, P=.03), such that SCC was associated with
initially worse, then progressively better working memory performance.

Conclusions: SCCs are associated with worse overall memory performance on mobile app assessments, patterns of cognitive
inefficiency (variable working memory), and mildly diminished adherence across an 8-day assessment period. Findings suggest
that mobile app assessments may be sensitive to subtle cognitive changes, with important implications for early detection and
treatment for individuals at risk for dementia.

(JMIR Aging 2025;8:e64033)   doi:10.2196/64033
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Introduction

Subjective cognitive decline (SCD) refers to self-perceived
changes in cognitive functioning in the setting of normative
performance on objective cognitive measures [1]. Older adults
with SCD are more likely to demonstrate cognitive decline over
time compared with their peers who do not endorse significant
cognitive concerns [1-6]. This association has led many to posit
that SCD may be one of the earliest clinical manifestations of
Alzheimer disease and related dementias (ADRD) [1,3]. SCD
has been linked with critical ADRD neural substrates and
biomarkers, including structural [7-9] and functional [4,10]
alterations, white matter dysfunction [11-13], and the presence
of amyloid (Aβ) and tau [14-17]. However, it is important to
acknowledge that most individuals notice changes in cognition
as they age (up to 80% of people over the age of 70 years), and
that many individuals with SCD do not ultimately progress to
dementia [2]. As such, investigating novel markers within SCD
may enhance early risk detection in this preclinical population.

Disentangling the relationship between SCD and performance
on traditional neuropsychological measures is inherently
complex. By definition, individuals with SCD perform in the
normal range on objective cognitive tasks [3]. However, some
studies have demonstrated that SCD is not without mild
cognitive deficits. For example, there is evidence of mild
reductions in processing speed, executive functioning, language,
and memory in SCD [18-22], and such minor deficits have been
correlated with concurrent Alzheimer disease (AD) biomarkers
and future clinical progression [23]. There is presently a
multitude of approaches in the field and widespread debate
about how to best assess SCD, and measure selection may
directly impact the association of SCD with concurrent cognition
and risk for future cognitive decline [24-27]. It is also essential
to recognize that SCD intrinsically reflects a longitudinal change
over time [28]; however, traditional neuropsychological
evaluations only capture a snapshot of in-the-moment cognitive
status. Furthemore, for individuals with a high cognitive
baseline, normative performance on objective testing may
actually represent a decline in cognitive performance [1]. Novel
and highly sensitive cognitive tools are needed to characterize
more subtle deficits experienced by individuals with SCD [28].

There is growing interest in using smartphone-based, digital
technology to remotely screen and track cognitive functioning
in older adults at risk for dementia or those along the AD
continuum. Smartphone usage among older Americans is highly
prevalent (62%‐81% of people over the age of 60 use a
smartphone) [29], and a number of smartphone-based cognitive
assessment apps have been developed [30,31]. Such approaches
are not only more accessible, convenient, time-effective, and
scalable [31-33], but also may be more sensitive to subtle
cognitive changes not captured by traditional paper and pencil
cognitive assessments [31,32]. Smartphone-based cognitive
assessments may also demonstrate superior ecological validity
when completed in the individual’s lived context with a familiar
piece of technology [30,31,34]. Smartphone technology also
facilitates high-frequency, repeated cognitive assessment, which
allows for the quantification of subtle markers of decline in

older adults, such as intraindividual variability and patterns in
cognition over time [30-32,35,36]. However, the
self-administered, unsupervised nature of smartphone-based
cognitive assessments raises concerns related to task adherence,
engagement, and potentially confounding factors that may occur
within an uncontrolled environment [32].

Particularly relevant to aging research is the limited
understanding of how subjective cognitive concerns (SCCs),
the core feature of SCD, may be associated with engagement,
satisfaction, and performance on such smartphone-based
cognitive assessments. Preliminary evidence suggests that
smartphone use may be associated with fewer SCCs in older
adulthood and possibly constitute a protective factor against
cognitive decline [37]; hence, smartphones may represent a
promising tool for novel assessments and potential interventions
for at-risk populations with self-perceived cognitive decline.
Emerging literature suggests that smartphone-based cognitive
testing generally has adequate adherence rates (>70%) [32], but
little is understood about factors (such as SCC) which may
impact engagement or motivation on unsupervised digital tests
[38]. These are especially important relationships to disentangle,
given the ubiquity of SCC in aging populations [2], high rates
of smartphone usage [29], and growing interest in remote
assessment to enhance accessibility to cognitive screening. In
addition, the relationships between digital cognitive testing and
AD biomarkers [39-41], as well as SCC and AD biomarkers
[15,17,42], is supported by emerging research, but no studies
to date have directly investigated the relationship between SCC,
AD biomarkers, and digital smartphone cognitive tasks.

In light of the need to better understand the role of SCC in
smartphone-based cognitive assessments in aging populations
at risk for AD, the present analysis sought to characterize the
relationship between SCC and adherence (aim 1), satisfaction
and motivation (aim 2), and performance (aim 3) on a mobile
app–based digital cognitive assessment in a sample of
cognitively unimpaired older adults. Given the established
association between SCC, cerebral Aβ positivity (eg, the
hallmark biomarker of AD), and risk for cognitive decline
[14-16,23], a secondary aim sought to understand if Aβ
positivity moderated the relationship between SCC and
performance on the mobile app–based cognitive assessment.
Results represent the first step toward quantifying the impact
of SCC on smartphone-based cognitive testing in older adult
populations, with crucial implications for early detection in
those at risk for cognitive decline and dementia.

Methods

Participants, Recruitment, and Procedures
Participants consisted of 122 cognitively unimpaired older
adults, between the ages of 60 and 80 years of age, recruited
from the Butler Alzheimer’s Prevention Registry, a local
database of older adults interested in AD research at the Butler
Hospital Memory and Aging Program (MAP) [43]. All study
procedures were carried out remotely, and detailed recruitment
and procedural information has been described previously
[38,41,44]. Study procedures are presented in Figure 1.
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Figure 1. Study procedures. UCLA: University of California, Los Angeles.

We used a targeted recruitment to enroll individuals with
previous amyloid positron emission tomography (PET) data
(elevated [Aß+] or nonelevated [Aß-] determined by clinical
read by a radiologist) (final n=73) [41] as well as those without
PET data. PET results were available if recorded in our Registry
as part of previous research participation at the MAP.
Individuals (n=256) were invited to participate in the study
through an email or phone call. Individuals who consented
(n=146) completed an online survey before the initiation of the
remote testing protocol, which included various screening
measures, including the Cognitive Functioning Index (CFI) [45]
(subjective cognitive concern screen), Geriatric Depression
Scale 5-item version (GDS-5) [46] (depressive symptoms screen;
score range 0‐5, with higher scores indicating worse depressive
symptoms), and the University of California, Los Angeles
(UCLA) 3-Item Loneliness Scale [47] (loneliness screen; score
range 0‐6, with higher scores indicating worse loneliness).
The modified Telephone Interview for Cognitive Status (TICSm)
[48] (objective cognition screen; score range 0‐50, with lower
scores indicating worse cognitive functioning) was also
completed before the remote testing protocol by phone,
administered by a research assistant. During screening, 23
participants were excluded, and 1 participant was lost to follow
up. After the completion of the 8 day remote study protocol,
participants (final n=122) were invited to provide feedback
(including study satisfaction and motivation) on their experience
through an online survey, and a US $20 gift card was provided
for compensation.

Inclusion criteria involved unimpaired cognition, daily use of
a smartphone, and familiarity with smartphone features.
Unimpaired cognition was defined as a TICSm cutoff score of
≥34 [48]. Exclusion criteria included self-reported history of
cognitive impairment or dementia, history of neurologic disease
or severe mental illness, and physical inability to complete
smartphone-based testing.

Subjective Cognitive Concerns
The CFI is a 14-item self-report measure which probes changes
in cognitive and functional domains over the past year. The CFI
was selected for inclusion in this study as it is a widely used,

briefly administered measure of SCC that has been
well-validated for used in cognitively healthy and preclinical
dementia populations [42,45,49,50]. Items reflect memory
concerns, increased use of compensatory strategies, changes in
driving, or difficulty managing instrumental activities of daily
living. Participants respond with yes (1 point), no (0 points), or
maybe (0.5 points), with total scores ranging from 0 to 14
(continuous variable). Higher scores reflect greater SCC. As a
sensitivity analysis, we also created a SCC variable that included
CFI items that solely assessed cognition (CFI-Cog), by removing
the functioning related items to create a refined examination of
SCC. CFI-Cog included CFI items 1, 2, 3, 4, 5, 6, 8, 11, and
13. This approach is consistent with a recent study which
identified that cognitively focused CFI items, rather than
functionally related CFI items, were endorsed at a higher rate
and more likely to be associated with Aß+ in cognitively
unimpaired older adults [42].

Mobile App–Based Cognitive Assessment

Overview
Remote cognitive tasks were completed using the Mobile
Monitoring of Cognitive Change (M2C2) app [51] (more details
in Figure 2), a cognitive testing platform developed as part of
the National Institute of Aging Mobile Toolbox initiative, with
strong previous theoretical, empirical, and psychometric support,
including evidence of sensitivity to age and age-related
neuropathology [34,38,44]. Android smartphones preloaded
with the cognitive assessment app were mailed to participants
along with a detailed use guide. Phone functions were locked
to prevent the use of features such as web browsing and the
camera. Participants completed 3, brief (ie, 3‐4 minutes) M2C2
sessions each day during morning, afternoon, and evening time
windows for 8 consecutive days. Additional sessions could be
completed on day 9 as optional or make-up sessions. Staff
provided support through phone or email as needed, as described
previously [41]. During each M2C2 session, participants
completed 3 previously characterized cognitive measures
assessing visual working memory (Color Shapes), processing
speed (Symbol Match), and episodic memory (Prices). Each
task took approximately 60 seconds to complete.
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Figure 2. Mobile Monitoring of Cognitive Change (M2C2) app subtests.
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Color Shapes
The Color Shapes visual working memory task is a visual array
change detection test measuring intraitem feature binding.
Participants determine if shapes change color across 2 sequential
presentations in which the shape locations change. Performance
was measured by discriminability (d-prime) performance
calculated from the proportion of correct identifications and
proportion of misidentified stimuli [51].

Symbol Match
The Symbol Match processing speed task is a speeded
continuous performance test of conjunctive feature search.
Participants are asked to identify matching symbol pairs.
Performance was measured by the median reaction time to
complete the task across all trials (in milliseconds) [51].

Prices
The Prices episodic memory task uses an immediate delayed
forced-choice recognition paradigm. Participants incidentally
encode 10 grocery item-price pairs for later recall while judging
whether or not the item’s price is “good.” Recall trials begin
immediately after the learning trials. Performance was measured
by the proportion of correct responses on the 10 recall trials
[51].

Study Adherence, Satisfaction, and Motivation
Adherence was quantified as the number of testing sessions
completed across the 8-day ambulatory protocol (out of 24
sessions).

Participants’ feedback covered various aspects, including their
satisfaction with the protocols and their level of motivation to
engage with the study tasks. Feedback related to satisfaction
was measured with 2 items: “Completing the brain games was
fun” and “I became bored with the brain games.” Participants
rated their responses on a 6-point Likert scale (1=strongly
disagree to 6=strongly agree). For the purposes of this study,
responses were dichotomized by those who agreed (Likert scale
responses 4, 5, and 6) or those who disagreed (Likert scale
responses 1, 2, and 3) on these items due to a largely positive
response bias (most individuals found the tasks to be fun and
not boring).

Feedback regarding motivation was measured on the item: “It
was hard to motivate myself to complete the games each time.”
Participants rated their response on a 5-point Likert scale
(1=Agree to 5=Disagree). As above, responses were
dichotomized into those who agreed or were neutral (Likert
scale responses 1, 2, and 3) and those who disagreed (Likert
scale responses 4 and 5) for the purpose of this analysis due to
a largely positive response bias (most individuals found
themselves to be easily motivated to complete the tasks).

Statistical Analysis
Descriptive statistics were conducted to characterize the sample
in terms of demographics (self-reported biological sex, race,
ethnicity, and years of education), self-reported symptoms of
depression (by the Geriatric Depression Scale 5-item version
[46]), loneliness (by the UCLA Loneliness Scale [47]), and
SCC (CFI total and CFI-Cog), relevant app-based metrics (ie,

adherence, satisfaction and motivation), and objective cognitive
performance (ie, visual working memory, processing speed,
and episodic memory). Pearson correlation coefficient (for
continuous variables) and point biserial correlation (for binary
variables) were implemented as appropriate to assess the
relationship between SCC and demographic variables,
depression, loneliness, and outcomes of interest (eg, adherence,
satisfaction, motivation, and performance on app-based
cognitive assessment). To address aims 1‐3 and secondary
analyses, SCC (continuous variable) was the main predictor of
interest and we adjusted for covariates, including age, sex,
depression, and loneliness, in all models. Covariates were
selected based on significant association with independent and
dependent variables of interest. A priori significance threshold
(α) was set at P≤.05. For our moderation analyses, we examined
α levels up to P≤.10.

To test aim 1, linear regression models were used to evaluate
the association between SCC and adherence (continuous
variable) over the 8-day protocol. For the purposes of this
analysis, the CFI total score was the main SCC predictor of
interest. We present results for CFI-Cog only when they differ
from the CFI total score. To test aim 2, logistic regression
models were conducted to evaluate the association between
SCC and satisfaction (dichotomized self-report items related to
level of fun and boredom), and SCC and motivation
(dichotomized self-report items related to motivation). Individual
regression models were implemented for each motivation and
satisfaction outcome of interest. To test aim 3, separate linear
regression models were constructed to evaluate the association
between SCC and performance on each M2C2 based cognitive
assessment (Prices, Color Shapes, and Symbol Search, all
continuous variables). Linear-mixed effects models were used
to evaluate whether SCC predicted M2C2 subtest performance
over time while controlling for age, sex, and loneliness. Finally,
as a secondary analysis in a subsample of participants with Aβ
PET data, we fit linear regression models with SCC and the
interaction of SCC and Aβ PET positivity as predictors, to test
the moderation effect of Aβ PET positivity on the association
between SCC and study adherence and performance on M2C2
tasks, adjusting for covariates. All descriptive and regression
analyses were conducted using SPSS version 28.0.1.1 (IBM
Corp). Linear mixed-effects models were conducted using the
nlme R package.

Ethical Considerations
The project received approval from the Butler Hospital
Institutional Review Board (#1882523), and all the participants
provided informed consent. All data was de-identified.
Participants were compensated for their time with a $20 gift
card.

Results

Participant Characteristics and Correlates of
Subjective Cognitive Concerns
Overall sample demographics and SCC, adherence, satisfaction,
motivation, and performance variables are presented in Table
1. The sample (N=122) was 68.85 (SD 4.93) years old
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(range=60‐81 y) with 16.52 (SD 2.39) years of formal
education. The majority of the sample identified as female
(n=82, 66.7%), White (n=106, 86.2%), and non-Hispanic
(n=109, 88.6%). In the subset of individuals with Aβ PET scans,
there were 25 Aβ positive participants and 48 Aβ negative
participants. Subjective cognitive concerns, as measured on the

CFI, were fairly minimal in this sample. On average, the sample
scored 1.8 (SD 1.7) out of 14 possible points on the overall CFI
; however, the most common score on the CFI was 0 (mode=0),
with 18% of the sample expressing no concerns about their
cognition on the CFI.

Table . Sample demographic, subjective cognitive concerns, and mobile app protocol metrics.

Subsample with Aβa PETb (n=73)Total sample (N=122)

Demographic characteristics

69.25 (4.48)68.85 (4.93)Age (years), mean (SD)

16.45 (2.60)16.52 (2.39)Education (years), mean
(SD)

52 (71.2)82 (66.7)Female, n (%)

65 (89)106 (86.2)White, n (%)

64 (87.7)109 (88.6)Non-Hispanic, n (%)

0.24 (0.46)0.27 (0.54)Depression (GDSc), mean
(SD)

0.56 (0.98)0.70 (1.15)Loneliness (UCLAd), mean
(SD)

39.01 (3.03)39.32 (3.33)Cognitive status (TICSme),
mean (SD)

Subjective cognitive concerns

1.96 (1.80)1.86 (1.70)CFIf total score, mean (SD)

1.96 (1.80)1.39 (1.35)CFI-Cogg, mean (SD)

21.86 (2.30)22.45 (2.58)    Protocol adherence, mean
(SD)

Protocol satisfaction

59 (83.1)102 (85)Who had fun, n (%)

17 (23.6)30 (24.8)Who became bored, n (%)

Protocol motivation

53 (73.6)93 (77.5)Who were motivated, n (%)

M2C2h task performance (average over 8-day protocol)

0.75 (0.09)0.75 (0.09)Prices, mean (SD)

2.46 (0.80)2.45 (0.76)Color Shapes, mean (SD)

2215.08 (410.92)2224.78 (447.76)Symbol Search, mean (SD)

aAβ: amyloid.
bPET: positron emission tomography.
cGDS: Geriatric Depression Scale.
dUCLA: University of California, Los Angeles.
eTICSm: modified Telephone Interview for Cognitive Status.
fCFI: Cognitive Function Instrument.
gCFI-Cog: Cognitive Function Instrument cognitive items.
hM2C2: Mobile Monitoring of Cognitive Change.

Bivariate associations are presented in Table 2. The CFI did
show a small to moderate correlation with worse cognitive status
(TICSm, r=−0.202, P=.03), greater loneliness (UCLA
Loneliness Scale, r=0.248, P=.006), and worse adherence

(r=−0.207, P=.02). In terms of overall M2C2 performances, the
CFI showed a small correlation with episodic memory (ie,
Prices) performance (r=−0.196, P=.03).
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Table . Bivariate associations among demographic variables, subjective cognitive concerns, mobile app protocol metrics, and amyloid (Aβ) positron

emission tomography (PET)a.

Aβ posi-
tive

Symbol
Search

Color
Shape

PricesAdher-
ence

CFI-

Cogd
CFIcTIC-

Smb
Loneli-
ness

Depres-
sion

Educa-
tion

SexAge

Age

0.2580.418−0.308−0.369−0.060−0.0200.001−0.262−0.024−0.154−0.005−0.143—er

.03<.001<.001<.001.51.83.99.004.79.09.95.12—P value

Sex

0.012−0.0930.2710.2210.031−0.0500.0010.1840.146−0.038−0.066—−0.143r

.92.31.003.01.73.60.99.04.11.68.47—.12P value

Education

−0.015−0.1400.020−0.0280.0360.0830.0740.218−0.0850.011—−0.066−0.005r

.90.13.83.76.70.37.42.02.36.91—.47.95P value

Depression

0.052−0.028−0.1330.2020.0540.0640.0400.0630.170—0.011−0.038−0.154r

.66.76.15.03.56.49.67.50.06—.91.68.09P value

Loneliness

−0.031−0.0690.0330.001−0.0940.1040.248−0.056—0.170−0.0850.146−0.024r

.80.45.72.99.31.26.006.55—.06.36.11.79P value

TICSm

−0.175−0.2160.2250.3500.008−0.183−0.202—−0.0560.0630.2180.184−0.262r

.14.02.01<.001.94.05.03—.55.50.02.04.004P value

CFI

−0.002−0.023−0.028−0.196−0.1760.941—−0.2020.2480.0400.0740.0010.001r

.98.80.76.03.05<.001—.03.006.67.42.99.99P value

CFI-Cog

−0.041−0.038−0.017−0.171−0.207—0.941−0.1830.1040.0640.083−0.050−0.020r

.73.68.86.06.02—<.001.05.26.49.37.60.83P value

Adherence

0.210−0.0750.0430.221—−0.207−0.1760.008−0.0940.0540.0360.031−0.060r

.08.42.64.02—.02.05.94.31.56.70.73.51P value

Prices

−0.325−0.1390.309—0.221−0.171−0.1960.3500.0010.202−0.0280.221−0.369r

.005.13<.001—.02.06.03<.001.99.03.76.01<.001P value

Color Shapes

−0.141−0.287—0.3090.043−0.017−0.0280.2250.033−0.1330.0200.271−0.308r

.24.001—<.001.64.86.76.01.72.15.83.003<.001P value

Symbol Search

0.011—−0.287−0.139−0.075−0.038−0.023−0.216−0.069−0.028−0.140−0.0930.418r

.93—.001.13.42.68.80.02.45.76.13.31<.001P value

Aβ positive

—0.011−0.141−0.3250.210−0.041−0.002−0.175−0.0310.052−0.0150.0120.258r

—.93.24.005.08.73.98.14.80.66.90.92.03P value

aThe Aβ PET data was only available for a subsample (n=73).
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bTICSm: modified Telephone Interview for Cognitive Status
cCFI: Cognitive Function Instrument
dCFI-Cog: Cognitive Function Instrument cognitive items
eNot applicable

Aim 1: Subjective Cognitive Concerns and Adherence
to Mobile App–Based Cognitive Assessment Protocol
Overall, remote assessment protocol adherence was high in the
sample, with participants completing on average 93.5% of the
24 testing sessions over the 8-day period. CFI-Cog endorsement

significantly predicted overall remote testing adherence over 8
days. This suggests that higher levels of SCC were associated
with worse adherence (a diminished number of test sessions
completed across the protocol) (ß=−.197, P=.04, 95% CI −.647
to −.021). However, this association was not observed when
using the CFI total score as the predictor (Table 3).
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Table . Association between subjective cognitive concerns and mobile app metrics.

P valueß/aORa (95% CI)R 2

Aim 1: Subjective cognitive con-
cerns and adherence to app-based
cognitive assessment protocol, ß

0.042    Adherence

.10−.157 (−.459 to .042)     SCCb (CFIc)

.63−.046 (−.106 to .064)     Age

.59.051 (−.657 to 1.150)     Sex

.45.072 (−.479 to 1.068)     Depression (GDSd)

.47−.071 (−.5.20 to .239)     Loneliness (UCLAe)

Aim 2: Subjective cognitive con-
cerns, satisfaction, and motivation
on app-based cognitive assess-
ment, aOR

    Protocol satisfaction

0.060     Level of fun

.921.016 (0.738 to 1.398)         SCC (CFI)

.230.938 (0.844 to 1.042)         Age

.040.328 (0.112 to 0.963)         Sex

.380.679 (0.28 to 1.606)         Depression (GDS)

.600.883 (0.554 to 1.408)         Loneliness (UCLA)

0.026     Boredom

.921.013 (0.783 to 1.310)         SCC (CFI)

.231.056 (0.966 to 1.155)         Age

.270.575 (0.213 to 1.552)         Sex

.891.060 (0.473 to 2.375)         Depression (GDS)

.121.130 (0.785 to 1.625)         Loneliness (UCLA)

    Protocol motivation

0.028     Motivation

.370.891 (0.691 to 1.148)         SCC (CFI)

.410.962 (0.877 to 1.054)         Age

.311.689 (0.613 to 4.603)         Sex

.350.685 (0.312 to 1.503)         Depression (GDS)

.261.286 (0.831 to 1.991)         Loneliness (UCLA)

Aim 3: Subjective cognition and
performance on app based cogni-
tive assessment, ß

0.234    Prices

.02−.200 (−.020 to −.002)     SCC (CFI)

<.001−.318 (−.009 to −.003)     Age

.02.193 (.005 to .070)     Sex

.04.174 (.001 to .056)     Depression (GDS)

.88−.013 (−.015 to .013)     Loneliness (UCLA)

0.170    Color Shapes

.86−.016 (−.085 to .071)     SCC (CFI)
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P valueß/aORa (95% CI)R 2

<.001−.301 (−.073 to −.020)     Age

.02.205 (.051 to .612)     Sex

.04−.181 (−.489 to −.009)     Depression (GDS)

.74.030 (−.098 to .138)     Loneliness (UCLA)

0.178    Symbol Search

.94−.007 (−48.34 to 44.72)     SCC (CFI)

<.001.416 (22.302 to 53.977)     Age

.76−.027 (−192.599 to 140.950)     Sex

.64.041 (−109.610 to 176.575)     Depression (GDS)

.62−.045 −92.465 to 55.043     Loneliness (UCLA)

aaOR: adjusted odds ratio.
bSCC: subjective cognitive concern.
cCFI: Cognitive Function Instrument.
dGDS: Geriatric Depression Scale.
eUCLA: University of California, Los Angeles.

Aim 2: Subjective Cognitive Concerns, Satisfaction,
and Motivation on Mobile App–Based Cognitive
Assessment
In terms of overall protocol satisfaction, participants endorsed
that completing the assessments was fun (n=102, 85%) and not
boring (n=92, 75.2%). Participants also reported that they did
not encounter difficulties in motivating themselves to give their
best performance (n=93, 77.5%). CFI total score was not
associated with metrics of study satisfaction in the adjusted
models, including how fun or boring participants found the
protocol to be. In terms of motivation, CFI total score was not
predictive of self-reported effort across the protocol period
(more details in Table 3).

Aim 3: Subjective Cognitive Concerns and
Performance on Mobile App–Based Cognitive
Assessment
SCCs and their association with overall objective cognitive
performances on digital cognitive tests was also investigated
(more details in Table 3). High SCC endorsement on the CFI
total score was significantly predictive of poorer overall

performance on the Prices task (ß=−.200, P=.02, 95% CI −.020,
to −.002). There were no significant associations between the
CFI and performance metrics for Color Shapes (P=.86) or
Symbol Search (P=.94).

We also investigated the association of SCC and longitudinal
trends of cognitive performance over the 8-day testing period
(M2C2 app performance descriptives for each study day have
been previously reported) [38]. There was a main effect of the
CFI total score suggesting that higher levels of SCC were
associated with worse performance on Color Shapes (working
memory) at day 1 (unstandardized estimate [b]=−1.047,
SE=0.47, P=.03). Furthermore, there was a significant
interaction between SCCs and Color Shapes performance
(b=0.048, SE=0.02, P=.03), such that higher CFI total scores
were associated with improved performance on this subtest over
time. In other words, although high SCC was associated with
worse working memory performance initially, individuals
seemed to benefit from repeated practice and ultimately
performed better (more details in Figure 3). There were no
significant associations between SCC and intraindividual
variability in Prices or Symbol Match performances over the
protocol period.

JMIR Aging 2025 | vol. 8 | e64033 | p.337https://aging.jmir.org/2025/1/e64033
(page number not for citation purposes)

Nester et alJMIR AGING

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


Figure 3. Subjective cognitive concerns association with working memory longitudinally over the 8-day mobile-appmobile app protocoll. CFI: Cognitive
Function Instrument.

Secondary Aim: Moderating Effect of Amyloid Status
on the Relationship Between Subjective Cognitive
Concerns and Mobile App–Based Cognitive
Assessment
The moderation of Aβ positivity on the relationship between
CFI and app-based metrics, as well as CFI and cognitive
performance (ie, Prices, Color Shapes, and Symbol Search) was
investigated in a subset of individuals with Aβ PET scans
(n=73). The presence of Aβ did not moderate the relationship
between CFI total score and adherence. There was evidence for
moderation at the P<.10 level of Aβ positivity on the
relationship between CFI total score and Prices was observed,
but did not fall within the α=.05 threshold (ß=.179, P=.09, 95%
CI −.003 to .036). Aβ status did not moderate the association
between SCC and Color Shapes or Symbol Search.

Discussion

Principal Findings
This study sought to characterize the relationship between SCC
and mobile app–based protocol engagement (adherence,
satisfaction, and motivation) and performance on cognitive tasks
in a cohort of cognitively healthy older adults. While protocol
satisfaction and motivation were not impacted by SCCs, overall
adherence was associated, such that higher levels of SCCs
predicted lower rates of adherence. Overall, we show that SCCs
were associated with worse objective performance on mobile
app–based assessments. Our findings suggest that mobile
app–based assessments hold promise as sensitive tools to detect
subtle neurodegenerative changes in individuals at risk for

dementia, with potential application for early detection,
diagnosis, and treatment.

We observed an association between SCCs, as measured on the
Cognitive Function Index (CFI), and overall worse performance
on a test of episodic memory (Prices). A significant association
was not observed between SCC and overall performance on
tasks of processing speed or working memory. Findings in the
broader SCD literature are quite mixed as to whether SCCs are
or are not associated with concurrent cognitive functioning
abilities [52]; as such, our results may indicate that the use of
sensitive digital cognitive tools could enhance the association
between SCC and objective cognitive metrics. Our result
reflecting a unique association with episodic memory is perhaps
clinically meaningful, as memory concerns specifically are
frequently considered to be the hallmark presenting symptom
of AD [2,53], particularly in individuals over the age of 65 [53].
This observation is underscored by our finding of a moderating
effect of cerebral Aβ positivity (at the P<.10 level) on the
relationship between SCC and episodic memory (Prices) in a
subsample of participants with biomarkers available for analysis
(secondary aim), such that the association of SCC with episodic
memory was stronger in the presence of Aβ. This result adds
to the growing evidence base for an association between SCC
and higher Aβ [52]. Replication of this analysis in a larger
sample may clarify the interplay between SCC, AD biomarkers,
and subtle memory deficits observed on mobile app–based
assessment in otherwise cognitively and clinically normal older
adults. That being said, it is worth considering that the unique
association between SCC and episodic memory in our sample
may be at least somewhat secondary to the way the CFI is
constructed, as this instrument mostly focuses on episodic
memory-related cognitive concerns [45]. Previous studies have
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demonstrated the importance of querying beyond just memory
concerns to most sensitively detect dementia risk [54,55].
Indeed, SCC can be sampled by a multitude of techniques and
approaches (eg, memory only vs multiple cognitive domains;
traditional paper and pencil vs digital assessments; self vs
informant report; capturing current ability vs change in ability,
etc) [24,25], all of which may impact the sensitivity of the SCC
measures to detect current and risk for future cognitive
impairment. Future research should carefully weigh SCC
assessment approaches, and consider incorporating a more
comprehensive SCC screener which queries across a broader
range of cognitive domains, as this may be valuable for detecting
more meaningful associations between SCC and mobile
app–based cognitive performances.

We also evaluated patterns of cognitive performance across the
8-day assessment period. Analyses revealed that more SCC was
associated with initially worse working memory (Color Shapes)
performance on day one. However, individuals with higher SCC
showed progressively improving working memory performance
over the assessment period, and by day 8 were performing in a
similar range with those with lower SCC. This pattern was not
observed on the episodic memory or processing speed subtests.
This finding is consistent with recent results from
Aschenbrenner et al [56], which showed variability over high
frequency app-based assessments in attention and working
memory-based skills, but not in episodic memory, in older adults
who were at increased genetic risk for AD [56]. Our finding of
an initial relative weakness in working memory skills could
reflect the presence of mild cognitive inefficiencies in older
adults with SCC, which may be compensated for with repeated
exposure to the task over time. This may be due to early
dysfunction in working memory processes, which have been
characterized in preclinical AD [57,58]. Subjectively, this may
be experienced by these individuals as thinking which requires
increased concentration, that is punctuated by occasional lapses,
and is associated perhaps with a sense of being cognitively
overwhelmed, all of which may be driving the report SCC in
daily life, but may be subtle enough that it may not be detected
on traditional neuropsychological tests. Hence, this type of
unique marker of cognitive inefficiency would only be afforded
through high frequency, mobile app–based cognitive assessment
in this population. The plausible role of performance anxiety
may also explain variability in cognitive performance overtime.
Although beyond the scope of the present analysis, research
which comprehensively measures the role of in-the-moment
psychological and physiological states by ecological momentary
assessment techniques in relation to in the moment SCC and
objective cognition will be critical next steps.

Our findings related to SCC and metrics of protocol engagement
and satisfaction with unsupervised, high frequency digital
cognitive assessments have potentially broad implications for
aging research, especially in light of increasing interest in using
these techniques to remotely assess cognitive functioning in
this population [31,32]. Indeed, whether or not a study is directly
examining SCC or includes SCD as a clinical group of interest,
aging studies must contend with the fact that SCCs are
widespread and may be clinically meaningful feature among
the older adults in their sample [2]. We show that SCC was not

associated with protocol satisfaction (including how fun or how
boring the experience was) nor did SCC effect how motivated
a participant was to engage and put forth their best effort.
However, higher levels of SCC did impact protocol adherence
in our sample, with mildly worse compliance those with higher
SCC observed. For context, protocol adherence was overall
quite high in our population (93.5%) and similarly high
compliance rates have been described in several other recent
smartphone-based studies [32], yet no previous studies have
directly explored the impact of SCCs on protocol adherence. It
may be that high frequency, mobile assessments are able to
detect mild patterns of forgetfulness (manifested in slightly
worse adherence rates) in older adults with SCC, so future
research should be attuned to this possibility. Replication of
this association between SCC and adherence to remote protocols
in larger, more demographically diverse samples is warranted.

Limitations
Some limitations of this study, as well as potential future
directions of this research, warrant acknowledgment. Our sample
was largely White, disproportionally female, and highly
educated. This limits the generalizability of the study findings
to broader demographic groups. Our sample was from a
relatively small single cohort and only a subset had AD
biomarkers available for analysis, restricting study power and
may have impeded our ability to obtain significant findings. A
measure of anxiety symptomology was not available in the
present sample, limiting our ability to understand the plausible
role of anxiety, SCC, and performance on digital assessments
[32,59]. The main predictor of interest in this study, the CFI,
shows adequate evidence for validity and reliability [42], but
is somewhat limited in the domains of cognitive concerns it
measures (eg, memory and daily functioning). Research has
shown that comprehensive assessment of concerns across a
broad range of cognitive domains may be most sensitive to risk
in aging populations [60], so future smartphone-based research
may consider including a broader range of cognitive concern
items to better understand this relationship. We were unable to
assess informant-report of SCC in this sample, which has been
demonstrated to be optimized to predict risk above and beyond
self-report [25], and this should be addressed in future
smartphone studies. Although such metrics were not available
in this study, there is also a small but growing literature which
has examined the use of smartphones to assess SCC in a digital
remote format in tandem with cognitive tests and relevant
clinical outcomes in older adult samples [61-63]. Future research
on SCC and smartphone-based digital cognitive assessments
should investigate the relative value of traditional in person
reported SCC (eg, the CFI) versus smartphone based digital
SCC assessments. Finally, this cross-sectional study was not
able to investigate the relationship between SCC and
longitudinal decline on smartphone-based cognitive performance
in individuals with positive AD biomarkers. It will be essential
for future studies to follow participants over time to understand
if SCC at baseline may predict incident decline on these novel
cognitive metrics. Due to the limited nature of this pilot study,
we cannot provide specific recommendations about optimal
SCC assessment approach for use in future digital cognitive
studies.
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Conclusions
SCCs are frequently one of the earliest clinical symptoms of
dementia [2]. However, clinical interpretations of SCCs are
complicated by the ubiquitous endorsement of these concerns
[2], their potential for non-neurodegenerative etiology (eg,
psychiatric, medical, or sociodemographic factors) [2,3], and
frequent lack of association with traditional objective cognitive
testing [1]. Smartphone-based, digital cognitive assessments,
which are increasingly used in aging research, may offer
potential for improved ecological validity and sensitivity to
subtle markers of cognitive decline [30-32,35]. Hence, such

smartphone-based digital tools may be able to capture quite
mild deficits in individuals with SCC who perform within
normal limits on traditional neuropsychological tests. Results
from the current study showed that SCCs are associated with
worse overall memory performance on mobile app assessment,
and patterns of cognitive inefficiency (variable working
memory) and mild forgetfulness (diminished adherence) across
an 8-day assessment period in cognitively intact older adults.
Findings indicate that mobile app assessments may be uniquely
sensitive to very subtle neurodegenerative changes in at risk
older adults, with critical implications for early detection and
timely intervention.
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Abstract

Background: Horticultural therapy (HT) has been proposed to be an effective intervention for improving the psychosocial
well-being of people with dementia and their caregivers. However, constraints such as limited land space in high-density cities,
unstable weather, and lack of gardening experience may hamper the delivery of HT to people with dementia and their caregivers.

Objective: This pilot study aimed to examine the feasibility and preliminary effects of a technology-enhanced home-based HT
for people with dementia and their caregivers using a hydroponic indoor growing system.

Methods: A single-group pre-post design was adopted. A total of 37 dyads of people with dementia and their caregivers
participated in 3 weekly face-to-face sessions, followed by 8 weeks of home-based horticultural activities. Outcomes were
measured at baseline and postintervention (at week 11), including feasibility outcomes, cognitive function, neuropsychiatric
symptoms, and happiness levels of people with dementia. Caregivers’outcomes included positive aspects of caregiving, perceived
stress levels, depressive symptoms, caregiver distress, and happiness levels. Semistructured focus group interviews were conducted
with the caregivers to further explore their horticultural experience.

Results: Intervention feasibility was established with a completion rate of 83.78% and an attrition rate of 2.63% (n=1). Significant
improvements were detected in caregiver distress (P<.05) and the happiness level of people with dementia (P<.01). The qualitative
findings indicated that HT improved the psychological well-being of both people with dementia and caregivers, enhanced the
relationships between caregivers and people with dementia, expanded the caregivers’ social networks, and enhanced the
autobiographical memory of people with dementia.

Conclusions: This pilot study provides evidence on the feasibility of using a hydroponic indoor grower to conduct home-based
HT for people with dementia and their caregivers. The findings suggest positive effects on the psychological well-being of both
people with dementia and their caregivers. Caregivers reported potential positive effects of HT on the autobiographical memory
retrieval of people with dementia. Due to the pilot nature of this study, a control group was not employed. Therefore, large-scale
randomized controlled trials are encouraged to further confirm the effectiveness of the intervention.
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Trial Registration: ClinicalTrials.gov NCT05577975; https://clinicaltrials.gov/study/NCT05577975

(JMIR Aging 2025;8:e66017)   doi:10.2196/66017
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Introduction

With the global aging population, dementia has become a
significant public health concern. The World Health
Organization estimates that the number of people with dementia
worldwide is approximately 55 million, with this figure expected
to rise to about 78 million by 2030 and 139 million by 2050 [1].
The global cost of dementia saw a substantial increase of 62%
between 2010 and 2019, with the economic burden projected
to reach an estimated US $1313.4 billion in 2019. Notably,
informal care significantly contributes to roughly half of the
total global costs [2]. People with dementia often exhibit
behavioral and psychological symptoms of dementia (BPSD),
including agitation, anxiety, irritability, depression, apathy,
disinhibition, and changes in sleep or appetite [3]. More than
80% of people with dementia were affected by aggression,
apathy, agitation, and depression, while around 30% experienced
hallucinations and delusions [3,4]. Conceivably, BPSD adversely
impacts the capacity to perform activities of daily living (ADL)
and the maintenance of interpersonal relationships. This in turn
results in significant stress and negative emotions for their
family caregivers. For instance, caring for people with dementia
has been associated with elevated levels of psychological
distress and stress, as well as lower levels of self-efficacy,
subjective well-being, and physical health [5]. Due to the
significant level of psychological distress and stress involved
in caregiving activities, approximately 50% of caregivers of
people with dementia are susceptible to major depressive
disorder [6]. A high level of caregiver stress is a risk factor for
unhealthy behaviors, such as a sedentary lifestyle, inadequate
dietary habits, and substance abuse, leading to an increased
vulnerability to chronic illnesses among caregivers [7,8].
Caregiver burden is also linked to an increased risk of engaging
in abusive behavior towards the care recipient [9]. It is therefore
important to develop psychosocial interventions to promote the
psychological well-being of both caregivers and people with
dementia, as well as to alleviate the BPSD experienced by
people with dementia.

Horticultural therapy (HT) has been proposed to be an effective
intervention for improving the psychosocial well-being of people
with dementia and their caregivers. HT is grounded in the
Biophilia Hypothesis, which emphasizes the healing effects of
human-plant interactions on physical, mental, and emotional
domains [10]. According to the Attention Restoration Theory
(ART), engaging with natural environments can restore
cognitive fatigue by automatically capturing attention, thereby
allowing the replenishment of directed attention capacity [11].
The Stress Recovery Theory (SRT) also proposes that interacting
with nature can trigger physiological and psychological stress
reduction and elicit positive affect, which in turn facilitates the
replenishment of depleted psychological resources after stressful

events [12,13]. For instance, HT establishes a sense of control,
empowerment, and cooperation, which in turn can facilitate
emotional stability when under a state of cognitive overload
[14]. The physiological effects of HT on stress reduction in
older adults are characterized by lower cortisol, heart rate, and
blood pressure [15,16]. It has also been found that increased
high α and low α wave activities after a single treatment [17].
Increasing α and theta activity in the brain’s occipital lobes
helped decrease anxiety and improve functioning in those with
generalized anxiety disorder [18]. In addition, the social
interactive nature of HT can facilitate social support for
vulnerable groups [19].

More recently, HT has been extended in its application to people
with dementia and demonstrated positive effects on BPSD, as
well as enhancing physical and cognitive abilities, including
memory and orientation, among people with dementia [20]. In
the context of caregiving for people with dementia, HT can
foster meaningful contact and social interaction between people
with dementia and their caregivers [21,22]. A randomized
controlled trial (RCT) demonstrated that HT can effectively
reduce caregiving burden and promote the quality of life among
caregivers of people with dementia [23]. Another RCT reported
evidence of the protective effects of HT on the immune system
and cognitive functioning, as well as its positive effects on
reducing anxiety and promoting social interactions among older
adults [24]. Several systematic reviews and meta-analyses have
shown reliable effects of HT in improving cognitive functioning
in people with dementia [25,26]. For instance, an improved
capacity for autobiographical memory retrieval is often observed
through engaging in horticultural activities [27]. In addition,
HT also demonstrated benefits in alleviating BPSD in people
with dementia, as suggested in multiple systematic reviews and
meta-analyses [25,27-29].

Traditionally, HT is led by a registered therapist to achieve
tailored rehabilitative or vocational goals. HT commonly
includes participatory tasks such as cultivating, pruning,
weeding, and planting flowers. Ornamental HT may also involve
garden tours and nature viewing [16,22]. However, in densely
populated areas, HT may not have the luxury of spaces to engage
in home-based horticultural activities. The extreme climate in
certain areas may create additional difficulties in engaging in
outdoor horticultural activities. In addition, for caregivers who
may be occupied with caregiving tasks, horticultural activities
that require a significant amount of skills and time, such as
monitoring the condition of various plants, may pose additional
challenges for them [30].

While HT is promising in managing BPSD in people with
dementia and improving the quality of life in both people with
dementia and their caregivers, it is important to consider the
environmental and spatial conditions in which HT is
implemented, as these factors may inadvertently impact its
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effectiveness. In this study, we proposed a novel approach to
take advantage of technology to overcome the above limitations
and to make horticultural activities more accessible for people
with dementia and their caregivers, especially in densely
populated areas. In recent years, there has been a growing body
of research on the application of technology-assisted HT, such
as using virtual reality to deliver HT (eg, VR Garden) [31].
However, there are certain limitations. One of the main
drawbacks is the lack of real-world sensory experiences, such
as smells and tactile sensations, which are inherent to traditional
HT. Additionally, the use of virtual reality may lead to
cybersickness, a condition characterized by symptoms similar
to motion sickness, which can negatively impact the user
experience and therapeutic outcomes [32]. To address these
limitations, a hydroponic indoor grower can create a
controllable, optimized environment for engaging in horticultural
activities in a home-based HT for people with dementia and
their caregivers. The hydroponic indoor grower also allows
mobile app connectivity to track the progress of plant growth,
which can guide people with dementia and their caregivers to
engage in horticultural activities. Therefore, this pilot study
aimed to address the following research objectives:

1. To examine the feasibility and acceptability of conducting
a technology-enhanced home-based HT among people with
dementia and their caregivers.

2. To investigate the preliminary effects of the intervention
in (1) improving cognitive function and BPSD of people
with dementia, (2) promoting positive caregiving
experiences in family caregivers, and (3) reducing the
caregivers’ level of stress and depressive symptoms.

Methods

Study Design
To examine the feasibility and preliminary effects of the
technology-enhanced home-based HT on improving the
psychological well-being of people with dementia and their
caregivers, we used an explanatory sequential multimethods
approach. A single-group pre-post design is used for our
quantitative assessment. The entire intervention lasted for 11
weeks, with outcome measures taken at baseline (T0) and post
intervention (T1). A qualitative approach was used to explore
the participants’experiences in-depth in the HT. Semistructured
focus group interviews were conducted with participants after
the intervention, with the aim of identifying the strengths,
limitations, and difficulties experienced during the program.

Participants
Participants were recruited from a convenience sample of people
with dementia and their caregivers in collaboration with 4
community centers operated by the nongovernmental
organization (NGO) that provide gerontology services.
Promotional posters were used to advertise the program in
NGOs. The program allowed interested participants to enroll
independently, while NGO staff reached out to interested
individuals to provide further information and assistance. The
Hong Kong version of the Montreal Cognitive
Assessment-5-Minute (MoCA-5-min) [33] was administered
by a research assistant in screening for stages of dementia in

potential participants. Eligible participants were then enrolled
based on the following inclusion and exclusion criteria. The
inclusion criteria for people with dementia were as follows: (1)
65 years or above, (2) diagnosed with any type of dementia at
the early to moderate stage, and (3) community-dwelling and
living with family caregivers (ie, noninstitutionalized). The
criteria for caregivers included the following: (1) at least 18
years old; (2) blood or by-marriage relatives (eg, spouses,
siblings, children, and grandchildren) of a person who has been
clinically diagnosed with dementia, regardless of its type; and
(3) take up caring responsibilities ranging from physical aids
(eg, transportation, financial assistance, personal hygiene, and
decision-making) to emotional support, and provided most of
the daily care and support for the people with dementia (daily
contact of at least 4 hours). Participants were deemed ineligible
if they had a current medical diagnosis with any acute mental
illnesses that would otherwise prevent them from engaging in
HT.

An a priori power analysis was performed using G*Power 3.1
[34], based on effect sizes in literature related to the effects of
HT on psychological outcomes. A meta-analysis reported an
effect size of 0.55 [35], the power analysis was formulated using
a 1-tailed t test to detect a medium effect size with a power of
0.80 at a P value of .05, which resulted in a target sample size
of 23. Considering an attrition rate of approximately 15% [36],
it was necessary to include more than 27 dyads in the study.

Ethics Approval
Ethical approval for the study was obtained from the Institutional
Review Board of The Hong Kong Polytechnic University
(approval number HSEARS20220801002), and the trial was
registered in ClinicalTrials.gov (NCT05577975). Prior to
participation, all participants (both people with dementia and
their caregivers) were required to provide informed consent.
The process of obtaining informed consent from people with
dementia adhered to the guidelines outlined by the Alzheimer’s
Society. A demonstration session was set up to explain the
study’s purpose, procedures, risks, benefits, and voluntary nature
clearly to both people with dementia and their caregivers. During
this session, the research assistant explained the consent form,
demonstrated the equipment, and provided an overview of the
participation process. People with dementia and their caregivers
were allowed to try out some parts of the HT before signing the
consent form. Only those people with dementia who were still
willing to participate after this experience were allowed to sign
the consent form. Ongoing assent was also obtained from
participants with dementia throughout the study, and their
willingness to participate was regularly monitored and respected.

Intervention
In the technology-enhanced home-based HT, the activities were
also designed based on the Biophilia Hypothesis, with an
emphasis on human-plant interactions. We further incorporated
interactive components between people with dementia and their
caregivers, in which people with dementia participated in the
planting process alongside their caregivers. The caregivers
assumed responsibility for decision-making and progress
monitoring for the planting process, while people with dementia
followed directions from caregivers and provided assistance
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throughout the process. Examples of horticultural tasks
performed by caregivers included formulating planting plans,
adjusting optimal light conditions, strategizing fruit harvesting
schedules, and devising culinary techniques for the harvest.
Meanwhile, people with dementia executed tasks such as
observation, flower watering, active participation in planting
light regulation, and assisting caregivers with harvesting.
According to the SRT and ART, these activities are posited to
have cognitive and stress restoration effects. Based on the
Sensory Integration Theory, these activities can mobilize the 5
senses through multisensory stimulation, tactile input, and
olfactory and gustatory experiences [37,38], which can further
enhance the cognitive functioning of people with dementia.
Furthermore, the interactive components may enhance the
dyadic relationship between people with dementia and their
caregivers.

The technology-enhanced home-based HT was facilitated by a
hydroponic indoor smart grower, which is a smart device that
provides a greenhouse environment with adjustable LED grow
lights and smart sensors (Figure 1). Features of the device
include automatic watering and a removable water reservoir,
as well as built-in smart sensors to detect nutrients, air
temperature, humidity, light intensity, water temperature, and
water level. The mobile app connectivity via Wi-Fi allows
participants to monitor the growth conditions with notifications
when water and nutrients need to be replenished, minimizing
the probability of plant growing failure. The app can also
customize planting plans for each type of plant and automatically
adjust to suitable light intensity, resulting in faster plant growth
and harvest. Additionally, the app can track the progress of plant
growth and guide users to conduct horticultural activities.

Figure 1. Hydroponic indoor smart grower.

Upon the project’s commencement, the hydroponic indoor smart
grower was delivered to the enrolled participants. With reference
to the optimal therapeutic dose between 100 and 500 minutes
of HT for stress reduction [39], the intervention consisted of 3
weekly face-to-face (F-T-F) training sessions, each lasting 90
minutes. This was followed by 8 weeks of home-based
horticultural activities (Table 1), with a total weekly time

commitment of 1 hour. The program activities are presented in
Table 2. A biweekly telephone call schedule was established to
follow up on progress and program adherence. Additionally, a
social media platform group was created for the participants to
ask questions and share their horticultural experiences. The
social media platform provided additional insight into
participants’ adherence to home-based horticultural activities.
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Table 1. Intervention schedule of the technology-enhanced home-based horticultural therapy.

Home-based horticultural activities with biweekly telephone follow-upF-T-Fa sessions

Week 11Week 10Week 9Week 8Week 7Week 6Week 5Week 4Week 3Week 2Week 1

6060606060606060909090Duration (min-
utes)

aF-T-F: face-to-face.

Table 2. Program content of the technology-enhanced home-based horticultural therapy.

Reality orientation contentsObjectivesThemeWeek

Focusing on LEDa light differences according to certain
modes of the smart grower; focusing on the water sound
when the smart grower performs auto-watering system;
smelling the seeds to see if different seeds have different
smells; and sharing their sensory information to each other.

Stimulating the senses of vision, hearing, and smell; focusing
on the appearance of the smart grower; encouraging people
with dementia-caregiver interaction.

Vision; Hearing;
Smell

4

Smelling the leaves at the beginning stage of the plants;
touching the plants (To see the texture, eg,
hard/soft/smooth/rough/solid/fluid); trimming plants; taking
photos to record plant growth.

Stimulating the senses of smell and touch; enhancing visual-
spatial skills and executive; promoting motor skills.

Smell; Touch;
Motor

5

Examining the pattern, shape, size, or height of the vegetables
(eg, bok choy vs tomato) in day and night; touching different
types of vegetables to see if the textures are different; sharing
their sensory information to each other; taking photos to
record plant growth.

Stimulating the senses of vision and touch; enhancing visual-
spatial skills and executive functioning; enhancing cognitive
ability through comparison.

Vision; Touch6

Comparing the shape, size, and height of different vegetables
to see the differences in the growing process; smelling the
leaves or stem of vegetables; pruning the vegetables; sharing
and discussing what are the differences from the beginning;
taking photos to record plant growth.

Stimulating the senses of smell and touch; promoting motor
functioning; enhancing visual-spatial skills and executive;
enhancing cognitive functioning (memory) through compar-
ison; encouraging people with dementia-caregiver interaction.

Smell; Vision;
Motor; Memory

7

Touching the leaves or stem of the plants or vegetables to
see if the textures are different from the beginning to mid-
late stage of planting; planning and discussing which plants
to cut; taking photos to record plant growth.

Stimulating the senses of touch; promoting motor function-
ing; stimulating cognitive functioning through decision-
making process; enhancing visual-spatial skills and execu-
tive.

Motor; Touch;
Decision making

8

Counting the number of vegetables (eg, how many bak
choy/tomato?); deciding which vegetables to cut; cutting
suitable vegetables; taking photos to record plant growth.

Stimulating the senses of vision; promoting motor function-
ing; stimulating cognitive functioning through decision-
making process; enhancing visual-spatial skills and execu-
tive.

Vision; Motor;
Decision making

9

Comparing the shape, size, and height of different vegetables
to see the differences in the growing process; smelling the
leaves or stem of vegetables; pruning the vegetables; sharing
and discussing what are the differences from the beginning;
taking photos to record plant growth.

Stimulating the senses of smell and touch; promoting motor
functioning; enhancing visual-spatial skills and executive;
enhancing cognitive functioning (memory) through compar-
ison; encouraging people with dementia-caregiver interaction.

Smell; Vision;
Motor; Memory

10

Deciding what type of dishes to cook (salads or pasta);
cooking the decided dishes based on the vegetable; recording
the odor and color of the dishes; taking photos to record plant
growth.

Stimulating the senses of vision; promoting motor function-
ing; stimulating cognitive functioning through decision-
making process.

Motor; Vision;
Decision-making

11

aLED: light-emitting diode.

Measures

Overview
Measurements were taken at T0 and T1. The feasibility of the
intervention was evaluated by means of attrition rate, attendance
rate, and completion rate. The outcome measures for people
with dementia included self-care abilities, cognitive function,
behavioral symptoms, and happiness levels. Caregivers’
outcomes consisted of positive caregiving experiences, perceived

stress levels, depressive symptomatology, caregiver distress,
and happiness levels.

People With Dementia Outcomes
The Barthel Index was used to measure the capacity to perform
ADLs. Barthel Index comprised 10 ADLs, including feeding,
bathing, grooming, dressing, using the toilet, transferring
(moving from the bed to the chair and back), mobility (on level
surfaces), climbing stairs, and controlling bowel and bladder
functions [40]. Items are rated based on whether individuals
can perform activities independently, with some assistance, or
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are dependent (scored as 10, 5, or 0). The index yields a total
score out of 100, with higher scores indicating greater levels of
functional independence [40]. We categorized the Barthel Index
scores as follows: 0-20 (total dependence), 21-60 (severe
dependence), 61-90 (moderate dependence), 91-99 (mild
dependence), and 100 (total independence) [41]. The Barthel
Index had excellent test-retest reliability (intraclass correlation
coefficient [ICC]≥0.962) [42].

The MoCA-5-min was used to measure the cognitive functions
of people with dementia over the telephone, administered by
social workers [33]. It comprises 4 domains: attention
(immediate recall of 5 words), executive function/language
(1-minute verbal fluency), orientation (6-item date and
geographic orientation), and memory (delayed recall and
recognition of 5 words learned in item 1). The total scores of
the MoCA-5-min range from 0 to 30, with higher scores
representing a higher level of cognitive function. The
MoCA-5-min had an excellent test-retest reliability (ICC=0.89)
[33].

BPSD of people with dementia was measured using the
Neuropsychiatric Inventory Questionnaire (NPI-Q) [43]. The
NPI-Q consisted of 12 neuropsychiatric symptoms, including
delusions, hallucinations, agitation/aggression,
irritability/depression, anxiety, euphoria/exuberance,
apathy/indifference, disinhibition, irritability/instability,
abnormal motor behavior, nocturnal behavioral disorders, and
appetite/eating disorders. Each symptom is evaluated based on
frequency (1=rarely to 4=very often, once or more per day) and
severity (1=mild [causing little distress in the patient] to
3=severe [very disturbing to the patient and challenging to
redirect]). A total score for each domain is calculated by
multiplying the frequency and severity ratings. The overall NPI
score is derived by summing the scores across all domains, with
a higher score indicating more severe neuropsychiatric
symptoms. The NPI-Q has demonstrated satisfactory
psychometric properties [43].

The Visual Analogue Scale of Happiness was used to measure
the happiness level of people with dementia [44]. The Visual
Analogue Scale of Happiness is an analog scale containing 6
faces expressing emotions ranging from great happiness to deep
sadness, and people with dementia need to identify which face
best represents their mood. Subjects that chose the faces “Little
Unhappy,” “Unhappy,” or “Very Unhappy” were prone to
exhibit depressive symptoms [45]. The reliability and validity
of the scale have been validated [46].

Caregivers Outcomes
The Positive Aspects of Caregiving Scale was used to measure
caregivers’ positive caregiving experience [47]. It consists of
11 items with 2 subscales: enriching life and affirming self.
Participants answered on a 5-point scale ranging from 0
(strongly disagree) to 4 (strongly agree). Scores range from 0
to 44, with higher scores indicating more positive
self-perceptions of caregiving. The Positive Aspects of
Caregiving Scale demonstrates high levels of internal
consistency, with a Cronbach α of 0.89 among the family
caregivers of people with dementia in Hong Kong [47].

The Chinese version of the Perceived Stress Scale was used to
measure the stress level in caregivers [48]. It is a 10-item
measurement rated on a 5-point Likert-type scale, ranging from
0 (never) to 4 (very often). The total score ranges from 0 to 40,
with higher scores indicating higher levels of perceived stress.
The Perceived Stress Scale showed acceptable levels of
psychometric properties, which included an internal consistency
reliability of Cronbach α of 0.85 and a test-retest reliability
coefficient of 0.85 [49].

The Center for Epidemiological Studies Depression Scale was
used to measure depressive symptoms in caregivers over a
1-week recall period [50]. It consists of 20 items and is rated
on a 4-point Likert scale, ranging from 0 (rarely or none of the
time) to 3 (most or almost all the time). Scores range from 0 to
60, with higher scores indicating greater depressive symptoms.
The Center for Epidemiological Studies Depression Scale has
demonstrated acceptable psychometric properties, including a
test-retest reliability of 0.91 and an internal consistency of 0.86
[51].

The Neuropsychiatric Inventory-Distress Scale (NPI-D) was
used to measure caregiving distress [52]. It assesses the
psychological distress levels caused by neuropsychiatric
symptoms, as reported in the NPI-Q, to the caregivers [43].
Participants rated their distress levels according to the severity
of symptoms in people with dementia using a 6-point Likert
scale, which ranges from 0 (not at all distressing) to 5 (very
severely or extremely distressing). The Cronbach α coefficient
for the Chinese version of the NPI-D was 0.72 [53].

Perceived happiness was measured using the Subjective
Happiness Scale (SHS) [54]. The SHS consists of 4 items; 2 of
these assess the current state of happiness, including absolute
happiness ratings and relative happiness ratings compared with
peers. The remaining 2 items measure trait happiness by asking
participants to indicate the extent to which they identify with
descriptions of both happy and unhappy individuals. The SHS
is rated on a 7-point Likert-type scale, ranging from negative
to positive. Responses to the 4 items are averaged, yielding a
range from 1 to 7. A higher score indicates greater levels of
happiness. The Cronbach α for the Chinese version of the SHS
was 0.82, and the test-retest reliability was 0.70 [55].

Feasibility Outcomes
Intervention feasibility was assessed using the completion rate,
attendance rate, and attrition rate. The attrition rate was
calculated by dividing the number of dropouts by the total
number of enrolled subjects. The attendance rate was determined
by averaging the individual attendance rates, which were
calculated by dividing the number of F-T-F sessions attended
by the total number of F-T-F sessions. The completion rate was
defined as the percentage of participants who attended more
than 80% of the sessions, which included home-based
horticultural activities and totaled more than 600 minutes.

Quantitative Analysis
Data analysis was performed using IBM SPSS (version 23).
We first explored patterns of sociodemographic characteristics
of the participants. Then, paired-sample t tests were used to
compare the outcomes before and after the intervention. Unless
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otherwise specified, the statistical analyses performed did not
exceed a 2-tailed α level of 0.05.

Qualitative Analysis
Given that caregivers of people with dementia experience
varying levels of distress and may respond differently to the
intervention, we adopted stratified purposive sampling based
on this criterion to enhance the representativeness of the data.
The caregiver’s level of distress was assessed using NPI-D,
with mild distress categorized as 0-13 points (77.78%), moderate
distress as 14-26 points (16.67%), and severe distress as >27
points (5.56%) [52]. Participants for the qualitative study were
selected through stratified sampling based on these different
levels of distress. A total of 4 semistructured focus groups were
conducted with 18 participants. A trained research assistant led
the focus groups, asking participants to share their experiences
using the smart growers, as well as their interactions with people
with dementia during the program. A probing question—“What
is your experience related to the use of the device in interacting
with your relative?”—was used to facilitate the discussions.
The focus group interviews were recorded and transcribed with
the participants’ consent.

Thematic analysis was used to analyze the transcribed verbatim;
the authors read the texts, generated initial codes, and developed
potential themes [56]. The process concluded with data
saturation, when no new findings were discovered. Emergent
themes were discussed and agreed upon by the researchers. The

comprehensiveness of the content analysis was ensured through
digital recordings and verbatim transcriptions, which were
independently completed and then discussed by 2 researchers.
The emergent themes, validated through researcher consensus
after thorough discussion, exemplify the methodological rigor
underlying the study’s credibility.

Results

Quantitative Findings
A total of 50 dyads of people with dementia and their family
caregivers were invited to participate in the study, and 38 dyads
met the selection criteria and joined the study. The attrition rate
was 2.63%, with 1 participant dropping out due to behavioral
issues after the first F-T-F training session. The attendance rate
for F-T-F sessions was 94.64%. A total of 36 out of 38 dyads
attended the first session, while 35 out of 37 dyads attended
both the second and third sessions. The completion rate was
83.78%, as 31 out of 37 participants achieved a participation
rate of 80% or higher (>600 minutes).

Sample characteristics of people with dementia are presented
in Table 3. The majority of participants were male (21/38,
55.3%), with a mean age of 81.8 (SD 8.4) years. Regarding the
self-care abilities of the participants, only 21.1% (n=8) exhibited
no dependence, while the majority displayed mild to moderate
dependence.

Table 3. Sociodemographic characteristics of people with dementia (N=38).

ValuesVariables

81.8 (8.4)Age (in years), mean (SD)

60-102Age (in years), range

Sex , n (%)

21 (55.3)Male

17 (44.7)Female

Marital status , n (%)

23 (60.5)Married

15 (39.5)Divorced/Widowed

Self-care abilities , n (%)

8 (21.1)Total independence

25 (65.8)Mild dependence

5 (13.2)Moderate dependence

0 (0.0)Severe dependence

0 (0.0)Total dependence

Demographic characteristics of caregivers are summarized in
Table 4. Female caregivers accounted for 73.7%, with a mean
age of 58.4 (SD 8.8) years. The average duration of care

provided to people with dementia was 4.7 (SD 0.3) hours per
day.
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Table 4. Sociodemographic characteristics of caregivers (N=38).

ValuesVariables

58.4 (8.8)Age (in years), mean (SD)

34-76Age (in years), range

Sex, n (%)

10 (26.3)Male

28 (73.7)Female

Marital status, n (%)

2 (5.3)Single

30 (78.9)Married

6 (15.8)Divorced/widowed

Educational level, n (%)

10 (26.3)Primary

20 (52.6)Secondary

8 (21.1)College or above

Employment status, n (%)

20 (52.6)Unemployed/retired

18 (47.4)Employed

Monthly household income, n (%)

11 (28.9)Less than 6000 HKDa

8 (21.1)6000-9999 HKD

10 (26.3)10,000-14,999 HKD

7 (18.4)15,000-19,999 HKD

2 (5.3)20,000 HKD or above

Relationship with people with dementia, n (%)

20 (52.6)Spouse

18 (47.4)Children/in-laws

Living arrangement with people with dementia, n (%)

23 (60.5)Same household

15 (39.5)Different household

4.7 (0.3)Duration of care provided to people with dementia, in hours/day (hours), mean (SD)

aHKD: Hong Kong Dollar (1 HKD=US $ 0.13).

For people with dementia, there were significant pre-post
improvements in cognitive functions and behavioral and BPSD,
although the results did not reach statistical significance.

Furthermore, we observed a significant improvement in the
happiness level of people with dementia from T0 (mean 7.67,
SD 1.40) to T1 (mean 8.79, SD 1.02; P<.01; Table 5).

Table 5. Outcome measures of the technology-enhanced home-based horticultural therapy for people with dementia (N=37, one participant dropped
out).

95% CIP valueT1b, mean (SD)T0a, mean (SD)Variables

–1.75 to –0.46<.018.79 (1.02)7.67 (1.40)Happiness

–1.41 to 0.84.6114.36 (6.55)14.07 (6.58)Cognitive functions

–1.29 to 5.91.207.72 (5.22)10.03 (8.26)BPSDc

aT0: preintervention.
bT1: postintervention.
cBPSD: behavioral and psychological symptoms of dementia.
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Regarding caregivers, at a descriptive level, we observed
pre-post improvements in perceived stress, depressive
symptoms, and happiness, although the differences did not reach

a statistically significant level. Specifically, we observed
significant improvements in caregiver distress from T0 (mean
12.93, SD 9.40) to T1 (mean 7.83, SD 8.01; P<.05; Table 6).

Table 6. Outcome measures of the technology-enhanced home-based horticultural therapy for caregivers (N=37, one participant dropped out).

95% CIP valueT1b, mean (SD)T0a, mean (SD)Variables

–2.89 to 3.03.9625.66 (6.00)25.72 (6.17)Stress

–5.28 to 4.80.9217.03 (9.73)16.79 (10.70)Depressive symptoms

–4.86 to 5.55.8931.00 (10.29)31.34 (8.23)Positive aspects of caregiving

0.16 to 10.05c<.05c7.83 (8.01)c12.93 (9.40)cCaregiver distress

–1.42 to 3.35.417.08 (4.37)6.74 (3.93)Happiness

aT0: preintervention.
bT1: postintervention.
cSignificant effects.

Qualitative Findings

Overview
A total of 18 caregivers joined the focus group. The majority
of them were either children (n=12) or spouses (n=6) of the care
recipients. Overall, the qualitative findings from the focus
interviews can be summarized under the themes of (1) perceived
benefits and (2) perceived challenges of the
technology-enhanced home-based HT.

Perceived Benefits
Under the theme of perceived benefits, we further identified
four subthemes: (1) improved emotional well-being, (2)
improved relationship with people with dementia, (3) increased
social network among caregivers, and (4) reinforced
autobiographical memory retrieval and storytelling abilities.

Improved Emotional Well-Being
Caregivers positively recalled how they had enjoyed engaging
in horticultural activities at home using the smart grower. They
shared their excitement at witnessing the growing process of
the vegetables. One participant shared that growing vegetables
alleviated her stress, as it had become a meaningful goal in her
life. Additionally, she appreciated the colorful lighting of the
machine, which they found to be a decorative element in their
homes.

Seeing the growth of vegetables is like looking after
a baby. The first thing I do every day is to take photos
of the vegetables… I also feel happy when I see the
attractive symbols on the machine, such as the stars
and mountain symbols. [P3]

The caregivers were pleased that they could enjoy the fruits of
their labor. The vegetables they grew, such as carrots and lettuce,
were used to create delicious dishes. They felt a sense of pride
and satisfaction after receiving compliments from friends and
family members who saw photos of their harvest.

Similar perspectives were also evident in people with dementia.
They felt happiness and excitement about the growing process,
especially during the harvest. As one caregiver shared,

My father was also involved in the growing of
lettuce…He looked at the smart grower and watered
the plant every day. He felt happy when he saw the
harvest in the smart grower…He could feel the nature
at home. [P10]

Another caregiver noted that while her husband could not
actively participate in the growing process, he enjoyed watching
it, particularly the colorful lighting on the smart growing
machine.

Improved Relationship With People With Dementia
Caregivers found that their relationship with people with
dementia improved through home-based horticultural activities.
As one caregiver explained,

I put the smart grower near the window, and my
husband (people with dementia) will help to water
the plant…We are taking care of the plant together…It
is just like a toy for us. [P4]

These activities offered a way for them to collaborate and grow
the vegetables together.

Increase Social Network Among Caregivers
Caregivers also reported increased interaction with other
caregivers through the home horticultural activities. They were
able to ask questions about the smart grower and share photos
of their harvest in WhatsApp groups. This facilitated the
formation of new friendships, as they had a common topic to
discuss.

I uploaded photos to the WhatsApp group and others posted
pictures on the group. So, I see how other people's plants are
growing and talk to people.(P1) We have set a WhatsApp
groups. When I don't understand sometimes, I will ask in the
group. The student assistants will help me in the group and
other caregivers will also answer and we will discuss together
in the group. [P9]

The increased social interactions were corroborated by our
WhatsApp group records. Participants actively shared recipes
for their harvests with each other. Some caregivers displayed
their stir-fried Chinese cabbage, while others shared recipes for
garlic Chinese cabbage and methods for cooking baby turnip
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with chieh-qua. More noteworthy was how caregivers
enthusiastically shared their planting progress and complimented
each other’s growing vegetables. These positive interactions
led to the formation of new friendships among participants.

Reinforced Autobiographical Memory Retrieval and
Storytelling Abilities
One caregiver noted that the smart grower offered an opportunity
for people with dementia to reminisce about the past. The people
with dementia had experience growing crops in their homeland
during childhood, and the home horticultural activities revived
those childhood memories. This opportunity facilitated the
sharing of historical anecdotes and the exercise of cognitive
abilities, such as autobiographical memory retrieval.

Dad is interested in gardening, as growing vegetables
with this machine reminded him of his country
gardening days, and every now and then he would
tell us about his previous experiences. [P13]

Difficulties
While the horticultural activities generally had positive impacts
on people with dementia and their caregivers, there were also
some perceived challenges. These challenges can be summarized
into two subthemes: (1) operational difficulties in using the
smart grower, and (2) light disturbance from the smart grower.

Operational Difficulties in Using the Smart Grower
Some caregivers found the smart grower not easy to operate
due to its sophisticated design featuring many high-tech
components. Issues such as Wi-Fi connection problems were
encountered during use. For people with dementia with mild to
moderate dependence, the complexity of the operations seemed
to diminish their patience and motivation, presenting a barrier
to their active participation in the entire growth process.

Sometimes, the elder have no caregivers to help them.
So, they can't do it by themselves because they don't
understand English very well. For example, the word
‘reset’ they can't understand. Also, they would not
know what to do if the Wi-Fi disconnected. [P13]

Light Disturbance from the Smart Grower. Additionally, other
caregivers expressed concerns about the lighting emitted by the
smart grower. They reported using covers or towels to minimize
light disturbance at night, indicating a need for better light
management features in the device.

The machine emits light and is very disruptive to
sleep. Sleeping in a very small house is really affected.
When sleeping in the living room, the light turns red
and is a little scary. It may have some effect on plants,
but not sure. The next day it gives off normal light
again. [P14]

Discussion

Principal Findings
This pilot study aimed to investigate the feasibility of
technology-enhanced home-based HT in improving the
psychological well-being of people with dementia and their
caregivers. Overall, our quantitative results suggested that

technology-enhanced home-based HT is a feasible dyadic
intervention for both people with dementia and their caregivers.
The overall attrition rate was low (2.63%), with a satisfactory
completion rate (83.78%). These findings indicate that
caregivers and people with dementia are receptive to using
technology for engaging in horticultural activities. Further
qualitative findings revealed that both people with dementia
and their caregivers were excited about using the smart growing
machine, as it provided a novel experience for them. They also
welcomed the interactive horticultural activities and found that
their relationship with each other improved as a result.

The use of technology-enhanced HT has progressively become
an increasingly popular approach to delivering HT. For example,
virtual reality–based HT has recently been demonstrated as a
viable and effective approach in promoting positive
psychological outcomes in older adults, such as enhancing
self-esteem and mastery [57]. Technology-enhanced HT can
mitigate limitations posed by factors such as venue and weather
conditions, offering a more flexible and convenient therapeutic
approach. In contrast to a virtual reality–based HT, our
technology-enhanced home-based HT not only exhibits the
benefits of using technologies but also allows participants to
touch and feel plants in reality, which can be more relatable to
the feeling of nurturing life. According to the Biophilic
Hypothesis, actual human-plant interactions play a vital role in
exerting the therapeutic effects of HT [58].

Our quantitative results suggested a significant reduction in
caregiver distress, aligning with previous studies that used a
traditional delivery mode of HT. Previous research has
demonstrated that horticultural activities can alleviate the
caregiving burden [23]. Our qualitative findings further
suggested that home-based horticultural activities may
simultaneously enable people with dementia to engage in
meaningful and socially interactive experiences with their
caregivers, potentially improving their relationships and
alleviating caregiver distress. Moreover, our findings indicated
a significant increase in happiness levels among people with
dementia. These findings also corroborated previous studies
using traditional HT that reported a positive emotional impact
on people with dementia [59]. Our qualitative findings provided
further insights that the heightened levels of subjective
well-being could be attributed to participants’ enthusiasm for
observing plant growth and acquiring a sense of satisfaction
through harvesting activities.

Overall, our findings are in line with the ART, in that perceiving
plants in their natural environment has the potential to enhance
attention restoration and increase persuasive effects [11,60].
Our findings are also in line with SRT, suggesting that HT is
associated with positive affect, which in turn facilitates stress
recovery [12,61]. Although we did not observe a significant
decrease in perceived stress levels, we found an overall
improvement in emotional well-being among caregivers. For
example, an increase in emotional well-being is inversely
correlated with elevated levels of stress and anger [62].
Consistently, HTs can reduce cortisol levels through engagement
in horticultural activities, such as self-harvesting processes, and
the consumption of harvested fruits and vegetables [15]. The
use of social media groups also facilitated social interactions
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among caregivers and provided a source of support. The mutual
encouragement and compliments about each other’s vegetables,
along with sharing recipes for their harvest created positive
interactions that extended beyond the initial horticultural
activities, offering an additional benefit of alleviating caregiving
stress [63-65].

Our qualitative findings suggested that some participants
reminisced about their past experiences in farming during the
activities. Reminiscing about past events requires the recall of
autobiographical memory [66,67], and actively externalizing
autobiographical memory for later retrieval (ie, reminiscing
about past events) can enhance memory performance and afford
greater control over memory encoding processes [68]. While
previous studies have suggested that engagement in horticultural
activities can enhance the cognitive abilities of people with
dementia [21,22], we did not detect a significant pre-post
improvement in the cognitive functions of people with dementia.
It is plausible that because the MoCA is a global measure of
cognition, it may partially explain why we did not detect a
significant pre-post improvement in MoCA scores, despite an
increasing trend descriptively, as people with dementia primarily
improved in memory abilities. However, this interpretation
should be made cautiously due to our small sample size. Future
studies should incorporate a larger-scale RCT to further
investigate the cognitive benefits of the technology-enhanced
home-based HT.

Limitations
This study had several limitations. Due to the pilot nature of
the research to establish the feasibility of a technology-enhanced
home-based HT, a control group was not employed. Therefore,
a full-scale RCT is encouraged to provide further confirmatory
evidence about the effectiveness of this intervention.

Furthermore, there were only 3 F-T-F sessions provided to offer
training and support to the participants. This dosage may have
been insufficient. In the qualitative findings, caregivers reported
having technical difficulties in using the smart grower at home,
such as Wi-Fi connection issues. Previous studies have found
similar observations that the older population may have a lower
level of readiness for home technology [69]. Therefore, the
complexity of the device use may be a significant barrier to the
engagement of the older population, particularly for people with
dementia [70]. Consequently, it is conceivable that the program
outcomes could be further enhanced with more F-T-F sessions
and better integrated technical support for people with dementia
and their caregivers. A more comprehensive training and support
system may help address the operational difficulties encountered
with the smart grower technology.

Conclusion
The findings of this pilot study support the feasibility and offer
preliminary evidence of using a hydroponic indoor grower to
conduct technology-enhanced home-based HT to improve the
psychological well-being of people with dementia and their
caregivers. There were positive effects on the emotional
well-being of people with dementia and a decrease in caregiver
distress. The qualitative findings further suggested improved
relationships between people with dementia and caregivers.
Additionally, there were potential benefits of this intervention
in improving the autobiographical memory retrieval capacity
of people with dementia, indicating the cognitive benefits of
this intervention. Future studies are encouraged to incorporate
a larger and more diverse sample to further evaluate the
sustainability of the positive psychological benefits of the
technology-enhanced home-based HT for people with dementia
and their caregivers.
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Abstract

Background: The growing aging population faces increasing mobility limitations, highlighting the need for assistive technologies
as potential solutions. These technologies support the independence and well-being of older adults and individuals with mobility
challenges. Indoor mobility is essential for daily activities and significantly impacts their lives. Limited indoor mobility can
reduce quality of life and heighten the risk of falls.

Objective: This study explores how positive aging perceptions, quality-of-life enhancements, and social support influence the
acceptance and readiness of indoor assistive technologies among older adults.

Methods: A cross-sectional study was conducted at a gerontechnology laboratory, requiring participants to visit the facility in
person. Each 60-minute session included demonstrations of various indoor assistive technologies and the completion of a
questionnaire. The assistive technologies showcased encompassed a wide range of devices. Participants’positive aging perceptions,
quality-of-life enhancements, social support, technology acceptance, and readiness were measured using validated scales. Data
were analyzed with AMOS (version 28; IBM Corp) and SPSS (version 28; IBM Corp), using structural equation modeling and
multivariate analysis of covariance to assess the effects of predictors while controlling for demographic factors.

Results: A total of 104 older adults aged 60 years and older participated, with a mean age of 67.92 (SD 5.68) years. Structural
equation modeling indicated that positive aging perception has a significant influence on older adults’ control beliefs (P=.095),
comfort (P=.047), and confidence (P<.001) in gerontechnology. Multivariate analysis revealed significant combined effects of
quality-of-life enhancement (P=.01) and social support (P=.03) on technology acceptance and readiness, wherein quality-of-life
enhancement (P=.001) and social support (P=.008) negatively impacted security perception. Among demographic variables,
educational level significantly impacted gerontechnology confidence (P=.004) while ethnicity influenced optimism (P=.003).

Conclusions: This study sheds light on key factors affecting older adults’ acceptance and readiness to adopt indoor assistive
technologies. Findings highlight the importance of fostering positive aging perceptions through these technologies. Addressing
issues related to control beliefs, comfort, and confidence in gerontechnology is essential to enhance technology acceptance and
readiness among older adults. Future research should investigate the underlying mechanisms and create targeted interventions to
support successful technology adoption in this population.

(JMIR Aging 2025;8:e59665)   doi:10.2196/59665
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Introduction

Background
Recent years have seen an increased focus on addressing the
needs of older adults and individuals with mobility challenges
[1]. As the global population ages, the prevalence of mobility
challenges has become a significant societal concern [2]. The
World Health Organization (WHO) projects that by 2050, the
number of people aged 60 years and older will reach 2 billion,
with a substantial portion experiencing mobility limitations [3].
This demographic shift has intensified efforts to develop
innovative solutions that support the independence and
well-being of older adults and those with mobility challenges
[4].

Indoor mobility, which includes activities such as sitting,
standing, and walking, is essential for maintaining independence
and overall well-being, especially among older adults and
individuals with mobility difficulties [5,6]. Limited indoor
mobility can lead to serious consequences, including an
increased risk of falls and a diminished quality of life [5].
Therefore, enhancing indoor mobility is crucial for enabling
these individuals to participate actively in daily activities and
sustain their independence [7]. Assistive technologies, such as
commodes, home care beds, and reclining wheelchairs, have
emerged as solutions to address the specific needs of this
population. These technologies help overcome mobility
limitations and improve functional abilities [8], potentially
transforming how older adults and individuals with mobility
challenges interact with their living environments. Successful
integration of assistive technologies requires careful selection
and personalization to match the unique capabilities, needs, and
preferences of each user [9].

Indoor assistive technologies encompass a wide range of tools,
devices, and equipment designed to enhance and support the
independence and mobility of older adults and individuals with
functional limitations within indoor settings [10]. These
technologies include mobility aids (eg, scooters, walkers, and
wheelchairs), transfer and positioning devices (eg, grab bars,
patient lifts, and reclining chairs), smart home systems (eg,
automated lighting and voice-controlled appliances), and various
adaptive equipment (eg, bed rails, shower chairs, and toilet
risers). Tailored to address the specific challenges faced by older
adults and those with mobility challenges, these technologies
facilitate daily activities and help maintain independence at
home and in other indoor environments [11]. Through targeted
support to increase functional capacity, indoor assistive
technologies empower older adults and individuals with mobility
challenges, enhancing their daily lives [12] and improving
overall quality of life and well-being [13,14].

Gerontechnology, the intersection of gerontology and advanced
technology, aims to enhance the health, independence, and
quality of life of older adults [15]. Incorporating
gerontechnological advancements into indoor assistive
technologies addresses the unique challenges faced by this
population, fostering greater independence and well-being [15].
Examples of gerontechnology applications include advanced
mobility aids such as smart walkers and wheelchairs, cognitive
support tools such as memory aids and smart home systems,
and social engagement platforms such as web-based
communication tools [16]. These technologies assist older adults
in maintaining physical movement, performing daily activities,
and reducing social isolation, thereby creating an environment
where they can live independently and with dignity. Acceptance
and readiness to adopt these technologies are influenced by
positive aging perceptions, enhanced quality of life, and social
support systems. This study examines how these factors drive
technology acceptance and readiness among older adults,
ultimately improving their lives through indoor assistive
technologies.

Theoretical Background
This study is grounded in the Theory of Planned Behavior (TPB)
[17]. The TPB posits that individuals’ behavioral intentions are
influenced by 3 primary constructs: attitudes, subjective norms,
and perceived behavioral control. In the context of this study,
attitudes represent older adults’ overall evaluation and
perception of indoor assistive technologies. This study
investigates whether older adults who hold a positive aging
perception and believe that assistive technologies enhance their
quality of life are more likely to adopt and use these technologies
[18,19].

Subjective norms within the TPB refer to the social influences
and societal expectations that shape an individual’s behavior
[20]. In this study, subjective norms are assessed through the
role of social support—specifically, the assistance provided by
family and friends—in influencing the acceptance and readiness
to adopt indoor assistive technologies among older adults.

Perceived behavioral control is another critical construct of the
TPB, encompassing individuals’ beliefs and perceptions about
their ability to perform a specific behavior [21,22]. This study
measures perceived behavioral control by evaluating older
adults’ perceptions of their confidence and readiness to adopt
and use indoor assistive technologies.

Applying the TPB enables this study to identify the factors that
drive various aspects of older adults’ acceptance and readiness
to embrace indoor assistive technologies. Such insights are
valuable for developing interventions and strategies aimed at
promoting engagement, well-being, and overall quality of life
among older adults [23]. The study’s conceptual model is
illustrated in Figure 1.
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Figure 1. Study conceptual model.

Recognizing the needs of older adults with diminished mobility
highlights the importance of creating innovative strategies to
enhance their independence and physical and psychological
well-being [1]. Although existing studies have examined the
perceptions of technologies among older adults with and without
disabilities or impairments, there remains a need for more
evidence-based research focused on the specific factors that
influence the acceptance and readiness to adopt indoor assistive
technologies. Understanding these factors can provide promising
pathways for improving indoor mobility and enhancing the
quality of life for this population [13,22].

Previous research has explored various dimensions of indoor
assistive technologies. For example, Gitlin et al [24] discovered
that assistive devices and home modifications significantly
improved functional abilities and reduced the risk of falls among
older adults, indicating positive attitudes toward these
technologies. Similarly, several studies have shown that the use
of assistive devices in home environments leads to increased
independence and reduced caregiver burden [15,25],
underscoring the role of social support in technology acceptance.
In addition, Demiris et al [26] and Liu et al [27] examined older
adults’ perceptions of their ability to use smart home
technologies, aligning with the concept of perceived behavioral
control in the TPB [17]. More recent studies, such as Peek et
al [19], have identified key factors influencing the acceptance
of technology for aging in place, including perceived ease of
use, usefulness, and social influence, while Mitzner et al [28]
highlighted the importance of user experience in technology
acceptance among older adults. These studies provide empirical
evidence supporting the benefits of indoor assistive technologies

and emphasize the necessity of understanding user acceptance
and readiness.

The global demographic shift toward an aging population and
the rising prevalence of mobility limitations present urgent
challenges that must be addressed. With the projected increase
in the number of older adults, developing interventions and
strategies that effectively cater to their unique needs and
preferences becomes crucial [4]. To achieve a comprehensive
understanding of older adults’ needs regarding assistive
technologies, targeted strategies must investigate their
perspectives, acceptance, and readiness of aging in relation to
indoor assistive technologies. Conducting such research can
bridge existing knowledge gaps and inform the creation of
strategies tailored to the specific needs of older adults, ultimately
enhancing their overall independence and well-being [5].

This study aims to explore the influences of positive aging
perception, quality-of-life enhancement through assistive
technologies, and social support on technology acceptance and
readiness among older adults in an indoor setting. Specifically,
this study seeks to understand how these factors interact and
contribute to older adults’ attitudes and readiness to adopt and
use indoor assistive technologies. The hypothesis posits that a
positive aging perception, improved quality of life, and
supportive social relationships positively affect older adults’
technology acceptance, including attitudinal beliefs, control
beliefs, confidence in gerontechnology, and behavioral intention.
It is further hypothesized that these factors also positively impact
older adults’ readiness, which encompasses comfort,
innovativeness, optimism, and security.
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Methods

Study Setting
This study used a cross-sectional experiential design conducted
at a gerontechnology laboratory located at an Australian
university’s international branch campus in Malaysia.
Participants were required to visit the laboratory in person to
take part in the study. Each session lasted approximately 60
minutes and included active participation in demonstrations of
various indoor assistive technologies, followed by the
completion of a questionnaire. The assistive technology
demonstrations encompassed a wide range of devices tailored
to support mobility.

Participants Recruitment
Recruitment efforts targeted individuals through advertisements
placed across multiple social media platforms and in universities.
Interested participants registered their interest by completing
an online registration form through Google Forms or by
contacting the provided phone number. Eligibility criteria were
established to ensure suitable participation, including being
aged 60 years or older; not having severe mobility challenges
that would prevent full engagement in the experiential session;
the ability to attend the demonstration session; and the capacity
to provide written informed consent. These criteria ensured that
participants could actively engage in the study activities and
provide meaningful feedback on the assistive technologies
demonstrated.

Study Design
Participants engaged in an experiential session featuring various
indoor assistive technologies (given in Figure 2A-J). Each
demonstrated device is specifically designed to support older
adults and individuals with mobility challenges within their
living environments [29]. The session included the following
technologies: The SafeFree handling side guard and home care
bed (Figure 2A) provide safe and comfortable support for
resting, sleeping, and transferring activities within the home.
The transfer roller kit board (Figure 2B) assists with safe
transfers from beds, chairs, or the floor, enhancing indoor
mobility. The tilt and reclining wheelchair (Figure 2C) allows
users to adjust their position and posture to perform different
activities at home. The shower commode chair (Figure 2D)
enables individuals to bathe and use the toilet safely within their
living spaces. The commode with a mobile pan (Figure 2E)
offers discreet and convenient toileting support indoors. The
recliner and stand-up sofa (Figure 2F) incorporate features that
aid in sitting, standing, and repositioning for those with mobility
challenges. The antislip seating mat (Figure 2G) enhances
stability and safety on various seating surfaces within the home.
The carbon fiber quad cane (Figure 2H) provides additional
support and stability for individuals with limited mobility. The
3-in-1 stand assist walker (Figure 2I) supports users in
performing various daily activities safely indoors. Finally, the
nonintrusive activity-based sensor monitoring system (Figure
2J) offers remote monitoring and support for individuals in their
living spaces.
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Figure 2. Assistive technologies demonstrated in the experiential session: (A) handling side guard and home care bed; (B) transfer roller kit board; (C)
tilt and reclining wheelchair; (D) shower commode chair; (E) commode with mobile pan; (F) recliner and stand-up sofa; (G) antislip seating mat; (H)
carbon fiber quad cane; (I) 3-in-1 stand assist walker; and (J) nonintrusive activity-based sensor monitoring system.

A trained research assistant conducted the demonstrations to
ensure consistency and quality throughout the session. Each
participant received personalized attention from a single research
assistant to maintain fidelity. The research team reviewed and
approved all demonstration materials to ensure accuracy and
effectiveness. Before the study, the research assistant conducted
a trial demonstration for the research team, evaluating the clarity

and conveyance of the content. In addition, a research team
member conducted random visits to demonstration sessions to
verify that the content remained consistent and adhered to the
predetermined standards.

Outcome Measures
Participants were assessed after the demonstration session using
a questionnaire divided into 5 main sections: positive aging
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perception, quality-of-life enhancement, social support,
technology acceptance, and technology readiness.

Positive Aging Perception
The Awareness of Age-Related Change (AARC) questionnaire
[30] was used to assess participants’ positive aging perception.
A total of 10 items were selected for this study, using a 5-point
Likert scale ranging from 1 (not at all) to 5 (very much). The
internal consistency reliability demonstrated strong results for
both AARC-Gains (α=.82) and AARC-Losses (α=.78) [31].

Quality-of-Life Enhancement
Quality-of-life enhancement was measured based on Moxley
et al [32]. This section comprised 5 items evaluated using a
7-point Likert scale, from 1 (Not at all) to 7 (A lot). The items
specifically addressed the extent to which assistive technologies
can improve the quality of life for older adults. This scale has
been widely adopted in gerontechnology research including
studies by Dale et al [33].

Social Support
Social support was assessed using a 5-item scale adapted from
Moxley et al [32]. This scale evaluated the level of assistance
required from family and friends in becoming proficient with
the presented technologies. Responses were measured on a
7-point Likert scale, ranging from 1 (Not at all) to 7 (A lot).
The scale’s widespread use in gerontechnology research, as
demonstrated by its application in Dale et al [33], underscores
its validity and reliability.

Technology Acceptance
Technology acceptance was evaluated using the Senior
Technology Acceptance Model questionnaire, adapted from
Chen and Lou [34] and Venkatesh et al [35]. This instrument
included 4 variables: attitudinal beliefs (3 items), control beliefs
(4 items), gerontechnology confidence (gerontechnology
anxiety; 2 items), and behavioral intention (3 items). Participants
responded on a 7-point Likert scale, from 1 (Strongly disagree)
to 7 (Strongly agree). The questionnaire demonstrated strong
internal consistency, with α values ranging from 0.96 to 0.97
[36]. Its widespread adoption across various fields highlights
its effectiveness in assessing users’ perceptions and attitudes
toward technology adoption and utilization [37].

Technology Readiness
The Technology Readiness Questionnaire (TRQ) developed by
Parasuraman and Colby [38] was used to measure participants’
readiness and willingness to embrace technology. The TRQ
includes 4 dimensions: comfort, innovativeness, optimism, and
security, with 4 items assigned to each dimension. Participants
rated each item on a 5-point Likert scale, where higher scores
indicated a greater inclination to adopt and use technology. The
TRQ’s extensive application in aging-related research
emphasizes its relevance in evaluating individuals’ attitudes
and preparedness for technology adoption [39].

Analytical Techniques
The measurement model was validated using confirmatory
factor analysis (CFA) with SPSS (version 28.0; IBM Corp) and
AMOS (version 28; IBM Corp). CFA evaluated the validity of

the measurement model by examining the relationships between
observed variables and their underlying latent constructs. A
total of 8 key goodness-of-fit indices, recommended by Hu and
Bentler [40], were used to assess the model fit. These indices
included Cronbach α, chi-square and its respective degrees of
freedom (χ²/df), goodness-of-fit index (GFI), incremental fit
index (IFI), comparative fit index (CFI), Tucker-Lewis index
(TLI), root mean square error of approximation (RMSEA), and
parsimony goodness-of-fit index (PGFI).

Descriptive statistics summarized the demographic variables,
providing the mean and SD for each measure to offer an
overview of the sample characteristics. Correlation analysis was
performed to provide a preliminary assessment of the
relationships between variables, while structural equation
modeling explored the main relationships between predictor
and outcome variables. Multivariate analysis of covariance
(MANCOVA) was used as a post hoc analysis to scrutinize the
effects of predictor variables on outcome variables while
controlling for demographic characteristics such as age, gender,
education level, and ethnicity. Wilks lambda (λ) was used to
assess multivariate effects, followed by univariate analyses to
identify specific between-subjects effects. Effect sizes were
reported using partial eta squared (η²). Statistical significance
was set at P<.05, with marginal significance noted at P<.10.

Ethical Considerations
The research protocol was developed by Monash University
Malaysia, and study approval was granted by the Monash
University Human Research Ethics Committee (project ID:
39857; review reference: 2023-39857-98651) in September
2023. All participants provided written informed consent and
received a token of appreciation of RM 50 (approximately US
$11.2) for their participation. To ensure participant
confidentiality, all collected data will be anonymized. In
instances where full anonymization is not possible, strict
protective measures will be implemented, including secure data
storage and restricted access to authorized personnel only, to
safeguard participant information.

Results

Participant Characteristics
A total of 104 older adults participated in the study, with an
average mean age of 67.92 (SD 5.68) years. The sample
comprised 58.7% (61/104) women and 41.3% (43/104) men.
Educational levels varied, including 2.9% (3/104) with primary
education and below, 24% (25/104) with secondary education,
27.9% (29/104) holding a diploma or preuniversity qualification,
29.8% (31/104) possessing a degree or professional certification,
and 15.4% (16/104) with postgraduate degrees. Most participants
were married (73/104, 70.2%), followed by those who were
never married (5.8%, 6/104), divorced (9/104, 8.7%), widowed
or widowers (10/104, 9.6%), separated (5/104, 4.8%), and others
(1/104, 1%). Ethnically, the majority identified as Chinese
(86/104, 82.7%), with smaller representations of Indian (16/104,
15.4%), Malay (1/104, 1%), and other ethnicities (1/104, 1%).
Regarding living arrangements, 78.8% (82/104) resided with
household members, 17.3% (18/104) lived alone, and 3.8%
(4/104) had other living situations. Participants reported having
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varying numbers of children, with 14.4% (15/104) having none,
14.4% (15/104) having 1 child, 32.7% (34/104) having 2
children, 32.7% (34/104) having 3 children, 1.9% (2/104) having
4 children, and 2.9% (3/104) having 5 children. In terms of
employment status, 57.7% (60/104) were private retirees, 11.5%
(12/104) were government retirees (including pensioners), 8.7%
(9/104) were self-employed, 5.8% (6/104) were private sector
employees, 7.7% (8/104) were homemakers, 5.8% (6/104) were
unemployed, and 2.9% (3/104) were in other categories. The

majority of participants lived in terraced, linked houses, or
semidetached homes (60/104, 57.7%), followed by flats,
apartments, condominiums, or townhouses (34/104, 32.7%);
detached houses (9/104, 8.7%); and other dwelling types (1/104,
1%). Statistical analysis revealed that living arrangements
significantly varied within the sample (P=.002), while other
demographic variables did not show significant differences
(Table 1).
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Table 1. Demographic information (N=104).

P valueValuesDemographics

.2267.92 (5.68)Age (years), mean (SD)

.08Gender, n (%)

43 (41.3)Men

61 (58.7)Women

.97Educational level, n (%)

3 (2.9)Primary school and below

25 (24)Secondary school

29 (27.9)Diploma or preuniversity

31 (29.8)Degree or professional

16 (15.4)Postgraduate

.16Marital status, n (%)

6 (5.8)Never married

73 (70.2)Married

5 (4.8)Separated

9 (8.7)Divorcee

10 (9.6)Widow or widower

1 (1)Others

.18Ethnicity, n (%)

1(1)Malay

86 (82.7)Chinese

16 (15.4)Indian

1 (1)Others

.002Living arrangement, n (%)

18 (17.3)Living alone

82 (78.8)Living with household members

4 (3.8)Others

.39Number of children, n (%)

15 (14.4)0

15 (14.4)1

34 (32.7)2

34 (32.7)3

2 (1.9)4

3 (2.9)5

.41Employment status, n (%)

6 (5.8)Private sector employee

9 (8.7)Self-employed

12 (11.5)Government retirees (including pensioners)

60 (57.7)Private retiree

8 (7.7)Homemaker

6 (5.8)Unemployed

3 (2.9)Others

.18Residential dwelling type, n (%)
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P valueValuesDemographics

34 (32.7)Flat, apartment, condominium, or townhouse

9 (8.7)Detached house (bungalow or traditional house)

60 (57.7)Terrace, link house, or semidetached

1 (1)Others

Correlations
The correlation analysis in Table 2 identified several significant
relationships among the study variables. Age positively
correlated with marital status (r= 0.278; P=.004), indicating
that older participants were more likely to be married. Gender
exhibited a significant negative correlation with living
arrangements (r=–0.309; P=.001), suggesting that women were
more likely to live with household members compared with
men. Educational level was negatively associated with
employment status (r=–0.233; P=.02). Residential dwelling
type showed a positive correlation with living arrangements
(r=0.397; P<.001) and the number of children (r=0.207; P=.04),
indicating that certain housing types were more common among

those living with more children. Quality-of-life enhancement
was negatively related to age (r=–0.220; P=.02) and educational
level (r=–0.201; P=.04). Social support positively correlated
with quality-of-life enhancement (r=0.223; P=.02) and
negatively correlated with gerontechnology confidence
(r=–0.317; P=.001). Behavioral intention was positively
associated with quality-of-life enhancement (r=0.246; P=.01),
attitudinal beliefs (r=0.275; P=.005), control beliefs (r=0.396;
P<.001), gerontechnology confidence (r=0.206; P=.04),
optimism (r=0.428; P<.001), and innovativeness (r=0.204;
P=.04). These correlations offer preliminary insights on how
demographic factors and positive perceptions of aging, quality
of life, and social support influence technology acceptance and
readiness among older adults.
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Table 2. Correlation matrix.

2019181716151413121110987654321

1. Age (mean 67.92, SD 5.68)

–.034.089.132.063–.068.042.195–.129.01–.220–.020.019–.014.199–.135.112.278–.131–.0631r

.73.37.18.52.49.67.047.19.92.02.84.84.89.04.17.26.004.18.52—aP val-
ue

2. Genderb (mean 1.59, SD 0.495)

–.150–.099–.189–.050–.010–.045.035.025.096–.143.085–.133.08–.085–.309.131.14.0031–.063r

.13.32.06.62.92.65.72.80.33.15.39.18.42.39.001.18.16.97—.52P val-
ue

3. Educational levelc (mean 3.31, SD 1.089)

.095.051.025.011.088.406.114.125–.289–.201.178.059–.233–.137–.045–.140–.1621.003–.131r

.34.61.80.91.38<.001.25.21.003.04.07.55.02.17.65.16.101—.97.18P val-
ue

4. Marital statusd (mean 2.49, SD 1.115)

.048–.002.277–.045.008.025.169.103.025–.034.159.007.117.107–.089.0421–0.162.14.278r

.63.98.004.65.94.80.09.30.80.73.11.95.24.28.37.67—.101.16.004P val-
ue

5. Ethnicitye (mean 2.19, SD 0.609)

–.092.098.043.268.214–.030.146.054.260.269–.043.128.019.046.1251.042–.140.131.112r

.36.32.66.006.03.76.14.58.008.006.66.19.85.64.21—.67.16.18.26P val-
ue

6. Living arrangementf (mean 1.9, SD 0.566)

.244.195.024.16.07.182.02.065–.078.079–.060.397–.002.1291.125–.089–.045–.309–.135r

.01.047.81.11.48.06.84.51.43.42.55<.001.99.19—.21.37.65.001.17P val-
ue

7. Number of children (mean 2.02, SD 1.188)

–.055–.077.031.085.011.004.052–.135.026–.001.043.207–.1111.129.046.107–.137–.085.199r

.58.44.75.39.91.97.60.17.80.99.66.04.26—.19.64.28.17.39.04P val-
ue

8. Employment statusg (mean 5.67, SD 1.517)

.031.067.152–.075–.062.01–.108–.105.002.049–.017.011–.111–.002.019.117–.233.08–.014r

.75.50.12.45.53.92.28.29.98.62.86.92—.26.99.85.24.02.42.89P val-
ue

9. Residential dwelling typeh (mean 2.28, SD 0.96)

.179.104.034.105.036.093–.088–.064–.162–.010–.0161.01.207.397.128.007.059–.133.019r

.07.29.73.29.71.35.38.52.101.92.87—.92.04<.001.19.95.55.18.84P val-
ue

10. Positive ageing perception (mean 3.959, SD 0.404)

–.008.094.073–.008–.082.202.053.192–.090–.0771–.016–.017.043–.060–.043.159.178.085–.020r

.94.34.46.93.41.04.59.051.36.44—.87.86.66.55.66.11.07.39.84P val-
ue

11. Quality-of-life enhancement (mean 4.687, SD 1.356)

.19.072.161.201.246–.061.175.082.2231–.077–.010.049–.001.079.269–.034–.201–.143–.220r

.054.47.10.04.01.54.07.41.02—.44.92.62.99.42.006.73.04.15.02P val-
ue

12. Social support (mean 3.483, SD 1.295)
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2019181716151413121110987654321

–.232–.150–.109–.123–.093–.317.041.161.223–.090–.162.002.026–.078.260.025–.289.096.01r

.02.13.27.21.35.001.68.104—.02.36.101.98.80.43.008.80.003.33.92P val-
ue

13. Attitudinal beliefs (mean 5.401, SD 1.293)

.152.102.129.281.275.177.2761.16.082.192–.064–.105–.135.065.054.103.125.025–.129r

.12.30.19.004.005.07.005—.104.41.051.52.29.17.51.58.30.21.80.19P val-
ue

14. Control beliefs (mean 5.337, SD 0.931)

.1.022.341.177.396.2011.276.041.175.053–.088–.108.052.02.146.169.114.035.195r

.31.82<.001.07<.001.04—.005.68.08.59.38.28.60.84.14.09.25.72.047P val-
ue

15. Gerontechnology confidence (mean 4.88, SD 1.471)

.335.408.003.157.2061.201.177–.317–.061.202.093.01.004.182–.030.025.406–.045.042r

.001<.001.98.11.04—.04.07.001.54.04.35.92.97.06.76.80<.001.65.67P val-
ue

16. Behavioral intention (mean 5.804, SD 0.786)

.07.076.204.4281.206.396.275–.093.246–.082.036–.062.011.07.214.008.088–.010–.068r

.48.44.04<.001—.04<.001.005.35.01.41.71.53.91.48.03.94.38.92.49P val-
ue

17. Optimism (mean 4.276, SD 0.515)

.103.145.2691.428.157.177.281–.123.201–.008.105–.075.085.16.268–.045.011–.050.063r

.30.14.006—<.001.11.07.004.21.04.93.29.45.39.11.006.65.91.62.52P val-
ue

18. Innovativeness (mean 3.26, SD 0.637)

.053.1731.269.204.003.341.129–.109.161.073.034.152.031.024.043.277.025–.189.132r

.59.08—.006.04.97<.001.19.27.102.46.73.12.75.81.66.004.80.06.18P val-
ue

19. Comfort (mean 3.202, SD 0.626)

.4041.173.145.076.408.022.102–.150.072.094.104.067–.077.195.098–.002.051–.099.089r

<.001—.08.14.44<.001.82.30.13.47.34.29.50.44.047.32.98.61.32.37P val-
ue

20. Security (mean 2.752, SD 0.746)

1.404.053.103.07.335.1.152–.232.19–.008.179.031–.055.244–.092.048.095–.150–.034r

—<.001.59.30.48.001.31.12.02.054.94.07.75.58.01.36.63.34.13.73P val-
ue

aNot applicable.
bGender: 1=men and 2=women.
cEducational level: 1=primary school and below, 2=secondary school, 3=diploma or preuniversity, 4=degree or professional, and 5=postgraduate.
dMarital status: 1=never married, 2=married, 3=separated, 4=divorcee, 5=widow or widower, and 6=others.
eEthnicity: 1=Malay, 2=Chinese, 3=Indian, 4=others.
fLiving arrangement: 1=living alone, 2=living with household members, and 3=others.
gEmployment status: 1=private sector employee, 2=self-employed, 3=government retiree (includes pensioners), 4=private retiree, 5=homemaker,
6=unemployed, and 7=others.
hResidential dwelling type: 1=flat, apartment, condominium, or townhouse; 2=detached house (bungalow or traditional house); 3=terrace, link house,
or semidetached; 4=others.

Measurement Model
The measurement model was validated via CFA. The Cronbach
α values for positive aging perception, quality-of-life

enhancement, social support, technology acceptance, and
technology readiness were 0.736, 0.855, 0.815, 0.740, and 0.731,
respectively, demonstrating acceptable internal consistency.
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Model fit indices were as follows: χ²752=1069.140, P<.001;
GFI=0.703; IFI=0.858; CFI=0.850; TLI=0.829; RMSEA=0.064;
and PGFI=0.585. These values met the recommended thresholds,
indicating a moderately acceptable model fit [40].

Structural Model
The structural model was tested via structural equation modeling
(Table 3), illustrating how positive aging perception,
quality-of-life enhancement, and social support relate to various
aspects of technology acceptance and readiness among older
adults. Positive aging perception significantly enhanced

gerontechnology confidence (β=.462; P<.001) and comfort
(β=.323; P=.047) and exhibited a marginally significant positive
relationship with control beliefs (β=.228; P=.095). In contrast,
quality-of-life enhancement and social support did not show
significant effects on any of the technology acceptance or
readiness components. These findings suggest that positive
aging perception plays a crucial role in fostering confidence
and comfort with gerontechnology, whereas quality-of-life
enhancement and social support have limited impacts on
technology acceptance and readiness within this population.

Table 3. Structural equation modeling results.

P valuet valueSEUnstandardized coefficient (B)Standardized coefficient (β)Path

Positive aging perception

.231.1960.1450.173.143Attitudinal beliefs

.0951.6700.1450.242.228Control beliefs

<.0013.8060.3211.220.462Gerontechnology confidence

.1021.6350.1460.239.190Behavioral intention

.690.4000.0680.027.041Optimism

.650.4530.0940.042.061Innovativeness

.0471.9840.1140.227.323Comfort

.221.2190.0670.082.171Security

Quality-of-life enhancement

.580.5521.6870.932.097Attitudinal beliefs

.800.2591.0120.262.031Control beliefs

.55–0.6023.615–2.177–.104Gerontechnology confidence

.500.6673.9732.652.266Behavioral intention

.540.6181.4210.878.165Optimism

.550.6001.3820.829.149Innovativeness

.540.6071.4750.896.160Comfort

.550.6000.9530.572.150Security

Social support

.221.2170.3980.484.186Attitudinal beliefs

.321.0020.3230.323.142Control beliefs

.16–1.4220.858–1.220–.215Gerontechnology confidence

.32–.9930.336–0.333–.124Behavioral intention

.26–1.1300.245–0.277–.192Optimism

.28–1.0900.242–0.264–.176Innovativeness

.19–1.3230.329–0.436–.289Comfort

.19–1.3140.279–0.367–.357Security

Post hoc Observations
The MANCOVA assessed the combined effects of independent
variables and demographic factors on technology acceptance
and readiness among older adults (Tables 4 and 5). The analysis
revealed that positive aging perception did not significantly
influence the various aspects of technology acceptance and
readiness when controlling for demographic characteristics

(Wilks λ=0.897, F8,61=0.877, P=.54, partial η²=0.103). This
consistency reinforces the structural model findings, indicating
that the relationships between positive aging perception and
factors such as control beliefs, comfort, and gerontechnology
confidence remain stable across different demographic groups.
Conversely, quality-of-life enhancement (Wilks λ=0.737,
F8,61=2.717, P=.01, partial η²=0.263) and social support (Wilks
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λ=0.762, F8,61=2.387, P=.03, partial η²=0.238) significantly
impacted technology acceptance and readiness. A closer
examination showed that both quality-of-life enhancement
(P=.001) and social support (P=.008) negatively influenced
security perceptions, suggesting that improvements in these
areas are associated with reduced concerns about the security
of assistive technologies. In addition, demographic factors
played a notable role: educational level significantly predicted
gerontechnology confidence (β=29.548, P=.004, partial
η²=0.201) and ethnicity was a significant predictor of optimism

(β=3.373, P=.003, partial η²=0.187). These findings indicate
that while positive aging perceptions consistently affect certain
aspects of technology acceptance, quality-of-life enhancements
and social support are crucial in shaping specific perceptions
such as security. Furthermore, educational attainment and ethnic
background influence confidence and optimism regarding
technology use. These granular insights highlight the importance
of addressing both demographic and psychological factors to
foster effective adoption and readiness for indoor assistive
technologies among older adults. Further explanation is provided
in the Discussion section.

Table 4. Multivariate analysis of covariance on the effects of predictor variables while controlling for demographic characteristics.

Partial η²P valueF value (df)Wilks λVariables

Predictor variables

0.103.540.877 (8, 61)0.897Positive aging perception

0.263.012.717 (8, 61)0.737Quality-of-life enhancement

0.238.032.387 (8, 61)0.762Social support

Demographic characteristics

0.123.391.066 (8, 61)0.770Age

0.080.720.663 (8, 61)0.920Gender

0.160.061.471 (8, 61)0.498Educational level

0.102.670.883 (8, 61)0.584Marital status

0.170.0511.574 (8, 61)0.571Ethnicity

0.110.520.947 (8, 61)0.791Living arrangement

0.085.900.718 (8, 61)0.642Number of children

0.104.660.904 (8, 61)0.519Employment status

0.090.780.759 (8, 61)0.753Residential dwelling type

Significant between-subjects path effects ( F >3.00, P <.05)

0.160.00112.913 (1, 68)6.404Quality-of-life enhancement: security

0.098.0087.408 (1, 68)3.674Social support: security

0.201.0044.266 (4, 68)29.548Educational level: gerontechnology confidence

0.187.0035.198 (3, 68)3.373Ethnicity: optimism

Table 5. Multiple regression analyses examining the effects of predictor variables and demographic characteristics on technology acceptance and
technology readiness outcomes.

P valueF value (df)Adjusted R²R²Outcome variables

Overall model effects (predictor variables+demographic characteristics=outcomes)

.061.562 (7, 95)0.1580.439Attitudinal beliefs

.161.321 (7, 95)0.0970.398Control beliefs

.021.783 (7, 95)0.2070.471Gerontechnology confidence

.670.870 (7, 95)–0.0450.303Behavioral intention

.061.576 (7, 95)0.1610.441Optimism

.401.066 (7, 95)0.0210.348Innovativeness

.471.015 (7, 95)0.0050.337Comfort

.151.339 (7, 95)0.1010.401Security
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Discussion

Principal Findings
This study explored the relationships between positive aging
perception, quality-of-life enhancement, social support, and
various factors related to technology acceptance and readiness
among older adults.

The preliminary analysis using correlation analysis revealed
significant associations between demographic factors and key
variables, such as age being positively related to marital status
and negatively associated with quality-of-life enhancement and
gerontechnology confidence; educational level being negatively
correlated with living arrangements and gerontechnology
confidence; and social support being positively correlated with
quality-of-life enhancement. These insights suggest that the
older adults who participated in this study predominantly
consisted of married individuals with varying educational
backgrounds, most of whom lived with household members
and received substantial social support, which in turn influenced
their perceptions and confidence regarding assistive
technologies.

The primary analysis using structural equation modeling
indicated that a positive perception of aging significantly
enhances gerontechnology confidence and comfort, with a
marginal positive relationship with control beliefs. These
findings suggest that older adults who maintain a positive
outlook on aging are more confident and comfortable with using
gerontechnology, which aligns with existing literature
emphasizing the role of positive aging attitudes in technology
adoption [41,42]. However, quality-of-life enhancement and
social support did not exhibit significant direct effects on most
components of technology acceptance and readiness within the
structural model. This contrasts with some previous studies that
highlighted the importance of these factors in technology
adoption [43,44], indicating that their influence may be more
complex or mediated by other variables not captured in this
model.

The post hoc analysis using MANCOVA further revealed that
quality-of-life enhancement and social support significantly
impact technology acceptance and readiness when controlling
for demographic characteristics. Specifically, both quality-of-life
enhancement and social support were found to negatively
influence security perceptions, suggesting that as these factors
increase, concerns about the security of assistive technologies
decrease. This negative influence on security perceptions could
be explained by demographic factors such as educational level
and ethnicity. Educational level significantly predicted
gerontechnology confidence, indicating that individuals with
higher education may feel more confident in using technology,
thereby reducing their security concerns. Similarly, ethnicity
emerged as a significant predictor of optimism, suggesting that
cultural or social backgrounds influence positive expectations
toward technology, which can also alleviate security
apprehensions. These findings highlight that while quality-of-life
enhancements and social support do not directly influence the
larger set of technology acceptance factors, they play a crucial

role in alleviating security-related concerns, which are vital for
the overall readiness to adopt assistive technologies.

Interestingly, social support showed negative associations with
gerontechnology confidence and security perceptions in the
structural model, although these were not statistically significant.
This counterintuitive finding, if significant, may indicate that
excessive reliance on social support could undermine
individuals’ confidence in using technology independently or
heighten concerns about privacy and security. Such dynamics,
which contrast past observations [45-48], warrant further
investigation to understand the complex role of social support
in technology adoption among older adults. One possible
explanation is the influence of social norms, where older adults
may experience expectations or pressures from their social
networks that discourage full technological engagement [49].
An overreliance on assistance from others might also reduce
the perceived need for technology, leading to decreased
confidence and increased security concerns. Privacy and trust
issues related to technology could also contribute to these
negative relationships, as older adults may fear privacy breaches
or distrust the reliability of assistive technologies [50,51].

The significant influence of demographic characteristics,
particularly educational level and ethnicity, emphasizes the
importance of considering sociodemographic factors in
technology acceptance models. Higher educational levels were
associated with greater confidence in using gerontechnology,
likely due to better technological literacy and problem-solving
skills acquired through education. Ethnic background
influencing optimism suggests that cultural factors play a role
in shaping positive attitudes toward technology adoption. These
findings extend previous research [43,52] by quantifying the
impact of these demographic factors and highlighting their
specific effects on different aspects of technology acceptance.

Contrary to initial expectations, this study did not find
significant associations between positive aging perception and
several factors, including attitudinal beliefs, behavioral intention,
innovativeness, optimism, and security, whereas quality-of-life
enhancement and social support did not produce significant
relationships. This may suggest that older adults’ attitudes
toward indoor assistive technologies may be more complex or
mediated by other factors such as perceived need, technology
complexity, or previous experience with similar devices that
were not considered in this study [19,49]. While the lack of
significant associations may seem surprising, it is important to
acknowledge that the adoption and acceptance of assistive
technologies among older adults are influenced by multifaceted
factors [53]. The variables examined herein might be influenced
by additional variables or interact with each other in ways that
were not captured in this particular study. Future studies could
explore other variables or contextual factors, such as cognitive
abilities, physical health, technological literacy, or specific
characteristics of the assistive technologies themselves, to
develop more comprehensive models of technology acceptance
among older adults [54].

Implications and Recommendations
This study underscores the importance of fostering positive
aging perceptions to enhance gerontechnology confidence and
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comfort among older adults. To achieve this, stakeholders should
develop and implement educational programs and workshops
that clearly demonstrate the benefits and practical applications
of assistive technologies. These initiatives can help older adults
build a more optimistic outlook on aging and increase their
confidence in using these devices effectively.

Integrating quality-of-life enhancements and social support into
the design and implementation of assistive technologies is
crucial for addressing security concerns. Assistive devices
should incorporate features that directly improve users’ daily
living experiences, such as intuitive user interfaces and robust
safety mechanisms. These enhancements can help reduce
apprehensions about the reliability and security of the
technologies, making them more acceptable and trustworthy
for older adults.

Demographic factors, including educational level and ethnicity,
significantly influence technology confidence and optimism.
To accommodate varying educational backgrounds, assistive
technology solutions should offer clear instructions, accessible
interfaces, and comprehensive training materials. Technologies
should also be culturally tailored to respect and integrate the
diverse cultural preferences of different ethnic groups. This
cultural sensitivity can promote greater acceptance and positive
attitudes toward the use of assistive technologies among
ethnically diverse populations.

The negative associations observed between social support and
gerontechnology confidence and security perceptions indicate
that excessive reliance on social networks might undermine
independent technology use and heighten security concerns. To
address this, support systems should be designed to empower
older adults to use assistive technologies independently. Training
programs for caregivers and family members should focus on
encouraging autonomous use of technology rather than providing
constant assistance. Addressing privacy and trust issues through
transparent data handling practices and robust security features
should further help alleviate security concerns, thereby
enhancing older adults’ readiness to adopt assistive technologies.

To this end, enhancing technology acceptance and readiness
among older adults requires a comprehensive approach that
includes promoting positive aging attitudes, improving quality
of life through targeted technology features, tailoring solutions
to meet diverse educational and cultural backgrounds, and
structuring social support to foster independence. Implementing
these strategies should facilitate the effective adoption of indoor
assistive technologies, ultimately improving the independence
and well-being of older adults.

Limitations and Future Directions
This study presents several limitations that should be considered
when interpreting the findings. First, the sample comprised
older adults aged 60 years and older who participated in an
indoor setting, predominantly Chinese and married, with most
living with household members. While this demographic reflects
typical patterns in urban Malaysian environments, it may limit
the generalizability of the results to wider populations, including
those in rural areas or living in assisted living facilities. Future
research should use stratified sampling techniques to include a

more diverse range of settings and demographics, enhancing
the applicability of the findings across different contexts.

Second, the cross-sectional design of the study restricts the
ability to establish causal relationships between variables. The
associations identified provide a snapshot at a specific point in
time but do not account for changes and developments over
time. Longitudinal studies or experimental designs would be
beneficial in examining the causal effects and temporal
dynamics between positive aging perception, quality-of-life
enhancement, social support, and technology acceptance and
readiness.

Third, reliance on self-report measures to assess constructs such
as positive aging perception, quality-of-life enhancement, social
support, and technology acceptance introduces potential biases,
including social desirability and recall bias. These biases may
affect the accuracy of the data collected. Future studies could
incorporate objective measures or combine self-report
instruments with other assessment methods to achieve a more
comprehensive understanding of these constructs.

Fourth, this study focused on specific variables—positive aging
perception, quality-of-life enhancement, and social support—to
explore their influence on technology acceptance and readiness.
Other relevant factors, such as cognitive abilities, physical
health, technological literacy, and specific characteristics of
assistive technologies, were not included in the analysis.
Incorporating a wider range of variables in future research would
provide a more comprehensive view of the factors influencing
older adults’ technology acceptance and readiness. Using a
multidimensional framework could capture the complex
interactions among various factors more effectively.

Finally, the sample primarily consisted of Malaysian participants
living in urban areas, which limits the diversity and
generalizability of the findings to other cultural or demographic
groups. Future studies should endeavor to include a more varied
sample to examine potential cultural or contextual differences
in the relationships between the variables. Using cross-cultural
research designs or multisite studies can help identify and
account for cultural and contextual variations, thereby enhancing
the relevance and applicability of the findings across different
populations.

Conclusion
Understanding the factors that influence older adults’acceptance
and readiness to adopt indoor assistive technologies is essential
for enhancing their independence and well-being. This study
demonstrates that a positive perception of aging significantly
increases gerontechnology confidence and comfort among older
adults, while quality-of-life enhancements and social support
play crucial roles in reducing security concerns related to
technology use. Demographic factors, particularly educational
level and ethnicity, also significantly influence confidence and
optimism toward technology adoption. These insights highlight
the need for targeted strategies to effectively promote the
adoption of assistive technologies. Future research should
explore the underlying mechanisms that drive these relationships
and develop customized interventions to support successful
technology integration among older adults.
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Abstract

Background: Despite their potential, the use of serious games within immersive virtual reality (iVR) for enhancing motor skills
in older adults remains relatively unexplored. In this study, we developed a self-adaptive serious game in iVR called
REAsmash-iVR. This game involves swiftly locating and striking a digital mole presented with various distractors.

Objective: This short-term longitudinal pre-post study aims to evaluate REAsmash-iVR’s efficacy in promoting motor learning
in older adults. Specifically, we seek to determine the transfer and retention of motor learning achieved through REAsmash-iVR
to other iVR tasks.

Methods: A total of 20 older adults participated in the study, engaging with REAsmash-iVR over 7 consecutive days. The
evaluation included iVR tests such as KinematicsVR and a VR adaptation of the Box and Block Test (BBT-VR). KinematicsVR
tasks included drawing straight lines and circles as fast and as accurately as possible, while BBT-VR required participants to
move digital cubes as quickly as possible within 60 seconds. Assessments were conducted before and after the intervention, with
a follow-up at 1 week post intervention. The primary outcome focused on evaluating the impact of REAsmash-iVR on
speed-accuracy trade-off during KinematicsVR tasks. Secondary outcomes included analyzing movement smoothness, measured
by spectral arc length, and BBT-VR scores.

Results: Results revealed significant improvements in speed-accuracy trade-off post intervention compared to that before the
intervention, with notable retention of skills for straight lines (t19=5.46; P<.001; Cohen d=1.13) and circle drawing (t19=3.84;
P=.001; Cohen d=0.787). Likewise, there was a significant enhancement in spectral arc length, particularly for circle drawing

(χ²2=11.2; P=.004; ε2=0.23), but not for straight-line drawing (χ²2=2.1; P=.35; ε2=0.003). Additionally, participants demonstrated
transfer with significant improvement (q=5.26; P<.001; Cohen r=0.678) and retention (q=6.82; P<.001; Cohen r=0.880) in
BBT-VR skills.

Conclusions: These findings provide perspectives for the use of iVR to improve motor learning in older adults through delivering
self-adaptive serious games targeting motor and cognitive functions.
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Trial Registration: ClinicalTrials.gov NCT04694833; https://clinicaltrials.gov/study/NCT04694833

(JMIR Aging 2025;8:e64004)   doi:10.2196/64004

KEYWORDS

virtual reality; aged; learning; upper extremity; video games; kinematics

Introduction

By 2050, the proportion of older adults (older than 65 years)
worldwide will nearly reach 22% [1,2]. Within the population,
some older adults experience progressive functional decline,
encompassing both motor and cognitive aspects [3]. This decline
exacerbates issues of inactivity and sedentariness [4]
contributing to increased prevalence of age-related diseases
[5,6]. As an illustration, it is projected that by the year 2050,
the number of individuals affected by major neurocognitive
disorders will surge from 50 to 152 million worldwide, marking
a 3-fold increase in cases [7].

Older adults’ functional decline is typically associated with
lower motor functions [8] and reduced quality of life [9,10].
Consequently, older adults tend to adopt compensatory
behaviors that mitigate the impact of these reduced functions
on their daily living activities [11]. These behavioral
compensations include making slower, less accurate, less linear,
and less smooth movements [12,13].

Motor learning refers to any experience-dependent improvement
of a skill and typically involves both motor and cognitive
processes [14]. Once learned, motor skills can be retained for
an extended duration, resulting in sustained enhancements in
performance [14]. A skill is not deemed fully acquired until the
ability to retain or apply it in different contexts is demonstrated
[15]. Research suggests that both healthy older adults and those
with neurocognitive disorders can improve their motor
performance through motor learning, exhibiting enhancements
in movement speed, smoothness, coordination, and accuracy
[16,17]. However, current motor learning programs mainly
focus on gait and balance and therefore, demand time and
availability from caregivers [18]. In response to these demands,
new portable devices with cost-saving potential such as virtual
reality (VR) might be of interest to promote motor learning in
older adults.

VR can be defined as a computerized technological system that
allows users to interact with a simulated multisensorial
environment while providing real-time performance feedback
[19]. Two main types of VR experience exist. Nonimmersive
VR (niVR) is where users maintain awareness of their physical
surroundings and receive visual feedback via a 2D display.
Immersive VR (iVR) facilitates total immersion in the digital
environment (using a head-mounted display or a large, curved
screen with a panoramic view), with a comprehensive panoramic
perspective [20]. Recent research suggests that VR programs
may enhance participants’ level of physical activity [21] and
cognitive skills such as reaction time [22].

In rehabilitation, VR devices are often combined with serious
games. Serious games refer to any game-based initiative that
primarily focuses on learning objectives (such as education or

rehabilitation) rather than simple entertainment [23]. Serious
games have the capability to fulfill motor learning principles
[24-26], as they motivate participants to make numerous practice
repetitions through the use of multisensory feedback,
personalized challenges, and through use of compelling and
enriched environments [27,28]. After a certain period of
familiarization, VR devices may allow participants to follow
self-directed interventions and complete remote assessment of
objective motor and cognitive performance (eg, analysis of
kinematics and reaction time) during interventions [29].
However, despite the potential, the use of serious games in VR
to promote motor learning in older adults remains underexplored
[30]. In addition, the generalization of skills acquired in iVR to
other skills in iVR remains debated.

A recent review has proposed intriguing methods to enhance
the comprehension of motor learning in VR, including tracking
participants’ kinematics, manipulating sensorial feedback and
difficulty parameters, and precisely simulating VR physics [27].
Prior work showed that kinematic indexes acquired in iVR (eg,
movement linearity) were reliable and could possibly
differentiate hand movements between healthy older adults and
those with major neurocognitive disorders [31]. Additionally,
several studies have provided evidence to support the idea that
the provisioning of haptic and visual feedback in VR positively
influenced movement smoothness, accuracy, and rapidity,
thereby contributing to the improvement of motor learning in
VR [32-35]. Recent evidence also highlights the efficacy of
incorporating bimanual tasks in VR for promoting unimanual
motor learning, aligning with the notion that the acquisition of
motor skills in a digital environment can be optimized when
the tasks closely mimic the complexities of everyday activities
[36-38]. In line with the Yerkes-Dodson law, there is also
evidence indicating that to maintain participants' motivation,
the level of difficulty should be optimally balanced, neither too
hard nor too easy [39]. To achieve this optimal balance, research
suggests that game difficulty should be adjustable and tailored
to individual participants’ motor and cognitive performance
[29,40,41]. Research supports the idea that self-adaptive training,
where the difficulty is adjusted based on real-time performance,
can optimize learning [42]. For instance, 1 study has highlighted
that individualized VR training for driving led to more effective
learning and retention of performance compared to traditional
VR, video, and manual training [43]. The literature indicates
success rates ranging from 60% to 80% as ideal for effectively
enhancing participants’ motivation [40,44].

Regarding older adults, several studies have demonstrated that
motor learning in VR can be effective, resulting in
improvements in motor performance along with the retention
of learned skills over time. For example, a longitudinal study
found that both healthy older adults and those with Parkinson
disease were able to achieve learning and retention of skills
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across 10 different niVR games, with effective transfer of these
skills to similar untrained tasks [45]. While these results are
promising for niVR, the retention of iVR skills and transfer to
other tasks remains underexplored. A recent multicentric large
parallel randomized controlled trial (n=293) has nevertheless
produced encouraging results, demonstrating that progressive
cognitive-motor training in iVR was effective in older adults,
with greater improvements in global cognition and physical
frailty compared to traditional interventions [46].

Following current recommendations aiming at improving motor
learning in older adults, we developed a self-adaptive serious
game in iVR (REAsmash-iVR) [47]. This game consists of
finding and hitting a digital mole as fast as possible when
presented with different types of distractors. In this version, we
use a regulator to continuously adapt exercise difficulty
according to participants’ performance. As this version has not
yet been tested among older adults, this work aims to test the
feasibility and effectiveness of REAsmash-iVR in promoting
motor learning within this population. Specifically, we sought
to determine the transfer and retention of motor learning
achieved through REAsmash-iVR to other iVR tasks. We
hypothesized that REAsmash-iVR would significantly improve
participants’unimanual reaching velocity and accuracy in other
iVR tasks. We also aimed to assess the effect of REAsmash-iVR
on participants’ simple reaction time.

Methods

Study Design
This study used a short-term longitudinal pre-post design, with
data collected at 3 time points: baseline (T0), immediate
postintervention (T1), and 1-week follow-up (T2). This design
allowed us to assess both immediate and retained motor learning
effects, aligning with established motor learning literature for
intermediate-term retention and transfer [39].

Ethical Considerations
The study was conducted in adherence to the principles of the
Helsinki Declaration and received approval from the
Hospital-Faculty Ethics Committee of Saint-Luc-UCLouvain
in Belgium (B403201524184) and the Recherche Sectorielle
en Réadaptation et Intégration Sociale Ethics Committee in

Canada (#2020-1909). Prior to commencing the trial, all
participants provided written informed consent. The study
adhered to Transparent Reporting of Evaluations with
Nonrandomized Designs (TREND) guidelines. Participation
was voluntary and uncompensated, and all data was collected,
stored, and analyzed in a manner that ensured participant
anonymity.

Participants
The study recruited participants from the Belgian and Canadian
populations between October 2022 and December 2023 using
convenient sampling, leveraging word of mouth, and community
outreach strategies. Inclusion criteria were individuals aged 65
years and older, possessing corrected-to-normal vision, and
demonstrating the ability to comprehend simple instructions.
Older adults with orthopedic or neurological disorders that might
have impacted their capacity to handle a controller or that could
alter upper extremity movements were excluded from the study.
Participants’ cognition was screened using the Montreal
Cognitive Assessment [48].

A flowchart diagram illustrating the participant flow through
each stage of the study is presented in the Results section, as
recommended by reporting guidelines such as TREND and
CONSORT (Consolidated Standards of Reporting Trials) to
ensure transparency and clarity in reporting [49,50].

Materials
The self-adaptive serious game REAsmash-iVR was developed
using Unity 2019.3.15 software on the Oculus Quest 2 (Meta).
This headset provides a high-resolution display (1832×1920
pixels per eye) and up to 90 Hz refresh rate, which ensures
smooth and immersive interaction. The system includes 6
degrees of freedom tracking through integrated sensors, which
allows participants to move freely within the digital
environment. The device is equipped with 2 handheld controllers
with motion tracking, which participants use to interact with
the game, particularly for striking the target with a digital
hammer. The controllers are equipped with motion sensors and
buttons for precise input. As presented in Figure 1, Sidequest
software was used to facilitate synchronization and video sharing
from the headset to a laptop during the experiment.
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Figure 1. Illustration of the REAsmash-iVR. (A) The upper part of the panel simultaneously depicts the REAsmash-iVR environment as seen through
the VR headset (left) and the corresponding movements performed by a participant while interacting with the system (right). The lower part of the panel
shows the target (a mole wearing a red miner helmet) and the distractors (moles wearing blue miner helmets, blue-horned helmets, and red-horned
helmets). (B) Experimental setup: This panel illustrates a participant playing REAsmash-iVR using an immersive VR headset connected to a computer,
which streams the application. iVR: immersive virtual reality; VR: virtual reality.

In the REAsmash-iVR serious game, the participant is asked to
locate a target as quickly as possible. The target consists of a
mole wearing a red miner’s helmet and is presented among
distractors (moles wearing helmets of different shapes and
colors: a blue miner’s helmet, a horned blue helmet, and a
horned red helmet). These distractors manipulate cognitive
difficulty by competing for attention during the task, requiring
participants to focus and filter out irrelevant stimuli while
searching for the target. To enhance cognitive engagement,
distractors were designed to vary in salience, with some
mimicking the target more closely in shape and color.
Throughout the game, participants were instructed to only hit
the target mole with the red miner’s helmet, a task that requires
both attention and precise motor action. To this end, participants
used digital hammers, operated by the game controllers [47].
Motor function difficulty was manipulated through iterative
practice of upper extremity reaching motions in different
directions and with different levels of velocity.

In the version used here, the REAsmash-iVR used a regulator
to adjust difficulty automatically and progressively based on
the participants’motor and cognitive performance. The regulator
of REAsmash-iVR difficulty aims to have the participant an
average 75% successful performance. As the user improved and
learned, the game progressively became more difficult, thereby
maintaining the 75% optimal success rate. From a motor
learning perspective, as the game escalated in difficulty,
participants were compelled to execute a greater number of
reaching movements toward the moles, spanning further
distances, and within shorter timeframes, necessitating more
efficient and precise upper extremity actions.

To ensure a continuous and progressive adaptation of the game
difficulty, we used a dynamic regulation, with an infinite number
of trial blocks. Each block involved finding and hitting a total
of 1 to 24 target mole (trials), depending on the participant’s
level of performance. Between each block, the algorithm
moderates the difficulty of the game based on the overall success
rate (the ratio between the number of target moles accurately
hit and the number of trials) of the prior block. If the success
rate was superior to 75%, the game was considered too easy by
the algorithm. If the success rate ranged between 50% and 75%,
the game was considered difficult. If the success rate was below
50%, the game was considered excessively difficult. Depending
on the success rate of the prior block (>75% vs 50%-75% vs
<50%), the parameters that were considered responsible for the
observed success rate were adjusted by the algorithm. More
specifically, as presented in Figure 2, during each block, in
addition to the overall success rate, the algorithm evaluated the
proportion of omissions (instances when the target mole is not
hit vs hit), the location of omitted moles, the number of false
positives (distractor moles that were hit), and the location of
distractor moles hit. These outcomes were used as indicators
by the algorithm to see which of the following parameters had
to be adjusted for the next block: the timing and location of the
target appearance, the quantity (number) and types of distractors
(high vs low salience contrast), the working area (where target
and distractors appeared) and the delivery of cues that helped
the participant to find the target (no cues, spatial auditive cue,
and visual cues).
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Figure 2. Self-adaptation of REAsmash-iVR. The system assesses performance parameters (success rate, movement, and cognition) after each block
and regulates the task difficulty for the subsequent block by adjusting target and distractor characteristics, working area, and cueing to maintain an
optimal challenge level for the participant. iVR: immersive virtual reality.

Experimental Protocol
Participants were tasked with engaging in REAsmash-iVR for
7 consecutive days for at least 15 minutes per day at their home.
They were required to maintain a seated position throughout
the gameplay and were asked to use both hands during the game.
The feasibility of using REAsmash-iVR in older adults
encompassed the documentation of adverse events, intervention
duration (measured by the total minutes of active interaction
with REAsmash-iVR, excluding pauses and time spent on menus
and settings), and the evaluation of the game regulation efficacy.

To investigate whether participants’ motor learning in
REAsmash-iVR transferred to other iVR tasks and demonstrate
retention of this transfer, the following measures were performed
before the intervention (T0), immediately after (T1), and 7 days
later (T2). We assessed motor learning transfer using 2 distinct
tools: the KinematicsVR and the iVR version of the Box and
Block Test (BBT-VR). These tests were administered by
assessors with a background in physiotherapy and experience
in using VR. Motor learning transfer refers to the ability to apply
skills and improvements acquired during training to new,
untrained tasks or contexts. Effective transfer indicates that
participants have not only improved performance in the trained
task (eg, REAsmash-iVR) but also developed adaptable motor
strategies that can be used in other scenarios (eg, KinematicsVR
and BBT-VR).

The 1-week duration was chosen as it is commonly used in
motor learning literature to assess intermediate-term retention
and transfer [39,51]. This timeframe is long enough to observe
whether improvements persist beyond the immediate training
environment but avoids confounding factors associated with
longer intervals, such as unrelated learning or natural recovery.
Prior studies have similarly used 1-week retention tests to
evaluate skill stabilization and generalization in both laboratory
and applied contexts [39,51].

We used the KinematicsVR to assess motor learning transfer
in terms of unilateral reaching performance in a novel
visuo-motor task [31]. The KinematicsVR requires using one
of the VR headset controllers to swiftly and precisely draw 3D
shapes (straight lines and a circle) visually presented in an iVR
environment. The 3D positions of the controller were registered

as an export file (.csv) in the hardware of the headset and
analyzed offline. This test was deemed reliable and usable to
assess upper extremity kinematics (especially during the drawing
of straight lines and circles) in older adults with and without
major neurocognitive disorder [31]. For this protocol,
participants were asked to perform the movements with their
dominant hand. All participants underwent familiarization trials
before the assessment. To ensure that the differences between
T0 and T1 primarily resulted from the REAsmash-iVR
intervention rather than a general learning effect across trials,
we contrasted the changes in our sample with those observed
in a previous study [31] where an equal sample of older adults
underwent the test twice consecutively (with no intervention in
between). Transfer in this context indicates that the
REAsmash-iVR intervention contributed to general
improvements in unilateral reaching performance in a novel
task (KinematicsVR). The performance in Kinematics-VR was
analyzed based on metrics such as movement velocity, accuracy,
and smoothness, allowing us to determine the extent to which
the trained skills carried over to this analytic task.

We also used the BBT-VR to evaluate motor learning transfer
in terms of gross unilateral manual dexterity [52,53]. This test
involved moving digital cubes one at a time from 1 side of a
box to the other within a 60-second timeframe. During the test,
participants were required to grasp the cubes using their thumb,
index, and middle fingers while pressing corresponding buttons
on the controller. The BBT-VR was found to be valid, reliable,
and usable to assess manual dexterity in healthy adults and
individuals with stroke [52,53]. Transfer in this context indicates
that the REAsmash-iVR intervention contributed to general
improvements in fine motor control and hand-eye coordination.
The performance in BBT-VR was analyzed based on metrics
such as the number of blocks transferred, allowing us to
determine the extent to which the trained skills carried over to
this dexterity-focused task.

We also evaluated the participants’ motor learning transfer to
simple reaction time. The task involved detecting, as quickly
as possible, a stimulus presented on a computer screen.
Participants were instructed to click as quickly as possible on
the touchpad when the stimuli were presented [54].
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Kinematic Analyses
By analyzing the kinematic features of movements in
KinematicsVR, we could assess whether the movement
strategies developed during REAsmash-iVR translated into
improved performance in a new visuomotor task.

The 3D positions of the controller obtained during the
Kinematics-VR test were extracted from export files (.csv) at
a sampling rate of 60 Hz. The analysis of kinematic data was
then conducted using a program internally developed in Python
(Python Software Foundation). For each participant, a
preliminary visual analysis of the data was performed (to ensure
that the data were correctly acquired) and signal smoothing was
applied using a Butterworth filter (sampling frequency=60 Hz;
cutoff frequency=10 Hz). The following kinematic indexes were
calculated: the speed-accuracy trade-off (SAT) and the spectral
arc length (SPARC).

The SAT, measured in arbitrary units, is a fundamental motor
learning metric that quantifies the balance between movement
speed and precision, often reflecting the extent to which
participants prioritize speed over accuracy or vice versa during
task execution. It is widely used to assess training-induced
improvements in motor performance, as optimized performance
behavior tends to achieve a more favorable balance between
these competing demands [55]. In this study, we computed SAT
as a ratio between speed and error, using the following equation.

Velocity refers to the first derivative of controller position. Error
is measured based on movement linearity, which involves
comparing the displacement of the controller with the ideal path.
A higher SAT thus reflects a more efficient balance of speed
and accuracy, indicating potential motor learning gains.

SPARC is a measure of movement smoothness, which is a key
aspect of movement quality and skillful performance.
Smoothness, as computed with SPARC, provides critical insights
into whether a movement is natural and healthy or involves
compensatory strategies. Natural and healthy movements are
generally smoother, reflecting efficient neuromotor control,
while compensatory movements tend to be less smooth and
more erratic. SPARC is computed as the arc length of the
instantaneous speed spectrum (ie, the length of the curve

depicting the normalized amplitude of the “speed” signal  as
a function of its frequency [ω]) [56]. A smoother movement
involves less intermittency (alternance of acceleration and
deceleration) typically resulting in a more compact and less
erratic speed spectrum, leading to a small arc length. A negative
sign is added to the computed arc length such a more negative
SPARC value corresponds to a less smooth movement. This
convention ensures that higher (less negative) SPARC values
indicate smoother and more skillful motor performance.

Data Analysis
We performed statistical analyses using Sigmaplot (version;
13.0, Systat Software Inc) with α=.05. For each analysis, we
explicitly tested the normality of the data using the Shapiro-Wilk
test, and the results informed the selection of appropriate

statistical methods (parametric or nonparametric). As this study
is the first to test the feasibility and effectiveness of
REAsmash-iVR in promoting motor learning, a convenience
sample of 20 participants was determined.

To evaluate the efficacy of REAsmash-iVR self-regulation, we
reported the percentage of instances where participants achieved
a median success rate falling within the range of 60%-80% (a
range deemed acceptable for enhancing motivation in a gamified
learning context [40,44]). This evaluation was performed across
the initial 55 blocks (which represented the minimum number
of blocks observed in all participants).

Our primary outcome was to assess participants’motor learning
transfer (and retention) to unilateral reaching performance in
iVR. To analyze this, we used separate 1-way repeated measure
ANOVA (or Friedman test for nonnormal data) for each shape
used in the KinematicsVR assessment, comparing participants’
SAT across 3 time points: before the intervention (T0),
immediately after (T1), and at follow-up (T2). Post hoc pairwise
comparisons were performed to detect changes between T0,
T1, and T2. We used Bonferroni or Tukey adjustments
(depending on the normality of the data) to control for the
increased risk of type I error due to multiple comparisons. To
ensure that the observed changes in KinematicsVR metrics
between T0 and T1 were predominantly attributable to the
REAsmash-iVR intervention and not merely a general learning
effect over trials, we compared these changes with data from a
previous study [31] where older adult participants underwent
the test twice consecutively without any intervention in between
[31]. To compare the T1-T0 changes between this study and
our prior one, we used either the Mann-Whitney rank sum test
(for nonnormal data) or the 2-tailed t test (for normally
distributed data), depending on the distribution of the data.

Secondary outcomes included the assessment of REAsmash-iVR
motor learning transfer to movement smoothness, manual
dexterity performance in iVR, and simple reaction time. These
outcomes were analyzed using 1-way repeated measures
ANOVAs (or Friedman tests), with post-hoc pairwise
comparisons. We also used Bonferroni or Tukey adjustments,
depending on the normality of the data.

The effect size was computed using η² for ANOVAs, ε² for the
Friedman test, and adjusted Cohen d for parametric post-hoc
pairwise comparisons and 2-tailed t tests. For nonparametric
tests, Cohen r was used. η² for ANOVAs and ε² for the Friedman
test provide an estimate of the effect's magnitude relative to the
total variance, with values of 0.01, 0.06, and 0.14 indicating
small, medium, and large effects, respectively. Cohen d was
used to quantify the standardized mean difference between
conditions, with values of 0.2, 0.5, and 0.8 representing small,
medium, and large effect sizes. For pairwise comparisons
following the Friedman test and between-group comparisons
with the Mann-Whitney U test, Cohen r was interpreted as small
(r≈0.1), medium (r≈0.3), and large (r≈0.5).
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Results

Overview
A total of 20 older adults (of which 9 were women) with a mean

age of 77.4 (SD 6.51) years participated in the study. Most of
them were right-handed (n=17; 85%). A flowchart diagram is
presented in Figure 3. Complementary information on
participants’ characteristics is provided in Table 1.

Figure 3. The flowchart diagram outlines the study process, including the assessment of 36 older adults for eligibility. Of these, 16 were excluded (7
did not meet the criteria, 7 declined, and 2 for other reasons). Twenty participants received the intervention, completed it, and were analyzed for
feasibility, motor learning transfer, and other outcomes. Data were also compared with 20 older adult participants of a previous study.
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Table 1. Participants’ demographics.

ValueCharacteristic

77.4 (69 to 89)Age (years), median (IQR)

Sex, n (%)

9 (45)Female

11 (55)Male

Dominant hand, n (%)

17 (85)Right

3 (15)Left

169.4 (7.73)Height (cm), mean (SD)

77.3 (14.40)Weight (kg), mean (SD)

25 (6 to 30)MoCAa, median (IQR)

KinematicsVR: Straight lines

2.6 (1.09)Baseline SATb, mean (SD)

–1.97 (–2.027 to –1.896)Baseline SPARCc, median (IQR)

KinematicsVR: Circles

3.2 (1.51)Baseline SAT, mean (SD)

–4.45 (2.227)Baseline SPARC, mean (SD)

29 (13.2)Baseline BBT-VRd, mean (SD)

aMoCA: Montreal Cognitive Assessment.
bSAT: speed-accuracy trade-off.
cSPARC: spectral arc length.
dBBT-VR: immersive virtual reality version of the Box and Block Test.

Feasibility
All participants finalized the study, and no adverse event
occurred during the intervention. Participants actively played
with REAsmash-iVR for 7 consecutive days for a median
duration of 15.8 (IQR 9.73-15.12) minutes per day.

As illustrated in Figure 4, participants’ median success rate
reached a satisfactory value (60%-80%) after completing 11
blocks. Between the 11th and the 55th blocks, participants
maintained a median success rate within the 60 to 80% range
for 74% of the time (33 out of 44 blocks). Notably, during the
final 11 blocks, participants consistently upheld a median
success rate between 60% to 80%, reaching 100% coverage.
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Figure 4. Evolution of success rate over the blocks. The x-axis represents the block number of the REAsmash-iVR intervention. The y-axis represents
the participants’ motor success rate. The green line represents the median and the blue lines the 1st and 3rd quartiles issued from all participants. iVR:
immersive virtual reality; VR: virtual reality.

Primary Outcome: REAsmash-iVR Motor Learning
Transfer to iVR Unilateral Speed-Accuracy
Performance
As presented in Table 2 and Figure 5, separate repeated

measures ANOVA (F2,38=21.9; P<.001; η2=0.535) and pairwise
comparison revealed that directly after the REAsmash-iVR
intervention, participants significantly improved their SAT in

drawing straight lines (t19=5.97; P<.001; Cohen d=1.20) with
retention at T2 (T0 vs T2: t19=5.46; P<.001; Cohen d=1.13).
Regarding the drawing of circles, participants showed significant

SAT improvements (F2,38=7.7; P=.002; η2=0.290) between T0
and T1 (T0 vs T1: t19=2.64; P=.036; Cohen d=0.613) with
retention at T2 (T0 vs T2: t19=3.84; P=.001; Cohen d=0.787;
Table 2 and Figure 5).

Table 2. Speed-accuracy trade-off changes over time.

Post hoc T0 versus T2
P value

Post hoc T0 versus T1
P value

RMa ANOVA P valueF test (df)T2T1T0Separate ANOVAs

<.001<.001<.00121.9 (2,38)5.2 (1.63)5.4 (1.85)3.7 (1.38)Straight lines, mean (SD)

.001.036.0027.7 (2,38)5.2 (1.95)4.8 (1.34)3.9 (1.60)Circles, mean (SD)

aRM: repeated measures.
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Figure 5. Evolution of SAT over time. The * indicates the statistical significance of the ANOVA pairwise comparisons; Results are presented as mean
and SDs. SAT: speed-accuracy trade-off.

When drawing straight lines, participants’ SAT improvements
between T0 and T1 were found to be significantly greater than
those observed in participants who did not follow any
intervention between the tests (t19=3.0; P=.005; Cohen d=0.487).
Contrastingly, when drawing circles, participants’ SAT
improvements between T0 and T1 were not significantly greater
than those observed in participants who did not follow any
intervention between the tests (t19=1.96; P=.060; Cohen
d=0.318).

Secondary Outcomes: REAsmash Motor Learning
Transfer to iVR Movement Smoothness
As presented in Table 3, the Friedman test and pairwise
comparisons showed that for the drawing of straight lines,
participants did not observe significant SPARC changes between

T0, T1, and T2 (χ²2=2.1; P=.35; ε2=0.003; Table 3).

Table 3. Movement smoothness changes over time.

Post hoc T0 versus T2
P value

Post hoc T0 versus T1
P value

Friedman test
P value

Chi-square
(df)

T2T1T0Separate
ANOVAs

N/AN/Aa.352.1 (2)–1.91 (–2.016
to –1.811)

–1.92 (–1.978
to –1.783)

–1.97 (–2.027
to –1.896)

Straight lines,
median (IQR)

.004.03.00411.2 (2)–2.44 (–3.287
to –2.273)

–2.67 (–4.000
to –2.359)

–3.77 (–5.876
to –2.517)

Circles, median
(IQR)

aN/A: not applicable.

Contrastingly, for the drawing of circles, participants showed

significant SPARC improvements (χ²2=11.20; P=.004; ε2=0.23)
between T0 and T1 (q=3.58; P=.03; Cohen r=0.8), with retention
at T2 (T0 vs T2: q=4.47; P=.004; Cohen r=1.0; Table 3).
Moreover, improvements between T0 and T1 were significantly
greater than those observed in participants who did not follow

any intervention between the tests (t19=2.41; P=0.010; Cohen
d=0.381).

Secondary Outcomes: REAsmash Motor Learning
Transfer to Manual Dexterity Performance
As presented in Table 4, the Friedman test (χ²2=25.9; df=2;
P<.001; ε²=0.532) and pairwise comparison revealed that
participants significantly improved their overall BBT-VR score
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between T0 and T1 (q=5.26; P<.001; Cohen r=0.678) with
significant retention at T2 (T0 vs T2: q=6.82; P<.001; Cohen

r=0.880).

Table 4. BBT-VRa scores and reaction times change over time.

Post hoc T0 versus T2
P value

Post hoc T0 versus T1
P value

RMb ANOVA or
Friedman test P value

StatisticsT2T1T0

<.001<.001<.001χ2
2=25.938 (29.7

to 50.5)
36 (29.8
to 45.1)

27 (20.1
to 36.4)

BBT-VR score (blocks),
median (IQR)

N/AN/Ac.64F2,38=0.5379.6
(80.31)

399.9
(94.12)

398.1
(116.89)

Simple reaction time
(ms), mean (SD)

aBBT-VR: immersive virtual reality version of the Box and Block Test.
bRM: repeated measures.
cN/A: not applicable.

Secondary Outcomes: REAsmash Effect on Simple
Reaction Time
Participants did not show significant simple reaction time

changes (F2,38=0.5; P=.64; η2=0.024) between T0, T1, and T2
(Table 4).

Discussion

Principal Findings
This short-term longitudinal pre-post study aimed to evaluate
the feasibility and effectiveness of using a self-adaptive serious
game, REAsmash-iVR, to enhance motor learning and simple
reaction time in older adults. Our results suggest that, on
average, participants required 10 to 40 blocks to benefit from
an acceptable-to-optimal level of success rate when starting
from the easiest level of difficulty (block 0). Moreover,
outcomes indicated that a 7-day intervention with
REAsmash-iVR resulted in improved performance in other iVR
tasks, as evidenced by enhanced SAT metrics in drawing straight
lines and circles, and increased score in displacing digital blocks
postintervention. Notably, significant retention of
speed/accuracy improvement was observed at the 1-week
follow-up for the drawing of straight lines and circles, and for
the displacement of digital blocks. Similarly, secondary analyses
revealed that the REAsmash-iVR intervention led to improved
movement smoothness in drawing circles but not straight lines.
Finally, we did not observe any significant effect of
REAsmash-iVR on simple reaction time.

REAsmash-iVR Impact on Motor Learning
Our findings seem to indicate that older adults effectively
achieved motor learning. After undergoing the REAsmash-iVR
intervention, participants exhibited the ability to apply their
skills in various contexts, as evidenced by enhanced speed and
accuracy in KinematicsVR and improved performance in
BBT-VR. Notably, certain improvements persisted even 1 week
after the intervention, suggesting intermediate-term retention
of learned skills and their potential transfer to other tasks. These
findings may highlight a meaningful step in motor learning
within this time frame.

On the one hand, our results [31] may indicate that the notable
enhancements in speed-accuracy when drawing straight lines

postintervention could be credited to the REAsmash-iVR
intervention, rather than being merely a result of general learning
or increased familiarity with the device and setup. In fact, in
our prior study [31], where no intervention occurred between
assessments, we observed no significant changes in SAT in
KinematicsVR tasks, further supporting the conclusion that the
improvements in this study are specifically attributable to the
REAsmash-iVR intervention. The self-adaptive nature of
REAsmash-iVR, which allowed for tailored and optimized
adjustments to accommodate each participant’s unique needs
and capacities, likely played a role in optimizing engagement
and facilitating skill acquisition, ultimately leading to the
observed enhancements in motor performance. Previous research
has demonstrated that older adults achieved significant motor
learning and skill acquisition when provided with appropriate
optimized interventions tailored to their specific needs and
abilities. For instance, a study comparing a group who practiced
a square-stepping task with enhanced feedback,
autonomy-supportive choices, and optimized instructions to a
control group practicing without these elements, found that the
experimental group exhibited faster movement times during
both practice and retention phases [57]. Similarly, feedback
from participants in our study overwhelmingly attested to their
enjoyment of the game. Many remarked on the engaging nature
of the REAsmash-iVR intervention, highlighting its immersive
qualities and the satisfaction derived from mastering new skills
within the digital environment. Furthermore, studies have
emphasized the importance of leveraging technological
advancements to develop innovative interventions that cater to
the unique challenges and preferences of older adults [58,59].
In a prior study, researchers showed that an adaptive video game
training intervention led to generalized positive effects on
cognitive control abilities in older adults [59]. Our findings also
align with [45] a longitudinal, controlled clinical study
investigating motor learning, retention, and transfer in older
adults using VR-based training, specifically focusing on
individuals with Parkinson disease [45]. Their results
demonstrated that older adults with Parkinson disease could
effectively learn new motor skills through VR-based
interventions. Importantly, the study observed improvements
not only in motor performance but also in the retention and
transfer of learned skills to real-world tasks.

The greater performance improvement here, relative to our
previous study [31] could be attributed to the participants
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exhibiting lower baseline performance levels in this study,
potentially allowing for a greater margin of improvement. This
difference becomes particularly apparent when considering
circle drawing tasks, where participants had similar baseline
performance levels, and improvements in speed and accuracy
did not exceed those seen in our prior study [31]. However, this
divergence in outcomes could also stem from the inherent
differences between drawing straight lines and circles (straight
vs cyclic movements). Notably, it could be hypothesized that
due to the similarity in movement nature (discrete reaching
movements) between drawing straight lines and hitting digital
moles, REAsmash-iVR likely played a significant role in
augmenting speed and accuracy outcomes in straight-line
drawing tasks.

Disparities in Transfer to Movement Smoothness and
Manual Dexterity in iVR
Secondary analyses revealed that participants demonstrated
enhanced movement smoothness in drawing circles but not
straight lines. In a prior study, researchers have recently
indicated that the intermittency of movement, as evidenced by
the number of velocity peaks, is influenced by the specific task
being performed in older adults [60]. In our study, the lack of
significant changes observed in the drawing of straight lines
could potentially be attributed to the 2D and discrete nature of
these movements within the KinematicsVR application. This
limitation may have restricted the scope for enhancement.
Conversely, when considering the drawing of circles in
KinematicsVR, the continuous and 3D nature of the movements
offers potential for improvement in an additional dimension
(compared to the drawing of straight lines where only 2
dimensions are considered in the KinematicsVR assessment).
These hypotheses are supported by the baseline results, wherein
participants demonstrated a median SPARC score of –1.97 (IQR
–2.027 to –1.896) for straight lines, compared to a median
SPARC score of –3.77 (IQR –5.876 to –2.517) for circles. Due
to the tendency for smoother movements to be indicated by
SPARC values closer to 0, these results underscore a heightened
potential for enhancement in circle drawing tasks.

REAsmash-iVR Effect on Simple Reaction Time
The study did not observe any significant effect of
REAsmash-iVR on simple reaction time. Although these
findings could have been expected, they may reflect the specific
design limitations of the intervention and assessment or the
need for longer intervention durations to detect changes in these
outcomes. The task in iVR involved locating and responding
to digital moles as quickly as possible, suggesting the potential
for improvements in simple reaction times. Especially since our
sample had a mean reaction time (mean 398.1, SD 116.89 ms)
more than the normal in equally aged standards [54]. In
comparison, in a prior study [54], researchers observed that the
average mean reaction time of individuals aged between 61 and
80 years for the same task was 296.1 (SD 63.9) milliseconds.
However, REAsmash-iVR engages spatial attention and
distractor inhibition, aspects that cannot be adequately assessed
solely through simple reaction time measurements, as the latter
primarily evaluates alertness levels. Moreover, it is important
to consider that reaction time improvements tend to be modest

in older adults due to age-related declines in neurological
processing speed [61]. Several studies have documented a
decline in reaction times with increasing age, reflecting changes
in neurological networks and cognitive processing abilities
[62-64]. A recent study assessing 861 participants aged 70-90
years also observed that an increase in intraindividual variability
of reaction time, considered as a cognitive marker of
neurobiological disturbance, was associated with dementia and
mortality [65]. Therefore, longer intervention periods and more
comprehensive assessments may be necessary to capture subtle
improvements in reaction times among older adults participating
in VR-based interventions.

Limitations
We acknowledge the following limitations. First, the study’s
sample size (n=20) and design (pre-post), while appropriate for
initial exploration, pose limitations to the generalizability and
robustness of the findings. Although a retrospective comparison
was used to evaluate the effect of REAsmash-iVR on motor
learning, using a randomized controlled trial design would
provide stronger evidence for drawing conclusions regarding
the intervention's efficacy.

Second, the length of the intervention period may have been
too short to observe significant improvements in certain
outcomes (eg, reaction time), particularly among healthy
participants. A longer study duration would be beneficial for
capturing more substantial changes. Future investigations
involving healthy older adults and individuals with major
neurocognitive conditions could provide valuable insights into
the effects of REAsmash-iVR on a broader range of participants.

Third, for the BBT-VR, retrospective comparisons between
participants who received the REAsmash-iVR intervention and
those who did not were possible. As a result, it remains
challenging to definitively attribute observed improvements
solely to the intervention itself, as opposed to potential learning
effects or mere familiarization with the VR device and testing
procedures. Especially since the minimal detectable change of
the BBT-VR in healthy adults is relatively high (14.06 for the
dominant hand and 18.23 for the nondominant hand) [52].
Therefore, future studies incorporating appropriate control
groups are essential to establish the causal relationship between
the REAsmash-iVR intervention and the observed transfer of
performance.

Implications
The results of this study carry significant clinical and research
implications. Clinically, they underscore the potential of VR
technology as a novel and engaging approach to promote motor
learning and rehabilitation in older adults. Previous research
has demonstrated that VR-based interventions can improve
motor function and engagement in rehabilitation through
gamified experiences, particularly in older populations with
age-related declines [66-69]. Health care practitioners working
in rehabilitation settings may consider integrating VR-based
interventions into their programs targeting motor impairments
and age-related declines in physical function. More importantly,
the use of self-adaptive serious games such as REAsmash-iVR
may offer participants the opportunity for self-rehabilitation
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through tailored interventions. These interventions can be
specifically designed to target individual motor and cognitive
deficits, providing a personalized approach to rehabilitation.
Personalization in VR rehabilitation has been shown to improve
outcomes by adapting difficulty levels based on real-time
performance data [43]. Furthermore, the diverse range of
applications available within the VR headset may enable
participants to receive real-time feedback on their performance,
allowing for continuous monitoring of progress and identifying
areas for improvement. Several studies have highlighted the
potential of iVR to assess relevant quantitative outcomes, such
as hand kinematics, gaze tracking, and reaction time, in a valid
and reliable manner [47,70-72]. While traditional assessments
may suffer from ceiling or floor effects, limiting their sensitivity
to subtle changes in performance, these quantitative metrics
provide precise, objective insights into how participants behave
during the task [72,73]. This allows clinicians and researchers
to track nuanced motor and cognitive responses, facilitating
more tailored rehabilitation strategies. Such feedback
mechanisms could enhance motivation and engagement,
facilitating more effective rehabilitation outcomes. VR may
boost motivation by providing immersive environments that
promote goal-oriented tasks, immediate feedback, and a sense
of achievement through gamified elements [74]. These features
not only increase adherence to rehabilitation programs but also
foster a positive emotional response, which is critical for
sustaining long-term engagement and improving functional
recovery [75,76]. Additionally, with advancements in VR and

mixed-reality headset technologies, iVR devices hold promise
for promoting social interaction and connectivity among older
adults [77,78]. Research has shown that digital environments
can foster social engagement, reducing isolation and improving
mental well-being [79,80]. Digital conferences, collaborative
gaming experiences, and social environments can be facilitated
through VR platforms, fostering social engagement and reducing
feelings of isolation, which are particularly relevant in the
context of aging populations and social distancing measures.
Incorporating these social aspects into VR-based interventions
could not only enhance the overall user experience but would
also contribute to the holistic well-being of older adults.

From a research perspective, the study highlights the importance
of exploring optimal parameters and mechanisms underlying
VR interventions to maximize their therapeutic benefits,
eventually using regulators of difficulty. Larger controlled
studies are needed to elucidate the long-term effects, optimal
dosage, and generalizability of VR interventions across different
populations and settings.

Conclusions
This study provides valuable insights into the feasibility and
potential effectiveness of using a self-adaptive serious game to
enhance motor learning in older adults. While the intervention
demonstrated promising results in improving reaching accuracy
and velocity balance, and movement smoothness, future research
is warranted to elucidate its broader impact on physical and
cognitive function in aging populations.
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Abstract

Background: Older adults living with HIV face challenges accessing regular geriatric care, and while virtual care services
could offer a solution, they may come with limitations.

Objective: This study aimed to co-design a culturally appropriate virtual care model tailored to older adults’ needs using the
experience-based co-design methodology.

Methods: We used a qualitative, experience-based co-design approach with 19 older adults living with HIV. The process
involved 3 phases: identifying needs through interviews and questionnaires, codeveloping a care model prototype through focus
groups and a workshop, and refining the model using feedback from a world café format. Data were analyzed using thematic
content analysis.
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Results: The co-design process led to a virtual care model prototype that directly addressed participants’ key needs. These
included personalized communication methods, simplified technology interfaces for easier access, and culturally responsive care
practices. Participants emphasized the importance of privacy in virtual consultations, flexible scheduling to accommodate health
fluctuations, and ongoing support for managing both HIV and aging-related conditions. Their feedback shaped a model designed
to bridge service gaps, offering a more inclusive, accessible, and patient-centered approach to virtual geriatric care.

Conclusions: This study co-designed a potential virtual geriatric care model grounded in the experiences of older adults living
with HIV. By integrating participants’ insights throughout the design process, the model offers a promising approach to improving
care for this vulnerable population. Future directions for research to test this model are proposed.

(JMIR Aging 2025;8:e67122)   doi:10.2196/67122
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Introduction

Background
The global population is aging, with the number of people aged
≥50 years projected to double by 2050, reaching approximately
2 billion individuals worldwide [1]. The aging global population
also includes a growing number of older adults living with HIV
[2]. Due to advancements in combination antiretroviral therapy,
the life expectancy of people living with HIV has significantly
increased [3], leading to the first generation of people living
with HIV now reaching geriatric age [4]. This demographic
shift brings unique challenges as older adults living with HIV
experience a complex interplay of age-related comorbidities
and HIV-related health issues [5-7].

Older adults living with HIV encounter a myriad of challenges
that significantly impact their geriatric care. Medically, these
individuals are more likely to experience comorbid conditions,
including cardiovascular disease [6,8,9], diabetes [6,10], and
osteoporosis [11-13], which can complicate HIV management
and treatment [14]. These comorbidities complicate treatment
regimens and require coordinated care, which may not always
be available [15,16]. The specialization of health care often
leads to fragmented care, where health care providers focus
solely on HIV management without considering the broader
geriatric care needs of the patient, such as mobility, nutrition,
and mental health [17,18]. Furthermore, the physiological
changes associated with aging, combined with the long-term
effects of HIV and its treatment, can exacerbate these
comorbidities, leading to a higher burden of illness and increased
health care use [19]. Psychologically, older adults living with
HIV may experience higher rates of depression [20-22], anxiety
[23,24], and cognitive impairment [25-27] than their younger
counterparts living with HIV. The stigma associated with both
aging and HIV can combine and contribute to social isolation,
discrimination in health care settings, and declines in mental
health and overall well-being [28-30]. In addition, older adults
may encounter ageism within health care settings, which can
negatively affect the quality of care they receive and their
willingness to seek further treatment [31-33]. Thus, the increase
in older people living with HIV underscores the increasing need
for comprehensive geriatric care that addresses the complex
health needs of older adults [34,35].

HIV is highly stigmatized, and this can exacerbate other
experiences of stigma and discrimination [32,36,37]. Notably,
geriatric care (ie, care delivered specifically for older adults) is
most effective when it meets the sociocultural needs of its
patients [38,39]. Socioculturally appropriate care refers to health
care that respects and responds to the cultural and social needs
of patients, integrating their backgrounds, beliefs, and values
into their care plans [40-43]. This approach is crucial for
improving patient outcomes, enhancing satisfaction with care,
and reducing health disparities [44-46]. However, delivering
socioculturally appropriate care, particularly in the intersection
of geriatrics and HIV, presents unique challenges [43]. These
include a lack of cultural competency training [47,48],
insufficient resources [49-51], language barriers [52,53], and
implicit biases among health care providers [54-56], which can
lead to misunderstandings and suboptimal care [57]. Moreover,
individuals aging with HIV may come from diverse countries
and have varying sexual identities and unique histories of
trauma, discrimination, and stigma that differ from those of the
general population [36,37,58]. Cultural mismatches such as
failing to address the stigma associated with HIV in certain
cultures can result in reduced patient engagement, lower
treatment adherence, and worse health outcomes [36,59].
Therefore, addressing these challenges is essential to provide
effective geriatric care to diverse people living with HIV.

Virtual care holds significant potential to address some of the
challenges faced by older people living with HIV [60-63]. For
instance, virtual care can help facilitate regular check-ins and
monitoring without the need for frequent in-person clinic visits,
which is particularly beneficial for those with mobility issues
or transportation obstacles or for those living in remote areas
[64-66]. As one example, virtual interventions for rural older
veterans living with HIV have been shown to improve access
to care and patient health outcomes, including quality of life,
medication adherence, depressive symptoms, internalized
stigma, and loneliness [67]. Virtual platforms can also provide
a discrete way for patients to access care, potentially reducing
stigma-related barriers to seeking health care in person [68-70].

While virtual care has revolutionized health care delivery, it
also presents several challenges that need to be addressed for
effective implementation [71,72]. One major issue is the digital
divide, where limited access to technology and reliable internet
connectivity, especially in rural and underserved areas, hampers
the ability of patients to engage in virtual care [73-75]. In
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addition, digital literacy poses a significant barrier as many
patients, particularly older adults, may lack the knowledge and
skills to navigate digital health platforms effectively [17,73,76].
There is a need to develop specialized socioculturally
appropriate virtual geriatric care models tailored to the unique
needs of diverse older people, including those living with HIV.
Geriatric care refers to the specialized medical and supportive
care tailored to meet the complex health and social needs of
older adults, encompassing chronic disease management,
functional support, and holistic well-being [50].

Delivering geriatric care virtually for people living with HIV
presents both opportunities and significant challenges. While
virtual care can enhance access to health care for older adults
living with HIV, particularly in underserved or rural areas, it
also requires careful consideration of various factors. One of
the primary challenges is the complexity of managing
multimorbidity, a hallmark of aging in people living with HIV,
which often involves the treatment of multiple chronic
conditions, including cardiovascular disease, diabetes, and
mental health disorders [77,78]. Virtual care platforms may
struggle to capture the full range of physical and cognitive
assessments needed to effectively manage these conditions. In
addition, older adults with HIV may face difficulties with digital
literacy, which can hinder their ability to use virtual care tools
effectively [79]. This is particularly true for older adults who
may already experience cognitive decline or sensory
impairments. The quality of the therapeutic relationship can
also be affected in virtual settings as the absence of in-person
interactions may reduce the ability of health care providers to
observe subtle nonverbal cues and create a trusting environment
[79]. Moreover, people living with HIV may have unique
psychosocial challenges, such as stigma and social isolation,
which can be exacerbated by virtual care [79]. Addressing these
challenges requires the development of specialized, culturally
competent virtual care models that incorporate both
technological solutions and social support structures to ensure
holistic, patient-centered care for older adults living with HIV
[43].

Co-design is a valuable approach in developing and refining
health interventions and services as it actively involves key
players in the design process to ensure that the resulting
solutions are highly relevant and effective for end users [80].
By engaging those who will ultimately benefit from these
interventions, co-design fosters a deeper understanding of their
needs, preferences, and sociocultural contexts, leading to more
tailored and impactful outcomes [80,81]. By involving older
adults in the design process, the resulting solutions will be more
relevant and effective in addressing their unique health
challenges and sociocultural contexts. Co-design promotes
cultural sensitivity by incorporating the perspectives and
experiences of diverse patient populations into the design and
delivery of health services [82]. This is particularly important
for older people living with HIV, who may face additional
stigma and barriers underpinned by the intersection of
sociocultural considerations and demographic factors such as
age [83]. Addressing the gaps in the literature will ensure that
the unique health challenges and sociocultural contexts of older

people living with HIV are considered, leading to more effective
and inclusive geriatric-HIV health care interventions [43].

Objectives
This paper reports on the co-design of a culturally appropriate
virtual care model for older adults living with HIV using an
experience-based co-design (EBCD) approach [84]. By
involving older people living with HIV, this study sought to
create a person-centered care model that enhances their health
care experience and outcomes [85].

Methods

Study Design
In this community-based participatory research (CBPR), we
used a qualitative EBCD methodology [84] that integrated
participants as co-designers (details can be found in a published
protocol [43]). CBPR is an approach that emphasizes
collaboration between researchers and community members
throughout the research process [86,87]. It aims to address
community-identified needs and promote social change by
integrating knowledge and action for social justice [86,88].
Co-design involves meaningful engagement of end users in the
research design process, encompassing participation at every
stage of the research and varying in intensity from passive
involvement to highly active participation [84,89-91]. To
achieve our research objective of co-designing a geriatric-HIV
virtual care model, we adapted and used a variety of
participatory EBCD methods, including interviews, focus
groups, scenario design, and world cafés [84,92]. We briefly
describe our methods in the following sections.

Ethical Considerations
Ethical considerations in CBPR include ensuring informed
consent, where community members fully understand the
research process and its implications [93]. This study was
approved by the Sinai Health Research Ethics Board (approval
23-0106-E). All participants provided written informed consent
to take part in the study, be audio recorded, and have anonymous
quotations published. The participants were given the
opportunity to have access to a translator and ask to clarify any
concerns before signing the consent form. Participants in the
focus groups and workshop were provided with refreshments
and lunch and were reimbursed for their travel expenses.
Participants in all phases also received an honorarium of $43
USD for their time, compensated at an hourly rate. Our study
also emphasized community ownership of research findings,
allowing the advisory committee to make decisions about how
results are disseminated. All data shared with the advisory
committee were anonymous.

Researcher Positionality
The research team (n=18) consisted of Canadian experts in
co-design methodologies with diverse backgrounds and expertise
in HIV research, equity-informed health care, health service
research, and implementation science. This interdisciplinary
team included PhD-trained researchers and clinicians
specializing in geriatrics, family medicine, and infectious
diseases, as well as occupational therapists, social workers,
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health service administrators, and peer researchers with lived
experience.

A community-based advisory team (n=10) was established
before protocol development to ensure ongoing engagement
throughout the project. This advisory team comprised knowledge
users such as administrators from nonprofit organizations
serving older persons living with HIV, including shelter staff,
health care providers, charity organizations, and community
centers. In addition, the advisory team included older individuals
living with HIV and clinicians specializing in geriatric care.
Regular individual meetings with principal investigators were
conducted throughout the research process.

Recruitment and Participants
Our study sample was distinct from our advisory committee
and included older individuals who self-identified as HIV
positive; were aged ≥50 years; and resided in Ontario, Canada.
We purposively sought diversity across various dimensions: (1)
sex and gender, (2) age, (3) ethnicity and race, (4)
socioeconomic status, (5) previous use of virtual geriatric care
(ie, yes or no), (6) geographical location (rural vs urban), (7)
time living with HIV, (8) non-English first language, and (9)
level of educational attainment.

We used quota and purposive sampling to ensure a
representative sample [94,95]. Our advisory team engaged in
community outreach at relevant meetings and events to assist
with recruitment, leveraging their networks and organizations.
We also posted study flyers at community-based organizations,
religious institutions, and culturally oriented events. Finally,
our advisory team’s websites and social media platforms were
used to promote the study. All participants contacted the
research coordinator to learn more about the study, and
eligibility was confirmed based on the demographic
characteristics to ensure alignment with our purposeful sampling
technique.

Data Collection
Data collection occurred in 3 phases, which are outlined in this
section and published in a previous protocol [43]. No deviations
were made, aside from the fact that no focus groups occurred
in phase 1. Phase 1 focused on understanding participants’needs
and perspectives through semistructured interviews. The
interviews were conducted by a trained research assistant with
support from the primary author. The interviews focused on
participants’ experiences throughout their illness trajectory,
current and anticipated needs for geriatric care, and priorities
for virtual care. To ensure effective purposive quota sampling,
demographic information was collected from participants at the
time of recruitment, allowing us to determine whether they met
the specific criteria for inclusion in the study. This demographic
questionnaire captured diverse lived experiences and
socioeconomic data relevant to this study’s aims. Once
participants were recruited, all interviews were audio recorded,
professionally transcribed, and reviewed for accuracy by a
research assistant. The narrative summaries of the interviews
were created by the first author based on both the interviewer’s
notes and recollections and the transcripts of the interviews.
These summaries were developed to provide a comprehensive

overview of each interview, highlighting key themes, insights,
and participant perspectives. Following their creation, the
narrative summaries were shared with the research team and
the advisory team via email and team meetings. The narrative
summaries were included in the dataset for analysis and were
considered part of the field and meeting notes, providing a
synthesized account of key themes and insights from the
interviews to support the interpretation and development of
findings.

Before initiating the co-design process, we prioritized trust
building to create a comfortable and inclusive environment for
participants. To minimize power imbalances, we limited the
number of researchers present, ensuring that the space felt less
formal and more participant driven. In addition, we asked
participants whom they wanted involved in the process, allowing
them to shape the composition of the sessions. These efforts
fostered a sense of ownership, encouraged open dialogue, and
reinforced the collaborative nature of the co-design approach.

Phase 2 involved 2 focus groups and a workshop, all drawing
on the same participants to apply an EBCD approach to develop
a prototype for a culturally appropriate HIV virtual care model.
The focus groups primarily aimed to gather in-depth qualitative
data through structured discussions that allowed participants to
share their experiences and insights about virtual care. In
contrast, the workshop was more interactive and aimed at
synthesizing the findings from the focus groups, where
participants worked collaboratively to co-design and refine the
elements of the HIV virtual care model. In preparation for phase
2, participants in the focus groups were provided with a detailed
presentation summarizing the main needs identified in phase 1
before the workshop formally began. This presentation, based
on comprehensive data collected during the initial phase,
highlighted key insights into the unique challenges faced by
older adults living with HIV. By sharing this information with
the participants, we informed them about critical areas to address
in the design process, ensuring that their feedback in the focus
groups was grounded in the context of the identified needs. The
focus groups and workshop were jointly led by a trained neutral
facilitator and peer researcher who was trained through a
structured program designed to build both facilitation and
research skills. The training included an overview of the research
objectives, ethical considerations, and techniques for creating
a supportive and nonjudgmental environment for participants.
The peer researcher was also trained in active listening, group
dynamics, and how to manage sensitive topics, particularly
those related to the experiences of older adults living with HIV.
The workshop, guided by a modified 4D cycle of Appreciative
Inquiry [96], aimed to identify strengths in existing care models
and design principles for improved virtual care, accommodating
both in-person and virtual attendance [97]. The modified 4D
cycle of Appreciative Inquiry involves the phases of Discovery,
Dream, Design, and Destiny, focusing on identifying strengths,
envisioning an ideal future, cocreating actionable plans, and
implementing sustained changes [96]. The Definition phase was
also included for greater adaptability to specific contexts and
goals. Discussions used visual tools such as concept mapping
and word clouds [98] that were kept for analysis. All verbal
focus group data were audio recorded and professionally
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transcribed. Postworkshop reflections with the research and
advisory teams guided phase 3.

In phase 3, there were 10 returning participants from phase 2
and 2 participants new to the study. The design principles for
the culturally appropriate HIV virtual care model were
developed using a world café format [99]. Small group
discussions fostered dynamic exchanges, integrating feedback
on proposed solutions and outlining recommendations for
implementation and uptake. Facilitated by a peer researcher and
supported by research team members, these sessions aimed to
ensure participant engagement and generate robust data for
ongoing project development [99]. Memos and reflexive notes
were taken by the research team throughout the study.
Transcripts and notes were anonymized by removing details
that could lead to participant identification. No names of
participants were used in the analysis or reporting of the results.

Data Analysis
The dataset comprised audio recordings, transcripts, field and
meeting notes, reflexive notes, and physical artifacts designed
by participants. The analysis team, consisting of research team
members and select advisory committee members, conducted
thematic content analysis [100,101]. The field and meeting notes
were reviewed as part of the data analysis process, contributing
to the identification of key themes. In phase 1, data analysis
occurred concurrently with data collection to determine thematic
saturation [102]. Thematic saturation was established when no
new codes or concepts emerged from the data, indicating that
additional interviews were unlikely to yield novel insights.
Transcripts were coded using the NVivo software (version 14;
QSR International) by the principal investigator and the research
assistant. A codebook developed through inductive and
deductive processes informed by the knowledge-to-action
framework was used and refined iteratively through team
meetings [103,104]. Physical artifacts created by participants
during the workshop, including Post-it notes, drawings, and
summary sheets, were also systematically analyzed and
integrated into the overall data analysis process to enrich and
deepen the understanding of participants’ perspectives. Once
scanned, the images were categorized based on themes and
topics that emerged from the discussions. This allowed the
research team to examine not only the content of the physical
artifacts but also the ways in which participants visually
expressed their ideas and emotions. The drawings and Post-it
notes, for example, provided additional insights into participants’
cognitive and emotional responses, offering a layer of qualitative
data that complemented the verbal responses collected during
the sessions. The images were analyzed using a thematic
approach, identifying recurring patterns, symbols, and motifs
that reflected key aspects of participants’ experiences. Peer
researchers were sent the preliminary findings 1 week ahead of
the focus groups and workshop to enable thorough review and
reflection before the subsequent phases. Themes were identified
through comparative analysis and refined through team
discussions, with a thematic map aiding in refining final themes
to inform phase 2. Phase 2 and phase 3 continued with reflexive
thematic content analysis to consolidate findings from the
co-design workshop and refine themes for subsequent phases
[101], including the world café discussions. The analysis refined

the themes that emerged during these sessions and ensured that
the feedback from the world café format was directly
incorporated into the final design recommendations for the
virtual care model. All researchers reviewed and endorsed the
final version of the manuscript as coauthors to ensure the
accuracy and completeness of the findings presented. A lay
version of the manuscript was also sent to all members of the
advisory team and participants of the study. Participants were
invited to provide their feedback via email up to the point of
manuscript submission.

Validation and Reliability Strategies
Rigor and trustworthiness in this study were ensured through
several methodological strategies. First, we used a qualitative
EBCD methodology, integrating participants as co-designers
throughout the research process, which facilitated meaningful
end-user engagement and ensured that participant perspectives
were central to the study’s design and outcomes. This approach
was consistent with established principles of CBPR [86,105].
Second, we maintained methodological rigor by adhering strictly
to our published protocol [43], which detailed the study
procedures and ensured consistency in data collection and
analysis methods. Our adherence to the protocol provided a
structured framework for data collection and interpretation while
remaining adaptable to participant and advisory committee input
and emerging insights. This balance ensured that, while
following a predefined approach, we also responded to and
incorporated collaborators’ feedback, thus enhancing the
relevance and responsiveness of the methodology. Third, the
study design included diverse methods that enhanced the
richness and depth of the data collected and contributed to the
triangulation of data sources [106,107]. The analysis team,
consisting of research team members and selected advisory
committee members, engaged in iterative coding and theme
development supported by regular team meetings and peer
review processes. This collaborative approach enhanced the
reliability and credibility of the findings by ensuring that
interpretations were grounded in the data and reflective of
diverse perspectives [108]. Finally, transparency and reflexivity
were maintained throughout the research process. That is,
reflexive notes, memos, and detailed documentation of
methodological decisions were kept, providing transparency in
data interpretation and analysis. Regular interactions with the
advisory team and participants, including sharing preliminary
findings and seeking feedback, further strengthened the
trustworthiness of this study by ensuring that the findings
resonated with participant experiences and priorities [108].

Results

Overview
The research team conducted the co-design process between
June 2023 and June 2024. In total, 19 unique participants took
part in this study, with 14 (74%) participants in phase 1, a total
of 10 (53%) participants in phase 2 (n=7, 70% from phase 1),
and 12 (63%) participants in phase 3 (n=10, 83% from phases
1 and 2). Multimedia Appendix 1 outlines the participant
characteristics, and Figure 1 shows a flowchart of the
participants.
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Figure 1. Flowchart of participants.

Participants co-designed a culturally appropriate and flexible
HIV virtual care model that was rooted in empathy and
addressed both the clinical, psychological, and social elements
and the emotional aspects of aging with HIV. Phase 1 aimed to
understand participants’ needs regarding virtual care, revealing
four key findings: (1) the desire for accessible and integrated
health care; (2) the complications caused by sociocultural and
demographic factors; (3) the benefits of peer support without
replacing formal care; and (4) the potential of virtual care to
address some barriers, although with caveats related to access
and technology. Participants expressed a strong need for easily
accessible, coordinated care, particularly for older adults living
with HIV who face complex, overlapping health and social
challenges. They highlighted the difficulties of navigating the
health care system, noting that virtual care could reduce barriers
but only if it accounts for digital literacy and technology access.
In addition, while peer support was valued, participants
cautioned against overreliance on it, emphasizing that virtual
care should supplement, not replace, formal services. They also
pointed out that virtual care could improve access, especially
for individuals facing logistical barriers, but it must be designed
with flexibility and continuity in mind. In phase 2, the focus
shifted to ideating solutions for the virtual geriatric-HIV care
model. Participants suggested a multimodal care approach
encompassing various forms of care delivery (eg, in-person and
virtual visits and digital health records). They also stressed the
importance of education and clear communication regarding
technology use, ensuring that older adults are informed and
confident in using virtual platforms. Privacy and data security
were significant concerns, with participants requesting
transparency about who accesses their information and how it

is used. In addition, participants emphasized the need for
reminder systems to help maintain continuity of care and reduce
missed appointments. These solutions were aimed at improving
both the practicality and trustworthiness of virtual care for older
adults living with HIV. Phase 3 focused on co-designing
actionable plans, with participants emphasizing the importance
of linguistic and cultural equity in virtual care. They stressed
that care models should be inclusive of diverse populations,
particularly those who face language barriers. Participants
highlighted the need for culturally appropriate services to ensure
equitable care, pointing out that older adults from different
cultural backgrounds often experience compounded difficulties
when accessing health care services. The plans developed during
this phase aimed to refine and prioritize these solutions to create
a more inclusive and effective virtual care model for older adults
living with HIV. Throughout the following sections, we illustrate
the findings using quotes labeled with participant ID, race or
ethnicity, gender, and age.

Phase 1: Understanding Participants’Needs Regarding
Virtual Care
We identified the following key and interrelated insights: (1)
older adults living with HIV want accessible and integrated
care, (2) intersecting sociocultural and demographic factors
complicate receipt of care for older adults living with HIV, (3)
peer support is beneficial but should not replace formal health
care services and supports, and (4) virtual care can address
barriers to care with access caveats.
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Older Adults Living With HIV Want Accessible and
Integrated Care
Participants emphasized the need for health care systems to
prioritize services that are easily accessible and tailored to the
unique health challenges faced by older individuals living with
HIV. Participants noted that they often had complex,
overlapping medical and social needs that required coordinated
care across multiple disciplines. While most participants
described positive experiences with previous care, they also
discussed challenges obtaining information and reaching the
appropriate care provider. Several participants specifically
recounted situations in which accessing services and support
felt very difficult. One participant shared the following:

You can go to a family doc[tor] if you have one and
that is so great—again, if you have one. But the issue
becomes when the doc refers you to one specialist
who refers you to another then back to your family
doc and you repeat because no one knows how to
care for you. [Interview participant 11; man; White
individual; aged 52 years]

Therefore, participants described desiring a health care system
with the ability to easily access services from care providers.

Intersecting Sociocultural and Demographic Factors
Complicate Receipt of Care for Older Adults Living With
HIV
Participants highlighted that they often faced systemic barriers
that hindered their ability to access health care services. These
challenges were exacerbated by age-related biases within the
system, which was not designed to fully address or
accommodate their unique needs. Participants highlighted that
those with lower incomes may experience additional obstacles,
including lower access to resources; heightened stigma; and
greater socioeconomic disadvantages that impact their health,
such as the inability to purchase both food and medication.
Participants agreed that virtual care has the potential to alleviate
some of these systemic barriers by providing more accessible
and flexible health care options. However, for virtual care to be
an effective solution, it must address the challenges associated
with digital literacy and technology access. One participant
pointed out the following:

The level that we’re to access the services at, is a bit
crazy and some might have challenges. Like this
morning, I tried to go on the touch screen, and I can’t
get it on to use my phone. And then I’m seeing that
there is no Internet service. [Interview participant 5;
man; Black individual; aged 56 years]

Moreover, to ensure that virtual care is equitable, it is crucial
that health care providers are aware of and address the specific
needs and preferences of older adults. For instance, participants
noted that they preferred a larger screen for virtual consultations,
such as a tablet, over smaller devices such as phones.

Peer Support Is Beneficial but Should Not Replace
Formal Health Care Services and Supports
Support systems among peers were noted as critical in the
management of chronic conditions among older people living

with HIV. Peer support groups offered participants emotional
and practical guidance from individuals who shared similar
experiences, fostering a sense of community and reducing
feelings of isolation. Peer interactions were also thought to
provide valuable insights into managing HIV and navigating
the health care system as an older person as they offered lived
experiences and practical advice that complemented professional
care. One participant noted the positive impact of peer support,
stating the following:

I found that connecting with others who are dealing
with the same condition really helped me cope better
and stay informed about my health. [Interview
participant 3; man; South Asian individual; aged 82
years]

In the context of peer support, health management and the
pursuit of independence emerged as critical themes in the
experiences of older adults living with HIV, particularly within
a virtual care framework. Participants relied heavily on peer
support to navigate the health care system, highlighting the need
for virtual care models that offer tailored resources and programs
to address their unique needs. One participant emphasized the
value of community-based programs, noting the following:

First of all, it’s a safe place for LGBTQ members.
And it’s a positive place for me because it’s 50 plus.
Basically, it focuses on age and being gay and what
more can we want. Canada is great—it won’t
discriminate by colour in medical settings, but
sometimes we can’t find what we need. [Interview
participant 11; man; White individual; aged 52 years]

Despite the availability of such programs, challenges remained,
particularly in accessing mental health services. The participants
wished for more targeted online resources for aging, stress, or
depression beyond medication. Furthermore, virtual care could
enhance independence in health management by facilitating
regular interactions with health care providers through digital
platforms. Participants expressed a need for frequent virtual
check-ins, such as weekly phone calls, to better monitor and
manage their health conditions and maintain a sense of
connection and support.

Participants noted that, while peer support was invaluable, they
were cautious that their reliance on individuals with lived
experience was due to systemic gaps in health care provision
and the lack of formal support structures for addressing the
complex interplay of health and social circumstances affecting
older adults living with HIV. One participant remarked the
following:

If I get sick, then I lose my job, and then the chance
of losing my housing rise exponentially and so
basically I have to have friends who have a house or
know someone who is hiring to pay for medicine.
[Interview participant 1; woman; White individual;
aged 57 years]

The same participant shared the following:

If you have money, you’ll get the healthcare in the
time that you need it. And if you don’t, well, then good
luck.
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Another participant shared the following:

When you’re first diagnosed, all you’re focused on
is survival. You aren’t trying to find services; you
meet people who tell you what services exist. But the
healthcare system, the focus isn’t on us, who’ve been
around for a long time, and now we need different
supports in place than we did 20 years ago. So, we’re
stuck with the same services. [Interview participant
2; woman; First Nations individual; aged 57 years]

Virtual Care Can Address Barriers to Care With Access
Caveats
Participants noted that the integration of virtual care has the
potential to alleviate some of these challenges by offering more
flexible and accessible health care options, thereby significantly
reducing the logistical challenges associated with in-person
visits, as noted by a participant who appreciated the time
savings:

I had a bone density scan...when I had it, he wanted
to make an appointment, and I had the choice between
virtual or going down to the office. I saved like 4
hours. [Interview participant 12; man; First Nations
individual; aged 51 years]

Another participant shared the following:

When the place is very cold and you got to catch two
bus, three busses to meet your doctor, and pay for it
each time, we can do virtual. Then when it’s nice
outside whether we don’t mind going and spending
the time and go out and see. [Interview participant
10; woman; mixed heritage; aged 54 years]

However, one participant wisely pointed out the following:

But it has to be only when minor consultation is
required...it should [not] replace the face-to-face
consultation. [Interview participant 9; man; White
individual; aged 59 years]

Participants emphasized the importance of effective
communication and continuity of care within the virtual
geriatric-HIV care model. They expressed a strong desire for
seamless interactions among care providers to prevent
disruptions in their treatment and communication. This
continuity was described as crucial for maintaining the stability
of their HIV management, including regular blood work and
medication adjustments. Although participants generally
reported positive interactions with health care providers,
challenges arose in distinguishing between symptoms related
to HIV and those associated with normal aging. One participant
remarked the following:

Sometimes it’s hard to tell whether a symptom is due
to the HIV or just getting older. Clear communication
and understanding from my healthcare provider are
essential to figuring out what’s really going on.
[Interview participant 9; man; White individual; aged
59 years]

To address these complexities, participants recommended that
novel care models integrate mechanisms for clear, ongoing
communication and coordination among health care providers,

ensuring that specialized care is tailored to meet the intricate
needs of older adults living with HIV.

Phase 2: Ideating Solutions
Participants suggested improvements to current care models for
older adults living with HIV and proposed their wishes regarding
virtual care through a series of activities.

Importance of Flexible Care Delivery
Participants highlighted the importance of a multimodal care
approach to enhance coordinated care and access to health
information for older adults living with HIV. One participant
explained the following:

...we need it [virtual care] to be offered in a lot of
ways, so not just phones because not everyone has
one, not everyone has a cell phone, maybe computer,
so offer a lot of ways like a phone, cellphone, tablet,
computer. [Phase-2 participant 1; man; White
individual; aged 56 years]

Participants also noted that the approach should integrate various
modes of care delivery, such as in-person consultations, virtual
visits, and digital health records, to create a more seamless,
continuous, and comprehensive health care experience. One
participant shared the following:

...you can’t just have it be one approach, sometimes
you need to come in, sometimes I might need a virtual
visit, sometimes I might want to send information, we
need options. [Phase-2 participant 4; woman; Black
individual; aged 71 years]

Education and Communication Regarding Technology
Use and Privacy
The need for clear communication regarding new technologies
was a recurring theme among participants. They emphasized
that educational demonstrations are essential in helping patients
understand and effectively use new technological tools. One
participant said the following:

...the worst thing someone can do is if you assume we
know what we are doing with technology, so it doesn’t
have to be a doctor but some instructions. I sometimes
use Zoom but then they say go online and upload, I
have no idea how to do that. [Phase-2 participant 6;
man; White individual; aged 62 years]

Transparency regarding technology use in virtual care emerged
as a crucial concern for participants. Participants emphasized
the need for clear communication about who accesses patient
information, how it is used, and the procedures for withdrawing
consent. In the context of virtual care, the digital environment
can heighten concerns about privacy and confidentiality, making
it imperative to establish transparent practices in data privacy
and security. Participants indicated that, in virtual settings,
where information is often shared and stored electronically,
patients may feel more vulnerable and uncertain about their
data. Therefore, ensuring that patients are well informed about
the handling of their health information is essential for building
trust and fostering a sense of comfort with using virtual care
services. One participant explained the following:
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...sometimes they think we are old, so we don’t
understand, but I know about technology and so I
want to know who is going to look at my stuff in order
to trust you. If I don’t know, I won’t trust this [virtual
care]. [Phase-2 participant 8; woman;
Indian-Caribbean individual; aged 54 years]

Participants also underscored the need for transparency
regarding the environment in which virtual care appointments
are conducted. They expressed concerns about ensuring that
these appointments occur in private and secure settings to protect
patient confidentiality. Specifically, participants highlighted
the importance of knowing whether providers are conducting
virtual appointments from locations that guarantee privacy and
maintain the integrity of sensitive health information:

I don’t want the doctor to be like talking about HIV
with their friends in the background or at Starbucks.
[Phase-2 participant 8; woman; Southeast Asian
individual; aged 70 years]

Reminder Systems
Participants suggested the implementation of reminder systems
for appointments and follow-ups to ensure continuity of care
and reduce missed appointments. Such systems can play a
crucial role in maintaining regular contact between patients and
health care providers, thereby improving adherence to treatment
plans and enhancing health outcomes. By leveraging technology
to provide timely reminders, health care systems can support
patients in managing their care more effectively and reduce the
risk of lapses in treatment. One participant shared the following:

...maybe it’s age, maybe it’s life, but anything to make
it easier is good. Remind me when to log in, when to
book an appointment, what to do, who to see, even
the name, just anything to make life easier when it
comes to doctors because sometimes, I see so many
and now maybe a geriatrician. [Phase-2 participant
4; woman; Black individual; aged 71 years]

Phase 3: Designing the Action Plan

Overview
Phase 3 entailed participants co-designing and planning the
necessary actions and initiatives to achieve the desired future
for virtual geriatric-HIV care as outlined in phase 2. Participants
concluded phase 3 by refining the ideas and virtual geriatric
care models co-designed in phase 2 and phase 3. This involved
prioritizing linguistic and cultural equity.

Linguistic and Cultural Equity
Participants highlighted the need for the virtual geriatric care
model to incorporate linguistic and cultural considerations to
ensure equitable care for the population of older adults living
with HIV. Participants shared stories exemplifying the diversity
of the geriatric-HIV community (inclusive of several
underserved populations) and emphasized the importance of
increasing services to these populations. One participant stated
the following:

...not everyone speaks English, especially when they
come here and so we need to give back and help them.

It’s like if you dropped someone in their countries,
it’s like worse than a maze. [Phase-3 participant 11;
man; White individual; aged 69 years]

Participants noted that there needs to be health- and
technology-related information in multiple languages and that
service providers should make translation services known to
their patients. Participants also suggested that health care
providers offer education that addresses many of the culturally
related myths and concerns of individuals about aging with
HIV. One participant said the following:

...doctors and nurses need to look at who they are
serving that is different than them. Not everyone
understands HIV is not a life sentence so tell certain
people that. Or maybe someone eats food that is
different, not everyone understands quinoa. Maybe
recommend cultural food. [Phase-3 participant 1;
woman; Black individual; aged 51 years]

Consider Affordability
Participants were broadly aware of the fact that the cost of
technology could be a barrier to many older adults living with
HIV. Participants highly recommended that geriatric-HIV virtual
care models be made more accessible by offering subsidized
internet access or technological devices. Participants also shared
that some patients may have never used technology before
virtual care due to high costs and, therefore, may need training
on how to best use the technology for care. Participants
recognized that health care providers may not have the capacity
to teach their clients, and as such, someone else in the health
care organization should. For instance, participants suggested
that perhaps calling a patient on a landline or inviting the patient
to in-person training could help support their use of virtual
modalities for health care in the future. One participant described
the following:

...maybe invite someone to a place in person just even
once or call them and walk them through something
like how to turn their video on or how to send a text
to a doctor. [Phase-3 participant 17; woman; Black
individual; aged 54 years]

Participants emphasized the importance of early education on
technology, as previously underscored in the other phases of
the study.

Participants expressed significant concern about the high cost
of HIV-related medications, particularly for those aged <65
years, who are ineligible for government-funded drug coverage
in Ontario. Some participants felt that health care providers
were not advocating enough for the use of lower-cost
alternatives such as generic medications, which could be just
as effective as brand-name drugs. For instance, one patient
mentioned the following:

It [medication] can be the choice between food, rent
or medications at times, so I want someone who
maybe says a cheaper supplement or maybe what
medication I can maybe take a different type of.
Anything to keep the cost low. [Phase-3 participant
9; woman; Asian individual; aged 70 years]
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Participants indicated that a more proactive stance from
providers in promoting cost-effective treatment options, both
for HIV and age-related conditions, would improve their overall
care experience.

Person-Centered Care for Age-Related Health Issues
Participants highlighted the importance of having health care
providers who understood the dual challenges of aging and
living with HIV. They emphasized that a key feature of an
effective geriatric virtual care program would be the integration
of expertise in both areas. This holistic approach was seen as
essential for managing the complexities of age-related conditions
alongside HIV, with many noting that current segmented
specialist care often leads to fragmented treatment,
polypharmacy, and inconsistent care coordination. An integrated
model was viewed as a potential solution to improve care
continuity and reduce these challenges.

Participants emphasized the importance of incorporating
cognitive health screening and related support services into the
virtual care model. This integration would address current gaps
in HIV care by ensuring that the program not only focuses on
medical treatment but also considers the emotional aspects of
aging with HIV. Current gaps within HIV care were
re-emphasized, and participants noted that, for uptake of the
geriatric-HIV virtual care model to occur, participants needed
to “feel as if the doctor or care professionals care of us as a
person, not just a billable code or something, but to really
understand how much [older adults living with HIV] struggle”
(phase-3 participant 8; man; White individual; aged 67 years).

Patient Resilience and Support
Participants emphasized a virtual geriatric-HIV model of care
that incorporates support networks to enhance patient resilience
to living with HIV in older age. The involvement of trusted
individuals such as existing care providers, friends, or service
agencies was deemed essential to care by participants. This
holistic support system helps patients navigate the challenges
of their health journey, promotes a sense of connection and
belonging, and strengthens their overall well-being. By
embedding these peer support networks within the virtual care
model, the program can provide a more robust and empathetic
approach to patient care. One participant described the
following:

I’d trust anything that [Community Agency]
recommended, so if you bring your services to them
so that they encourage them, I’ll trust that it would
help me. [Phase-3 participant 4; woman; White
individual; aged 58 years]

Moreover, participants emphasized that a virtual geriatric-HIV
model of care should include features such as virtual support
groups, peer mentoring programs, and online forums where
individuals with similar experiences can connect and share
insights. In addition, incorporating the peer mentorship system
could allow patients to receive guidance and encouragement
from those who have successfully managed similar health
conditions.

Discussion

Principal Findings
This study was conducted to co-design a geriatric-HIV virtual
care model for older adults living with HIV. The lack of tailored
interventions that consider this population’s specific needs and
preferences necessitated a co-design approach. Using EBCD
methodology [84,85,92], we engaged older adults living with
HIV to collaboratively codevelop a virtual care model. Through
interviews, focus groups, and a co-design workshop, participants
identified key needs such as robust support systems, health
management resources, and effective communication strategies.
They cocreated and refined solutions including multimodal care
options, technology transparency recommendations, and
reminder systems.

Using co-design methodologies ensured that the voices and
experiences of older adults living with HIV were central to the
development and evaluation of the virtual care models. This
inclusive, user-centered approach fosters solutions that are more
likely to be accepted and effective as they are directly informed
by the end users’ needs and preferences. Engaging participants
in the research process empowers them and enhances the
relevance and applicability of the findings. A strength of this
study was the inclusion of many English-as-a-second-language
individuals and immigrants to Canada, who are typically
underrepresented in research [109]. This diverse participant
pool enhanced the transferability of the findings, ensuring that
the developed virtual care models were relevant and accessible
to a broader range of older adults living with HIV. By actively
including these often-excluded groups, this study addresses
potential disparities in health care access and provides insights
into the unique needs and challenges faced by these populations.
Thus, this research provides practical insights into the real-world
application and potential barriers to adoption of virtual care
models. This dual focus ensures that this study not only explores
the theoretical potential of the interventions but also addresses
the pragmatic challenges that might arise during implementation.
As a result, the findings are highly relevant for informing policy
and practice, ultimately contributing to the advancement of care
for older adults living with HIV.

The findings presented in this paper have been echoed in various
other studies with other populations. Research among rural and
urban adults has shown high satisfaction with virtual care [110].
In addition, studies on virtual care for substance use indicate
its ability to bridge service gaps, particularly in rural areas,
reinforcing the importance of multimodal care options and
effective communication [111]. Canadian case studies further
demonstrate the necessity of involving users in the development
of virtual care tools to ensure their effectiveness and
transparency [112].

Our findings underscore the importance of integrating cultural
and linguistic equity into virtual care models, which has
substantial implications for enhancing health care accessibility
and outcomes for older adults living with HIV. Research has
shown that sociocultural stigma can severely impact health care
engagement and access [36,113], highlighting the importance
of designing solutions that are sensitive to these issues.
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Involving older adults living with HIV in co-designing care
solutions is essential to ensure that their needs are met [90].
Engaging older adults living with HIV in the development
process ensures that the solutions are tailored to their specific
needs and the challenges they face, thus enhancing their
effectiveness and acceptance [90]. This study’s findings have
important implications for health policy, particularly regarding
the integration of virtual care models for older persons living
with HIV. Existing reviews have found that virtual geriatric-HIV
programs are limited [17] despite their proposed benefits. Policy
makers should consider the advantages of virtual care in
addressing the unique needs of this population, especially in
contexts in which traditional health care access is limited. Our
study highlights that participants perceive virtual care to be
feasible and acceptable for meeting their geriatric-HIV care
needs, suggesting that policies should support the expansion of
telehealth services and funding for technological infrastructure.
In addition, policies should focus on inclusivity by ensuring
that virtual care models are accessible to non-English speakers
and diverse cultural groups who may have differing views on
HIV care [50,114]. This could involve implementing language
support services and cultural competency training for health
care providers to enhance the effectiveness of virtual
interventions. This could also involve funding geriatric health
care settings such that they can hire multilingual staff, partner
with translation services, and provide localized materials.

In practice, this study underscores the importance of adopting
virtual care models as a viable alternative or complement to
traditional in-person geriatric consultations for older persons
living with HIV [67]. Health care providers should be
encouraged to incorporate these models into their service
offerings, with attention to user feedback and the co-design
process highlighted in this study. Research emphasizes the need
for health care professionals to collaborate with patients in
co-design methodologies [115] to enhance patient participation
in health care services. Projects involving creative workshops
have shown that health care professionals can gain valuable
insights and training through active participation in co-design
processes [116]. In addition, discussions on EBCD underscore
the necessity of equipping health care professionals with the
tools and knowledge to effectively engage in patient-centered
design and improvement initiatives [117]. Overall, training
health care providers in these collaborative approaches is
essential for fostering meaningful partnerships with patients in
health care settings. For example, health care settings could
employ staff trained in the use of virtual platforms and equipped
with resources to support patients in navigating these
technologies. Optimal methods for training older adults to use
technology involve a combination of hands-on practice, clear
instructions, and personalized support tailored to individual
needs and cognitive abilities [118]. Effective approaches often
include guided action and attention training, addressing fears,
building confidence, and providing ongoing support, with a
focus on practical, relevant applications that motivate learners
[118,119]. Moreover, the integration of language support and
culturally sensitive practices is crucial to ensure that virtual care
is accessible to diverse populations. Other studies of virtual care
have found that features such as multilingual support, screen
readers, and voice commands can make virtual care more

accessible to diverse patient populations [120]. Moreover,
integrating peers into virtual care models can be achieved
through comprehensive support, training, and collaboration
across various providers [121].

To test the virtual geriatric care model, future research should
use randomized controlled trials comparing virtual geriatric-HIV
care with traditional care in terms of patient satisfaction, health
outcomes, and cost-effectiveness. Specific technological
platforms and features should also be evaluated to determine
their effectiveness in addressing the unique needs of culturally
diverse older adults living with HIV. In addition, implementation
studies should examine barriers and facilitators in various care
settings to optimize and scale the model effectively. Future
research should build on the findings of this study by exploring
the long-term impacts of virtual care models on health outcomes
and quality of life for older persons living with HIV.
Longitudinal studies could provide insights into the
sustainability and efficacy of these interventions over time. In
addition, research should investigate the effectiveness of
different technological platforms and features in meeting the
needs of culturally diverse older persons living with HIV.
Existing comparative studies have not assessed virtual care
against traditional models in the context of HIV. In addition,
issues of equity and access must be addressed to avoid further
disadvantaging vulnerable individuals who may lack access to
necessary technology or resources. Furthermore, exploring the
barriers to and facilitators of implementation in various settings,
such as acute and community care, can offer valuable
information for refining and scaling virtual geriatric-HIV care
models. Finally, future research should continue to address the
needs of non-English speakers and other underserved groups,
ensuring that virtual care remains inclusive and equitable.

Limitations
This study, while innovative in its co-design approach to
developing a virtual care model for older adults living with HIV,
has noted limitations. First, the sample size was relatively small
and geographically limited to a dense urban center, which may
impact the transferability of the findings. Most participants were
already engaged with technology, which may not accurately
represent the broader population of older adults living with HIV
who have varying levels of technological proficiency. This
existing familiarity could have positively biased the feedback
on virtual care models as these participants, who were actively
seeking health care services, might be more comfortable and
adept with digital tools. This may not be representative of others
who avoid health care and may struggle more with virtual care
platforms. Consequently, the findings may overestimate the
acceptability of such interventions for the entire demographic,
potentially overlooking significant barriers experienced by those
less familiar or comfortable with technology. Future research
should aim to include a more diverse sample in terms of
technological experience to ensure that the developed care
models are inclusive and accessible to all older adults living
with HIV. Finally, geriatric-HIV care providers and community
agencies were not engaged as formal participants in the
co-design phases. Their exclusion may have limited insights
into the clinical and service delivery perspectives necessary for
developing a more holistic and integrated care model. Engaging
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these stakeholders could have addressed gaps related to
continuity of care and support services. Future iterations of this
model would benefit from the involvement of health care
providers and community organizations to ensure that the virtual
care system is aligned with existing services and adequately
meets the needs of older adults living with HIV.

Conclusions
This study highlights the crucial need for socioculturally
appropriate virtual care models for older persons living with
HIV. Using an EBCD approach, we engaged older persons
living with HIV in co-designing a virtual care model that
addresses their unique needs and challenges. The findings reveal
several key areas for improvement in virtual geriatric-HIV care,
including the necessity for robust support systems, effective
communication strategies, and tailored health management
resources. Participants identified critical needs such as the
integration of multimodal care options, transparency in

technology use, and the implementation of reminder systems
to enhance patient engagement and continuity of care. They
also emphasized the importance of linguistic and cultural equity,
recommending that virtual care models incorporate diverse
language options and cultural considerations to ensure
accessibility and relevance. In addition, affordability was
highlighted as a significant barrier, with participants advocating
for subsidized technology and training to overcome economic
challenges. Policy makers should consider the advantages of
virtual care for older persons living with HIV and support the
expansion of telehealth services and technological infrastructure.
Future research should explore the long-term impacts of virtual
care on health outcomes and quality of life on older persons
living with HIV as well as evaluating different technological
platforms and features. By embracing the diverse voices of older
persons living with HIV, this study paves the way for a more
inclusive, innovative, and equitable virtual future of care.
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Abstract

Background: Sleep holds promise as a modifiable risk factor for neurodegenerative diseases and dementia. Clinical trials to
modify sleep in people at risk of or in the early stages of dementia are needed. Monitoring natural sleep from home could support
pragmatic and decentralized large-scale clinical trials. However, whether longitudinal sleep research can be successfully delivered
remotely in this population has not been established yet.

Objective: We investigated the feasibility of remote longitudinal research using wearable devices, web-based cognitive tasks,
and a smartphone app to record sleep and cognition in older adults with mild cognitive impairment (MCI) or dementia.

Methods: Older adults with MCI or dementia due to Alzheimer disease or Lewy body disease and cognitively healthy participants
completed at-home sleep and circadian monitoring (digital sleep diaries, actigraphy, wearable sleep electroencephalography, and
saliva samples) and digital cognitive assessments for 8 weeks. Feasibility outcomes included recruitment, retention, and data
completeness.

Results: In total, 41 participants consented (n=10, 24% participants with Alzheimer disease; n=11, 27% participants with Lewy
body disease; and n=20, 49% controls). There were predominantly male and White British participants, with a mean age of 70.9
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(SD 5.9) years. Retention was very high, with 40 (98%) participants completing 8 weeks of remote monitoring. Data completeness
for sleep electroencephalography was 91% and ranged from 79% to 97% for all remote tasks and was overall high across all
participant subgroups. In total, 30% (12/40) of participants reported receiving external support with completing study tasks.

Conclusions: High rates of retention, data completeness, and data quality suggested that longitudinal multimodal sleep and
cognitive profiling using novel and remote monitoring technology is feasible in older adults with MCI and dementia and healthy
older adults, even without study partner support. Remote monitoring should be considered for mechanistic and interventional
trials. Careful consideration should be given to how to ensure remote monitoring technologies reduce burden and enhance
inclusivity, particularly in communities traditionally underserved by research and those with lower digital literacy.

International Registered Report Identifier (IRRID): RR2-10.2196/52652

(JMIR Aging 2025;8:e72824)   doi:10.2196/72824

KEYWORDS

feasibility; sleep; remote study design; mild cognitive impairment; dementia; electroencephalography; actigraphy; saliva; digital
biomarkers

Introduction

Background
Sleep disturbances such as insomnia, fragmented sleep, daytime
sleepiness, and sleep-disordered breathing are common features
of Alzheimer disease (AD) and Lewy body disease (LBD) and
often appear early in the disease course and before clinical
diagnosis [1,2]. Short and fragmented sleep are associated with
processes linked to neurodegeneration, including reduced
glymphatic clearance of waste [3], increased amyloid beta (Aβ)
and tau burden [4], increased neuroinflammation [5], and
impaired cardiovascular health [6]. Several small studies of
sleep apnea treatment have demonstrated improvement in
cognitive outcomes and blood biomarkers of Aβ and tau,
suggesting that sleep interventions could improve prognosis in
mild cognitive impairment (MCI) and dementia [7-9]. Poor
quality or insufficient sleep in midlife increases the risk of
all-cause dementia and MCI [10,11], indicating that improving
sleep may also protect against dementia. Large-scale clinical
studies are needed to enhance our mechanistic understanding
of sleep, confirm the most promising therapeutic targets, and
monitor the effectiveness and safety profile of sleep
interventions [12,13].

However, selecting sleep assessment tools is challenging,
particularly in populations with cognitive impairment.
Self-report is convenient, inexpensive, and scalable, and has
often been used to examine sleep in people with dementia and
MCI [14]; however, it is potentially prone to recall bias due to
memory deficits or anosognosia. Self-report also correlates
poorly with objective sleep measures, particularly in participants
with MCI or dementia [15,16] and those with subjectively poor
sleep [17], and cannot inform on key components of sleep such
as sleep staging or microarchitecture. Polysomnography (PSG)
is typically considered the gold standard for sleep measurement,
as it provides rich objective sleep data. However, PSG typically
requires expert setup, analysis, and a controlled clinic
environment, meaning it is expensive, not easily scalable, and
therefore typically used for 1 or a few nights [18,19]. PSG setup,
especially in an artificial environment, may also not reflect
natural sleep [19] as it disrupts usual routines. Longitudinal data
collection in sleep research would be beneficial for monitoring
clinical trials and disease progression and could account for

variation in sleep from external factors such as acute illness or
stress, as well as natural intraindividual sleep variation [19].

Wearable devices, smartphone apps, and telemedicine, apart
from actigraphy devices, have rarely been used in MCI or
dementia research [20], but offer an opportunity to collect
objective and subjective data longitudinally in a natural setting
[21], often at relatively low cost. Detailed and accurate sleep
analysis can now be achieved through wireless technology,
including electroencephalography (EEG) headbands and
overnight pulse oximetry [21,22]. While actigraphy has been
used in dementia research, EEG headbands and pulse oximetry
are less well tested, especially in the earlier stages of impairment
[23-25]. There is also increasing interest in remote cognitive
testing and digital biomarkers for diagnosis and monitoring
progression [26]. Despite this, the adoption of digital health
technologies into neurology clinical trials, particularly in older
people, has been slow [27].

Remote sleep and cognitive data collection has the potential to
decentralize clinical trials, making research more convenient
for participants and reducing the costs, participant burden, and
carbon footprint associated with study visits, while enabling
real-time longitudinal data collection of treatment effects.
Improved digital access and literacy among older adults [28]
and the use of technology among patients living with MCI or
dementia to support independent living and for recreation
indicate increasing acceptance of technology [29]. However,
not all older adults are comfortable using technology, and
changes in cognition, sensory processing, and communication
might negatively impact the usability and acceptability of novel
devices for research purposes in people with cognitive
impairment [29,30]. The few studies that have tested wearable
devices and digital health technologies for sleep and dementia
research in the home have predominantly collected feasibility
data for a single device across only a few nights [31] and
required support from a study partner or care home staff [32-34].
Before trials invest in digital health technologies and remote
study designs, it is important to know whether participants can
and are willing to engage and provide data in such studies over
a longer period and how much support might be required.
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Objectives
This study aimed to establish the feasibility of predominantly
technology-based longitudinal sleep and cognitive assessments
from home in older adults with and without MCI or dementia.

Methods

Overview
The Remote Evaluation of Sleep to Enhance Understanding of
Early Dementia (RESTED) study was a prospective longitudinal
observational cohort study involving remote sleep and cognitive
monitoring of participants with MCI or dementia and
age-matched cognitively healthy controls. The full study
protocol has been previously published [35]. The study has been
reported in line with the STROBE (Strengthening the Reporting
of Observational Studies in Epidemiology) guidelines [36]
(Multimedia Appendix 1).

Ethical Considerations
This study was approved by the Health Research Authority
(Yorkshire and the Humber-Bradford Leeds Research Ethics
Committee, reference 21/YH/0177). This study was conducted
in accordance with the principles of the Declaration of Helsinki.
All participants provided written informed consent before
engaging in any study activities and were reminded of their
right to withdrawal without giving a reason and that withdrawal
would not affect their health care. Following consent, data were
pseudonymized with participants allocated a participant
identifier code to maintain privacy. Participants were not
compensated for their involvement in the study; however, travel
expenses for research visits outside of usual clinic visits were
reimbursed. All researchers engaging with participants were
trained in good clinical practice.

Study Population
The RESTED study recruited community-dwelling adults aged
≥50 years with internet access at home. Participants were
recruited to 1 of 3 participant subgroups according to clinical
diagnosis meeting standardized diagnostic criteria [37-40].
Participants with MCI or mild dementia due to probable AD
were recruited to the AD group, participants with MCI or mild
dementia due to probable LBD or Parkinson disease (PD) were
recruited to the LBD group, and sex- and age-matched
individuals with no known neurodegenerative conditions or
cognitive impairment were recruited as controls. Exclusion
criteria included advanced dementia, acute or terminal illness,
and significant unrelated comorbidities that might interfere with

sleep, except for obstructive sleep apnea (OSA) if participants
were already undergoing treatment.

Participants were recruited from the city of Bristol, United
Kingdom, and the surrounding areas via cognitive and
movement disorders clinics and research volunteer databases,
including Join Dementia Research. Our original target sample
size was 75 participants [41]. Due to the COVID-19 pandemic,
the study was delayed, and the budget was partially reallocated
to studies that required no patient contact [12,13,42]. Therefore,
we revised the target sample size to 40 participants and recruited
from a single site (North Bristol NHS Trust).

We did not recruit or require participants to have a study partner.
Participants were welcome to invite someone to support them,
and study support was recorded.

Study Procedures

Screening
Participants were prescreened for eligibility over the telephone
and invited to complete consent and screening in person.
Participants who scored less than 11 out of 30 on the Montreal
Cognitive Assessment (MoCA) [43] at screening were
considered too clinically impaired to participate and were
withdrawn.

Baseline Assessments
Eligible participants completed baseline questionnaires with a
researcher to assess sleep quality (Pittsburgh Sleep Quality
Index [PSQI]) [44]; daytime sleepiness (Epworth Sleepiness
Scale) [45]; OSA risk (STOP-Bang) [46]; symptoms of
depression (Geriatric Depression Scale-15 item) [47]; anxiety
(Generalized Anxiety Disorder-7 item) [48]; and apathy (Apathy
Evaluation Scale-Self) [49]. Demographic information and
medical histories were also recorded.

Participants were provided with a study kit (Figure 1) consisting
of an Axivity AX3 actigraphy watch (Axivity Ltd); Dreem 2
wireless sleep EEG headband (Dreem) [23]; a USB charger; a
home saliva collection kit for passive drool (for a dim-light
melatonin onset assay); oral swabs (for a cortisol awakening
response assay); and an overnight pulse oximeter. Participants
who requested a study device were provided with a tablet.
Details on devices and the study kit are provided in Multimedia
Appendix 2. All participants were provided with a printed
participant guide with instructions for each remote study task
and research team contact details.
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Figure 1. The study kit provided to the Remote Evaluation of Sleep to Enhance Understanding of Early Dementia (RESTED) participants. Participants
were additionally required to use a smartphone or tablet to complete digital assessments. A: Sweatband to ensure tight fitting of Dreem 2; B: Dreem 2
electroencephalography (EEG) headband; C: Nonin 3150 WristOx 2 oximeter; D: USB-C charging cable (for Dreem 2 and AX3); E: Axivity AX3
actigraph and wrist strap; F: Saliva collection aid for passive drool; G: Collection tube for passive drool; H: Storage tube for oral swab; I: Oral swab.

At baseline, participants were provided with support to
download and use the MyDignio (Dignio AS) app, a
telemedicine cloud-based software tool that was used to deliver
digital sleep diaries, questionnaires, and reminders to complete
study tasks. Participants were also familiarized with the study
schedule and tasks and offered support and training ad hoc
throughout the study.

Main Study Period
Participants completed 56 days of continuous sleep and regular
cognitive monitoring in their own home using an Axivity AX3
actigraphy watch and daily sleep diaries [50] delivered via the
MyDignio app. Participants were scheduled to complete a set
of 3 web-based cognitive tests (choice reaction time, forward
digit span, and self-ordered search) twice weekly on a bespoke
study version of the web-based assessment platform Cognitron
[51].

For 7 days during the 8-week period, participants also completed
an “intensive week,” consisting of daily cognitive tasks on
Cognitron and nighttime sleep recordings using Dreem 2, a
wireless sleep EEG headband. The Dreem sleep staging
algorithm has comparable accuracy to manual sleep expert
scoring of PSG [23], including in cognitively healthy older
adults as well as patients with AD [52] and PD [53]. Sleep
recordings were initiated by the participant at their natural
bedtime each night and terminated after natural awakening each
morning. Data were uploaded via Bluetooth and Wi-Fi to a
server accessible to the research team. Additional study tasks
during the intensive week included 4 verbal memory
assessments involving immediate and delayed free recall and a
target-distractor recognition task with a researcher via
videoconferencing software and serial saliva samples across 1

evening to assess dim-light melatonin onset and 1 morning to
assess cortisol awakening response.

Participants were also invited to undergo 2 nights of pulse
oximetry for sleep apnea screening and a blood test for plasma
biomarker analysis of Aβ42:40, phosphorylated-tau 181 and
217, neurofilament light chain, and glial fibrillary acidic protein.
A protocol amendment approved partway through the study
introduced bespoke questionnaires probing study expectations,
reasons for participation, experience with technology, and how
acceptable they found the intensive week study tasks.
Participants were also invited to attend a remote end-of-study
interview to share their experiences and asked to return for a
6-month follow-up to complete an MoCA and any outstanding
study tasks (eg, missed blood test). Participant feedback from
qualitative interviews and questionnaires as well as sleep
characteristics for the cohort will be analyzed and presented
separately.

Feasibility and Acceptability Outcomes

Recruitment and Retention
Consent, recruitment, and retention rates were recorded and are
summarized in a flowchart, alongside reasons for
nonparticipation at each stage of the recruitment process.

Data Quality and Completeness
For each remote study task, data completeness was assessed by
the average number and percentage of completed tasks or nights’
use per participant per participant group (data completeness
rate). The number and percentage of individuals who completed
the maximum number of data points for a given study task (eg,
completed all requested 7 nights of EEG) is also provided. For
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EEG, signal quality is reported based on Dreem’s automated
algorithm. Optimal signal quality is considered ≥85% and good
quality is considered ≥70%.

Associations Between Participant Characteristics and
Adherence
To explore potential associations between key clinical and
demographic variables and adherence, we examined the
correlation between 2 continuous measures of adherence
(number of sleep diaries completed and mean record quality of
Dreem EEG data) and 4 continuous variables which might
impact digital literacy or engagement (age at consent, apathy,
subjective sleep quality as assessed by the PSQI total score, and
baseline cognitive impairment as assessed by MoCA total score).

Study Support and Resource Use
The number of participants who attended study visits with
someone to support them, reported having a partner or relative
who could support study tasks, and reported receiving support
on at least 1 study task were recorded and are summarized
descriptively.

Data Analysis
Unless otherwise stated, descriptive statistics are provided as
mean (SD) for continuous variables, and frequency and
percentage for categorical variables, and provided for the full
cohort as well as by participant subgroup (AD vs LBD vs
controls). Data analysis was performed using R (version 4.3.1;
R Foundation for Statistical Computing) and R Studio software
(version 2023.6.0.421; R Foundation for Statistical Computing).
Actigraphy data were processed using the open-source
AX3/AX6 OMGUI application and analyzed in R using the
GGIR package [54]. Where available, sleep timing was adjusted
using participants’ sleep diaries; otherwise, GGIR uses the
heuristic algorithm looking at distribution of change in z-angle
[55] to estimate sleep timing. All files were also visually
inspected to check for the accuracy of sleep timing. The quality
of the Dreem 2 recordings was assessed by inspecting Dreem’s
automated record quality index in the sleep report for each night,
which indicates the percentage of the recording that is of
scorable quality for sleep analysis. Associations between
participant characteristics and adherence were calculated using
Spearman rank correlation with α set to P<.05. Reasons for

nonparticipation and missing data are provided where known
and mapped to the Capability, Opportunity, Motivation model
of behavior change [56]. Where additional data were collected
on any outcome (eg, participants completed an additional night
of EEG than instructed), additional data points were removed
before analysis to avoid biasing feasibility metrics.

Patient and Public Involvement
Patient and public involvement (PPI) was sought from
individuals with lived experience of MCI and dementia before
and throughout the study. PPI contributors reviewed and
improved study documents and advised on the acceptability of
adding blood biomarker testing. The PPI group strongly
endorsed our additional recruitment materials (including an
advertisement poster and a plain English participant information
sheet) that we introduced partway through the study, after we
received feedback from a prospective participant that standard
participant information sheets are too long and use inaccessible
language for people with cognitive impairment. We also
introduced a reduced study protocol, which involved use of a
paper (rather than digital) sleep diary, actigraphy, and EEG, to
encourage recruitment of participants who may be more
comfortable with less frequent use of technology; however,
nobody chose the reduced protocol, they either declined
altogether or participated in the full study.

Results

Participant Characteristics and Enrollment

Recruitment
Participant flow through the study is shown in Figure 2.
Recruitment was open for 17 months from February 2022 to
July 2023, with an average recruitment rate of 3 participants
per month. Of 129 individuals identified as potentially eligible
before screening, 44 individuals consented to take part, giving
a consent rate of 34%. Participants described different
motivations for taking part, including wanting to support
dementia research, perceiving the study as helpful for themselves
or others, and because the study sounded interesting or novel.
Reasons for declining to take part in the study are described in
Figure 3 and mapped to the Capability, Opportunity, Motivation
model of behavior change [56].
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Figure 2. Participant flow through the Remote Evaluation of Sleep to Enhance Understanding of Early Dementia (RESTED) study. MCI: mild cognitive
impairment; MoCA: Montreal Cognitive Assessment.

Figure 3. Reasons for declining to participate in the study could be categorized according to the capability, opportunity motivation, behavior (COM-B)
model of behavior change in blue. Opportunities to increase capability, opportunity, and motivation to take part in the research are outlined in gray.

Retention
Of 44 individuals who completed screening, 3 scored less than
11 on the MoCA and were withdrawn. 41 participants were
eligible and completed all baseline assessments and training in
the at-home study tasks. Of the eligible participants, 1 withdrew
before starting the at-home study tasks due to personal
circumstances and perceived study burden. All remaining 40
participants completed the main 8-week study period and
6-month follow-up and were included in the analysis, giving a
retention rate of 98%.

Participant Characteristics
Participant demographics and baseline variables are presented
in Table 1. The sample was predominantly made up of male
participants with a mean age at consent of 70.9 (SD 5.9, range
57-81) years. Most participants (33/40, 83%) were retired and
all identified as White British. In total, 63% (25/40) of
participants completed a questionnaire on experiences of digital
technology and expectations of the study, which was introduced
via an amendment partway through the recruitment period. Of
these, most participants reported frequent use of smartphones
or other smart technology (18/25, 72%), however only 12%
(3/25) of participants had previously used a wearable to monitor
their sleep.
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Table 1. Participant characteristics for the study cohort.

Control group (n=20)LBDb group (n=10)ADa group (n=10)Characteristics

Diagnosis at consent, n (%)

0 (0)6 (60)4 (40)Mild cognitive impairment

0 (0)4 (40)6 (60)Dementia

Blood biomarkers of neurodegeneration or AD pathology (pg/mL), mean (SD)

0.072 (0.007)0.062 (0.006)0.064 (0.006)Aβc42:40

24.9 (12.7)24.9 (12.7)26.2 (7.1)Phosphorylated-tau 181

0.6 (0.4)0.8 (0.4)0.7 (0.4)Phosphorylated-tau 217

103.5 (48.1)140.9 (56.4)102.2 (28.1)GFAPd

13.4 (5.1)18.7 (6.5)23.9 (18.0)NFLe

70.3 (5.7)73.9 (2.8)69.2 (7.9)Age at consent (y), mean (SD)

5 (25)2 (20)2 (20)Female participants, n (%)

Employment status, n (%)

2 (10)0 (0)2 (20)Full-time employment

3 (15)0 (0)0 (0)Part-time employment

15 (75)10 (100)8 (80)Retired

Education, n (%)

4 (20)5 (50)4 (40)Secondary (≤12 y)

16 (80)5 (50)6 (60)Further or higher (>12 y)

Comorbid diagnoses, n (%)

2 (10)1 (10)0 (0)Obstructive sleep apneaf

8 (40)3 (30)3 (30)Musculoskeletal or pain

3 (15)2 (20)3 (30)Urinary or prostate

1 (5)0 (0)1 (10)Depression or anxiety

Medications, n (%)

0 (0)6 (60)6 (60)Cognitive enhancer

0 (0)8 (80)0 (0)Dopaminergic

0 (0)3 (30)0 (0)Melatonin

1 (5)2 (20)0 (0)Hypnotic or sedative

4 (20)4 (40)4 (40)Antidepressant

27.1 (1.4)22.0 (4.3)23.0 (4.9)Baseline cognition: MoCAg; mean (SD)

6.0 (3.9)7.8 (3)4.3 (2)Subjective sleep quality: PSQIh; mean (SD)

3.6 (4.3)3.5 (2.1)5.6 (5.2)Self-reported anxiety: GAD-7i; mean (SD)

2.2 (2.2)4.1 (2.3)4.5 (3.3)Self-reported depression: GDS-15j; mean (SD)

62.8 (8.6)53.8 (9.9)62.2 (6.0)Self-reported apathy: AES-Sk,l; mean (SD)

aAD: Alzheimer disease.
bLBD: Lewy body disease.
cAβ: amyloid beta.
dGFAP: glial fibrillary acidic protein.
eNFL: neurofilament light chain.
fParticipants with obstructive sleep apnea were included only if they were being treated with continuous positive airway pressure.
gMoCA: Montreal Cognitive Assessment. Higher scores indicate better overall cognition.
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hPSQI: Pittsburgh Sleep Quality Index. Higher scores indicate worse sleep quality.
iGAD-7: Generalized Anxiety Disorder-7. Higher scores indicate more symptoms of anxiety.
jGDS-15: Geriatric Depression Scale-15 item scale. Higher scores indicate more symptoms of depression.
kAES-S: Apathy Evaluation Scale-Self. Higher scores indicate more apathy.
lOne participant had a missing value for an item, so this score was imputed using simple imputation.

Data Quality and Completeness (Adherence)

Overview
Adherence to the sleep and cognitive tasks is shown in Table
2. Adherence was very high across all study groups and tasks.

Reasons for missing data are summarized in Figure 4 with
additional detail provided in Multimedia Appendix 3.

Figure 4. Reasons for missing data are mapped according to the capability, opportunity motivation, behavior (COM-B) model of behavior change.
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Table 2. A summary of feasibility outcomes relating to data quality and adherence for wearable devices and remote or web-based cognitive assessments.

Total (n=40)Controls (n=20)LBDb (n=10)ADa (n=10)Study task (device or software); description; and adherence or data quality
metric

Wearable devices

Sleep EEGc (Dreem 2): participants were asked to complete a week of consecutive overnight EEG recordings to record nighttime sleep
(7 nights)

6.4 (1.2)6.6 (0.9)6.5 (0.7)5.9 (2)Nights, mean (SD)

29 (73)16 (80)6 (60)7 (70)Full dataset provided (7 nights), n (%)

84.4 (15.8)85 (18.4)84.1 (15.0)83.5 (12.1)Record qualityd, mean (SD)

Actigraphy (Axivity AX3): participants were asked to complete 24-h wrist actigraphy continuously for 8 weeks (56 nights)

52.8 (7.6)54.4 (3.2)52.2 (6.8)50.3 (13.1)Nights, mean (SD)

24 (60)14 (70)5 (50)5 (50)Full dataset provided (56 nights), n (%)

Pulse oximetry (Nonin WristOx2 3150): participants were asked to complete 2 consecutive nights of overnight pulse oximetry (2 nights)

33 (89)18 (100)6 (75)9 (90)Completed ≥1 recording, n (%)

26 (70)15 (83)5 (63)6 (60)Full dataset provided (2 nights), n (%)e

Remote web-based assessments

Digital sleep diary (MyDignio): participants were prompted to complete daily sleep diaries for 8 weeks (56 nights)

51.7 (8.6)53.8 (3.1)51.1 (9.8)48.2 (13.4)Diaries completed, mean (SD)

12 (30)8 (40)4 (40)1 (10)Full dataset provided (56 nights), n (%)

Web-based cognitive tests (Cognitron): participants were prompted to complete a digit span, choice reaction time (CRT), and self-ordered
search (SOS) tasks on twice weekly for 7 weeks and daily for 1 week (21 tasks)

17.2 (4.5)16.8 (4.7)17.6 (4.7)17.6 (4.3)Digit spans completed, mean (SD)

16.1 (5.4)16.7 (4.8)13.9 (7.5)16.9 (4.2)CRTf completed, mean (SD)

17.0 (4.5)16.6 (4.7)17.5 (4.6)17.5 (4.3)SOSg completed, mean (SD)

38 (95)20 (100)8 (80)10 (100)Completed >1 web-based cognitive task, n (%)

6 (15)2 (10)2 (20)2 (20)Full dataset provided (all 3 cognitive tasks completed across 21
days), n (%)

Verbal memory tasks (videoconferencing): participants were asked to complete 2 evening “learn” tasks and 2 morning recall or recog-
nition tasks scheduled with researchers (4 tasks)

3.6 (1.1)3.9 (0.4)3.4 (1.3)3.2 (1.7)Memory tasks completed, mean (SD)

35 (88)19 (95)8 (80)8 (80)Full dataset provided (4 tasks completed), n (%)

aAD: Alzheimer disease.
bLBD: Lewy body dementia.
cEEG: electroencephalography.
dMean first calculated for each participant across all available recordings.
eThree participants who already had a diagnosis of sleep apnea were not invited to complete the pulse oximetry.
fCRT: Choice Reaction Time.
gSOS: Self-ordered search.

Sleep EEG
In total, 257 recordings were made using Dreem 2. One
participant accidentally completed an eighth recording, which
was removed from subsequent analyses to reduce bias.

All participants successfully recorded at least 1 night of sleep,
with an average of 6.4 (1.2) nights across the cohort or a 91.4%
data completeness rate (Table 2). In total, 73% (29/40) of
participants provided data for all 7 nights. Average record
quality was also high at 84.4% (15.8), indicating nearly optimal

record quality on average across the cohort. One participant
wore the Dreem 2 but did not successfully initiate the recording
during the intensive week but completed 7 successful nights of
recording on a second attempt later in the study. Record quality
for individual EEG channels is provided in Multimedia
Appendix 4.

Actigraphy
In total, 2332 nights of data across the full cohort were collected.
A total of 189 of these nights contained no data, either at the
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beginning or the end of the actigraphy file and were removed
from sleep analyses. Following visual inspection, a further 9
nights were removed due to sustained nonwear. Therefore, 2134
nights were of sufficient quality for sleep analysis.

Across the cohort, participants provided an average of 52.8 (7.6)
out of 56 analyzable nights, giving a data completeness rate of
94.3%. In total, 60% (24/40) of participants provided 56
analyzable nights. All participants recorded at least 14 days of
actigraphy. Unexpected battery failure outside of participants’
control (due to long-term storage without use during the
COVID-19 pandemic) affected 2 participants’ recordings and
was identified during data check at the midpoint study visit. No
participants refused to wear or discontinued use of the actigraphy
device, although several reported forgetting or choosing not to
wear it on certain days or taking brief breaks due to minor skin
irritation.

In total, 37 diary entries were manually entered based on visual
analysis of the actigraphy data due to missing sleep diaries and
poor heuristic algorithm looking at distribution of change in
z-angle algorithm detection of the sleep period. Finally, the
sleep analysis software was instructed to solely rely on sleep
diary information for 166 nights due to a clear misclassification
of sleep period.

Overnight Pulse Oximetry
As 3 (8%) out of 40 participants were already being treated for
established OSA, 37 (93%) participants were offered overnight
pulse oximetry. In total, 3 (8%) participants declined, and 1
(3%) participant was unable to tolerate wearing the device. The
remaining 33 (89%) participants completed at least 1 successful
overnight recording, with 26 (70%) recording successful
oximetry traces on both nights. The data completeness rate was
79.7% for those eligible and asked to complete overnight pulse
oximetry. Referrals to a sleep clinic for either sleep apnea or
incidental findings (such as abnormal pulse rise index) were
indicated for 57% (21/37) of participants. In total, 4 (11%)
participants declined referral due to not wanting a formal
diagnosis, not wanting to be put on sleep apnea treatment, and
the inconvenience of traveling to the clinic. In total, 17 (46%)
participants agreed to a referral.

Digital Sleep Diaries
Although few participants (12/40, 30%) completed all 56 sleep
diaries, overall adherence was high. Participants completed an
average of 51.7 (SD 8.6) sleep diaries, and only 2 (17%)
participants completed fewer than 75% of their sleep diaries.
The data completeness rate was 92.3%.

Only 1 (3%) participant completed sleep diaries on paper while
her partner, who facilitated entries into MyDignio, was away.
In total, 3 (8%) participants had technical issues with data entry
into the MyDignio app lasting several days due to a software

update and provided some of their sleep diaries via email which
were then entered by the study team.

At the time of study setup, Dignio did not offer data format
validation, and free-text response boxes were used for several
questions. Participants often did not input data in the format
requested, and inconsistency in reporting prohibited reliable
automated recoding; however, most were manually interpretable
by the research team. Where a range of values were provided,
a mean was calculated and the value was rounded to the nearest
whole minute (eg, 5-10 min was recoded to 8 min). One diary
entry was manually corrected by the research team to align with
other diary entries and the actigraphy file. It was not possible
to recode some responses due to ambiguity (eg, responses of
“not long,” “several minutes,” or “unsure”), leaving 43
completed sleep diaries incomplete on at least one sleep variable.
Questions most likely to have a missing value were questions
on sleep onset latency and length of nocturnal awakenings.

Video-Based Verbal Memory Tasks
In total, 92% (37/40) of participants completed at least 1 verbal
memory task with a researcher. Data were missing for 1 (3%)
participant as the task was considered inappropriate due to their
specific language difficulties, 1 (3%) participant due to technical
issues with video calling, and 1 (3%) participant due to distress
during the first learning trial. Most participants (35/40, 88%)
completed all 4 verbal memory tasks, with 2 (5%) participants
completing only 2 of the tasks due to work or childcare
commitments. Overall, the data completeness rate was 90%. In
total, 3 (8%) participants reported finding the task difficult, 2
(5%) reported feeling distracted during the encoding tasks, 2
(5%) reported finding the encoding task distracting rather than
helpful, and 2 (5%) reported finding that usual memory
techniques such as the story technique or rehearsing words in
an auditory loop were difficult to do in this task.

Web-Based Cognitive Tests
Few participants completed all 21 cognitive tasks: 6 (15%) out
of 40 participants completed all 3 cognitive tasks on all 21
occasions. In total, 7 (18%) participants provided complete data
for choice reaction time tasks, 8 (20%) for the self-ordered
search, and 9 (23%) for the digit span task. However, on average
data completeness was good, with 79.8% of allocated web-based
cognitive tasks completed. Only 1 (3%) participant with PD
attempted the tasks but discontinued due to frustration at not
being able to do the tasks, as they required speed and accuracy.
Several participants anecdotally reported misunderstanding the
choice reaction time task and clicking outside of the response
window but these instances were not formally recorded.

Saliva Samples

Overview

The outcomes for saliva and blood samples are summarized in
Table 3.
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Table 3. The outcomes relating to data quality and adherence for biomarker analysis: blood biomarkers, salivary dim-light melatonin, and salivary
cortisol awakening response.

Total (n=40)Controls (n=20)LBDb (n=10)ADa (n=10)Study task (sample type) and description; adherence or data quality metric

Neurodegenerative and AD biomarker samples (blood): participants were asked to have blood drawn for biomarker testing

37 (92)18 (90)10 (100)9 (90)Participants who provided blood for biomarker testing, n (%)

30 (75)14 (70)8 (80)8 (80)Samples analyzed for all biomarkers, n (%)

37 (92)18 (90)10 (100)9 (90)Samples analyzed for ≥1 biomarker, n (%)

Melatonin samples (passive drool): participants were asked to complete 7 hourly samples across 1 evening, starting from 5 h before bed, and
record the sample time

6.8 (1.1)7.0 (0)6.9 (0.3)6.3 (2.2)Analyzable samples provided per participant, mean (SD)

38 (95)20 (100)9 (90)9 (90)Participants who completed all 7 samples, n (%)

−7.0 (41)−9.2 (37.1)−13.9 (32.6)5.6 (53.4)Average discrepancy between scheduled time and reported time of

completion (min)c, mean (SD)

Cortisol samples (oral swab): participants were asked to complete 3 samples across 1 morning: upon waking up, after 30 min, and after 60
min, and record the sample time

2.9 (0.5)3.0 (0)3.0 (0)2.7 (0.9)Analyzable samples provided per participant, mean (SD)

39(98)20 (100)10 (100)9 (90)Participants who completed all 3 samples, n (%)

24.0 (23.2)24.6 (23.8)24.3 (17)22.5 (27.8)Average discrepancy between scheduled time and time completed

(min)c, mean (SD)

aAD: Alzheimer disease.
bLBD: Lewy body dementia.
cPositive numbers here refer to a sample being taken later than scheduled, and negative numbers refer to a sample being taken earlier than scheduled.

Dim-Light Melatonin Assay: Passive Drool Samples

Most saliva samples (272/280, 97.1%) were collected as
requested. Of 40 participants, 1 (3%) participant provided no
saliva samples, and 1 (3%) participant provided 9 out of 10
samples. Data completeness rate for analyzable samples was
92.5% (259/280) across the cohort. Participant-reported sample
times were available for 86.7% (236/272) of the total sample.
In total, 50.8% (120/236) of the total sample were reported to
have been completed within 15 minutes of the scheduled time,
as calculated by average bedtimes reported in the sleep diary.
On average, participants completed their samples around 7
minutes early (Table 3). Previous studies have identified highly
variable salivary melatonin secretion, with peaks from 2 pg/mL
to 84 pg/mL [57]. Across the cohort, values ranged from beneath
detectable levels (<1.37 pg/mL) to 92.4 pg/mL.

Cortisol Awakening Response: Oral Saliva Swabs

Participants were instructed to provide saliva samples upon
waking up, after 30 minutes, and after 60 minutes on one
morning during the intensive week. Data completeness was
97.5%, with missing data from only 1 participant who did not
provide any saliva samples. Data completeness rate for
analyzable samples was 91.7% across the cohort. We compared
reported saliva sample timings to their scheduled timings, based
on final awakening time estimated by EEG. Participant-reported
sample times and EEG awakening time were available for 72.6%
(85/117) of cortisol samples. From the 85 samples with timings
available, suggested wake times were later than the first sample
recording time for 6 samples (7%) and were removed from
analysis due to suspected error in recorded saliva timing or date.
Participants recorded their first cortisol saliva swab an average

of 23 minutes after awakening and overall cortisol samples were
generally 24 minutes later than scheduled across the 3 time
points (Table 3). Previous studies have identified variable
salivary cortisol awakening values from 3 to 19 µg/L in healthy
adults [58]. Across the cohort, values ranged from 0.9 to 13.4
µg/L.

Associations Between Participant Characteristics and
Adherence

There was some evidence of a weak correlation between MoCA
score at baseline and EEG record quality, where those with
greater cognitive impairment had lower average EEG record
quality (r=0.31; P=.05). Spearman rank correlations revealed
no evidence of correlations between EEG record quality and
age (r=−0.10; P=.54); apathy (r=0.16; P=.31); or PSQI score
(r=0.19; P=.24). There was also no evidence of correlation
between the number of sleep diaries completed and age
(r=−0.15; P=.35); MoCA score (r=0.11; P=.48); apathy (r=0.07;
P=.69); or PSQI score (r=0.12; P=.47).

Resource Use

Support From Partners and Relatives
In total, 36% (4/11) of individuals with AD, 85% (11/13) of
individuals with PD or LBD, and 10% (2/20) of controls
attended their consent visit with a partner or relative. In total,
80% (32/40) of participants reported that there would be
someone external to the research team (eg, partner or relative)
who could support them with study tasks if needed at baseline.
However, only 30% (12/40) of participants reported receiving
support with completing study tasks (n=3, 30% AD; n=8, 80%
LBD; and n=1, 5% control). Support from outside of the study

JMIR Aging 2025 | vol. 8 | e72824 | p.423https://aging.jmir.org/2025/1/e72824
(page number not for citation purposes)

Gabb et alJMIR AGING

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


team was predominantly from partners and included reminders
to complete tasks, setting up devices, and troubleshooting
technical problems. Of 40 participants, 3 (8%) participants who
required technical support from a partner or relative, or used
their devices to complete study tasks, reported missing study
tasks due to their partner or relative being unavailable during
the study period. The participant who withdrew following
baseline reported having someone who could support them at
home.

Support and Contact With the Research Team
Participants received in person and remote training and support
from a researcher to complete study tasks at baseline (including
downloading and setting up apps and turning on recording
devices) and were offered a refresher training session before
the intensive week. Participants were also provided with a
written instruction manual, scheduled in-app and email
reminders, and ad hoc support as requested by participants or
where the team noticed ≥3 consecutive days of missing sleep
diary data. All participants had at least 1 in-person visit from a
researcher (eg, to download midpoint actigraphy data or retrieve
study equipment) during the study period. Participants were
advised to contact the research team if they had questions during
the study by their preferred method (email, phone, video call,
or instant messaging on the MyDignio app). Support from the
research team during the study was most often provided by
email and involved responding to participant queries on initial
setup (eg, downloading the MyDignio app); reminders (eg, tasks
to complete or passwords); and technical issues (eg, links not
arriving for Cognitron). Some participants also requested
telephone-based, video-based, or home-based support (eg, to
refresh training on the intensive week study tasks). Most
participants did not receive regular reminders from the study
team to complete tasks.

Device Use
One participant was provided with a study tablet upon request,
as they wanted to keep study activities and apps separate to their
personal devices. All other participants used their own smart
devices for study activities (ie, smartphones, tablets, and
personal computers). Most participants used >1 device to
complete web-based study tasks due to personal preference or
convenience. No devices provided by the study team were lost
or damaged during the study, although some participants cut
the actigraphy watch strap for comfort.

Discussion

Principal Findings
In this study, we show that it is feasible to remotely measure
sleep and cognition longitudinally in community-dwelling older
adults with MCI and dementia due to AD and LBD and healthy
older adults. Eligible participants were interested in, enrolled
in, and remained in the study, despite being asked to complete
a high volume of remote and novel study tasks across an 8-week
period while continuing their usual routines. Only 1 participant
withdrew from the study, and this was before remote data
collection started. Most participants were receptive to
multimodal home-based research using technology and

alternatives to in-laboratory sleep assessment. Across the cohort,
data completeness rate was high and ranged from 79.8% to
97.1%. Our findings support the use of remote,
technology-supported research methods to study natural sleep
in future trials and indicate some areas where further
improvements and refinements would be helpful. With just
under two-thirds of our sample (25/40, 63%) having sleep apnea,
and only 3 (8%) being aware of this before joining the study,
our results also highlight the importance of sleep apnea
screening in older adults, as a risk factor and potentially
reversible contributor to cognitive impairment and poor sleep
quality [59].

Many older adults with MCI and dementia routinely leverage
technology for cognitive stimulation, performing activities of
daily living (such as shopping and banking), entertainment, and
socializing, and use assistive-technology solutions, such as
reminders and navigation to support independence [60].
However, cognitive impairment might impact ability to
understand or remember to complete remote or technology-based
study tasks, resulting in missing data, and may trigger anxiety
if patients feel unable to perform tasks correctly [61]. Although
a few previous studies had examined the use of sleep wearables
in adults with AD, this was typically done over a brief period,
examined feasibility of using only 1 digital health technology,
or required input from a carer or study partner [31-34,62]. Our
study demonstrated that older adults with MCI and dementia
can successfully complete novel multimodal sleep and cognitive
assessments, including longitudinal concurrent use of wrist
actigraphy, web-based cognitive tests, digital sleep diaries, and
wireless EEG headbands. However, more effort will be required
to recruit samples which are representative of the older adult
population and those with MCI or dementia, as our study
predominantly recruited White male individuals who were
familiar with smart technology, albeit not the devices used in
RESTED.

Data completeness rates, reflecting both the ability to complete
study tasks and produce data of analyzable quality, were high
across all study tasks and participants. Remote data collection
comes with a risk of missing data or nonadherence; however,
we were able to mitigate this risk by using devices which upload
data to servers at regular intervals (eg, Dreem and Dignio) and,
less conveniently, by downloading data manually from devices
to check compliance and data quality and offer support where
needed (eg, actigraphy). Passive monitoring devices and devices
that upload to servers automatically can simultaneously reduce
the burden on participants and researchers while minimizing
data loss by allowing researchers to monitor and respond quickly
to any user or technical issues.

Reasons for missing data were usually known and typically
related to infrequent but intentional decisions to remove a device
(eg, due to a social event or illness) or, in most cases, technical
issues with devices or software beyond the participants’control,
which would not introduce bias. We observed a weak correlation
between EEG record quality and baseline cognitive impairment,
which could be explained by cognitive impairment impacting
ability to correctly wear the EEG headband for maximal
impedance or reflect that patients were moving more during the
night. Even subtle movements can shift the headband and reduce
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signal quality and getting optimal signal quality across entire
or several recordings is a recognized challenge for dry EEG
[52]. More comprehensive cognitive assessment than the MoCA,
particularly a deeper assessment of executive dysfunction and
long-term memory, might reveal a stronger relationship between
cognitive impairment and adherence. However, recent studies
using remote monitoring technologies found that, although
patients with more advanced neurodegenerative disease or
cognitive impairment reported more problems and were less
compliant, the study remained feasible [63,64]. Larger studies
may also want to consider regression analyses to identify key
predictors of adherence to identify where support might be most
indicated by the research team or caregiver support. However,
importantly, overall record quality remained high across the
cohort. Having MCI or mild dementia did not preclude study
participation, adherence to remote supervised and unsupervised
study tasks, or obtaining good-quality data.

Use of remote sleep and cognitive monitoring can help to partly
or fully decentralize research, as participants can use their own
devices or be provided with technology via post where needed
[65], which is more scalable for clinical trials [66]. Frequent or
lengthy clinic visits, particularly those that require overnight
stays for sleep analysis, can be burdensome for participants,
and may reduce inclusivity by requiring participants to live near
a study site or travel long distances. More frequent but briefer
remote assessments may also help to mitigate against the risk
of large amounts of missing data resulting from a missed clinic
appointment, can act as “digital biomarkers” that may detect
changes more sensitively than an annual follow-up [67], and
are more convenient for participants [68]. Although not the
focus of our work, research could also explore the use of digital
tools to assess fluctuations in cognition over the day in LBD
(where fluctuation in cognition is a key diagnostic criteria) and
AD (where a sundowning effect of heightened distress is often
observed during the evening hours), both of which are difficult
to assess in clinical settings [69,70].

While high adherence has been previously demonstrated in
feasibility studies of remote monitoring technologies in
participants with cognitive impairment or neurodegenerative
conditions, most studies have required intensive study partner
support throughout the study period as an eligibility criterion
[63,71]. It has been argued that study partners are essential for
participant safety and well-being in dementia research, even at
the preclinical stage where cognitively normal individuals are
enrolled [72]. For some participants, partners or relatives
provided essential support for study participation. However,
many participants provided good-quality data with minimal to
no input from others. Crucially, several participants would not
have been able to participate if there had been a study partner
requirement. Strict eligibility criteria for trials are a recognized
barrier to research participation [73]. Requiring a study partner
for all studies may unnecessarily increase the burden for
relatives already providing care or support, reducing the
participant pool, and may disproportionately affect different
groups in society who are underserved by research [74,75]. Our
findings encourage researchers to consider inclusive and flexible
research designs, including options to formally recruit and
collect data from study partners without excluding participants

who do not have someone available to support them in research
studies.

There are an increasing number of options when considering
how to measure sleep and cognition from home, including both
research-grade and consumer sleep trackers [76,77]. We opted
to use existing technologies that were noninvasive, affordable,
required minimal training or supervision, were commercially
available research-grade or consumer-grade devices that met
necessary data privacy regulations, and provided data in a format
that could be analyzed using open-source software. Existing
technologies can be implemented immediately, reducing time
and cost to setup research studies, have a more mature user
interface, and are less error-prone than a newly developed
solution, and crucially, may be easier to compare among studies
for meta-analysis. Several study tasks required ongoing technical
support or services from the manufacturers or developers. As
a customer rather than a collaborator, we could not always
identify or respond to technical problems, and with some
providers, we were not informed in advance of several
significant changes, which impacted the study or its participants
resulting in data loss. Collaborating with industry, ideally at an
early stage of the research process, might ensure longevity and
continued support throughout the life course of the study and
increased flexibility to adapt technology to better fit research
(eg, data validation for digital patient-reported outcomes).

Limitations
Women, adults aged >80 years, and minoritized ethnic groups
were underrepresented in our study, which is often observed in
dementia research [78]. Although some barriers (eg, mistrust
and accessibility of research) and motivators (eg, altruism) have
been identified, further work is needed to identify how to
improve research access, inclusion, and participation in dementia
research [79]. There may also have been a self-selection bias,
whereby individuals who were likely to be more competent and
enthusiastic about using technology volunteered to participate
in the study. Most of our participants were regular smartphone
users, and several prospective participants declined to participate
due to concerns regarding their confidence or interest in using
the technologies. Although the proportion of older adults in the
United Kingdom using the internet is increasing, a significant
proportion of older adults do not regularly use the internet or
lack fundamental skills such as being able to turn on a device
and enter login details [28]. Older adults with MCI and dementia
who regularly use devices report that smartphones and tablets
can be useful to support activities of daily living, as well as for
communication, entertainment, and recreation, but also list
concerns, including cybersecurity and vulnerability to fraud
[80]. Education around sleep and brain health, and basic digital
skills training on how devices can support individuals living
with cognitive impairment, may improve perceptions of
capability and motivation to participate in similar studies
[56,80]. Exploring the feasibility of more passive monitoring
technologies, such as mattress sensors or smartphone-based
passive sensing, may help to increase participation and
confidence from those with less experience or interest in
technology. Although these techniques may invite additional
concerns around data privacy, passive monitoring technologies
are already being used to support older adults aging in place
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[81,82]. Increasing the pool of prospective participants through
recruiting via multiple sites and meaningful engagement with
community groups, and considering digital inclusivity is likely
to enhance recruitment in future studies. Finally, we did not set
a priori feasibility cutoffs for study tasks. Despite these
limitations, the high completion and retention rate from the
RESTED study suggests that remote sleep and cognitive
monitoring could offer detailed sleep profiling suitable for
tracking change in sleep over disease progression or for
monitoring change in sleep clinical trials in older adults with
or at risk of dementia.

Conclusions
Practical, detailed, and scalable assessment of sleep is essential
for understanding how sleep disturbances affect
neurodegeneration over time and for developing and evaluating
effective interventions. Our results suggest that older adults
with MCI and dementia, as well as healthy older adults, can
and do engage in multimodal remote sleep and cognitive
research, including using wireless EEG, actigraphy, and mobile
apps or web applications. Remote monitoring technologies and
research designs offer the opportunity to study natural sleep
and its relationship with cognition and dementia over extended
periods, are scalable, and should be considered when designing
future clinical trials in sleep and dementia in these populations.
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Multimedia Appendix 1
STROBE (Strengthening the Reporting of Observational Studies in Epidemiology) Statement—checklist of items that should be
included in reports of observational studies.
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Multimedia Appendix 2
Further information is provided on the devices used to measure sleep and circadian rhythms.
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Multimedia Appendix 3
Dreem electroencephalography individual channel metrics.
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Multimedia Appendix 4
Additional information on reasons for missing data and the affected study tasks is provided.
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Abstract

Background: Despite the increasing interventions to support family caregivers of people with dementia, service planning and
delivery is still not effective.

Objective: Our study aimed to develop a digitally-supported needs assessment tool for family caregivers of people with dementia
that is feasible, time-efficient, understood by users, and can be self-completed in the primary care setting.

Methods: The development of the unmet needs assessment tool was part of a cluster-randomized controlled trial examining the
effectiveness of a digitally supported care management programme to reduce unmet needs of family caregivers of people with
dementia (GAIN [Gesund Angehörige Pflegen]) and was conducted in 3 phases. Using an iterative participatory approach with
informal caregivers, health care professionals including general practitioners, neurologists, psychologists, psychiatrists, nurses,
and Alzheimer Society representatives, we developed a digital self-completion unmet needs assessment tool focusing on informal
caregivers’biopsychosocial health und quality of life in connection to their caregiver responsibilities. Data were collected through
group discussions, written feedback, protocols, think-aloud protocols, and interviews, and analyzed thematically.

Results: Data from 27 caregivers, including caregivers of people with dementia (n=18), health care professionals (n=7), and
Alzheimer Society representatives (n=2) were collected. Thematic analysis identified 2 main themes: content of the assessment
tool and usability and handling of the digital tablet-based assessment tool. The feedback provided by the stakeholders led to new
aspects and changes to make the tool comprehensive, easy to read, and easy to handle. The overall mean completion time was
reduced from the initial 37 minutes to 18 minutes, which renders the assessment tool fit to be self-completed in waiting rooms
of primary care practices or other settings.

Conclusions: The input of the 3 stakeholder groups has supported the development of the assessment tool ensuring that all
aspects considered important were covered and understood and the completion of the assessment procedure was time-efficient
and practically feasible. Further validation of the assessment tool will be performed with the data generated as part of the GAIN
trial.

Trial Registration: ClinicalTrials.gov NCT04037501; https://clinicaltrials.gov/study/NCT04037501

(JMIR Aging 2025;8:e59942)   doi:10.2196/59942

KEYWORDS

unmet needs; assessment development; family caregivers of people with dementia; dementia; need; Alzheimer; self-guided;
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Introduction

The World Health Organization (WHO) estimates 55 million
people are living with dementia worldwide, with an increase to
78 million by 2030 [1]. In Germany, approximately two-thirds

of the 1.8 million people with dementia are cared for at home
by an informal caregiver, most often a relative [2]. Numerous
studies have shown that caring for a relative with dementia is
associated with a multitude of time- and resource-intensive
challenges [3-5]. Emotional stress, social isolation, depression,
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and financial burden are among the negative consequences that
dementia family caregivers have reported [6-10]. To alleviate
these consequences, interventions for the reduction of
caregivers’ burden have been developed [11-14], such as
telephone-based as well as multicomponent psychosocial and
individualized support programs [11,13]. With the growing
consensus that caregiver support is an integral part of the care
of patients with dementia, there was also an increase in
interventions to support informal caregivers [12]. However,
each caregiver’s situation is different and requires an individual
set of interventions. Individualized interventions are still
underused in care practice as they require time and
dementia-specific expertise that is often lacking in primary care.
A systematic and comprehensive yet individualised unmet needs
assessment tool would be useful for health care professionals
(HCPs) to better plan services and interventions in clinical
settings as it would flag areas where the individual caregiver
needs support.

In a mixed methods study, Stirling et al [15] used Bradshaw
taxonomy of need [16] to explore the relationship between
different types of caregiver service need. Bradshaw and Care
[16] defined categories of need as measures of professionally
identified carer burden (normative need), service use (expressed
need), carer’s stated need (felt need) and the comparison of
groups using services with groups who do not (comparative
need). It is argued that no single measure of the above needs is
likely to capture all carer’s unmet needs. In the light of
person-centred care, the normative need has been increasingly
challenged as paternalistic and inappropriate [15,17].

Therefore, a focus on caregivers’ stated need (felt need) as well
as service use (expressed need) would be an appropriate starting
point to consider for an unmet needs assessment tool. An
individualized, digitally supported self-assessment instrument
can aid in the efficient identification of health and support areas
that should be addressed from the perspective of the informal
caregivers. This allows collaborative intervention planning and
reduces the risk of a paternalistic doctor-patient relationship
[18]. If a digital system is to truly ensure collaborative service
planning, the digital assessments instrument must be developed
with the participation of the users themselves.

The direct input of family caregivers and other stakeholders
into the content, structure, and handling of the digital assessment
system provides crucial feedback regarding its content validity
as well as comprehensiveness and technical usability. Through
a greater level of involvement of stakeholders, health care
services can be improved and be more applicable in real-world
clinical settings and facilitate implementation [19]. A systematic
review of instruments used to assess the needs of family
dementia caregivers identified 36 instruments that were
described in detail or in part in the 70 publications included
[20]. The authors reported that only one instrument was partially
validated to assess the needs of family dementia caregivers,
namely, the Carer’s Needs Assessment for Dementia (CNA-D),
a semistructured interview not intended for clinical use with a
completion time of about an hour. For conceptual clarity,
researchers recommended establishing a theoretical model or
framework to organize the diverse needs of family dementia
caregivers [21]. In addition, researchers argue that a focus on

the detection of changes in family caregivers’ needs throughout
disease progression is important [20,22].

Therefore, the aim of this study was to develop a digital unmet
needs assessment tool that can be used in primary care settings.
We conducted the study in collaboration with informal and
formal caregivers and other stakeholders. Our objectives were
to (1) create a user-friendly and family dementia caregiver
specific digitally supported assessment tool, (2) develop an
assessment process that is understandable and comprehensive
yet time-efficient, and (3) create an assessment tool that can be
used at multiple locations such as general practitioners’ (GPs)
offices and memory clinic waiting rooms.

Methods

Overview
The development of the assessment tool was in preparation of
the upcoming randomized controlled intervention trial
examining the effectiveness of a digitally supported care
management intervention for family caregivers (German title:
Gesund Angehörige Pflegen [GAIN]). The trial was supported
by the Federal Joint Committee (G-BA [Gemeinsamer
Bundesausschuss/Innovationsausschuss]). The funding code
(FKZ) is 01VSF18030).

Participants
We involved individuals from 3 stakeholder groups, namely,
family dementia caregivers, health care professionals (general
practitioners, neurologists, psychiatrists, psychologists, and
nurses), and Alzheimer Society representatives. We approached
HCPs of a medical university and memory clinic staff, as well
as Alzheimer Society representatives, and asked for their
feedback (phase 1). Family dementia caregivers who were
visiting a memory clinic with their relative or friend with
dementia were asked whether they would like to provide
feedback on the paper-based version of the assessment
instrument regarding the content, clarity, and comprehensiveness
(phase 2) as well as the usability of the digital version of the
assessment tool as a self-completion assessment instrument on
a PC tablet (phase 3). No further demographic data were
collected.

Procedure
We used an iterative user-centered participatory approach with
3 phases. Previously used questionnaires [20,23,24] assessing
unmet needs and care interventions from previous dementia
care management studies [4,25-31] in Germany were used as
starting point.

Phase 1
In phase 1, the authors developed a list of previously used
questionnaires assessing unmet needs in family dementia
caregivers as well as a list of available care interventions offered
in Germany. The selection of questionnaires was based on a
comprehensive review of the literature covering the databases
OVID, MEDLINE, and PsycInfo searching for unmet needs,
caregiver needs assessments methods and family dementia
caregivers. With respect to available care interventions, we used
work from previous dementia care management studies
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management studies [4,25-31] offering a list of interventions
to family dementia caregivers in Germany. We used
Germany-based intervention studies as these are health care
system specific. Criteria for the inclusion of questionnaires were
the content they covered (eg, quality of life, psychosocial
factors, and health-related domains), their previous use in
research and interventions, and their completion time. We also
considered questionnaires based on either their recommendation
by the EU Joint Programme in Neurodegenerative Research
(JPND) Working Group on Longitudinal Cohorts or common
use in larger German trials such as IDemUck [32], DelpHi-MV
(Dementia: life- and person-centered help in
Mecklenburg-Western Pomerania) [26,28], intersec-CM [33,34],
or DemNet-D [35,36]. These questionnaires are validated and
allowed comparison with German and international studies. The
authors then further discussed these selections in meetings,
compared 5 separate versions of a possible unmet needs
assessment instrument and checked whether items would cover
interventions offered as part of the dementia care management

conducted in previous primary care studies [4,26,28,37,38].
With this approach, we wanted to ensure that the
operationalization of problem-centered needs were connected
to available services within the German health care system and
could therefore be addressed in this framework accordingly.

The authors selected different assessment versions aiming to
cover all biopsychosocial aspects and compared different scales
for caregiver burden. The need items were then compared and
matched with the list of informal caregiver interventions from
previous studies—these were marked according to a match or
no match. This allowed the calculation of percentages of “items
covered” from the dementia caregiver intervention list for each
version of questionnaires. The five versions of combinations of
questionnaires were checked by 3 authors and researchers for
plausibility. The results of this item-intervention matching
process were used to identify which versions covered most
unmet needs with matched possible interventions. These are
shown in Table 1.
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Table . Proportion of match with family dementia caregiver interventions.

Match, %Versions and interventions

47Version 1

FIMAa

URNb

EQ-5D-5Lc

ZBI-7d

LSNS-6e

17Version 2

FIMA

URN

EQ-5D-5L

BIZA-Df

96Version 3

CANEg

EQ-5D-5L

ZBI-7

LSNS-6

94Version 4

CANE

DQoL-OCh

39Version 5

HABCi

DQoL-OC

ZBI-7

aFIMA: Questionnaire for the Use of Medical and Non-Medical Services in Old Age [39].
bURN: Caregiver unmet resource needs scale [40].
cEQ-5D-5L: Health-related quality of life [41].
dZBI-7: Zarit Burden Interview [42,43].
eLSNS-6: Lubben Social Network Scale [44,45].
fBIZA-D: The Berlin inventory of the burden on relatives - dementia – Module 3,5,and 6 [46].
gCANE: Camberwell Assessment of Need for the Elderly [47,48].
hDQoL-OC: The Dementia Quality of Life Scale for Older Family Carers [49].
iHABC: Healthy Aging Brain Care Monitor—Caregiver Version [50].

Versions 3 and 4 covered most items, whereas versions 1, 2,
and 5 covered less than 50% of the dementia-specific items.
The two versions covering most unmet needs were then
presented and discussed at an advisory board meeting with input
from HCPs (eg, neurologists, psychiatrists, psychologists, and
nurses) and Alzheimer Society representatives. Meeting minutes
were recorded of all points raised and discussed. This input was
used to select the final version of the assessment tool.

Phase 2
In phase 2, the chosen assessment version covering most unmet
needs was tested in a memory clinic. A tablet computer was
deemed most appropriate to serve as digital device due to its

size, weight, flexibility, and ease of handling. Based on a
previous study on the use of a tablet-based digital expert system
[26,28,30], we had taken several decisions on the hardware
basis of our system before the participatory part of our study
started. The content and usability aspects, however, were
developed together with future users. The authors approached
family dementia caregivers in a memory clinic to provide
feedback and suggestions on a paper-based version of the
assessment tool. The changes were primarily focused on the
Camberwell Assessment of Need for the Elderly (CANE)
questionnaire, as well as the demographic and informal
caregiver-specific questions, as these were items that could still
be adapted. Family caregivers who were interested in
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contributing were given a short version comprising 7 questions
of the CANE questionnaire. The researcher noted the caregivers’
comments and thoughts in a think-aloud protocol. Together
with a researcher, they were asked to read the questions and
share their thoughts with respect to each question and their
understanding thereof. The focus was on comprehension, words
and sentence structure, answer options, descriptions, and
additional comments. In the second round, both informal
caregivers and health care professionals were approached to
provide feedback on the whole printed version of the assessment
instrument. Those who agreed to provide feedback were asked
to mock-complete the assessment tool and write down their
notes and questions. In this round, informal caregivers and HCPs
were asked to measure the time needed to complete the
assessment procedure. We provided written questions such as
“Are the questions clear and easy to understand?”; “Where did
you encounter problems when completing the assessment?”;
“Did you have issues understanding the questions?”; and “Are
there questions or areas that should be in the assessment set but
are currently missing?” Based on the feedback received, the
first draft of the assessment set was modified resulting in a
second draft. When adapting the first draft, our focus was on
the assessment procedure being clear and easy to understand
for family caregivers in terms of the way questions are phrased.
Based on the feedback we received, several parts of the
assessment set were adapted and duplicates were removed by
the authors resulting in the final draft.

Phase 3
In phase 3, a digitalized tablet-based version of the final version
of the assessment tool was tested for its technical usability. In
this phase, we asked both informal caregivers and HCPs to test
the digital assessment tool with a focus on the handling of the
tablet. Data was collected through interviews and think-aloud
protocols. Family caregivers in a memory clinic were asked to
complete the digital assessment tool in the waiting room and
share their thoughts and comments with a study nurse or
researcher who protocolled the comments. Similarly, HCPs of
a medical university and a memory clinic were asked to
complete the digital assessment procedure and write down
feedback on the handling and any possible bugs or problems
they noticed while testing the digital system.

Analysis
All data collected through written feedback, protocols,
think-aloud protocols, and interviews were analyzed thematically
following the steps by Braun and Clarke [51]. The six phases
involved were (1) familiarizing ourselves with the data, (2)
generating initial codes, (3) constructing themes, (4) reviewing
themes, (5) defining and naming themes, and (6) producing the
report [51].

Ethical Considerations
The study is conducted in accordance with the criteria (valid at
present) of the Declaration of Helsinki, the ICH-guidelines for

Good Clinical Practice, the Memorandum for Safeguarding
Good Scientific Practice (German Research Foundation), and
the International Ethical Guidelines for Biomedical Research
Involving Human Subjects. Ethical approval has been obtained
from the Ethical Committee of the University Medicine
Greifswald (BB120/2019) and the Ethical Committee of the
University Medicine Rostock (A2020/0013). The trial is
registered at ClinicalTrials.gov (NCT04037501).

Results

Results of the development of the assessment tool of the 3
phases are divided in the subsections presented below. The
process of phases 2 and 3 was iterative comprising several
rounds through which we collected feedback, made changes
based on feedback received and then moved to the next round
of collecting feedback.

Participants
A total of 27 family caregivers of people with dementia (n=18),
HCPs (n=7), and Alzheimer Society representatives (n=2)
participated. Among the HCPs were general practitioners,
neurologists, psychologists, psychiatrists, and nurses. The mean
age of the 27 family caregivers was 57 (SD 13.78; range
35‐88) years and 9 (50%) were women. The HCPs’ and
representatives’ mean age was 41 (SD 8.05; range 28‐50) and
6 out of 9 (67%) were women. As this was a participatory
approach, no further demographic data were collected.

Phase 1: Structure and Content of the Assessment Tool
After the input from the advisory board including neurologists,
psychiatrists, psychologists, nurses, and Alzheimer Society
representatives, the final structure of the assessment instrument
was selected. It was the one with the highest percentage of
matches between problem-centered needs and the associated
interventions (69/72, 96%; version 3; see Table 1).

The unmet needs assessment tool comprised several validated
questionnaires with a total of 57 questions examining a person’s
self-reported demographic information, use of medical and
nonmedical services, unmet needs (CANE), health-related
quality of life (EQ-5D-5L), caregiver burden (Zarit Burden
Interview [ZBI]), and social support (Lubben Social Network
Scale [LSNS]). It can be completed using a digital version or a
paper-based version. In total, the assessment set covers 51
health- and support-related aspects.

Domains covered by the unmet needs assessment tool are the
following: (1) health and care, (2) employment, (3) information
and knowledge, (4) emotional support, (5) social support, and
(6) caregiver burden.

The structure of the unmet needs assessment tool can be seen
in Table 2.

JMIR Aging 2025 | vol. 8 | e59942 | p.436https://aging.jmir.org/2025/1/e59942
(page number not for citation purposes)

Biernetzky et alJMIR AGING

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


Table . Structure of the unmet needs assessment tool.

DomainInstrument

—aSocio-demographic information

Individual situation of informal caregiverCaregiver specific information

Unmet needs I—Information, physical, mentalCANEb

Health-related quality of lifeEQ-5D-5L

Unmet needs II—Social networkLSNSc

Unmet needs III—Caregiver burdenZBId

aNot available.
bCANE: Camberwell Assessment of Need for the Elderly.
cLSNS: Lubben Social Network Scale.
dZBI: Zarit Burden Interview.

The number of unmet needs addressed the participants’medical
needs, home care needs, psychosocial needs, and needs
connected to the caregiver role. This needs assessment
instrument included selected parts of the CANE [47].

Health-related quality of life was assessed using the EQ-5D-5L
[41]. This instrument comprises 5 dimensions: mobility,
self-care, usual activities, pain or discomfort, and anxiety or
depression. Each dimension has 5 levels varying from no
problems to extreme problems. Each level corresponds to a
1-digit number that expresses the level selected for that
dimension ranging from 1 to 5 with higher numbers indicating
more severe problems. The digits for the 5 dimensions can be
converted into an overall index by an not publicly accessible
algorithm. The index describes the participant’s health-related
quality of life. It also contains a vertical visual analogue scale
(EQ VAS), with endpoints that are labelled “Best imaginable
health state” and “Worst imaginable health state.” The VAS
reflects the patient’s own judgement and can be used as a
quantitative measure of health outcome.

Social support was assessed using LSNS-6 [44,45]. This scale
is a self-report measure of social engagement including contact
to and interaction with family and friends on a 6-item scale.
Total scores range from 0 to 30 with an equally weighted sum
of the 6 items. The family and friends subscales include
questions regarding the number of friends and family one has

regular contact with as well as their availability for help and
support in private matters. High scores indicate strong social
networks.

Informal caregiver burden was assessed using the 7-item version
of the Zarit-Burden Interview (ZBI-7). The short version ZBI
is a caregiver self-report measure to examine burden, which is
associated with functional and behavioral impairments in the
social, psychological and physiological context, and home care
situation [42,43]. It contains 7 items using a 5-point scale.
Response options range from 0 (Never) to 4 (Nearly to Always).
Total scores range from 0 indicating no burden to 28 indicating
severe burden.

Phases 2 and 3: Feedback Received on the Assessment
Tool

Themes
A total of two main themes were derived from the analysis: (1)
content of the assessment instrument and (2) digital tablet
usability for the assessment tool. Each theme had further
subthemes and subtheme categories and were divided in either
informal caregivers or HCPs and Alzheimer Society
representatives as these groups had different areas they paid
special attention to. Almost all subthemes had 1 to 3 subtheme
categories, see Table 3.

JMIR Aging 2025 | vol. 8 | e59942 | p.437https://aging.jmir.org/2025/1/e59942
(page number not for citation purposes)

Biernetzky et alJMIR AGING

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


Table . Themes, subthemes, and subtheme categories.

Subtheme categoryTheme and subtheme

—a1. Content of the assessment procedure

—    Informal caregivers

        1.1 Comprehension • 1.1.1 Simplification of questions
• 1.1.2 Simplification of answer options
• 1.1.3 Separate questions for caregiver health and caregiver care re-

sponsibilities in relation to the person with dementia

        1.2 Assessment structure • 1.2.1 No multiple questions in a table
• 1.2.2 Questions whether help is needed in a specific domain for clear

identification of unmet needs

        1.3 Reduction of completion time • 1.3.1 Fatigue

—        1.4 Areas important to caregivers

    Health care professionals

        1.1 Assessment structure • 1.1.1 Order of instruments
• 1.1.2 Focus on caregivers’ health and care responsibilities

—        1.2 Reduction of completion time

—2. Digital tablet usability of the assessment tool

    Informal caregivers

        2.1 Simple layout • 2.1.1 Large font and buttons

        2.2 Handling • 2.2.1 Manual answer selection

    Health care professionals

        2.1 Simple layout • 2.1.1 One question per screen
• 2.1.2 Option to go back and forth within the assessment procedure
• 2.1.3 Progression bar

—        2.2 Handling

aNot applicable.

Content of the Assessment Instrument

Regarding the assessment’s content, informal caregivers
provided information on 4 subthemes regarding the
comprehension, assessment structure, reduction of completion
time, and areas important to them.

Comprehension (Informal Caregiver Perspective)

Regarding the clarity of the assessment procedure to them,
caregivers commented on the simplification of questions and
answer options. Instead of “This is an unmet need” or “This is
a need met” (as suggested in the CANE) they preferred to
answer “Yes” or “No,” for instance. They also commented on
being sometimes confused whether a question was referring to
themselves or to the person diagnosed with dementia indicating
that questions had to be framed specifically.

Assessment Structure

Regarding the assessment’s structure, informal caregivers
commented that multiple questions in a table format were
confusing. In addition, some commented that they would like
to self-identify the areas where they needed help rather than
having professionals assume that they needed help or support

in an area, which was incorporated into the assessment
procedure by first asking whether there is a problem in a specific
area and secondly asking whether the respondent receives
enough help with respect to this problem. A yes or no response
to these questions would then indicate the presence or absence
of an unmet need.

HCPs and Alzheimer Society representatives considered the
order of instruments within the assessment procedure and argued
that the instrument covering most unmet needs (CANE) should
be moved to the front to prevent that important health care
domains received less attention due to fatigue. They also
reported that the informal caregivers’ own health as well as
factors influencing their health due to their caregiver role should
be a focus since a caregiver’s unmet needs can arise from two
sources: either from the personal needs of the family caregiver
or from his or her care responsibilities for the people with
dementia.

Reduction of Completion Time (Informal Caregiver
Perspective)

The majority of the informal caregivers commented on the
length of the initial versions of the assessment tool and reported
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that they became a bit tired towards the end of the assessment
procedure. A caregiver stated: “For the last few questions my
focus was a bit lost” (informal caregiver, woman).

Areas Important to Caregivers (Informal Caregiver
Perspective)

Caregivers commented on some of the areas that they found
particularly important such as psychological support, mobility,
social life, and psychoeducation.

A caregiver stated:

I would say that there should be a question for
psychological support. Self-help groups should be
offered locally and it should be asked whether advice
or support is needed in this regard. Another thing
that I would still find important is to ask how mobile
you are and whether you need help in this regard.
For example, I don’t have a car and have to use
public transport to get everywhere. And there are
also people who don’t even have a driver’s license.
And if you have to go somewhere and have to pick up
things from the pharmacy (eg, incontinence pads),
these are sometimes large packages that are also
heavy and you have to get them home first. It would
be a good idea to ask whether you need help in this
regard. [Informal caregiver, woman]

Another caregiver reported:

The social life is very important, my father is hardly
involved in it anymore. Because of his swallowing
problems, he can no longer even go to a restaurant,
which is difficult. [Informal caregiver, man]

Another cargiver stated:

Since we have not yet come into contact with services,
I would like a lot of information so that you know
what you have to do. And also so that you know why
behavior changes, how people then think and what
is going on inside you. I’d be very interested in that.
[Informal caregiver, man]

Regarding the content of the assessment instrument, HCPs and
Alzheimer Society representatives provided information on 2
subthemes, namely, assessment structure and reduction of
completion time.

Digital Tablet Usability of the Assessment Tool
Regarding the assessment’s tablet usability, informal caregivers,
HCPs, and Alzheimer Society representatives identified 2
subthemes, namely, simple layout and handling with slightly
different subtheme categories.

Simple Layout
Informal caregivers commented on the font size, often taking
out their reading glasses to be able to read the questions.

HCPs commented that one question per screen would allow the
large font and button size needed. Some clinicians stated that
it would be helpful to allow caregivers to go back within the
assessment procedure in case they changed their mind regarding
a previous answer. Going forward should only be possible if
the question on the screen was completed. The majority of HCPs
stated that an indication bar within the assessment procedure
would be helpful for caregivers to receive information on their
progress as well as how much of the assessment procedure is
still in front of them.

Handling
The majority of informal caregivers reported that selecting
answers by clicking worked well after adjustments were made
to the font size and the size of the answer option buttons.
Regarding the handling, all HCPs and Alzheimer Society
representatives agreed that the selection of answers should be
as straight forward as possible allowing caregivers to complete
the assessment procedure without technical issues.

The adaptations made to the digital tablet-based assessment tool
are shown in Figures 1 and 2. Figure 1 shows the initial, first
version of the tablet-based assessment tool. Figure 2 shows the
final tablet-based assessment version after the feedback was
incorporated into the development by the IT team.

Figure 1. Outline of the first digital assessment version.
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Figure 2. Outline of the final digital assessment version.

After completion, the outcome of the assessment procedure can
be viewed by the study nurse as well as the GP. These
professionals can then use the outcome to work together with
the informal caregiver toward a reduction of the unmet needs
identified. The study nurses provide the informal caregivers

with a summary of the consultation where points discussed are
listed.

Figure 3 depicts a caregiver filling out the digital version of the
assessment tool on a tablet.
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Figure 3. An informal caregiver completing the digital tablet-based assessment.

Discussion

Principal Findings
This study describes the phases of an iterative, participatory
process we used to develop a digital tablet-based assessment
tool designed to comprehensively identify the needs of informal
caregivers of people with dementia in clinical practice. Through
the collaboration with family dementia caregivers, health care
professionals, and Alzheimer Society representatives, we
developed a digital unmet needs assessment instrument that
consists of a set of standardized instruments but also includes
additional questions and adaptations that were incorporated
along the iterative development process. The unmet needs
assessment tool focuses on needs that can arise from two
sources: either from the personal needs of the family caregiver
or from the care responsibilities for people with dementia. With
the contribution of informal caregivers and other stakeholders,
we designed an assessment tool that covers a comprehensive
range of needs considered important. At the same time, with
the input of the stakeholders, the time to complete the
assessment procedure was substantially reduced from the initial
37 minutes to 18 minutes. This indicates that we reached our
goal of developing a comprehensive, feasible, and time-efficient
assessment device.

With respect to the content of the assessment instrument, we
identified important aspects regarding clarity, assessment

structure, the reduction of completion time as well as content
areas important to informal caregivers. We took the feedback
in multiple rounds and incorporated changes along the way.
Similar approaches have been conducted successfully by other
research teams developing assistive technologies to support
self-management of people with dementia [52].

Regarding the digital tablet-based assessment tool, we could
incorporate crucial aspects regarding the layout and the handling
of the tablet. The difference between our first digital assessment
version compared with the final digital assessment version
illustrates the importance of involving multiple perspectives,
especially of those for whom the assessment instrument or
technology is intended. In the literature, there is an increase of
studies involving patients and stakeholders in the development
or testing of technology [52-54].

The participatory approach allowed us to incorporate aspects
into the development of the digital assessment tool that we, as
researchers, would have missed otherwise, as can be seen in the
first digital tablet-based assessment version in Figure 1 when
compared with the final version in Figure 2. The input of
informal caregivers, health care professionals, and Alzheimer
Society representatives has broadened our perspective and has
given us important hints and advice towards aspects that are
important for a digital, self-completion unmet needs assessment
tool. They identified questions that were unclear, suggested
possible answer options, and gave us ideas on how to simplify
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the navigation throughout the assessment procedure. Some
researchers have used similar procedures for the development
of instruments to assess patients’ needs [24,47] or to facilitate
implementation [19]. A review by Fischer et al [55] reports on
the importance of user involvement, particularly the involvement
of older adults in technology design. In their review of 40
empirical studies published between 2014 and 2018, these
authors examined the consequences of involving older adults
in technology design and stated that learning, adjusted design,
and improved sense of participation were outcomes frequently
stated in studies [55]. Not only did they report that involvement
facilitated learning about the needs of older adults but it also
led to the generation of new technology ideas such as a
companion robot, for instance, which was not in the researchers’
mind before involving older adults [55]. Newly gained insights
then lead to iterative adjustments of the prototype design [55].
This was also the process that we followed making adjustments
to the unmet needs assessment tool. With respect to the quality
of technology developed with user involvement, Kopeć and et
al [56] noticed that the overall quality of the technology could
be improved. They argued that teams who involved users to
develop a mobile app were rated higher by an independent jury
in a competition than teams who did not. Older adults
appreciated the sense of participation and felt that they were
being treated as experts on their own lives and equal partners
[57]. Researchers reported that involved users enjoyed their
experience and some users described their involvement as
“happy memories” [58-60].

In contrast to already existing unmet needs assessment
instruments, our digital assessment tool identifies a informal
caregiver’s self-reported unmet needs and ties them directly to
interventions most of which are offered within the German
health care system. Through the matching process of possible
unmet needs with interventions in phase 1 of our assessment
development process, we aimed to overcome the pitfalls of
identifying problem-centered needs without having support
services to meet them at hand. In addition, the digital assessment
tool acknowledges the intertwined nature of the dyad, namely
the informal caregiver and the person with dementia focusing

on not only the health and support needs of the caregiver but
also the caregiver’s care responsibilities. Although we did not
include the CNA-D, we did compare the content and ensured
that no important aspect was missed in the assessment
procedure.

Limitations
The stakeholders who contributed to the development of the
assessment tool were a convenience sample. We have asked
informal caregivers, health care professionals and Alzheimer
Society representatives who either visited a memory clinic with
their significant other, worked at the memory clinic or who were
already known to us due to previous collaborations.
Furthermore, the sample is limited to people living in a specific
region in Northern Germany (Mecklenburg-Western Pomerania).
In addition, our level of involvement was limited to stakeholders
sharing their feedback on the assessment tool, which is only 1
of the 3 levels of involvement [61]. The tendency to involve
stakeholders only in some rather than all levels of involvement
was also highlighted by Fischer et al [55] arguing for further
research on the actual practices of user involvement. For future
projects, a higher level of involvement is sought, especially
since current results indicate that an elaborated, theory-based
participatory approach including people with dementia, informal
caregivers and regional stakeholders might raise the chances of
successful implementation in routine care [19].

Conclusion
Our study has shown the feasibility and success of user
involvement in the development of an assessment tool for
identifying the unmet needs of people with dementia and their
informal caregivers. By presenting our approach, we hope to
motivate researchers worldwide to expand stakeholder
involvement in the early stages of studies. To facilitate this, the
questionnaire will be made available to researchers on the
homepage of the Network for Translational Dementia Care
Research. Further evaluations, such as the acceptance of the
tool from the perspective of the study nurses and GPs, are
currently being evaluated and will be published separately.
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Abstract

Background: Web-based tools have gained popularity to inform and empower individuals in advance care planning. We have
developed an interactive website tailored to the unique needs of people with dementia and their families to support advance care
planning. This website aims to break away from the rigid pathways shown in other tools that support advance care planning, in
which advance care planning is shown as a linear process from information to reflection, communication, and documentation.

Objective: This study aimed to assess the website’s usage by people with dementia and their family caregivers, identify distinct
user engagement patterns, and visualize how users navigated the website.

Methods: We analyzed the website’s log data obtained from an 8-week evaluation study of the site. Interactions with the website
were collected in log data files and included visited web pages or clicked-on hyperlinks. Distinct user engagement patterns were
identified using K-means clustering process mining, a technique that extracts insights from log data to model and visualize
workflows, was applied to visualize user pathways through the website.

Results: A total of 52 participants, 21 individuals with dementia and their family caregivers as dyads and 10 family caregivers
were included in the study. Throughout the 8-week study, users spent an average of 35.3 (SD 82.9) minutes over 5.5 (SD 3.4)
unique days on the website. Family caregivers mostly used the website (alone or with a person with dementia) throughout the
8-week study. Only 3 people with dementia used it on their own. In total, 3 distinct engagement patterns emerged: low, moderate,
and high. Low-engagement participants spent less time on the website during the 8 weeks, following a linear path from information
to communication to documentation. Moderate- and high-engagement users showed more dynamic patterns, frequently navigating
between information pages and communication tools to facilitate exploration of aspects related to advance care planning.

Conclusions: The diverse engagement patterns underscore the need for personalized support in advance care planning and
challenge the conventional linear advance care planning representations found in other web-based tools.

(JMIR Aging 2025;8:e60652)   doi:10.2196/60652

KEYWORDS

dementia; advance care planning; user engagement; web-based tool; care; website; caregiver; communication; tool; online

Introduction

Advance care planning is a communication process between
patients, families, and health care professionals to “define goals
and preferences for future care and treatment” [1]. This process
holds particular relevance in dementia [2]. The cognitive decline
in dementia highlights the need for early initiation of advance

care planning, enabling people with dementia to reflect on and
express their preferences for future care and treatments [3-5].
While existing definitions of advance care planning often focus
on medical care decisions [6], people with dementia and their
families have emphasized that it should include exploring what
matters now and in the future, including nonmedical aspects of
care [7-10]. Furthermore, people with dementia and their
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families have expressed a need to discuss future care together
[7]. This aligns with the recently introduced public health to
advance care planning, emphasizing a shift toward a social focus
on “what matters most to people” rather than the current
emphasis on end-of-life decision making and underlining the
need to support conversations in the family context [11].

To support advance care planning within the family context,
interactive web-based tools like websites or apps have been
promoted [12]; however, despite their proven benefits in other
populations, there is a noticeable absence of tools tailored to
the specific needs of people with dementia and their families
[13-15]. To address this gap, we developed a website for and
with people with dementia and their families [16-19]. This
website deviates from the structured linear pathways found in
other tools to support advance care planning [15]. Such tools
adhere to a stepwise procedure, often commencing with
information provision, prompting reflection, followed by
communication, and concluding with documentation, commonly
in the form of advance directives. For example, in some cases,
users must complete or make an explicit effort to skip a step
before being able to proceed to the next step, eg, users cannot
access certain features such as communication tools or
documentation forms without first completing previous tasks,
for example, users have to follow a linear pathway when
navigating the website [15,20]. In contrast, our website is
designed to offer flexibility, allowing users to engage with the
content in any way they choose. There are no predefined steps
or sequences to follow, and users can access all features, such
as communication tools and documentation forms, without
needing to complete any previous tasks [16].

Following the development of the website to support advance
care planning, we performed an 8-week evaluation study
involving people with mild to moderate dementia and their
family caregivers [17,18]. The primary focus of this evaluation
was to assess the usability, acceptability, feasibility, experiences,
and outcomes of using the website [17,18]. Participants in the
evaluation study found that the website supports advance care
planning [17,18]. After 8 weeks, participants exhibited improved
advance care planning knowledge, self-efficacy, and skills
[17,18].

Beyond this evaluation, gaining insights into the website’s user
engagement and usage patterns is crucial to enhance our
understanding of how people with dementia and their families
use a website to support advance care planning in the family
context, how they engage with it and how single users and
dyadic users differ (ie, people with dementia together with their
family caregiver). This knowledge will inform enhancements
to the website’s design and functionality by highlighting user
needs in digital health interventions, ultimately improving
support for families navigating advance care planning.
Therefore, this study aims to: explore how people with dementia
and their family caregivers used the advance care planning
support website during an 8-week evaluation study; explore
whether and which user behavior clusters can be typified based
on the engagement of people with dementia and their family

caregivers with the website; and explore and visualize user
pathways of the identified user behavior clusters, that is, how
the different user clusters of people with dementia and their
family caregivers navigate through the website.

Methods

Study design
This study quantitatively analyzed web log data from a
convergent parallel mixed methods evaluation study of a website
designed to support people with dementia and their family
caregivers in advance care planning. Web log data was collected
during an 8-week evaluation study to capture participants’
interactions with the website, for example, time spent on the
website and what pages were visited. This log data was used to
explore the website’s usage by people with dementia and their
family caregivers, which user behavior clusters can be typified
and to visualize user pathways. The protocol, including the
objective to explore usage patterns of the website, as well as
the main results of the evaluation study, have been published
elsewhere [17,18]

The Development of the Advance Care Planning
Support Website
The development of the website followed a user-centred,
iterative design process, ensuring alignment with the needs of
people with dementia and their families. The website was
developed to provide information and support for people with
dementia and their family caregivers in advance care planning
[16]. Furthermore, the website was designed with flexible
navigation options, allowing users to explore different sections
at their own pace rather than following a linear, step-by-step
approach. This was particularly important given the varying
levels of readiness among users to engage with sensitive topics
such as future care preferences [8,16].

The website includes advance care planning information,
information about legal frameworks, communication tips, and
documentation sections. Furthermore, it provides accessibility
features, such as text-to-speech and text enlargement and 2
interactive communication tools, an “Interactive Card Tool”
based on the recently developed paper-based version of the
Levenswensen (Life Wishes) cards and a fill-in tool “Thinking
Now About Later,” that guides users through a reflective process
to help users think and talk about and write down their
preferences for the present and future (Multimedia Appendices
1 and 2). The results of the evaluation study and experiences
with the interactive communication tools, have been published
elsewhere [16,18,21].

Participants, Recruitment and Setting
People with mild to moderate dementia, including both early
and late onset, along with their family caregivers as dyads or
the family caregiver alone, were recruited [17]. To be eligible,
participants needed to meet the criteria shown in Textbox 1 [17]
.
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Textbox 1. Inclusion criteria for the study.

Both people with dementia and their family caregivers:

• Express interest in and willingness to test the website to support advance care planning.

• Provide consent for study participation.

• Proficient in speaking and understanding Dutch.

• Own a device (laptop, tablet, mobile phone, etc).

People with dementia:

• Diagnosed with young- or late-onset dementia.

Family caregivers:

• Actively involved in the care (physical, emotional, social, etc) of the person with dementia.

For participants recruited as dyads, at least one had to be capable
of navigating the website. For instance, the person with dementia
and the family caregiver could not both have visual impairments
or other disabilities hindering interaction with the advance care
planning website. Participants were recruited through dementia
care organizations and memory clinic neurologists. Eligible
participants with a confirmed dementia diagnosis were identified
by health care professionals. People with dementia who were
interested in the study contacted the researcher, received study
information, and, if still interested after receiving the study
information, were offered an appointment to perform the
eligibility screening and provide informed consent. The
recruitment process is described in more detail in the study
protocol that is published elsewhere [17]. The study was
conducted in Flanders, the Dutch-speaking region of Belgium.

Data Collection Procedures
Between October 2022 and May 2023, 52 people participated
in the evaluation study: 21 dyads, that is, 21 people with
dementia and 21 family caregivers, and 10 family caregivers
alone. Information on sociodemographic data, including age,
gender, computer literacy, type of diagnosis and date, was
gathered through a survey assessed at the start of the 8 weeks
[17,18]. Participants were granted access to the website after
providing informed consent and completing baseline data
collection. They were informed that they could use the website
freely over an 8-week period, choosing how and when to engage
with it according to their preferences [17].

To capture the usage by the participants during the 8-week
study, there was a continuous collection of log data. Usage
refers to how people with dementia and family caregivers engage
with the advance care planning website. The log data captured
what pages were visited, time spent on each page, interaction
with content or functions, frequency of visits to each page, and
the search queries used. Upon accessing the website, participants
were prompted to identify themselves through a pop-up question,
requiring them to fill in their study ID and specify whether they
were a person with dementia, a family caregiver, or engaging
together as a dyad. A detailed study protocol of the evaluation
study is published elsewhere [8].

Data Analysis

Overview
Log data of the advance care planning website were analyzed
using the programming language R (version 4.2.3, R Studio).
The log data was saved in 3 files, application and access logs
and a file to save the interactions with the interactive
communication tools. First, the 3 log datasets were cleaned by
eliminating irrelevant data, such as admin and php requests.
The application logs were further filtered to include only valid
study IDs used by the participants. Study IDs were then added
to the access logs based on cross matching with IP addresses.
The access and application logs were combined, and additional
information from the third dataset regarding the completion of
interactive communication tools was incorporated by matching
IP addresses to study IDs.

Assessing the Extent to Which the Website Was Used
First, the interactions with the website were summarized by
time spent on the website, pages visited, and who visited. This
analysis focused on usage patterns, which provided an initial
understanding of the variability in engagement.

Identifying Distinct Behavioral Clusters
After, the data underwent K-means clustering. Clustering the
data aimed to identify behavioral or interaction patterns that
typify user engagement. The 6 features derived from the
summary data were used for clustering: total interactions, unique
days, duration of use, total clicks on communication,
information, and documentation pages. The R package “caret”
was used to normalize the data using min-max normalization,
converting variables to a range between 0 and 1 [22]. Usage
frequency emerged as the key differentiating factor among
participants. The “NbClust” package was then used to compare
summary statistics and determine the optimal number of clusters,
using 30 indices to determine the optimal number of clusters
(k) between 2 and 10 based on these metrics [23]. The
“NbClust” package indicated that the data could be best
classified into 3 clusters, which were named after usage
frequency of participants, for example , low, moderate, and high
engagement levels. Subsequently, the k-means algorithm was
applied to the data for k clusters. Principal component analysis
(PCA) was used for data visualization to reduce the multiple
features to 2 dimensions. Finally, Kruskal-Wallis rank sum tests
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and χ² tests were conducted to evaluate the significant
differences between features for each cluster, providing further
insights into the characteristics of the identified user clusters.

Identification of User Pathways
To visualize how users navigated through the website, we
applied process mining techniques using the R package BupaR.
This allowed us to map and analyze the various paths users
followed across the site’s different sections [24]. Log data were
filtered to remove redundant information (taken out: change
font size, contrast, privacy policy, read speaker, print, and other).
First, a process matrix, which is a 2-dimensional matrix showing
the flows between activities, was generated to visualize the
entire log dataset [25]. After, individual process maps were
produced per study ID to show the path taken by participants.
Finally, the individual paths were compared with the IDs per
cluster to find similarities and differences between the
participants’ paths in each cluster.

Ethical Considerations
The research protocol was submitted to the Medical Ethics
Committee of Brussels university hospital (UZ Brussel) and
received ethical approval (BUN 1432022000179). All
participants provided informed consent, and the study was

conducted in accordance with the relevant ethical guidelines
and regulations. To ensure privacy and confidentiality, all
participant data were de-identified prior to analysis. Protective
measures, such as secure data storage and restricted access to
personal information, were implemented to safeguard participant
privacy throughout the study.

Results

Overview
In total, 52 participants with 31 study IDs were included (21
dyads and 10 family caregivers), consisting of 21 people with
dementia and 31 family caregivers. Ten family caregivers
participated alone, either because the person with dementia was
unable to provide informed consent (6/10) or chose not to
participate (4/10). The average age of people with dementia
was 62.8 (SD 10.4) years, with 42.8% (9/21) being female.
Among family caregivers, 68% (21/31) were female, with an
average age of 62.1 (SD 10.9) years. Family caregivers reported
an average computer literacy score of 7.5 (on a scale from 1 to
10, with higher scores indicating greater self-reported computer
literacy), while people with dementia had an average score of
4 (Table 1).

Table . Description of the study population.

Family caregivers (n=31)Persons with dementia (n=21)Variables

219Sex (female), n

62.8 (10.4)62.1 (10.9)Age (years), mean (SD)

Relationship, n

2518Partnersa

63Parent (in law)-child

Profession, n

161Employed

1520bRetired

62.8 (10.4)62.1 (10.9)Computer literacyc, mean (SD)

Dementia diagnosisd, n

2015Alzheimer disease

31Vascular dementia

33Frontotemporal dementia

11Lewy body dementia

10Parkinson dementia

31I do not know

aMarried, living together or in a romantic relationship.
bSix of the retired persons with dementia were forced to take early retirement because of their diagnoses.
cSelf-evaluation on a scale from 1 (no computer skills) to 10 (excellent computer skills).
dDates of diagnoses: January 2013 to December 2022.

Website Usage
Each study ID (n=31) was logged at least once in the log data,
indicating at least 1 visit by 1 or both dyad members and by

each family caregiver who participated alone. In 10 study IDs,
both the family caregiver and dyad used the website. In 15
instances, only the caregiver accessed it and in 3 cases, solely
the dyad engaged with the website. In addition, 3 occurrences
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involved mixed usage, with indications of the family caregiver,
dyad, or person with dementia using the website. The total
number of unique interactions by all users (n=31) with the
website was 1799 (ie, the total interaction data points),
encompassing information searches, clicks, and use of
interactive elements. On average, users had 58 (SD 57)
interactions over the 8 weeks. The total duration spent on the
website during the 8 weeks was 35.3 (SD 82.9) minutes, and,
on average, people used the website on 5.5 (SD 3.4) unique
days of the 8-week study period.

User interactions revealed that family caregivers had the highest
overall number of interactions (757), followed by dyads (235)
and people with dementia alone (103). We faced difficulty
attributing the information to specific user types for the other
701 interactions documented in the access log file. These
unidentified usages per user type arose from difficulties linking
interactions with corresponding user types when users left their
browsers open for extended periods. The webpage “Advance

Care Planning: What Is It?” was visited most (n=304). Followed
by the glossary section (209), “Advance Care Planning:
Thinking and Talking About Later” (277), “Advance Care
Planning: Writing It Down for Later” (259) and the frequently
asked questions section (122). The 2 interactive communication
tools were used 136 (Thinking Now About Later) and 91
(Levenswensen cards) times.

Identifying Typical User Behaviors by Clustering
To determine the optimal number of clusters, we applied
NbClust with 30 indices, revealing that 8 favored 2 clusters and
8 indicated 3 clusters. Following the majority rule, we opted
for 3 clusters, each assigned to study IDs reflecting diverse user
engagement patterns. Table 2 summarizes each cluster’s
characteristics. To showcase the most-visited web pages by the
clusters, we categorized all pages into 10 categories (Figure 1;
Multimedia Appendix 1 visually shows the web pages
corresponding to the categories).

Table . Overview of the characteristics of use of the website of each cluster.

P valueHigh engagement levelLow engagement levelModerate engagement
level

Characteristics

—b11/16 (34)5/10 (21)15/21 (45)Size, study ID/na (%)

<0.001d86 (15)21 (9)50 (13)Total interactionsc, mean (SD)

0.004d8.7 (3.3)1.6 (0.5)4.4 (1.5)Unique days, mean (SD)

<0.001d65.6 (16.9)9.8 (19.2)56.7 (19.3)Range of use (days), mean (SD)e

<0.001d28 (10)5 (3)17 (7)Communication pages visited, mean (SD)

<0.001d18 (4)6 (4)7 (4)Documentation pages visited, mean (SD)

<0.001d34 (13)7 (5)22 (10)Information pages visited, mean (SD)

<0.001gTotal number of interactions per user type, n

31027420Caregiver

10300Person with dementia

8833124Dyad

45254204Family caregiver and

person with dementiaf

an is the number of users (N=46 because 5 people with dementia did not use the website or participate anymore).
bNot applicable.
cInteraction is any movement of the user on the website. This can be clicking on a hyperlink, watching a video, opening a page, or printing the web
page.
dχ² test.
eFrom the first day of use until the last day. For example, cluster moderate engagement started using the website, and, on average, the last usage was
9.8 days later.
fWhen the IP address could not be matched with the date or time of the filled-in study ID.
gKruskal-Wallis rank sum test.

JMIR Aging 2025 | vol. 8 | e60652 | p.451https://aging.jmir.org/2025/1/e60652
(page number not for citation purposes)

Dupont et alJMIR AGING

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


Figure 1. Overview of the most-visited web pages by the 3 clusters. FAQ: frequently asked questions.

Cluster low engagement (5 participants) exhibited the fewest
interactions (mean of 21), shorter duration (mean of 9.8 days),
and accessed fewer pages. Cluster moderate engagement (15
participants) had a mean of 50 interactions, visited for 4.4 unique
days, with a use duration of approximately 56.7 days (Table 2).
Cluster high engagement (11 participants) demonstrated the
highest engagement, with the highest total interactions (mean
of 86), longer duration (mean of 65.6 days), accessing more
diverse pages and including the 3 people with dementia who
used the website alone. Statistically significant P values
underscore distinct engagement patterns among the clusters
(Table 2).

Participants across all 3 clusters predominantly visited the “what
is advance care planning” web page the most. Low-engagement
participants mostly focused on the information pages, especially
the documentation information and showed limited interest in
interactive tools. Moderate engagement participants visited
mostly the advance care planning information pages, frequently
using the glossary and accessibility features like contrast and
text-to-speech, distinguishing their usage from other clusters.

In the high-engagement cluster, participants explored
information, communication and documentation pages, actively
using interactive communication tools.

Identification of User Pathways of the Identified User
Behavior
To identify the user pathways, we first look at the overall
pathways of users using a process matrix (Figure 2). The process
matrix is a two-dimensional representation that illustrates the
flow between the web pages that users have visited. The matrix
is organized with antecedent events followed by the consequent
events. The primary pathway, observed in 21 instances, initiates
with a visit to the “What is advance care planning” page,
followed by navigating to a subsequent page providing
“information about communication.” Significantly, users
frequently started their pathway on informative pages, such as
“what is advance care planning,” “information on
communication,” or “Information on documentation.”
Subsequently, they progress to explore additional information
pages. Noteworthy is the observation that users typically visit
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pages providing information about communication or
documentation before engaging with the interactive

communication tools.

Figure 2. Identification of overall user pathways. acp: advance care planning; FAQ: frequently asked questions.

Then, the user pathways of the identified user behavior clusters
were identified (Figure 3). Low-engagement participants (Figure
3, example 1) displayed a linear and direct browsing style, rarely
revisiting previous pages during navigation. In contrast, the
participants with moderate and high engagement (Figure 3,
examples 2 and 3) explored the website by visiting pages

sequentially, occasionally revisiting previously viewed pages.
High engagement extensively explored various pages, moving
between information and guidance pages. Participants with
moderate engagement involved frequent transitions between
pages but less often than those with high engagement.
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Figure 3. Examples of the 3 user paths. acp: advance careplanning; faq: frequently asked questions.
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Discussion

Principal Findings
The analyses of the log data of an 8-week evaluation study of
a website to support people with dementia and their families in
advance care planning showed that family caregivers used the
website most often, either alone or with a person with dementia,
that is, dyad. Three distinct engagement patterns emerged in
this study: low, moderate, and high. Low-engagement users
tended to follow a more linear path on the website, while
moderate- and high-engagement users displayed a more dynamic
engagement, exploring the website in diverse ways.

Flexible user navigation patterns were evident in our study,
challenging the conventional linear advance care planning
representations found in other web-based tools in which users
go through a stepwise process, typically starting with
information provision, prompting reflection, moving on to
communication, and concluding with documentation in the form
of advance directives [15]. This rigid structure, embedded in
the design of other ACP websites, may restrict easy access to
subsequent features or content until earlier steps are completed.
While this structured pathway might work for some users, it
assumes that everyone is ready to follow the same route through
the ACP process, which may not always be the case [7,8,26].
In our study, low-engagement users tended to follow a more
linear pathway. However, those with moderate or high
engagement demonstrated more dynamic and varied usage
patterns. Some users initiated their engagement by seeking
information, while others prioritized documentation or directly
accessed communication tools. This flexibility of navigation
aligns with feedback from family caregivers during the website’s
development process, which emphasized the importance of
allowing users to navigate at their own pace, rather than
following a rigid, linear path [8]. This flexibility allowed for
personalized engagement, as different users may be at different
stages of readiness to engage with sensitive topics, such as future
care planning. Furthermore, this approach aligns with broader
technological research [7,10,26], which shows that family
caregivers prefer flexible navigation in internet-based tools
[27,28]. These findings suggest a need for a more flexible
approach, indicating that users should have the freedom to
navigate tools that align best with their needs, which is also
supported by other research [5,26,29]. This also aligns with
Belgian clinical guidelines [30], explicitly mentioning that health
care professionals should tailor advance care planning in
dementia, including style and content, to the “person’s level
and rhythm.”

Despite participants’expressed interest in advance care planning
in the evaluation study, people with dementia rarely engaged
with the website on their own. Family caregivers and the person
with dementia did engage together, emphasizing the family’s
importance. This finding is not necessarily surprising as much
literature points at the importance of family in a dementia
trajectory. A recently published consensus definition on advance
care planning in dementia also highlighted family as highly

important and specific in this population [6,31]. Regarding the
use or uptake of websites among people with dementia,
involving family caregivers can play a facilitating role; however,
it is essential to acknowledge that not all people with dementia
have family caregivers or families directly engaged in their care
[32]. Furthermore, overreliance on family caregivers may
unintentionally hinder independent usage, potentially
undermining autonomy. Therefore, achieving an inclusive
environment necessitates balancing involving family caregivers
and promoting self-usage.

Strengths and Limitations of the Study
This study has several strengths that contribute to the robustness
of our study’s findings. Using log data, this study is the first to
examine user engagement of people with dementia and their
families with a website to support advance care planning. It
offers a comprehensive understanding of their specific usage
patterns. The elimination of recall bias is another key strength,
as log data provided an accurate account of how users engaged
with the website. The study also has limitations with regard to
the data used. We encountered difficulty identifying the specific
type of user for all log data because not all access logs could
be matched with the date or time of the filled-in type of user in
the application log. In addition, due to a 1-month retention
period for log data, a small portion of data (7 days with
interactions from 2 users, as indicated in Google Analytics) was
lost as it was not downloaded before deletion from the server.
Another limitation is the relatively small dataset for our log data
analyses. Specifically, the number of participants with dementia
who accessed the website independently was small what limits
our ability to make comparisons in usage patterns between
people with dementia, family caregivers, and dyads. Further
research with a larger sample of people with dementia, including
both independent and caregiver-supported users, is needed to
enhance the robustness of the findings and provide stronger
insights into their engagement patterns. Finally, a limitation
arises from self-selection bias in user type; for example, users
might identify as “family caregivers” while engaging together,
and vice versa, introducing variability that could impact the
accuracy of findings.

Conclusions
This study offers insights in how people with dementia and their
family caregivers use a website designed to support them in
advance care planning. The findings show that family caregivers
are the website’s primary users, often engaging with the website
alone or together with the person with dementia. Three distinct
user engagement patterns, low, moderate, and high engagement,
were identified, with more dynamic navigation observed among
high-engagement users, particularly those using interactive
communication tools. These findings underscore the need for
flexible user pathways in online advance care planning tools,
allowing personalized navigation. Future research with a larger
and more diverse sample of persons with dementia is necessary
to confirm these findings and allow for more detailed
comparisons across different user groups.
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Abstract

Background: Providing ongoing support to the increasing number of caregivers as their needs change in the long-term course
of dementia is a severe challenge to any health care system. Conversational artificial intelligence (AI) operating 24/7 may help
to tackle this problem.

Objective: This study describes the development of a generative AI chatbot—the PDC30 Chatbot—and evaluates its acceptability
in a mixed methods study.

Methods: The PDC30 Chatbot was developed using the GPT-4o large language model, with a personality agent to constrain
its behavior to provide advice on dementia caregiving based on the Positive Dementia Caregiving in 30 Days Guidebook—a
laypeople’s resource based on a validated training manual for dementia caregivers. The PDC30 Chatbot’s responses to 21 common
questions were compared with those of ChatGPT and another chatbot (called Chatbot-B) as standards of reference. Chatbot-B
was constructed using PDC30 Chatbot’s architecture but replaced the latter’s knowledge base with a collection of authoritative
sources, including the World Health Organization’s iSupport, By Us For Us Guides, and 185 web pages or manuals by Alzheimer’s
Association, National Institute on Aging, and UK Alzheimer’s Society. In the next phase, to assess the acceptability of the PDC30
Chatbot, 21 family caregivers used the PDC30 Chatbot for two weeks and provided ratings and comments on its acceptability.

Results: Among the three chatbots, ChatGPT’s responses tended to be repetitive and not specific enough. PDC30 Chatbot and
Chatbot-B, by virtue of their design, produced highly context-sensitive advice, with the former performing slightly better when
the questions conveyed significant psychological distress on the part of the caregiver. In the acceptability study, caregivers found
the PDC30 Chatbot highly user-friendly, and its responses quite helpful and easy to understand. They were rather satisfied with
it and would strongly recommend it to other caregivers. During the 2-week trial period, the majority used the chatbot more than
once per day. Thematic analysis of their written feedback revealed three major themes: helpfulness, accessibility, and improved
attitude toward AI.

Conclusions: The PDC30 Chatbot provides quality responses to caregiver questions, which are well-received by caregivers.
Conversational AI is a viable approach to improve the support of caregivers.

(JMIR Aging 2025;8:e63715)   doi:10.2196/63715

KEYWORDS

Alzheimer; caregiving; chatbot; conversational artificial intelligence; dementia; digital health; health care technology;
psychoeducational; medical innovations; language models; mobile phone
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Introduction

Background
How to leverage technological innovation to improve support
in the protracted journey of caring for someone with dementia
has been identified as one of the top priorities by dementia care
researchers, practitioners, and policy makers [1,2]. Dementia
family caregiving is widely regarded as a prototype of chronic
stress [3,4]. With the increasing loss of abilities in persons with
dementia, family members transition from a “companion” to a
more heavy-duty caregiver. Initially, family members may want
to know more about the condition and what to plan ahead of
time. As the relative’s condition worsens, tips about handling
different behaviors or situations and helping the relative with
activities of daily living become more relevant, with end-of-life
issues on the horizon further down the road. Thus, caregivers’
needs change over time but are often given a time-limited (eg,
8 weekly sessions) standardized training program disregarding
their specific concerns [5,6]. While some open-minded
caregivers may be curious to find out more about the subject
matter, others feel compelled to go through materials irrelevant
to their immediate concerns (or things they already know) [7].
Moreover, traditional interventions are packaged to be delivered
in regular blocks of time, which may not fit into the busy and
often unpredictable schedule of many caregivers [5,6]. In
addition, traditional intervention modalities often rely on
face-to-face contact, a problem brutally exposed during the
COVID-19 pandemic [8,9], but a problem that is generally
applicable to those in rural areas.

Although over two-thirds of caregivers in a large UK survey
[10] indicated an interest in using technological tools to support
their health and well-being, as well as their caregiving role, few
such tools are available for dementia family caregivers. A major
reason cited by the respondents in support of technological
support was “being able to use digital tools quickly to find
answers on a regular basis” [10]. Relatedly, this study explores
how caregivers react to a chatbot based on generative artificial
intelligence (AI) technology, which provides information and
advice on demand and can be accessed anytime anywhere.

AI Applications for Dementia Care
AI (especially natural language processing) refers to a collection
of algorithms that gets computers or machines to perform
autonomous actions that require human intelligence (eg,
understanding complex semantics and intent, reasoning,
decision-making, and self-correction). In the field of health care,
the advent of AI has led to a wide range of applications, such
as behavioral monitoring, risk prediction, screening, triage,
diagnosis, rehabilitation, health advice chatbot, robotics, and
program planning [11-21]. Such applications may be used to
assist or replace human activity, or even to improve performance
by enhancing efficiency and reducing human error [22-26].
Thus, AI has the potential to fill some service gaps for families
with dementia as societies grapple with this public health crisis.

That said, AI is not without drawbacks. For end users, the
greatest concerns are the accuracy of the output and the quality
of decision-making [27,28]. An AI program is only as good as
the algorithm and the data used to train it. For example, a health

risk prediction program in the United States classified Black
people as having lower risk profiles, compared with White
people with comparable health status, resulting in many Black
people being denied the proper service. The reason was due to
the algorithm using health care cost as the proxy for how sick
the person was, without taking into account the fact that Black
people have historically been an underserved population [29].

Two reviews provide valuable insights into the development
and use of AI chatbots and technology-driven solutions to
support dementia care. Hoel et al [30] explored various
technology-driven solutions such as social robots and tablet
applications that provide activities or interactions to engage
persons with dementia, most of whom live in residential care
settings. Although the primary targets were persons with
dementia, interactions with family caregivers were found to be
enhanced through the involvement of the caregiver in the activity
(eg, reminiscence therapy). Through more enjoyable interaction,
the level of stress felt by family caregivers might be reduced.

The systematic review by Ruggiano et al [9] focused on
chatbots, conversational AI agents that use natural language
processing and large language models (both machine learning
algorithms) to simulate complex human conversation [31,32].
They found 6 commercially available chatbots designed to assist
people with dementia and their caregivers. Focusing on the
functions and quality of these tools, their review highlighted
the potential of chatbots to offer educational content for
caregivers (and memory aids for patients) through accessible
platforms like mobile apps and voice-activated devices. These
chatbots aimed to provide users with timely information and
interactive features to engage people with dementia, but a
common drawback was the lack of peer-reviewed,
evidence-based educational material, which undermines their
trustworthiness. As a matter of fact, none of the chatbots were
deployed following empirical user evaluation [9]. The
information provided was often not rooted in rigorous scientific
research, leaving caregivers unsure about the accuracy and
reliability of the advice they receive. Based on limited
programmed content, these chatbots inevitably constrain
interaction with users and provide advice on a narrow range of
questions [9].

Another issue is accessibility. Many chatbots require specific
phrases or commands to operate effectively, limiting their
flexibility and usability for a diverse range of caregivers. This
rigidity can be frustrating, especially for those who are not
technologically proficient. Additionally, most specialized
chatbots provide only standard answers to preset questions and
cannot analyze user intent and emotion. They rely heavily on
users to provide specific contextual information for continued
engagement.

This Study
In view of the limitations of existing chatbots, this study reports
on a newly built chatbot, called PDC30 Chatbot, which serves
as a care adviser on dementia caregiving using generative AI
technology and an evidence-based, comprehensive knowledge
base. By simply providing information and advice, without
involvement in decision-making, it avoids potential risks of AI
applications mentioned above. At the same time, the use of a
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validated knowledge base enhances the quality of the answers
and trust among users, with its information extracted by
generative AI to produce a new and original response to each
caregiver enquiry. As such, this new chatbot offers greater
flexibility in input handling, allowing caregivers to engage in
natural, conversational interactions without the need for rigid
commands. Furthermore, through remarkably improved
emotional and cognitive support by virtue of generative AI
technology, the chatbot is capable of delivering empathetic
responses and practical caregiving strategies without requiring
constant caregiver input. This makes it a more autonomous and
complete tool for addressing the emotional, cognitive, and
practical demands of dementia caregiving.

In the following, we describe in detail the construction of the
PDC30 Chatbot and its acceptability from a user perspective.
A new chatbot would have little value if there is no evident
advantage over other resources. Thus, the chatbot’s performance
in relation to handling common questions concerning dementia
and caregiving was examined by comparing its responses to
those of two other chatbots including the popular ChatGPT.
Upon establishing its performance value, the PDC30 Chatbot
was subject to an assessment of acceptability after a 2-week use
by dementia family caregivers.

Methods

Chatbot Development

PDC30 Chatbot
We use the latest GPT-4o large language model by OpenAI
[33], with the following prompt to define the personality traits
of the chatbot (ie, a personality agent in large language models):
You are a professional counselor providing advice on caregivers’
emotional issues and caregiving challenges. The knowledge
base is the Positive Dementia Caregiving in 30 Days Guidebook,
an abridged and updated version of the Benefit-Finding
Intervention manual (a psychoeducation program with an
emphasis on searching for positive meanings in caregiving)
which has been found to reduce caregiver burden and
depression, with moderate to large effect sizes, up to 12 months
[34-39] (the Benefit-Finding Intervention is a workshop-based
program with a lengthy instruction manual written for the
trainers. The manual was rewritten in simple language and a
more concise form for general public consumption and became
the knowledge base for this chatbot). After providing an answer,
the chatbot is programmed to reference the source of the ideas,
so as to encourage users to do more in-depth reading.

In other words, the chatbot would not answer any question
unrelated to dementia and caregiving. As a generative AI
chatbot, it can formulate answers to a wide range of questions
based on these knowledge bases, rather than simply providing
preset answers to selected questions. When irrelevant questions
are asked, it would say “Sorry, I cannot answer your question.”
The chatbot, accessible on any device with internet access
(including phone, tablet, or computer), was built on
botpress.com, an open-source platform for conversational AI
solutions. The chatbot serves as one of the components of a
self-guided, automated web-based intervention program called

Positive Dementia Caregiving in 30 Days (PDC30), which is
undergoing evaluation in a global randomized controlled trial
(ClinicalTrials.gov identifier NCT06409455). Hence, we call
it the PDC30 Chatbot. Currently, this web-based intervention
program, the chatbot included, works only in the English
language.

ChatGPT and Chatbot-B as Comparators
To evaluate how well the PDC30 Chatbot works, the same
questions (see below) were fed into ChatGPT-4o (as a standard
of reference) [33] and another self-constructed chatbot (called
Chatbot-B for convenience). As ChatGPT is well-known, we
focus on introducing Chatbot-B.

Chatbot-B’s design is identical to that of the PDC30 Chatbot,
but the reference materials are different. The knowledge base
for Chatbot-B consists of (1) 154 caregiving-related web pages
by the Alzheimer’s Association, (2) 17 dementia
caregiving-related web pages by the US National Institute on
Aging, (3) 14 caregiving topic-based manuals by the
Alzheimer’s Society, United Kingdom, (4) World Health
Organization’s iSupport manual [40], and (5) By Us For Us
Guides, a collection of 15 Canada-based documents written by
people with dementia and their caregivers [41] (if a document
was not optimized for automated processing, its content was
manually extracted and saved as a plain text file to improve the
chatbot’s ability to interpret and analyze the information). In
other words, Chatbot-B represents a rather comprehensive and
authoritative knowledge base from which answers are drawn.
In this sense, Chatbot-B is like an assistant surfing the internet
for relevant materials on behalf of the user and summarizes the
main points for the user in far less time than the user surfing
the internet himself or herself.

Together, ChatGPT and Chatbot-B provide strong reference
points for assessing the quality of PDC30 responses. ChatGPT
is an existing tool that can be used by caregivers in countries
where it is available. It is trained on an enormous text retrieved
from the internet but is known to have the risk of providing
false information when such information exists on the internet.
This reliance on internet-based sources makes it vulnerable to
inaccuracies, particularly when it draws from unreliable content.
Additionally, the chatbot may struggle with context or nuance,
offering responses that are overly general or missing critical
domain-specific details, which can be problematic in sensitive
caregiving scenarios [9]. Chatbot-B, on the other hand, is a new
chatbot dedicated to dementia and caregiving topics using
authoritative materials. A caveat needs to be mentioned. There
are pros and cons of including many reference materials. Up to
a certain point, the benefit of including more texts levels off
given the redundancy across their content. Processing time may
be lengthened as the knowledge base expands in size. Different
texts may also offer advice that contradicts each other. Hence,
a chatbot based on a single text (ie, the PDC30 Guidebook) may
not necessarily fare worse.

Testing Materials and Chatbot Responses
We constructed 21 questions commonly asked by family
members by surfing the internet and subjected the three chatbots
to the same questions to see how their answers compare. The
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responses provided by PDC30 Chatbot and Chatbot-B are
reproduced in Multimedia Appendix 1, whereas those by
ChatGPT are shown in Multimedia Appendix 2. Note that due
to the use of generative AI, the answers provided to the same
question will vary slightly from time to time; thus, these are not
fixed answers, but rather one sample of a range of possible
answers by the respective chatbot. Moreover, it should be
mentioned that the boldfaced headings in front of the bullet
points were created by the chatbots; they did not exist in the
original sources. Interestingly, at one point, the PDC30 Chatbot
addressed the first author (“Dear Tak,” response to the question
“Why is my wife acting like a different person”) and that was
the only instance any of the chatbots addressed the user by name
when answering questions.

For PDC30 Chatbot and Chatbot-B, one can see that despite
using proper nouns (eg, mom and husband) and pronouns (eg,
her), the chatbots had no problem understanding they were the
care recipients. The wording in some questions was intentionally
nonspecific (to mimic everyday conversation) and GPT-4o,
when constrained to answer questions related to dementia and
caregiving, had no difficulty grasping the meaning in the context
of dementia caregiving. On the contrary, ChatGPT expectedly
needed information on the specific context to construct more
relevant responses (for instance, when asked about preparation
for the future, it talked about financial investment unless being
told that the question concerned a family having a relative newly
diagnosed with dementia). Hence questions for ChatGPT were
elaborated accordingly. By comparison, questions posed to
PDC30 Chatbot and Chatbot-B mimicked natural conversations
a lot more.

In terms of answers, occasionally there are bullet points, the
relevance of which to the question is not immediately apparent
(eg, Chatbot-B’s points “utilize online services” and “stay
engaged and active” to the question “What preparation should
we make for the future?”). This issue appeared to be more
common for ChatGPT, including, but not limited to: considering
home safety and daily activities for the preparation for future
question; encouraging activity involvement for the question on
communication skills; discussing financial or legal planning
and communication skills for the question on managing personal
feelings and stress; asking the caregiver to join support groups,
find respite, consider environmental safety, and to take breaks
for himself or herself when the question was how to deal with
mom’s apathy; and getting adult day care, power of attorney,
and medical directives when being asked how to allow husband
to wander safely. Such answers may well confuse caregivers,
limiting the value of ChatGPT as a consultation resource.

Moreover, ChatGPT responses tended to be repetitive, while
missing some key advice to caregivers, such as avoiding
confrontation and giving due recognition to the disease as the
real causal agent for problematic behaviors. On the whole, the
responses by PDC30 Chatbot and Chatbot-B were more concise,
specific, and to the point. Considering the fact that these chatbots
were providing advice on complicated matters, we think their
overall performance was quite good—the results support
chatbots using generative AI technology as a viable approach
to offer advice to caregivers, and the results are better with

topic-focused chatbots. For this reason, we focus on the relative
performance of PDC30 Chatbot and Chatbot-B below.

The answers provided by these two chatbots were surprisingly
similar. In fact, the answers to the question “I am mad with
myself; I made so many mistakes” were identical between the
two chatbots, though PDC30’s answer was probably clearer
with more elaboration. Though there is no straightforward way
to ascertain the relative quality of the answers, we are of the
opinion that compared with PDC30 Chatbot, Chatbot-B’s
performance was inferior in relation to the questions “I cannot
accept the idea that my Mom has dementia and may leave me
one day” and “I am so frustrated I can’t control my emotions;
I would even take out my irritation on her.” One difference
between the two chatbots does stand out, which is that when it
comes to questions related to emotional or mental health issues
(technically the above question about not being able to accept
mom’s condition is also an emotionally laden question), the
PDC30 Chatbot provided a greater variety of suggestions. For
example, pleasant event scheduling and alternative thinking are
important coping strategies but were mentioned by the PDC30
Chatbot only. Other strategies including positive
meaning-making and tackling unrealistic assumptions about the
care recipient were also emphasized a lot more by the PDC30
Chatbot. These differences are notable, as psychoeducational
interventions that include tactics taken from psychotherapy have
been found, in a comprehensive meta-analysis of 131
randomized controlled trials, to be much more beneficial for
dementia caregivers (especially in terms of relieving depression
and promoting self-efficacy and positive gains) than
psychoeducation without such tactics [2]. On the whole, the
results support the value of the PDC30 Chatbot as a “counselor”
for dementia caregivers. Typically, an answer was provided in
20 seconds or less, despite the volume to be scanned, suggesting
that a generative AI chatbot is a rather convenient way for
caregivers to obtain basic information and advice.

Some brief remarks about Chatbot-B are warranted before
moving on to the main acceptability study. In terms of
referencing, Alzheimer’s Association materials were used in
formulating responses to 14 of the 21 questions; Alzheimer’s
Society and By Us For Us documents were each used for 12
questions; National Institute on Aging web pages, 9 questions;
and iSupport, 8 questions. Thus GPT-4o did scan the entire
knowledge input before drafting its answers. Note also that
Chatbot-B works only if the URLs are up to date. This can make
it a less preferable choice as an intervention tool, compared with
the PDC Chatbot which has a stable and well-defined knowledge
source.

Acceptability Study for PDC30 Chatbot—Design and
Procedure
In light of the positive results for the PDC30 Chatbot, we
proceeded to the next phase to evaluate the acceptability of the
chatbot. A mixed methods study was conducted, in which
caregivers were shown the PDC30 Chatbot’s responses to the
21 questions above, and asked to use the chatbot (accessible
using a hyperlink) for two weeks, at least once a day (as this
study was focused on the evaluation of the chatbot, the other
components of the PDC30 intervention were not included). At
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the end of 2 weeks, participants indicated, on a self-report
questionnaire, their frequency of using the chatbot on a scale
of 1=almost never, 2=several times a week but less than daily,
3=once a day, and 4=more than once a day. They rated the
chatbot using the following questions: (1) the chatbot is easy
to use, (2) the answers are easy to understand, (3) the answers
are helpful, (4) overall, you are satisfied with the chatbot, and
(5) you would recommend the chatbot to other caregivers (all
rated from 1=strongly disagree to 5=strongly agree). Participants
were also asked to write down any other thoughts they had about
the chatbot; this written feedback was subject to thematic
analysis [42].

Participants
Participants were recruited through posting notices on campus.
The inclusion criteria are (1) aged 18 years or older, (2)
self-identification as providing care to a relative with dementia,
and (3) self-reported fluency in English. There was no exclusion
criterion. All participants were relatives of students and staff
who were taking care of a family member with dementia and
who provided informed consent to participate. We stopped
recruitment after the 21st participant because data saturation
had evidently been reached, as the same themes kept repeating.
Participants were not financially compensated but were given
continuing access to the PDC30 Chatbot after the study.

Ethical Considerations
The study was approved by the Human Research Ethics
Committee of The Education University of Hong Kong
(reference 2021-2022-0077). Written informed consent was
obtained from all participants.

Data Analysis
The two authors independently read the participants’ written
feedback to first become familiar with the entire set of

qualitative data. After highlighting key points and making notes,
they generated initial codes for each written feedback. Themes
were then extracted by identifying similar codes and patterns
using an inductive approach. The two authors compared their
work and found that similar themes were identified. The themes
were finalized and articulated [42]. As for the Likert-type
questions, data were summarized using descriptive statistics.

Results

Overview
Participant characteristics and their ratings of the chatbot can
be found in Table 1. Understandably, participants were
predominantly child caregivers (10 daughters and 4 sons). Two
caregivers were the daughters-in-law of the care recipient. Only
four were spouses (one wife and three husbands) and one was
a sister.

As can be seen from Table 1, the responses were
overwhelmingly positive. A total of 15 out of 21 (71%)
participants used the chatbot more than once per day (overall
mean 3.62, SD 0.67). Participants thought the chatbot was very
easy to use and most gave the highest rating (mean 4.52, SD
0.68). They also thought the advice provided was quite helpful
(mean 4.29, SD 0.56) and relatively easy to understand (mean
3.81, SD 0.98). Given such positive experiences, it is no wonder
that they felt rather satisfied with the chatbot (mean 4.05, SD
0.59). A total of 16 out of 21 (76%) participants would
recommend or strongly recommend it to other caregivers (mean
4.24, SD 0.83). These ratings were more or less substantiated
by the participants’ written qualitative feedback (Table 2).
Thematic analysis of the written comments revealed 3 recurring
themes.
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Table 1. Acceptability study sample and their ratings of the PDC30 Chatbot.

Q6f,gQ5eQ4dQ3cQ2bQ1aRelationshipSexAgeCaregiver

545454ChildF40A

544544ChildM58B

455554ChildF51C

544553ChildF36D

333252SpouseF73E

554554ChildF50F

454354SpouseM70G

544444ChildM46H

545454ChildF42I

545344ChildF50J

434554Child-in-lawF43K

444343ChildF44L

335452ChildF48M

544554Child-in-lawF55N

554443ChildF50O

544344SpouseM72P

444234SpouseM71Q

345454ChildM54R

345334SiblingF68S

344454ChildM50T

444353ChildF55U

4.24 (0.83)4.05 (0.59)4.29 (0.56)3.81 (0.98)4.52 (0.68)3.62 (0.67)——h53.62
(11.18)

Mean (SD)

aQ1: frequency of use.
bQ2: whether easy to use.
cQ3: answers easy to understand.
dQ4: answers helpful.
eQ5: satisfaction.
fQ6: likelihood to recommend to others.
gExcept for Q1 which is scored 1-4, all other questions are scored 1-5, with higher scores indicating a better experience.
hNot applicable.
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Table 2. Participants’ written comments (reproduced in full) about the PDC30 Chatbot.

Written commentsCaregiver

I love it! I have to work and take care of my mom. My sister do not help. I feel very lonely and not sure what to do at times. Now I
can have this chatbot to talk to any time I want - it feels like a friend. And it gives me ideas about how to handle my mom too.

A

Don’t feel I should go get help from the centre’s social worker again. The chatbot’s advise is better! And it works 24 hours a day! I
actually feel so stupid now that I never trusted AI. I am really surprised how good it is.

B

The answer refer to a guidebook but we don’t have it. That part is a bit confusing. That said, I really like the fact that I can now ask
anything any time.

C

Initially I have reservation. I have tried many chatbots (like banks) and they are so annoying because they pretended to help but only
gave you standard replies not addressing your query. This one is different. Impressed!

D

I am very busy because my husband fell. So I don’t use it much. I appreciate the advise but some suggestions are not easy to follow.
But I find it very easy to use. My first thought it is strange talking to a robot. But after using it, I don’t feel that anymore. When ok, I
will use it more.

E

Can I keep using the chatbot, please? When my nephew mentioned this chatbot to me, I thought it is a joke. Talking to a machine?
But I use it every day now. Please let me use it.

F

How come not available earlier? I wish had it 2 years ago when I was most helpless!G

Did Tom Cruise’s boss said drones do not sleep but pilots do? Well, this is a very good drone.H

This is the first time a chatbot is REALLY answering my questions! There is some wait but waiting time reasonable.I

Professor, thanks indeed for giving me a chance to use this chatbot. It is very helpful!J

Most answers are relevant and informative. Quick too. Better than I thought.K

It say it is not a therapist but it is a therapist. It help me calm down when I was very very frustrated! Thanks. I will try to use it more.L

A good companion. Answer quality is good. But I use it only when I could not find someone to talk to. It’s a backup when no one is
available.

M

I can screen cap the answer and send to my husband. Then we discuss how to handle my mother-in-law. I feel more confident because
I have both knowledgeable advice and husband support.

N

Frankly, I was very skeptical in the beginning. But I gradually like it more. I have a smart speaker but it does not give good answer to
this type of questions.

O

Never used a chatbot. Very interesting. Good information. My wife doesn’t know what I do on my phone when I am looking for help.
If I call my daughter, she would hear what we said and feel upset.

P

Some terms are difficult. I need to check dictionary. But very convenient. 24 hour service. My wife has frequent difficult behavior
and I like the suggestion to ignore or take a break. Some tips for bathing and serving meal helped.

Q

It’s a good chatbot. I love it but 2 weeks too short to say how good it really is.R

Not used to talk to machine. Often I have a problem but forget the chatbot is there. Forget can use my phone. Then afterwards when
I see my phone, I remember! Then I ask question and get some helpful answer but sometime too late.

S

I work in IT field and so this is no surprise to me. I am glad something like this is finally available because caregiving is hard! I did
not get any nonresponse and response time is very good. The answers are specific with enough elaboration and minimal repetition.
These are what determine good user experience.

T

Amazing. It answer all my questions so far. But my father is mild stage. May be my questions not hard enough. Interesting to see if it
can help me when things get more tough.

U

Theme 1: Helpfulness
This is the most dominant theme which was explicitly
(caregivers A, B, I, J, L, K, M, N, P, Q, and U) or implicitly
(caregivers D, F, G, H, O, R, S, and T) mentioned by 19 (90%)
participants. Four (caregivers D, I, O, and T) said the chatbot’s
answers were appropriate, informative, and specific, unlike
other chatbots that provided inadequate, irrelevant, or
standardized replies. Caregiver L specifically mentioned that
the chatbot helped her to calm down when severely frustrated.
Her comments were echoed by caregiver Q who also referred
to helpful practical suggestions by the chatbot. Caregiver F,
despite being informed at the study’s outset, forgot that the
chatbot would continue to be available, and asked if she could

keep on using it after the testing period, a gesture suggestive of
the helpfulness of the chatbot. Another participant (caregiver
G), who cared for his wife, lamented the late coming of this
resource and imagined what difference it would have made to
his situation if it had been available 2 years earlier, again
testifying to the perceived helpfulness of the chatbot. By
comparing the chatbot to a “very good drone,” caregiver H
might be saying that the chatbot got the job done (ie, providing
good advice), a point verified in a subsequent email conversation
with the caregiver. Perhaps a bit exaggerating, caregiver B even
complimented the chatbot by saying that its advice was better
than the social worker’s. One wife caregiver (E), however,
thought that some of the suggestions by the chatbot were not
easy to follow, which was not entirely surprising as behavioral
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and cognitive change takes time and participants did not have
the full intervention program to assist them. On the positive
side, this comment suggests that the answers were relevant, just
not easy to follow through.

Theme 2: Accessibility
In total, 11 (52%) caregivers mentioned, in one way or another,
the usability of the chatbot, including being user-friendly
(caregiver E), lack of (or low rates of) nonresponse (caregiver
T), reasonable waiting time before getting a response (caregivers
I, K, and T), and most of all, the chatbot’s 24/7 accessibility
(caregivers A, B, C, H, and Q). Caregiver H even paraphrased
a conversation in the movie “Top Gun: Maverick” to illustrate
this point.

Unexpectedly, two caregivers mentioned functional merits
unrelated to the chatbot itself. Caregiver N talked about the
convenience of saving the chatbot’s responses and sharing them
with other family members. This action, as alluded to by this
caregiver, might encourage more involvement by other family
members and support to the main caregiver. In addition,
caregiver P made an interesting point about the privacy afforded
by using the chatbot on his smartphone. His comment was a
reminder of the dilemma faced by many caregivers, especially
those in crowded living conditions such as the case in Hong
Kong, when trying to seek help when the care recipient is
nearby. Conversations, whether over the phone or face-to-face,
may be overheard by the care recipient, who, in turn, reacts with
more behavior problems. The chatbot operated on the phone
offers caregivers private space to get help when necessary.

Theme 3: Attitude Toward AI
Five participants (caregivers B, D, E, F, and O) expressed that
they were initially skeptical of AI but the experience changed
their perception of it. For example, caregiver B started with a
mistrust of AI while caregiver F initially found seeking advice
from a machine a ridiculous idea. After trying it, both became
excited by the technology and were using the chatbot more than
once a day. A related sentiment was expressed by another
caregiver, S. She was not used to talking to a machine, and after
having access to the chatbot, kept forgetting about it. Yet, the
undertone of the feedback was that she found the chatbot
responses to be useful and lamented that occasionally she had
not taken timely advantage of the resource.

Not everyone was as receptive to the technology. Caregiver M
did not reject the chatbot but reserved it for occasions when she
could not find people to talk to. Nevertheless, the feedback
overall suggested that experience with the chatbot induced a
favorable attitude toward it in those who questioned its value
to begin with.

Discussion

Principal Findings
This study demonstrates that using a chatbot to help dementia
caregivers is a viable approach. Taking advantage of AI
development, we were able to build the PDC30 Chatbot that
functions as a “counselor” to caregivers (ie, its purpose), by
applying a personality agent to constrain the chatbot’s behavior

and by feeding it with an appropriate knowledge base. The
generative AI algorithm summarized the points using “its own”
words and organized them using headings to facilitate reading.
At first, it might seem that feeding it with more resource
materials would help it formulate better responses—for this
reason, two other chatbots were included for comparison,
namely ChatGPT and Chatbot-B incorporating insider
perspectives (those from patients and caregivers) and guidelines
by several authoritative agencies. In our testing using 21
common questions by caregivers, there was indeed a tendency
for Chatbot-B to generate slightly longer responses than PDC30
Chatbot, though this was not always the case. Nevertheless,
length per se does not determine quality, as longer answers may
contain irrelevant and repetitive points, as we have seen,
especially in the case of ChatGPT. On the whole, we think that
PDC30 Chatbot and Chatbot-B were superior to ChatGPT and
performed similarly, with PDC30 having a further edge on
emotional and mental health issues. In addition, the PDC30
Chatbot was favorably received in an acceptability study of 21
dementia family caregivers after using it more than once a day
for two weeks. The chatbot was considered user-friendly, with
its responses helpful and easy to understand. Their written
feedback about the chatbot centered on three themes: it was
helpful and accessible, and it improved their perception of AI
as a helping agent. Overall, the experience was rather
satisfactory and the participants would strongly recommend it
to other caregivers.

Both PDC30 Chatbot and Chatbot-B provide citations of the
sources they refer to when formulating responses. A caveat
needs to be mentioned. While the citation system may prompt
caregivers to do more reading of the relevant materials, it is
good only to the extent that the sources can be readily located.
As explained in Table 1 footnote, GPT-4o cannot name the
author of the web pages cited. If the source is a document, this
was handled by the way the document is named, such as
“Alzheimer’s Society Making Your Home Dementia
Friendly”—in other words, the citation is to the name of the file
used. If it is just a web page, GPT-4o provides a citation using
the first title that appears on the web page; the agency or author
producing the web page is omitted—this is primarily due to
limitations in GPT-4o’s design and functionality. First, GPT-4o
cannot read logos or metadata from images on web pages, where
authors’names and relevant citation details are often embedded.
If the website does not contain alternative text, GPT-4o cannot
read the images. Second, while the model processes textual
data, it may only effectively distinguish between content and
metadata, such as author names or publication details, if
explicitly mentioned in the text. The website needs to state the
metadata clearly. Additionally, the training data (ie, web page
metadata) may not include structured citation formats, making
it difficult for the model to recognize and extract authors’names
reliably. Furthermore, the design of GPT-4o may include privacy
considerations that prevent it from naming individuals unless
explicitly included in the training data or provided in a clear,
structured format. To address this issue, converting all relevant
web pages into text files with clear filenames and structured
citation information can help ensure that author names and other
citation details are correctly identified and referenced by the
model. On the contrary, the PDC30 Chatbot is to be used
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together with the Guidebook in actual operation—both are to
be hosted on the same intervention website. Thus, the citation
problem mentioned above does not apply.

Perhaps a more important consideration in terms of operation
is that Chatbot-B requires constant monitoring and updating,
should organizations add new web pages, remove certain web
pages, or change the URLs of the web pages—there are indeed
a very large number of web pages to monitor. Worse, changes
to the content of a web page with the same URL will be hard
to detect, unless a “last updated date” is provided. By
comparison, the PDC30 Chatbot is much easier to maintain, as
it is based on only one text.

The PDC30 Chatbot was built with the intention to be included
in a randomized controlled trial, and so we subject it to an
evaluation of acceptability by caregivers. All but one caregiver
provided highly positive feedback about the chatbot; the only
exception came from a wife caregiver whose use of the chatbot
was disrupted by her husband’s fall early in the trial period (had
she contacted the research team then, we would have adjusted
her trial period so that she would have been able to try the
chatbot at a more convenient time. Unfortunately, we were not
aware of the issue until she turned in her responses). On the
whole, the caregivers found the chatbot easy to use (including
the wife caregiver mentioned above) and the answers were
informative, relevant to their needs, and easy to understand.
Many particularly appreciated the chatbot’s helpfulness and
24/7 accessibility, with some further commenting on its lack of
nonresponse and reasonable waiting times before responses
were generated. As a result, some caregivers acquired a much
more favorable attitude toward AI technology because of using
the chatbot. The great majority reported high levels of
satisfaction with the chatbot and would recommend it to other
caregivers. Thus, the PDC30 Chatbot was well-received by
caregivers who used it. The chatbot’s frequent use was also a
testimony to its reception among the caregivers.

Limitations
Despite the encouraging findings, a few limitations need to be
mentioned. First, the sample was predominantly adult children.
We do not think the paucity of spousal or sibling caregivers
was due to the relative lack of digital literacy among older

caregivers as there is no skill required to use the chatbot (other
than typing questions into the input space). The older, spousal
or sibling caregivers who participated generally found the
chatbot easy to use. Rather, we think that this reflects cohort
differences in the preference for digital material [43].
Furthermore, the composition of the sample is not as one-sided
as it seems, as about two-thirds of the caregivers in this
community are children [44]. That said, there is no doubt a
certain degree of self-selection as not everyone prefers digital
resources (we did have two caregivers in the sample who were
initially doubtful of the technology). A future study focusing
on older caregivers, especially those with little digital literacy,
is warranted.

Second, the chatbot was constructed to speak English only, in
alignment with the language used in the parent intervention
program being evaluated in a global trial. It is probably too
harsh to consider this a limitation but in the context of this study,
fluent English-speaking persons do not represent the caregiver
population in Hong Kong. Due to the time pressure to launch
the clinical trial, we also did not recruit caregivers from
English-speaking countries. Although the generalizability of
the findings may be limited, the PDC30 Chatbot’s responses
shown in Table 1 suggest that the chatbot should be quite
suitable for caregivers in other countries as well.

Conclusions
To the best of our knowledge, this is the first study reporting
the development of a psychoeducational chatbot for dementia
caregivers and testing its functioning and acceptability among
caregivers. The convenience of delivering advice to caregivers
by AI-driven chatbots is an approach that needs to be explored
further by the field. Services for families with dementia are
lacking, especially in resource-poor countries, and even when
services are available, many caregivers do not use the services
due to lack of time, services not meeting their needs, or simply
wanting to locate information themselves [45]. Good chatbots
may well fill some of the gaps and get help to these caregivers
around the world. There is one more important feature that
makes chatbots an advantageous option—only small amounts
of data are transmitted each time and hence chatbots are
especially suitable for low-income countries and rural areas in
general where internet coverage remains an issue.
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Abstract

Background: Many members of Black American communities, faced with the high prevalence of Alzheimer disease and related
dementias (ADRD) within their demographic, find themselves taking on the role of informal caregivers. Despite being the primary
individuals responsible for the care of individuals with ADRD, these caregivers often lack sufficient knowledge about ADRD-related
health literacy and feel ill-prepared for their caregiving responsibilities. Generative AI has become a new promising technological
innovation in the health care domain, particularly for improving health literacy; however, some generative AI developments
might lead to increased bias and potential harm toward Black American communities. Therefore, rigorous development of
generative AI tools to support the Black American community is needed.

Objective: The goal of this study is to test Lola, a multimodal mobile app, which, by relying on generative AI, facilitates access
to ADRD-related health information by enabling speech and text as inputs and providing auditory, textual, and visual outputs.

Methods: To test our mobile app, we used the cognitive walk-through methodology, and we recruited 15 informal ADRD
caregivers who were older than 50 years and part of the Black American community living within the region. We asked them to
perform 3 tasks on the mobile app (ie, searching for an article on brain health, searching for local events, and finally, searching
for opportunities to participate in scientific research in their area), then we recorded their opinions and impressions. The main
aspects to be evaluated were the mobile app’s usability, accessibility, cultural relevance, and adoption.

Results: Our findings highlight the users’ need for a system that enables interaction with different modalities, the need for a
system that can provide personalized and culturally and contextually relevant information, and the role of community and physical
spaces in increasing the use of Lola.

Conclusions: Our study shows that, when designing for Black American older adults, a multimodal interaction with the generative
AI system can allow individuals to choose their own interaction way and style based upon their interaction preferences and
external constraints. This flexibility of interaction modes can guarantee an inclusive and engaging generative AI experience.

(JMIR Aging 2025;8:e60566)   doi:10.2196/60566
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Introduction

Background
Alzheimer disease and related dementias (ADRD) are brain
health conditions impacting cognitive abilities such as memory,
language, problem-solving, and executive functions [1,2].
Within the United States, older Black American and Black
adults have been identified as being twice as likely as individuals
from other ethnic groups to develop ADRD over the course of
their lifetime [3-5]. In a study conducted with 59,555
individuals, Black American adults had a 65% greater risk of
developing ADRD (with 26.6/1000 Black American adults
developing ADRD, compared with rates of 19.6/1000 for
Latinos, 19.6/1000 for Pacific Islanders, 19.3/1000 for Whites,
and 15.2/1000 for Asian Americans) [6].

However, despite being significantly more likely to develop
ADRD, Black Americans exhibit lower levels of ADRD-related
health literacy compared with other demographic groups [7].
This disparity impacts informal caregivers who often find
themselves unprepared and uninformed about ADRD treatment
and diagnosis, as well as about ADRD-related sources and help
[8]. Therefore, providing essential medical information to these
caregivers is crucial in combating the disease.

Considering the potential of new technologies to aid patients
and caregivers with understanding medical language by
simplifying content and removing jargon [9], generative artificial
intelligence (AI) tools, like ChatGPT developed by OpenAI,
could offer innovative opportunities in health care, particularly
for improving ADRD-related health literacy. Indeed, recent
studies proposed using ChatGPT for reliable and comprehensive
health information [10-13].

However, relying solely on generative AI to improve
underrepresented communities’ health literacy can lead to
several issues like providing inaccurate or false health
information [14,15]. Additionally, studies have shown that using
generative AI exclusively for health diagnosis and treatment
can reinforce sexist and racial stereotypes and biases [16-18].

For instance, predictive models trained on historical data that
lack representation from diverse demographics can reinforce
existing biases in diagnosis and treatment plans [19,20]. The
exclusion of certain populations in the studies and design process
can lead to misdiagnosis and inappropriate treatment [21-23],
exacerbating health inequalities rather than reducing them
[20,24,25]. Therefore, it is crucial to ensure greater diversity in
model training data and include diverse participants in studies
and design processes to improve the generalizability of findings
[26] and the fit of the technology use for the target population.

Therefore, given the potential of generative AI to improve health
literacy and mitigate health inequalities among underrepresented
populations, such as the Black American community, it is
imperative to design inclusive ADRD health literacy
interventions.

Previous studies, especially in the domain of human-centered
design, highlight the importance of integrating cultural insights
into health care technologies for this community [27-31]. Hence,
it is crucial to tailor generative AI–based health interventions
to meet the unique needs of Black American informal caregivers
of individuals with ADRD.

Thus, this study identified the needs of Black American
caregivers of individuals with ADRD by testing Lola, an
ADRD-focused generative AI tool. Lola is a multimodal mobile
app that provides access to health information from the
Alzheimer’s Association online repository [1] via text, chatbot,
and voice assistant.

Related Work

Generative AI in Health Care
Generative AI has become a transformative force in health care,
offering innovative solutions in diagnostics, personalized
medicine, and patient care. Recent studies have highlighted the
role of generative models in enhancing diagnostic accuracy by
analyzing complex medical data and generating synthetic patient
data to train other AI systems. For example, a study by Chen
and Esmaeilzadeh [32] demonstrated that generative models
like generative adversarial networks could significantly improve
the detection and diagnosis of diseases by creating high-quality
medical images from existing data. Additionally, variational
autoencoders have been used to generate realistic medical
imaging data, further aiding disease research and model training.
Moreover, the use of large language models (LLMs) such as
GPT-4 has shown potential for assisting clinicians by generating
comprehensive patient histories and suggesting personalized
treatment plans [33].

Moreover, the use of LLMs such as generative pretrained
transformer (GPT)-4 has shown potential for assisting clinicians
by generating comprehensive patient histories and suggesting
personalized treatment plans [33]. Studies have also explored
the use of LLMs in generating patient education materials and
automating routine documentation tasks [34]. Despite still being
in its developmental stages, generative AI holds significant
promise for enhancing the accessibility of health care [10-13].

Human-Centered Generative AI
Generative AI models are trained on large data sets that may
contain biases, further perpetuating stereotypes and disparities
in health care [20,24]. More diversity is needed in both data
used to train AI models and participants included in studies to
ensure the generalizability of findings [26]. Additionally,
addressing ethical and regulatory considerations is crucial when
deploying AI in health care.

The integration of human-centered design principles into
generative AI applications is crucial to ensure these technologies
are accessible, intuitive, and beneficial to end users. Research
has emphasized the importance of involving end users in the
development process to create AI systems that meet their needs
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and preferences. For instance, a study explored the application
of ChatGPT for developing digital health interventions, finding
that user involvement in the design phase led to higher
satisfaction and engagement rates among patients [35].
Specifically, user feedback was gathered through focus groups
and iterative testing phases, allowing developers to continuously
refine the AI user interface and functionality.

Generative AI and the African American and Black
Community
Inequalities have been observed in health care and accessibility
to these services for underrepresented communities [36-40]. AI
systems that initially aim to reduce the disparities in health care
also present challenges for health care accessibility for Black
American communities.

Addressing the unique health care challenges faced by Black
American communities through generative AI is a growing area
of interest. It is essential to ensure that these AI systems do not
perpetuate existing biases or disparities. Studies have highlighted
the potential of generative AI to provide culturally sensitive
health care solutions. For example, a study explored the use of
mobile health [41] interventions to mitigate the impact of
COVID-19 in Black American communities, emphasizing the
need for community-specific content and trusted communication
channels to improve health outcomes.

Informal Caregivers of Individuals With ADRD and
Their Use of Technology
In 2023, approximately 15 million people served as caregivers
for individuals with ADRD [1], with African Americans
accounting for one-tenth of these caregivers [1]. This unpaid
work amounted to an estimated 16 billion hours [1]. Caregivers
often feel unprepared for their roles [42], lacking information
on diagnosis, treatment, and available resources [8,43].

Technology has been crucial in supporting these caregivers [44],
and technologies have been developed to reduce caregiver stress
and anxiety [45] and facilitate access to information for
caregivers [46]. However, these technologies targeted different
demographics than African American and Black populations.
For instance, Hong et al [45] developed and tested a
technological intervention aimed at reducing the stress and
anxiety related with caregiving by focusing exclusively on
Chinese participants. On a similar note, Boutilier et al [46]
developed and tested a web app to help informal caregivers
document information on their ADRD-diagnosed patients and
share important changes with the care team. Boutilier et al [46]
tested this system with mainly non-Hispanic White participants,
with only 1% of participants being Black Americans.

However, no study has focused on Black American caregivers,
which is extremely important and challenging at the same time,
considering this population’s lower level of technology use and
adoption [47]. Additionally, a recent systematic review of
technological interventions (mainly mobile apps) [48] found
that most of these systems did not present any culturally relevant
health information and were characterized by low accessibility
and low readability.

Previous studies have shown that online health communities
(OHCs) offer emotional and instrumental support to caregivers
of individuals with ADRD [49] and chronic diseases [50],
providing a platform to share experiences and find support from
peers [49,51]. Furthermore, only a few technological support
interventions for informal caregivers focus on ADRD-related
information. Most aim to enhance caregivers’ psychological
well-being by providing stress management strategies [52] or
developing social games to promote physical activity and mutual
support networks [53].

We identified 2 gaps in the previous literature. Although OHCs
offer instrumental support by sharing caregiving tips, they often
lack localized, actionable ADRD information or personalized
support tailored to caregivers’ and patients’ specific needs.
Additionally, there is limited representation of Black American
caregivers in research, raising concerns about the ability to
understand and address their sociocultural background as well
as their unique needs compared with other populations, which
is vital for developing health technologies for them [49].

Methods

Recruitment
We conducted recruitment and research sessions in close
collaboration with a community engagement team who ensured
that participants were all caregivers in some capacity for
individuals living with ADRD and fulfilled the inclusion criteria.
To meet the inclusion criteria, participants had to be older than
50 years, identify as Black Americans, reside in the target area,
and actively provide care for a person with ADRD. Throughout
this study, emphasis was placed on collaboration with the Black
American community within the region. Consequently, 2
community engagement specialists joined the research team to
organize monthly community advisory team board meetings to
maintain community involvement and awareness of research
insights and findings. Prior to implementing any major design
decisions, the advisory team board was consulted to ensure
cultural relevance. These measures enabled the research team
to make more culturally competent decisions.

Ethical Considerations
Ethical approval was provided by the institutional review board
at Indiana University (approval number 12241), All participants
received a full explanation of the consent procedures, and any
specials needs were accommodated during sessions. Participants
were compensated with a US $50 gift card for taking part.
Participants’ privacy and confidentiality were protected by
anonymizing the data, changing the wording of the quotes
presented in the Results section, and deleting all the audio
recordings after the transcriptions were completed.

Data Collection and Analysis
We performed an adapted cognitive walkthrough with users
[54,55]. We conducted 15 sessions in 2 regions in the Midwest
region of the United States. Each session was completed in a
1-on-1 meeting that involved 1 researcher and 1 notetaker with
the participant. Each session lasted approximately 30 minutes.
Although we were aware that longer testing sessions might
guarantee the collection of more comprehensive feedback, we
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made sure to construct the tasks and testing in a way that
allowed the emergence of in-depth insights and findings.
Moreover, given the older age of our participants, we did not
want to induce cognitive fatigue.

During a session, each participant was introduced to the platform
and a set of 3 tasks. Those 3 tasks consisted of searching for an
article about brain health, searching for ADRD-related local
events, and finally, searching for opportunities to participate in
scientific research.

As participants performed the tasks, they were asked to voice
their thoughts out loud in real time (“think aloud” method [56]),
and after each task was complete, there was a brief
semistructured discussion centered around 4 tenets: (1) usability
(eg, Did you find anything in this task confusing? In what way?),
(2) accessibility (eg, How do you expect Lola to answer you?
Did you find the information easy to understand? If not, why?),
(3) cultural relevance (eg, Did you find the tone of interactions
appropriate? If not, how so? How do you think this platform
can be made better for the Black American community?), (4)
adoption (eg, What do you think would be a good way of
spreading knowledge about this so that people you know can
properly adopt it and use it?)

Each session was audio-recorded and transcribed. The generated
transcripts were spell-checked. Guided by the principles of
usability, accessibility, and relevance, 6 researchers coded the
transcripts using the open-source software Taguette [57]. The
team took an analytical, iterative approach by discussing the
codes and consolidating them into themes [58] through second
and third rounds of discussion. The resulting major themes about
the needs of the users are described in the Results section.

System Design

Overview
Generative AI is at the forefront of technological advancements
in health care applications, specifically in the development of
interactive tools such as chatbots and voice assistants. In the
context of Lola, an innovative app tailored for Black Americans
coping with ADRD, generative AI plays a crucial role. It powers
both the chatbot and voice assistant, enabling them to deliver
intuitive and empathetic user interactions. These AI-driven tools
analyze complex user queries, source relevant information, and
articulate responses that are both informative and comforting.

Integration With ChatGPT Technology
The core functionalities of Lola—the chatbot and voice
assistant—use the natural language processing prowess of
ChatGPT 3.5 Turbo.

Voice Assistant and Chatbot Mechanism
These multimodal features enhance the accessibility of the app,
providing users with options for both auditory and textual
communication. This is particularly beneficial for users with

different levels of technological literacy or physical abilities.
The real-time response generation capability of ChatGPT
ensures that every interaction is smooth and engaging.

Data Utilization and Information Sourcing
Lola’s AI systems are designed to draw information from
authoritative sources such as the Alzheimer’s Association online
repository [1], supplemented by curated recommendations from
a team of medical doctors specializing in ADRD. This method
ensures that the information provided is not only accurate but
also up to date with current medical standards and practices.

Ensuring Clear and Meaningful Communication
The generative process involves a sophisticated workflow in
which initial responses, structured using LLM techniques, are
refined by ChatGPT for clarity and empathy. This ensures that
the communication is not only technically accurate but also
tailored to meet the emotional and cognitive needs of the users.

Technical Infrastructure
The comprehensive technical infrastructure of Lola uses Flutter
for development of the front end to maintain a consistent and
engaging user experience with visually appealing,
high-performance interactions across various devices and
modalities. The back end is powered by Python’s Flask
framework, paired with a PostgreSQL database for robust data
management and fast data retrieval during the human-app
interactions. The deployment of Docker for containerization,
along with the use of the research team’s university servers,
provides a secure and reliable environment for hosting and
managing Lola’s functionalities. By reducing compatibility
issues, this setup ensures consistent system performance and
reliability.

App Features
In response to the challenges faced by older Black Americans
regarding the accessibility of credible ADRD information,
Lola’s interface serves as a platform for accessing
ADRD-related articles, local and virtual events, and
opportunities to engage in the latest ADRD research. Lola
incorporates a chatbot feature represented by a floating green
bubble in the bottom right corner, accessible to users throughout
their interaction with the app (Figure 1).

Users can interact with the Lola chatbot by clicking the green
call-to-action button, which initiates a conversation through
text or voice input. Using generative AI, the Lola chatbot
provides responses in text format or as voice messages by
clicking the “Play” button, facilitating accessibility for users
with varying literacy levels or preferences for voice interaction.
Users can also copy the response as text or share the response
with their contacts. When users choose to end the conversation,
the system saves the conversation in the chat history (Figure
2).
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Figure 1. Example of a user having a conversation with the Lola chatbot using the interface designed by the research team.
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Figure 2. Example of a user using voice input and the possibility of browsing the history.

Results

Participant Demographic Information
A total of 15 participants were included in this study. All of
them were informal caregivers for someone living with ADRD
and were Black American. All participants shared that they were
born and raised in the United States. Regarding family origins,
5 participants identified having African family origins, 9 were
unsure of their family origins, and 1 chose not to disclose. Table
1 summarizes the participants’ demographic data. Of the 15

participants, 12 (80%) were 65 years or older. Most participants
were female (11/15, 73%), with 2 (2/15, 13%) being male and
2 (2/15, 13%) providing no gender response. Regarding
education, 10 participants (10/15, 67%) indicated having at least
some college education (partial completion, a bachelor's degree,
or an associate degree), while 2 (2/15, 13%) had a graduate
degree, 2 (2/15, 13%) indicated a high school education, and 1
(1/15, 7%) did not provide a response. Most participants (11/15,
73%) were retired, only 3 participants (3/15, 20%) worked either
part-time or full-time, and 1 (1/15, 7%) did not respond.
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Table 1. Participant demographic information.

Work sectorEmploymentEducation levelGenderAge (years)Participant number

Health careRetiredSome collegeFemale721

UtilitiesRetiredSome collegeMale742

NRaRetiredAssociate’s degreeFemale683

ConstructionRetiredSome collegeMale694

Health carePart-timeAssociate’s degreeFemale545

NRNRNRNR666

Community advocacyRetiredGraduate degreeFemale697

Health careRetiredSome collegeFemale698

Faith-basedRetiredSome collegeFemale759

Customer serviceRetiredHigh schoolFemale7110

InsuranceRetiredAssociate’s degreeFemale6911

Health careRetiredHigh schoolNR7212

Health careRetiredSome collegeFemale6813

Employment specialistFull-timeGraduate degreeFemale6314

EducationPart-timeBachelor’s degreeFemale6215

aNR: not reported.

Overview of Lola
The Lola system includes 3 different models of interaction: (1)
accessing information in a traditional touch screen app format,
(2) texting with an AI-powered text-based chatbot, and (3)
talking to a voice assistant that accompanies the chatbot.
Participants experienced all 3 models of interaction during user
testing.

Themes
From the analysis of the data collected, 3 main themes emerged:
(1) the need for a multimodal AI tool that relies on multiple
senses, (2) the need for culturally specific ADRD content, and
(3) the importance of physical places and existing social
networks to spread Lola among the community. This section
will explore these themes in depth and how they relate to the
goals of the research.

Theme 1: The Need for a Multimodal AI Tool That
Relies on Different Senses
This theme describes participants’ need for interacting with the
Lola system in different ways aside from the traditional touch
screen gesturing predominant in most mobile apps. This
multimodal interaction could take several forms, for example,
voice interaction that can read content generated as text out
loud. This would allow participants with low vision, which is
common among older adults, to access the content.

Because with the people that I work with on a daily
basis, one is not able to read anymore because she’s
going blind. So, it’s not just Alzheimer's dementia
that needs to be looked at, at least all the senses need
to be looked at because people are going through so
many different things at the same time. [P4]

Consistently, auditory access to information positively
influenced participants’ interactions with the system. Some
participants preferred to engage with the tool using their voice,
hence treating the tool as a voice assistant and asking it
questions. For the participants, this was a valuable addition to
the traditional touch screen interaction. For people not only with
low vision but also with lower digital skills, voice interaction
resembles a conversational exchange with which they are
familiar and comfortable.

I think that this was good to be able to speak it.
Because, if you’re dealing with people who are not
computer savvy or internet savvy, being able to speak
it, and it automatically pops up or speaks your
question and then being able to close that area so it
won’t keep recording. That was quick and easy. It
was simple. [P9]

Speaking features (as opposed to just reading and typing
information) are especially helpful since they would enable
people to access their usual methods of dealing with
health-related information, such as writing it down on a piece
of paper and saving it for later reference while someone is
sharing the information. Having an auditory feature to provide
health care information in addition to other interaction models
can improve the accessibility of relevant information for those
with difficulties accessing digital content due to low visual
capacity.

That would help too if it played. And then they spoke
out the information. And there’s different ways I can
have a pen and a pad. And then while she’s speaking,
I could write the information down. Because it is
printed small. And you have to read all this
information. But if she tells me, and the number you
can call is one 800, I’d be writing it down. [P1]
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However, solely relying on the sense of hearing could be a
limitation for people with auditory impairments, who could get
frustrated by the tool.

But I couldn’t hear it. I was kind of frustrated. So, it
kind of forced me to read it in my eyes are strained.
[P14]

One participant highlighted the benefit of a multimodal approach
pairing visual and auditory stimuli together, drawing on their
experience in church where reading and listening occur
simultaneously.

For me and people lazy, they don’t want to have to
go through the reading it would have, because I would
like to hear it while I’m reading it. It is better. If it
were just speaking it, I probably wouldn’t grasp. But
it was speaking in I was reading it and I was falling
through. It would have been like being in church. And
the preacher is preaching a sermon, he tell you what
he coming out of and you fall you open your Bible to
that. John 316, and you follow him as he’s talking.
[P5]

This theme highlights the importance of creating a system with
multimodal interaction and pairing auditory and visual inputs
in a way that makes the tool more accessible and allows a
broader audience to meaningfully engage.

Theme 2: The Need for Context and Culture-Specific
ADRD Content
This theme highlighted the need for contextually and culturally
specific mobile apps that integrate relevant and accessible
ADRD information. When combined with a multimodal AI
tool, these tailored apps can significantly enhance participants’
access to the information they need, which is not always directly
related to health care.

One participant expressed their discontent with the lack of
relevant information in the Lola app, stating that they wanted
more than just medical information such as actionable lifestyle
changes that can improve their health.

Definitely more than just medical information.
Because I’m not one to push drugs, I don’t take none.
If a doctor tells me something is going on, I’m asking
first and foremost, what can I do? Or how can you
help me get to this process? Naturally? Do I need to
implement exercise, do I need to change my diet, what
vitamins, whatever. But if they talk about medication,
it’s gonna be a big turn off for me instantly. So that's
just me. Some people think a quick fix is the answer.
But every Quick Fix has consequences. [P4]

Additionally, another participant mentioned the need for
accessible ADRD mobile apps. Being able to operate and
navigate through the app with little or without outside help is
ideal.

Well, you know I just had therapy at the hospital,
okay. And I was so amazed that every time I went to
therapy, they gave me a folder with exercises, and
one time they gave me an app. A girl was there, and
she showed that to me. And I was just shocked. She

used the app to show me the exercises, and every time
I went back, she added exercises for me to do on the
app. So that was amazing to me. So yeah, the apps
are important. They really are. And they're to be
simple. And they got to be informative. And they got
to be to the point where even the agent can navigate
through them. [P10]

Some participants expressed discontent with the use of language
in the Lola app, as it was perceived as too technical and not
catering to the target population well enough.

Now all these big words, that’s what we get me. I
wouldn’t understand them. Okay, so there’s too many
words, too many big words, I would not understand.
[P15]

Certain participants expressed a desire for the mobile app to
cater to their Black American communities by offering culturally
specific ADRD information tailored to their needs.
Consequently, they sought additional content that would address
their unique concerns and circumstances.

So I’m thinking on the other side as the creators of
it, maybe you don’t want to offend other races or
whatever. But if Alzheimer’s is more prevalent in my
community, I feel like we need to have that target. So
we will know exactly where to go, filter through some
of the other stuff, some of the things but Alzheimer’s
and dementia are across the board. But maybe some
things are just specific toward my race. Sure. And I
want to know that, and I want to know that in the most
timely fashion possible. [P9]

Last, some of the participants highlighted the necessity for the
mobile app to include community-centric information and
information about local resources and organizations for ADRD,
which could be tailored to individual users and their community
based on their location.

I don’t travel too far for it. So, I think there needs to
be something located in their community. [P4]

More websites because a lot of people are interested
in a study of Alzheimer’s or dementia. And it’s
national, local. So, I would rather you know, her give
me the local if I had to visit it. It’s good to know the
national, but also there’s local organizations as well.
[P1]

This section showed how providing context and culturally
relevant ADRD information that is accessible is requested by
the Black American community.

Theme 3: Physical Places and Existing Social Networks
Are Necessary to Spread Lola Among the Community
This last theme is related to the importance of using physical
community-oriented places and pre-existing social networks to
spread technological tools among the Black American
community. Our participants suggested community-oriented
ways to advertise these health-related technologies to be adopted
and used by the community. Most of the participants mentioned
the importance of doing demonstrations of the Lola app in
physical community places such as a town hall.
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I think if they’re going to implement this process, then
they should have maybe a town hall meeting to go
through the process have a big screen. The people
that are interested in finding out more than they’ll do
it step by step. So I think that will be a demonstration
we’re having at a community center or, or even in a
building like this, and advertise that we have a new
application now called Lola that will help. [P1]

Finally, participants mentioned how, in the advertisement of
the Lola app, it is important to leverage pre-existing social
networks within the community, such as relying on word of
mouth and showing how people within the community are using
Lola.

More information to let us know, what makes Lola
different from the other? That will make me want to
go to Lola more. And that could cover word of mouth,
that could cover the internet, having more of these to
get people involved to know more, maybe part of the
marketing or the draw from my community would be
Lola specifically, or is more strategic as far as getting
information out to Black communities. [P9]

This section highlighted how physical locations where the
community gathers and existing social networks are vital to
promote increased use of Lola, as word-of-mouth marketing is
effective when performed by trustworthy individuals.

Discussion

Principal Findings
Deployment of generative AI in the health care domain offers
the promise of innovation and expands the potential of equitable
health technologies. However, erroneous design and
development of generative AI could increase bias and potential
harm toward historically marginalized and underserved
communities. Including underserved populations in the design
and development of a technological intervention has been shown
to increase the opportunity for representation and inclusivity
[27-31]. Following this line of research, our study investigated
the experiences of Black American caregivers using a generative
AI tool to seek ADRD-related information (such as symptoms,
community resources, financial aid).

This is the first study that specifically addresses the needs,
demands, and challenges of this specific population from the
perspective of caregivers of individuals with ADRD. An
in-depth description of the 3 key design implications to create
an inclusive and culturally relevant AI-supported platform for
health will follow.

Fostering Inclusivity Through Multimodality
We observed how Black American caregivers expressed the
need for multimodality of interaction to equitably access what
generative AI tools have to offer. Indeed, they expressed the
importance of being able to “talk with the tool” and hear back
(eg, read content out loud) in the fashion of a conversational
voice assistant. Several participants’ insights suggested a
preference toward multimedia, emphasizing the auditory and
visual senses and providing modes (speaking, reading, and
listening) to support these interaction styles. These implications

may originate from their day-to-day time constraints, requiring
short and efficient interactions.

Previous work addressed the efficiency of using multimodal
systems that provide health care. Linders et al [59] created a
multimodal health assistant to provide health information.
Soubutts et al [60] used a multimodal device to support the
needs of households for health and care purposes during
COVID-19. The need for multimodal interactions for memory
aid systems has been also highlighted [61].

Additionally, multimodality can guarantee a larger audience
who will interact with the system [62], thereby allowing people
with low vision and low hearing to access the system and seek
ADRD health-related information. Within the landscape of
designing for inclusive and equitable computing, our study took
the approach of multimodal interaction. Our findings emphasize
the need to tailor technology to accommodate different
interaction styles. This can be achieved by designing multimodal
technologies that can meet the needs of differently abled users.

Answering the Call for Context and Culture-Specific
ADRD Information
Our findings reflected the caregivers’ need for contextually and
culturally relevant ADRD information that is specific to their
communities or personalized based on their needs and
preferences. They indicated their need for lifestyle tips and
actionable tools for ADRD rather than only medical information
in the system. They also did not want to be offered only general
ADRD medical information; rather, they wanted ADRD-related
information specific to their community, local resources, and
geography. Locality and cultural relevance emerged as 2 of the
most important factors influencing the perceived usefulness of
the information sought. This is in line with previous studies
[63,64] showing that providing community-centered information
can increase the acceptance and adoption of generative AI tools.
Compared with the use of OHC, which provides general
emotional and social support, as identified by previous studies
[49-51], our study reveals the need for specialized information
on health care. Our participants expressed their need for
instrumental and informational support specific to their social
and cultural context as well as geographic location. This finding
complements the benefits of OHCs to meet all the needs of
caregivers including instrumental and information support.

Furthermore, our participants wanted to be sure that the
information provided was accessible to people with low literacy
skills within their own communities. This is in line with the
collectivist nature of African American communities observed
in a prior study on technology use [30], wherein, for a
technological intervention to be accepted, it must be inclusive
of all the members of the Black American community.

Keeping Not Only the People But Also the Community
in the Loop
Finally, our study offers a novel contribution in generative AI
research investigating how generative AI tools can be advertised
and spread among the Black American community. To our
knowledge, this is the only study that has investigated this aspect
of generative AI use and adoption. Indeed, low technology
adoption is a striking problem within Black American
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communities, especially among people with low economic
status, which prevents them from using online tools to access
health information and improve their health literacy [65].
However, low adoption does not arise from the lack of digital
tools but also from a skepticism toward digital tools [66].
Privacy is also a crucial concern, as Black American populations
tend to be more skeptical toward the use of technology based
on a fear of privacy intrusions and breaches of privacy [41,63];
thus, generative AI–based technologies for this population
should foster a transparent and reliable way of handling user
privacy.

Some studies [35,66-68] have investigated how faith-based
organizations can be important for health dissemination and
assisting Black American adults seeking health information.
Our study expands on these previous studies by exploring the
strategies suggested by our participants, which could be used
to foster generative AI adoption and its use among their
communities.

Hence, although most studies have focused on programs
designed to disseminate information based upon the creation
of seminars and physical events, our study provides evidence
of how physical organizations (faith-based organizations, public
as well as medical organizations) could be strategic actors in
fostering the adoption and use of a generative AI tool for ADRD.
Additionally, given that these populations have limited resources
and opportunities to interact with AI systems and often have
difficulties accessing any technology (eg, software, hardware,
internet) due to financial and infrastructural challenges [39],
incorporating these physical organizations is significant.
Building trust and familiarity by involving faith-based
organizations and communities in the dissemination of the tool,
as well as in the tool’s use, facilitates not only dissemination
but also the ability to break the barrier of skepticism toward
health technology, by showing the community how it could
embrace the tool.

Finally, ethical implications and concerns must be addressed
in the discussion of the findings, even though ethical concerns
did not explicitly emerge in this study as its focus was on
usability, accessibility, cultural relevance, and adoption.
However, it is crucial to discuss how topics such as consent,
privacy, and bias can impact the use of generative AI for an
underrepresented community. As suggested by previous studies,
ethical guidelines committed to social good and human
well-being should be developed and followed by AI system
developers [32]. Consent and data management must be at the
core of every generative AI system, allowing users to be in full
control of their own data and their interaction with the tool.
Furthermore, it is critical that users who interact with or provide
data for AI systems fully understand what they are consenting
to. This is especially important for populations with lower
literacy rates, for whom the clarity and accessibility of consent
forms must be carefully considered.

Limitations
This study is subject to several limitations. First, the sample
characteristics are not representative of the broader population.
The age range of our participants may not adequately capture
the unique challenges faced by younger caregivers who juggle

multiple responsibilities alongside caregiving. Future studies
should aim to recruit a more diverse sample to better understand
the challenges different demographics face in accessing health
information for caregiving.

Furthermore, our participants demonstrated a high level of
education, with the majority (12/15, 80%) having some college
education. This could have influenced our findings, potentially
skewing the results toward those with higher educational
backgrounds. We recommend future research include Black
American individuals with lower literacy levels to better
understand their specific needs and how they engage with
AI-generated health technologies.

Last, the user experience testing sessions for this study were
conducted outside of the participants’daily environments, which
may not accurately reflect the day-to-day challenges they might
encounter when interacting with Lola. This limitation could
restrict the scope of identified problems. Future studies should
consider conducting tests in settings and scenarios that more
closely mimic real-life conditions to gain deeper insights into
the tool’s practical efficacy and user engagement.

Apart from the opportunities already identified, our study opens
the research space on the intersection between generative AI
and underrepresented populations living in the United States.
One possibility could be investigating the effectiveness of
tailoring ADRD content to the community’s values; hence,
future studies could quantify the effectiveness of such
interventions on user engagement as well as on ADRD-related
health literacy. Second, future studies could investigate the
impact of different interaction modalities on user engagement,
thus understanding whether multimodality is preferred over
solely having the opportunity of interacting with one modality,
and explore the potential benefit of using different modalities
over others in groups with various needs.

Conclusions
This study adds to the expanding field of research focused on
deploying generative AI to improve health literacy. More
specifically, the emphasis of this study was on improving the
ADRD-related health literacy of Black American informal
caregivers, who often are solely responsible for individuals with
ADRD. Our objective in testing our intervention, Lola, was to
identify the specific aspects of our design that need to be tailored
and modified. This approach aims to develop a tool that can
genuinely assist this population, enhance their ADRD-related
health literacy, and support them in their caregiving
responsibilities.

Our findings showed that ADRD-specific content should be
made contextually and culturally relevant to be perceived as
useful by informal caregivers, thereby including information
on local, geographically dependent resources. This shows how
generative AI designed to improve ADRD-related health literacy
should be highly personalized and dependent upon the user’s
social and cultural context. Additionally, concerning the
interactions, relying on multimodality can contribute to creating
an accessible tool for informal caregivers, by offering them
multiple and diverse interaction strategies. Once again, this
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finding indicates the need for a generative AI tool that can adapt
to the users’ physical and cognitive needs and demands.

Finally, through active collaboration and community
engagement, this study provides evidence of the importance of

including the users and population of interest in the evaluation
of a design as a way to guarantee that generative AI technologies
will benefit all individuals within society, even underrepresented
communities such as Black American populations.
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Abstract

Background: With the increasing number of older adults globally, there is a constant search for new ways to organize health
care services. Digital health services are promising and may reduce workload and at the same time improve patient well-being.
A certain level of eHealth literacy is needed to be able to use digital health services. However, knowledge of technology readiness
in this target group of older adults is unclear.

Objective: The aim of this study was to understand the technology readiness level of a group of older adults who were provided
home care services in order to address the present and future needs of this group in relation to the implementation of digital health
care services.

Methods: This quantitative cross-sectional study included 149 older adults from Norway receiving home care services. The
participants completed the Readiness and Enablement Index for Health Technology (READHY) instrument, assessments of
well-being (World Health Organization-Five Well-Being Index [WHO-5]), and assessments of demographic and clinical variables
(sex, age, education, living situation, comorbidity, use of digital devices, and use of IT). Cluster analyses were used to group the
users according to their technology readiness.

Results: The mean participant age was 78.6 (SD 8.0) years, and 55.7% (83/149) were women. There was good consistency
within the assumed READHY scales (Cronbach α=.61-.91). The participants were grouped into 4 clusters, which differed in
terms of READHY scores, demographic variables, and the use of IT in daily life. Participants in cluster 1 (n=40) had the highest
scores on the READHY scales, were younger, had a larger proportion of men, had higher education, and had better access to
digital devices and IT. Participants in cluster 4 (n=16) scored the lowest on eHealth literacy knowledge. Participants in cluster 1
had relatively high levels of eHealth literacy knowledge and were expected to benefit from digital health services, while participants
in cluster 4 had the lowest level of eHealth literacy and would not easily be able to start using digital health services.

Conclusions: The technology readiness level varied in our cohort of Norwegian participants receiving home care. Not all elderly
people have the eHealth literacy to fully benefit from digital health services. Participants in cluster 4 (n=16) had the lowest scores
in the eHealth Literacy Questionnaire scales in the READHY instrument and should be offered nondigital services or would need
extensive management support. The demographic differences between the 4 clusters may inform stakeholders about which older
people need the most training and support to take advantage of digital health care services.
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Introduction

In the coming years, the world will have an increasing number
of older adults. According to the World Health Organization
(WHO), 1 in 6 people in the world will be 60 years or older in
2030 [1]. Today’s aging population is more healthy than
previous generations, with a longer life expectancy and more
years without frailty [2]. Nevertheless, in the future, there will
be more older adults with long-term health conditions and frailty
[1]. This will further increase the burden on health care services
in the coming years. This change in demographics together with
a reduced workforce due to a reduction in the birth rate calls
for new ways to organize health and care services. There is an
urgent need for more efficient ways to provide the needed health
care with fewer in-person contacts, the involvement of informal
caregivers, an increase in self-management, and a reduction in
travel time, particularly in rural areas. Increased digitalization
of health care services could be a solution, which could enable
and engage more patients, resulting in increased levels of
self-efficacy, self-management, and empowerment [3], and thus
reduce the burden on the workforce [4]. Moreover, telehealth
solutions may increase the number of virtual contacts and
provide means for self-monitoring and dialogues with health
professionals as an immediate response to the early signs of
deterioration in the health condition [5]. The use of telemedicine
may be of particular importance in rural areas with scattered
settlements, saving travel time and costs for both health
personnel and patients. Although evidence for the assumed
benefits of the digital transformation of health care services is
scarce, particularly among older adults, it will continue in the
coming years along with the general digitalization of both
private and public services in Norway and many other countries.

In 2021, 96% of Norwegians older than 9 years had access to
a smartphone [6]. However, this indicates that 4%, or
approximately 200,000 people, do not have a smartphone. A
higher number of people probably have an insufficient level of
digital health literacy. In a study from 2021, the Norwegian
Directorate of Health found that 13% of people aged ≥60 years
never used the internet, while 9% used the internet only once a
week. Moreover, only 66% of people aged ≥80 years used the
internet. Further, 44% of people aged ≥60 years reported no or
low experience with digital IDs and 2-factor identification,
which are needed to access public web pages [7].

One benefit from the digital health transformation is that citizens
and patients may communicate from their homes and receive
care and treatment virtually. Services may also be provided by
specialists at hospitals in collaboration with registered nurses
in municipalities and the person’s own general practitioner,
offering better coordination. This requires the individuals being
cared for to have access to the internet; have devices, such as
smartphones, tablets, laptops, and PCs; and have the ability to
use these devices. For those not having these resources, it is

essential to identify this challenge and plan for the involvement
of supporting resources or nondigital services. This calls for
new ways to plan for digitally enabled services and usage of
digital tools, and to be aware of the specific resources and needs
of individuals when offering these.

In this context, awareness of the person’s level of digital health
literacy [8] and level of technology readiness [9] is important
and may be helpful information together with sociodemographic
characteristics, including access to and familiarity with digital
devices. In particular, older adults have a lower level of digital
health literacy, and as lower levels of digital health literacy may
be related to economic status, it may be hypothesized that older
people living in rural areas with precisely these characteristics
may have a low or even insufficient level of digital health
literacy. Technology readiness may be a barrier for offering
telehealth solutions, which otherwise would be of huge benefit
to these people, due to the fact that the remote areas of living
may prohibit access to in-person services, particularly outside
the summer season. This calls for knowledge about the levels
of digital health literacy and technology readiness of different
populations.

eHealth literacy, which is currently often used synonymously
with digital health literacy, was defined in 2006 by Norman and
Skinner as “the ability to seek, find, understand, and appraise
health information from electronic sources and apply the
knowledge gained to addressing or solving a health problem”
[8]. Several factors, such as frailty, low level of digital health
literacy, and motoric or cognitive impairment, may be barriers
for patients when introducing new technologies [10].

One way to identify barriers is by measuring the level of digital
health literacy using a multi-faceted instrument such as the
eHealth Literacy Questionnaire (eHLQ) [11]. Another way is
to expand on the factors necessary for being able to apply digital
health literacy in a context, by using the Readiness and
Enablement Index for Health Technology (READHY) [9]. The
READHY instrument builds on the eHLQ but includes 4 scales
related to self-management from the Health Education Impact
Questionnaire (heiQ) [12] and 2 scales related to support from
the Health Literacy Questionnaire (HLQ) [13]. The READHY
instrument has been proven to inform about variations in needs
and skills in relation to technology readiness presented as
specific clusters.

The READHY instrument can be used both as a framework for
qualitative studies [14] and as an instrument to assess the
experience of support, elements of self-management, and levels
of digital health literacy. It has been used in a number of
contexts, such as cancer survivors [15], type 2 diabetes mellitus
(T2DM) patients [16], older hospitalized medical patients, and
people living with inflammatory bowel disease [17,18]. The
separate scales of the READHY instrument have been translated
and validated in the Norwegian language, but the complete
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READHY instrument has not yet been published in Norwegian
research [19,20].

Despite emerging knowledge within various specific conditions,
studies focusing on the technology readiness of older adults are
lacking. People receiving home care services may have other
needs for digital health services than people with specific
diseases, such as cancer and T2DM, and it is important to have
an instrument that is broad enough to catch these differences.
In our study, the READHY instrument will be tested as an
option to elucidate the characteristics of this population of older
adults living in a rural area.

Data obtained using the READHY instrument can be clustered
to identify segments of users, and this segmentation can be
enriched with other characteristics, such as sociodemographics,
health conditions, and well-being, forming clusters to help health
professionals recognize the need for support or training among
the people they serve [21]. This information may help health
service organizations to plan for subpopulations based on the
identified clusters of the general population and with knowledge
about the size of particular groups. It may also help health care
professionals to have better conversations when introducing
new digital health tools or offering telehealth services to ensure
meaning and motivation for older adults [22].

The aim of this study was to explore the technology readiness
level in a population of older adults living in a rural area, a
group that is hypothesized to be less technology ready. Further,
the study attempted to examine their digital resources and
behaviors and evaluate associations between these factors and
their self-reported health and mental well-being, which may
influence their motivation and ability to create meaning in using
digital health services and tools.

The results of the study may help service providers to better
plan for the specific needs of subgroups and provide health care
professionals with insights that may help them to better
understand how to introduce new digital health tools and
services in this group of older adults living in rural areas. This
group is more likely to be frail and at the same time may benefit
more from virtual and other contacts that are not in-person.
Using clustering analysis, we explored the technology readiness
level of older adults receiving home care and their characteristics
in terms of resources and digital behaviors (ie, sociodemographic
variables and use of digital devices). 

Methods

Design
This cross-sectional study included 149 older adults recruited
from 7 municipalities in South-Eastern Norway. The data were
collected by 1 to 2 health care staff in each of the 7 participating
municipalities. The same research nurse trained all data
collectors (2-hour training session), and the data collectors were
supervised by the research nurse during the study period. The
participants completed the questionnaires listed below, either

self-reported by themselves or in an interview with the health
care staff. The participants were approached in a face-to-face
setting where they were informed about the study, signed the
consent form, and completed the questionnaires.

Population
Health care staff in the municipal home care services and at the
lung department of Innlandet Hospital Trust recruited the
participants. Patients admitted to the outpatient clinic at the lung
department and people receiving home care services from the
municipalities were invited to participate in the study. The
inclusion criteria were as follows: (1) living at home, (2) ≥65
years of age, (3) receiving home care services, (4) presence of
long-term health conditions, (5) fluency in Norwegian, and (6)
written informed consent. The exclusion criteria were as follows:
(1) severe dementia (Clinical Dementia Rating scale score of
3), (2) terminal disease with <3 months of expected survival,
and (3) severe psychiatric disease, including drug abuse. A total
of 211 individuals were eligible, of which 62 were not included
as they did not consent to participate. Those not included were
on average 83.5 (SD 5.7) years old, and 61.3% were female.
The process of participant inclusion was from September 2021
to June 2023.

Included Data and Questionnaires
We collected data on age (years), sex (male/female), living
situation (alone, with spouse/partner, or with others),
comorbidity, education (compulsory lower secondary school,
upper secondary education, master’s degree, or more than 4
years university), use of digital devices (laptop, PC, tablet, or
smartphone), use of technology to access the general physician
and electronic medical record, and digital competence (very
poor, poor, average, good, or very good).

The READHY instrument consists of 65 items, with 4 scales
from the heiQ [12], 2 scales from the HLQ [13], and all scales
from the eHLQ (Table 1) [11]. The heiQ is used to assess patient
education and self-management and is validated in Norwegian
[12,19]. The HLQ is used to assess health literacy and has been
translated to and validated in many languages including
Norwegian [13,23]. The eHLQ is used to assess the benefits of
telemedicine for individuals, evaluate how telehealth services
work together, and examine the telemedicine knowledge of
individuals [18]. It has been translated, validated, and
psychometrically tested in Norwegian [24]. The full READHY
instrument is validated in several languages but not yet in
Norwegian. The READHY instrument assesses the person’s
health technology readiness [9]. Each item in the READHY
instrument can be scored from 1 to 4 (strongly disagree,
disagree, agree, and strongly agree). The scoring of “strongly
agree” in the item heiQ8 emotional distress is reversed for the
statistical analysis, with the highest score representing the lowest
level of distress. The scores of the scales in the READHY
instrument are calculated as the mean scores of the included
items for each scale. The scores of scales with missing data
have been included if the number of missing items is ≤50%.
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Table 1. Scales from the Health Education Impact Questionnaire (heiQ), Health Literacy Questionnaire (HLQ), and eHealth Literacy Questionnaire
(eHLQ) included in the Readiness and Enablement Index for Health Technology (READHY).

DescriptionQuestionnaire and scale

heiQa

Self-monitoring and insightheiQ3

Constructive attitudes and approachesheiQ4

Skill and technique acquisitionheiQ5

Emotional distressheiQ8

HLQb

Feeling understood and supported by health care providersHLQ1

Social support for healthHLQ4

eHLQc

Using technology to process health informationeHLQ1

Understanding of health concepts and languageeHLQ2

Ability to actively engage with digital serviceseHLQ3

Feeling safe and in controleHLQ4

Motivated to engage with digital serviceseHLQ5

Access to digital services that workeHLQ6

Digital services that suit individual needseHLQ7

aheiQ: Health Education Impact Questionnaire.
bHLQ: Health Literacy Questionnaire.
ceHLQ: eHealth Literacy Questionnaire.

Cutoff values are not meaningful from a psychometric approach,
and the values for scoring in the READHY scales have not been
calibrated to each other or to outcomes. Despite this, scores
below 2.7 on the scales may mirror that the person has a level
of “not being sufficient” as not all items in the scales are scored
as “strongly agree” or “agree.” A score of 2.0 or lower on the
scales may be considered problematic for managing digital
health services as most items in the scales are scored as “strongly
disagree” or “disagree” [25]. The READHY instrument takes
10 to 20 minutes to complete in most populations (including
older adults), but it could take up to 30 minutes to complete for
individuals with cognitive impairment.

The World Health Organization-Five Well-Being Index
(WHO-5) consists of 5 items. Each item is scored from 0 to 5,
where 5 indicates all the time and 0 indicates at no time. The
score of each item is multiplied by 4, giving a total score from
0 to 100.

Some additional questions were asked to enrich the data. A
question about digital competence was asked: “If someone
knowing you well should assess your IT competence, would
they say it is very poor/poor/average/good/very good?” A
question about the participants’ health was taken from the
36-item Short-Form Survey instrument (SF-36): “In general,
would you say your health is excellent/very
good/good/fair/poor?” Scores range from 1 (excellent) to 5
(poor) [26], and they were treated as a continuous variable.

Statistical Analysis
The participant characteristics have been presented as means
and SDs or frequencies and percentages, as appropriate. The
READHY scale score was calculated as the mean of the item
scores when fewer than half of the items had missing values.
This resulted in 2 excluded cases where the scale score could
not be calculated. Ideally, one should start with assessing the
dimensionality of the READHY instrument by applying a factor
analysis. However, due to convergence problems caused by a
very small sample size with respect to the number of items, this
approach was not possible. We therefore report the Cronbach
α for the scales identified by a previous factor analysis of a
Danish dataset [9].

To identify groups of participants based on the READHY scales,
we first applied a hierarchical cluster analysis with Euclidean
squared distance and Ward linkage to identify the possible
number of groups [27]. The results of the hierarchical cluster
analysis were then used to determine an appropriate number of
clusters in the next step, a k-means cluster analysis [28] with
Euclidean similarity measure. By examining the dendrogram
from the first step, we expected to gain insights into the natural
grouping of data, which would inform the subsequent k-means
analysis. In this way, we leveraged the strengths of both methods
for more effective clustering and based our conclusion on
k-means analysis, which is easier to interpret due to each
individual being assigned to one cluster. While choosing the
final number of clusters, we considered clinical relevance,
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cluster size, small within-cluster variability, and between-cluster
heterogeneity.

One-way ANOVA was then applied to assess the differences
between the identified clusters with respect to the READHY
scales. Further, one-way ANOVA, the chi-square test, and the
Fisher exact test were applied to compare the profiles of the
identified clusters based on the following variables: all scale
scores, age, sex, education (≤12 years or >12 years), living
situation (alone, with spouse/partner, or with others),
comorbidity (number of chronic diagnoses), use of a laptop,
PC, or tablet at least once a week, use of a smartphone at least
once a week, use of IT in previous work or studies, use of IT
to communicate with public services, use of the Norwegian
digital identifier to access a webpage, use of IT to communicate
with a general practitioner, logging into a national health
webpage, use of IT to find health information on the internet
or social media, reading medical journals or test results on a
national health webpage, IT competence assessed by others
(very poor, poor, average, good, or very good), WHO-5 score,
and response to the question “In general, would you say your
health is excellent/very good/good/fair/poor?” Pairwise
comparisons of groups were performed as post hoc analyses.
The results of these post hoc analyses were reported as mean
differences and SDs for continuous variables, mean differences
and SDs in proportions for dichotomous variables, and effect
sizes calculated as absolute values of z-statistics from the
Mann-Whitney U test divided by the square root of the total
sample size for ordinal variables, along with P values. Only
significant pairwise differences were tabulated.

Two linear regression models were estimated to assess the
associations of WHO-5 (primary) and IT competence assessed
by others (secondary) with prechosen covariates: age, sex,
education (≤12 years or >12 years), living situation (alone, with
spouse/partner, or with others), comorbidity, use of a laptop,
PC, or tablet at least once a week, use of a smartphone at least
once a week, use of IT to communicate with a general
practitioner, use of IT to find health information on the internet
or social media, reading medical journals or test results on a
national health webpage, and response to the question “In
general, would you say your health is excellent/very
good/good/fair/poor?” The regression models were estimated
in cases with no missing values for covariates.

Statistical analyses were performed using STATA version 18
(StataCorp). A P value of <.05 was considered statistically
significant. No adjustment for multiple testing was applied;
however, we separated between ANOVA as the main analysis
and post hoc analyses considered purely exploratory. Although
we have only reported the results of the post hoc analyses with
P<.05, we emphasize that all pairwise comparisons were
performed. Further, the regression analyses have been
considered secondary. Moreover, there is clarity regarding the
number of tests performed, allowing the reader to consider the
reliability of our findings.

Ethical Considerations
Participation in the study was based on informed written
consent. The study was considered by The Regional Committee
for Medical and Health Research Ethics in Norway as being
outside its jurisdiction. The data collection, data storage, data
analysis, and publication of the results were approved by the
data protection officer at Innlandet Hospital Trust (number:
14832226). Participants could withdraw from the study at any
time and request for their data to be deleted.

Results

The descriptive results of the cohort are presented in Table 2.
The mean age of the participants was 78.6 (SD 8.0) years, and
55.7% (83/149) were women. Moreover, 19.2% (27/141) had
higher education (>12 years) and 69.8% (104/149) were living
alone. The mean scores of the READHY scales ranged from
2.0 (SD 0.5) for the eHLQ1 to 3.1 (SD 0.3) for the heiQ3. The
heiQ scales assessed patient education and self-management,
and the mean scores for the 4 scales ranged from 2.8 (SD 0.6)
to 3.1 (SD 0.3), indicating high levels of patient education and
self-management. The HLQ scales assessed health literacy, and
the mean scores ranged from 2.9 (SD 0.4) to 3.0 (SD 0.5),
indicating a high level of health literacy. The eHLQ scales
assessed eHealth literacy, and the mean scores ranged from 2.0
(SD 0.5) to 3.0 (SD 0.3), indicating that eHealth literacy was
low in our population. Moreover, the scores differed between
the scales. Table 3 presents Cronbach α values for the READHY
scales. Except for the eHLQ2 scale with a low Cronbach α of
.61, the Cronbach α values ranged from .70 to .91 for the
READHY scales, showing good consistency within the assumed
scales [29].
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Table 2. Summarized statistics of the cohort.

Value (N=149)Variable

78.6 (8.0)Age (years) (n=148), mean (SD)

83 (55.7)Gender (female), n (%)

Education (n=141), n (%)

114 (80.9)≤12 years

27 (19.2)>12 years

Living situation, n (%)

104 (69.8)Living alone

45 (30.2)Living with spouse/partner/others

2.6 (1.4)Number of chronic diagnoses (n=144), mean (SD)

 Use of digital devices at least once a week, n (%)

72 (48.3)PC, laptop, or tablet

89 (59.7)Smartphone

34 (22.8)IT to communicate with a general practitioner

17 (11.6)IT to find health information on the internet or social media

 Reading medical journals or test results on a national health webpage, n (%)

116 (78.4)Never/rarely

32 (21.6)Sometimes/always

1.2 (0.8)In general, would you say your health is excellent/very good/good/fair/poor, mean (SD)

READHYa scales, mean (SD)

heiQb

3.1 (0.3)heiQ3

2.9 (0.4)heiQ4

2.8 (0.4)heiQ5

2.8 (0.6)heiQ8

HLQc

3.0 (0.5)HLQ1 (n=148)

2.9 (0.4)HLQ4 (n=148)

eHLQd

2.0 (0.5)eHLQ1 (n=147)

2.8 (0.4)eHLQ2

2.2 (0.6)eHLQ3 (n=147)

3.0 (0.3)eHLQ4

2.2 (0.5)eHLQ5

2.4 (0.4)eHLQ6

2.2 (0.6)eHLQ7 (n=148)

aREADHY: Readiness and Enablement Index for Health Technology.
bheiQ: Health Education Impact Questionnaire.
cHLQ: Health Literacy Questionnaire.
deHLQ: eHealth Literacy Questionnaire.
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Table 3. Cronbach α values of the Readiness and Enablement Index for Health Technology (READHY) scales.

Cronbach αScale

heiQa

.69heiQ3: Self-monitoring and insight (6 items)

.77heiQ4: Constructive attitudes and approaches (5 items)

.70heiQ5: Skills and technique acquisition (4 items)

.90heiQ8: Emotional distress (6 items)

HLQ b

.83HLQ1: Feeling understood and supported by health care providers (4 items)

.77HLQ4: Social support for health (5 items)

eHLQc

.86eHLQ1: Using technology to process health information (5 items)

.61eHLQ2: Understanding of health concepts and language (5 items)

.91eHLQ3: Ability to actively engage with digital services (5 items)

.71eHLQ4: Feeling safe and in control (5 items)

.80eHLQ5: Motivated to engage with digital services (5 items)

.78eHLQ6: Access to digital services that work (6 items)

.85eHLQ7: Digital services that suit individual needs (4 items)

aheiQ: Health Education Impact Questionnaire.
bHLQ: Health Literacy Questionnaire.
ceHLQ: eHealth Literacy Questionnaire.

Based on visually inspecting a dendrogram from the hierarchical
cluster analysis (not presented), exploring 3 to 6 cluster solutions
by k-means cluster analysis, and considering clinical relevance,
within-cluster variability, between-cluster heterogeneity, and
reasonable sample size, the 4-cluster model was chosen (Table
4). The details of patient profiles in the 4 clusters are described
in Multimedia Appendix 1. The participants in cluster 1 (n=40)
had on average the highest scores on the READHY scales
(meaning better eHealth literacy), except the HLQ4 scale. The
HLQ4 scale assesses the social support for health, where the
scores were intermediate. Participants in cluster 1 were younger
than the other participants (P=.006), had a larger proportion of
men (P<.001), had higher education (P<.001), had better access
to smartphones and PCs, laptops, or tablets (P<.001), had used
IT more in their previous work (P<.001), and currently used IT

to access health information and stay in touch with the health
care system (P<.001). The participants in cluster 3 (n=25) had
the lowest average scores on the heiQ4, heiQ5, and heiQ8 scales
(patient education and self-management) and the 2 HLQ scales
(feeling understood and supported by health care providers, and
social support for health). The participants in cluster 4 (n=16)
had the lowest average scores on the eHLQ scales (meaning
low eHealth literacy knowledge), except the eHLQ4 scale
(feeling safe and in control), where their scores were comparable
to those of the 3 other clusters. Thus, the feelings of being safe
and in control were equal in the 4 clusters. Cluster 2 was the
largest (n=66) and had intermediate scores on most of the scales.
Interestingly, the question “IT competence assessed by others”
differentiated between all clusters, except between cluster 2 and
cluster 3 (P<.001).
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Table 4. Results of k-means clustering with 4 clusters (n=147).

P value for pairwise comparisons, mean difference
(SD) and P value

P value for
ANOVA

Cluster 4
(n=16),
mean (SD)

Cluster 3
(n=25),
mean (SD)

Cluster 2
(n=66),
mean (SD)

Cluster 1
(n=40),
mean (SD)

Scale

heiQa

1 vs 2: 0.3 (0.1), P<.001; 1 vs 3: 0.2 (0.1), P=.01;
2 vs 4: –0.2 (0.1), P=.009

<.0013.2 (0.5)3.0 (0.3)2.9 (0.3)3.2 (0.3)heiQ3

1 vs 3: 0.7 (0.1), P<.001; 2 vs 3: 0.6 (0.1), P<.001;
3 vs 4: –0.6 (0.1), P<.001

<.0013.0 (0.5)2.4 (0.3)3.0 (0.3)3.1 (0.3)heiQ4

1 vs 2: 0.1 (0.1), P=.047; 1 vs 3: 0.4 (0.1), P=.001;
2 vs 3: 0.3 (0.1), P=.004; 3 vs 4: –0.4 (0.2), P=.01

.0013.0 (0.5)2.6 (0.5)2.8 (0.3)2.9 (0.4)heiQ5

1 vs 3: 0.8 (0.1), P<.001; 2 vs 3: 0.9 (0.1), P<.001;
3 vs 4: –0.7 (0.2), P=.002

<.0012.8 (0.7)2.1 (0.5)3.0 (0.3)2.9 (0.6)heiQ8

HLQb

1 vs 2: 0.3 (0.1), P<.001; 1 vs 3: 0.3 (0.1), P=.006.0033.0 (0.7)2.9 (0.3)2.9 (0.4)3.2 (0.5)HLQ1

1 vs 3: 0.3 (0.1), P=.004; 2 vs 3: 0.2 (0.1), P=.009;
2 vs 4: –0.4 (0.1), P=.001; 3 vs 4: –0.6 (0.1),
P<.001

<.0013.2 (0.4)2.6 (0.4)2.8 (0.4)3.0 (0.4)HLQ4

eHLQc

1 vs 2: 0.6 (0.1), P<.001; 1 vs 3: 0.4 (0.1), P=.001;
1 vs 4: 1.4 (0.1), P<.001; 2 vs 3: –0.2 (0.1),
P=.002; 2 vs 4: 0.8 (0.1), P<.001; 3 vs 4: 1.0 (0.1),
P<.001

<.0011.1 (0.2)2.1 (0.3)2.0 (0.2)2.5 (0.5)eHLQ1

1 vs 2: 0.4 (0.1), P<.001; 1 vs 3: 0.3 (0.1), P<.001;
1 vs 4: 0.4 (0.1), P<.001; 2 vs 3: –0.2 (0.1), P=.02

<.0012.6 (0.5)2.8 (0.2)2.6 (0.3)3.1 (0.3)eHLQ2

1 vs 2: 0.8 (0.1), P<.001; 1 vs 3: 0.6 (0.1), P<.001;
1 vs 4: 1.8 (0.1), P<.001; 2 vs 3: –0.2 (0.1),
P=.004; 2 vs 4: 1.0 (0.1), P<.001; 3 vs 4: 1.2 (0.1),
P<.001

<.0011.1 (0.2)2.3 (0.4)2.1 (0.3)2.9 (0.5)eHLQ3

1 vs 2: 0.1 (0.1), P=.02.083.1 (0.4)3.0 (0.2)3.0 (0.2)3.1 (0.4)eHLQ4

1 vs 2: 0.6 (0.1), P<.001; 1 vs 3: 0.6 (0.1), P<.001;
1 vs 4: 1.2 (0.1), P<.001; 2 vs 4: 0.5 (0.1), P<.001;
3 vs 4: 0.6 (0.1), P<.001

<.0011.5 (0.4)2.1 (0.3)2.0 (0.2)2.7 (0.5)eHLQ5

1 vs 2: 0.6 (0.05), P<.001; 1 vs 3: 0.5 (0.1),
P<.001; 1 vs 4: 1.2 (0.1), P<.001; 2 vs 4: 0.6 (0.1),
P<.001; 3 vs 4: 0.7 (0.1), P<.001

<.0011.6 (0.3)2.3 (0.3)2.3 (0.2)2.9 (0.3)eHLQ6

1 vs 2: 0.8 (0.1), P<.001; 1 vs 3: 0.8 (0.1), P<.001;
1 vs 4: 1.6 (0.1), P<.001; 2 vs 4: 0.8 (0.1), P<.001;
3 vs 4: 0.8 (0.1), P<.001

<.0011.2 (0.4)2.0 (0.3)2.0 (0.2)2.8 (0.4)eHLQ7

aheiQ: Health Education Impact Questionnaire.
bHLQ: Health Literacy Questionnaire.
ceHLQ: eHealth Literacy Questionnaire.

In the bivariate linear regression model, WHO-5 as an outcome
(Multimedia Appendix 2) was significantly associated with
education and the question “In general, would you say your
health is excellent/very good/good/fair/poor?”, while only the
latter question remained significant in the multiple model. A
1-point increase in the score of the question “In general, would
you say your health is excellent/very good/good/fair/poor?”
was associated with a 12.7-point increase in the WHO-5 score.

In the multiple linear regression model with the question “IT
competence assessed by others” as an outcome (Multimedia
Appendix 3), only “use of a PC, laptop, or tablet at least once
in the last week” and “reading medical journals or test results

on a national health webpage” were significantly associated
with the outcome.

Discussion

Summary of the Main Findings
In this study, we included participants from a rural area in
Norway with less education than other parts of Norway, and
our recruitment procedure resulted in the inclusion of slightly
more women than men. The participants were assessed for
technology readiness using the READHY instrument. We found
that people receiving home care services in this area had high
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levels of patient education and self-management (scores of
2.8-3.1) and high levels of health literacy (scores of 2.9-3.0)
but generally low levels of eHealth literacy (scores of 2.0-3.0).
The findings were based on the assumption that a score of ≥2.7
(out of a maximum of 4) reflects a sufficient level, as this score
reflects overweight of the response “agree” or “strongly agree”
to all the items in the scale [25]. The level of eHealth literacy
also differed, as scores on the eHLQ scales and between the
participants differed, showing less stability than the heiQ and
HLQ scales. The eHealth scores were lower in this study than
in a previous study by Kayser et al [11], which can be explained
by differences in age, education, and study settings. Therefore,
in a rural population like the population in our study, the low
level of eHealth literacy should be considered when introducing
digital health services in the home care setting.

Low eHealth Literacy
The most interesting results for health care services were the
characteristics of the participants in cluster 4, with the lowest
scores on the eHLQ scales, indicating low eHealth literacy
knowledge (Multimedia Appendix 1). These participants were
older, were mainly women, and had a lower level of education
than participants in cluster 1 (with the highest level of eHealth
literacy). Participants in cluster 4 seldom used a PC, laptop,
tablet, or smartphone, and they seldom accessed public services
generally and health care services specifically compared with
participants in cluster 1. The participants in cluster 4 had several
diagnoses, although not significantly more than that among
participants in cluster 1. We expect their need for care and
support from the home care service to be high, and this
population group could benefit from digital home monitoring.
Nevertheless, the results show that these participants would
need more help and facilitation from the health care service than
others to take advantage of digital health services. Offering
nontechnological services may be a better option. Social
resources that could support them in the use of digital health
services must be identified if digital health services are offered.
If not, they could be discriminated from receiving the same
health care services as others.

Screening for eHealth Literacy
We found that the response to the question “If someone knowing
you well should assess your IT competence, would they say it
is very poor/poor/average/good/very good?” was associated
with several variables in the bivariate model, but only the
responses to the items “use of PC, laptop, or tablet at least once
a week” and “reading medical journals or test results on a
national health webpage” remained significant in the multiple
model (Multimedia Appendix 3). Surprisingly, no other variables
remained significant in the multiple model, but the most likely
explanation was the low power in our study. Further, we found
a strong association between belonging to 1 of the 4 clusters
and the question “If someone knowing you well should assess
your IT competence, would they say it is very
poor/poor/average/good/very good?” (Multimedia Appendix
1). The answer differentiated between participants in cluster 1
and those in clusters 2, 3, and 4; between participants in cluster
2 and those in cluster 3; and between participants in cluster 3
and those in cluster 4. These associations contribute to the

increasing amount of data supporting the relevance and content
validity of this single-item scale and indicate that a single
question could be used to screen larger populations for the level
of digital health skills. Those scoring low on the single question
could be further assessed with multidimensional instruments
such as the READHY instrument. The READHY instrument
consists of 13 scales with a total of 65 items and takes 10 to 20
minutes to complete. It may be exhausting to complete,
especially for old frail people with cognitive impairment. Thus,
it is preferable if clinicians can scan a population and collect
the same information about the technological readiness level
using a single question. This single question could potentially
help to increase the number of screenings to identify those in
need of further investigation. Here, the READHY instrument
can be used to identify specific resources and challenges in
relation to the use of digitally enabling or assisting services and
technologies. However, it is important to emphasize that using
1 screening item will lead to a loss in the understanding of where
particular challenges are. Further, we should be aware that it
only screens for digital expertise, and self-management and
social support are not taken into consideration with this
approach.

Well-Being
We analyzed the variables associated with the scores of the
WHO-5 (Multimedia Appendix 2). In the bivariate model, there
was an association between a higher educational level and higher
scores on the WHO-5, which was not significant when adjusting
for other variables such as age, sex, living situation, and number
of chronic diagnoses. People with a higher level of education
had better health, were younger, and had better digital health
literacy, which contributed to the loss of the bivariate effect of
education on well-being (WHO-5) when adjusting for these
variables. Further, we did not find associations of the co-habitant
status and number of chronic diagnoses with well-being assessed
by the WHO-5. These findings need some consideration, as
other European studies have found that living alone is associated
with a lower score on the WHO-5 [30-32]. One explanation
may be that the context in these studies differs from that in our
study (cohort living in a rural area and having long travel
distances). The participants in our study were already receiving
home care services and thus were in regular contact with a
support person and had access to a service they could call, which
may be of importance for well-being. The home care service
may be equivalent to the effect of living together with others,
as people receiving home care services are in regular contact
with a support person and have access to a service they can call.

Cluster Profiles
Our analysis resulted in 4 cluster profiles based on the k-means
clustering analysis (Table 4). One cluster with high scores in
all the READHY scales, 1 with low scores in the eHLQ scales
(eHealth literacy), 1 with low scores in the heiQ scales (health
education) and the HLQ scales (health literacy), and 1 with
intermediate scores. Being male, being younger, having higher
education, and having good access to digital devices and
knowledge of IT were all associated with a better technology
readiness level. This result was comparable to that in a study
by Kayser et al [9], which had 1 cluster with the highest scores
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in the READHY scales, 1 with low scores in the eHLQ scales,
and 2 involving intermediate profiles. In the Danish study by
Kayser et al [9], 25% of the participants were in the cluster with
the highest READHY scale scores, which is similar to the
proportion of 27% in our study. When considering another study
[11], comparable proportions of participants were in the group
with the lowest eHLQ scale scores (13% in the previous study
and 11% in our study). In another Danish study by Thorsen et
al [16], it was found that 5 clusters were more meaningful for
the population of patients with T2DM. They also described 1
cluster with the highest READHY scale scores and 1 with low
scores on the eHLQ scales, with the 3 remaining clusters having
intermediate scores [16]. In a study with Danish cancer
survivors, individuals in the cluster with the highest READHY
scale scores were younger than those in the other clusters [9],
as in our study. On the other hand, in the study of Danish
patients with T2DM, 1 of the intermediate clusters had the
lowest age [16]. A recent Norwegian study recruiting 260
patients from medical and surgical wards found 6 HLQ clusters
and 6 eHLQ clusters [33]. They did not collect heiQ data but
found that the participants with the lowest HLQ and eHLQ
scores had comparable socioeconomic clusters, similar to the
participants in cluster 4 in our study [33]. Thus, the 4 profiles
based on the k-means clustering analysis of our data are
comparable with those in 2 Danish studies and 1 Norwegian
study, despite the mean age being higher in our study.

As explained in the statistical analysis subsection in the Methods
section, a confirmatory factor analysis to assess the psychometric
properties of the READHY instrument was considered.
However, it resulted in convergence problems, most likely due
to a very small sample size with respect to the number of items.
Therefore, we did not succeed in our aim to validate the
Norwegian version of the READHY instrument. Instead, we
reported the Cronbach α for the scales identified by a previous
factor analysis of a Danish dataset [9], which showed good
consistency within the assumed scales.

Limitations
The study had several limitations. No formal power calculation
was performed prior to the study, and a convenience sample
was used. It is suggested that cluster analysis should only be
applied when a good group separation is expected, and it is
recommended to include a sample size of approximately 20 to
30 individuals per expected group [34]. Based on previous
cluster analysis of the READHY instrument [9,16,33], we
expected 3 to 5 clusters of individuals in our study. Thus, a
sample size of 149 was sufficient according to recommendations.
The inclusion of more participants in the study could strengthen
our results, could allow us to perform a factor analysis, and
might make it possible to report more associations from the
regression models (Multimedia Appendix 2 and 3).

The data were collected by 1 to 2 health care staff in each of
the 7 participating municipalities. The same research nurse
trained all data collectors, and all had experience in assessing

and testing the patients. However, we cannot rule out that the
use of several data collectors may have caused biases in the
data. On the other hand, we used well-established assessment
tools that have been found to be reliable and valid. We used a
long and extensive case report form (CRF) with several
questionnaires. Some of the questionnaires included many
questions. The participants may have become tired, especially
those with impaired cognitive function, which might have
influenced the data quality. The participants were given the
opportunity to answer the questionnaires at their own pace and
could take breaks if needed. In the end, we found that the data
collected were of excellent quality, with limited missing data.

We recruited participants from only 7 municipalities in a rural
region in South-Eastern Norway, with a lower education level
than that generally in Norway. This fact, in addition to the fact
that the participants were recruited from among those receiving
home care services, may reduce the generalizability of the study.
The READHY instrument should be tested in home care settings
in other regions of Norway and in other countries to increase
generalizability. The results from future studies and our study
could be extrapolated to inform stakeholders in home care
services about the need for support when introducing digital
health services in their populations. The results may not be
generalizable to countries without home care services or with
other access to digital devices and IT. On the other hand, the
participants in the study represent people who are particularly
in need of digital home monitoring because of the travel
distances in rural areas, and the results may be important for
stakeholders and leaders of health care services in Norway and
internationally. Moreover, 62 people did not consent to
participate. These people were older and a larger proportion
were women when compared with the cohort of participants.

Conclusion
To our knowledge, this is the first study on eHealth literacy in
people receiving home care, a population that currently is being
offered and in the future will be offered digital technology.
Understanding the eHealth literacy knowledge of this population
is important to take advantage of digital technology. The
technology readiness level varied in the cohort of Norwegian
participants receiving home care, and not all people receiving
home care services can be expected to benefit from digital health
services. Participants in cluster 4 (n=16) had the lowest score
in the eHLQ scales in the READHY instrument and should be
offered nondigital services or would need extensive management
support. The demographic differences between the 4 clusters
may inform stakeholders about which older people need the
most training and support to be able to take advantage of digital
health care services. This study contributes to this important
area with information about technology readiness in a population
of older adults and with insights into how this is related to their
perceived health and digital behaviors. We were not able to
report the psychometric properties of the Norwegian version of
the READHY instrument, and a larger validation study should
be performed.

 

JMIR Aging 2025 | vol. 8 | e62936 | p.494https://aging.jmir.org/2025/1/e62936
(page number not for citation purposes)

Bergh et alJMIR AGING

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


Acknowledgments
This research was funded by the European Union’s Horizon 2020 Research and Innovation Program under grant 101016848 and
the Canadian Institutes of Health Research.

Conflicts of Interest
None declared.

Multimedia Appendix 1
Patient profiles within the 4 clusters (N=147).
[DOCX File , 21 KB - aging_v8i1e62936_app1.docx ]

Multimedia Appendix 2
Results of linear regression analysis for the World Health Organization-Five Well-Being Index (WHO-5) (N=129).
[DOCX File , 39 KB - aging_v8i1e62936_app2.docx ]

Multimedia Appendix 3
Results of linear regression analysis for the question “IT competence assessed by others” (N=131).
[DOCX File , 39 KB - aging_v8i1e62936_app3.docx ]

References
1. Decade of Healthy Ageing. World Health Organization. URL: https://apps.who.int/gb/ebwha/pdf_files/EB146/B146_23-en.

pdf [accessed 2025-01-20]
2. Chang M, Michelet M, Skirbekk V, Langballe EM, Hopstock LA, Sund ER, et al. Trends in the use of home care services

among Norwegians 70+ and projections towards 2050: The HUNT study 1995-2017. Scand J Caring Sci 2023
Sep;37(3):752-765. [doi: 10.1111/scs.13158] [Medline: 36967552]

3. Madanian S, Nakarada-Kordic I, Reay S, Chetty T. Patients' perspectives on digital health tools. PEC Innov 2023
Dec;2:100171 [FREE Full text] [doi: 10.1016/j.pecinn.2023.100171] [Medline: 37384154]

4. Stoumpos AI, Kitsios F, Talias MA. Digital transformation in healthcare: technology acceptance and its applications. Int
J Environ Res Public Health 2023 Feb 15;20(4):3407 [FREE Full text] [doi: 10.3390/ijerph20043407] [Medline: 36834105]

5. Hong P, Chen K, Chang Y, Cheng S, Chiang H. Effectiveness of theory-based health information technology interventions
on coronary artery disease self-management behavior: a clinical randomized waitlist-controlled trial. J Nurs Scholarsh 2021
Jul;53(4):418-427 [FREE Full text] [doi: 10.1111/jnu.12661] [Medline: 33844425]

6. StatBank. Statistics Norway. URL: https://www.ssb.no/en/ [accessed 2025-01-20]
7. Bjønnes A, Midtbø T, Størset H, Ulven C. Befolkningens digitale kompetanse og deltakelse - Med et ekstra blikk på seniorer

og ikke-sysselsatte. Direktoratet for høyere utdanning og kompetanse. 2021. URL: https://hkdir.no/
rapporter-undersokelser-og-statistikk/befolkningens-digitale-kompetanse-og-deltakelse-2021 [accessed 2025-01-20]

8. Norman CD, Skinner HA. eHealth literacy: essential skills for consumer health in a networked world. J Med Internet Res
2006 Jun 16;8(2):e9 [FREE Full text] [doi: 10.2196/jmir.8.2.e9] [Medline: 16867972]

9. Kayser L, Rossen S, Karnoe A, Elsworth G, Vibe-Petersen J, Christensen JF, et al. Development of the multidimensional
readiness and enablement index for health technology (READHY) tool to measure individuals' health technology readiness:
initial testing in a cancer rehabilitation setting. J Med Internet Res 2019 Feb 12;21(2):e10377 [FREE Full text] [doi:
10.2196/10377] [Medline: 30747717]

10. Estrela M, Semedo G, Roque F, Ferreira PL, Herdeiro MT. Sociodemographic determinants of digital health literacy: A
systematic review and meta-analysis. Int J Med Inform 2023 Sep;177:105124 [FREE Full text] [doi:
10.1016/j.ijmedinf.2023.105124] [Medline: 37329766]

11. Kayser L, Karnoe A, Furstrand D, Batterham R, Christensen KB, Elsworth G, et al. A multidimensional tool based on the
eHealth literacy framework: development and initial validity testing of the eHealth Literacy Questionnaire (eHLQ). J Med
Internet Res 2018 Feb 12;20(2):e36 [FREE Full text] [doi: 10.2196/jmir.8371] [Medline: 29434011]

12. Osborne RH, Elsworth GR, Whitfield K. The Health Education Impact Questionnaire (heiQ): an outcomes and evaluation
measure for patient education and self-management interventions for people with chronic conditions. Patient Educ Couns
2007 May;66(2):192-201. [doi: 10.1016/j.pec.2006.12.002] [Medline: 17320338]

13. Osborne RH, Batterham RW, Elsworth GR, Hawkins M, Buchbinder R. The grounded psychometric development and
initial validation of the Health Literacy Questionnaire (HLQ). BMC Public Health 2013 Jul 16;13:658 [FREE Full text]
[doi: 10.1186/1471-2458-13-658] [Medline: 23855504]

14. Kikkenborg J, Magelund E, Riise MS, Kayser L, Terp R. Knowledge, skills, and experience with technology in relation to
nutritional intake and physical activity among older adults at risk of falls: semistructured interview study. JMIR Hum
Factors 2024 May 08;11:e52575 [FREE Full text] [doi: 10.2196/52575] [Medline: 38717810]

JMIR Aging 2025 | vol. 8 | e62936 | p.495https://aging.jmir.org/2025/1/e62936
(page number not for citation purposes)

Bergh et alJMIR AGING

XSL•FO
RenderX

https://jmir.org/api/download?alt_name=aging_v8i1e62936_app1.docx&filename=0d88de61f2ab198bf449febf59645c11.docx
https://jmir.org/api/download?alt_name=aging_v8i1e62936_app1.docx&filename=0d88de61f2ab198bf449febf59645c11.docx
https://jmir.org/api/download?alt_name=aging_v8i1e62936_app2.docx&filename=96955243d55fc992dbcd1181f5344500.docx
https://jmir.org/api/download?alt_name=aging_v8i1e62936_app2.docx&filename=96955243d55fc992dbcd1181f5344500.docx
https://jmir.org/api/download?alt_name=aging_v8i1e62936_app3.docx&filename=1250cef7a36f7902b312a26d4a9830f1.docx
https://jmir.org/api/download?alt_name=aging_v8i1e62936_app3.docx&filename=1250cef7a36f7902b312a26d4a9830f1.docx
https://apps.who.int/gb/ebwha/pdf_files/EB146/B146_23-en.pdf
https://apps.who.int/gb/ebwha/pdf_files/EB146/B146_23-en.pdf
http://dx.doi.org/10.1111/scs.13158
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=36967552&dopt=Abstract
https://linkinghub.elsevier.com/retrieve/pii/S2772-6282(23)00051-1
http://dx.doi.org/10.1016/j.pecinn.2023.100171
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=37384154&dopt=Abstract
https://www.mdpi.com/resolver?pii=ijerph20043407
http://dx.doi.org/10.3390/ijerph20043407
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=36834105&dopt=Abstract
https://europepmc.org/abstract/MED/33844425
http://dx.doi.org/10.1111/jnu.12661
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33844425&dopt=Abstract
https://www.ssb.no/en/
https://hkdir.no/rapporter-undersokelser-og-statistikk/befolkningens-digitale-kompetanse-og-deltakelse-2021
https://hkdir.no/rapporter-undersokelser-og-statistikk/befolkningens-digitale-kompetanse-og-deltakelse-2021
https://www.jmir.org/2006/2/e9/
http://dx.doi.org/10.2196/jmir.8.2.e9
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16867972&dopt=Abstract
https://www.jmir.org/2019/2/e10377/
http://dx.doi.org/10.2196/10377
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30747717&dopt=Abstract
https://linkinghub.elsevier.com/retrieve/pii/S1386-5056(23)00142-9
http://dx.doi.org/10.1016/j.ijmedinf.2023.105124
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=37329766&dopt=Abstract
https://www.jmir.org/2018/2/e36/
http://dx.doi.org/10.2196/jmir.8371
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29434011&dopt=Abstract
http://dx.doi.org/10.1016/j.pec.2006.12.002
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17320338&dopt=Abstract
https://bmcpublichealth.biomedcentral.com/articles/10.1186/1471-2458-13-658
http://dx.doi.org/10.1186/1471-2458-13-658
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23855504&dopt=Abstract
https://humanfactors.jmir.org/2024//e52575/
http://dx.doi.org/10.2196/52575
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=38717810&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/


15. Rossen S, Kayser L, Vibe-Petersen J, Ried-Larsen M, Christensen JF. Technology in exercise-based cancer rehabilitation:
a cross-sectional study of receptiveness and readiness for e-Health utilization in Danish cancer rehabilitation. Acta Oncol
2019 May;58(5):610-618. [doi: 10.1080/0284186X.2018.1562213] [Medline: 30698060]

16. Thorsen IK, Rossen S, Glümer C, Midtgaard J, Ried-Larsen M, Kayser L. Health technology readiness profiles among
Danish individuals with type 2 diabetes: cross-sectional study. J Med Internet Res 2020 Sep 15;22(9):e21195 [FREE Full
text] [doi: 10.2196/21195] [Medline: 32930669]

17. Nielsen AS, Hanna L, Larsen BF, Appel CW, Osborne RH, Kayser L. Readiness, acceptance and use of digital patient
reported outcome in an outpatient clinic. Health Informatics J 2022 Jun 03;28(2):14604582221106000 [FREE Full text]
[doi: 10.1177/14604582221106000] [Medline: 35658693]

18. Terp R, Kayser L, Lindhardt T. Older patients' competence, preferences, and attitudes toward digital technology use:
explorative study. JMIR Hum Factors 2021 May 14;8(2):e27005 [FREE Full text] [doi: 10.2196/27005] [Medline: 33988512]

19. Wahl AK, Osborne RH, Langeland E, Wentzel-Larsen T, Mengshoel AM, Ribu L, et al. Making robust decisions about
the impact of health education programs: Psychometric evaluation of the Health Education Impact Questionnaire (heiQ)
in diverse patient groups in Norway. Patient Educ Couns 2016 Oct;99(10):1733-1738. [doi: 10.1016/j.pec.2016.05.001]
[Medline: 27211224]

20. Wahl AK, Hermansen A, Osborne RH, Larsen MH. A validation study of the Norwegian version of the Health Literacy
Questionnaire: A robust nine-dimension factor model. Scand J Public Health 2021 Jun;49(4):471-478 [FREE Full text]
[doi: 10.1177/1403494820926428] [Medline: 32508258]

21. Terp R, Lindhardt T, Kayser L. Theory-driven development of an educative nutritional intervention (ENI) supporting older
hospital patients to eat sufficiently, assisted by an eHealth solution: an intervention mapping approach. BMC Health Serv
Res 2022 Nov 28;22(1):1435 [FREE Full text] [doi: 10.1186/s12913-022-08679-8] [Medline: 36443804]

22. Krag T, Jørgensen E, Phanareth K, Kayser L. Experiences with in-person and virtual health care services for people with
chronic obstructive pulmonary disease: qualitative study. JMIR Rehabil Assist Technol 2023 Aug 14;10:e43237 [FREE
Full text] [doi: 10.2196/43237] [Medline: 37578832]

23. Larsen MH, Strumse YS, Andersen MH, Borge CR, Wahl AK. Associations between disease education, self-management
support, and health literacy in psoriasis. J Dermatolog Treat 2021 Sep;32(6):603-609 [FREE Full text] [doi:
10.1080/09546634.2019.1688233] [Medline: 31692398]

24. Hermansen A, Andersen MH, Borge CR, Dahl KG, Larsen MH, Lønning K, et al. Preliminary validity testing of the eHealth
Literacy Questionnaire (eHLQ): a Confirmatory Factor Analysis (CFA) in Norwegian hospitalized patients. BMC Psychol
2023 Nov 23;11(1):409 [FREE Full text] [doi: 10.1186/s40359-023-01449-z] [Medline: 37996858]

25. Kayser L, Karnoe A, Duminski E, Jakobsen S, Terp R, Dansholm S, et al. Health professionals' eHealth literacy and system
experience before and 3 months after the implementation of an electronic health record system: longitudinal study. JMIR
Hum Factors 2022 Apr 29;9(2):e29780 [FREE Full text] [doi: 10.2196/29780] [Medline: 35486414]

26. Ware JE, Sherbourne CD. The MOS 36-item short-form health survey (SF-36). I. Conceptual framework and item selection.
Med Care 1992 Jun;30(6):473-483. [Medline: 1593914]

27. Ward JH. Hierarchical grouping to optimize an objective function. Journal of the American Statistical Association 1963
Mar;58(301):236-244. [doi: 10.1080/01621459.1963.10500845]

28. Forgy E. Cluster analysis of multivariate data fficiency versus interpretability of classifications. Biometrics
1965;21(3):768-769.

29. Bland JM, Altman DG. Cronbach's alpha. BMJ 1997 Feb 22;314(7080):572-572 [FREE Full text] [doi:
10.1136/bmj.314.7080.572] [Medline: 9055718]

30. De Moortel D, Palència L, Artazcoz L, Borrell C, Vanroelen C. Neo-Marxian social class inequalities in the mental well-being
of employed men and women: the role of European welfare regimes. Soc Sci Med 2015 Mar;128:188-200. [doi:
10.1016/j.socscimed.2015.01.027] [Medline: 25621400]

31. Dreger S, Buck C, Bolte G. Material, psychosocial and sociodemographic determinants are associated with positive mental
health in Europe: a cross-sectional study. BMJ Open 2014 May 28;4(5):e005095 [FREE Full text] [doi:
10.1136/bmjopen-2014-005095] [Medline: 24871540]

32. Lukaschek K, Vanajan A, Johar H, Weiland N, Ladwig K. "In the mood for ageing": determinants of subjective well-being
in older men and women of the population-based KORA-Age study. BMC Geriatr 2017 Jun 16;17(1):126 [FREE Full text]
[doi: 10.1186/s12877-017-0513-5] [Medline: 28622764]

33. Andersen MH, Hermansen A, Dahl KG, Lønning K, Meyer KB, Vidnes TK, et al. Profiles of health literacy and digital
health literacy in clusters of hospitalised patients: a single-centre, cross-sectional study. BMJ Open 2024 May
20;14(5):e077440 [FREE Full text] [doi: 10.1136/bmjopen-2023-077440] [Medline: 38772592]

34. Dalmaijer ES, Nord CL, Astle DE. Statistical power for cluster analysis. BMC Bioinformatics 2022 May 31;23(1):205
[FREE Full text] [doi: 10.1186/s12859-022-04675-1] [Medline: 35641905]

Abbreviations
eHLQ: eHealth Literacy Questionnaire

JMIR Aging 2025 | vol. 8 | e62936 | p.496https://aging.jmir.org/2025/1/e62936
(page number not for citation purposes)

Bergh et alJMIR AGING

XSL•FO
RenderX

http://dx.doi.org/10.1080/0284186X.2018.1562213
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30698060&dopt=Abstract
https://www.jmir.org/2020/9/e21195/
https://www.jmir.org/2020/9/e21195/
http://dx.doi.org/10.2196/21195
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32930669&dopt=Abstract
https://journals.sagepub.com/doi/10.1177/14604582221106000?url_ver=Z39.88-2003&rfr_id=ori:rid:crossref.org&rfr_dat=cr_pub  0pubmed
http://dx.doi.org/10.1177/14604582221106000
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=35658693&dopt=Abstract
https://humanfactors.jmir.org/2021/2/e27005/
http://dx.doi.org/10.2196/27005
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33988512&dopt=Abstract
http://dx.doi.org/10.1016/j.pec.2016.05.001
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27211224&dopt=Abstract
https://journals.sagepub.com/doi/abs/10.1177/1403494820926428?url_ver=Z39.88-2003&rfr_id=ori:rid:crossref.org&rfr_dat=cr_pub  0pubmed
http://dx.doi.org/10.1177/1403494820926428
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32508258&dopt=Abstract
https://bmchealthservres.biomedcentral.com/articles/10.1186/s12913-022-08679-8
http://dx.doi.org/10.1186/s12913-022-08679-8
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=36443804&dopt=Abstract
https://rehab.jmir.org/2023//e43237/
https://rehab.jmir.org/2023//e43237/
http://dx.doi.org/10.2196/43237
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=37578832&dopt=Abstract
https://www.tandfonline.com/doi/10.1080/09546634.2019.1688233?url_ver=Z39.88-2003&rfr_id=ori:rid:crossref.org&rfr_dat=cr_pub  0pubmed
http://dx.doi.org/10.1080/09546634.2019.1688233
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31692398&dopt=Abstract
https://bmcpsychology.biomedcentral.com/articles/10.1186/s40359-023-01449-z
http://dx.doi.org/10.1186/s40359-023-01449-z
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=37996858&dopt=Abstract
https://humanfactors.jmir.org/2022/2/e29780/
http://dx.doi.org/10.2196/29780
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=35486414&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=1593914&dopt=Abstract
http://dx.doi.org/10.1080/01621459.1963.10500845
https://europepmc.org/abstract/MED/9055718
http://dx.doi.org/10.1136/bmj.314.7080.572
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=9055718&dopt=Abstract
http://dx.doi.org/10.1016/j.socscimed.2015.01.027
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25621400&dopt=Abstract
https://bmjopen.bmj.com/lookup/pmidlookup?view=long&pmid=24871540
http://dx.doi.org/10.1136/bmjopen-2014-005095
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24871540&dopt=Abstract
https://bmcgeriatr.biomedcentral.com/articles/10.1186/s12877-017-0513-5
http://dx.doi.org/10.1186/s12877-017-0513-5
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28622764&dopt=Abstract
https://bmjopen.bmj.com/lookup/pmidlookup?view=long&pmid=38772592
http://dx.doi.org/10.1136/bmjopen-2023-077440
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=38772592&dopt=Abstract
https://bmcbioinformatics.biomedcentral.com/articles/10.1186/s12859-022-04675-1
http://dx.doi.org/10.1186/s12859-022-04675-1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=35641905&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/


heiQ: Health Education Impact Questionnaire
HLQ: Health Literacy Questionnaire
READHY: Readiness and Enablement Index for Health Technology
T2DM: type 2 diabetes mellitus
WHO-5: World Health Organization-Five Well-Being Index
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Abstract

Background: Older patients with serious mental illnesses such as cognitive disorders often rely on family members or spouses
(care partners [CPs]) to meet their health care needs. CPs frequently lack essential information to fully understand the patients’
illnesses and effectively support their treatment. Open Notes provide patients with digital access to their health care professionals’
clinical notes and are associated with many positive outcomes, such as increased adherence and empowerment. However, older
patients who use Open Notes may encounter use barriers such as limited digital literacy. Recent developments allow CPs to access
Open Notes (proxy access) and receive valuable information, which holds significant potential for improving the care of older
patients.

Objective: This study explored the experiences, barriers, and opportunities of older mental health patients and their CPs related
to using Open Notes. Furthermore, influencing factors and interdependencies were identified.

Methods: Older patients (n=10) and their CPs (n=10) were provided with web-based proxy access to clinical documentation
through a web-based patient portal. In-depth qualitative interviews (N=20) were conducted to explore experiences with this
access. Data analysis was conducted in accordance with the constructivist grounded theory approach.

Results: The prerequisites for using Open Notes with proxy access were sufficient digital literacy on the part of the patient or
CP, as well as the establishment of a trusting relationship between patients and CPs. Access to Open Notes enabled patients and
CPs to gain a deeper understanding of the illness and its treatment while also facilitating enhanced contact with health care
professionals. This resulted in greater involvement in the treatment process but may also prompt changes in relationship
dynamics—CPs are better equipped to support patients in their health care but may also tend to monitor or control them through
Open Notes. As a result, the introduction of Open Notes was accompanied by mixed feelings.
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Conclusions: It is of utmost importance to provide older patients with comprehensive access to Open Notes to preserve their
health autonomy. However, the involvement of CPs through proxy access is of great value in improving the care of older patients,
especially those with cognitive impairments.

(JMIR Aging 2025;8:e66690)   doi:10.2196/66690

KEYWORDS

psychiatry; eHealth; mental health; digital literacy; older patients; older adult; care partner; proxy access; open record access;
Open Notes; patient portal; artificial intelligence; AI

Introduction

Background
The ongoing digitalization throughout society, coupled with
demographic transformations, presents both opportunities and
challenges for the health care sector. The global population is
living longer, and in particular in industrialized countries,
fertility rates are declining, which is significantly altering the
age composition of the population [1]. Concurrently,
digitalization is gradually permeating all areas of society,
including the mental health care sector, thereby providing
patients with new opportunities to participate in their treatments
[2]. The European Health Data Space proposal follows this
development and aims to improve patients’ access and control
over their personal electronic health data [3]. One such
opportunity for patient participation is through online record
access (ORA), which enables patients to view their electronic
health records (EHRs) via web-based patient portals. When
patients are able to also access their health care professionals’
(HCPs) notes via ORA, this is referred to as Open Notes [4-6].
In the United States and some Scandinavian countries, Open
Notes are already an established practice in health care [3,7].
Patients in the United Kingdom have the option of accessing
the clinical notes of their general practitioners [8]. In contrast,
in other countries such as Germany, Open Notes have yet to be
integrated into the health care system [9,10]. However, current
legislation requires all hospitals in Germany to implement
patient portals. Therefore, in the near future, it will be
technically possible to offer Open Notes [11]. Access to clinical
notes and the associated transparency can enhance patient
empowerment and engagement, improve medication adherence,
and bolster disease management and awareness [12-15]. Studies
indicate that vulnerable groups, including older patients,
particularly benefit from Open Notes [16]. Furthermore, it can
enhance communication between (older) patients and their
HCPs, thereby strengthening trust in the treatment process
[17,18]. While many older patients express interest in and intent
to use digital health technologies, few actually use them [19].
Because older patients are not considered digital natives, they
often face several challenges when using digital health
technologies, including limited digital health literacy, usability
issues, and heightened concerns about data security [19-21]. In
addition, older patients are increasingly affected by cognitive
deficits (eg, dementia), which further complicates the
development of digital health literacy [22]. These barriers lead
to a decrease in the use of web-based health services such as
ORA with advancing age, especially without (human) guidance
[23]. Therefore, it is imperative that digital health literacy is

taken into account in the design of patient portals and EHRs to
ensure their accessibility and inclusivity for older users [24,25].

In general, a significant proportion of older patients rely on
relatives such as family members, partners, or friends (referred
to as care partners [CPs]) to meet their health care needs [24].
This is also true for digital health services [26]. Receiving
support from CPs has a positive impact on patients’ quality of
life, quality of care, and health resource use. In addition, patients
and CPs would like to have greater involvement in medical care,
but this has not been adequately supported by the health care
system [24,27]. CPs often lack essential information about the
health status and treatment planning of older patients, which
can significantly complicate care [24]. With proxy access, Open
Notes allow relatives to read medical treatment documentation
with the patient’s consent [28]. Giving CPs access to Open
Notes provides them with important information and facilitates
their care. In addition, studies show that the involvement of CPs
can also increase engagement in the treatment of (older) patients
using ORA [29]. Current research confirms that such access is
desired by CPs [22,30] but acceptance is still limited [26]. ORA
and Open Notes will become increasingly important in health
care, and the associated opportunities should be available to all
patients [22,24]. Therefore, it is essential to gain a deeper
understanding of the use patterns of older patients, the role of
CPs, and the barriers and opportunities associated with them.

Objectives
To date, only a limited number of studies have examined the
use of ORA by older patients in the context of proxy access
[24,31,32]. Specifically, in the area of mental health, the authors
are currently unaware of any studies on this topic [33,34]. In
light of the current state of research, the purpose of this study
was to explore the experiences, preferences, and needs of older
mental health patients and their CPs, as well as the barriers and
opportunities related to using Open Notes. In addition, this study
aimed to provide recommendations for best practice in this area
and sought to identify the factors influencing the impact of CP
access to Open Notes.

Methods

Study Design
The Piloting and evaluation of a participatory patient-accessible
electronic health record for geriatric psychiatric patients and
their care partners (PEP.AGE) study is part of the Piloting and
evaluation of a participatory patient-accessible electronic health
record in Psychiatry and Somatics (PEPPPSY) project
(2021-2026) [35,36]. In the PEPPPSY project, patients are
provided with access to their HCPs’ treatment and progress
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notes via a dedicated patient portal [37]. Furthermore, the
development and implementation of the patient portal are being
examined from the dual perspectives of both patients and HCPs.
The PEP.AGE study broadens the scope of the PEPPPSY target
population by including not only the perspective of older patients
but also that of their CPs. Given the exploratory nature of this
study, a qualitative design was chosen to ensure a
comprehensive and thorough examination of the use of Open
Notes by older patients and their CPs.

Ethical Considerations
This study was approved by the ethics committee of
Brandenburg Medical School Theodor Fontane (E-01-20210727)
and registered with the German Clinical Trials Register
(DRKS00030188). Participants were informed of the study
content and procedures both verbally and in writing. Informed
written consent was then obtained from all participants. All
participants had the right to withdraw from the study at any
time without any adverse consequences. All data were
anonymized. Participants received a compensation of €40 (US
$41.39) for their participation.

PEPPPSY App
The patient portal pilot, called PEPPPSY, was initiated as part
of a research collaboration between the Norwegian University
of Science and Technology and Brandenburg Medical School
Theodor Fontane. The portal was developed through an ongoing
iterative and participatory process [35,36]. In addition to
accessing clinical notes, patients and CPs can respond to HCPs’
entries with comments. HCPs are then notified of these
comments and can respond to patients (or CPs) within the same
thread. In the current second phase of the project, the pilot has
been expanded to include access for CPs (proxy access), which
will increase the accessibility and utility of the portal for a
broader patient population.

Study Setting
This study was conducted in 2 psychiatric outpatient clinics
(Rüdersdorf and Strausberg) of the Immanuel Hospital
Rüdersdorf in the state of Brandenburg, Germany. Psychiatric
outpatient clinics are specialized facilities that provide
psychiatric care to patients with severe mental illness. These
patients typically require comprehensive and multidisciplinary
psychiatric treatment and often lack access to adequate care in
other outpatient settings (such as psychiatric or general medical
practices) due to the severity or chronicity of their psychiatric
conditions.

Recruitment
Eligible participants were enrolled in the PEP.AGE study from
June 2023 to January 2024. Participating patients had to be aged
≥60 years, receive treatment at 1 of the 2 designated sites, and
be able to provide informed consent. Patients with risk factors
such as self-harm or harm to others and severe cognitive
impairment were excluded from the study. Participating CPs
had to be adults (aged ≥18 years) and able to provide informed
consent.

Data Collection
At enrollment, sociodemographic data were collected from both
patients and their CPs. Patients and CPs were then introduced
to the use of the patient portal by their HCP or a member of the
study team. They were provided with a comprehensive,
user-friendly manual and the option of one-on-one assistance
to set up their accounts and learn how to use Open Notes step
by step. Subsequently, the older patients and their CPs (with
patient consent) were given access to the patient portal and the
HCPs’clinical notes. At the beginning of the intervention phase,
participants were randomly contacted to identify and address
any barriers to use. At the end of the 3-month intervention phase,
semistructured interviews were conducted with patients and
CPs using previously developed interview guides to gain deeper
insights into their actual experiences with Open Notes
(Multimedia Appendix 1). The interviews lasted between 20
and 30 minutes each. Throughout the study (onboarding phase,
intervention phase, and interview phase), the study team kept
field notes documenting observations and contextual information
[38].

Data Analysis
The qualitative interviews were audio recorded, pseudonymized,
transcribed, and analyzed by 2 researchers with the
computer-assisted analysis software MAXQDA (VERBI GmbH)
using the constructivist grounded theory by Charmaz [39]. The
selected analytical approach was appropriate to the research
subject as this exploratory study aimed to iteratively develop
theoretical concepts from the data. In accordance with the
approach by Charmaz [39], the data analysis was conducted
continuously, commencing with the earliest data gathering
(initial interview). The interviews were initially coded line by
line to facilitate the conceptualization of ideas and the
development of preliminary codes. Subsequently, focused
coding was conducted, whereby the most significant and
frequent codes were identified, sorted, and synthesized into
overarching categories. Following this, relationships between
the categories were identified and connected into coherent
theoretical concepts (theoretical coding). On the basis of the
developed concepts and emerging theory, the research team
returned to the field and gathered additional data on specific
themes until theoretical saturation was achieved. For quality
assurance purposes, the COREQ (Consolidated Criteria for
Reporting Qualitative Research) checklist was used (Multimedia
Appendix 2).

Results

Sociodemographic Data
A total of 10 patients and 10 CPs were interviewed via telephone
(by EMD or MW), and their complete sociodemographic data
are shown in Table 1. In total, 5 dyads (each consisting of a
patient and their respective CP), as well as 5 independent
patients and 5 independent CPs, were interviewed. All
participants self-identified as White individuals, were born in
Germany, and spoke German as their native language. The age
of the patients ranged from 62 to 81 years, with a mean of 71.60
(SD 6.43) years. A total of 70% (7/10) of the patients identified
as female, and 30% (3/10) identified as male. Most patients
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(8/10, 80%) were retired, whereas a minority (2/10, 20%) were
still employed. All CPs (10/10, 100%) were family members
of the patients (mainly spouses or children). The ages of the
CPs were more diverse, ranging from 45 to 81 (mean 61.20,
SD 11.02) years. This was due to the participation of spouses
(5/10, 50%), children (4/10, 40%), and other family members
(1/10, 10%) of the patients as CPs. In total, 40% (4/10) of the
CPs were already retired, whereas 60% (6/10) were still

employed part time or full time. Before the start of the PEP.AGE
study, the vast majority (8/10, 80%) of the older patients had
already given their relatives access to their health information.
Patients reported medical discussions with their HCPs to their
CPs, shared medical correspondence and medication schedules
with them, or were accompanied by CPs to medical
appointments.

Table 1. Characteristics of the patient–care partner dyads.

Care partnersPatientsDyad number

Employment statusRelationship to patientAge (y)Diagnosis (ICD-10a code)SexAge (y)

Part timeSpouse62Mild cognitive disorder (F06.7)Female671

Full timeChild51Dementia in Alzheimer disease
with late onset (F00.1)

Female752

RetiredSpouse69Dementia in Alzheimer disease
with late onset (F00.1)

Male803

Full timeChild45Severe depressive episode
without psychotic symptoms
(F32.2)

Female814

RetiredSpouse69Social phobias (F40.1)Female675

RetiredChild52Recurrent depressive disorder,
current episode severe without
psychotic symptoms (F33.2)

Female696b

Full timeChild53Generalized anxiety disorder
(F41.1)

Male627b

RetiredSpouse81Recurrent depressive disorder,
current episode severe without
psychotic symptoms (F33.2)

Male688b

RetiredSpouse69Bipolar affective disorder, cur-
rent episode mild or moderate
depression (F31.3)

Female789b

Full timeOther family member61Recurrent depressive disorder,
current episode severe without
psychotic symptoms (F33.2)

Female6910b

aICD-10: International Classification of Diseases, 10th Revision.
bNo dyad; independent care partners and patients.

The patients supported by the independent CPs (CPs 6-10) were
aged between 71 and 86 (mean 80.8, SD 6.099) years and
retired, and they self-identified as White individuals. Patients
were being treated for the following main diagnoses: dementia
in Alzheimer disease with late onset (International Classification
of Diseases, 10th Revision [ICD-10], code F00.1); mild cognitive
disorder (ICD-10 code F06.7); recurrent depressive disorder,
current episode severe without psychotic symptoms (ICD-10
code F33.2); and mixed anxiety and depressive disorder (ICD-10
code F41.2).

Qualitative Findings

Overview
The results revealed 3 (partially interrelated) dimensions
associated with Open Notes with proxy access when used by

older patients and their CPs. These dimensions and their
interactions are summarized in Figure 1 and described in detail
in the following sections. The green core dimension in Figure
1 provides the foundation for the use of Open Notes and proxy
access (eg, digital skills and literacy, trust, and understanding
of note content). The red (inter)personal dimension encompasses
the impact that Open Notes can have on the relationships among
patients, CPs, and HCPs. Finally, the blue future dimension
offers ideas and recommendations for the further development
of Open Notes. Quotations from CPs and patients are identified
using the IDs CP and PAT, respectively.
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Figure 1. Interrelations of the qualitative categories and dimensions related to the use of Open Notes with proxy access by older patients and their care
partners (CPs). Arrows pointing upward indicate increase or enhancement. HCP: health care professional.

Gaining the Digital Skills Needed to Access Open Notes
The interviews and field observations revealed that the digital
health literacy of the older patients and their CPs varied
widely—both between dyads (patient-care-partner pairs) and
across participant groups. While some dyads required direct
assistance from study team members to activate, log into, and
use the patient portal, others required no assistance at all.
Younger CPs generally found it much easier to navigate the
patient portal than older patients. This variability was also
evident in the interviews, with approximately half (4/10, 40%)
of the patients and most of the CPs (6/10, 60%) reporting that
using Open Notes was challenging or even beyond the digital
literacy of the patients, as illustrated by the following statements:

It [technical difficulties] could very well be because
I’m no longer able to do things like that. [I had] Two
strokes and then the nerve disease. [PAT_0420]

New technologies are often a challenge for older
people. It takes a lot of patience and support from us
younger ones, but it’s doable if you stick with it and
show them they can do it. [CP_0213]

As the previous quotes illustrate, a significant number of patients
(5/10, 50%) relied on the assistance of their CPs to use the
patient portal and Open Notes. At the same time, 20% (2/10)
of the CPs themselves indicated that using digital health

technologies posed a (manageable) challenge to their digital
literacy:

I had to overcome a few technical hurdles, but with
time and some support, I managed to use the
application. [CP_0213]

The 2-factor authentication log-in process proved to be
particularly challenging, if not insurmountable, for some patients
and CPs. Some participants were able to overcome this barrier
on their own or with assistance (from CPs or the study team).
However, others became so frustrated that they stopped using
the patient portal altogether. CPs reported the following:

Well, there’s this two-step login process, where you
need the SMS PIN, and then—since I mostly used it
on mobile—you have to fiddle around a bit to find
where the access to the records is, but ultimately it
was okay. [CP_0209]

I had a question once because the access didn’t work
at the beginning, but it was resolved relatively quickly.
They sent me a new one, and I was able to use it.
Okay, but I don’t know exactly if it was my fault or if
it was just issues with the program. [CP_0409]

Although most participants reported using and perceiving
benefits from the patient portal, 30% (3/10) of the CPs and 10%
(1/10) of the patients indicated that they did not access the
patient portal in their daily lives. This was due to a lack of
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perceived need to review the information given their regular
contact with the HCP and the absence of a crisis situation that
would have made accessing the records more relevant:

For us, it [Open Notes] doesn’t have any everyday
use. The idea that there’s the possibility to look up
and comment on disputed questions is great. But in
the six months we’ve been participating, there hasn’t
been a situation that required us to intervene or do
anything. [CP_0211]

Most patients (8/10, 80%) agreed that a solid foundation of trust
is a prerequisite for disclosing sensitive clinical information to
family members. Some CPs (3/10, 30%) expressed a similar
view. An open and honest conversation about the advantages
and disadvantages regarding the patients’ privacy seemed to be
particularly important before using Open Notes with a proxy
access, as the following quote shows:

We had discussed beforehand what this is and what
it means. Otherwise, I don’t think she [CP] would
have agreed to it. When everything is disclosed, you
have to be willing to accept that. Some might say,
“Oh no, I don’t want that, it’s too private,” depending
on who it is and the relationship involved.
[PAT_0419]

Types of Understanding

Overview

The implementation of Open Notes involves several types of
understanding. First, it is essential for patients and CPs to
comprehend the content of the clinical note, which requires that
the notes be written in patient-friendly language. In addition,
by reading the clinical notes, older patients and their CPs were
able to gain a better understanding of the illness and its
treatment. This allowed them to adequately prepare for medical
appointments, reducing anxiety and facilitating understanding
during treatment sessions.

Understanding Clinical Notes

Most interviewed patients (8/10, 80%) and half (5/10, 50%) of
the CPs agreed that the documentation was particularly
understandable when it was composed in a manner accessible
to patients without a lot of medical or technical jargon:

It [Open Notes] was understandable. Without any
medical jargon, everything was fine. The way I
described it, he [the HCP] wrote it down, more or
less in my own words. It was expressed a bit better,
but still in normal, understandable terms, I would
say. [PAT_0411]

Yes, it was understandable. Of course, there are
always medical terms that might be unfamiliar to a
layperson at first. But then you remember the
conversation and can figure out what it was about
and what was meant. So far, I can’t say that I didn’t
understand anything. It was all very understandable.
[CP_0201]

The previous quotes show that, for some users, the information
in the Open Notes alone is not sufficient; rather, understanding
is built by combining the knowledge gained from the

conversation with HCPs during in-person medical appointments
and the information provided in the Open Notes.

Some CPs accompanied patients to their medical appointments
and were able to recall the content of the conversations.
However, for CPs who were unable to attend appointments, the
clinical notes seemed to be easy to understand, as the following
quote illustrates:

Yes, those were his notes. Brief and to the point. Of
course, he didn’t write long texts, but at least he
documented briefly what was discussed, how the
medications are, and what the plan is going forward.
He wrote it down in a way that was understandable
for everyone. [CP_0416]

Understanding the Illness and Its Treatment

Some patients (3/10, 30%), but especially CPs (6/10, 60%),
reported that access to patient-friendly clinical notes provided
them with a more complete understanding and awareness of the
patient’s illness and treatment:

I now have a much better overview of the entire
treatment process and my mother’s current health
condition. This makes it easier to make informed
decisions and plan the next steps. [CP_210]

This improved understanding of the illness appeared to serve
as a foundation for subsequent developments, including the
increased involvement of CPs in the treatment process and the
provision of support. Because treatment appointments often
leave little time for questions or repetition, patients (5/10, 50%)
and CPs (3/10, 30%) found open-ended notes to be a valuable
reminder, allowing them to prepare for and follow up on
appointments more easily. Participants found it beneficial to
have a written record of what was discussed that they could
review at their own pace, allowing them to process the
information in a way that best met their individual needs:

Remembering and understanding important details
and conversation points better. This was especially
useful for preparing for appointments and following
up on recommendations. [CP_0213]

Because for me, it’s easier when I see something in
writing, read it, and then respond or share my own
experiences. This back-and-forth, this exchange with
the doctors and staff, it’s easier for me in writing than
sitting in front of the doctor who might not have much
time. [PAT_0402]

If we have an appointment, we review the last one
together, summarize the key points, and build the new
medical appointment on that. [CP_0201]

As the preceding quotes illustrate, one patient noted that
reviewing the documentation allowed her to better assess and
understand her own treatment progress. Another patient reported
that he used the clinical notes to confirm that his HCP had
understood him correctly during the visit. This gave him the
opportunity to address any potential misunderstandings:

Exactly, it allows you to see for yourself that
everything was conveyed clearly. When you only
attend the doctor’s visit and then leave, you forget
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half of it anyway. It was much better for me to be able
to read it again and confirm that I was truly
understood. [PAT_0204]

Changes in Contact and Relationship Dynamics
Nevertheless, many patients (7/10, 70%) and CPs (5/10, 50%)
described Open Notes as facilitating communication with HCPs
in a variety of ways. Open Notes, with the opportunity to
comment on notes and send messages back and forth, made
contact with HCPs faster, more direct, more efficient, more
accessible, and more frequent. As a result, participants reported
an increased sense of involvement in the treatment process and
improved collaboration with HCPs:

You can communicate quickly. That is important. It’s
nice, it’s accessible. [CP_0409]

Yes, the contact became more frequent, and I felt more
involved in the treatment. It was a very positive effect
that improved collaboration. [CP_0210]

In addition, Open Notes allowed participants to contact HCPs
outside of office hours, which was particularly convenient for
full-time CPs. All participants were aware that this was
asynchronous communication and that responses would only
be made during the HCPs’ working hours. One patient said the
following:

You can exchange messages, even on the quick...So
having a direct line to the doctor [through Open
Notes], without having to call during office hours, is
relatively quick. You get a prompt response from the
doctor to what you write. [PAT_0204]

In some cases, communication via Open Notes even replaced
telephone contact. This was seen as a relief by some participants
(1/10, 10% of patients and 4/10, 40% of CPs) as HCPs were
often difficult to reach by phone. In this context, one CP
highlighted the portal’s communication and commenting
function as a valuable tool for patients with mental health
conditions who may find phone calls challenging:

Interviewer: Okay. And compared to calling, did you
feel that you could reach your healthcare provider
better or faster through the patient portal than by
phone or other means?...Patient: Definitely much
better, because calling is always tricky. If they’re in
treatment, you can’t reach them. But this way, they
responded when they had time, and everything was
handled very quickly, so it was totally fine.
[PAT_0204]

As I would say, when patients use it themselves, and
I am not a patient, but patients generally have
underlying issues, often psychological, which make
it difficult for them to communicate. Yes, reaching
for the phone is challenging, going to the doctor is
difficult. But maybe writing is somewhat less personal
and might be easier. And it can be done at night or
at an inconvenient time without feeling guilty, so I
can imagine this is definitely a good option that could
continue to be used. [CP_0409]

Moreover, a slight shift in the relationship dynamics between
patients and their CPs was noted with the implementation of
Open Notes with proxy access. Now that CPs had access to the
clinical notes, some patients (4/10, 40%) felt that their CPs were
more understanding of their mental illness. This suggests a
developmental process on the part of the CPs initiated by reading
the shared notes:

Well, my stepson initially had problems because he
couldn’t imagine it when I said that it’s still hard for
me to take the bus alone. I get such a racing
heart...But as I said, my stepson couldn’t really
understand it. Maybe you can’t fully understand if
you are healthy. But he has learned to understand it.
[PAT_0224]

From Support to Control
There was considerable variability in the level of digital health
literacy among the older patients (see the Gaining the Digital
Skills Needed to Access Open Notes section). In particular,
patients in the oldest age group and those with cognitive
impairments relied heavily on their CPs to help them navigate
the digital patient portal. Some patients delegated responsibility
for managing their health information in the portal to their CPs
alone, whereas others sought to collaborate with their CPs in
reading and understanding clinical notes:

My mother is now 82, and at that age, she’s not likely
to engage with apps or registration issues. If anything,
I managed it for her or we discussed it. [CP_0419]

I can open this page and then we can read it together.
Or I explain to him what my concerns were. But
independently, no longer. [CP_0201]

In contrast, a younger and more digitally literate patient reported
that she was able to access her Open Notes independently and
only sought assistance from her CP when she encountered
issues:

Well, I would first read it [Open Notes] on my own
because I only have my daughter as a relative. And
she has her own problems at the moment, so I don’t
really need her help unless I have issues. I’ll handle
it myself first. [PAT_0402]

The ability to access clinical notes enabled many CPs (6/10,
60%) to gain a deeper understanding of the illness and treatment
of the family member with a severe mental health issue. This
increased their confidence in providing effective care and
managing the illness, allowing them to better support the
treatment (such as preparing for medical appointments and
adhering to medication plans):

It [Open Notes] significantly improved my
understanding. I could better follow the treatment
processes and medical decisions. This helped me
support my mother better and make informed
decisions. [CP_210]

It [Open Notes] was sometimes difficult, especially
when the reports were not positive. But it helped me
be better prepared and respond quickly if something
was wrong. [CP_0213]
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As previously indicated (see the Changes in Contact and
Relationship Dynamics section), this heightened level of
involvement and responsibility, in addition to the improved
information flow, was partially attributable to more intensive
contact with HCPs, as evidenced by the following quote:

Yes, the contact became more intense, and I felt more
included in the treatment. It was a very positive effect
that improved the collaboration. [CP_0210]

A few CPs (3/10, 30%) reported that Open Notes enabled them
to provide more effective support from a greater distance (eg,
from another city or country). Furthermore, CPs observed that
reading the clinical notes reduced the need to accompany
patients to medical appointments, thereby enhancing autonomy
for both CPs and patients:

This allowed me to monitor their health data and
ensure they received the right care even when I
couldn’t be with her. It gave me a sense of security
to always be informed. [CP_0210]

In addition to increased involvement, responsibility, and support,
some CPs (3/10, 30%) also demonstrated a tendency to monitor
or control patients through Open Notes. They compared the
patient-reported information from medical appointments with
the written information to assess the veracity of the reports and
identify any potential omissions. This monitoring held the
potential for conflict, but in one case, it also led to a more open
and honest exchange between a patient and a CP regarding their
inner motivations (eg, the withholding of information due to
feelings of embarrassment, fear of disempowerment, or memory
issues) and, thereby, enhanced mutual understanding:

It [Open Notes] allowed me to access all relevant
information and better monitor my mother’s health.
It helped us be better informed and respond more
quickly to changes. [CP_0210]

There was a moment of surprise when she didn’t
mention something or had forgotten, but it was
actually helpful because it led to a discussion where
I could address it. She was honest, and we could
discuss things in more detail or I could suggest she
pay more attention to certain aspects. So, it wasn’t a
bad thing; it facilitated further discussion. [CP_0416]

Having Mixed Feelings
Both CPs (7/10, 70%) and patients (5/10, 50%) provided insights
into their emotional perceptions of the Open Notes. Notably,
both patients and CPs reported a similar range of emotional
experiences, including both positive and negative feelings. Both
groups reported feelings of emotional distress associated with
reading about deteriorating health or lack of treatment success.
One patient even described experiencing persistent worrying
thoughts. Some patients (4/10, 40%) also expressed concern
that their CPs might experience distress as a result of reading
the notes:

Well, it’s a bit burdensome, I would say, maybe. When
something new comes up and then the success doesn’t
happen. [PAT_0402]

It was a mix of relief and concern. Relief because I
was informed, and concern when the information
wasn’t positive. But overall, it helped me to be better
prepared. [CP_0210]

I am concerned that my relative may be emotionally
distressed by reading the entries [Open Notes].
[PAT_0207]

Both CPs and patients noted that Open Notes provided a sense
of security regarding the illness and its treatment. This sense of
security was derived from 2 sources: first, the ability to access
treatment information and, second, the knowledge that this
information has been validated by experts:

No, for me it’s more like the lack of knowledge is
stressful. When you have an informed status, you can
handle it better. [CP_0211]

Yes, actually good, because I know it comes from a
competent source and not just from random internet
readings where every third person says something
different, and so on. So, for me, it’s reliable
information. Definitely, knowing without having to
worry about whether it’s true or not or maybe or
something, so that’s more reassuring for me.
[PAT_0402]

One patient found it motivating and encouraging to read her
HCP’s notes. In addition, this patient was particularly motivated
by proxy access and the fact that her CP also read the notes,
which led her to engage in more self-care. This particular finding
suggests that access to clinical notes by CPs may also impact
treatment outcomes or patient recovery on a personal level
beyond the increased involvement of well-informed CPs in the
patients’ health management:

But when you read the family’s comments, like, “Hey,
you’ve been letting yourself go lately,” or “You seem
unmotivated,” it motivates you. You realize they are
right; there’s no reason to just hang around or
whatever. [PAT_0411]

In contrast, for other patients (2/10, 20%) and CPs (2/10, 20%),
the clinical notes were less emotionally significant and were
perceived more neutrally, as illustrated by the following quote:

You perceive it relatively neutrally. You don’t get
super happy or deeply depressed. [PAT_0204]

Looking Ahead: Suggestions and Feedback
Several patients and CPs provided feedback on potential
modifications to the patient portal that could improve its
usability. Typically, suggestions focused on modifying or
enhancing existing features within the portal. For instance, 4
participants (n=3, 30% patients and n=1, 10% CPs) expressed
a desire for a read receipt feature to confirm when HCPs had
received and read their messages. In addition, 20% (2/10) of
the patients proposed that they be notified when a response from
their HCP had been submitted. This notification feature had
already been incorporated into the system and could be enabled
by the user, yet these patients were unaware of its availability:

Something like that, just like with emails where you
can send a confirmation of receipt or read receipt,
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so you know it’s been received and opened.
Sometimes, that’s all you need. [CP_0416]

And if the HCP has written something, it would be
nice to get an email notification so that I know there’s
a message there. If it’s out of the ordinary and you
don’t check it every day, you might not see it for a
few days. [PAT_0204]

Moreover, one patient expressed a desire for the portal’s features
to be more appealing and engaging for older patients, with the
goal of tailoring the portal’s design to the needs of this patient
group (eg, by encouraging them to write comments). Both
improved guidance and an optimized design were requested by
the participants and could facilitate greater accessibility and
appeal for the target audience:

A little guidance, maybe. Okay, that we start here,
with a specific topic being set. I need to know, what
should I write? [CP_0402]

But the commenting function should be designed in
a way that makes you want to use it, that makes you
feel like speaking up. [PAT_0420]

Other participants expressed a preference for integrating
additional features into the patient portal beyond simply reading
clinical documentation. In total, 10% (1/10) of the patients and
20% (2/10) of the CPs suggested enriching the patient portal
with more psychoeducational information about the illness and
integrating some type of psychoeducational lexicon or
psychiatric frequently asked questions into the patient portal:

And I would certainly wish for a way to learn more
about the illness, about behavioral strategies, options
for the CP, but also for the patient. So you don’t have
to Google and look for information elsewhere. If
you’re already in the psychiatric system, maybe you
could listen to more. Do you understand? That on
this platform, on this level, you could already have
specific questions answered. [CP_0201]

In fact, one CP expanded the original scope of Open Notes by
using the commenting feature to document important
developments in her mother’s health. She used this primarily
as a personal reminder while also indirectly facilitating
transparency and understanding of progress for HCPs by posting
it on the patient portal:

At the beginning, I would write down things that I
noticed in my daily life with my mom, as a personal
reminder. It was helpful to have these notes ready for
the next appointment as preparatory points. I
definitely find it useful for that. [CP_0409]

Discussion

Synthesis of the Findings
The results highlight both opportunities and challenges
associated with using Open Notes for older patients and their
CPs. In addition, the key drivers of proxy access were identified,
and their interdependencies were highlighted. Our results show
that older patients and their (sometimes older) CPs must first
gain (proxy) access to the patient portal to use and benefit from

Open Notes. This requires sufficient digital literacy and mutual
trust between patients and CPs. In our study, many older patients
needed support from their CPs to navigate digital health services.
Once access to open records was established, both parties
reported feeling more informed about the illness and its
treatment and more in touch with HCPs. These 2 factors led to
increased health literacy, engagement, and involvement for both
patients and CPs. In line with this, our results suggest that access
to Open Notes enables CPs to better support patients in their
(digital) health management. However, there was also evidence
that CPs used Open Notes to control patients, which could lead
to conflicts. Finally, recommendations for further developments
and feedback emerged.

Our findings show that it is particularly valuable to allow
patients, CPs, and HCPs to digitally engage with Open Notes
via a comment function, allowing the stakeholders to directly
communicate by sending asynchronous messages. This
interactivity of the test environment (PEPPPSY) in which our
study was conducted was frequently used and highly valued by
patients and CPs. In particular, it appeared to contribute to the
health literacy of patients and CPs by allowing them to ask
questions about the content of the notes or the treatment in
general. Communication via Open Notes is not a classic feature
of Open Notes, nor is it simply a secure messaging function as
the digital interaction is not separate from the Open Note itself.
This demonstrates that Open Notes serve multiple purposes
(such as providing information, facilitating contact, and offering
reassurance) depending on the level of interactivity available
[40].

Ensuring Accessibility for Older Patients
As evidenced by previous research and observed in our study
as well, older patients (and their CPs) predominantly use Open
Notes as a memory aid, benefiting from this tool to prepare for
or recap medical appointments. This provides both patients and
CPs with an increased sense of security in their treatment
processes. The positive effects of the implementation of Open
Notes with a proxy access shown in this study—such as
enhanced patient empowerment and engagement, increased CP
involvement, and improved health management—align with
those found in previous research [30,41,42]. Nevertheless, for
these advantages to be fully realized, the initial challenge must
be addressed: ensuring that older patients and their occasionally
also older CPs have convenient access to the patient portal. This
seems particularly relevant as older adults show interest in using
patient portals yet the existence of numerous barriers hinders
their ability to do so [19]. While CPs can indeed play a crucial
role in compensating for the patients’ lack of digital health
literacy—as observed in our study—it is equally important to
encourage and enable older patients (with sufficient cognitive
abilities) to independently access their health information. Older
adults are often apprehensive or skeptical about digital health
tools, so addressing these concerns is essential [43].
Furthermore, it is important to ensure that older patients are
able to comprehend the content of the Open Notes.
Consequently, the clinical documentation must be written in
patient-friendly language, which is not always the case in
clinical practice [6].
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On the basis of the study results, it seems important to provide
older patients and their CPs with a clear and detailed explanation
of the available features (such as the commenting feature and
the opt-in notification feature) before they use the patient portal
and Open Notes. It is imperative that patient portal interfaces
are designed in a manner that is accessible to all age groups and
that the technical requirements are kept as user-friendly as
possible. For instance, alternative methods of 2-factor
authentication should be explored as requiring users to use 2
devices (eg, a phone and a computer) simultaneously can be
overwhelming and frustrating and may, ultimately, result in
older patients giving up on using the patient portal and Open
Notes. At the same time, increased usability must be compatible
with high-level data security requirements. Furthermore, the
design of patient portal interfaces should adhere to fundamental
age-specific design principles, including the use of appropriate
fonts, color choices, and audio alternatives and the minimization
of text entry requirements [44]. Providing users with the option
to select either a standard or older age–accessible interface
design when accessing the patient portal could prove
advantageous as it would enable users to customize their
experience to align with their specific requirements.
Nevertheless, it seems unlikely that merely modifying the
interface will be sufficient to significantly increase the adoption
of patient portals and Open Notes among older patients, and
therefore, a more comprehensive approach is needed.

First, older patients must be made aware of the availability of
patient portals (and the possibility of setting up a proxy access)
through comprehensive and targeted informational campaigns
[45]. Second, older patients need to be encouraged to use patient
portals through the aforementioned campaigns and, more
importantly, through their general practitioners and other HCPs
[46]. As highlighted in the interviews and supported by findings
of other studies, human guidance is essential for older patients
to use the full range of features available on patient portals [47].
This responsibility should not be borne solely by CPs,
particularly given that not all older patients have access to a
digitally literate CP [48].

In light of the ongoing digitalization of the health care system,
it may be worthwhile to consider the introduction of an
institutionalized role dedicated to this task. In the United States,
the role of digital navigator is currently being investigated and
defined [49]. Digital navigators are HCPs who have undergone
specialized training in the area of digital mental health
applications. They provide consultative assistance to health care
providers and offer continuous guidance to patients in using
these applications [50]. To date, this role has been primarily
concerned with the use of digital health applications. However,
in light of the increasing international adoption and promotion
of EHRs and ORA, it may be beneficial to consider expanding
the role of digital navigators to encompass these additional tools
and consider the integration of artificial intelligence–assisted
support—as proposed by Wunderlich et al [48] with the concept
of digital case managers. Nevertheless, artificial intelligence
solutions should not replace human guidance as one of the
primary concerns of older patients is that digital services could
potentially supplant personal contact with HCPs [43].

Preserving the Autonomy of Older Patients
In addition to the aforementioned fundamental requirements
for adapting patient portals to ensure accessibility for older
adults, other aspects must be considered when involving CPs
through proxy access. In the course of our study, the themes of
trust, support, and control emerged as particularly salient, a
finding that is also corroborated by other studies [30]. Despite
the fact that CPs are only granted proxy access with the informed
consent of the older patients, there is a risk that they may use
Open Notes as a tool for control. This issue has significant
ethical and practical implications [51]. Patients with dementia
are especially reliant on the assistance of CPs in the management
of their health [52], which also applies to the use of digital
patient portals [53,54]. It could be argued that, particularly in
cases in which patients are experiencing significant cognitive
decline, such as with dementia, a certain level of control may
be necessary and appropriate within the context of their care.
Moreover, all participating older patients consented to the
involvement of their relatives (and may revoke this consent at
any time), thereby indicating their general assent to the sharing
of information (and, thus, also to the potential for control).
Nevertheless, this controlling behavior represents a substantial
limitation of the patients’ autonomy and may potentially give
rise to conflict in the relationship between patients and CPs.
Furthermore, in accordance with the systemic concept of a good
reason, it can be assumed that all behaviors, including the
deliberate withholding of information by patients, are motivated
by a good inner reason and represent a more or less constructive
coping mechanism in the face of challenges and difficulties (eg,
to avoid shame or to maintain independence) [55].

At this point, it is pertinent to re-examine whether these
considerations are applicable to patients with age-related
cognitive impairments. These reflections could likely be
extended indefinitely, leading to a vicious circle. However, it
is possible to diverge from this loop and conclude that it is
essential to preserve the dignity of older patients (with and
without dementia) while using ORA and Open Notes [56].
Therefore, it is crucial to consider how the experience of
(controlling and) being controlled can develop into a trusting
dependence on the support of CPs [57]. Caine et al [58] and
Latulipe et al [30] suggest that patients should be informed
precisely about which information CPs can access in the patient
portal. It seems particularly important to provide patients with
the option of fine-grained access settings, allowing them to
decide which information should be shared and which should
not [59]. Such fine-grained functionality was available in early
versions of the Swedish national patient portal [3,60]. In
addition, a break-glass access control protocol can be
implemented whereby patients can define which information
should be released in an emergency (eg, in the event of a
significant deterioration in cognitive health or an unexpected
hospitalization) [30,61]. Careful attention must be paid to
defining the end points meticulously and distinctly (eg,
establishing clear criteria for what constitutes significant
cognitive decline).
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Implications
Older patients can benefit significantly from Open Notes with
proxy access in their health care. However, to realize these
benefits, older patients (and their CPs) must first be empowered
to access the patient portal and understand clinical
documentation. This requires adapting the design of patient
portals to the needs of the older patient population and
supporting the digital literacy of older patients through tailored
individual and structural interventions. Enabling patients and
CPs to interact with their HCPs through Open Notes seems to
be a particularly important new feature. Many older patients
rely on the support of CPs to manage their health care, especially
when using digital health services. However, to ensure that older
patients maintain their autonomy and dignity when using digital
health services such as Open Notes, it is crucial to prevent these
tools from becoming instruments of control for CPs. Older
patients should be able to make granular decisions about what
information they want to share with their CPs and what they
want to keep private. For emergencies, a break-glass access
protocol should be established in advance.

Limitations
This study was based on a small number of participants, which
limits the generalizability of the results. Furthermore, the group
of participants was highly homogeneous with regard to the
categories of race and migration status. To obtain generalizable
results, larger studies with a more diverse selection of
participants are required in the future. Similarly, older patients
and their CPs represent a relatively specific participant group,
which further limits the generalizability of the results. Younger
patients and their CPs (eg, children or adolescents) may have
differing user experiences and encounter completely different
barriers and opportunities while using Open Notes. It is also

necessary to consider the potential influence of social
desirability bias. It can be assumed that older patients might
have occasionally embellished their statements regarding their
own digital literacy and the usability of the patient portal. For
instance, a greater number of CPs than patients indicated that
the patients experienced difficulties when using the portal. It is
difficult to acknowledge one’s own shortcomings and
limitations. Furthermore, it is particularly challenging to do so
in the presence of others, such as CPs and interviewers, as this
could lead to embarrassment and perceived loss of status. It
should also be noted that the interviews were conducted via
telephone. Although the participants were asked to find a quiet
and secure place, it cannot be guaranteed that they were
undisturbed throughout the interview. However, the telephone
interviews allowed the older patients to remain in their homes
(ie, they did not have to travel long distances) and have quick
access to support from their CPs in case of difficulties (eg,
technical problems or comprehension problems due to cognitive
deficits). Thus, telephone interviews allowed older patients with
physical or cognitive impairments, as well as CPs living in other
cities or countries, to take part in the study and reduced barriers
to study participation.

Conclusions
Our study suggests that access to Open Notes can facilitate
understanding and engagement between patients and their CPs
and is associated with improved communication with HCPs.
This may influence the dynamics of the triadic relationship
among patients, CPs, and HCPs, with potential implications for
power dynamics. In summary, no single patient portal can be
expected to meet the needs of all patients—one size does not
fit all. Individual solutions and adaptations of ORA are clearly
needed to ensure acceptance and meaningful use by older
patients and their HCPs.

 

Acknowledgments
This study was funded by the Brandenburg Medical School Theodor Fontane publication fund supported by the Ministry of
Science, Research, and Culture of the State of Brandenburg.

Authors' Contributions
All authors contributed to planning, analysis, and the critical interpretation of the findings. JS and EMD contributed to the study
design, and JS supervised the study. EMD and MW contributed to data collection. EMD conducted the data analysis. EMD wrote
the first draft of the manuscript. EMD, VD, and JS modified successive drafts. JS edited and approved the final version.

Conflicts of Interest
None declared.

Multimedia Appendix 1
Interview guides.
[PDF File (Adobe PDF File), 125 KB - aging_v8i1e66690_app1.pdf ]

Multimedia Appendix 2
COREQ (Consolidated Criteria for Reporting Qualitative Research) checklist.
[DOCX File , 15 KB - aging_v8i1e66690_app2.docx ]

References

JMIR Aging 2025 | vol. 8 | e66690 | p.508https://aging.jmir.org/2025/1/e66690
(page number not for citation purposes)

Meier-Diedrich et alJMIR AGING

XSL•FO
RenderX

https://jmir.org/api/download?alt_name=aging_v8i1e66690_app1.pdf&filename=f49dbbcf1ce4065e11add4ffaf3a76ab.pdf
https://jmir.org/api/download?alt_name=aging_v8i1e66690_app1.pdf&filename=f49dbbcf1ce4065e11add4ffaf3a76ab.pdf
https://jmir.org/api/download?alt_name=aging_v8i1e66690_app2.docx&filename=5df1ac1b8e98872ccb80eded247215ce.docx
https://jmir.org/api/download?alt_name=aging_v8i1e66690_app2.docx&filename=5df1ac1b8e98872ccb80eded247215ce.docx
http://www.w3.org/Style/XSL
http://www.renderx.com/


1. Bongaarts J. Human population growth and the demographic transition. Philos Trans R Soc Lond B Biol Sci 2009 Oct
27;364(1532):2985-2990 [FREE Full text] [doi: 10.1098/rstb.2009.0137] [Medline: 19770150]

2. Dal Mas F, Massaro M, Rippa P, Secundo G. The challenges of digital transformation in healthcare: an interdisciplinary
literature review, framework, and future research agenda. Technovation 2023 May;123:102716. [doi:
10.1016/j.technovation.2023.102716]

3. Hägglund M, Kharko A, Bärkås A, Blease C, Cajander Å, DesRoches C, et al. A Nordic perspective on patient online
record access and the European health data space. J Med Internet Res 2024 Jun 27;26:e49084 [FREE Full text] [doi:
10.2196/49084] [Medline: 38935430]

4. Schwarz J, Esch T. [OpenNotes in mental health? Pro]. Nervenarzt 2022 Nov;93(11):1163-1164 [FREE Full text] [doi:
10.1007/s00115-022-01357-4] [Medline: 35913587]

5. Esch T, Mejilla R, Anselmo M, Podtschaske B, Delbanco T, Walker J. Engaging patients through open notes: an evaluation
using mixed methods. BMJ Open 2016 Jan 29;6(1):e010034 [FREE Full text] [doi: 10.1136/bmjopen-2015-010034]
[Medline: 26826154]

6. Meier-Diedrich E, Lyckblad C, Davidge G, Hägglund M, Kharko A, McMillan B, et al. Impact of patient online record
access on documentation: a scoping review. JMIR Preprints Preprint posted online on July 25, 2024 [FREE Full text] [doi:
10.2196/64762]

7. 21st century cures act: the office of the national coordinator: interoperability and information blocking final rule overview
for psychiatrists. American Psychiatric Association. URL: https://www.psychiatry.org/psychiatrists/practice/
practice-management/health-information-technology/interoperability-and-information-blocking [accessed 2023-10-16]

8. Blease C, Torous J, Dong Z, Davidge G, DesRoches C, Kharko A, et al. Patient online record access in English primary
care: qualitative survey study of general practitioners' views. J Med Internet Res 2023 Feb 22;25:e43496 [FREE Full text]
[doi: 10.2196/43496] [Medline: 36811939]

9. Schwarz J, Hoetger C, Pluschke LS, Muehlensiepen F, Schneider M, Thoma S, et al. Psychiatrists' perceptions of conditions
and consequences associated with the implementation of open notes: qualitative investigation. BMC Psychiatry 2024 Jun
10;24(1):430 [FREE Full text] [doi: 10.1186/s12888-024-05845-6] [Medline: 38858711]

10. Meier-Diedrich E, Neumann K, Heinze M, Schwarz J. [Attitudes and expectations of psychological and medical
psychotherapists towards open notes: analysis of qualitative survey responses]. Psychiatr Prax 2024 Oct;51(7):376-384.
[doi: 10.1055/a-2320-8929] [Medline: 38810902]

11. Wurster F, Di Gion P, Goldberg N, Hautsch V, Hefter K, Herrmann C, et al. Roger's diffusion of innovations theory and
the adoption of a patient portal's digital anamnesis collection tool: study protocol for the MAiBest project. Implement Sci
Commun 2024 Jul 15;5(1):74 [FREE Full text] [doi: 10.1186/s43058-024-00614-8] [Medline: 39010236]

12. Hägglund M, McMillan B, Whittaker R, Blease C. Patient empowerment through online access to health records. BMJ
2022 Sep 29;378:e071531 [FREE Full text] [doi: 10.1136/bmj-2022-071531] [Medline: 36175012]

13. Blease CR, Walker J, Torous J, O'Neill S. Corrigendum: sharing clinical notes in psychotherapy: a new tool to strengthen
patient autonomy. Front Psychiatry 2020;11:636411 [FREE Full text] [doi: 10.3389/fpsyt.2020.636411] [Medline: 33536954]

14. Bailey SC, Wallia A, Wright S, Wismer GA, Infanzon AC, Curtis LM, et al. Electronic health record-based strategy to
promote medication adherence among patients with diabetes: longitudinal observational study. J Med Internet Res 2019
Oct 21;21(10):e13499 [FREE Full text] [doi: 10.2196/13499] [Medline: 31638592]

15. van Kessel R, Ranganathan S, Anderson M, McMillan B, Mossialos E. Exploring potential drivers of patient engagement
with their health data through digital platforms: a scoping review. Int J Med Inform 2024 Sep;189:105513 [FREE Full text]
[doi: 10.1016/j.ijmedinf.2024.105513] [Medline: 38851132]

16. Blease C, Fernandez L, Bell SK, Delbanco T, DesRoches C. Empowering patients and reducing inequities: is there potential
in sharing clinical notes? BMJ Qual Saf 2020 Oct;29(10):1-2. [doi: 10.1136/bmjqs-2019-010490] [Medline: 32188711]

17. Wang X, Zhao YC. Understanding older adults' intention to use patient-accessible electronic health records: based on the
affordance lens. Front Public Health 2022;10:1075204 [FREE Full text] [doi: 10.3389/fpubh.2022.1075204] [Medline:
36761325]

18. Meier-Diedrich E, Wördemann J, Speck J, Turvey C, Weibezahl M, Schwarz J. How patients affected by a severe mental
health condition and health care professionals communicate via a patient portal: qualitative analysis of secure messages.
JMIR Preprints Preprint posted online on June 27, 2024.

19. Nahm ES, Zhu S, Bellantoni M, Keldsen L, Charters K, Russomanno V, et al. Patient portal use among older adults: what
is really happening nationwide? J Appl Gerontol 2020 Apr;39(4):442-450 [FREE Full text] [doi: 10.1177/0733464818776125]
[Medline: 29779422]

20. Hoogland AI, Mansfield J, Lafranchise EA, Bulls HW, Johnstone PA, Jim HS. eHealth literacy in older adults with cancer.
J Geriatr Oncol 2020 Jul;11(6):1020-1022 [FREE Full text] [doi: 10.1016/j.jgo.2019.12.015] [Medline: 31917114]

21. Tinmaz H, Lee YT, Fanea-Ivanovici M, Baber H. A systematic review on digital literacy. Smart Learn Environ 2022 Jun
08;9:e13499. [doi: 10.1186/s40561-022-00204-y]

22. Antonio MG, Petrovskaya O, Lau F. Correction: the state of evidence in patient portals: umbrella review. J Med Internet
Res 2021 Aug 16;23(8):e32421 [FREE Full text] [doi: 10.2196/32421] [Medline: 34398799]

JMIR Aging 2025 | vol. 8 | e66690 | p.509https://aging.jmir.org/2025/1/e66690
(page number not for citation purposes)

Meier-Diedrich et alJMIR AGING

XSL•FO
RenderX

https://europepmc.org/abstract/MED/19770150
http://dx.doi.org/10.1098/rstb.2009.0137
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19770150&dopt=Abstract
http://dx.doi.org/10.1016/j.technovation.2023.102716
https://www.jmir.org/2024//e49084/
http://dx.doi.org/10.2196/49084
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=38935430&dopt=Abstract
http://paperpile.com/b/F4xdNz/4c8TW
http://dx.doi.org/10.1007/s00115-022-01357-4
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=35913587&dopt=Abstract
https://bmjopen.bmj.com/lookup/pmidlookup?view=long&pmid=26826154
http://dx.doi.org/10.1136/bmjopen-2015-010034
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26826154&dopt=Abstract
https://preprints.jmir.org/preprint/64762
http://dx.doi.org/10.2196/64762
https://www.psychiatry.org/psychiatrists/practice/practice-management/health-information-technology/interoperability-and-information-blocking
https://www.psychiatry.org/psychiatrists/practice/practice-management/health-information-technology/interoperability-and-information-blocking
https://www.jmir.org/2023//e43496/
http://dx.doi.org/10.2196/43496
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=36811939&dopt=Abstract
https://bmcpsychiatry.biomedcentral.com/articles/10.1186/s12888-024-05845-6
http://dx.doi.org/10.1186/s12888-024-05845-6
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=38858711&dopt=Abstract
http://dx.doi.org/10.1055/a-2320-8929
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=38810902&dopt=Abstract
https://implementationsciencecomms.biomedcentral.com/articles/10.1186/s43058-024-00614-8
http://dx.doi.org/10.1186/s43058-024-00614-8
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=39010236&dopt=Abstract
https://www.bmj.com/lookup/pmidlookup?view=long&pmid=36175012
http://dx.doi.org/10.1136/bmj-2022-071531
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=36175012&dopt=Abstract
https://europepmc.org/abstract/MED/33536954
http://dx.doi.org/10.3389/fpsyt.2020.636411
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33536954&dopt=Abstract
https://www.jmir.org/2019/10/e13499/
http://dx.doi.org/10.2196/13499
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31638592&dopt=Abstract
https://linkinghub.elsevier.com/retrieve/pii/S1386-5056(24)00176-X
http://dx.doi.org/10.1016/j.ijmedinf.2024.105513
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=38851132&dopt=Abstract
http://dx.doi.org/10.1136/bmjqs-2019-010490
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32188711&dopt=Abstract
https://europepmc.org/abstract/MED/36761325
http://dx.doi.org/10.3389/fpubh.2022.1075204
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=36761325&dopt=Abstract
https://europepmc.org/abstract/MED/29779422
http://dx.doi.org/10.1177/0733464818776125
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29779422&dopt=Abstract
https://europepmc.org/abstract/MED/31917114
http://dx.doi.org/10.1016/j.jgo.2019.12.015
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31917114&dopt=Abstract
http://dx.doi.org/10.1186/s40561-022-00204-y
https://www.jmir.org/2021/8/e32421/
http://dx.doi.org/10.2196/32421
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=34398799&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/


23. Crouch E, Gordon NP. Prevalence and factors influencing use of internet and electronic health resources by middle-aged
and older adults in a US health plan population: cross-sectional survey study. JMIR Aging 2019 Mar 26;2(1):e11451 [FREE
Full text] [doi: 10.2196/11451] [Medline: 31518256]

24. Wolff JL, Dukhanin V, Burgdorf JG, DesRoches CM. Shared access to patient portals for older adults: implications for
privacy and digital health equity. JMIR Aging 2022 May 04;5(2):e34628 [FREE Full text] [doi: 10.2196/34628] [Medline:
35507405]

25. Wilson J, Heinsch M, Betts D, Booth D, Kay-Lambkin F. Barriers and facilitators to the use of e-health by older adults: a
scoping review. BMC Public Health 2021 Aug 17;21(1):1556 [FREE Full text] [doi: 10.1186/s12889-021-11623-w]
[Medline: 34399716]

26. Wolff JL, Berger A, Clarke D, Green JA, Stametz R, Yule C, et al. Patients, care partners, and shared access to the patient
portal: online practices at an integrated health system. J Am Med Inform Assoc 2016 Nov;23(6):1150-1158. [doi:
10.1093/jamia/ocw025] [Medline: 27026614]

27. Dahling V, May S, Peter SV, Schwarz J, Ignatyev Y, Scheibner H, et al. [Expectations of patients and relatives for modern
hospital care in geriatric psychiatry]. Z Gerontol Geriatr 2022 Oct;55(6):476-481. [doi: 10.1007/s00391-021-01941-4]
[Medline: 34251463]

28. Wachenheim D. EHR shared access (Proxy) for family care partners. OpenNotes. URL: https://www.opennotes.org/
proxy-access/ [accessed 2024-08-12]

29. Gleason KT, Peereboom D, Wec A, Wolff JL. Patient portals to support care partner engagement in adolescent and adult
populations: a scoping review. JAMA Netw Open 2022 Dec 01;5(12):e2248696 [FREE Full text] [doi:
10.1001/jamanetworkopen.2022.48696] [Medline: 36576738]

30. Latulipe C, Quandt SA, Melius KA, Bertoni A, Miller DP, Smith D, et al. Insights into older adult patient concerns around
the caregiver proxy portal use: qualitative interview study. J Med Internet Res 2018 Nov 02;20(11):e10524 [FREE Full
text] [doi: 10.2196/10524] [Medline: 30389654]

31. Wolff JL, Darer JD, Larsen KL. Family caregivers and consumer health information technology. J Gen Intern Med 2016
Jan;31(1):117-121 [FREE Full text] [doi: 10.1007/s11606-015-3494-0] [Medline: 26311198]

32. Jackson SL, Mejilla R, Darer JD, Oster NV, Ralston JD, Leveille SG, et al. Patients who share transparent visit notes with
others: characteristics, risks, and benefits. J Med Internet Res 2014 Nov 12;16(11):e247 [FREE Full text] [doi:
10.2196/jmir.3363] [Medline: 25405911]

33. Schwarz J, Meier-Diedrich E, Neumann K, Heinze M, Eisenmann Y, Thoma S. Reasons for acceptance or rejection of
online record access among patients affected by a severe mental illness: mixed methods study. JMIR Ment Health 2024
Feb 05;11:e51126 [FREE Full text] [doi: 10.2196/51126] [Medline: 38315523]

34. Schwarz J, Bärkås A, Blease C, Collins L, Hägglund M, Markham S, et al. Sharing clinical notes and electronic health
records with people affected by mental health conditions: scoping review. JMIR Ment Health 2021 Dec 14;8(12):e34170
[FREE Full text] [doi: 10.2196/34170] [Medline: 34904956]

35. Hochwarter S, Fehler G, Muente C, Eisenmann Y, Heinze M, Hibsch C, et al. Design of a patient-accessible electronic
health record system in mental health. Stud Health Technol Inform 2022 May 25;294:583-584. [doi: 10.3233/SHTI220534]
[Medline: 35612155]

36. Hochwarter S, Schwarz J. Facilitating collaboration by opening the common information space in mental health care. In:
Proceedings of the 9th International Conference on Infrastructures for Healthcare. 2023 Presented at: InfraHealth 2023;
September 11-12, 2023; Siegen, Germany. [doi: 10.1001/jamanetworkopen.2022.48696]

37. Piloting and evaluation of a participatory patient record in psychiatry and somatics (PEPPPSY). PEPPPSY. URL: https:/
/www.pepppsy.de/ [accessed 2025-01-22]

38. Emerson RM, Fretz RI, Shaw LL. Writing Ethnographic Fieldnotes Second Edition. Chicago, IL: The University of Chicago
Press; 2011.

39. Charmaz K. Constructing Grounded Theory: A Practical Guide through Qualitative Analysis. Thousand Oaks, CA: SAGE
Publications; 2006.

40. Berg M. Practices of reading and writing: the constitutive role of the patient record in medical work. Sociol Health Illn
2008 Jun 28;18(4):499-524 [FREE Full text] [doi: 10.1111/1467-9566.ep10939100]

41. Lam K, Lu AD, Shi Y, Covinsky KE. Assessing telemedicine unreadiness among older adults in the United States during
the COVID-19 pandemic. JAMA Intern Med 2020 Oct 01;180(10):1389-1391 [FREE Full text] [doi:
10.1001/jamainternmed.2020.2671] [Medline: 32744593]

42. Reed ME, Huang J, Brand R, Ballard D, Yamin C, Hsu J, et al. Communicating through a patient portal to engage family
care partners. JAMA Intern Med 2018 Jan 01;178(1):142-144 [FREE Full text] [doi: 10.1001/jamainternmed.2017.6325]
[Medline: 29159402]

43. Landgren S, Cajander Å. Non-use of digital health consultations among Swedish elderly living in the countryside. Front
Public Health 2021;9:588583 [FREE Full text] [doi: 10.3389/fpubh.2021.588583] [Medline: 34568247]

44. Liu N, Yin J, Tan SS, Ngiam KY, Teo HH. Mobile health applications for older adults: a systematic review of interface
and persuasive feature design. J Am Med Inform Assoc 2021 Oct 12;28(11):2483-2501 [FREE Full text] [doi:
10.1093/jamia/ocab151] [Medline: 34472601]

JMIR Aging 2025 | vol. 8 | e66690 | p.510https://aging.jmir.org/2025/1/e66690
(page number not for citation purposes)

Meier-Diedrich et alJMIR AGING

XSL•FO
RenderX

https://aging.jmir.org/2019/1/e11451/
https://aging.jmir.org/2019/1/e11451/
http://dx.doi.org/10.2196/11451
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31518256&dopt=Abstract
https://aging.jmir.org/2022/2/e34628/
http://dx.doi.org/10.2196/34628
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=35507405&dopt=Abstract
https://bmcpublichealth.biomedcentral.com/articles/10.1186/s12889-021-11623-w
http://dx.doi.org/10.1186/s12889-021-11623-w
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=34399716&dopt=Abstract
http://dx.doi.org/10.1093/jamia/ocw025
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27026614&dopt=Abstract
http://dx.doi.org/10.1007/s00391-021-01941-4
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=34251463&dopt=Abstract
https://www.opennotes.org/proxy-access/
https://www.opennotes.org/proxy-access/
https://europepmc.org/abstract/MED/36576738
http://dx.doi.org/10.1001/jamanetworkopen.2022.48696
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=36576738&dopt=Abstract
https://www.jmir.org/2018/11/e10524/
https://www.jmir.org/2018/11/e10524/
http://dx.doi.org/10.2196/10524
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30389654&dopt=Abstract
https://europepmc.org/abstract/MED/26311198
http://dx.doi.org/10.1007/s11606-015-3494-0
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26311198&dopt=Abstract
https://www.jmir.org/2014/11/e247/
http://dx.doi.org/10.2196/jmir.3363
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25405911&dopt=Abstract
https://mental.jmir.org/2024//e51126/
http://dx.doi.org/10.2196/51126
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=38315523&dopt=Abstract
https://mental.jmir.org/2021/12/e34170/
http://dx.doi.org/10.2196/34170
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=34904956&dopt=Abstract
http://dx.doi.org/10.3233/SHTI220534
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=35612155&dopt=Abstract
http://dx.doi.org/10.1001/jamanetworkopen.2022.48696
https://www.pepppsy.de/
https://www.pepppsy.de/
https://www.jmir.org/2014/11/e247/
http://dx.doi.org/10.1111/1467-9566.ep10939100
https://europepmc.org/abstract/MED/32744593
http://dx.doi.org/10.1001/jamainternmed.2020.2671
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32744593&dopt=Abstract
https://europepmc.org/abstract/MED/29159402
http://dx.doi.org/10.1001/jamainternmed.2017.6325
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29159402&dopt=Abstract
https://europepmc.org/abstract/MED/34568247
http://dx.doi.org/10.3389/fpubh.2021.588583
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=34568247&dopt=Abstract
https://europepmc.org/abstract/MED/34472601
http://dx.doi.org/10.1093/jamia/ocab151
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=34472601&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/


45. Barysheva GA, Klemasheva EI, Nedospasova OP, Ngoc TT, Thang NC. Involvement of elderly people in the processes of
modern digital transformations. Adv Gerontol 2022 Sep 11;12(3):324-330. [doi: 10.1134/S2079057022030043]

46. Latulipe C, Gatto A, Nguyen HT, Miller DP, Quandt SA, Bertoni AG, et al. Design considerations for patient portal adoption
by low-income, older adults. Proc SIGCHI Conf Hum Factor Comput Syst 2015 Apr;2015:3859-3868 [FREE Full text]
[doi: 10.1145/2702123.2702392] [Medline: 27077140]

47. Grossman LV, Masterson Creber RM, Benda NC, Wright D, Vawdrey DK, Ancker JS. Interventions to increase patient
portal use in vulnerable populations: a systematic review. J Am Med Inform Assoc 2019 Aug 01;26(8-9):855-870 [FREE
Full text] [doi: 10.1093/jamia/ocz023] [Medline: 30958532]

48. Wunderlich P, Wiegräbe F, Dörksen H. Digital case manager-a data-driven tool to support family caregivers with initial
guidance. Int J Environ Res Public Health 2023 Jan 10;20(2):1215 [FREE Full text] [doi: 10.3390/ijerph20021215] [Medline:
36673969]

49. Wisniewski H, Gorrindo T, Rauseo-Ricupero N, Hilty D, Torous J. The role of digital navigators in promoting clinical care
and technology integration into practice. Digit Biomark 2020;4(Suppl 1):119-135 [FREE Full text] [doi: 10.1159/000510144]
[Medline: 33442585]

50. Perret S, Alon N, Carpenter-Song E, Myrick K, Thompson K, Li S, et al. Standardising the role of a digital navigator in
behavioural health: a systematic review. Lancet Digit Health 2023 Dec;5(12):e925-e932 [FREE Full text] [doi:
10.1016/S2589-7500(23)00152-8] [Medline: 38000876]

51. Ganta T, Appel JM, Genes N. Patient portal access for caregivers of adult and geriatric patients: reframing the ethics of
digital patient communication. J Med Ethics 2023 Mar;49(3):156-159. [doi: 10.1136/medethics-2021-107759] [Medline:
35437282]

52. Kasper JD, Freedman VA, Spillman BC, Wolff JL. The disproportionate impact of dementia on family and unpaid caregiving
to older adults. Health Aff (Millwood) 2015 Oct;34(10):1642-1649 [FREE Full text] [doi: 10.1377/hlthaff.2015.0536]
[Medline: 26438739]

53. Gleason KT, Wu MM, Wec A, Powell DS, Zhang T, Gamper MJ, et al. Use of the patient portal among older adults with
diagnosed dementia and their care partners. Alzheimers Dement 2023 Dec;19(12):5663-5671 [FREE Full text] [doi:
10.1002/alz.13354] [Medline: 37354066]

54. Riffin C, Cassidy J, Smith JM, Begler E, Peereboom D, Lum HD, et al. Care partner perspectives on the use of a patient
portal intervention to promote care partner identification in dementia care. J Appl Gerontol 2025 Jan;44(1):136-146. [doi:
10.1177/07334648241262649] [Medline: 38901834]

55. Kutz A. Systemische Haltung in Beratung und Coaching. Wiesbaden, Germany: Springer; 2020.
56. Tranvåg O, Petersen KA, Nåden D. Dignity-preserving dementia care: a metasynthesis. Nurs Ethics 2013 Dec;20(8):861-880.

[doi: 10.1177/0969733013485110] [Medline: 23715554]
57. Wolfe SE, Greenhill B, Butchard S, Day J. The meaning of autonomy when living with dementia: a Q-method investigation.

Dementia (London) 2021 Aug;20(6):1875-1890 [FREE Full text] [doi: 10.1177/1471301220973067] [Medline: 33372553]
58. Caine K, Kohn S, Lawrence C, Hanania R, Meslin EM, Tierney WM. Designing a patient-centered user interface for access

decisions about EHR data: implications from patient interviews. J Gen Intern Med 2015 Jan;30 Suppl 1(Suppl 1):S7-16
[FREE Full text] [doi: 10.1007/s11606-014-3049-9] [Medline: 25480719]

59. Caine K, Hanania R. Patients want granular privacy control over health information in electronic medical records. J Am
Med Inform Assoc 2013 Jan 01;20(1):7-15 [FREE Full text] [doi: 10.1136/amiajnl-2012-001023] [Medline: 23184192]

60. Nurgalieva L, Cajander Å, Moll J, Åhlfeldt RM, Huvila I, Marchese M. 'I do not share it with others. No, it's for me, it's
my care': on sharing of patient accessible electronic health records. Health Informatics J 2020 Dec;26(4):2554-2567 [FREE
Full text] [doi: 10.1177/1460458220912559] [Medline: 32264734]

61. Marinovic S, Craven R, Ma J, Dulay N. Rumpole: a flexible break-glass access control model. In: Proceedings of the 16th
ACM Symposium on Access Control Models and Technologies. 2011 Presented at: SACMAT '11; June 15-17, 2011;
Innsbruck, Austria.

Abbreviations
COREQ: Consolidated Criteria for Reporting Qualitative Research
CP: care partner
EHR: electronic health record
HCP: health care professional
ICD-10: International Classification of Diseases, 10th Revision
ORA: online record access
PEP.AGE: Piloting and evaluation of a participatory patient-accessible electronic health record for geriatric
psychiatric patients and their care partners
PEPPPSY: Piloting and evaluation of a participatory patient-accessible electronic health record in Psychiatry and
Somatics

JMIR Aging 2025 | vol. 8 | e66690 | p.511https://aging.jmir.org/2025/1/e66690
(page number not for citation purposes)

Meier-Diedrich et alJMIR AGING

XSL•FO
RenderX

http://dx.doi.org/10.1134/S2079057022030043
https://europepmc.org/abstract/MED/27077140
http://dx.doi.org/10.1145/2702123.2702392
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27077140&dopt=Abstract
https://europepmc.org/abstract/MED/30958532
https://europepmc.org/abstract/MED/30958532
http://dx.doi.org/10.1093/jamia/ocz023
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30958532&dopt=Abstract
https://www.mdpi.com/resolver?pii=ijerph20021215
http://dx.doi.org/10.3390/ijerph20021215
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=36673969&dopt=Abstract
https://doi.org/10.1159/000510144
http://dx.doi.org/10.1159/000510144
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33442585&dopt=Abstract
https://linkinghub.elsevier.com/retrieve/pii/S2589-7500(23)00152-8
http://dx.doi.org/10.1016/S2589-7500(23)00152-8
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=38000876&dopt=Abstract
http://dx.doi.org/10.1136/medethics-2021-107759
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=35437282&dopt=Abstract
https://europepmc.org/abstract/MED/26438739
http://dx.doi.org/10.1377/hlthaff.2015.0536
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26438739&dopt=Abstract
https://europepmc.org/abstract/MED/37354066
http://dx.doi.org/10.1002/alz.13354
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=37354066&dopt=Abstract
http://dx.doi.org/10.1177/07334648241262649
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=38901834&dopt=Abstract
http://dx.doi.org/10.1177/0969733013485110
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23715554&dopt=Abstract
https://journals.sagepub.com/doi/abs/10.1177/1471301220973067?url_ver=Z39.88-2003&rfr_id=ori:rid:crossref.org&rfr_dat=cr_pub  0pubmed
http://dx.doi.org/10.1177/1471301220973067
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33372553&dopt=Abstract
https://europepmc.org/abstract/MED/25480719
http://dx.doi.org/10.1007/s11606-014-3049-9
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25480719&dopt=Abstract
https://europepmc.org/abstract/MED/23184192
http://dx.doi.org/10.1136/amiajnl-2012-001023
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23184192&dopt=Abstract
https://journals.sagepub.com/doi/10.1177/1460458220912559?url_ver=Z39.88-2003&rfr_id=ori:rid:crossref.org&rfr_dat=cr_pub  0pubmed
https://journals.sagepub.com/doi/10.1177/1460458220912559?url_ver=Z39.88-2003&rfr_id=ori:rid:crossref.org&rfr_dat=cr_pub  0pubmed
http://dx.doi.org/10.1177/1460458220912559
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32264734&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/


Edited by M Gray; submitted 20.09.24; peer-reviewed by F Wurster, EKO Wong; comments to author 15.10.24; revised version
received 23.10.24; accepted 30.10.24; published 24.02.25.

Please cite as:
Meier-Diedrich E, Esch T, Hägglund M, Heinze M, Hochwarter S, Speck J, Wagener M, Dahling V, Schwarz J
Experiences of Older Mental Health Patients and Their Care Partners Using a Proxy Account to Access Open Notes: Qualitative
Interview Study
JMIR Aging 2025;8:e66690
URL: https://aging.jmir.org/2025/1/e66690 
doi:10.2196/66690
PMID:

©Eva Meier-Diedrich, Tobias Esch, Maria Hägglund, Martin Heinze, Stefan Hochwarter, Justin Speck, Marie Wagener, Volker
Dahling, Julian Schwarz. Originally published in JMIR Aging (https://aging.jmir.org), 24.02.2025. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), which
permits unrestricted use, distribution, and reproduction in any medium, provided the original work, first published in JMIR Aging,
is properly cited. The complete bibliographic information, a link to the original publication on https://aging.jmir.org, as well as
this copyright and license information must be included.

JMIR Aging 2025 | vol. 8 | e66690 | p.512https://aging.jmir.org/2025/1/e66690
(page number not for citation purposes)

Meier-Diedrich et alJMIR AGING

XSL•FO
RenderX

https://aging.jmir.org/2025/1/e66690
http://dx.doi.org/10.2196/66690
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/


Original Paper

Employers’ Perspectives of Caregiver-Friendly Workplace Policies
for Caregiver-Employees Caring for Older Adults in Hong Kong:
Thematic Analysis

Maggie Man-Sin Lee1, BBA, MPH, JD, PhD; Eng-Kiong Yeoh1,2, MBBS; Eliza Lai-Yi Wong1,2, BSN, RN, MPH,
PhD
1JC School of Public Health and Primary Care, Faculty of Medicine, The Chinese University of Hong Kong, Hong Kong, China (Hong Kong)
2Centre for Health Systems & Policy Research, JC School of Public Health and Primary Care, Faculty of Medicine, The Chinese University of Hong
Kong, Hong Kong, China (Hong Kong)

Corresponding Author:
Eliza Lai-Yi Wong, BSN, RN, MPH, PhD
JC School of Public Health and Primary Care
Faculty of Medicine
The Chinese University of Hong Kong
School of Public Health Building, Prince of Wales Hospital
Shatin, New Territories
Hong Kong
China (Hong Kong)
Phone: 852 2252 8772
Fax: 852 2145 7489
Email: lywong@cuhk.edu.hk

Abstract

Background: Caregiver-friendly workplace policies (CFWPs) are rare in Hong Kong. With Hong Kong facing a “silver tsunami”
in the near future, it is important to understand the need for such policies and the views of employers for future facilitation.

Objective: This study aimed to identify the support that is currently provided or that could be provided to caregiver-employees
(CEs) caring for older adults in Hong Kong and assess the challenge and facilitative support for employers to adopt CFWPs in
the specific context of Hong Kong.

Methods: A qualitative research design with semistructured individual in-depth interviews with employers from Hong Kong
was adopted for this study. A purposive snowball sampling method was used to recruit participants from the 7 primary industries
mentioned in the Hong Kong census and from all 3 employer types (private, public, and nongovernmental organizations), which
allowed the inclusion of participants sensitized to the idea and potential of CFWPs. Thematic framework analysis was used to
evaluate the data collected during the interviews.

Results: We interviewed 17 employers and managers from 7 major industries in Hong Kong (2.5 to 120,000 employees). There
were 4 (24%) male and 13 (76%) female participants, and the participant age ranged from 30 to 50 years. All participants held
managerial positions at the time of the interview. Of the 17 participants, 13 were from private companies, 2 were from public
institutions, and 2 were from nongovernmental organizations. Four of the companies had a global presence. Four main themes
were identified: (1) current support and potential support for CEs (which was limited to discretionary annual leave and unpaid
leave when annual leave was exhausted), (2) challenges in adopting CFWPs, (3) facilitating support for adopting CFWPs, and
(4) incentives for adopting CFWPs. The participants rated information and resources for CEs (mean 8.56, SD 0.37), bereavement
leave (mean 8.47, SD 0.63), flexible working hours (mean 8.32, SD 0.48), and caregiver-inclusive corporate culture (mean 8.32,
SD 0.48) as essential CFWPs for CEs in Hong Kong.

Conclusions: While several studies have reported the types of CFWPs and their impacts on CEs, stakeholders’ perspectives on
CFWPs have been rarely investigated. This study found that although employers consider CFWPs as necessary and see them as
a catalyst for a long-term win-win situation, the current support for CEs is discretionary and industry-specific. Government
leadership is critical for formulating, piloting, and implementing CFWPs to create a friendly environment that encourages disclosure
with trust and respect across industrial sectors in Hong Kong. This study identified the current unmet needs and demands of CEs
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from the employer’s perspective, the barriers to large-scale adoption of CFWPs, and the path forward to inform further discourse
and policy formulation in Hong Kong.

(JMIR Aging 2025;8:e68061)   doi:10.2196/68061
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caregiver; aging; burnout; stress; mental health; employees

Introduction

Filial piety has strong cultural roots in Confucian ideology and
is especially prominent in Eastern countries in contrast to
children-centered societies, which are more prevalent in Western
countries [1-3]. However, there is some evidence of the
reduction of the influence of classical Confucian ethos in Asian
societies, especially in highly urbanized cities like Beijing [4,5],
although the extent of this change is currently unknown.
Similarly, the cultural reconfiguration of familial values and
expectations has been noted among immigrant Asian families
in Western countries [6].

Moreover, emerging research indicates that authoritarian filial
piety, which prioritizes social obligations toward parents over
one’s own needs, varies, but reciprocal filial piety, characterized
by genuine gratitude for parents’ efforts or sacrifices and
voluntary support for them, remains consistent across Eastern
and Western cultures [3,7,8]. For instance, a study comparing
filial piety among Asian Singaporean and non-Asian Australian
adults showed a significantly higher mean score for authoritarian
filial piety (mean 21.6, SD 5.9 vs mean 19.4, SD 6.0) on the
standardized dual filial piety scale among Singaporean adults,
but reciprocal filial piety (mean 34.4, SD 4.8 vs mean 34.2, SD
4.4) was comparable in the 2 populations [8].

Important differences have also been noted in patterns of filial
piety within Asian cultures. For example, young adults in
Taiwan endorsed strong beliefs in reciprocal and authoritarian
filial piety, with both beliefs positively impacting life
satisfaction, while young adults in Macau endorsed strong
beliefs in reciprocal filial piety and those in Hong Kong
endorsed strong beliefs in authoritarian filial piety, with positive
impacts on life satisfaction [9]. Interestingly, collectivism and
not ethnicity has been identified as a predictor of both forms of
filial piety and positive attitudes toward caring for aging parents
[7]. Hence, filial piety may be more cross-cultural than
previously believed, albeit with regional nuances [7,8]. Indeed,
74% of older adults in the United States National Health and
Aging Trends Study (NHATS 2011-2017) reported receiving
support from one child caregiver, and 41% of children provided
care to aging parents [10].

The rapid increase in the aging population has also increased
the caregiving burden of family caregivers, with both being
reported across cultures and countries [11,12]. Although several
studies have identified caregiver burden as a significant risk
factor for burnout and poor mental health outcomes among
family caregivers [11,13,14], stronger filial piety may lead to
lower caregiver burden [15,16]. A systematic review of 12
studies showed a significant negative correlation (r=–0.23) and
association (β=–0.27) between filial piety and caregiver burden

among adult children [15]. However, although filial piety is a
prominent determinant of caregiver burden, it is not the sole
determinant even in Asian societies [17].

While noting mild-to-moderate burden among Asian caregivers
of older adults with chronic illnesses, a systematic review
observed that specific characteristics of the care recipients
(functional dependency, comorbidities, memory, and sleep
impairments) and caregivers (advancing age, male gender,
spouse as a care recipient, longer care duration, and lack of
support/assistance) were associated with higher caregiver burden
[16]. However, Asia has a lower old age dependency ratio
(population aged ≥65 years to working age population) and
health-adjusted dependency ratio (population with the same or
higher disease burden to population with a lower disease burden
as an average global 65-year-old person) than Europe, North
America, or Oceania [18].

East Asia, in particular, has the highest
employment-to-population ratio globally (63; for comparison,
the corresponding numbers for the Euro area and North America
are 58 and 60, respectively) [19], and thus, a substantially large
proportion of caregivers in this region likely have a dual role
of carer-employee (CE). Studies have shown that those with
elderly or child caregiving responsibilities are less favorably
viewed by employers in terms of competency (F2=10.99;

P<.001; η2p=0.092), agency (F2=15.00; P<.001; η2p=0.121),

commitment (F2=164.83; P<.001; η2p=0.602), and availability

(F2=69.01; P<.001; η2p=0.388) [20]. Hence, CEs were less

likely to be hired (F2=13.65; P<.001; η2p=0.111) and, if hired,

were offered lower salaries (F2=13.08; P<.001; η2p=0.107) than
nonprimary caregivers [20]. Moreover, the dual role adds extra
strain, negatively impacting the mental and physical health of
CEs [21,22] and their performance in both roles, which aligns
with the role accumulation theory [14,23].

Therefore, the strain of the dual role of CEs will likely offset
the low caregiver burden associated with filial piety in Asian
populations [8,16,17]. Moreover, the low dependency ratio
among Asian populations is likely to be mitigated by the rapid
aging of many East Asian populations by 2030, as shown by
the China Health and Retirement Longitudinal Study [24]. Thus,
several studies have investigated the impact of caregiver-friendly
workplace policies (CFWPs) on CEs, which have been
associated with the improved overall health of CEs by reducing
occupational and overall stress, minimizing work interruptions,
and improving performance [22,25-29]. There are also direct
economic benefits accruing from adopting CFWPs. For example,
educating CEs about their caregiving activities generates a net
benefit ranging from US $48,010 to US $675,657 for CEs and
employers [30].
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CFWPs that help employees manage multiple roles and improve
their work-life balance [31] are increasingly being adopted to
mitigate some of the caregiving burden of CEs, especially in
developed economies [32]. For instance, most employers in the
United States and Canada have adopted measures to create a
caregiver-friendly workplace environment, such as support
services, flexible working hours, financial support, and
paid/unpaid leave [33,34]. Similarly, the UK government has
set up programs and nongovernmental organizations (NGOs)
to help the private sector become more CE friendly [33]. In the
specific context of Hong Kong, official caregiver support has
not yet been observed, although some private companies provide
generic support [35].

Moreover, while several studies have reported the types and
impacts of CFWPs [29,33], there is a paucity of studies reporting
stakeholders’ perspectives on CFWPs. We could identify only
1 study that explored the perspectives of stakeholders (managers
working in the Canadian health care sector) on CFWPs [36].
Therefore, this study explored the views and experiences of
employers regarding CFWPs for CEs caring for older adults in
Hong Kong with the objectives of identifying (1) the support
that is currently provided and that could be provided to CEs by
employers and (2) the challenge and facilitative support for
employers to adopt CFWPs in the specific context of Hong
Kong.

Methods

Setting
In Hong Kong, authoritative filial piety emphasizes caring for
elderly parents [37]. However, the shift in parental expectations
from tangible to emotional support poses challenges for
caregiver mental health [38]. Sole children of aging parents face
intense burdens, especially in nuclear families, which comprise
64% of households in Hong Kong [39]. One-third of households
have at least one elderly member [39], and only 2.3% of the
elderly population is entitled to full subsidization [40].
Additionally, given the 56% increase in children with special
educational needs in the last half decade [41], support for people
in the “sandwich generation” who are caring for both young
children and old parents becomes important [28].

The number of CEs, defined as family members (spouse,
parents, or siblings) who are employed with monetary rewards
and at the same time provide care to another family member

[42], in Hong Kong remains undocumented, as general informal
caregiver support has only recently started to pick up in Hong
Kong. Nevertheless, Hong Kong’s highly engaged workforce
(50.87% of the overall population) [43] faces additional
challenges due to chronic diseases among older adults. Over
65% of the older population in Hong Kong have at least one
chronic disease, while one-third have ≥2 chronic diseases [44].

Design
A qualitative research design with semistructured individual
in-depth interviews involving employers and company
management in Hong Kong was adopted for this study.
Independent interviews helped build critical rapport between
the researcher and the participants, with minimized privacy
issues compared to focus groups, so that respondents would be
as open and honest as possible. The COREQ (Consolidated
Criteria for Reporting Qualitative Research) checklist
(Multimedia Appendix 1) was used as the reporting framework
[45].

Participants
Purposive sampling was used to recruit participants, which
allowed the inclusion of participants sensitized to the idea and
potential of CFWPs. The list of potential participants or the
sampling frame included individuals who had participated in
ESG (environmental, social, and governance) policy
consultations, and the information was sourced from a local
NGO that advocates for working caregivers. Participants were
also identified through the snowballing technique via referrals
during interviews. Interviews were arranged until data saturation
was achieved.

We started recruitment based on the 7 main industries in the
Hong Kong census [39] and recruited from all 3 employer types
(private, public, and NGO) (Figure 1). We then expanded the
list to ensure a good proportion of large enterprises, small- and
medium-sized enterprises, NGOs, and public institutions until
data saturation was reached. Data saturation was assumed when
no new themes emerged during interviews.

Participants were deemed eligible for inclusion if they had
served in a managerial role for at least one staff member at a
company, had experience working with CEs in a professional
or personal context, and were proficient in English or Chinese
(Cantonese or Mandarin). Those serving as third-party
consultants for a company were excluded.
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Figure 1. Map of employers and management recruited in this study. NGO: nongovernmental organization.

Data Collection
The semistructured interviews were conducted using a
discussion guide consisting of 17 questions related to four
aspects: (1) respondents’ personal experiences with caregiver
employees, (2) their attitudes and preferences for policies, (3)
their perceptions of a caregiver-friendly workplace, and (4) the
rating of 10 policies (Multimedia Appendix 2). The discussion
guide was developed based on a thorough literature review, the
first author’s previous Master’s thesis [35], and the opinions of
2 expert panels of researchers specializing in the field of
caregiving (Professor E Wong, Professor D Dong, and Dr C
Chan from the School of Public Health and Primary Care, The
Chinese University of Hong Kong).

The first author (MMSL; PhD candidate at the Chinese
University of Hong Kong) conducted all interviews in Cantonese
face-to-face at the participants’ offices or through
videoconferencing, with each lasting 60 to 90 minutes.
Participants’written consent and demographic data (age, gender,
working position, and marital status) were obtained after the
interviewer’s self-introduction (comprising qualifications,
current and past research focus, and experience) and an
explanation of the purpose of conducting the research.
Conversation starters were used to open up the participants, so
they would feel more at ease and provide the most candid
answers. Prompts were also used for specific and related
questions during the interview to fully explore their experiences
and perceptions [46,47].

At the end of the interview, participants were invited to vote
for specific CFWPs based on the degree of importance (0 to 10)

from the perspective of employers and managers. The list of
CFWPs developed from the global literature review included
caregiver-inclusive corporate culture; paid caregiver leave;
unpaid caregiver leave; bereavement leave; flexible working
hours; flexible work locations; switch to part-time work; unpaid
leave; medical needs/insurance of employees’ parents; and
caregiving information, carer skills, and guide to community
care resources. No nonparticipants were present during the
interviews.

Analysis
Thematic framework analysis in applied policy research was
adopted for data analysis. A 5-stage analytical process described
by Ritchie and Spencer [48] was used, which comprised (1)
familiarization, (2) identifying a thematic framework, (3)
indexing, (4) charting, and (5) mapping and interpretation
(Figure 2) [48,49].

Audio recordings of all interviews were transcribed and coded
using NVivo software (version 12, Lumivero) independently
by 2 researchers (MMSL and EW) to ensure all interpretations
were agreeable and to enhance the reliability of the study. The
transcripts or the findings were not returned to participants for
comment or corrections. Any discrepancy in coding was
resolved by discussion with supervisors.

The rating of the 10 policies by importance was reported as
mean and SD. Inapplicable policies for specific industries were
removed during the calculation. For example, there were no
flexible work locations for the retail, food, and construction
industries. A coding hierarchy chart (Figure 3) was generated
to show the visual patterns of the coding.
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Figure 2. The 5-stage analytical process used in this study.

Figure 3. Coding hierarchy chart. CE: caregiver-employee; CFWP: caregiver-friendly workplace policy.

Ethical Considerations
Research ethics approval was granted by The Chinese University
of HK Survey and Behavioral Research Ethics Committee
(reference number: SBRE(R)-21-011). Written consent was

obtained from interview participants, and they were assured of
their rights and freedom to withdraw from the study at any time.
The information and responses of the participants were treated
confidentially. All project data were anonymized and kept in
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password-protected folders that were only accessible to the
project researchers and supervisors.

Results

Overview
Interviews with 17 participants comprising 4 (24%) male and
13 (76%) female participants were conducted in November
2021, and additional participants were not recruited as data
saturation was achieved. Details of the participants are presented
in Table 1. The age of the participants ranged from 30 to 50
years, and all held managerial positions at the time of the
interview. Of the 17 participants, 13 were from private
companies, 2 were from public institutions, and 2 were from
NGOs. Given that the proportion of workers employed in public
institutions and NGOs is less than 25% of the total workforce
in Hong Kong [39], the ratio of 13:2:2 is justified.

The companies and institutions encompassed the 7 major
industries in Hong Kong (ranging from 2.5 to 120,000
employees). Four of the companies had a global presence. Data
saturation was achieved for NGOs and public institutions with

4 participants, all of whom viewed their industries’
organizational policies and culture similarly.

Most participants (16/17) expressed that the concepts of CFWPs
had been unheard of before the interviews. However, they all
supported the core ideas of CFWPs (enabling the dual roles of
CEs as a caregiver and a productive member of the institution)
and agreed on the fact that CFWPs were needed, subject to the
specific needs of the business, for the betterment of the venture
and Hong Kong’s future. The participants rated (1) information,
caregiving skills, and guide to community care resources for
CEs; (2) bereavement leave; (3) flexible working hours; and
(4) caregiver-inclusive corporate culture as the most important
policies (Table 2).

Despite the unanimity in supporting CFWPs, the operational
practicality of CFWPs was of concern to all the participants.
Four overarching themes were identified as outcomes of the
thematic framework method in the analysis: (1) current support
and potential support for CEs, (2) challenges in adopting
CFWPs, (3) facilitating support for adopting CFWPs, and (4)
incentives for adopting CFWPs (Table 3).
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Table 1. Detailed demographics of the participants.

Marital statusaAge (years)/sexPositionOrganizationNumber

PresenceSizeTypeIndustry

Married; #247/maleChief/director of a primary
school

Regional100 (LEb)PublicPublic administration, social, and
personal services

1

Married; #160/femaleExecutive director of a
beauty company

Regional8-10 (SMEc)PrivatePublic administration, social, and
personal services

2

Separated; #040-50/femaleDirector of an e-platform
building firm

Regional8-10 (SME)PrivateTransport, storage, postal, and
courier services; information and
communication

3

Married; #130-40/femaleDirector of an import/ex-
port company

Regional8-10 (SME)PrivateImport/export and wholesale4

Single; #036/femaleManaging director of a fi-
nancial company

Regional200-300
(LE)

PrivateFinancing, insurance, real estate,
professional, and business services

5

Married; #248/femaleSenior marketing director
of a music label corpora-
tion

Global9000 (LE)PrivatePublic administration, social, and
personal services

6

Married; #140/maleDirector of an individual
psychiatric clinic

Regional2.5 (SME)PrivatePublic administration, social, and
personal services

7

Single; #032/femaleSales and marketing direc-
tor

Regional32 (SME)PrivateRetail, accommodation, and food
services

8

Married; #035/femaleProject managerRegional15 (SME)NGOdPublic administration, social, and
personal services

9

Married; #260/maleDistrict directorGlobal20,000 (LE)PrivateFinancing, insurance, real estate,
professional, and business services

10

Married; #247/femaleHead of department at a fi-
nancial regulatory institu-
tion

Regional1300 (LE)PublicPublic administration, social, and
personal services

11

Married; #030-40/femaleManager of a district
health center

Regional40 (SME)NGOPublic administration, social, and
personal services

12

Single; #032/femaleSenior marketing manager
of a marketing company

Regional100 (LE)PrivateFinancing, insurance, real estate,
professional, and business services

13

Single; #030-40/femaleMarket access manager of
a pharmaceutical company

Global120,000
(LE)

PrivatePublic administration, social, and
personal services

14

Married; #230-40/maleCEOeGlobal100 (LE)PrivateManufacturing15

Married; #131/femaleOwner of a construction
company

Regional10 (SME)PrivateConstruction16

Married; #031/femaleOwner of a restaurantRegional11 (SME)PrivateRetail, accommodation, and food
services

17

a# denotes the number of children.
bLE: large enterprise.
cSME: small and medium enterprise.
dNGO: nongovernmental organization.
eCEO: chief executive officer.
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Table 2. Participant rating of the importance of the policies.

Score, mean (SD)PolicyRank

8.56 (0.37)Information/caregiving skills/guide to community care resources1

8.50 (0.55)Bereavement leave2

8.47 (0.63)Flexible working hours3

8.32 (0.48)Caregiver-inclusive corporate culture4

7.80 (0.61)Flexible work locations5

7.72 (0.54)Paid caregiver leave (especially for those caring for elderly people with chronic diseases, excluding
counting maternity leave)

6

7.60 (0.62)Unpaid caregiver leave7

7.56 (0.75)Aiding medical needs/insurance of employees’ parents8

7.03 (0.44)Switch to part-time work9

6.78 (0.68)Unpaid leave10

Table 3. Themes and subthemes.

SubthemesMain theme

Current support and potential support for CEsa • Leave
• Nonfinancial support
• Emotional support
• Information support
• Technical support
• Industry-specific support

Challenges in adopting CFWPsb • Invisibility of CEs
• Hard to adopt a fair policy for the duration of leave
• Concerns about standardization

Facilitating support for adopting CFWPs • Establishment of a government compensation fund and legal frame-
work for caregiver leave

• Government leadership

Incentives for adopting CFWPs • Build a positive organizational culture
• Recruitment of talent and extension of the worldwide network

aCE: carer-employee.
bCFWP: caregiver-friendly workplace policy.

Theme 1: Current Support and Potential Support for
CEs
Six subthemes were identified based on the participants’current
and potential support needs.

Leave
All participants had access to discretionary annual leave and
unpaid leave when annual leave was exhausted, except
participants 16 and 17, who were from the construction and
food industries, which grant pay on a daily or hourly basis. All
participants stated that they had the flexibility of taking a few
hours of leave during working hours at their discretion for an
emergency, for instance, a medical emergency related to an
older family member at home. However, none of the participants
reported specific caregiver policies in their workplaces.

There was bereavement leave in the participants’ companies,
but as noted by participant 1, such leave “is only for immediate

family members.” Participant 1 further noted the rigidity of
bereavement leave as follows:

Like my wife's father, whom she also cared for, was
paralyzed for a while and then passed away. I could
not take leave for his funeral.

Nonfinancial Support
Unresolved age-related care challenges created pessimism about
the future among 10 participants: rising health care costs and
longer life expectancy strain lower- and middle-class families,
and single-child families bear immense burdens when caring
for elderly people and young people. Without the financial
means to hire a helper or buy insurance policies, the quality of
life of CEs and their families would drastically drop in the face
of immense economic, physical, mental, and emotional strains.
Employers recognized the resource-based challenges CEs face,
emphasized the need for nonfinancial support, and deemed
direct financial support too expensive to be on the agenda for
the time being. Participant 4 specifically pointed to the
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importance of time as an example of nonfinancial support for
working caregivers:

I think the most important thing is time. There are
different degrees of illness; maybe he (i.e., the care
recipient) has a stroke, or he has terminal cancer, a
case like mine has only a few months left. And if you
have to keep working and cannot spend time with
your family. I think that's a great pity.

Emotional Support
Seven participants pointed to the importance of emotional
support for CEs. Participants pointed to the heavy role burdens
of CEs, who need to fulfill their roles as parents, team members
in the workplace, and caregivers of older adults. For instance,
participant 8 witnessed severe psychological distress, possibly
an emotional breakdown, during one of the work trips when her
colleague was struggling with poor support from her marriage
and was struggling in her career while caring for her children
and an ailing elderly person. Participant 4 considered that
emotional support should apply to all employees (not only CEs):

Emotional support should not only apply to CEs. I
think the emotions of all employees are important as
long as they are in the workforce. Emotional distress
is like a cold, very common.

Participant 12, an occupational therapist specializing in mental
health, noted that work stress in Hong Kong is so severe that
depression in young workers is often due to work stress. Long
working hours and the stigma and discrimination against mental
illness would further discourage Hong Kong CEs from taking
care of their mental well-being. A sudden imposition of the
caregiver role would further challenge the coping skills of the
workers themselves and jeopardize their well-being.

Information Support
Four participants pointed out the need for a hotline for CEs to
receive information and counseling services. Participant 14,
who worked for a multinational pharmaceutical company,
reported that they had already set up an international hotline to
support employees in potentially all life-related aspects:

You can call there to find out about the best schools
for children in your neighborhood. Since the hotline
is run by a third party, anonymity is maintained to
protect privacy, which makes the service even more
attractive.

Technical Support
Four participants also pointed out the problem of time strain
(high time demands and little control over timing), which applies
to both work and unremitting care work. They therefore pointed
to the importance of home-based care services that allow CEs
some personal space and time. In this context, participant 6
mentioned that today’s open-plan offices prevent CEs from
taking personal calls when needed. Therefore, personal space
in the workplace, such as a phone box, would support CEs in
fulfilling both roles effectively and safely. Participant 6
elaborated as follows:

Open-plan offices are very popular today, which I
object to because it lacks personal space. A phone
box is a personal space where colleagues have to take
their own personal calls. For example, if I were to
have a conversation with my mother, who is also deaf.
I yell, 'No, the diarrhea pill is upstairs.' That can be
very embarrassing in an open-plan office. In fact, I
think this concept is in line with the idea of work-life
separation.

Industry-Specific Support
Participant 1, one of the directors at a publicly funded primary
school, pointed out that staff turnover could severely affect the
quality of teaching and that CFWPs were crucial to the school
context, given the overly protected privacy in the school’s
workplace culture. No personal matters were allowed to be
revealed that could cause suspicion and doubt among colleagues
and between teachers and parents. According to participant 1,
in this specific sector, either flexible working hours and
locations or a switch to part-time work was possible. Given the
bureaucracy in applying for leave and extended working hours,
a CFWP culture for school teachers was necessary. Participant
1 commented:

Changes should be made at the top policy level of
school administration. Because at the moment, even
if you are a headmaster, you act according to a set
of rules that restrict what you can do and what you
can use.

How wages are paid is also a determinant of whether a policy
of flexible working hours is needed. In construction (daily rates),
insurance (piece rates), or creative industries (commission rates),
the flexibility of working hours is built into the mode of
payment. Therefore, there is no substantial need to include it in
CFWPs. Flexible work location arrangements are not applicable
in construction, retail, food, and personal services where the
location of the staff is essential to the purpose of the
employment.

Theme 2: Challenges in Adopting CFWPs

Invisibility of CEs
Many challenges of introducing CFWPs are closely linked to
the nature of CEs. A key feature of CEs is their invisibility.
Unlike maternity leave, which 11 participants said is easier to
implement than caregiver leave, no identifiable physical features
(such as a swollen and protruding belly) make CEs recognizable.
Participant 14, for instance, made the following statement:

People are very visual, maternity leave, that the
colleague just had a baby. But caregivers, not
everyone can see their parents or the needs of their
family.

The invisibility of CEs has enormous implications for the
adoption and implementation of CFWPs, as it becomes more
difficult to convince everyone of the need to support CEs and
make extra efforts to accommodate them, even if maternity,
paternity, and caregiving leaves are all based on the same basic
need to care for family members. Participant 17 elaborated as
follows:
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[regarding employees requiring maternity leave], we
can see the belly sticking out. Also, there is a life in
there; you are responsible if something happens to
the mother or child. You do not feel so strong if the
colleague has a sick parent, for example. If the
pregnant colleague feels uncomfortable with her belly
and lies down, you have to let her immediately. But
if the colleague says that her father is in hospital
because of stomach problems, you would not feel so
strongly at that moment. Besides, I have experienced
that myself—some people might doubt if it is even
real.

According to the participants, CEs disclose their status as
caregivers directly to their supervisors when they need to take
leave or use other forms of support.

Hard to Adopt a Fair Policy for the Duration of Leave
The ambiguous needs of CEs create many grey areas for
institutional arrangements. To be fair to all employees, the
rationale for the arrangements should be clear and relevant, but
this poses a problem for participants when it is necessary to
allocate a certain number of leave days depending on the nature,
severity, and stage of medical conditions. On the other hand,
participants lacked the medical expertise to assess the CE’s
situation for a case-by-case scenario, while adopting an
all-caregiver-inclusive package for all CEs could be
resource-intensive and disruptive to daily operations. Thus,
there was no consensus among the participants regarding
standardization. Participants 9 and 11, for example, felt that
standardization would provide a reference point and guideline
for companies, which would help combat discrimination against
CEs and give the company an advantage in hiring workers. In
contrast, others, such as participant 6, felt the standardization
would lack the flexibility to be helpful. This complex and
difficult-to-standardize situation of CEs contrasts with maternity
and paternity leaves, which are standardized and predictable.

This ambiguous need of CEs further discourages companies
from using CFWPs when they entail prohibitive costs in the
long run. Participant 15 explained:

There is a predictable time frame for maternity and
paternity leave... But sickness is a bit longer. For
maternity or paternity leave, you would give birth to
maybe only two to three children in this lifetime and
then stop, so you would only take maternity/paternity
leave two to three times; here, there is a fixed number
of dates, you can predict it. But if you are taking care
of chronically ill or dependent family members, it
may take a long time; it may be 5 or 10 years. In
between, you may have to take leave every time to
accompany them to doctor's appointments, which may
happen 10-20 times a year; that possibility actually
exists. So, with that uncertainty, it becomes a bit more
difficult to implement [the CFWP policy]

Concerns About Standardization
Standardization also raises concerns that the mechanisms of
CFWPs could be abused. Participant 16 pointed to the difficulty
of proving caregiver status:

Can I just find any aunt or distant relative? That is,
the moment I want to take a holiday, the moment I do
not want to take this job, I can just find a random
aunt. They give me a paper, I give it to the company,
then I get the benefits. I feel that these grey areas can
be abused very easily... If I introduce care leave as
an employer, I may suddenly get them [these medical
certificates]. The next day, I wake up and suddenly
get a message that I can not go to work [because of
a family member's condition]... The wheel would stop
turning; we would not know what to do, so I think this
thing is more difficult than paternity leave. With
paternity leave, you can easily prove that you are the
father. Due to the very ambiguous nature of CEs'
needs, this can be a major trust issue for management
to support CEs.

Participants commonly expressed that it was difficult to justify
the CFWPs giving priority exclusively to workers caring for
older individuals, risking favoritism over other needs, such as
workers raising their children. The heavy workload of CEs for
ailing older individuals would not make caring for needy young
individuals less stressful. The cultural preference for newborns
in Hong Kong was pointed out by participant 4 as follows:

Everyone expects a happy baby, but not everyone
would consider the possibility of having a sick parent.

The comments make the different treatment of CEs with an
ailing older relative even more challenging to accept.

Theme 3: Facilitating Support for Adopting CFWPs

Governmental Compensation Fund and Legal
Framework for Caregiver Leave
Addressing paid/unpaid leave for caregivers involves
considering financial costs, a central issue raised by all
participants. Participants proposed government compensation
funds for employers to cover the costs of CEs’ time off, cashing
out the mandatory provident fund (MPF) during a medical crisis,
legal frameworks for eligibility, and compulsory employment
insurance. Regarding the cash out from the MPF, participant
17 commented:

The original intention of the MPF was to maintain a
certain quality of life in retirement. But if he (CE)
can't get through the hardest time of his life (caring
for ailing older family members), it doesn't matter
how much money he'll receive in the future.

Government Leadership
The practical challenges practicing doctors face include a lack
of government guidance and reimbursement. Many participants
felt that the government must take the initiative to support CEs.
Many participants expressed the opinion that “if the government
implements it first, we will follow;” however, there is currently
no single, consistent CFWP in Hong Kong. Therefore, support
for CEs has only been granted on a discretionary and
case-by-case basis. If enacted, the policy and legislation
supporting CEs would be mandatory for them to follow, and
this government initiative would even trigger a shift in

JMIR Aging 2025 | vol. 8 | e68061 | p.522https://aging.jmir.org/2025/1/e68061
(page number not for citation purposes)

Lee et alJMIR AGING

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


companies and management thinking. Participant 2, for example,
said the following:

I do not think there was anything like maternity leave
before; it's even more similar with paternity, but we
all have that now, so I would think, why not? [I am]
also very, very supportive [of CE leave]

Two participants also felt that with the introduction of maternity
and paternity leaves, it would be easier to advocate for support
for caregivers if the government takes the lead in implementing
policies. Participant 2 commented as follows:

There is paternity leave now. Before, it was difficult,
but now it is possible. If this was applied to CEs,
maybe it would be quicker [to get support for them]
because people have already taken a step forward.

This was also affirmed by participants 3 and 8, showing some
level of readiness for CFWPs in Hong Kong, but it is crucial
for the government to take the lead in getting this process
started.

In the context of introducing a legal framework to support the
future implementation of CFWPs, participant 11, a department
head of a financial regulatory institution, highlighted the earlier
success of the pilot project on maternity leave before it was
legalized for all companies:

The Government could test the leave program for CE
and other CFWP in some selected departments to
identify the need and the possibilities of
implementation. After consultations with various
sectors of the economy, I believe it would be readily
adopted.

All participants expressed willingness to introduce some forms
of CFWPs if the government could first demonstrate the benefits
of the measures and set the framework for practice. Participant
13 felt that a pilot phase within the government is a guarantee
for the private sector and is one of the many conditions for local
businesses to consider CFWPs.

Four participants were aware of the importance of the
government communicating the needs of CFWPs to the business
sector, particularly for management understanding, including
recognition of the role of CEs, potential caregiver burnout,
disease progression, management of older people, and
stigma/discrimination against CEs. Participant 6, a director at
a multinational company, emphasized that the human resources
department could take the lead in advocating for CFWPs in the
cultural and operational contexts to ensure sustainability and
enforcement. Participants 4 and 6 recommended using case
studies by the government or those in business to explore the
positive changes associated with CFWPs and motivate other
companies to create a caregiver-friendly workplace.

Theme 4: Incentives for Adopting CFWPs

Build a Positive Organizational Culture
The improvement in loyalty and sense of belonging that CFWPs
bring in the long term was acknowledged. Participant 10, a
district director of a financial institution, noted the following:

supporting CEs will result in productivity losses—as
an immediate loss to the company, but in the long
run, the benefits of improving loyalty and sense of
belonging would outweigh the costs overall.

Participants 2 and 5 noted positive spillover effects, specifically,
work engagement improving the caregiving experience. CFWPs
aim to facilitate a balance between the dual roles, allowing for
healthier management of CEs’ circumstances, which is an
incentive for adoption. Participant 5 commented:

It's better to stay at work than to stop for caregiving
because you still get to see what's going on in the
world, and your brain keeps moving.

Round-the-clock caregiving duties could be more stressful than
taking on dual roles.

CFWPs could be seen as a confidence-building exercise between
the management and employees. Management’s effort to
cultivate a caregiver-friendly workplace culture is a prerequisite
for gaining CEs’ trust before disclosing their status and asking
for consideration for their individual needs. Participant 6 referred
to her experience as follows:

When my employee came to my office and asked for
a day off to take care of his parents, he must have
trusted me that he was asking for help. I am very
grateful for that trust.

To strengthen trust, participant 4 suggested using a medical
certificate (similar to a carer’s passport scheme in the United
Kingdom [50]) confirming the caregiving role of the employee,
with constant updates on the care recipient’s illness, and
indications of possible commitments and the durations of such
commitments. Participant 3 was aware of the guilt of CEs about
not being able to fulfill the dual roles simultaneously. This sense
of guilt could not only hinder productivity but also encourage
the suppression of emotions and interfere with communication.

Recruitment of Talent and Extension of the Worldwide
Network
Most participants explicitly expressed their belief that CFWPs
could give companies an advantage in recruiting talent.
Participants considered that CFWPs allow for the retention of
highly qualified staff and thus more sustainable productivity,
as well as a potential reduction in training and recruitment costs.
However, participant 12 stressed that the attractiveness of
CFWPs might be limited among younger workers.

Participant 14 emphasized that if nonfinancial reporting is
considered, CFWPs could make a company a worthwhile
investment for potential investors under ESG standards:

Impact investing is now becoming more popular.
Many global companies have already included ESG
in their reporting; we are already lagging behind a
lot, although our company has already set up a hotline
for general employee concerns.

For Hong Kong, there are overall benefits of companies taking
up CFWPs, namely keeping workers employable rather than
out of the workforce for a significant duration, attracting foreign
talent to Hong Kong, and reducing public health costs when
CEs perform caregiving duties more efficiently and effectively.
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Discussion

Principal Findings
Although support for CEs in Hong Kong is currently
discretionary and depends on the context of industries, this study
identified strong motivations for Hong Kong employers to adopt
CFWPs. While improving mental well-being can lead to a direct
improvement in productivity [51-54], the benefits of CFWPs
may be more extensive than anticipated. Beyond indirect
operational incentives, such as employee loyalty and talent
retention, CFWPs could make a company an attractive
investment for socially conscious investors under ESG standards
[55]. Furthermore, CFWPs can have a positive spillover effect
with a potentially significant impact on CEs’mental well-being,
especially when caregiver-inclusive corporate culture is more
explicit than making decisions on a case-by-case basis.

Although this study identified several gaps and barriers to the
large-scale adoption of CFWPs in Hong Kong, there is ample
precedence of organizational changes in Hong Kong’s public
and private sectors. For instance, the 8-step theory of change
by Kotter [56], which involves the following steps: (1) create
urgency, (2) build a guiding coalition, (3) form a strategic vision,
(4) communicate the vision, (5) empower others to act on the
vision, (6) generate quick wins, (7) sustain momentum, and (8)
institutionalize new approaches, has been shown to be applicable
across Hong Kong’s monolithic civil service organizations [57],
publicly listed corporations [58], and NGOs [59,60], which
represent the 3 primary stakeholders for the large-scale adoption
of CFWPs in Hong Kong.

In line with the theory by Kotter [56], employers and
management participants in this study echoed the prerequisites
for the government to take the leadership in raising awareness
of the needs of CEs (step 1: create urgency) and advance the
discussion on CFWPs among stakeholders (step 2: build a
guiding coalition) to develop (step 3: form a strategic vision)
and implement (step 4: communicate the vision) goal-oriented
strategies. Government leadership is indispensable for small
and medium enterprises as, unlike large enterprises, they lack
the in-house resources and experiences to formulate relevant
policies and account for more than 98% of businesses in Hong
Kong [61] (step 5: empower others).

The piloting of CFWPs in the management of public institutions
seems to be an appropriate starting point, as this is where the
bureaucratic burden is most remarkable (step 6: generate quick
wins). CFWPs could be better thought through in this complex
environment before being rolled out to the private sector and
NGOs. Notably, the government has recently launched a 2-year
pilot program to subsidize caregivers from low-income families
caring for older individuals with moderate and severe
impairments (at least 3 hours of care per day) to the tune of HK
$3000 (US $386) per care recipient [62]. However, the number
of households benefiting from such high thresholds is
questionable, and the policy does not extend to caregivers who
continue to work and contribute to the economy.

Furthermore, our participants indicated the need for a general
CFWP with some specific policies for certain industries (step

7: sustain momentum). For instance, information, caregiving
skills, and guide to community care resources; bereavement
leave; and caregiver-inclusive corporate culture can apply to
all industries. With Hong Kong well-positioned as a
knowledge-based economy [63], these CFWPs may be
immediately relevant for human capital and knowledge-intensive
industries, such as social and personal services, professional
and business services, financing, insurance, and real estate.
However, flexible working hours or locations depend on
industry-specific payment arrangements and the individual
requirements of the working environment. For instance,
construction, retail, accommodation, and food service sectors
may require special considerations due to their demographics
(eg, relatively younger workers) and wage payment mode (eg,
piecework in construction and hourly in food services).

According to the rated importance, providing information
resources, cultivating a caregiver-inclusive corporate culture,
and introducing flexible working hours and locations could be
piloted within the government structure to provide feedback for
future public implementation (step 8: institutionalize new
approaches). In addition, legalizing paid or unpaid caregiver
leave is necessary. While the government reimburses companies
for maternity and paternity leaves, there are other options to
facilitate the future legalization of caregiver leave, such as
cashing out from the MPF and introducing a legal framework
on the qualifications and durations of leaves for CEs. However,
cashing out from the MPF could jeopardize the original intention
of securing financial security in retirement. Thus, a greater
government-industry engagement focused on CFWPs is
essential.

Our study underscores the need for consensus among
stakeholders on caregiver eligibility criteria, including the care
recipient’s age, care forms, employment conditions,
relationships, and medical needs. Quantifiable parameters can
ensure fairness and prevent policy misuse. For instance, the
voluntary leave-sharing program in the United States allows
workers to donate their unused annual leaves directly to another
worker who is experiencing a personal or family medical
emergency and has exhausted available paid leaves [64,65].
However, the program requires a significant income loss (at
least 24 hours for full-time employees) due to illness after
exhausting paid leaves [64,65]. Such a program with objective
and fair parameters may be considered for Hong Kong’s
different industrial sectors. Furthermore, such programs may
be instrumental in breaking the status quo that personal or family
matters do not belong in the workplace and may enable generous
interworker benefit transfers.

There is some international precedence in identifying the
pathway to develop and implement CFWPs in Hong Kong. For
instance, the advocacy of CFWPs is typically supported by
NGOs working with governments and legislatures to inform
and influence policy [66-68]. While such advocacy groups do
not exist in Hong Kong yet, they can be a vital conduit for
engaging with CEs and negotiating with the government to
address their most pressing needs. Similarly, Canada offers
caregivers the world’s longest unpaid compassionate leave (26
weeks) [69,70]. Caregiver leave to attend to an ailing parent is
covered by compulsory employment insurance, which is funded
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by worker premiums, without burdening businesses directly
[70]. Similarly, the Japanese government has subsidized 93
caregiver leave days for the business sector [71].

Notably, the legalization of caregiver leave in Taiwan and Japan
was in response to an alarming number of caregivers committing
suicide or murdering elderly members under overwhelming
“caring fatigue” [72]. Hong Kong should urgently consider
CFWPs before caring for the needs of the aging population
takes too heavy a toll on the working population. Although
successful precedents in other countries can be a good starting
point, it is essential to consider the unique needs and
expectations of CEs and their employers in Hong Kong. For
instance, while unpaid caregiver leave is legalized for CEs in
Taiwan and Japan [68,71], employers in this study emphasized
the importance of paid leave over unpaid leave in line with
maternity and paternity leaves in Hong Kong.

Limitations
Our study has several limitations that must be noted. First, our
participants were predominantly recruited using the
chain-referral method, which is known to introduce selection
bias [73]. Thus, the findings may have lower generalizability,
representativeness, or external validity than research conducted
with a random sample [73]. However, our goal was to identify
perceived barriers to CFWP implementation and galvanize
further research in this domain, which may, in turn, identify

additional barriers. Thus, in this type of research, the inherent
risk of selection bias due to chain-referral sampling is not
expected to skew the findings significantly. Second, some
industries may be underrepresented in our study. For instance,
while data saturation was achieved with at least two participants
for each category by size (ie, small and medium enterprises and
large corporations) and constitution (ie, NGOs, public
institutions, and private companies), there was at least one
participant from each of the main industrial sectors in Hong
Kong. Third, there was no “third party” interviewer to reduce
the impact of the researchers’ biases and beliefs [74] about the
phenomenon (ie, CFWPs) on the quality of the data collected.
Finally, this research was conducted at the peak of the
COVID-19 pandemic, which could have influenced the
participants’ perspectives and positions on CFWPs [75]. In
addition, the pandemic conditions may have led to the
unavailability of participants with diverse opinions [75].

Conclusion
Employers and management recognize the importance of
CFWPs, but current support for caregivers is discretionary and
industry-specific. Government leadership is crucial for the future
implementation of CFWPs, and piloting such policies within
the government can drive institutional change. Ongoing
consultation with the business sector on the specific needs of
particular industries is essential before legalizing unpaid or paid
caregiver leave in Hong Kong.
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Abstract

Background: Injuries from falls are a major concern among older adults. Targeted exercise has been shown to improve fall
risk, and recommendations for identifying and referring older adults for exercise-based interventions exist. However, even when
very inexpensive or free, many do not use available fall prevention programs, citing barriers related to convenience and safety.
These issues are even greater among older adults residing in rural areas where facilities are less abundant. These realities highlight
the need for different approaches to reducing falls in novel ways that increase reach and are safe and effective. Web-based delivery
of exercise interventions offers some exciting and enticing prospects.

Objective: Our objective was to assess the efficacy of the Strong Foundations exercise program to change markers of physical
function, posture, balance, strength, and fall risk.

Methods: Strong Foundations is a once weekly (60 minutes), 12-week iterative program with 3 core components: postural
alignment and control, balance and mobility, and muscular strength and power. We used a quasi-experimental design to determine
changes in physical function specific to balance, postural control, and muscular strength among older adults at low or moderate
risk of falling.

Results: A total of 55 low-risk and 37 moderate-risk participants were recruited. Participants significantly improved on the
30-second Chair Stand (mean change of 1, SD 3.3 repetitions; P=.006) and Timed Up and Go (mean change of 0.2, SD 0.7
seconds; P=.004), with the moderate-risk group generally improving to a greater degree than the low-risk group. Additionally,
Short Physical Performance Battery performance improved significantly in the moderate-risk category (P=.02). The majority of
postural measures showed statistically significant improvement for both groups (P<.05). Measures of “relaxed” posture showed
improvements between 6% and 27%. When an “as tall as possible” posture was adopted, improvements were ~36%.

Conclusions: In this 12-week, iterative, web-based program, we found older adults experienced improvement not only in
measures used in clinical contexts, such as the 30-second Chair Stand and Timed Up and Go, but also contextualized gains by
providing deeper phenotypical measurement related to posture, strength, and balance. Further, many of the physical improvements
were attenuated by baseline fall risk level, with those with the highest level of risk having the greater gains, and, thus, the most
benefit from such interventions.

(JMIR Aging 2025;8:e68957)   doi:10.2196/68957
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Introduction

The absolute number of adults older than 65 years of age has
been steadily growing for decades and now outnumbers the
number of children younger than 18 years of age [1]. In addition,
estimates indicate that older adults will represent greater than
23% of the population in the United States by 2035 [1]. Injuries
resulting from falls are the largest cause of accidental death and
mobility-related disability among older adults. This is likely
because nearly one-quarter of community-residing adults older
than 65 years of age fall annually, and that number rises to
almost half of those older than 80 years of age [2]. Particularly
concerning is the fact that once an individual starts to fall, there
are often additional falls. Indeed, evidence from numerous
sources suggests that between 10% and 44% of older adult
patients who have fallen will sustain additional falls in the
following year [3-7].

Targeted strength and balance exercises have consistently been
shown to improve fall risk, and accordingly, recommendations
for identifying and referring older adults for exercise-based
interventions have been developed. Public health and clinically
oriented authorities, including the Centers for Disease Control
and Prevention (CDC) and the US Preventive Services Task
Force, have acknowledged the importance of risk assessment
and physical activity (PA) in improving fall risk for older adults.
The CDC’s Stopping Elderly Accidents and Deaths Initiative
(STEADI) has also established an evidenced-based questionnaire
that assesses known risk factors to help clinicians stratify
individuals by risk category to identify those who should be
best served by fall prevention programs [8-10].

Many exercise programs for older adults exist. While some
health insurance may include access to programs such as Silver
Sneakers and EnhanceFitness PA at no additional charge [11],
many older adults may have to pay substantial fees to participate.
Further, even when very inexpensive or free, many eligible
older adults do not use these programs, citing several barriers
[11,12]. These include personal preferences (dislike of
gymnasiums and lack of knowledge regarding appropriate
activity), environmental factors (difficulty in reaching
gymnasiums or classes, concerns about bad weather and driving,
concerns about being “old” in a gymnasium environment), and
structural factors (limited number of facilities and concerns
about instructor expertise with older adults) [12]. These issues
are even greater among older adults residing in rural areas. Rural
residents have fewer facilities for guided PA, more limited
transportation infrastructure [13], and less exercise expertise
than their urban counterparts [14]. Confounding these
difficulties, ongoing concerns exist surrounding the COVID-19
transmissibility alongside the availability, and desirability, of
in-person programs. Since the height of the pandemic, there has
been a growth in available options for in-person exercise
programs. However, while vaccines and exposure have
decreased the likelihood of serious infection, there remains some
risk associated with (large) in-person gatherings, particularly
among the more vulnerable older adult population.

These realities highlight the need for different approaches in
addressing the public health challenge of reducing the likelihood
of falls in older adults in novel ways that increase reach and are
safe and effective. Digital delivery of exercise interventions
offers some exciting and enticing prospects, as not only can this
platform eliminate barriers related to difficulty with
transportation and concerns about the gymnasium environment,
but it can also bring highly qualified experts to individuals who
are the most in need. These include those experiencing specific
conditions that require special instruction and those living in
rural and geographically remote areas. Given that older adults
are increasingly confident and competent using the internet and
videoconferencing tools [15,16], developing interventions that
leverage this technology to improve access to fall-risk reduction
exercise programs, including balance, posture, and strength
training, is both worthwhile and feasible.

Despite these possibilities, there remains limited research on
digital group–based exercise programs, particularly those
focused on fall prevention. Further, the available evidence is
generally drawn from relatively small samples [17-19], or the
studies have been conducted in populations with specific
medical conditions or comorbidities such as diabetes [20,21]
or mild cognitive impairment [22]. To the authors’ knowledge,
there are only 2 randomized studies with a sample size greater
than 20 that have focused on healthy older adults. Although the
exercise modalities differed, following the intervention,
participants did have generally positive findings regarding
improvements in strength and balance [23,24]. However, neither
intervention included exercises specific to postural control, a
factor strongly hypothesized to influence fall risk [25,26].
Moreover, instruction during exercise sessions in nearly all
studies we reviewed, regardless of the health status of the
participants, was generalized to the entire class due to the
difficulty of the instructor speaking to any 1 person to correct
technique without interrupting the flow of the class.

Therefore, we developed and digitally deployed an
evidence-based exercise program, Strong Foundations (SF),
with instruction provided in real time, to enhance physical
function and ultimately prevent falls among older adults. The
aim of this study was to evaluate the SF program’s effectiveness
in improving the posture, balance, and strength of older adults
using valid, reliable, and widely used measures of physical
function.

Methods

Ethical Considerations
This study was approved by the institutional review board
(#806696) at the University of California, San Diego, and
informed consent was gathered from all participants. They were
further informed that they did not have to complete any
measurements and were free to withdraw from the exercise
sessions at any time. Participants were additionally provided
with US $20 for each laboratory visit to cover travel costs and
were given resistance bands to be used during the exercise
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intervention (value ~US $10). All data were de-identified prior
to analyses with a code to participant numbers and identities
held only by the PI and study coordinator and maintained in
protected file servers.

Study Design and Recruitment
We used a quasi-experimental design to determine the efficacy
of digitally delivered exercise for improving physical function
specific to balance, postural control, and muscular strength
among older adults at low or moderate risk of falling. Several
strategies were used to recruit participants: (1) posters displayed
at older adult living facilities and community centers; (2) emails
sent to existing lists of older adults who previously expressed
interest in research studies in general, and in fracture prevention,
specifically; and (3) announcements made following educational
presentations on fall and fracture prevention delivered digitally
or in person to various groups of older adults in the community.
Those who expressed interest were contacted by study personnel
and screened by phone for eligibility. Inclusion criteria included
being 60 years and older, having an internet-enabled device
with a screen of 7+ inches (tablet, laptop, or similar), and scoring
less than 8 on the CDC’s STEADI questionnaire. Participants
were further stratified based on their answers to the STEADI
questionnaire into low- and moderate-risk groups with a
maximal score of 3 and 7, respectively [27].

Intervention Design
Designed by 2 exercise physiologists working in consultation
with both a medical doctor and a doctor of physical therapy,
the SF program is a once weekly (60 minutes), 12-week iterative
program with 3 core components: postural alignment and
control, balance and mobility, and muscular strength and power.
All instructors leading the training had, at minimum, a
bachelor’s degree in an associated field (kinesiology, exercise
physiology, etc) and licensing as a personal trainer from an
accredited national institution (American College of Sports
Medicine, American Council on Exercise, and National
Academy of Sports Medicine). In addition to the weekly group
class, participants received both printed and recorded instruction
regarding how to safely complete the exercises without
supervision and were “assigned” homework materials and
encouraged to practice 2 or more additional times per week
preferably with a family member or friend present for safety.

All of the exercises introduced throughout the course were
designed to be appropriate for an older adult population and
were standardized so that participants received the same basic
instruction, but the level of difficulty was scaled (and coached)
based on individual capability, experience, and musculoskeletal
limitations. Each week, new foundational exercises identified
as being important to maintaining strength, postural control,
balance, and mobility, and also relevant to specific daily
activities (eg, picking up an object from the floor to place it on
a countertop) were added to the class. In addition, over time,
most exercises initially taught as isolated movements were
expanded to more complicated, multijoint and multiplanar

compound movements, once again with the intent to mimic
daily movement.

Home Setup and Safety Concerns
One to two weeks before the first exercise class, participants
were emailed instructions for setting up their exercise space at
their residence. This included having, at minimum, a 6×6 ft
uncluttered exercise space on either a nonslippery floor or an
area with wall-to-wall carpet (no loose rugs) and adequate open
space surrounding the designated exercise space. In addition,
if possible, they were encouraged to have a small amount of
wall space immediately behind their exercise area to allow for
intermittent wall exercises. Participants were also provided with
a set of resistance bands with the level of difficulty determined
based on their self-described strength and were instructed to
ensure that they had a chair without wheels (and preferably
without arms) available for chair-based exercises and to assist
with balance during standing exercise.

Intervention Delivery
One of the novel features of this program is the delivery of
semi-individualized instruction in real time within a small group
setting. To this end, classes were designed to have 10-15
participants. A single lead instructor provided verbal instruction
while demonstrating each exercise. Simultaneously, at least 1,
and sometimes 2, additional instructors provided individualized
instruction to participants who were performing an exercise
incorrectly or those who were ready to move on to a more
difficult progression, with a particular emphasis on exercise
form and safety. This allowed all participants to develop
competency with key exercises while allowing those with
experience and confidence to progress to more advanced
movements in a timely manner.

In-person classes were offered once per week and lasted slightly
longer than 1 hour. Classes began with approximately 5 minutes
of aerobic warm-up during, which participants were encouraged
to move somewhat vigorously in order to raise their heart rate
and elicit blood flow to the working muscles. Following the
warm-up, each class had different foci as shown in Table 1.
Regardless of the focus of the week, 5-10 minutes were spent
teaching the week’s foundational exercises with particular
emphasis on explaining proper form. In the early weeks of the
intervention, participants were instructed to complete the
exercises slowly, paying particular attention to ensure that they
were feeling the target muscles activate or engage in the
appropriate anatomical area. Individualized feedback from an
assistant instructor correcting errors in technique was
emphasized during this time, making sure that each participant
received feedback from an instructor at least once during the
class. As the weeks progressed, the lead instructor cued
participants to increase the resistance or increase the speed, or
increase both the speed and resistance concurrently during
strength training exercises, as tolerated, and also increase
balance challenges if they felt safe doing so.
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Table 1. Weekly foci and foundational exercises.

Focus of the weekFoundational exercise 4Foundational exercise
3

Foundational exercise
2

Foundational exercise 1Week

PostureHip hingeHip hikesPelvic tucks or tiltsNeutral spine or marionette
pose

1

BalanceSelf-test: static balance“Traditional abs”Review hip hingeQuick feet drills2

StrengthHeel toe raisesReverse lungeHip hinge (review) with
squat or chair sit or
stand

Front and lateral arm raises
(with band)

3

Combine 3 pillarsHeel toe raises with tennis
ball

Reverse lunge with
progression

Static balanceNeutral spine and pelvic
tuck or tilt—standing

4

Floor to stand transi-
tion—floor exercises

Modified or regular jumping
jacks

Hip hinge with choice
of W/T/Y/I arm exten-
sions

Around the clock stepsSit and stand transitions5

Compound strength move-
ments

Hing hinge+picking up ob-
jects

Single leg heel raisesLunge with chair pro-
gression

Hip hinge (review) with
squat or chair sit or stand

6

Increase balance challengeToe raise walk around chairSingle leg heel raisesSquat to lateral leg raiseDrinking bird7

Odd impact or multidirec-
tional movements

Quick feet multidirectionalIntroduce pivotWall sit with wood
chop

Warrior 2 with chair sit8

Combine balance with com-
pound movements

Head rotations in a tandem
stance

PivotSquat into a high knee
and arm reach

Weight transfer with split
stance

9

Introduce cognitive chal-
lenge

Goal post with arm slidesStanding superman with
cognitive challenge

Lunge with chair sup-
port and head rotation

Single leg stance with
band pull downs and serial
7’s

10

Speed or power movementsKnee driversVertical push-upsLateral jacksReaching squats11

Collaborative workoutN/AN/AN/AN/Aa12

aN/A: not applicable.

For the remainder of the class, a variety of exercises focused
on strength, balance, and posture (alone and in combination) in
line with the focus of the week were completed in sets of 3 to
5 with pauses between sets to cue the next set of exercises.
During the final 5 minutes, participants were guided through a
brief cool down that incorporated stretching of the muscles used
(most) during the exercise session.

Participants were also provided a secure link to a public-facing
web-based video library that hosted a recording of the exercise
session and a written description of the foundational exercises
emphasized each week. Participants were further encouraged
to complete 2 additional exercise sessions weekly. They also
were provided a “mid-week challenge” 3 days after the weekly
class session. These challenges included video presentations on
the importance of posture in preventing falls, selected
yoga-based movements for balance, and other short (5-10
minutes) presentations designed to keep participants engaged
with the larger fall prevention focus of SF. Finally, participants
were reminded of the importance of cardiovascular exercise
and encouraged to walk or do other aerobic activities regularly.

Laboratory Measures

Overview
All measures were completed at baseline, prior to the first
exercise class. Follow-up visits were completed anytime from
the day after the 11th class through 2 weeks following the

completion of the last (12th) exercise session. Participants
completed their physical measures in the following order:

Balance and Physical Function
In-laboratory testing of balance and physical function included
the Short Physical Performance Battery (SPPB) [28] combined
with computerized dynamic posturography to quantify postural
sway and the Timed Up and Go (TUG) [29].

Participants completed the standard SPPB, which includes (1)
a standing balance challenge, in which the participant is asked
to stand as still as possible with an increasingly narrow base of
support; (2) regular walking speed at a “regular” pace on a 4-m
course; and (3) leg strength gathered from the time taken to
complete 5 chair stands. Continuous scores were normalized
with a maximal score of 12 (4 points per measurement category)
[28]. In an effort to address possible ceiling effects associated
with the balance component of the SPPB, the BTrackS Balance
Plate (version 7.5; Balance Tracking Systems) was used to
capture overall postural sway, measured in centimeters.

Participants completed the TUG at both a normal walking speed
and as fast as possible. Participants began in a seated position
and were instructed to rise without using their arms to push off,
walk 3 m, negotiate around an obstacle (rubber cone), return to
their chair, and sit back down. Participants were allowed 1
practice trial and then completed each test twice with the best
time (ie, lowest) score used for statistical analysis.

JMIR Aging 2025 | vol. 8 | e68957 | p.533https://aging.jmir.org/2025/1/e68957
(page number not for citation purposes)

Wing et alJMIR AGING

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


Postural Assessments
Posture was measured using a variety of methods designed to
identify areas of postural deficiency. Specifically, for general
posture, standing height was measured in two ways using a
stadiometer (SECA 213) while participants were instructed to
(1) “stand as you normally do” and (2) “stand as tall as
possible.” Both measurements were taken at the top of the breath
cycle. To identify cervical and upper thoracic postural decline,
the occiput to wall distance (OWD) [30] was measured in the
same 2 manners (ie, regular and tall stance). More specifically,
OWD was measured by having participants stand against a wall
with their heels and buttocks touching the wall or as close as
they could get comfortably. They were then instructed to look
straight ahead (neutral head position) and hold still while the
distance from the occiput to the wall was measured in
centimeters. Finally, the Debrunner kyphometer and flexiruler
were used to measure thoracic and lumbar curvature using
previously published methodology [31,32]. Briefly, the
Debrunner kyphometer provided an angle of curvature of the
thoracic spine when placed in the joint space between T2 and
T3 on one end and T12 and L1 on the other while participants
stood in a normal or relaxed manner. The flexiruler is moldable
and is placed with one end at the base of C7 and the other in
the joint space between L5 and S1. The molded ruler is then
traced onto a piece of paper, from which the kyphotic index
was calculated by 2 independent raters as a function of the
thoracic length and thoracic width using standardized procedures
previously described (width/length×100) [31]. The average of
the 2 raters was used for analyses.

Functional Muscular Strength
All participants completed a 30-second Chair Stand (30CS) and
grip strength test. A subset (initial 3 cohorts of recruited
participants) also completed isometric strength testing of
hamstrings or quadriceps and trunk or lumbar muscle groups
(procedure described in Isometric Muscular Strength section).

The 30CS used a chair with a seat height of 17 inches.
Participants were instructed to keep their feet flat on the floor
with their arms folded across their chest and touching their chest
throughout the test. To be counted, the participant had to rise
to a fully upright position and then return to a seated position
while maintaining a fairly vertical body position (avoiding
excessive forward lean). If participants did not maintain proper
form, they were coached, but time was not stopped.

Hand Grip Strength
Hand grip strength was measured using an adjustable grip
strength dynamometer (Jamar Plus Digital Hand Dynamometer).
During the baseline visit, the grip or handlebar of the
dynamometer was adjusted so the second joint of the fingers
fits around the handle with handle size (1-5) recorded and used
during subsequent visits. Participants were familiarized with
the measurement by performing one submaximal effort on each
hand. After becoming comfortable with the procedure,
participants were instructed to hold the dynamometer with their
arms at their side. They were then coached to take a deep breath
in and squeeze as hard as possible as they exhaled. Measurement
staff provided encouragement throughout each attempt. The

measurement was repeated twice on each hand, alternating
between the dominant and nondominant hand, with the highest
score for each hand recorded in kilograms.

Isometric Muscular Strength
Isometric strength of the hamstrings, quadriceps, and spinal
extensor muscles was measured using the Biodex System 4
PRO dynamometer (version 4.60; Biodex Medical Systems).
Specifically, isometric strength of the hamstring and quadriceps
muscle groups was measured with the leg held in at 45, 75, and
90 degrees of knee flexion. Participants performed 3 repetitions
of 5-second maximal isometric contraction, extension followed
by flexion, with 5 seconds of rest between repetitions at each
angle. A 2-minute rest period was given between sets or leg
positions. To decrease participant burden, only 1 leg was tested
with participants indicating if either of their legs or knees had
any previous injuries, or any current pain, after which the
“healthiest” underwent testing. The average maximal contraction
at each angle was recorded, and scores were combined into a
flexion and extension composite score.

The Biodex Dual Position Back Ex/Flex Attachment,
seated-compressed variation (isolated lumbar position), was
used to measure the isometric strength of the trunk at 0 degrees
of spinal flexion-extension (seated up-right). One set of 3
repetitions of 5-second maximal isometric contractions for both
trunk flexion and extension was completed by participants. A
10-second rest was given between repetitions. To minimize the
risk of injury, participants were instructed to slowly and
gradually increase their muscle engagement to a volitional
maximum and not attempt any sudden or explosive movement
against the resistance.

Aerobic Fitness
Participants were asked to walk continuously for 2.5 minutes
at their normal walking speed on a 50-m corridor [33]. During
the walk, participants wore a chest strap–based heart rate
monitor (Polar H10). Total distance, average heart rate, and
peak heart rate were recorded.

Statistical Analyses
All statistical analyses were conducted using SPSS (version 27;
IBM Corp). As this was largely designed as a feasibility study
to determine the acceptability of this novel intervention delivery
method and the degree to which the intervention could improve
metrics of strength, balance, and posture, power calculations
were not conducted. Instead, the sample size was primarily
determined by safety concerns involving class size, which we
settled on 10-15 per class after conducting 3 brief, 4-week pilot
sessions beginning with ~6 participants, increasing to 8-12 to
keep class size manageable. The sample size was also restricted
by fiscal constraints.

Descriptive statistics (percentages, means, and SDs) were used
to characterize demographic variables and identify potential
outliers. Change scores were derived by subtracting baseline
values from follow-up values on an individual level.

Independent 2-tailed t tests were conducted to assess differences
across groups at baseline. Paired sample t tests were conducted
to evaluate the effects of the intervention on the measures of

JMIR Aging 2025 | vol. 8 | e68957 | p.534https://aging.jmir.org/2025/1/e68957
(page number not for citation purposes)

Wing et alJMIR AGING

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


interest, with analyses conducted both for the total population
and also with participants divided into fall-risk groups, which
were assessed independently of each other. Associations
between changes in measures of strength, balance, and posture
and number of classes attended were examined using Pearson
correlation without controlling for any covariates. When
associations were observed, univariate linear modeling was
conducted, with sex, chronological age, and baseline score
included as covariates. These were included based on the known
systematic declines in performance in older individuals, the

possibility of systematic differences between male and female
individuals, and the differences in potential change associated
with baseline performance.

Results

Overview
The number of participants screened, enrolled, and followed
through the final measurement is shown in Figure 1.

Figure 1. Participant recruitment flow. The sum of the breakdown of excluded participants at the initial and 12-week measurements exceeds the total
number of excluded participants, as some individuals missed more than one assessment. SPPB: Short Physical Performance Battery; TUG: Timed Up
and Go.
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Population Descriptive Data
A total of 92 participants were enrolled across 8 cohorts with
55 low-risk and 37 moderate-risk individuals assigned to their
own risk-group classes (n=4 classes per risk group). Key
demographics and population descriptive data are shown in
Table 2. The majority of the population was female (n=77, 84%)
and White (n=74, 80%). Participants were largely well educated,
with all participants having some college degree, and 91%
(n=84) having a bachelor’s degree or beyond. Additionally,
although very few were currently employed (n=15, 16%), the
majority (n=55, 60%) of participants were at a high
socioeconomic status (>US $100,000 income), with 19 (21%)
individuals earning more than US $200,000 per year.

As expected, based upon the group stratification, there was a
difference in STEADI fall risk score between groups.

Additionally, those at moderate risk (STEADI >3 but <8) were
slightly heavier (low risk: mean 64.2, SD 11.3 kg and medium
risk: mean 71.6, SD 17.7 kg; P=.008) and with a higher BMI

(low risk: mean 23.8, SD 3.9 kg/m2 and medium risk: mean

26.5, SD 5.2 kg/m2; P=.003).

Performance metrics at baseline and following the 12-week
intervention are shown in Table 3. There was a difference at
baseline between the low- and moderate-risk groups on the
30CS (P<.001), TUG (P=.002), walking distance at normal
speed over 2.5 minutes (P<.001), SPPB (P<.001), and the OWD
measures of posture (normal stance: P=.007 and tall stance:
P=.005). In all of these cases, the moderate-risk group had worse
performance compared to the low-risk group. However, strength
and balance and some measures of posture (flexiruler and
Debrunner kyphometer) were not different by risk category.

Table 2. Demographic data of participants by fall-risk group.

P valueModerate risk (n=37)Low risk (n=55)Total (N=92)

.5830 (81)47 (85)77 (84)Female, n (%)

N/AaRace, n (%)

3 (8)5 (9)8 (9)Asian

1 (3)1 (2)2 (2)Black

2 (5)1 (2)3 (3)Hispanic

29 (78)45 (82)74 (80)White

2 (5)3 (5)5 (5)Other

.2573.0 (6.2)71.3 (6.9)72.0 (6.6)Age (years), mean (SD)

.43163.7 (9.9)164.0 (6.0)163.9 (7.7)Height (cm), mean (SD)

.008 b71.6 (17.7)64.2 (11.3)67.1 (14.6)Weight (kg), mean (SD)

.00326.5 (5.1)23.8 (3.9)24.9 (4.6)BMI (kg/cm2), mean (SD)

Income (US $ per year), n (%)

.118 (22)4 (7)12 (13)<50,000

N/A9 (24)15 (27)24 (26)>50,000 but <100,000

N/A20 (54)35 (64)55 (60)>100,000

<.0015.2 (1.3)2.0 (1.4)3.3 (2.0)STEADIc risk score (0-12 range), mean (SD)

.0810.3 (2.3)9.4 (3.5)9.7 (3.1)Classes attended, mean (SD)

aN/A: not applicable.
bValues in italics format indicate statistical significance at or below P<.05.
cSTEADI: Stopping Elderly Accidents and Deaths Initiative.
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Table 3. Intervention effects on performance-based measures by fall-risk category.

Moderate (n=34 except where noted)Low (n=48 except where noted)Total (n=82 except where noted)

P val-
ue

Postinterven-
tion, mean (SD)

Preinterven-
tion, mean
(SD)

P val-
ue

Postinterven-
tion, mean (SD)

Preinterven-
tion, mean
(SD)

P val-
ue

Postinterven-
tion, mean (SD)

Preinterven-
tion, mean
(SD)

.00810.5 (3.8)11.4 (3.3).2010.8 (3.3)11.4 (3.5).007 a10.7 (3.5)11.4 (3.4)Kyphotic index
(%)

.00837.3 (17.3)40.2 (13.6).0238 (11.2)40.3 (10.9).00537.7 (13.7)40.3 (11.9)Kyphotic angle
(degrees)

<.0014.7 (4.3)6.1 (4).0042.7 (3.2)3.9 (3.4)<.0013.5 (3.8)4.8 (3.8)OWDb—normal
stance (cm)

.012.8 (2.9)3.6 (3.3).0020.8 (2.1)1.8 (2.7)<.0011.6 (2.7)2.5 (3.0)OWD—tall
stance (cm)

.00212.3 (5.0)10.1 (4.3).4415.6 (5.1)14.7 (4.4).00614.3 (5.3)12.9 (4.9)30-Second Chair
Stand (repeti-
tions)

.6048.1 (15.0)47.8 (13.7).1847.1 (14.1)47.9 (14.1).5447.6 (14.4)47.8 (13.8)Grip combined
(kg)

.11253.3 (112.6)213.4 (62.1).07193.7 (65.7)196.1 (84.6).02206 (79.1)199 (80.6)Isometric leg
strength exten-
sion (kg) (n=26
with/19 low and
7 moderate)

.20105.2 (56.0)92.3 (34.5).2997.0 (37.7)94.2 (45).1398.7 (41.1)93.9 (42.9)Isometric leg
strength flexion
(kg) (n=26
with/19 low and
7 moderate)

.7561.8 (40.6)64.6 (28.1).0190.9 (38.0)72.5 (28.5).0383.0 (40.0)70.3 (28.1)Isometric trunk
strength exten-
sion (kg) (n=26
with/19 low and
7 moderate)

.1645.9 (26.4)39.7 (25.4).00254.1 (17.9)45.5 (19.8)<.00151.8 (20.4)43.9 (21.1)Isometric trunk
strength flexion
(kg) (n=26
with/19 low and
7 moderate)

.0210.8 (1.4)10.2 (1.6).4011.5 (1.0)11.5 (0.9).1311.2 (1.2)11 (1.4)SPPBc (scored
from 0 to 12)

.097.5 (1.6)7.9 (1.9).026.1 (1.2)6.3 (1.2).0046.7 (1.5)6.9 (1.7)Timed Up and
Go (seconds)

.16101.5 (44.8)96.7 (37.2).9886.8 (25.7)88.4 (27).4392.6 (35)91.4 (31.1)Postural sway
(cm)

.75181.0 (33.4)179.9 (24.5).05202.5 (29.9)209.2 (29.2).18193.1 (31.6)196.3 (30.7)Distance during
2.5-minute walk
(m)

aValues in italics format indicate statistically significant values with a P value of less than .05.
bOWD: occiput to wall distance.
cSPPB: Short Physical Performance Battery.

Balance and Physical Function
On average, at baseline, participants were able to complete
slightly more than the minimum number of chair stands (n<12)
to be considered free from disability [34]. However, 38 (41%)
individuals were below that level. In contrast, on average,

participants were well above the minimum threshold to identify
disability for the TUG and SPPB (>13.5 seconds and <9,
combined score respectively) [35,36], with 0 for TUG and 14
(16%) for SPPB below the threshold. In terms of the effects of
the intervention, there were no significant changes in postural
sway during static balance stances associated with the SPPB.
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However, overall participants significantly improved on the
30CS and TUG (mean change of 1.4 repetitions: P=.006 and
0.2 seconds: P=.004, respectively). While not always statistically
significant, the moderate-risk group improved to a greater degree
on both of these assessments than the low-risk group (although
both groups improved). Additionally, SPPB performance
improved significantly in the moderate-risk category (P=.02).

Posture
Although there were no inclusion or exclusion criteria related
to posture, there were a meaningful number that displayed
suboptimal posture. Indeed, depending upon the measurement
tool and associated categorical cut-points used, between 7%
and 26% of the total sample were hyperkyphotic (flexiruler:
n=7, 8%; kyphometer: n=12, 13%; OWD [normal stance]: n=24,
26%). The majority of postural measures showed statistically
significant improvement following the intervention. Indeed,
measures of “relaxed” posture showed improvements between
6% (n=5; Debrunner kyphometer) and 27% (n=22; OWD).
When an “as tall as possible” posture was adopted for the OWD,
the improvements were greater at ~36% change from baseline.
These changes are even more impressive when individuals who
had no opportunity for improvement are removed (ie, individuals
who scored 0 on OWD at baseline). Specifically, when the 18
individuals standing normally and 47 as tall as possible who
scored 0 are removed, overall change scores with normal stance
were 1.7 cm, and with tall stance were 2.2 cm.

Muscular Strength
We did not observe significant differences in grip strength
(P=.54) However, as mentioned earlier, 30CS is a marker both

of functional movement but also muscular strength (and
endurance) and had significant changes across the population
(P=.006) Finally, in the subgroup that completed isometric
testing, there was a significant improvement in knee extension
(P=.02) and both trunk extension and flexion (P=.03 and <.001,
respectively).

Aerobic Fitness
There were no significant changes in measures of aerobic fitness
measured by the 2.5-minute walk at normal speed.

Associations Between Class Attendance and Functional
Measures
When exploring associations between change scores and rates
of attendance, the TUG (r=–0.255; P=.03) and 30CS (r=0.27;
P=.02) were significantly correlated; however, there were no
significant associations between class attendance and changes
in physical function on the majority of other variables (P>.05).
Regression analysis controlling for sex, age, baseline
measurement, and number of classes attended indicated that
attendance was not a significant predictor of change in TUG,
although including it did slightly improve the model’s predictive
value (from R=0.45 to 0.49). However, attendance was a
significant predictor of improvement in the 30CS
(unstandardized β=.502; P=.02). This indicates that for each
class attended, there was a 0.5 increase in the change score in
terms of number of repetitions. Model summary and individual
contributions of variables and covariates are shown in Tables
4 and 5.

Table 4. Linear regression analysis of functional fitness and attendance change in the Timed Up and Goa.

P valuet test (df=72)Standardized β coefficientUnstandardized β (SE)Predictors

.70–0.389N/Ab–.382 (0.981)Constant

.73–0.346–0.036–.066 (0.19)Sexc

.01d2.6570.297.031 (0.012)Chronological age (years)

<.001–3.72–0.417–.174 (0.047)Baseline TUGe (seconds)

.07–1.81–0.191–.073 (0.04)Attendance

aModel summary: R=0.485; R2=0.235; adjusted R2=0.193; standard error of the estimate=0.6118; P=.07.
bN/A: not applicable.
cMale: n=1 and female: n=2.
dValues in italics format indicate significance at, or below, the level of .05.
eTUG: Timed Up and Go.
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Table 5. Linear regression analysis of functional fitness and attendance change in the 30-second Chair Standa.

P valuet test (df=72)Standardized β coefficientUnstandardized β (SE)Predictors

.281.085N/Ab6.172 (5.689)Constant

.43–0.792–0.089–.785 (0.991)Sexc

.11–1.6–0.185–.096 (0.06)Chronological age (years)

.05–1.978–0.227–.156 (0.079)Baseline 30-second Chair Stand

.02d2.3930.266.502 (0.21)Attendance

aModel summary: R=0.374; R2=0.14; adjusted R2=0.092; standard error of the estimate=3.173; P=.02.
bN/A: not applicable.
cMale: n=1 and female: n=2.
dValues in italics format indicate significance at, or below, the level of .05.

Adverse Events
Based upon weekly tracking, there were several minor adverse
events throughout the intervention period. However, none were
related to the exercise intervention, and only 1 minor event was
possibly related to the measurements. Additionally, there were
no falls associated with the intervention, either while supervised
during class or performed on nonclass days.

Discussion

Principal Findings
In this 12-week, iterative, web-based program, we found that
older adults experienced an improvement in several measures
widely used to evaluate fall risk and mobility-related disability
[7,28,34]. While the magnitude of most of the changes was
small, they were primarily consistent in the expected direction,
which is not surprising because the program was designed to
be largely instructional rather than a progressive training
program. Instructors emphasized proper form and execution
while maintaining good posture. Increases in the intensity of
resistance exercises and challenges to balance and mobility
exercises were only introduced once instructors observed
consistent execution of movements. Importantly, no injuries
were sustained during the remote delivery of our program or
during the recommended home exercise practice.

Most muscular strength and physical function measures showed
favorable changes in both the low- and moderate-risk groups,
although not all results reached statistical significance.
Nevertheless, the observed changes have clinical relevance. For
instance, the intervention induced meaningful improvements
in measures commonly used in clinical settings, such as the
30CS and TUG tests. Notably, many improvements varied by
risk level, with greater gains seen in those at higher fall risk,
who arguably had more to gain from the intervention.
Specifically, participants in the moderate-risk group completed
an additional 2 chair rises (a 21% improvement) by the end of
the 12 weeks. Given that both leg strength and muscular
endurance are essential for scoring well on the 30CS, the
observed improvement in chair stands may be attributed to the
focused practice of squat and related exercises in class as well
as encouragement for similar home practice. While upper body
or arm strength is important to overall good health and function,

they do not substantially contribute to fall prevention and were
therefore not heavily emphasized in our home practice
recommendations. Similarly, the lack of significant changes in
aerobic capacity was expected based on the program’s goals
and the unique challenges of aerobic activities conducted via a
Zoom format (Zoom Video Communications).

Additionally, these findings also contextualize participant gains
by providing deeper phenotypical measurements related to
posture, more sophisticated measures of strength, and balance.
For example, there were positive changes recorded in measures
of thoracic kyphosis and OWD across both risk groups. This is
important because posture is often overlooked in many group
exercise programs for both younger and older adults. In this
study population, posture measured as the kyphotic angle using
a Debrunner kyphometer decreased 2-3 degrees (P=.02 and .07
for low- and moderate-risk groups, respectively), while the
OWD decreased between 1 and 1.4 cm (all P<.05) among
participants in both groups over the once-weekly, 12-week
exercise program. Considering that thoracic kyphosis typically
worsens steadily over time beginning as early as age 40 years
[37-39], observing a reversal of this condition within just 12
weeks of targeted exercise is highly encouraging. This is
particularly meaningful, given the observed links between
hyperkyphosis and both fall risk [26,40] and physical function
[41,42].

Although there were no significant differences observed in grip
strength, it is likely that the prescribed exercises contributed to
an enhancement of the participant’s back strength [43] and chest
flexibility, which helped alleviate the tightness in chronically
shortened pectoral muscles [26]. These improvements not only
reflected positively in participants’ attempts at maintaining
“good” posture (as measured by OWD while standing tall) but
also in their “normal” posture as assessed by various tools.
These changes in both “good” and “normal” posture likely
stemmed from the early introduction of postural control as a
foundational element of the program as well as ongoing
reminders throughout the course for participants to practice
maintaining good posture during daily activities. It is worth
noting that postural control is seldom included in group exercise
training programs, making this approach particularly novel and
engaging, thereby providing participants with more opportunities
to learn and improve compared to more traditional exercise
modalities such as aerobic activities or strength training.
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While there have been some similar findings regarding the
possibility of providing digital exercise instruction to older
adults [17-19], this is, to our knowledge, the first study to
robustly measure a large population of older adults across
multiple metrics of physical health and function. Our findings
clearly demonstrate the potential to deliver an effective fall
prevention program through a technological interface. The
program was well-received, as indicated by an attendance rate
exceeding 80% (mean attendance 9.7 of 12), and no adverse
events were reported in association with the exercise regimen.
Additionally, the observed improvements in leg strength,
postural control, and overall mobility, both independently and
synergistically, show promise for reducing falls among older
adults, including those at substantial risk.

Limitations
Despite several strengths of this study, certain limitations must
be acknowledged. Chief among them is the absence of a control
group, which limits our ability to ascertain whether observed
changes were influenced by external factors. A control group
would also help clarify the significance of nonsignificant
changes observed in some metrics, particularly in light of the
expected performance declines over time. Additionally, although
there were improvements in most metrics of strength and
posture, balance as measured in this context was not improved.
This may be a function of the method of measuring static
balance (ie, postural sway during the SPPB). However, it may

be that the program’s focus on balance was not sufficient to
induce changes over 12 weeks. Furthermore, unlike many
exercise interventions for adults of all ages, we did not
emphasize cardiovascular health other than recommending daily
general PA. While recognizing the importance of aerobic activity
for overall health and longevity, instructional focus on this area
was minimal; encouragement for at-home exercise emphasized
practicing postural, strength, and balance-based exercises.
Finally, the relatively affluent nature of the population limits
the generalizability of both the results and the ability to
disseminate this program to a wider population.

With the success of this program and the limitations noted earlier
in mind, future research should explore the possibility of
deploying this intervention in populations that are (1) of a lower
overall socioeconomic status and (2) more remote from the
location of intervention deployment. In addition, developing
these materials into other languages in a culturally appropriate
manner offers substantial potential to expand the reach to other
populations who would benefit from the opportunity to receive
at-home fall-risk training.

Conclusions
The 12-week SF program improved physical function and
posture in ways consistent with reduced fall risk. The real-time
instruction also helps ensure program safety and adherence. As
such, this program shows promise in digitally delivering needed
public health interventions targeting fall risk among older adults.
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Abstract

Background: Falls are a prevalent and serious health condition among older people in residential aged care facilities, causing
significant health and economic burdens. However, the likelihood of future falls can be predicted, and thus, falls can be prevented
if appropriate prevention programs are implemented. Current fall prevention programs in residential aged care facilities rely on
risk screening tools with suboptimal predictive performance, leading to significant concerns regarding resident safety.

Objective: This study aimed to develop a predictive, dynamic dashboard to identify residents at risk of falls with associated
decision support. This paper provides an overview of the technical process, including the challenges faced and the strategies used
to overcome them during the development of the dashboard.

Methods: A predictive dashboard was co-designed with a major residential aged care partner in New South Wales, Australia.
Data from resident profiles, daily medications, fall incidents, and fall risk assessments were used. A dynamic fall risk prediction
model and personalized rule-based fall prevention recommendations were embedded in the dashboard. The data ingestion process
into the dashboard was designed to mitigate the impact of underlying data system changes. This approach aims to ensure resilience
against alterations in the data systems.

Results: The dashboard was developed using Microsoft Power BI and advanced R programming by linking data silos. It includes
dashboard views for those managing facilities and for those caring for residents. Data drill-through functionality was used to
navigate through different dashboard views. Resident-level change in daily risk of falling and risk factors and timely evidence-based
recommendations were output to prevent falls and enhance prescriptive decision support.

Conclusions: This study emphasizes the significance of a sustainable dashboard architecture and how to overcome the challenges
faced when developing a dashboard amid underlying data system changes. The development process used an iterative dashboard
co-design process, ensuring the successful implementation of knowledge into practice. Future research will focus on the
implementation and evaluation of the dashboard’s impact on health processes and economic outcomes.
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Introduction

Falls are the second leading cause of unintentional injury deaths
worldwide, with those older than 60 years having the highest
risk of death or serious injury [1]. People living in residential
aged care facilities (RACFs; ie, nursing homes and care homes)
are three times more likely to fall than their community-dwelling
peers and are ten times more likely to sustain fall-related injuries
[2]. Studies have found that falls are often predictable and
preventable and that the health and economic burden of falls
could be minimized if effective prevention strategies are
implemented [3-5].

Falls prevention is an issue of major importance in RACFs.
Various fall risk assessment tools (FRATs) are used by RACF
staff internally to identify residents at greatest risk of falls [6].
However, when assessed, the predictive performance of these
tools has generally shown to be poor [6,7]. Moreover, FRATs
are most often completed when residents are admitted to a
facility or after a fall incident, and thus, only represent data
collected at a single point in time, resulting in a static prediction
that does not reflect changing falls risk factors (eg, if a resident’s
medication use changes) [6].

As a growing number of RACFs implement electronic health
record (EHR) systems, new opportunities have emerged to
develop a personalized, dynamic approach to predicting
residents’ fall risk by taking advantage of multiple potential
contributory factors [8]. Some studies have integrated routinely
collected EHR data including vital signs into the development
of fall prediction tools through the application of machine
learning models [9]. Despite these tools exhibiting superior
performance in contrast to conventional FRATs, the risk
predictions generated are often difficult to interpret and apply
in practice. Thus, relying solely on these models will not
enhance decision-making to provide a personalized care strategy
for fall prevention and management. Health dashboards that
can integrate these predictive models in combination with
visualization features may be a more effective intervention for
supporting staff in RACFs.

A dashboard can be defined as an at-a-glance real-time or near
real-time processing interface, showing a graphical presentation
of the current or recent status, along with historical trends or
organizational key performance indicators to support
decision-making [10]. There have been some attempts to develop
a dashboard for fall prevention purposes globally. The falls
dashboard, developed by the Network of Patient Safety
Databases and managed by the US Department of Health and
Human Services, collects nonidentifiable patient-related fall
incident data from health care service providers. These data are
then aggregated to a national level, analyzed, and visualized
using the Network of Patient Safety Database dashboards and
chartbooks to identify and track patient safety risks nationally
[11]. Similarly, the New Zealand Health Quality and Safety

Commission has established a falls and fracture outcomes
dashboard to help the health sector evaluate the benefits of the
services provided to older people [12]. Such aggregated
dashboards are helpful for monitoring, although they offer
limited assistance in predicting and preventing falls in routine
care settings. To the best of our knowledge, no previous study
has reported the development of a dashboard designed to predict
fall risks for individual residents and aid decision-making in
preventing and managing falls. As part of a comprehensive
research program aimed at enhancing fall prevention and the
well-being of older adults in RACFs [8], this paper details the
design and development process of a predictive analytics
dashboard with prescriptive decision support for fall risk
prediction, prevention, and management. We discuss the
challenges encountered and the strategies used to overcome
them during its development.

Methods

Participants
This project was conducted in collaboration with a large, aged
care provider that operates 24 RACFs in Sydney, Australia. The
development process of the dashboard spanned from January
1, 2022, to December 31, 2023. For the dashboard views and
study sample, this study used data from both respite and
permanent residents who were present in a RACF between
January 1, 2021, and December 31, 2021. The dashboard was
designed using participant data that was extracted onto Excel
sheets from the provider. After the development, the dashboard
was connected to the provider’s live data sources through a data
lake.

Ethical Considerations
All methods and analyses in this study were conducted in
accordance with the principles of the Declaration of Helsinki.
The study received ethics approval from the Macquarie
University Human Research Ethics Committee
(52019614412614). As a retrospective cohort study using
deidentified, routinely collected aged care data, a waiver of
informed consent was granted by the committee, in line with
the Australian National Statement on Ethical Conduct in Human
Research (Sect. 3.3.14(a)), which allows for the use of
previously collected deidentified data.

Dashboard Development Process

Overview
We followed an iterative process to co-design the dashboard,
with intended dashboard end users (ie, RACF staff, general
practitioners, and consumers at RACFs), along with domain
experts in the field of falls prevention and management. Figure
1 highlights the dashboard development process followed during
the study. The stakeholders were involved continuously in Stage
A and Stage B through regular discussions, interviews, and
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workshops, which will be described in detail elsewhere. The
steps colored in blue are described in this paper and the final

steps relating to implementation and evaluation colored in green
are in progress and will be reported in subsequent papers.

Figure 1. The dashboard development process.

Setting and Application Domain
Domain knowledge can be defined as the knowledge about the
environment in which the proposed system will operate [13].
Domain knowledge was obtained from the aged care provider
through discussions and analysis of data related to falls incidents
and the Peninsula Health Falls Risk Assessment Tool
(PH-FRAT) risk assessments (ie, to determine the current falls
rate across facilities, the characteristics of falls incidents and
contributing factors listed in falls incidents). PH-FRAT was
developed in 1999 by Peninsula Health in Victoria, Australia,
and is a validated and user-friendly tool for screening and
assessing fall risk, as well as managing strategies to reduce this
risk [14]. Information about predictors of falls and strategies
used to prevent falls in the RACFs was obtained by
systematically reviewing published literature on predictive
models for fall prevention, and the effectiveness of fall
prevention interventions [15,16]. The identified predictors of
falls in older people have been incorporated into the
development of the embedded predictive model, which is
reported elsewhere [17].

Research Problem and Current State With Different
Perspectives
Considering the suboptimal predictive performance of current
tools [6], there is a need for a dashboard embedded with a
dynamic predictive model and decision support (research
problem). Moreover, falls prevention and management requires
action at different levels of an organization’s hierarchy from
management to clinical staff. Therefore, it was important to
gather different perspectives. For this purpose, a series of
discussions were held between researchers and RACF

stakeholders across a 2-stage process (Figure 1). In Stage A
discussions, different perspectives on falls prevention and
management in RACFs were gathered while identifying the
dashboard stakeholders and their information requirements. In
Stage B, dashboard stakeholders engaged in rounds of iterative
feedback workshops to support the dashboard designing process.
A qualitative analysis of these interviews will be reported
elsewhere.

Requirement Elicitation
The requirement elicitation stage was based on three
fundamental tasks: (1) identifying the individual stakeholders;
(2) eliciting stakeholder requirements depending on the role of
the stakeholder; and (3) integrating, refining, and organizing
the requirements identified [18].

In Stage A, baseline interviews were conducted to understand
the current utilization of health care data and information by
potential dashboard end users. The aim was to identify the
information requirements essential for enhancing
decision-making in a clinical dashboard. In this process, the
individual stakeholders and information providers of the
dashboard were identified along with their high-level user
expectations [10]. This also facilitated a precise understanding
of the individuals with different perspectives of falls prevention
and management, who would be accessing each dashboard view.
The information collected from these interviews was used to
define measures that should be generated in the dashboard
backend.

From these identified measures, the designers then evaluated
the variability of information and organized the information
requirements based on the level of reporting in the dashboard
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(ie, resident level, facility level, or organizational level). This
further supported the dashboard design stage in arranging visual
plots and tables within views.

Dashboard Type Selection
Power BI (PBI; Microsoft Corp) was selected on the grounds
of digital data visualization, easy implementation at the user
end, and stable R programming integration for advanced
statistical analysis and plots. In this step, the initial prototype
of the dashboard was created and shared with our partner
organization and refined through collaborative efforts.

Dashboard Design

Overview

The aim of this step was to meet the user requirements for
preventing and managing falls by effectively presenting resident
data and fall risk information to support informed
decision-making. As in Figure 1, this step included an iterative
process that included data extraction, preprocessing, and linkage
along with identification of the granularity of data, development,
validation, and visualization of the measures on the front end.

Data Extraction and Preprocessing

Access to four datasets was obtained: the resident profile
(includes residents’demographics and admission information);
all medications administered to residents; the organization’s
PH-FRATs (this aged care providers used the PH-FRAT) to
obtain information related to falls risk assessments; and incident
dataset (includes information related to all fall incidents and
pressure injuries; Table S1 in Multimedia Appendix 1).

The profile dataset included a free text field that reported the
comorbidities along with other special needs of the patient at
admission (ie, health status). From this field, comorbidities
present at admission were identified using the R-programmed
version of the “aged care health status algorithm” [19] within
PBI. The algorithm identifies the health conditions using free
text fields from EHRs [20]. All medications in the dataset were
coded using the Anatomical Therapeutic Chemical codes [21].
These datasets were then linked in the dashboard backend.

The extracted datasets for the study period underwent an external
analysis for this study using R programming language (version
4.3.3; R Core Team) and were also subsequently used for its
intended purpose within PBI. A descriptive analysis of the
admission-related information from the resident profile dataset
is reported appropriately (Table S2 in Multimedia Appendix
1). Resident characteristics from the resident profile dataset,
FRAT dataset, and daily medication administration data are
recorded in Table S3 in Multimedia Appendix 1.

Data Model Schema and Linkage

A star schema was adopted as much as possible where the fact
table is centered and surrounded by the multiple dimension
tables. The resident profile dataset was used as the main fact
table that contains quantitative information (facts) about the
residents [22]. Other datasets were used as dimension tables,
which describe the events that residents experience during their
stay [22]. The data tables were then linked as presented in the
simplified form of the database schema as shown in Figure 2.
The real schema on the backend of the dashboard is an extension
of this and is more advanced.

Figure 2. Simplified view of the data model schema. ATC: Anatomical Therapeutic Chemical code; FRAT: falls risk assessment tool.

Identifying Granularity Based on Measures

To determine the granularity of the data tables, we considered
the dashboard end users, information requirements (measures),

and level of reporting that were preidentified. This step was
done in parallel or a back-and-forth manner with the data model
schema (ie, preceding step) and development of required
measures (ie, proceeding step). A higher granularity was

JMIR Aging 2025 | vol. 8 | e63609 | p.547https://aging.jmir.org/2025/1/e63609
(page number not for citation purposes)

Silva et alJMIR AGING

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


preferred for most of the datasets to maintain sustainable
analytical power to answer new user requirements within the
designing stage [23]. Subsequently, the data tables were
transformed to simply calculate the measures, or measure
calculations were adjusted in a way to meet the form and
granularity in the extracted tables. In certain instances, highly
granular data tables were summarized to a lower-level
granularity to support the prediction model and avoid intricate
calculations during measure development.

Developing the Required Measures

In this step, measures were calculated on the transformed tables
using Data Analysis Expression (DAX). Measures related to
some figures such as funnel plots were created using embedded
R programming in the PBI backend.

Validating the Measures

To ensure the accuracy and reliability of the information
presented, the calculated measures were validated with
provider-extracted datasets. The user input filters on each view
were also tested during the validation process to identify whether
there were any errors. If errors were identified in the data,
remedial action was taken after a thorough examination of the
underlying causes, in data extraction, data linkage, data
preprocessing, or DAX formula.

Visualizing the Measures

The calculated measures were appropriately visualized using
statistical plots, tables, and responsive figures on the dashboard,
which comprises several dashboard views intended for various
users at different levels in the hierarchy. The above-mentioned
steps within the dashboard design stage were enclosed in a
co-design process as explained below.

Dashboard Co-Design and Work Process Features
(Stage B)
The core constructs of the integrated Promoting Action on
Research Implementation in Health Services [24] framework
were considered to facilitate innovation in the development of
the dashboard: (1) innovation refers to the alignment of new
insights including the predictive risk of falls captured by the
dashboard with the current priorities and practices for falls
prevention at RACFs, (2) recipients refer to the RACFs staff
and other external stakeholders who will be affected by and
influence the implementation of the dashboard, (3) context refers
to the RACFs including the organization (inner layer) and wider
health system (outer layer) around falls prevention and
management, and (4) facilitation refers to the process that
activates the implementation through assessing the
characteristics of the three previously mentioned constructs.

The core constructs were integrated into the dashboard
development process and the design was meticulously refined
through a series of workshops (ie, facilitation) involving diverse
teams of experts from various layers. These teams included
general practitioners, geriatricians, allied health staff from
RACFs (including nurses and clinical care managers), and
human-computer interaction experts (ie, recipients). The
collaborative workshops aimed to identify and implement
enhancements to the dashboard, ensuring that it caters to the

needs and preferences of all relevant stakeholders (ie,
innovation). The design features (eg, color, graph types,
positioning, filters, slices, and data views) and content for
decision-making (ie, information included or missing on the
dashboard and predictive model output) were considered. In
these workshops, the development stage prototypes were
presented to gather information on decision-making on client
care and to identify the dashboard views that required
improvements in managing falls. Current priorities and practices
involved in managing falls at RACFs (ie, context) were also
identified.

Descriptive and Diagnostic Analytics: Measures,
Indicators, and Statistical Tests
All falls, injurious falls, and falls requiring hospitalization were
identified as the main indicators in the dashboard. The total
number of falls, the crude incident rate (ie, falls rate per 1000
resident days), the percentage of injurious falls, and the
percentage of hospitalization were calculated for each outcome
measure to enhance the decision support capability at an
organizational level.

Funnel plots were used to visualize crude incident rates with
95% and 99% control limits, relative to the number of
admissions. A time series plot was used to visualize the
percentage of injurious falls and hospitalization due to falls.

Predictive Analytics With Resident Tailored
Recommendations: Dynamic Falls Predictive and
Monitoring Model
A dynamic predictive tool was developed to classify each
resident’s risk of falls using a technique called stratified
landmarking and reported in detail elsewhere [17]. Initially,
116 variables were screened, and the most relevant variables
on the fall outcome were selected using Collett’s [25] variable
selection approach. Two separate models based on dementia
status were developed [17]. The final two models were based
on patient demographics, dementia status, fall risk–increasing
comorbidities such as cerebrovascular accident, visual
impairment, osteoporosis or fracture, medication use, falls
history, other risk factors such as psychological status, mobility
status, behavior status, and activities of daily living [17].

The predictive model used in this study was developed and
internally validated using retrospective data from the same
provider [17]. The scores based on model coefficients and
baseline hazards were then embedded into the dashboard
backend and calculated the resident’s probability of falling in
a near real-time manner. The predictions generated by the model
are updated every 24 hours given the modifiable risk factors
such as medication use, previous fall incidents, and
comorbidities.

As mentioned in the introduction, relying solely on a predictive
model will not improve decision-making for developing a
personalized care strategy for fall prevention and management.
Additionally, the dashboard that visualizes risk factors at both
the resident and facility levels should be used to enhance the
interpretability of these predictions and other associated risk
factors of falls. This dashboard visualizes the risk factors for
falls, along with changes in risk and risk stages derived from
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the predictive model. Furthermore, to offer a more prescriptive
approach based on these predictions, evidence-based,
resident-tailored recommendations have been developed as
follows.

Resident-tailored recommendations are generated using a
rule-based system in the dashboard’s backend. The system
identifies residents’ mobility issues from PH-FRAT data and
detects the use of fall risk–increasing drugs (FRIDs) from daily
medication records. Fall incident data are used to determine the
most frequent fall locations, while a predictive model assesses
the current fall risk. Based on these factors, rule-based
recommendations [26-28] are created and displayed in the
resident fall view (Table S4 in Multimedia Appendix 1).
Additionally, strategies identified through clinical judgment in
the PH-FRATs are also displayed to enhance the personalization.

Results

Descriptive Profile of the Aged Care Provider,
Facilities, and Residents
The aged care provider managed 24 RACFs. During the period
of dashboard development, these RACFs housed 3686 resident
admissions from 3057 unique residents. The median facility
size was 124 (IQR 86-160) residents. Of the resident admissions,

71% (n=2622) were permanent. The median length of stay was
373 (IQR 41-1266) days (Tables S1 and S2 in Multimedia
Appendix 1).

Dashboard Evolution Within the Design Stage
The Stage A interviews and Stage B workshops identified
themes and findings related to content, design, functionality,
and decision support. This led the dashboard to evolve through
a series of iterations (Multimedia Appendix 2). Two dashboard
views namely, organizational falls and facility falls were
designed for organizational managers, while another two views
were designed for care staff and focused on residents, resident
falls, and resident-level medications in detail. The intervention
recommendations gathered on fall prevention and management
from published randomized controlled trials, government
reports, systematic reviews, and meta-analyses [26-28] are
included in the recommendation panel for education purposes.

Measures Developed in Dashboard Views
Textbox 1 presents the measures developed for each dashboard
view. Given the interrelatedness of these views, certain measures
used at the organizational level (such as total falls and falls rate
[per 1000 resident days]) were also included at the facility level,
while certain measures used at the resident level (ie, FRIDs use
in last three days and polypharmacy indicator) were included
in the medications in detail view.
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Textbox 1. Measures available in the dashboard.

Organizational falls

• Total falls

• Total falls requiring hospitalization

• Total injurious falls

• Falls rate (per 1000 resident days)

• Falls requiring hospitalization rate (per 1000 resident days)

• Injurious falls rate (per 1000 resident days)

• Number of admissions per selected period

• Resident days per selected period

Resident falls

• Current falls risk

• Current risk category

• Daily percentage change in risk

• Falls in last 6 months

• Fall risk–increasing drugs (FRIDs) use in the last three days

• Change in FRIDs use in last three days

• Polypharmacy indicator

• Antipsychotic indicator

• Recent falls risk assessment tool (FRAT) assessment date

• Recent cognitive status identified by Peninsula Health-FRAT

• Recent psychological status

Facility falls

• Total number of residents

• Residents having stage 1 pressure injury

• Residents having stage 2 pressure injury

• Residents having stage 3 pressure injury

• Residents having stage 4 pressure injury

• Residents having unstageable pressure injuries

• Residents having deep tissue pressure injuries

• Residents with a pressure injury

Medications in detail

• Polypharmacy indicator – without pro re nata and short course

• Daily FRIDs indicator

• Daily change in FRIDs

• Daily change in opioid use

• Daily change in anxiolytics

• Daily change in hypnotic and sedatives

• Daily change in beta blocking agents

• Daily change in vasodilators

• Daily change in antidepressants
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Dashboard Architecture
Data flows through 4 layers, to formulate the necessary
information (Figure 3).

The first layer includes the data sources where the aged care
provider collects and stores data. The next layer is the data
acquisition layer. It includes data extraction scripts such as SQL
scripts, which collect data from the previous layer. As the
dashboard was developed without a direct connection to the
above data silos (sources), the data extractions at the beginning
were done using SQL scripts for each data silo, including the
original variable names and formats. This layer is also helpful
in maintaining the reliability of the dashboard when underlying
IT systems change by storing the original form of data that is
compatible with the dashboard backend, which is the next layer.
At implementation, this layer will be replaced with a data lake
that feeds provider-level data to the dashboard backend.

Then the data extracted from the data lake are preprocessed and
linked at the backend of the dashboard using the data model
schema discussed (Figure 2). Previously identified measures
and indicators are developed in this layer, to support the
visualization of data at the front end of the dashboard. For this
purpose, we used power query M language, DAX, and R
programming. Risk calculations of the prediction model were
carried out in this stage using R programming.

In the fourth layer, the information requirement of stakeholders
is satisfied by visualization and reporting. The front end of the
dashboard includes five views namely organizational falls,
facility falls, resident falls, medications in detail, and
recommendation panel. The filters are applied to various
dashboard views depending on user needs as identified during
the requirement elicitation and dashboard design stages.
Moreover, statistical plots are used to enhance valid comparisons
of indicators between facilities and to support decision-making.

Figure 3. The dashboard architecture with four layers. DAX: Data Analysis Expression; PH-FRAT: Peninsula Health falls risk assessment tool.

Dashboard View: Organizational Falls and Facility
Falls
The organizational falls and facility falls are accessible by
organizational and facility managers. Please note that some
information about these views has been removed or modified
to deidentify the residents and facility details.

The organizational falls view (Figure 4) includes organizational
and facility-level information relevant to fall incidence. The
time period and facility names are included as the filters. The
information on this view can be updated with the values selected
for these filters. The total number of falls along with injuries,
and falls that required hospitalization are reported at the
organizational level. The funnel plot in the view visualizes the
crude fall rate. Users can visualize this plot for the three outcome
measures namely all falls, injurious falls, and falls-related

hospitalization. Funnel plots with the crude incident rates for
each outcome measure enable valid comparisons between the
facilities, as it can identify the outlying facilities with higher
fall rates related to the number of admissions during the study
period. The time series plot with a percentage of injurious falls
and a percentage of hospitalization enables the user to
investigate overall patterns of falls occurring in selected facilities
or at an organizational level. This feature is helpful in identifying
the longitudinal trend of injurious falls and hospitalization due
to falls in facilities. The time series plot with the most frequent
time of falls enables the user to investigate the time pattern of
fall incidents. The most frequent locations of falls are linked
with the time of falls by a Sankey plot. These plots are dynamic
and responsive to the facility selected from the filters.
Furthermore, the table with fall risk stages indicates the number
of residents within each risk classification predicted by the
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embedded predictive model. The most frequent injured body
locations are also reported in a table.

The facility falls view (Figure 5) provides more details of the
facility-specific falls along with facility characteristics. This
view can also be accessed through the organizational level view
using the “drill through” functionality in PBI. This view
highlights the facility-specific fall rate per 1000 resident days
for a specified time. To enhance the interpretability of the
predictive model, resident-specific risk factors extracted from
the model are reported in this view. Importantly, residents
classified under each risk classification along with changes in
fall risk compared to the previous day can be accessed in this
view for effective fall prevention and management. The view

also identifies comorbidities that increase fall risk (eg, dementia)
and modifiable risk factors (eg, recent falls within the last six
months, frequent locations and times of falls, mobility issues,
psychological status, and the use of antipsychotic, opioid, and
analgesic medications), all color-coded based on the level of
risk identified by the predictive model. Additionally,
facility-specific monthly indicators including four national
mandatory quality indicators namely the percentage of care
recipients: who experienced one or more falls; who were
prescribed nine or more medications; who received antipsychotic
medications; and with pressure injuries are also reported in this
view. This view will also be included in a daily email
notification to users once the dashboard is implemented.

Figure 4. Organizational falls view.

Figure 5. Facility falls view. FRAT: falls risk assessment tool.
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Dashboard View: Resident Falls and the Detailed
Medications
Care staff will have access to the resident falls view, which
includes the time period, facility name, falls risk classification
(ie, derived from the predictive model), and resident identifier
as filters.

The resident falls view focuses on the resident-specific falls
information along with recommendations to prevent falls (Figure
6). This can also be accessed using the facility falls view using
drill-through functionality in PBI. The polypharmacy, FRIDs,
and antipsychotic medication use are identified using the
resident’s daily medication administration data. This view
presents the current risk category along with the total number

of falls faced by the resident during their stay. Risk classification
derived from the predictive model is shown using color codes
(ie, green to red) and text (ie, stages 1 to 4). Most importantly,
the number of falls faced within the last 6 months is shown in
this view. Patient-specific fall history is also visualized using
a timeline along with the details of the events (ie, event type,
injury status, and witnessed or unwitnessed). The sequence and
the gaps between the fall incidents are highlighted in this plot.
Furthermore, the word clouds visualize the injured body regions,
injury types, locations, and time of the falls. At the bottom of
the view, personalized recommendations are provided to the
resident, which aligns with falls risk categorization, falls history,
medication use, and mobility issues.

Figure 6. Resident falls view. FRAT: falls risk assessment tool; FRID: fall risk–increasing drug.

The medications in detail view (Figure 7) focuses on the
resident-specific daily medication use. This view can be assessed
using the “drill through” functionality enabled in the resident
falls view. Here, changes in FRIDs (ie, whether the resident has
previously used the drug, whether a medication was omitted,
or a new drug added to the medication profile) within the last
three days are identified and displayed, along with polypharmacy

and antipsychotic medication indicators. The resident’s use of
FRIDs is highlighted at the top. Daily medication administration
records can also be accessed using this view. The special needs
(ie, comorbidities and allergies) identified at the admission are
included in the view to highlight the comorbidities, special
needs, or risk factors of the resident.
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Figure 7. Medicines in detail. FRID: fall risk–increasing drug.

Dashboard View: Recommendation Panel
As falls are affected by intrinsic and extrinsic factors [29],
recommendations are grouped and reported in the

recommendations panel (Figure 8) in three groups namely:
resident (intrinsic), environment (extrinsic), and others followed
by subcategorizations.

Figure 8. Recommendation panel.

Illustrative Use Scenario

Organizational Managers
A total of 6268 fall incidents were reported from the 3057
unique residents (729,410 resident days; Table S3 in Multimedia
Appendix 1) between January 1, 2021, and December 31, 2021

(Figure 4). Of these, 2579 (41%) falls were injurious and 671
(11%) falls required hospitalization. The average fall rate was
8.36 per 1000 resident days for the study period (funnel plot).
The percentage of injurious falls shows an overall gradual
decline from 56% to 38%, whereas the percentage of falls
requiring hospitalization is stable between 7% and 13% between
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January 1, 2021, and December 31, 2021. The majority of falls
occurred in residents’ rooms. Injurious falls most often involved
injuries to the head and face followed by upper limbs. When
considering all falls, Facility A reported the highest number of
falls. Facility F had the sixth-highest number of falls. However,
the rate was above the 99% upper control limit (funnel plot),
indicating a higher fall rate (per 1000 resident days) compared
to other facilities with a similar number of admissions.
Therefore, organizational managers can prioritize Facility F in
intervening. They also can select Facility F and drill through to
the facility falls view for a more detailed investigation.

Facility Managers
A total of 83 admissions were reported for facility F during the
study period, with a fall rate of 17.55 per 1000 resident days
(Figure 5). As of December 31, 2021, 3 (4%) residents were
categorized with a fall risk of stage 4, while 13 (18%) residents
were categorized with a risk of stage 3. Most of these residents
had experienced a fall within the last six months and were on
FRIDs. The resident bedroom was identified as the most
frequent location for falls among the majority of residents. The
majority of residents in this facility had cognitive impairment
and dementia. It was clear that 54 (77%) and 13 (18%) residents
were on polypharmacy and antipsychotics, respectively, for
September 2021. Organizational managers and facility managers
can use the dashboard information to identify facility-level risk
factors and assist them with mandatory quality indicator
reporting.

Nurse or Personal Carer
On the facility falls view, a stage 3 resident (ie, resident: 8010)
was selected and drilled down to the resident falls view to
analyze the resident-level risk factors, fall incident
characteristics, and personalized recommendations to prevent
and manage future fall risk (Figures 5 and 6). Risk factors:
resident 8010 was in stage 3 (as of December 31, 2021) with
delirium, dementia, and stroke (Figure 7). The resident was on
polypharmacy and antipsychotic medications as of December
30, 2021. There was an increase in fall risk compared to
December 30, 2021, which was generated by the embedded
predictive model. The resident had five falls during the study
period, of which, two were injurious. When considering the
resident’s incidents timeline, four fall incidents had occurred
in the last six months. The resident was on polypharmacy along
with FRIDs (as of December 31, 2021) where he had a change
in FRIDs in the last three days (ie, December 29-31, 2021).
Characteristics of fall incidents: most of these incidents occurred
during the afternoon in the resident’s bedroom including the
hallway and caused injuries to the elbow, head, and knee. The
most recent FRAT assessment was conducted in April 2021.
Recommendations to prevent future falls: according to the recent
FRAT, the identified strategies in managing fall risk were
displayed along with prescriptive recommendations such as
“regular monitoring,” “assessing environmental risk in toilet or
bathroom and bedroom,” and “assessing FRIDs use.”

For a further detailed view of medication use, the resident’s
medications in detail view (Figure 7) can be assessed. Moreover,
carers can use the information provided in the recommendation
panel when assessing the fall risk for the resident, based on the

resident-level risk factors (eg, dementia), environmental risk
factors (ie, bedroom), etc.

Discussion

Principal Findings
Our dashboard adapted and refined the dashboard development
process outlined by Staron [10], with an emphasis on
understanding the specific domain of residential aged care and
their current work practices around fall prevention and
management. This was achieved through continuous stakeholder
discussions (ie, Stages A and B), quantitative data analysis on
the extracted datasets, and reviewing the published literature.
This work produces important new resources for the current
state of falls prevention in RACFs along with the extent of
evidence-based prevention strategies. The dashboard design
stage was an iterative process that required close collaboration
with the users and its stakeholders (ie, Stage B). This was the
most important stage of the dashboard development as it
identified the data presentation for dashboard views along with
the quantitative measures to be included for fall prevention. To
enhance the technology implementation process within the
context of fall prevention and management, the four constructs
of the integrated Promoting Action on Research Implementation
in Health Services framework were followed throughout the
dashboard development process.

The core innovation of this study comes from several novel
aspects. The Royal Commission into Aged Care Quality and
Safety has noted that the residential aged care sector has lagged
behind other health care sectors in adopting and implementing
technology [30]. It is also found that information systems and
processes in these settings are both underdeveloped and
inadequately integrated [31]. Furthermore, successfully
connecting multiple disparate data sources in aged care is
uncommon. This may be due to various factors, such as data
being collected by different systems and third-party software
vendors being inflexible in incorporating unique identifiers (ie,
resident identifiers) across systems. Therefore, this study
emphasizes the value of linking existing datasets and visualizing
the linked information to support falls prevention. The resident
falls view in the dashboard presents the linked data from four
data sources and supports to identify resident-level risk factors,
fall incident characteristics, and personalized recommendations
for fall prevention. This allows users to access crucial
information at a glance, rather than navigating across different
systems, thus demonstrating significant added value in
preventing falls.

The dashboard provides staff with easy access to synthesized,
evidence-based recommendations for effective fall prevention
strategies. In the dashboard, external evidence on fall prevention
and management (eg, published prevention recommendations)
has been aligned with current priorities and practices at RACFs
(such as PH-FRATs). Current practices, such as the fall
prevention strategies identified through PH-FRATs, were
embedded, along with rule-based recommendations.
Additionally, a separate recommendation panel was established
to support decision-making around fall risk assessments.
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Another novel aspect of the dashboard is the embedded
predictive model. Predicting fall risk is challenging because of
the numerous contributing factors [32,33], including medical
conditions, medications, functional status, behavior,
physiological aspects, and environmental conditions. Many of
these factors, such as medication use, can vary over time [34].
The dynamic predictive model embedded in the dashboard is
therefore an important part of the dashboard. It uses near
real-time data and helps to classify the resident risk of falls on
a daily basis. The incorporation of the predictive algorithm in
the dashboard goes beyond what has been possible with existing
fall risk assessments as it dynamically predicts the risk and links
it to residents’ fall risk factors and personalized strategies. This
provides timely and meaningful risk prediction along with
evidence-based recommendations based on resident profile, to
the caring staff to facilitate person-centered fall prevention and
improve outcomes.

Finally, the dashboard is innovative because it adopts a holistic
approach to managing falls in aged care residents by integrating
multiple data sources and making this information easily
accessible to different stakeholders including managers and
carers. The granular resident-level data are aggregated to the
facility and organizational levels, allowing users to navigate
seamlessly between these levels with just a few clicks. This
structure enables users to drill down from the organizational
level to individual residents or vice versa, providing a
comprehensive and detailed view of fall risk and prevention
strategies.

Challenges Faced and Strategies to Overcome
There were many challenges faced when developing this
dashboard. Initially, the dashboard was developed using datasets
that were extracted from the provider rather than directly
connecting to the database. This leads to the integration process
becoming more challenging unless the variables are in standard
format as in the database. Moreover, our partner has changed
its incident reporting system and daily medication management
system within the development process. More robust processes
were required to be implemented on the backend of the
dashboard to overcome these challenges. The data acquisition
layer discussed in dashboard architecture was important in this
aspect. This layer acts as a data reservoir. Here, the initial data
are extracted from original sources, stored in the original format,
and then transformed into the data tables that the dashboard
requires. This layer enabled the dashboard to be sustainable in
the long run amid the underlying system changes.

The data model in the backend of the dashboard also plays a
critical role in facilitating the above process. This is crucial as
the measures were developed using the linkages between the
tables. Adapting a star schema as much as possible within the
dashboard backend has promoted several advantages within the
study. Simplicity and ease of use of the data model during
various stages of the development process can be noted.
Visualization and embedding of analytical measures within the
dashboard were simplified without complex data integration.
This has streamlined the dashboard development during the
co-design stage while accelerating the time of incorporating

various views on fall prevention and management. Flexibility
and scalability can be noted as another advantage where the
schema was helpful in adapting the dashboard design to
changing RACF requirements in managing falls while
incorporating additional data fields and sources with minimum
modifications to the existing structure. Therefore, overall,
adapting the star schema as much as possible within the
dashboard development process was an excellent choice due to
its ability to incorporate changing user requirements in the
context of fall management at RACFs.

Furthermore, for the daily calculation of changes in fall risk,
this study uses R programming. This decision stems from PBI’s
inability to retain and save daily risk calculations. To address
this limitation, the designers have integrated R programming
code into the Power Query Editor, enabling the storage of these
risk calculations on a shared drive. The code automatically saves
these calculations on a daily basis during the data refresh cycle,
occurring every 24 hours. Subsequently, on a daily basis, these
stored files (ie, previous-day risk calculations) are retrieved into
the PBI backend to calculate the difference between current and
previous risks at the resident level.

The integration of R programming into the dashboard backend
has introduced a technical skills gap between the partner
organization and the dashboard designers. Consequently,
workshops were organized with the partner organization’s IT
teams to provide training on R programming, bridging the gap
in statistical analysis using R programming. Additionally,
line-by-line code interpretation was incorporated into the
embedded codes to facilitate a seamless transition during
dashboard implementation.

Implications for Policy, Practice, and Future Research
This study highlights the potential of using a fall prevention
and management dashboard to enhance resident outcomes in
aged care through the effective use of information systems.
Health dashboards facilitate decision-making and are required
to be used in conjunction with clinical judgment, staff education,
training, and individualized tailored responses. Future policy
and practice must ensure the interoperability of information
systems in aged care, involve key stakeholders in development
and implementation, and allocate appropriate funding for these
processes. Future research should also focus on expanding the
fall prediction dashboard and incorporating other care needs in
residential aged-care facilities, such as hospitalization and
wound management.

Conclusions
In this study, a comprehensive process for developing a fall
prevention and management dashboard with descriptive,
predictive, and prescriptive analytics for RACFs was thoroughly
discussed along with a sustainable architecture. The key focus
was to provide a holistic approach to managing falls by linking
existing data sources at the provider level. This highly applied
and translational research demonstrated how EHRs can be used
along with technology to deliver evidence-based information
to aged care allied health workers and managers, to drive better
aged care quality and safety.
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Abstract

Background: In recent decades, the global life expectancy has risen notably to approximately 73.5 years worldwide, coinciding
with a rapid growth in the older adult population, which presents a significant public health challenge in promoting healthy aging
and longevity.

Objective: This study aimed to prospectively investigate the link between edentulousness and the likelihood of reaching
centenarian status among individuals aged 80 years and older.

Methods: Data from the Chinese Longitudinal Healthy Longevity Survey were analyzed. Logistic regression models were used
to assess the relationship between edentulousness and the likelihood of becoming a centenarian. Demographic characteristics,
lifestyle habits, and disease histories were adjusted as confounding factors. Several sensitivity analyses, including propensity
score matching and 2-year lag analyses, were conducted to further assess the association between edentulousness and the likelihood
of becoming a centenarian. The correlation between the number of natural teeth as a continuous variable and the likelihood of
becoming a centenarian was evaluated as well.

Results: The study included 4239 participants aged 80-100 years. After adjusting for all covariates, the likelihood for becoming
a centenarian increased in the nonedentulous group compared to the edentulous group (odds ratio [OR] 1.384, 95% CI
1.093‐1.751). The relationship persisted after propensity score matching analysis (OR 1.272, 95% CI 1.037‐1.561). The
association remained statistically significant after excluding participants with a follow-up duration of less than 2 years (OR 1.522,
95% CI 1.083‐2.140; P=.02). Furthermore, a significant positive association between the number of natural teeth and the
likelihood of becoming a centenarian was found after adjusting for all covariates (OR 1.022, 95% CI 1.002‐1.042; P=.03),
which aligned with the main results of the study.

Conclusions: The findings revealed that the presence of natural teeth was linked to an increased probability of becoming a
centenarian, underscoring the importance of maintaining oral health even in advanced age.

(JMIR Aging 2025;8:e68444)   doi:10.2196/68444

KEYWORDS

public health; edentulous; oral-systemic disease; epidemiology; cohort studies

Introduction

Over the past few decades, the global life expectancy at birth
has significantly risen to approximately 73.5 years worldwide
and 77.6 years in mainland China [1,2]. Additionally, the
proportion of individuals aged 65 years and older is rapidly
expanding, constituting 13.5% of the population in China [3].
This increase in life expectancy has coincided with a rapid
expansion of the aging population, presenting a substantial
public health challenge in fostering healthy aging and longevity.
However, focusing solely on traditional determinants of

longevity is insufficient, underscoring the importance of
identifying other modifiable risk factors.

Oral diseases are widespread globally, affecting over 3.5 billion
individuals [4,5], yet their influence on longevity is often
overlooked. In addition to sociodemographic, genetic, and
lifestyle factors [6], tooth loss—the ultimate outcome of oral
diseases and a surrogate for overall health status—is essential
for healthy aging as well. The retention of natural teeth over a
lifetime is a fundamental aspect of overall well-being [7]. Tooth
loss can be a potential risk factor for longevity that is
independently related to the onset of disability and mortality in
old age [7-9]. For instance, the 6-year mortality rate of
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individuals with edentulousness (the lack of teeth) who do not
use dentures was significantly higher than that of the individuals
with ≥20 teeth [10]. Another study based on Baltimore
Longitudinal Study of Aging indicated that being edentulous
or having fewer than 20 teeth was independently associated
with the mortality of older adults [11]. Centenarians comprise
those who successfully age and have good resilience, and the
number of centenarians is increasing worldwide [12-14].
Centenarians and their offspring demonstrated better oral health,
suggesting the potential relationship between natural teeth
retention and longevity [8]. Moreover, possessing ≤20 natural
teeth was an independent risk factor for frailty among
centenarians [3]. However, there is no cohort study that focuses
on the impact of natural teeth retention on achieving centenarian
status; thus, leveraging aging-focused, big data analytics to
understand the intricate relationship among the older adult
population becomes imperative.

The objective of this study was to prospectively investigate the
association between edentulousness and the likelihood of
becoming a centenarian in individuals aged 80 years and older,
using data from the Chinese Longitudinal Healthy Longevity
Survey (CLHLS)—an aging-focused, nationally representative
cohort of the older Chinese population. These findings have the
potential to inform interventions aimed at maximizing life
expectancy.

Methods

Study Design and Population
The CLHLS is a comprehensive nationwide study that uses
random sampling techniques to select participants from half of
the counties and cities in 22 out of the 31 provinces across
mainland China, covering approximately 85% of the total
population [15]. The CLHLS collected data from 8 waves of
surveys carried out in 1998, 2000, 2002, 2005, 2008, 2011,
2014, and 2018. Each survey round involved follow-ups with
existing participants and the recruitment of new participants.

This cohort study used the baseline data from 1998, and the
mortality follow-up data were from 1998, 2000, 2002, 2005,
2008, 2011, 2014, and 2018. As long as the individuals were
aged 80 years or older in 1998, they could potentially live to
100 years in 2018. Thus, 6675 participants (aged ≥80 years and
<100 years) who had the potential to age to 100 years or older
were first included in this study. The participants who were lost
to follow-up or had incomplete information on confounders
were then excluded, and 4239 participants were included in the
final analyses.

This study adheres to the STROBE (Standards for Reporting
of Observational Studies in Epidemiology) guidelines [16].

Exposure Variable
The number of natural teeth of the participants was collected
in the survey. Participants were divided into two categories
based on the existence of natural teeth. The edentulous group
was defined as participants with the complete loss of all
dentition, while the nonedentulous group was defined as
participants with at least 1 tooth.

Outcome Variable
Interviews were conducted with a close family member of the
participants who had passed away between the previous wave’s
interview and the subsequent survey. The year of death and the
age at death were collected. Individuals reaching the age of 100
years were defined as centenarians.

Covariates
Age in 1998, sex (male or female), ethnicity (Han Chinese or
other), residence (urban or rural), marital status (currently
married and living with a spouse, widowed, separated, divorced,
or never married), exercise habits (yes or no), smoking status
(nonsmoker, former smoker, or current smoker), alcohol use
(nondrinker, former drinker, or current drinker), denture use
(yes or no), diabetes (yes or no), hypertension (yes or no), stroke
or cardiovascular disease (CVD; yes or no), and cancer (yes or
no) were selected as covariates [6]. Denture use included the
use of complete dentures and removable partial dentures [17].
All data were obtained by a face-to-face interview via a
questionnaire by well-trained interviewers from the local Centers
for Disease Control and Prevention.

Statistical Analysis
In the descriptive statistics, median and IQR were used for
continuous variables, and frequency distributions were used for
categorical variables. Continuous variables were compared by
ANOVA tests for variables meeting the assumptions of normal
distribution and homogeneity of variance, and by Kruskal-Wallis
H test for those not meeting these assumptions. Categorical

variables were compared using χ2 tests. The univariate and
multivariate logistic regression models were adopted to evaluate
the odd ratios (ORs) and 95% CIs pertaining to the association
between edentulousness and the likelihood of becoming a
centenarian. To control for confounders, three logistic regression
models were constructed to eliminate the influence of covariates.
No variables were adjusted in model 1. Model 2 adjusted for
the age in 1998, sex, ethnicity, marital status, smoking status,
alcohol use, and exercise habits. Model 3 further incorporated
adjustments for denture use, diabetes, hypertension, stroke or
CVD, and cancer. Several sensitivity analyses were performed.
First, a 1:1 propensity score matching (PSM) analysis was
conducted to balance the differences between the edentulous
and nonedentulous groups using the MatchIt R package [18],
which adjusted for the age in 1998, sex, ethnicity, marital status,
exercise habits, smoking status, alcohol use, denture use,
diabetes, hypertension, stroke or CVD, and cancer. The data
after PSM were then analyzed using logistic regression to
confirm the association between edentulousness and the
likelihood of becoming a centenarian, with only the covariates
that were still significant after PSM being adjusted. Second, a
2-year lag analysis was conducted by excluding individuals
whose follow-ups were less than 2 years. Third, the association
between the number of natural teeth as a continuous variable
and the likelihood of becoming a centenarian was explored by
logistic regression models.

A 2-sided P value <.05 was considered statistically significant
in all analyses. All statistical analyses were performed by R
(version 4.3.1; R Foundation for Statistical Computing).
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Ethical Considerations
Ethical approval was granted by the Biomedical Ethics
Committee of Peking University (IRB00001052-13,074), and
all participants or their proxy respondents provided informed
consent without receiving financial compensation. The data
have been anonymized to protect the privacy of participants.

Results

Baseline Characteristics of the Study Sample
As depicted in Figure 1, this study included 4239 participants
from the CLHLS 1998‐2018. Table 1 demonstrated the

baseline characteristics of these participants. Significant
differences were detected among the participants in various
factors, including age (P<.001), sex (P<.001), ethnicity (P=.03),
denture use (P<.001), smoking status (P<.001), alcohol use
(P<.001), and hypertension (P=.02). There were no significant
differences between the two groups in terms of residence
(P=.09), exercise habits (P=.87), diabetes (P>.99), stroke or
CVD (P=.17), and cancer (P=.47). Overall, 607 (14.3%) of the
4239 individuals became centenarians during follow-up, and
264 (43.5%) of these 607 centenarians were edentulous.

Figure 1. Flowchart of the process for the selection of eligible participants. CLHLS: Chinese Longitudinal Healthy Longevity Survey.
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Table . Characteristics of the participants (n=4239).

P valueStatistic (df)Centenarians (n=607)Noncentenarians (n=3632)Characteristics

<.001a1056.900 (1)98 (96-99)88 (84-93)Age (years), median (IQR)

<.001b40.334 (1)Sex, n (%)

215 (35.4)1795 (49.4)Male

392 (64.6)1837 (50.6)Female

.03b4.596 (1)Ethnicity, n (%)

541 (89.1)3336 (91.9)Han Chinese

66 (10.9)296 (8.1)Other

.09b2.796 (1)Residence, n (%)

74 (12.2)540 (14.9)Urban

533 (87.8)3092 (85.1)Rural

<.001b40.658 (4)Marital status, n (%)

62 (10.2)759 (20.9)Currently married and living
with a spouse

8 (1.3)51 (1.4)Separated

3 (0.5)22 (0.6)Divorced

529 (87.1)2751 (75.7)Widowed

5 (0.8)49 (1.3)Never married

.87b0.027 (1)Exercise habits, n (%)

168 (27.7)990 (27.3)Yes

439 (72.3)2642 (72.7)No

<.001b32.136 (2)Smoking status, n (%)

78 (12.9)799 (22)Current smoker

89 (14.7)600 (16.5)Former smoker

440 (72.5)2233 (61.5)Nonsmoker

<.001b21.517 (2)Alcohol use, n (%)

120 (19.8)943 (26)Current drinker

52 (8.6)441 (12.1)Former drinker

435 (71.7)2248 (61.9)Nondrinker

>.99b<0.001 (1)Self-reported diabetes, n (%)

4 (0.7)23 (0.6)Yes

603 (99.3)3609 (99.4)No

.02b5.042 (1)Self-reported hypertension, n (%)

63 (10.4)502 (13.8)Yes

544 (89.6)3130 (86.2)No

.17b1.849 (1)Self-reported stroke or CVDc, n (%)

15 (2.5)133 (3.7)Yes

592 (97.5)3499 (96.3)No

.47b0.528 (1)Self-reported cancer, n (%)

1 (0.2)17 (0.5)Yes

606 (99.8)3615 (99.5)No
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P valueStatistic (df)Centenarians (n=607)Noncentenarians (n=3632)Characteristics

<.001b23.847 (1)Edentulousness, n (%)

264 (43.5)1206 (33.2)Yes

343 (56.5)2426 (66.8)No

<.001b15.562 (1)Denture use, n (%)

88 (14.5)784 (21.6)Yes

519 (85.5)2848 (78.4)No

aKruskal-Wallis H test.
bChi-square test.
cCVD: cardiovascular disease.

Correlation Between Edentulousness and the
Likelihood of Becoming a Centenarian
A significant association between edentulousness and the
likelihood of becoming a centenarian was found among the

participants. After adjusting for all covariates in model 3, the
likelihood for becoming a centenarian increased in the
nonedentulous group compared to the edentulous group (odds
ratio [OR] 1.384, 95% CI 1.093‐1.751; P=.007; Table 2).

Table . Association between edentulousness and the likelihood of becoming a centenarian.

Model 3cModel 2bModel 1aParticipants
(N=4239), n (%)

Edentulousness

P valueOR (95% CI)P valueOR (95% CI)P valueORd (95% CI)

RefRefRefe1470 (34.7)Yes

.0071.384 (1.093-
1.751)

.021.311 (1.042-
1.648)

<.0010.646 (0.542-
0.769)

2769 (65.3)No

aModel 1: unadjusted.
bModel 2: model 1 plus additional adjustment for the age in 1998, sex, ethnicity, marital status, smoking status, alcohol use, and exercise habits.
cModel 3: model 2 plus additional adjustment for denture use and disease histories (including diabetes, hypertension, stroke or cardiovascular disease,
and cancer).
dOR: odds ratio.
eRef: reference.

Sensitivity Analyses
The robustness of the observed association was confirmed in
the sensitivity analyses. PSM analysis was used to further
evaluate the association between edentulousness and the
likelihood of becoming a centenarian. Participants were divided
into two groups for PSM analysis—the edentulous group and
the nonedentulous group—and nearly all covariates were not
significantly different after PSM (Multimedia Appendix 1). A
significant increase in the likelihood of becoming a centenarian

in the nonedentulous group was observed compared to the
reference group (OR 1.272, 95% CI 1.037‐1.561; P=.02; Table
3). Even after excluding participants who were followed up for
less than 2 years, the association remained significant (OR
1.522, 95% CI 1.083‐2.140; P=.02; Table 4). Regarding the
association between the number of natural teeth as a continuous
variable and the likelihood of becoming a centenarian, a notable
positive association was found after adjusting for all covariates
(OR 1.022, 95% CI 1.002‐1.042; P=.03; Multimedia Appendix
2), which was comparable with the main results of this study.

Table . Association between edentulousness and the likelihood of becoming a centenarian after propensity score matching.

P valueORa (95% CI)Participants (n=2560), n (%)Edentulousness

Refb1280 (50)Yes

.021.272 (1.037-1.561)1280 (50)No

aOR: odds ratio.
bRef: reference.
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Table . Association between edentulousness and the likelihood of becoming a centenarian in a 2-year lag analysis.

Model 3cModel 2bModel 1aParticipants
(n=2310), n (%)

Edentulousness

P valueOR (95% CI)P valueOR (95% CI)P valueORd (95% CI)

RefRefRefe410 (17.7)Yes

.021.522 (1.083-
2.140)

.041.414 (1.017-
1.966)

.0020.712 (0.572-
0.885)

1900 (82.3)No

aModel 1: unadjusted.
bModel 2: model 1 plus additional adjustment for the age in 1998, sex, ethnicity, marital status, smoking status, alcohol use, and exercise habits.
cModel 3: model 2 plus additional adjustment for denture use and disease histories (including diabetes, hypertension, stroke or cardiovascular disease,
and cancer).
dOR: odds ratio.
eRef: reference.

Discussion

Principal Findings
In this large-scale cohort study, the association between
edentulousness and the likelihood of becoming a centenarian
among populations aged 80 years or older was comprehensively
analyzed. The likelihood of becoming a centenarian increased
for the nonedentulous group compared to the edentulous group.
Importantly, the correlation persisted after PSM analysis and
was confirmed by the 2-year lag analysis. A significant positive
association was found between the number of natural teeth and
the likelihood of becoming a centenarian, aligning with the
primary findings of this investigation.

The outcomes of this study generally support previous research,
suggesting that retaining natural teeth is linked to reduced
mortality rates among individuals aged 80 years or older. A
previous study indicated that a majority of centenarians
expressed contentment with their oral health [19]. A
cross-sectional study using data from the New England
Centenarian Study unveiled a lower prevalence of tooth loss
among centenarians compared to their peers at the ages of 65-74
years, hinting at tooth loss as a potential indicator of decreased
longevity. Notably, both centenarians and their descendants
exhibited superior oral health compared to the control group
[8]. Another cross-sectional study that included 1034
centenarians from the CLHLS dataset indicated that having ≤20
natural teeth was an independent risk factor for frailty among
centenarians [3], underscoring the significance of dental health
for this age group. A population-based survey from Finland
disclosed that even a small number of missing teeth could
signify a heightened risk of overall mortality, emphasizing the
link between tooth loss and mortality [20]. These findings align
with the results of this study, and this research further enhances
existing knowledge by showcasing that possessing natural teeth
correlates with an increased likelihood of reaching centenarian
status through extensive follow-ups and several sensitivity
analyses. The robustness of this study was reaffirmed by a series
of sensitivity analyses, as the association persisted after PSM
analysis and was confirmed by the 2-year lag analysis. Upon
examining the relationship between the number of natural teeth
and the probability of attaining centenarian status, a significant
positive correlation emerged. This association remained robust

even after adjusting for all covariates, aligning with the principal
findings of this study. These results underscore the importance
of managing oral diseases, suggesting that older adults with
natural teeth have a greater chance of becoming centenarians.

In this study, the OR changed from 0.646 to 1.384 from model
1 to model 3 for the correlation between edentulousness and
the likelihood of becoming a centenarian, suggesting the
existence of potential confounding factors. By adjusting the
variables that were included in the model, age in 1998 was found
to be the variable causing the OR to invert. Given that the
outcome of this study was centenarian status, the age of the
participants at enrollment could profoundly influence the
outcome. Older individuals at enrollment were more likely to
reach the age of 100 years. Therefore, to further mitigate this
influence, a 2-year lag analysis was conducted in the Sensitivity
Analyses section, excluding older individuals whose follow-ups
were less than 2 years.

The precise mechanism underlying the higher likelihood of
reaching centenarian status among individuals with natural teeth
remains incompletely understood. Previous studies indicated
an association between the number of teeth and masticatory
function [21], and reduced chewing ability was related to
premature death [22]. Individuals with edentulousness may have
an unbalanced food selection, consuming inadequate amounts
of fruits and vegetables, and their nutritional status may dispose
these individuals to more chronic diseases [7,23], as the dietary
intake pattern influences the microbial compositions and
systemic inflammation [24].

This study demonstrates notable strengths by using longitudinal
data from a sizable, nationally representative cohort of older
Chinese individuals, enabling a prospective assessment of the
link between edentulousness and achieving centenarian status
in older adults. Furthermore, the study used various models that
adjusted for multiple variables and conducted several sensitivity
analyses to enhance the reliability of the results. Significantly,
this research unveils, for the first time, the influence of
edentulousness on the likelihood of becoming a centenarian.
Nevertheless, this study is subject to various limitations. First,
most lifestyle behaviors were self-reported, introducing potential
measurement errors. Second, medical conditions were also
self-reported, despite detailed explanations provided by trained
interviewers during data collection. This method likely led to
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an underestimation of disease prevalence, possible
misclassification, and residual confounding due to unmeasured
medical conditions [6]. Third, despite adjusting for numerous
confounding factors, the association could still be influenced
by unmeasured or residual confounders, such as nutrition status
that may affect both dental conditions and lifespan. Fourth,
there may be reverse causality in this study. Individuals in better
health status are more likely to retain their teeth, potentially
biasing the interpretation of the findings. Finally, the
survivorship bias may exist, as the participants included were
aged ≥80 years at baseline, which may represent a population

in relatively better health and may not be fully representative
of all older adults.

Conclusions
In this cohort study involving individuals aged 80 years or older
in China, the presence of natural teeth was linked to an increased
probability of reaching the age of 100 years, emphasizing the
significance of preserving oral health even in advanced age.
Implementing targeted intervention strategies for oral health to
enhance overall well-being could potentially contribute to
longevity. Further prospective research and basic research
experiments are essential to validate these findings and
illuminate the underlying mechanisms.
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Abstract

Background: The global increase in life expectancy has not shown a similar rise in healthy life expectancy. Accurate assessment
of biological aging is crucial for mitigating diseases and socioeconomic burdens associated with aging. Current biological age
prediction models are limited by their reliance on conventional statistical methods and constrained clinical information.

Objective: This study aimed to develop and validate an aging clock model using artificial intelligence, based on comprehensive
health check-up data, to predict biological age and assess its clinical relevance.

Methods: We used data from Koreans who underwent health checkups at the Seoul National University Hospital Gangnam
Center as well as from the Korean Genome and Epidemiology Study. Our model incorporated 27 clinical factors and employed
machine learning algorithms, including linear regression, least absolute shrinkage and selection operator, ridge regression, elastic
net, random forest, support vector machine, gradient boosting, and K-nearest neighbors. Model performance was evaluated using

adjusted R2 and the mean squared error (MSE) values. Shapley Additive exPlanation (SHAP) analysis was conducted to interpret
the model’s predictions.

Results: The Gradient Boosting model achieved the best performance with a mean (SE) MSE of 4.219 (0.14) and a mean (SE)

R2 of 0.967 (0.001). SHAP analysis identified significant predictors of biological age, including kidney function markers, gender,
glycated hemoglobin level, liver function markers, and anthropometric measurements. After adjusting for the chronological age,
the predicted biological age showed strong associations with multiple clinical factors, such as metabolic status, body compositions,
fatty liver, smoking status, and pulmonary function.

Conclusions: Our aging clock model demonstrates a high predictive accuracy and clinical relevance, offering a valuable tool
for personalized health monitoring and intervention. The model’s applicability in routine health checkups could enhance health
management and promote regular health evaluations.

(JMIR Aging 2025;8:e64473)   doi:10.2196/64473

KEYWORDS

biological age; aging clock; mortality; artificial intelligence; machine learning; record; history; health checkup; clinical relevance;
gerontology; geriatric; older; elderly; aging; prediction; predictive; life expectancy; AI

Introduction

Over the past several decades, global life expectancy has
increased remarkably, rising from 66.8 years in 2000 to 73.4
years in 2019, according to the World Health Organization.
However, healthy life expectancy has not kept pace, increasing
only from 58.3 years to 63.7 years during the same period [1].

This demographic shift toward an aging population has led to
increased health care dependency and associated social costs.
The medical industry related to aging and the social costs thereof
are continuously increasing [2]. Accurately assessing biological
aging is a critical first step in mitigating age-related diseases
and their socioeconomic impact.

JMIR Aging 2025 | vol. 8 | e64473 | p.569https://aging.jmir.org/2025/1/e64473
(page number not for citation purposes)

Jeong et alJMIR AGING

XSL•FO
RenderX

http://dx.doi.org/10.2196/64473
http://www.w3.org/Style/XSL
http://www.renderx.com/


Biological age refers to an estimation of an individual’s
physiological and functional status, reflecting the cumulative
effects of genetic, environmental, and lifestyle factors on the
aging process [3]. An individual with a biological age younger
than their chronological age may have a lower risk of developing
age-related diseases, while an older biological age could indicate
a higher vulnerability to such conditions. This highlights the
clinical significance of accurately estimating the biological age
for personalized health interventions and monitoring. While
numerous studies have explored the human lifespan [4,5], their
evaluation is challenging due to the required long-term
observations and limited clinical applicability.

Applying findings from academic studies to clinical practice
remains challenging. Current biological age prediction models,
primarily based on conventional statistical methods such as
multivariate regression analysis, rely on limited clinical data,
restricting their predictive power and insights into the aging
process [5-8]. Recent advances have led to models using omics
data [9], including DNA methylation [10], transcriptome [11],
metabolome [12], and telomere data [9]. However, these models
face implementation challenges in clinical settings due to their
complexity and the difficulty in measuring omics markers. The
model requires multiple molecular modalities and functional
data to exhibit a superior performance [9]. In addition, it is
challenging to quantify the dynamic effects of environmental,
lifestyle, behavioral, and interventional factors on biological
age.

In Asian countries, the health checkup industry has been
growing substantially [13-15], with individuals regularly
monitoring their health status. However, these checkups
typically only indicate normal or abnormal conditions for
individual tests, lacking comprehensive health status indicators.
Providing biological age predictions through an aging clock
could serve as a valuable tool for the health screening of
patients, offering a comprehensive health status measure and
encouraging regular checkup participation.

This study investigated the clinical relevance of artificial
intelligence (AI)-predicted biological age in the Korean
population using comprehensive health checkup data, examining
its relationship with various clinical characteristics.

Methods

Participants and Datasets
The study investigated the healthy population participating in
comprehensive health checkups at the Seoul National University
Hospital Gangnam center, from 2003 to 2016. The initial
baseline data were used, and the participants included a total of
81,211 Koreans, who comprised the Health and Prevention
Enhancement (H-PEACE) cohort. The details of the H-PEACE
cohort have been described previously [16]. To summarize,
each participant completed a questionnaire on their past medical
history and underwent anthropometric measurements and
laboratory tests after at least 10 hours of fasting on the same
day. We also used the data from the Korean Genome and
Epidemiology Study (KoGES) from the Korean Center for
Disease Control and Prevention as the replication set. From the

KoGES data, we used the health examination cohort (KoGES
HEXA data), which included past medical history,
anthropometric measurement, and laboratory data [17]. Briefly,
the KoGES HEXA cohort is a national health examinee registry,
consisting of 173,357 urban Korean adults who underwent
health checkup programs. We used clinical factors overlapping
between factors from the H-PEACE cohort data and the KoGES
HEXA data. The exclusion criteria to define the healthy adult
super-control cohort were as follows: (1) participants diagnosed
with diabetes, hypertension, or dyslipidemia; (2) participants
drinking alcohol more than 14 g/week; (3) current or previous
smokers; (4) those aged less than 30 years; and (5) those having
a history of malignant disease. To check the clinical implication
of the predicted biological age, we performed multiclinical
feature association study in the gene-environmental interaction
and phenotype (GENIE) study [16], which consisted of 123
clinical factors and gene datasets. We used the 116 clinical
factors, excluding the 27 factors used to predict biological age,
to determine the multiple associations with predicted biological
age.

Development of a Biological Age Prediction Model
This study aimed to develop a widely applicable biological age
model using only basic health screening parameters. The clinical
features used to construct the biological age model were based
on routine clinical measurements, including standard
demographic features, blood test results, and anthropometric
measurements, rather than the findings from expensive
specialized examinations. The selection of clinical factors was
constrained by the requirement that they be present in both the
training dataset (H-PEACE cohort) and the replication dataset
(KoGES HEXA cohort). Through this feature selection process,
we used 27 clinical factors as inputs for predicting the biological
age, which are gender, anthropometric measurements (height,
weight, BMI, and waist circumference), metabolic status (levels
of fasting glucose, glycated hemoglobin [HbA1c], uric acid,
total cholesterol, triglyceride, high-density lipoprotein
cholesterol, and low-density lipoprotein cholesterol), liver
functions (albumin, total bilirubin, alkaline phosphatase,
aspartate aminotransferase, alanine aminotransferase, and
gamma-glutamyl transferase), complete blood cell counts (white
blood cell count, red blood cell count, hemoglobin, hematocrit,
and platelet count), calcium and renal function (levels of blood
urea nitrogen and creatinine, and the glomerular filtration rate
calculated using the chronic kidney disease epidemiology
collaboration (CKD-EPI) equation [18]).

The true labels were defined as the chronological age of the
super-control population, based on the assumption that
chronological age aligns with biological age in physiologically
standard individuals. This cohort was carefully selected to
exclude individuals with pathological conditions, such as
metabolic diseases or malignant diseases, as well as those
exposed to environmental factors known to influence biological
age, including smoking and alcohol consumption [19].

The baseline data of the H-PEACE super-control cohort was
split into 80% as the training set and 20% as the testing set with
stratification based on both age and sex. Specifically, age
stratification was conducted by categorizing participants into
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decade-based intervals, which were 20‐29, 30‐39, 40‐49,
50‐59, 60‐69, 70‐79, and more than 80 years. Five-fold
cross-validation was performed to find the best hyperparameter
for each model. We employed various machine learning models
such as linear regression, least absolute shrinkage and selection
operator (LASSO) regression, ridge regression, elastic net,
random forest, support vector machine (SVM), gradient
boosting, and K-nearest neighbors. These models were chosen
for their ability to handle diverse relationships in data, including
linear, nonlinear, and complex interactions. Hyperparameter
optimization for each model was conducted using a grid search.
To evaluate the performances of the developed models to predict

biological age, we used adjusted R2 and mean squared error
(MSE) values. The evaluation results reported in this study are
from 10 iterative experiments. A replication study was

conducted in the KoGES HEXA dataset with the same
experimental setting as the H-PEACE dataset. We interpreted
the biological age prediction results using Shapley Additive
exPlanation (SHAP) [20]. SHAP analysis was performed to
elucidate the roles and impacts of different biological markers
in predicting biological age.

Investigation of the Clinical Relevance of the Predicted
Biological Age
We conducted linear regression analysis for multiple clinical
factors using the GENIE study dataset with the predicted
biological age, adjusting for chronological age. All reported P
values were corrected for multiple tests using the Bonferroni
correction.

The overview of the study is shown in Figure 1.

Figure 1. Overview of the study. H-PEACE: Health and Prevention Enhancement, KoGES: Korean Genome and Epidemiology Study, GENIE:
gene-environmental interaction and phenotype, CT: computed tomography, MRI: magnetic resonance imaging, MRA: magnetic resonance angiography.

Ethical Considerations
The Institutional Review Board of the Seoul National University
Hospital approved the study protocol and waived the need for
informed consent (IRB number H-2005-223-1129). The study
was performed in accordance with the Declaration of Helsinki.
All patient data were deidentified before analysis, and strict
confidentiality measures were implemented throughout the data
collection, storage, and analysis processes. Access to the data
was restricted to authorized research personnel only. The data
management procedures complied with relevant data protection
regulations to safeguard participants' privacy. No personally
identifiable information was included in the final dataset or
results.

Statistical and Computational Analyses
All analyses and calculations were performed using Python
version 3.11.11 (Python Software Foundation). Multiple

evaluation indices, including adjusted R2 and MSE, β, and P
value, were used to comprehensively evaluate the performances
of the models and the significance of the associations. The
statistical significance was based on a two-tailed P value of
<.05.

Results

General Characteristics of the Participants
After applying the exclusion criteria to define the super-control
cohort and removing the missing variables, we developed a
model using a dataset collected from 28,417 individuals who
underwent comprehensive health checkups at the Seoul National
University Hospital Gangnam Center (ie, the H-PEACE cohort).
The enrollment process is shown in Figure S1 in Multimedia
Appendix 1. The mean (SD) participant age was 44.22 (11.26)
years for 6467 men and 21,950 women. The baseline
characteristics according to the aging of the study participants
are shown in Table S1 in Multimedia Appendix 2. There were
1005 participants who were more than 65 years old and 27,412
who were 65 years old or less. Figure S2 in Multimedia
Appendix 1 shows the chronological age distribution for the
respective genders. Figure S3 in Multimedia Appendix 1 shows
the distribution of gender in the training and test sets as well as
the chronological age group distribution in the training and test
sets.

Development and Performance of the Biological Age
Prediction Model
The models were trained using 27 clinical variables on the full
training dataset (80% of the super-control cohort), then predicted
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on the test set (20%). For generalizability, 5-fold
cross-validation with 10 iterative experiments were performed.
The model was replicated using the KoGES HEXA data of
11,968 super-controls. Among 8 machine learning algorithms,
the model showing the best performance was gradient boosting,
for which the mean (SE) MSE value was 4.219 (0.140) and the

mean (SE) R2 value was 0.967 (0.001). The hyperparameters

for the gradient boosting model were α=0.9, complexity
parameter α=0, learning rate=0.1, maximum depth=5, and
number of trees=500.

The second-best performing algorithm was the SVM model,

with a mean (SE) MSE of 8.244 (0.210) and mean (SE) R2 value
of 0.935 (0.002). The performances of the 8 machine learning
models in the test set are shown in Table 1.

Table . Comparison of the performances of 8 machine learning models to predict biological age in the test set (N=5684).

R2, mean (standard error)Mean squared error, mean (standard error)Model

0.497 (0.002)63.829 (0.176)K nearest neighbor

0.602 (0.018)50.518 (2.251)Elastic net

0.603 (0.040)50.314 (5.165)Linear regression

0.604 (0.027)50.271 (3.477)LASSOa

0.604 (0.039)50.235 (5.047)Ridge

0.835 (0.008)20.941 (1.020)Random forest

0.935 (0.002)8.244 (0.210)Support vector machine

0.967 (0.001)4.219 (0.140)Gradient boosting

aLASSO: Least Absolute Shrinkage and Selection Operator.

The SHAP values from the gradient boosting and SVM models
were analyzed to interpret their predictions of biological age.
The SHAP values offer feature importance, providing the
interpretation of the model’s decision-making by quantifying
the contribution of each feature to the model’s output [20]. The
corresponding visualizations are presented in Figure 2.

In the predictions of biological age generated by the gradient
boosting model, the markers of kidney function, gender, HbA1c

level, liver function, and anthropometric measurements were
highlighted as significant predictors. In the SVM model, the
SHAP summary plot revealed that kidney function markers,
gender, liver function markers, red blood cell indices, and
anthropometric measurements were the most influential
predictors of biological age. These findings underscored the
multifaceted nature of aging and highlighted the importance of
maintaining optimal kidney function, metabolic status, and body
composition in mitigating biological aging.

Figure 2. Visualization of the feature importance with Shapley Additive exPlanation (SHAP) values. SHAP summary plots for the model from the
gradient boosting model (A) and the support vector machine (SVM) model (B) are visualized. Features with broader spreads and higher SHAP values
have a more significant impact to predict biological age and values with the color gradient indicate whether higher or lower feature values are associated
with increased biological age predictions. GFR: glomerular filtration rate, HbA1c: glycated hemoglobin, AST: aspartate aminotransferase, BUN: blood
urea nitrogen, ALP: alkaline phosphatase.

Subgroup Analysis by Gender
The performances of the gradient boosting and SVM models
were evaluated in the respective genders, male versus female
participants. Applying the gradient boosting model to male
participants, the mean (SE) MSE value was 5.258 (0.490). The

SHAP value was significantly influenced by renal function,
metabolic status, red blood cell indices, and anthropometric
measurements. In female participants, the mean (SE) MSE value
was 2.743 (0.099) and the SHAP values with the highest impact
were similar to those for the male participants. The performances
in the SVM and SHAP plots for male and female participants
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are shown in Table 2 and Figure S4 in Multimedia Appendix 1.

Table . Comparison of the performances of the test set and replication set in all ages and in age above 65 years.

Support Vector MachineGradient boosting

Age above 65 yearsAll agesAge above 65 yearsAll agesSubgroupDataset

MSEaMSEaMSEaMSEa

18.077 (1.094)8.244 (0.210)18.942 (1.250)4.219 (0.140)Male and FemaleTest set

3.116 (0.148)7.838 (0.065)2.190 (0.085)2.406 (0.083)Male and FemaleReplication set

20.678 (1.504)15.476 (0.652)20.357 (2.493)5.258 (0.490)MaleTest set

3.143 (0.205)6.337 (0.053)2.096 (0.113)2.032 (0.110)MaleReplication set

18.928 (1.698)7.955 (0.170)17.153 (0.819)2.743 (0.099)FemaleTest set

3.832 (0.510)37.301 (0.777)3.746 (0.366)16.050 (0.467)FemaleReplication set

aMean squared error (MSE) values are shown as mean (standard error).

Replication of the Developed Biological Age Prediction
Model
We replicated the model with the gradient boosting and SVM
models using the KoGES HEXA data for participants of all ages
and those under 65 years of age. The prediction model was
better replicated in male participants and those aged above 65
years. The replicated results are shown in Table 2.

Delta Age Evaluation Using Baseline and Follow-Up
Data
The model predicted the biological age in the test set (20% of
the total dataset; 5684 individuals). The delta age, which is the
difference between the biological age and the predicted
biological age, was calculated for all individuals in the test
dataset.

Figure 3 shows the delta age distribution across the different
age groups, and Figure S5 in Multimedia Appendix 1 shows
the delta age distribution across different age groups in each
gender.

Figure 3. The delta age distribution across different age groups. The distribution of the delta age across different age groups in the test set at baseline
(total n=5684) is shown for the gradient boosting (A) and support vector machine (B) models.

With the increase in the age groups, there was an observable
pattern in the variability of delta age. In the younger age group
(the 1st to the 3rd groups), there was increased variability,
suggesting diverse aging processes influenced by multiple
factors such as genetics, lifestyle, and health conditions. Older
groups (the 7th and 8th groups) showed less variability and
more positive values of delta age, possibly reflecting a selection
of healthier individuals who have managed to reach older ages.
The results were consistent in each gender group as well.

Among 5684 baseline participants, there were 2022 participants
who had follow-up data, with follow-up duration ranging from

1 to 10 years (with 0 meaning the same age at two consecutive
visits).

Figure 4 shows the projectiles of the changes in delta age during
follow-up across different age groups in the test set (n=2022)
for the gradient boosting and SVM models. While the younger
age groups exhibited stable biological aging trajectories, the
middle-aged and older groups showed increased variability and
accelerated aging over the follow-up period. The observed trends
were consistent across both the gradient boosting and SVM
models, providing robust evidence for the described aging
patterns.
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Figure 4. The delta age trajectory during follow-up across different age groups. The projectiles of the changes in delta age during follow-up across
different age groups in the test set (n=2022) are shown for the gradient boosting model (A) and SVM model.

Figure S6 in Multimedia Appendix 1 shows the trajectory of
the changes in delta age during follow-up across different gender
groups in the test set at baseline (n= 5684) for the gradient
boosting model and SVM model.

Clinical Interpretation Using a Multiple Clinical Factor
Association Study
To explore the clinical relevance of the predicted biological
age, we performed a phenome-wide association analysis between
116 phenotypes corroborated by comprehensive health checkups
from the GENIE study dataset and the output of the predicted
biological age model (data for both genders are shown in Table
S2 in Multimedia Appendix 2, data for the male gender are
shown in Table S3 in Multimedia Appendix 2, and data for the

female gender are shown in Table S4 in Multimedia Appendix
2).

We found that the predicted biological age was significantly
associated with 50 clinical factors after Bonferroni correction
(Tables S2-S4 in Multimedia Appendix 2). Notably, the most
significant associations were observed with metabolic status,
body composition, fatty liver, smoking status, and pulmonary
function, after adjusting for the chronological age. Table 3 shows
the top 10 significant results in both genders, in male
participants, and in female participants. The correlations among
the variables are shown in Figure S7 in Multimedia Appendix
1. These findings suggest that the predicted biological age,
developed from multiple clinical factors from comprehensive
health checkups, may also possess predictive capabilities for
aging in various organs.
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Table . Top 10 significant clinical factors associated with the predicted biological age.

P valueβNStudy modalityClinical factors

In both genders

1.75×10−270−.00210,351QuestionnaireDiabetes diagnosis

7.87×10−256−.05310,231Bioelectrical impedanceSkeletal muscle mass

5.20×10−195−.00610,287UltrasonographyFatty liver

4.38×10−178−.00110,351QuestionnaireDiabetes medication

1.35×10−174−.00310,351QuestionnaireMetabolic syndrome

8.43×10−170−.0048995QuestionnaireSmoking status

2.86×10−153−46.9526183Abdominal computed tomog-
raphy

Visceral fat area

6.32×10−141−.00510,138SpirometryForced vital capacity (liters)

5.71×10−135−.00410,138SpirometryForced expiratory volume in
1 s (liters)

4.18×10−77.0119964BloodChloride level

In male participants

1.91×10−56−.0014292QuestionnaireDiabetes diagnosis

2.74×10−46−.0044270UltrasonographyFatty liver

1.72×10−41−.0024292QuestionnaireMetabolic syndrome

9.63×10−36−.0014292QuestionnaireDiabetes medication

3.61×10−35.0134264BloodMean corpuscular
hemoglobin

1.54×10−27.0264264BloodMean corpuscular volume

3.61×10−24−26.8682157Abdominal computed tomog-
raphy

Visceral fat area

1.23×10−14−48.8232157Abdominal computed tomog-
raphy

Total fat area

5.10×10−14.0054264BloodMean corpuscular
hemoglobin concentration

1.02×10−12−.0403297ElectrocardiographyHeart rate

In female participants

4.13×10−146−.0026059QuestionnaireDiabetes diagnosis

2.49×10−98−.0026059QuestionnaireDiabetes medication

1.93×10−38−.0026059QuestionnaireMetabolic syndrome

5.03×10−31−.0046017UltrasonographyFatty liver

4.02×10−24.0015839BloodPotassium level

1.59×10−23.0075839BloodSodium level

3.07×10−15.0075839BloodChloride level

3.97×10−15.0025956SpirometryForced vital capacity (liters)

4.71×10−14.0325956SpirometryForced vital capacity percent

9.80×10−14−17.8354026Abdominal computed tomog-
raphy

Visceral fat area
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Discussion

This study underscores the clinical relevance of biological age
as predicted by AI using comprehensive health checkup data.
Our findings elucidate the clinical relevance of biological
age—as assessed through machine learning models—which
exhibits strong associations with multiple clinical factors,
thereby providing valuable insights into the aging process and
its implications on health. The result demonstrated that the
best-performing model, gradient boosting, achieved a mean

(SE) MSE value of 4.219 (0.140) and mean (SE) R2 value of
0.967 (0.001), indicating acceptable predictive accuracy.
Additionally, the SHAP analysis highlighted markers such as
kidney function, gender, HbA1c level, liver function, and
anthropometric measurements as significant predictors of
biological age. These findings suggest that biological age is a
multifaceted construct influenced by various physiological
factors and can serve as a robust indicator of the overall health
status. The identification of these markers is significant because
it supports the importance of maintaining optimal kidney
function, metabolic health, and body composition in mitigating
biological aging. This comprehensive understanding can lead
to more targeted and effective interventions aimed at improving
overall health and longevity.

Our study findings align with existing research findings that
emphasize the utility of biological age as a comprehensive health
indicator [21-23]. Previous studies have also identified the
importance of factors such as kidney function [24], metabolic
health [25,26], and inflammatory markers [27,28] in the aging
process. However, our use of machine learning models such as
the gradient boosting model and the SVM model provides a
more nuanced understanding of how these factors interact to
influence biological age, setting our research apart from
traditional statistical methods. For instance, while existing
literature has demonstrated the importance of individual
biomarkers, our approach integrates multiple clinical variables
to provide a holistic prediction model.

The use of multiple machine learning algorithms allowed for a
comprehensive evaluation of their predictive capabilities. The
gradient boosting model outperformed other algorithms, with
performance R² of 0.967 and MSE of 4.219, due to its ability
to handle nonlinear relationships and feature interactions, which
are crucial in modeling complex biological systems [29]. Unlike
linear models such as the ridge or LASSO regression, the
gradient boosting model iteratively optimizes residual errors,
capturing intricate dependencies between features. Its robustness
to outliers and noise further enhances performance, making it
particularly suited for real-world health checkups [30,31]. The
generalizability of gradient boosting, demonstrated in both the
training and replication datasets, underscores its potential for
clinical application. Future studies should explore hybrid
approaches to integrate the strengths of the gradient boosting
model with more efficient models for broader use.

In the SHAP analysis, kidney function emerged as a significant
predictor of biological age, consistent with its established role
as an indicator of systemic health [32]. The decrease in kidney
function is closely associated with aging-related changes, such

as a reduced glomerular filtration rate and increased risk of
chronic kidney disease [33]. These conditions often signify
cumulative damage from metabolic stressors, hypertension, and
other age-related factors [34]. The inclusion of kidney function
markers, such as creatinine and the estimated glomerular
filtration rate, in our model highlights their critical contribution
to capturing the physiological aging process. Maintaining
optimal kidney function could therefore serve as a target for
mitigating biological aging and reducing the burden of
associated comorbidities.

The body composition, including markers such as waist
circumference and BMI, was another key contributor identified
on SHAP analysis. This finding underscores the impact of
adiposity and muscle mass on aging trajectories. Increased
visceral fat and reduced skeletal muscle mass are hallmark
features of sarcopenic obesity, a condition linked to metabolic
dysfunction and accelerated biological aging [35,36]. Such
changes exacerbate systemic inflammation and insulin
resistance, further compounding aging-related risks [37,38].
The identification of body composition as a significant predictor
emphasizes the importance of lifestyle interventions, such as
exercise and dietary modifications, to preserve muscle mass
and manage body fat. By integrating these markers into the
prediction model, our study highlights their multifaceted roles
in biological aging. Kidney function and body composition
serve not only as indicators of systemic health but also as
modifiable factors, offering potential avenues for personalized
health interventions aimed at slowing biological aging and
promoting longevity. This enhanced understanding enriches the
clinical utility of our model and provides actionable insights
for practitioners.

Visualization of the delta age distribution across different age
groups shows that there is increased variability in the younger
age group and less variability and a more positive value of delta
age in the older group. This pattern underscores the importance
of middle age as a critical period for implementing health
interventions to manage biological aging effectively, and the
need for focused care strategies to manage aging-related health
issues in older adults.

In the multiple clinical factor association study for predicted
biological age, we found that the predicted biological age was
significantly associated with 50 clinical factors even after the
adjustment of chronological age. The most significant
associations were observed with the metabolic status, body
composition, fatty liver, smoking status, and pulmonary
function. These associations highlight the clinical relevance of
biological age as a comprehensive marker of an individual’s
health status and suggest potential pathophysiological
mechanisms accompanying the aging process. Reduced
pulmonary function is known to be an indicator of systemic
aging and has been linked to increased mortality and morbidity
in older adults [39,40]. This suggests that maintaining optimal
lung function could be crucial in mitigating the effects of
biological aging and improving overall health outcomes.

The association between smoking status and predicted biological
age is well-documented in various studies. For example, research
using AI to analyze blood data from 149,000 adults revealed
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that smokers exhibit a faster rate of biological aging compared
to nonsmokers [41]. Remarkably, female smokers were predicted
to have a biological age twice that of their chronological age
[42]. These findings emphasize the detrimental impact of
smoking on biological age. Additionally, exposure to tobacco
during early life has been linked to accelerated biological aging
in adulthood [43]. The underlying mechanisms include
inflammation [44,45], epigenetic changes [46], and
chromosomal damage [47]. These results underline the potential
for biological recovery after cessation, aligning with prior
research and emphasizing both the dangers of smoking and the
benefits of quitting.

Body composition changes, including increased body fat,
decreased muscle mass, and higher BMI, were also significantly
associated with biological age. These findings align with
previous studies that have shown that sarcopenia (loss of muscle
mass) and obesity are critical factors in the aging process [48].
Excess body fat, particularly visceral fat, is associated with
metabolic syndrome, cardiovascular diseases, and insulin
resistance, all of which contribute to accelerated biological aging
[49,50]. Conversely, maintaining muscle mass is essential for
physical function and metabolic health, highlighting the
importance of exercise and nutrition in managing the biological
age. These findings also provide insights into the
pathophysiological aspects of aging, suggesting that targeted
interventions in these areas could potentially mitigate the
adverse effects of aging and improve health outcomes.

The results have significant implications for health care and
aging research. By providing a comprehensive measure of
biological age, health care providers can better assess an

individual’s overall health status and identify potential risks for
age-related diseases. This approach could also facilitate more
personalized health care strategies, improving patient outcomes
and quality of life. Furthermore, the findings contribute to the
broader understanding of the aging process, offering valuable
insights for researchers aiming to develop innovative strategies
to overcome age-related diseases and enhance healthy aging.

Despite the robust findings, there are limitations to consider.
The study population was predominantly Korean, which may
limit the generalizability of the results to other ethnic groups.
Additionally, the reliance on clinical data from health checkups
may not capture all factors influencing biological age, such as
genetic predispositions or epigenetic clocks and environmental
influences. Future studies should aim to include more diverse
populations and incorporate additional variables to enhance the
comprehensiveness and applicability of the models.
Furthermore, longitudinal studies are needed to validate the
long-term predictive capabilities of the models and their
effectiveness in different health care settings.

In conclusion, our study demonstrates the clinical relevance of
biological age as predicted by machine learning models. The
findings provide valuable insights into the aging process and
highlight the potential of biological age as a comprehensive
health indicator. Future research should focus on refining these
models and exploring their applicability in diverse populations
to further enhance their utility in clinical practice. The
integration of advanced machine learning techniques with
comprehensive health data holds great promise for advancing
our understanding of aging and improving health care outcomes.
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Abstract

Background: Digital technology in dementia is an area of great development with varying experiences across countries.
However, novel digital solutions often lack a patient-oriented perspective, and several relevant barriers prevent their use in clinics.

Objective: In this study, we reviewed the existing literature on knowledge, familiarity, and competence in using digital technology
and on attitude and experiences with digital tools in Alzheimer disease. The main research question is whether digital competence
and attitudes of patients and caregivers may affect the adoption of digital technology.

Methods: Following the PRISMA guidelines, a literature search was conducted by two researchers in the group. Inter-rater
reliability was calculated with Cohen κ statistics. The risk of bias assessment was also recorded.

Results: Of 597 initial records, only 18 papers were considered eligible. Analyses of inter-rater reliability showed good agreement
levels. Significant heterogeneity in study design, sample features, and measurement tools emerged across studies. Quality
assessment showed a middle-high overall quality of evidence. The main factors affecting the adoption of digital technology in
patients and caregivers are severity of cognitive deficits, timing of adoption, and the availability of training and support. Additional
factors are age, type of digital device, and ease of use of the digital solution.

Conclusions: Adoption of digital technology in dementia is hampered by many patient-related barriers. Improving digital
competence in patient-caregiver dyads and implementing systematic, patient-oriented strategies for the development and use of
digital tools are needed for a successful incorporation of digital technology in memory clinics.

(JMIR Aging 2025;8:e64324)   doi:10.2196/64324
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Introduction

The use of digital technology for the prevention, diagnosis,
management, and assistance of patients with cognitive disorders
and their caregivers has witnessed a dramatic increase in recent
years. Telemedicine and eHealth technology services have
proven to be valuable instruments for remote support and care
in neurocognitive disorders, as consistently shown during the
COVID-19 pandemic (see [1,2] for examples). The severe
constraints on health care resources and the reduced time
available to chronic patients during the pandemic have
demonstrated the urgent need for the reorganization of memory
clinic services to ensure adequate diagnosis and care [3].
Accordingly, many initiatives have tested digital technology

solutions and telemedicine services in dementia settings [4,5],
particularly in Alzheimer disease (AD), which represents one
of the highest-risk and fastest-growing burdens on the health
care system [6,7]. Literature evidence showed good levels of
feasibility and effectiveness, particularly in individuals living
in remote or underserved geographical areas or where in-person
access to care facilities is limited [8]. Overall, patients with
cognitive disorders and caregivers reported good satisfaction
rates for digital technology, suggesting a general propensity
toward adopting it routinely [8-10].

The literature highlights various solutions, including digital
diagnostic instruments, tools for active and passive monitoring,
and digital technologies supporting cognitive and motor
rehabilitation. These tools have shown promising results not
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only in optimizing diagnostic pathways, disease management,
and treatments, in avoiding dysfunctional and harmful disease
trajectories, but also in helping the empowerment of patients
and caregivers through active engagement in their care pathways
[11,12]. However, despite the growing evidence suggesting the
potential benefit of digital technology tools in cognitive patients,
their integration into the daily routines of memory clinics is still
limited [13].

Preliminary evidence suggested the presence of enabling factors
such as familiarity, acceptability, and a positive attitude toward
digital technology that could facilitate its adoption [9,13,14].
Conversely, inadequate experience with technology, poor digital
literacy, and low education levels, as well as insufficient
accommodation for motor and sensory impairments, may cause
reduced acceptability and engagement in older adults [9,15].
However, a clear understanding of factors promoting or
hampering the use of digital tools in memory clinics is still
lacking.

Given these considerations, we reviewed existing literature with
a particular interest in studies reporting features facilitating the
use of digital technology in users (eg, competence, attitudes)
or evaluating the performance of digital solutions (eg, usability).
The main research question is whether digital competence and

the attitudes of patients and caregivers may affect the adoption
of digital technology. The final goal is to explore real-world
needs, facilitators, and barriers in the field and to provide
patient-oriented guidance for using and implementing novel
digital technology tools in memory clinics.

Methods

Search Strategy and Selection Criteria
A systematic search was conducted by two researchers of the
group using PubMed, Scopus, Embase, and CINAHL
(Cumulated Index in Nursing and Allied Health Literature)
databases, following PRISMA (Preferred Reporting Items for
Systematic Reviews and Meta-Analyses) guidelines [16].
According to our research hypothesis, the search strategy
included a combination of MeSH (Medical Subject Headings)
and relevant text terms focused on assessing familiarity and
competence with digital technology and attitudes and experience
regarding the use of digital solutions. See Figure 1 and
Multimedia Appendix 1 for the full list of search terms. Given
our theoretical framework and the growing body of literature
on digital technologies in dementia, the search was focused on
AD studies, aiming to improve consistency among findings.

Figure 1. Keywords for the literature search.

Inclusion criteria for paper selection were as follows: (1) paper:
full original research articles (excluding conference abstracts,
case reports, reviews, and book chapters); (2) population of
interest: individuals with AD (ranging from mild cognitive
impairment to moderate-severe dementia stages) and their
caregivers; (3) measurement: papers reporting quantitative and
qualitative measures (ie, questionnaires, scales, or interviews)
for assessing knowledge or familiarity with digital technology
and attitude or experience in using digital solutions; (4) language
and time span: papers published in English from 2010 up to
October 15, 2023. Articles published before 2010 were excluded
due to their reliance on outdated technologies, such as personal
digital assistants, which may be less relevant for a contemporary
audience.

Study Selection and Data Extraction
The final set of records was uploaded onto Rayyan, a free web
and mobile app designed to facilitate the initial screening of
abstracts and titles through semiautomation, ensuring a high

level of usability [17]. Data extraction was performed
encompassing study identifiers (eg, authors, year of publication),
sample features (eg, participants, diagnosis, group sizes),
description of study methods (eg, type of digital solution and
measurement), and findings. To ensure consistency in study
selection and data extraction, the Cohen κ statistic was used to
assess inter-rater reliability during the screening and eligibility
phases [18]. Discrepancies were resolved through discussion,
with input from an external senior expert when necessary.

Risk of Bias Assessment
A risk of bias assessment was conducted using the Appraisal
tool for Cross-Sectional Studies questionnaire [19] and the
National Institutes of Health (NIH) Study Quality Assessment
(SQA) Tool [20] for observational cohort and cross-sectional
studies. These questionnaires evaluate the quality of human
research studies, providing a global score as the rate of positive
answers out of either 20 or 14 questions, and indicate overall
quality and bias for each study. Considering the percentage of
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positive answers, categorical ratings were devised as follows:
high quality (>70%), middle (70%‐50%), and low (≤49%)
quality.

Results

Out of the 597 articles initially retrieved, 554 papers were
excluded during the screening phase (ie, 222 duplicates, 121
nonoriginal papers, 204 off-topic articles, and 7 articles not in

English). A detailed review of the full texts led to the exclusion
of 25 articles, with 18 papers meeting the eligibility criteria for
this study. See Figure 2 for details of the PRISMA flow diagram.
Analyses of inter-rater reliability showed good agreement levels
for both the screening (κ=0.76; 94.46% agreement) and the
eligibility (κ=0.75; 87.76% agreement) phases. Quality
assessment of the included studies showed a middle-high quality
of evidence.

Figure 2. PRISMA flowchart reporting literature search strategy. CINAHL: Cumulated Index in Nursing and Allied Health Literature.

Retained papers showed high heterogeneity in terms of study
design (ie, qualitative vs quantitative), sample features (eg,

patients and caregivers with various disease severity), and data
type (eg, unstructured vs structured data). Given the high

JMIR Aging 2025 | vol. 8 | e64324 | p.583https://aging.jmir.org/2025/1/e64324
(page number not for citation purposes)

Panzavolta et alJMIR AGING

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


methodological and population-based heterogeneity across
studies, results are presented as a narrative synthesis, focusing
on shared themes and distinct sources of variability rather than
on statistical aggregation.

See Tables 1 and 2 for details of included papers and the quality
assessment.
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Table . Summary of papers exploring knowledge, familiarity, and competence with digital technology in patients with Alzheimer disease and caregivers.

Quality assessmentStudy findingsMeasurements (qualita-
tive/quantitative)

SampleYearAuthors and country

High quality (NIHc

Study QAd Tool
Score=75%)

Low technophilia in
patients, young, male,
highly educated, living
with children, having
better mental health

Ad hoc-developed
questionnaire to assess
use and familiarity
with touchscreen

mHealthb technology

1086 MCIa and demen-
tia patient-caregiver
dyads

2020Guzman-Parra et al
[21]; Spain, Sweden

(TechPH questionnaire
[22])

High quality (NIH
Study QA Tool
Score=70%)

Higher willingness to
remote cognitive test-
ing in MCI; significant-
ly less access to video

Ad hoc-developed web
survey

68 MCI patients 121

ADDe patients

2021Jacobs et al [23]; US

chat–capable technolo-
gy in ADD; old age
and low educational
level influence access
to technology and will-
ingness to participate
in remote cognitive as-
sessment

High quality (NIH
Study QA Tool
Score=70%)

Good to excellent QoLf

in participants with
moderately or high

Ad hoc-developed
questionnaire to assess
user experience with
mHealth technology

1082 MCI patients2021Christiansen et al [24];
Belgium, Spain, Swe-
den

technical skills; varia-
tion in technical skills
and internet use was a
relevant obstacle

High quality (NIH
Study QA Tool
Score=80%)

Age, gender, and educa-
tion level impact on
technology acceptance;
old age impact on

Ad hoc-developed
questionnaires to assess
acceptance of mHealth
technology and lap-
top/PC use

102 ADD caregivers2021Wójcik et al [25];
Poland

computer but not on
smartphone use; digital
technology was per-
ceived as useful for
daily caring (locomo-
tion, toileting, and
meals)

High quality (NIH
Study QA Tool
Score=70%)

Technology use may
benefit on maintaining
social connections, alle-
viating boredom, and

Semistructured inter-
views on digital tech-
nology use pre- and
post-COVID-19 pan-

20 people with mild-to-
moderate memory
complaints patient-
caregiver dyads

2022Albers et al [26]; US

fostering caregiver re-demic, adoption of dig-
lief; patient depen-ital technology during
dence and low techno-the pandemic, facilita-
logical literacy prevent-tors, and barriers to
ed the use of digital
technology

digital technology
adoption

Middle quality (NIH
Study QA Tool
Score=60%)

Low usability and cog-
nitive fatigue in the use
of digital technologies;
need for training on the

Semistructured inter-
views on digital tech-
nology use and experi-
ence during the
COVID-19 pandemic

19 ADD, mixed and
related dementia pa-
tients

2022Talbot and Briggs [27];
UK

use and for a better en-
gagement

Middle quality (NIH
Study QA Tool
Score=64%)

Benefit on caregiver
wellbeing, alleviating
stress, increasing satis-
faction, and improving

Ad hoc-developed web
survey to assess experi-
ence with iN2L Sam-
sung Galaxy Tablet

124 ADD and related
dementia caregivers

2022Nguyen et al [28]; US

access to supportive
programs
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Quality assessmentStudy findingsMeasurements (qualita-
tive/quantitative)

SampleYearAuthors and country

Middle quality (NIH
Study QA Tool
Score=50%)

Smart devices are
valuable, versatile tools
for essential and mean-
ingful activities, and
necessary devices to
participate in modern
life; need for training
on the use of smart de-
vices

Videoconferencing or
phone interviews of m-
health technology use

29 MCI, ADD and re-
lated dementia patient-
caregiver dyads

2023Wilson et al [29]; UK

aMCI: Mild cognitive impairment.
bmHealth: mobile health.
cNIH: National Institutes of Health.
dQA: Quality assessment.
eADD: Alzheimer disease dementia.
fQoL: Quality of Life.
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Table . Summary of papers exploring use, acceptability, and usability of digital solutions in AD patients and caregivers.

Quality assess-
ment

Study findingsMeasurements

(qualitative/quantitative)

Digital solutionSampleYearAuthors and
country

Middle quality

(NIHa Study

QAb Tool
Score=60%)

Half of dementia
patients were
able to engage
with and use the
iPad indepen-
dently

Ad hoc-developed questionnaires to
assess experience, ability to use,
engagement and utility

iPad and 11 iPad
apps

21 unspecified
dementia pa-
tient-caregiver
dyads

2013Lim et al [30];
Australia

Middle quality

(NIH Study QA
Tool
Score=50%)

Low workload
scores; good
post-task satisfac-
tion; successful
use even without

Ad hoc-developed questionnaires,

NASA-TLXd index workload assess-
ment [32]

Samsung Galaxy
Tablet and An-
droid app (AD-
cope)

10 early ADDc

patients

2014Zmily et al [31];
Jordan

any prior experi-
ence

High quality

(NIH Study QA
Tool
Score=80%)

Perceived easi-
ness to perform
tasks despite
medium-low
proficiency with
technology

Ad hoc-developed web-based sur-
vey

Android app

(CareHeroes
App)

11 ADD care-
givers

2016Brown et al [33];
US

Middle quality

(NIH Study QA
Tool
Score=50%)

Caregiver use
was better than
that of patients;
High interest in
learning to use

Semistructured interviewsDigital Support
Platform (DSP)

10 ADD, vascu-
lar or mixed de-
mentia patient-
caregiver dyads

2018Killin et al [34];
UK

technology more
effectively and
enjoyed having
their own tablet
devices; Need of
training in the
use of new tech-
nology

High quality

(NIH Study QA
Tool
Score=70%)

eHealth and indi-
vidual technolo-
gies may not ful-
ly meet the
needs of care-

Interviews and focus groupAndroid app

(Care IT)

36 ADD and re-
lated dementia
caregivers

2019Ruggiano et al
[35]; US

givers; need for
more effective,
easy-to-use, and
more widely dis-
seminated – espe-
cially for care-
givers from a
disadvantaged
background

High quality

(NIH Study QA
Tool
Score=85%)

Need for timely
introduction of
digital technolo-
gy; need of care-
giver support for

Ad hoc-developed web-based sur-
vey (including USEdem question-
naire)

ReACT (Rehabil-
itation in
Alzheimer dis-
ease using Cogni-
tive support
Technology) app

112 ADD, vascu-
lar dementia pa-
tients

98 caregivers

2020Øksnebjerg et al
[36]; Denmark

the adoption of
digital solution

High quality

(NIH Study QA
Tool
Score=80%)

Attitudes to
technology, per-
ceived utility,
and emotional
impact of need-

Semistructured interviews on expe-
rience and usefulness

App-based
prompter for a
touchscreen
Tablet

26 ADD and re-
lated dementia
patient-caregiver
dyads

2021Evans et al [37];
UK

ing help impact
the acceptance
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Quality assess-
ment

Study findingsMeasurements

(qualitative/quantitative)

Digital solutionSampleYearAuthors and
country

Middle quality

(NIH Study QA
Tool
Score=65%)

High adoption
and feasibility;
Need of timely
introduction;
50% of the ac-
cepting dyads
had difficulties
independently
managing the
digital solution

SUSe scale [39] modified; ad hoc-
developed questionnaire to explore
adoption, user-friendliness, useful-
ness, and impact

iOS app

(Alight)

24 ADD patient-
caregiver dyads

2022Berge et al [38];
Norway

High quality

(NIH Study QA
Tool
Score=79%)

Technical prob-
lems, easy use of
the app, and a
broad interest in
the tasks; Mod-
est improvement
of recall

Ad hoc-developed questionnaires to
assess usability and task engage-
ment

Story recall task
app

73 MCI/mildf

ADD patients

78 healthy con-
trol subjects

2022Skirrow et al
[40]; UK, US

High quality

(NIH Study QA
Tool
Score=93%)

High adherence
rate, usability,
and treatment ef-
ficacy on global
cognitive level
in the digital-
treated group

SUS scale [39],

percentage of sessions attended
within 6 weeks (adherence)

Telerehabilita-
tion app and
web-based soft-
ware (ABILITY)

11 MCI, 19 mild
AD patient-care-
giver dyads

2023Rossetto et al
[41]; Italy

aNIH: National Institutes of Health.
bQA: Quality assessment.
cADD: Alzheimer disease dementia.
dNASA TLX: NASA Task load index.
eSUS: System usability scale.
fMCI: Mild cognitive impairment.

Evidence From Papers Reporting Knowledge,
Familiarity, and Competence With Digital Technology
Among studies investigating factors affecting knowledge,
familiarity, and competence in digital mobile health (mHealth)
technology use [21,23-29], the degree of cognitive impairment
was the first factor significantly affecting digital competence
in the adoption of technology solutions. Individuals with milder
cognitive deficits showed higher competence in the use of digital
devices and the internet and consequently, greater willingness
levels to participate in studies compared to those with more
advanced cognitive decline [23,24]. Overall, users exhibited
greater openness to digital technology when they had prior
experience and familiarity and good digital literacy [21,23,24].
Significant challenges were reported in studies related to limited
technical skills of both patients and caregivers [26-28].
Nonetheless, while overall caregivers showed greater
competence and enthusiasm for digital technology than patients,
other factors, as male sex, higher education, and younger age,
impact at the individual level on familiarity and willingness to
participate to studies [21,25].

Whereas smartphone acceptance is consistent across age groups,
computer use declined with age and in patients versus
caregivers, indicating an age-related barrier to some technologies
[27-29]. For example, the use of tablets represented a significant
barrier in the VITAL at Home project [28], in which caregivers

required substantial guidance to effectively use the software
implemented in tablets.

Evidence From Papers Reporting Acceptability and
Usability of Digital Solutions
Studies examining the use of digital solutions among AD
patients and caregivers [30,31,33-38,40,41] consistently found
that IT system accessibility and ease of use of the proposed
solution are crucial factors influencing adoption rates. Ease of
use of the digital health solutions and attitude to technology
represent key factors enhancing acceptance of digital tools in
daily routines [30,31,33,35,37,40]. The likelihood of sustained
use is related to the timing of their adoption within the disease
course, with earlier implementation correlating with better
long-term engagement for both patients and caregivers [34,36].
The provision of informal support and training is another
enabling factor ensuring long-term and better use [31,36,41].
As the disease progresses, the severity of cognitive decline and
the perceived cognitive workload pose relevant challenges for
constant engagement and use [31,37,38].

Discussion

Digital technology in dementia is an area of rapid development
marked by diverse approaches across countries. A huge step
forward has been made during the COVID-19 pandemic, acting
as a catalyst for extensive research and development of eHealth
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and mHealth solutions, favoring the testing of digital solutions
in memory clinics and promoting their implementation in
practice [2,4,42]. In this study, we reviewed the existing
literature on digital competence, attitude to technology, and use
of digital tools in AD, with the final aim to underline main
factors affecting the adoption of digital solutions and provide
useful information for their future development and use in
memory clinics.

Literature evidence revealed several barriers in adopting digital
technology in dementia. Among the main factors, the severity
of cognitive deficits is the first key element. As adherence to
digital technology interventions decreases with the severity of
cognitive decline [23,24,31,37,38], clinicians and researchers
should embrace technology-based solutions at an earlier stage
of the care pathway with the aim to improve use and
effectiveness. With the progression of the disease, poor verbal
and motor initiative may affect patient engagement with digital
technology, reducing interest, initiative, and participation [27].
In such cases, behavioral or sensory-based interventions, such
as sensory stimulation delivered through digital devices,
represent an appropriate choice. Therefore, an in-depth
assessment of the behavioral and cognitive profile should always
guide the specialist to choose the right digital tool to use and
address patients accordingly.

Age, digital literacy, and special needs (eg, visual or auditory
impairments) are additional variables that limit the access or
use of digital technology both for patients and caregivers,
without affecting the will to participate in telecare services
[21,25,43]. These aspects are of particular relevance in memory
clinics, where final users are often patients and caregivers in
old adulthood [44]. The type of digital device may also impact
the feasibility and real-life implementation of digital protocols,
with smartphones being more accessible compared to computers
or other devices [27,29,30]. Consequently, smartphones show
higher acceptability scores in patients [45,46], although some
challenges in the use of touchscreen and software updates are
reported, particularly among those with poor digital literacy
and visual impairments [24].

Another crucial barrier to the stable use of eHealth and mHealth
solutions is the need for training and support [27,29,30,34,36].
The availability of formal support in the technology setup or
training has been shown to positively impact willingness and
acceptability [30,34,41]. As individuals may be unlikely to
embrace burdensome technologies [26], preliminary training at
health care facilities before the in-home adoption should be
recommended to overcome potential technophobia in patients
and caregivers [13,21]. The evaluation of specific digital needs
in each single patient-caregiver dyad may guarantee a more
inclusive and practical approach.

Therefore, the lack of active involvement of final users in the
design, development, and testing of novel digital solutions
crucially contributes to the poor applicability of these
instruments in real-life scenarios [47].

In addition, developing technologies without user burden is
pivotal for their success. Minimizing the burden on caregivers
is of paramount importance, as they are often responsible for
managing digital tools (eg, calendars for medication or
televisits). The mitigation of stress and anxiety due to the use
of technologies is crucial for caregivers [26,35,37,38],
particularly for those individuals with disadvantageous
socioeconomical backgrounds, who face additional challenges
in adapting to the tools and using them effectively [35].
Co-design with end-users and adaptation of the digital tool to
real-life needs are therefore critical [47].

Several limitations characterize the body of research analyzed
in this review. Many studies involved small sample sizes that
were not fully representative of the AD population, often
excluding individuals who were unable or unwilling to
participate for various reasons. Availability of high-speed
internet connection [23,24], recruitment or screening modality
(eg, through email, social media or videoconference) [26,27],
and socioeconomic status of participants [23,37] are additional
variables affecting results, while study design (eg, lack of control
group or randomized approach [28]) and measurement issues
(eg, lack of pre-post measures [36]) are crucial aspects that
hamper the reliability of data findings.

In conclusion, digital tools have the potential to significantly
influence the quality of dementia services acting on different
dimensions [13]. They can increase effectiveness by enabling
faster access to specialist care, better diagnoses and treatments,
and preventing avoidable hospitalizations. They improve
timeliness, reducing waiting lists and unnecessary travel. They
ensure patient-centeredness and safe care, providing care tailored
to individual needs and values and treating patients more
appropriately. They provide integrated, more efficient, and
equitable care by taking an interdisciplinary approach involving
multiple specialists, improving cost-effectiveness, and
overcoming geographic barriers addressing cultural diversity.
However, the adoption of digital technology is limited by many
patient-related barriers. Improving digital competence in the
patient-caregiver dyads and implementing a systematic
patient-oriented strategy for the development and use of digital
tools (eg, by promoting participated design, early timing of
solution adoption and availability of training and technical
support) remain critical factors to consider for the successful
incorporation of digital eHealth and mHealth solutions and
services into future memory clinics.
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Abstract

Background: In the past decade, the use of digital or electronic records in social care has risen worldwide, capturing key
information for service delivery. The COVID-19 pandemic accelerated digitization in health and social care. For example, the
UK government created a fund specifically for adult social care provider organizations to adopt digital social care records. These
developments offer valuable learning opportunities for implementing digital care records in adult social care settings.

Objective: This rapid scoping review aimed to understand what is known about the implementation of digital care records in
adult social care and how implementation varies across use cases, settings, and broader contexts.

Methods: A scoping review methodology was used, with amendments made to enable a rapid review. Comprehensive searches
based on the concepts of digital care records, social care, and interoperability were conducted across the MEDLINE, EmCare,
Web of Science Core Collection, HMIC Health Management Information Consortium, Social Policy and Practice, and Social
Services Abstracts databases. Studies published between 2018 and 2023 in English were included. One reviewer screened titles
and abstracts, while 2 reviewers extracted data. Thematic analysis mapped findings against the nonadoption, abandonment,
scale-up, spread, and sustainability (NASSS) framework.

Results: Our search identified 2499 references. After screening titles and abstracts, 71 records were selected for full-text review,
resulting in 31 references from 29 studies. Studies originated from 11 countries, including 1 multicountry study, with the United
Kingdom being the most represented (10/29, 34%). Studies were most often conducted in nursing homes or facilities (7/29, 24%)
with older people as the target population (6/29, 21%). Health records were the most investigated record type (12/29, 41%). We
identified 45 facilitators and 102 barriers to digital care record implementation across 28 studies, spanning 6 of the 7 NASSS
framework domains and aligning with 5 overarching themes that require greater active management regarding implementation.
Intended or actual implementation outcomes were reported in 17 (59%) of the 29 studies.

Conclusions: The findings suggest that implementation is complex due to a lack of consensus on what digital care records and
expected outcomes and impacts should look like. The literature often lacks clear definitions and robust study designs. To be
successful, implementation should consider complexity, while studies should use robust frameworks and mixed methods or
quantitative designs where appropriate. Future research should define the target population, gather data on carer or service user
experiences, and focus on digital care records specifically used in social care.

(JMIR Aging 2025;8:e60107)   doi:10.2196/60107
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Introduction

Background
The demand for adult social care is vast. Global demographic
changes throughout the 20th century have led to substantial
population aging, decreased mortality and communicable
diseases, and increased chronic noncommunicable diseases.
Consequently, more adults and older people have long-term
care needs, particularly in high-income countries where the
epidemiological transition began earlier [1]. Technology has
been proposed to help manage this increasing demand in health
and social care by improving efficiency, care quality, and
effectiveness [2-4]. Digital care records are one such innovation
in adult social care.

In this paper, adult social care refers to long-term, aged, or
disability care, including care homes; support in the home;
domiciliary care (eg, personal care, practical tasks, and crisis
support); community-based support such as inclusive arts
programs; and social relationships that aim to keep people
independent, active, and living well.

The use of digital care records has increased across various
adult social care settings and countries since 2012 [5]. These
records capture key information for service delivery, including
individuals’ characteristics, the care they receive, and how they
respond to it. They monitor service users and track service
delivery, supporting care planning, medication, and assessments
[6-10]. In addition, they serve administrative purposes [8,11,12],
support compliance with data documentation regulations [13],
and inform care delivery decisions [14,15]. Different terms are
used to describe digital care records in social care. In the United
Kingdom, the term digital social care records (DSCRs) is
common. In North America, parts of Europe, and Australia,
terms such as electronic health records [16-20], electronic patient
records [6], or electronic medical records [9,19] are often used.
Digital care records can be part of health information exchange
initiatives, which facilitate data sharing across health and social
care to improve care continuity and efficiency [16-20].

Despite the increasing use of digital care records, much of the
existing literature focuses on their implementation in nursing
homes or approaches the topic from a social work perspective,
failing to capture the full scope of adult social care. One
systematic review of electronic health records identified that
health information exchange is facilitated by workflow
integration and flexible organizational culture and impeded by
incomplete data, inefficiency, and unfavorable market conditions
[21]. Another review found that electronic health records support
health outcomes, clinical documentation management, and
decision-making [2]. To the best of our knowledge, the only
previous review of DSCRs that looked at the benefits of
implementation was a review by Greenstock [22]. This literature
review highlighted improved documentation and health
outcomes as well as increased collaboration and communication,
efficiency, quality of care, client or family involvement, and
risk management [22]. It identified less evidence regarding

financial benefits and increased workforce satisfaction [22]. It
is unclear how many benefits were realized versus anticipated
[22]. A scoping review of electronic information systems in
social care found that they can negatively affect social workers’
priorities and do not meet sector needs [23].

These reviews predate the COVID-19 pandemic, which
accelerated digital system development in health and social care
[24]. For example, the UK government injected funds during
the COVID-19 pandemic to drive digitization and has since
continued these efforts. A specific fund for adult social care
provider organizations supports DSCR adoption, with the most
recent government target of 80% adoption across adult social
care provider organizations in England by March 2025.

Objectives
The intensity of the activity discussed above presented an
opportunity to learn about DSCR implementation and impact
through evaluation. Considering recent developments, this rapid
scoping review sought to assess what is known about DSCR
implementation in adult social care settings and identify
evidence gaps to inform a rapid evaluation of DSCR
implementation. While this purpose has influenced decisions
around the methods, such as a rapid approach and more intensive
searching for UK literature, the review considers the
international literature on DSCR implementation and draws out
implications for an international audience.

We mapped our findings against the nonadoption, abandonment,
scale-up, spread, and sustainability (NASSS) framework by
Greenhalgh et al [25]. Designed in 2017 as an evidence-based,
theory-informed, and pragmatic tool, it helps predict and
evaluate the success of technology-supported health or social
care programs. As it focuses on adoption, nonadoption, and
abandonment of technologies as well as the challenges
associated with the scale-up, spread, and maintenance of digital
systems, it was deemed appropriate for capturing the field’s
complexity. The framework was particularly useful during data
analysis. Most of the literature retrieved identified large numbers
of facilitators of and barriers to DSCR adoption. The NASSS
framework helped to position these within an interrelated system
and organize them in a way that could provide guidance in areas
requiring active management of complexity. As the NASSS
framework has been applied more often to health care settings,
this review was also an opportunity to explore its value for
technology adoption in social care.

Methods

Overview
The rapid scoping review followed the 6-stage framework
outlined by Arksey and O’Malley [26], which was later refined
by Levac et al [27] and the Joanna Briggs Institute [28].
Following the study by Tricco et al [29], we made some
amendments to enable a rapid review. The review is reported
in accordance with the PRISMA-ScR (Preferred Reporting
Items for Systematic Reviews and Meta-Analyses extension for
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Scoping Reviews) guidelines (Multimedia Appendix 1) [30].
The search strategy is reported in accordance with the
PRISMA-S (Preferred Reporting Items for Systematic reviews
and Meta-Analyses literature search extension) checklist [31].
A protocol for this review was developed using the
PRISMA-ScR and registered prospectively with the Open
Science Framework on August 9, 2023 [32].

Identifying the Research Question
We used the Joanna Briggs Institute’s population, concept, and
context framework [28] to formulate the following scoping
review questions: (1) What is known about the implementation
of DSCRs in social care settings? and (2) How does
implementation vary across use cases, social care settings, and
the broader context? The subquestions were as follows:

• What DSCR is being used?
• What situation or setting is the DSCR being used in, and

which actors are involved?
• What is the broader context within which DSCRs are being

implemented or used?
• What is the use case for the DSCR, and what are the

intended outcomes and benefits?
• How has the implementation of DSCRs been evaluated or

researched, and what theoretical framings have been used?
• What are the intended or actual outcomes and benefits of

DSCR implementation?
• What helps or gets in the way of the implementation of

DSCRs?

Identifying Relevant Studies
A librarian with experience in undertaking reviews (KP)
designed the search in consultation with the research team. The
search was undertaken between August 2, 2023, and August
11, 2023, by 2 librarians (KP and SDG) across MEDLINE
(through Ovid; KP), EmCare (through Ovid; SDG), Web of
Science Core Collection (Clarivate; KP), HMIC Health
Management Information Consortium (through Ovid; KP),
Social Policy and Practice (through Ovid; KP), and Social
Services Abstracts (through ProQuest; SDG) databases.

The search strategy used 3 concepts: digital care records, social
care, and interoperability. These concepts were combined in
the search string as (Digital Care Records AND Social Care)
OR (Social Care AND Interoperability). The interoperability
concept was included, as it is central to policy narratives
surrounding the implementation of DSCRs in England, with
expectations that DSCRs will facilitate data sharing with general
practitioners and hospitals. The initial search strategy was
developed on MEDLINE (Ovid) by one of the librarians (KP)
and run in each database by KP and SDG. Publications were
limited to those published in or after 2018 until 2023. The results
were limited to the English language. The databases were
searched using keywords and controlled vocabulary (eg, Medical
Subject Headings or Emtree) where appropriate and adapted
according to the requirements of each database. The full search
strategy for each database can be found in Multimedia Appendix
2.

There were 3466 results in total. The results were exported to
EndNote (Clarivate), and 993 duplicates were removed

following a structured process [33], leaving 2473 unique results.
These were exported as a research information systems file to
Covidence (Veritas Health Innovation Ltd) software [34] for
title and abstract screening as well as for full-text review.

In addition, given the intention of informing an evaluation in
the context of the English language, we searched key English
websites to capture gray literature not identified through the
databases. The chosen websites were the Local Government
Association [35]; King’s Fund [36]; Social Care Institute of
Excellence [37]; Centre for Care [38]; Digital Care Hub,
formerly Digital Social Care [39]; and TEC Service Association
[40]. Searches were also performed on Google, and we contacted
experts identified through the review. From these searches and
reference checking, 27 references were identified. Of these 27
references, 1 (4%) duplicate was removed, and 1 (4%) reference
that reported results from a study already included was merged
with the main reference. One reference recommended by an
expert was also included. This resulted in 26 references retrieved
through our gray literature search.

Study Selection
We included studies that (1) took place within adult social care
settings; (2) involved the implementation of a DSCR, which
may be referred to by other labels, such as electronic care
records and electronic information systems; (3) were carried
out using any study design (eg, experimental,
quasi-experimental, and observational, including quantitative
and qualitative studies); and (4) were published from 2018
onward. This decision was made on the basis that existing
reviews have captured the literature on DSCRs up until the end
of 2017.

Following rapid review methodology guidance [29,41], all
references retrieved from our search were screened by a reviewer
with expertise in systematic reviews (WSR). Initial screening
was based on titles and abstracts. References were selected for
full-text review if they met our inclusion criteria or if it was
unclear that they did. The same reviewer (WSR) performed the
full-text review. A second reviewer, who is an expert in adult
social care research (JM), cross-checked references that were
excluded in this phase. Disagreement was discussed until a
consensus was reached.

Charting the Data
A data extraction template was developed by the team using
Excel (Microsoft Corp). The form included key characteristics
of included studies, such as the population, concept, context,
study design, and methods, and key findings that were relevant
to the review questions. In total, 2 reviewers (MS and WSR)
performed the data extraction. Due to the heterogeneity of
studies and following best practice, the extraction form was
piloted and iteratively adapted through discussions between the
2 reviewers and a third reviewer (JM), who oversaw the
extraction process.

During the data extraction, we discovered that 2 publications
[42,43] reported results from the same study. Another
publication [44] was a preprint version of 1 peer-reviewed article
[45], which was also included in the review. All publications
were included to ensure we used the information available, but
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to avoid duplication of information, we extracted information
at the study level rather than the publication level.

Collating, Reporting, and Summarizing the Results
There were several steps involved in collating and reporting the
results. We first created a summary of the included studies,
categorizing the papers according to relevant study
characteristics, such as study design, population, context,
methods of data collection and analysis, and theoretical
perspectives. We then worked inductively to identify intended
or actualized benefits and outcomes and barriers to and
facilitators of implementation raised in the papers. Using
thematic analysis, we compiled a descriptive overview of the
unique barriers and facilitators identified in the papers, including
frequency distributions.

We then used the NASSS framework as a sensitizing framework
and worked deductively to ensure we had not missed anything
of relevance to the NASSS domains. In this process, further
barriers and facilitators were identified, and these were mapped
alongside those identified from the inductive process to the
NASSS domains and subdomains. Where a category was
associated with >1 NASSS domain, it was mapped against the
domain perceived as most affected.

To synthesize our findings, we then grouped the barriers and
facilitators into themes capturing complex aspects of the
adoption process. Complexity was determined using the NASSS
framework, which defines implementation as simple (ie, few
components and predictable), complicated (ie, many components
but still largely predictable), or complex (ie, many components
interacting in a dynamic and unpredictable way) [46]. The more
complexity there is in the system, the less likely the technology
is to achieve sustained adoption across the system, and the more
likely it is to be abandoned [46]. The themes draw attention to
areas that require greater active management with respect to
implementation [25].

Results

Overview
Our search resulted in 2471 references after duplicates were
removed. An additional 28 references were identified through
the gray literature search, resulting in 2499 references. After
screening references based on titles and abstracts, 71 records
were selected for full-text review, of which 31 references were
included from 29 different studies (ie, 2 pairs of papers reported
on the same studies). The article selection process and reasons
for exclusion are presented in Figure 1 [47].
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Figure 1. PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-Analyses) 2020 flowchart. DSCR: digital social care record.

Study Characteristics
As Table 1 presents, of the 29 studies, 10 (34%) were conducted
in the United Kingdom—7 (24%) in England [3,7,10,20,48-50],
2 (7%) in Scotland [43,45], and 1 (3%) [51] in multiple UK
countries. Of the 29 studies, 5 (17%) were conducted in the
United States [9,14-16,18], 3 (10%) in Finland [52-54], 2 (7%)
in Australia [11,13], 2 (7%) in Canada [19,55], and 2 (7%) in
Sweden [12,56]. The remaining studies were conducted in
Switzerland [8], Japan [57], Austria [17], and Italy [58] or
involved multiple countries [6].

Studies in the United Kingdom were conducted in care homes
(3/29, 10%) [43,45,48], health and social care provider
organizations (4/29, 14%) [3,7,20,49], multiple social care
settings (1/29, 3%) [51], councils (1/29, 3%) [50], and a
continuing health care team (1/29, 3%) [10]. More than one-third
of studies from other countries were conducted in nursing homes
and facilities (7/29, 24%) [6,8,9,14,15,17,18]. Other settings
included home care (5/29, 17%) [12,55-58], care homes (1/29,
3%) [13], long-term care facilities (1/29, 3%) [11], an acute
care hospital and its neighboring long-term care home (1/29,
3%) [19], assisted living communities (1/29, 3%) [16], health
centers in Finland (2/29, 7%) [52,53], and social care services
(1/29, 3%) [54].
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Table 1. Key characteristics of the included studies (N=29).

Studies, n (%)Characteristic

Design

1 (3)Cohort

6 (21)Cross-sectional

8 (28)Mixed methods

14 (48)Qualitative

Country

2 (7)Australia

1 (3)Austria

2 (7)Canada

3 (10)Finland

1 (3)Italy

1 (3)Japan

2 (7)Sweden

1 (3)Switzerland

10 (35)United Kingdom

5 (17)United States

1 (3)Belgium, Czech Republic, and Spain

Aim

9 (31)Barriers and facilitators

7 (24)Prevalence of use of DSCRsa

4 (14)Professionals’ perceptions about DSCRs

4 (14)Impact of DSCRs on professionals’ work

3 (10)Services’ readiness to implement DSCRs

1 (3)Strategies to improve DSCRs

1 (3)Impact of DSCRs on health outcomes

Setting

1 (3)Assisted living community

4 (14)Care homes

3 (10)Continuing or community health care

1 (3)Councils

5 (17)Home care

6 (21)Multisector (ie, health and social care)

1 (3)Municipal social services

7 (24)Nursing homes or facilities

1 (3)Social care provider organizations

Population

6 (21)Older people

2 (7)Adults with care needs

1 (3)People with dementia

20 (69)Not specified

Respondentsb
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Studies, n (%)Characteristic

10 (35)Social care staff

8 (28)Health care staff

8 (28)Social care managers

3 (10)Health care managers

2 (7)Users or carers

2 (7)Regional stakeholders

1 (3)National stakeholders

1 (3)Technology providers or vendors

6 (21)Not specified

Types of technology

12 (41)Health records

8 (28)Health and social care records

4 (14)Social care records

4 (14)Interoperability

1 (3)Not specified

Theoretical framework usedb

1 (3)The DeLone and McLean model of information systems success

1 (3)The Wang and Strong quality framework

1 (3)Activity theory

1 (3)Sociotechnical systems theory

1 (3)Computer-supported cooperative work

1 (3)Design thinking

1 (3)Nolan stage model

2 (7)Normalization process theory

1 (3)Implementation process framework

1 (3)Unified theory of acceptance and use of technology

20 (69)Not specified or applicable

aDSCR: digital social care record.
bTotal is >100% because some studies collected information with different types of informants.

Studies investigated several different types of digital care
records—from health information technology in general (4/29,
14%) [18,48,55,57] to electronic medical records or electronic
health records specifically (12/29, 41%) [6,8,9,11,12,
14-18,53,56]. Some were specific systems commissioned by or
developed for care providers, local authorities, or regions, such
as the aged care ecosystem [13], the Edotto regional information
system [58], CareFirst [10], the PASSsystem [51], or
CareCentric [3], among others. Of the 29 studies, 4 (14%)
focused on interoperability [10,19,20,57]. Studies can be
grouped into those which aimed to (1) identify barriers or
facilitators to the implementation of DSCRs and information
exchange systems (9/29, 31%) [3,10,13,19,20,48-50,53], (2)
assess the proportion and prevalence of services using DSCRs
and information exchange systems and how these are being
used (7/29, 24%) [14-18,45,56], (3) investigate how digital
systems affect the work of care professionals or care providers
(4/29, 14%) [7,11,51,54], (4) assess care professionals’

perceptions about the use of digital systems (4/29, 14%)
[6,8,52,55], (5) map services’ readiness or maturity and care
professionals’ capability to adopt DSCRs and information
exchange systems (3/29, 10%) [9,12,42], (6) assess potential
strategies to improving existing DSCRs or information exchange
systems (1/29, 3%) [58], and (7) assess the impact of use of
information communication technology (ICT) on health
outcomes (1/29, 3%) [57].

To achieve these aims, most studies used a qualitative design
(14/29, 48%) [3,6,7,11-13,17,48-50,52,53,56,58]. Of the 29
studies, 8 (28%) used mixed methods [9,10,19,20,45,51,54,55]
and 7 (24%) used a quantitative design [8,14-16,18,43,57]. None
of the studies that aimed to identify barriers or facilitators, to
investigate how digital systems affect work routines, or to assess
potential strategies to improve digital systems used quantitative
methods. Among the studies that aimed to assess professionals’
perceptions of digital systems, only 1 was quantitative [8]. Of
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the studies that aimed to assess the proportion and prevalence
of digital systems, most (4/29, 14%) used quantitative methods
[14-16,18]. The study assessing the impact of ICT on health
outcomes was also quantitative [57]. The studies that aimed to
map services’ readiness and maturity varied between qualitative
[12], quantitative [42], and mixed methods approaches [9].

Most studies (20/29, 69%) did not use a theoretical framework
to interpret their results [3,8-10,14-17,19,42,45,48-52,54-57].
Of those that did, theories included normalization process theory
(2/29, 7%) [20,53], sociotechnical systems theory (1/29, 3%)
[6], the Nolan stage model (1/29, 3%) [18], an implementation
process framework (1/29, 3%) [13], the DeLone and McLean
model of information systems success and the Wang and Strong
quality framework (1/29, 3%) [58], activity theory (1/29, 3%)
[11], design thinking (1/29, 3%) [12], computer-supported
cooperative work (1/29, 3%) [7], and the unified theory of
acceptance and use of technology (1/29, 3%) [20].

A detailed list of the characteristics of all studies included in
this review is provided in Multimedia Appendix 3 [3,6-20,
42-45,48-58].

Summary of Facilitators of and Barriers to the
Implementation of DSCRs

Overview
Of the 29 studies, 28 (97%) identified 45 facilitators of and 102
barriers to digital implementation. These were then coded into
32 categories that aligned with the NASSS framework domains:
18 contained facilitators and 24 contained barriers (the total is
>32 because some categories contained both facilitators and
barriers). The most frequent barriers were related to the digital
system lacking interoperability, which was found in 10 of the
29 studies (34%). They also related to insufficient funding or
financial incentives and high costs of implementation (9/29,
31%), and technology not matching the context of use (9/29,
31%). Most facilitators were associated with building
interorganizational trust and collaborative relationships (5/29,
17%); adequate training (5/29, 17%); anticipating, frontloading,
and resourcing the work required to clarify information
governance (4/29, 14%); skillful leadership enhancing an
organization’s digital readiness and capacity for change (4/29,
14%); and high usability of the digital system (4/29, 14%).

Regarding the NASSS framework domains, most facilitators
were related to the organization (24/45, 53%). This was followed
by the adopter system (8/45, 18%), the technology (6/45, 13%),
the value proposition (4/45, 9%), the interaction between
domains and adaptation over time (2/45, 4%), and the wider
context (1/45, 2%). Most barriers were also related to the
organization (52/102, 51%). This was followed by the
technology (25/102, 24.5%), the wider context (14/102, 13.7%),
the value proposition (6/102, 5.9%), the adopter system (4/102,
3.9%), and the interaction between domains and adaptation over
time (1/102, 1%). No barriers or facilitators were related to the
condition domain.

The categories containing facilitators and barriers were then
organized into five broad themes: (1) the legal and institutional
context for holding and sharing data and its effect on the ability

and willingness to share data, (2) digital readiness and
organizational capacity for change, (3) using and sharing
recorded information within technical constraints, (4) alignment
between care practices and digital recording practices, and (5)
differences between what is expected and what is achievable
with digital systems.

A summary of how barriers and facilitators identified in each
study were mapped to categories, themes, and the NASSS
framework domains and subdomains is provided in Multimedia
Appendix 4 [3,6-20,42-45,48-56,58]. The 5 themes are
summarized in greater detail in the subsequent sections.

Legal and Institutional Context for Holding and Sharing
Data and Its Effect on Ability and Willingness to Share
Data
A key challenge to DSCR implementation involved information
governance concerns about holding and sharing data. These
issues arose from vague legislation, market competition,
conflicting priorities, poor internal and external coordination,
and low cross-organizational trust. Building trust and adequately
resourcing digital change facilitated implementation.

Commercial and Regulatory Context in Which Care
Providers Operate

A total of 3 studies conducted in the United Kingdom [3,42,50]
identified barriers related to market competition among social
care provider organizations and digital suppliers and a lack of
national regulation and standards. Private sector care providers
were concerned that the commercial sensitivity of data could
compromise their competitive advantage [42]. Vendor lock-in
also occurred, as technology suppliers hesitated to share data
with other suppliers [3].

The governance and ethics framework for social care data in
the United Kingdom is less developed compared to that for
National Health Service (NHS) data. There is no established
system for the governance of care home data, which are held
by private companies, care regulators, and health and social
care provider organizations [42]. This context made data sharing
challenging [42]. Despite regulatory progress, councils found
new national frameworks inadequate on data and interoperability
standards [50].

Interorganizational Trust and Relationships

In 5 studies [3,9,42,48,49], 4 of which were UK based, a lack
of trust between providers and other organizations hampered
information governance and data sharing. Clinical and health
care partners were particularly reluctant to share data with social
care [3,9,50] due to misunderstandings about their role and
concerns about sharing information with staff who were not
registered social workers [50]. Ownership of a large volume of
patient data and responsibility for confidentiality also fostered
a risk-averse attitude among general practitioners [3].

Four studies conducted in the United Kingdom [3,42,49,50]
found that building trust and collaboration between organizations
facilitated implementation. Care homes were more willing to
share information when they had well-established relationships
with local authorities [42]. Scotland’s regional “data safe
havens,” led by trusted partners such as the NHS, academic
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institutions, and government agencies, represented a centralized
approach to managing, storing, and handling access requests to
health care data that encouraged relationships between health
and social care provider organizations [42]. They were an
example of data being handled respectfully, professionally, and
securely [42]. Ambiguous governance frameworks necessitated
clarifying information governance requirements and building
mutual trust in systems. In the United Kingdom, local authority
and provider staff needed to dedicate significant resources
upfront to ensure safe data handling processes [3]. Setting up
information sharing agreements that specified data flows
between organizations could be intensive, involving unexpected
time and effort that was often related to building relationships
and engaging numerous actors with data sharing plans [3].
Undertaking this work early on in projects facilitated
implementation, locating expertise and capacity, and building
trust across organizations [3]. Leaders who fostered positive
working relationships between decision makers facilitated shared
priority setting [49], helping them to circumvent barriers
stemming from organizational fragmentation [49].

Organizational Coordination to Clarify Information
Governance

In 4 studies [3,9,42,49], a general lack of coordination hindered
the clarification of information governance processes needed
to implement digital systems. Divisions between and within
organizations created siloed data systems, resulting in residents’
records being stored in different systems across multiple services
[49]. Poor coordination was linked to information governance
professionals, who managed personal data for single
organizations, lacking the capacity to handle additional
responsibilities for cross-organization information governance
and data sharing [3]. This issue was compounded by provider
leaders’ lack of understanding of information governance [3].

Lack of a shared, standardized understanding of information
governance and data ownership across organizations also created
confusion among staff. Nursing home leaders in the United
States [9], for example, raised concerns about transparency and
maintaining control of residents’ health data that were viewed
as belonging to the patients, leading to fear of lawsuits regarding
data sharing [9]. In the United Kingdom, there was a lack of
shared understanding with confusion about consent, which was
related to social care and local government starting from a
different position to NHS partners when it came to information
sharing [50].

While a lack of organizational coordination was a barrier to
implementation, 4 studies [3,10,49,58] identified that prioritizing
and adequately resourcing the work required to define
information governance was a facilitator to data sharing and in
turn improved service quality. In the implementation of
information systems across home care services in Italy [58],
agreements could be reached on hardware and software once
information governance had been properly defined. The
synergies resulting from integrating information systems from
different organizations then positively affected service quality.
In another study, health and social care managers also
acknowledged that undertaking considerable work together to
agree on what could be shared helped to implement a shared

electronic record between nursing and adult social care
practitioners [10]. While fostering cross-organizational
relationships was important, substantial resources were required
to develop and sustain these relationships [49].

Digital Readiness and Organizational Capacity for
Change
The importance of investing in the necessary groundwork and
anticipating the work involved in digital implementation is
linked to an organization’s digital readiness and capacity for
new technology more generally. Facilitators and barriers within
this theme were related to hardware and internet connectivity
issues, funding issues in the sector, organizational infrastructure,
and resourcing the work required for digital change, including
leadership and training.

Hardware and Internet Connectivity Issues

Hardware issues hindered implementation in 4 studies
[6,8,11,55] and negatively impacted care quality in 2 studies
[6,11]. Problems included a lack of computers and handheld
devices for timely patient data documentation in nursing homes
[6,8], ergonomic challenges in home care [55], and poor battery
lives on portable devices in home care [11,55]. In Australia,
residential aged care nurses and care workers relied on memory
when portable devices ran out of battery during medication
rounds, reducing patient safety [11]. Sharing limited devices in
nursing homes also delayed access to updated care plans in a
cross-country nursing home study [6]. Hardware issues implied
a failure to commit the upfront investment needed to install the
hardware required to successfully implement digital systems,
reflecting a lack of organizational capacity and readiness
[11,55]. Internet connectivity issues were identified as barriers
in 5 studies [13,42,48,55,56]. Reliable internet was often deemed
essential for digital implementation, and poor connectivity
indicated insufficient organizational resources. This was
problematic in home care, where mobile internet access was
inconsistent [55,56], and in care homes with poor Wi-Fi in old
buildings [13,48]. For instance, 18% of care homes in a
southeast Scotland project experienced regular internet
interruption, and 27% of care homes had limited internet access
[42].

Funding Issues in the Sector

In total, 9 studies [3,9,14,16,18,48-50,56] identified insufficient
funding or financial incentives and high costs as barriers. Four
studies were conducted in the United States [9,14,16,18], 4
studies were conducted in England [3,48-50], and 1 study was
conducted in Sweden [56]. In England, short-term funding
pushed organizations toward unambitious digital solutions [3].
The financial pressures often forced providers to adopt a
short-term view on the finances needed to implement and sustain
digital records, constraining the scale of change and preventing
it from being embedded [3]. Where funding was available,
finding, requesting, and receiving it was not always
straightforward [48]. Small care homes in England faced issues
such as poor communication from funders, complicated
application procedures, and delays in receiving funds [48].
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Organizational Infrastructure and Resourcing the Work
Required for Digital Change

Barriers related to organizational infrastructure were noted in
5 studies [19,20,48,49,56]. Issues included insufficient ICT and
human resources staff [48,56], high senior staff turnover [49],
poor internal communication that left staff unaware of
implementation [19,20], and inadequate leadership [20]. One
English study [3] highlighted that successful implementation
required clear planning and resource allocation; for example,
phased deployment of resources demonstrated providers’
competence in managing digital change, making it easier for
them to secure further funding [3].

Four studies [3,10,50,53], 3 of which were conducted in
England, noted the importance of skillful leadership in
enhancing digital readiness. Identifying leaders with the right
skills was crucial for managing large-scale digital projects [3].
The type of leadership required depended on context, with some
providers preferring leaders who could balance risk and reward
in deploying resources, while others sought leaders who were
respected by their peers to help foster engagement among staff
[3]. Senior staff functioning as “change agents” also motivated
practitioners to review their practices [10]. Successful councils
had strong leadership support for digital initiatives [50]. In
England, councils successful in implementing data standards
and interoperability had strong leadership support [50], with
directors of social care, chief information officers, and elected
members all prioritizing digital working and integrated care
[50].

Adequate Training

Absent or inadequate training was a barrier in 4 studies
[6,19,20,48]. Issues included a lack of tailored training [20] and
inappropriate content [19]. Conversely, 5 studies identified
high-quality training as a facilitator [3,6,11,49,53]. One
multicountry study identified both facilitators and barriers across
the different contexts [6]. Effective training was tailored to
practitioners’ skills and tasks [6,53] and included on-the-job
and context-specific training [6], ongoing sessions [55],
follow-up visits [53], and continued onsite support from
suppliers [6,11]. High-quality training that was tailored, targeted,
and practical aligned care practices with the new practices
required by digital systems.

Using and Sharing Recorded Information Within
Technical Constraints
This theme included issues with technical interoperability of
digital systems, their level of usability and user-friendliness,
and the extent to which they had been appropriately adapted for
social care from other settings, which were often acute or
primary care.

Interoperability

Interoperability is understood as a technology’s capacity to
electronically share patient information between different
systems and to use the information that has been shared [59].
Lack of interoperability was identified in 10 studies as a barrier
to sharing recorded information [3,6,9,15,17,42,49,50,52,54],
being reported by 57% of 491 respondents in the US [15]
nursing facilities with electronic health records. Care

professionals and managers in Finland [52] and senior health
and care leaders in England [49] also criticized information
systems for not always “communicating” with each other. While
providers were adopting digital solutions, these were not
necessarily increasing interoperability and risked creating new
data silos [15].

In some studies, interoperability barriers were attributed to the
multitude of systems used by different organizations. Across 9
nursing homes in Austria [17], managers exchanged information
with at least 18 other organizations, most of which were not
part of the same electronic health record system. In the United
States, while 95.1% (775/815) of nursing homes had electronic
medical records, only 45.8% (373/815) had some capability for
information exchange with other organizations. The variety and
sheer number of systems used by different providers was a
concern for 8 (67%) out of 12 staff members in subsequent
interviews [9].

In England [50], interoperability issues presented as systems
being unable to store identification data such as the NHS
number. However, local authorities were often unaware, at the
procurement stage, of which digital options could store such
information. There was also confusion among councils and
suppliers about the possibilities and limitations of NHS number
tracing. This was linked to low organizational readiness and
capacity, with providers not knowing which technological
features they needed when choosing a system [50]. It also related
to the downstream value suppliers promised providers in terms
of being transparent about what their products could offer [50].

Staff in all 3 nursing homes in a multicountry study also
complained that the electronic patient records lacked
interoperability and options to adjust features to meet specific
needs. This implied a contradiction between customizability
and interoperability, with customizable systems more likely to
meet care provider needs but less likely to be compatible with
other systems than off-the-shelf technology [6].

Usability and User-Friendliness

A total of 8 studies [6,11,12,51,52,54-56] reported barriers
related to this theme, 3 of which [52,54,56] were based in Nordic
countries. These barriers were more closely associated with
using, rather than sharing, recorded information within technical
constraints.

A total of 4 studies [51,52,54,55] found problems with the
system being slow, crashing, and having unscheduled downtime.
Others pointed to features that made staff work routines more
inefficient, such as the example from US home care nurses
needing to click 22 times to get into each individual’s medical
record, a cumbersome process that had to start again when they
moved on to the next patient [12]. In a multicountry study, care
home staff disliked being forced to enter narrative text into the
electronic patient record and preferred drop-down menus [6].
An inefficient information retrieval process within an Australian
electronic Health record system meant that staff in long-term
care facilities had to perform lengthy manual searches to identify
wound charts, with the system also failing to alert them if they
were duplicating charts that already existed [11].
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In 5 studies [8,11,13,20,55], the high usability and usefulness
of digital systems facilitated implementation. In 3 cases
[13,20,55], systems offered easy access to information,
improving the immediacy of care provision and documentation.
In some instances, they enhanced the accuracy of care
documentation through better information visibility [13,55] or
by automating tasks that were previously manual and prone to
human error [11]. Digital systems with flagging features also
supported resource prioritization and management decisions
[13]. These facilitators aided implementation by increasing task
efficiency and supporting the knowledge generated or made
visible by the technology, thereby improving data accuracy and
decision-making.

Adapting Technology From Other Settings

Barriers in 5 studies [6,20,45,54,56] were related to digital
systems that had been maladapted from other settings and were
consequently deemed inappropriate for social care. In England,
social care workers were less likely to perceive health
information exchange systems as useful compared to health
care workers and experienced issues with the user interface
[20]. Staff noted that the system looked unfamiliar compared
to other systems they used, as the health information exchange
was primarily designed for acute and primary care settings, with
little consideration given to social and community services [20].

An Australian study [13] reported successful adaptation of a
digital system originally designed for an acute hospital setting
to a care home involving staff at all levels, residents, and their
relatives that helped to make the product appropriate for the
care home setting [13]. This co-designed process facilitated
implementation and increased the likelihood of success.

Alignment Between Care Practices and Digital
Recording Practices

Overview

Barriers related to digital systems not matching the context of
use were identified in 9 studies [3,6,7,12,45,50,54-56]. These
barriers referred to misalignments between care practices within
the social care sector and recording practices demanded by new
digital systems. They included reduced interactions between
clients and practitioners, conflicts with preferred data input
methods, and exacerbation of existing organizational issues.
Staff perceptions of improved care quality increased the
likelihood of accepting the technology.

Care Quality and the Relational Nature of Social Care

A total of 5 studies [6,7,9,49,52] highlighted barriers where
digital systems decreased the relational nature of social care.
Problems arose when care staff experienced disruption to their
relational work and viewed the technology as depersonalizing
care. In Finland, new information systems increased technical
tasks at the expense of relational tasks performed physically
close to clients [52]. In England, digital records influenced the
nature of the clinical encounter for occupational therapists. By
focusing on data collection and adherence to standard
procedures, they reduced opportunities for building rapport with
clients [7]. Concerns also existed that technology use close to
clients was intrusive and reduced care quality [6,55]. Defining
the problem as a preference for “high touch” over “high tech,”

a US study found that 5 out of 12 nursing home leaders feared
that technology might detract from the personal experience they
aimed to provide [9].

Technological features, such as prescriptive data fields, also
imposed work routines that prioritized clinical data and
processes. In a Scottish study, data systems in care homes
promoted a task-oriented culture over resident-focused care
[45]. Prescripted data fields limited the recording of social and
emotional activities and care provision, leading to an overly
clinical focus in the data [45].

Only 1 study found that a digital system aligned well with the
relational nature of social work, facilitating implementation
[13]. In Australia, an aged care ecosystem that was co-designed
with staff and residents allowed care workers to multitask and
spend more time with residents. This saved time for staff and
improved care quality, encouraging acceptance of the system
[13]. Managers noted that the technology provided prompts for
tasks such as repositioning residents, better aligning care with
resident needs [13]. In England, 2 studies found that perceived
care quality improvements increased staff acceptance of digital
systems [3,20]. Demonstrating the technology’s value to
different professionals helped staff “buy into” digital change
[3]. Administrative staff adopted technology for time-saving
benefits, while practitioners focused on its impact on care [3].
Perceived improvements to patient safety also increased the
likelihood of adopting digital systems [20].

Preexisting Organizational Problems

A total of 2 studies [12,19] identified barriers where digital
systems exacerbated preexisting organizational problems, such
as the numerous communication channels in home care
organizations [12]. The lack of standardization required nurses
to adapt to various communication methods, for example,
contacting physicians through primary care nurses or by fax
[12]. They often only discovered that their request had reached
doctors through changes made to patients’ medicines [12].
Rather than standardizing processes, the new digital system
added more communication channels. While this issue presented
as inappropriate technology, it was rooted in inefficient work
routines that predated the technology’s introduction.

Conflicts Between Data Recording Practices and Digital
Systems

A total of 4 UK-based studies [3,7,42,50] identified barriers
due to conflicts between data recording practices preferred by
care providers and those permitted by digital systems. The lack
of systematic data collection in care homes made it difficult to
capture the complexity of care for individuals with multiple
conditions and high support needs [42]. Frontline practitioners
preferred narrative text input, while digital systems often
emphasized coded data entry [3,50]. In 1 study, social workers
entering free-text information sometimes included data about
third parties without consent [3]. Such issues were linked to a
lack of understanding about data quality in social care [50],
requiring retraining on the importance of proper data collection
and recording practices [3,50]. An English study found that
conflicts between recording preferences and the recording
permitted by digital systems were due to a mismatch between
digital care records and occupational therapy concerns [7].

JMIR Aging 2025 | vol. 8 | e60107 | p.603https://aging.jmir.org/2025/1/e60107
(page number not for citation purposes)

Snow et alJMIR AGING

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


Therapists had to recode their interventions to fit the system’s
structure, suggesting that the technology did not align with
sector needs, rather than indicating poor recording practices.

Differences Between What Is Expected and What Is
Achievable With Digital Systems

Overview

The final theme related to the gap between organizational
expectations and realistic achievements with digital systems.
Guidance on available technology was often inadequate, and
care providers lacked internal consensus about the technology’s
capabilities and what they wanted to gain from implementation.
Creating a shared digital vision and adopting digital systems as
part of wider cultural changes facilitated implementation.

Guidance on the Technology Available

Insufficient guidance on available technology was a barrier in
1 study in English care homes [48]. The overwhelming number
of suppliers created an “unregulated tech product maze,” making
it difficult to choose the best option and avoid paying for
unsuitable technology [48]. Care homes criticized NHS
England’s “assured suppliers list” of DSCR suppliers, which
was introduced to aid decision-making [48]. Although suppliers
on the list met a set of standards, some care homes complained
that suppliers did not meet their needs and requirements, while
others reported poor experiences with suppliers on the list and
found themselves locked into contracts despite consistent
software malfunctions [48].

A Shared Digital Vision

Creating a shared vision for collectively understanding the
technology involved building organizational consensus on its
potential while remaining realistic about its limitations. A total
of 4 studies [3,17,20,52] found that care provider staff disagreed
about the purpose of digital systems, and awareness of potential
benefits for care delivery was low. There were tensions between
2 distinct staff groups with different expectations [3]. One group
represented a technical and managerial culture that often
initiated digital change projects and was primarily interested in
the information captured by digital systems. The other was a
clinical culture that was concerned with how technology could
help deliver care and was more skeptical of changes to practice
that lacked certain types of evidence [3]. Managers were
generally more positive about implementation but lacked
awareness of some of its negative effects on employees’ work
[52]. Staff anticipated unrealistic benefits and were often
unaware of the technology’s value [17,20].

A total of 2 studies found facilitators to creating a shared vision
[13,53]. They highlighted the importance of co-design and
inclusive implementation by gathering suggestions from staff,
residents, and their relatives [13] or by conducting monitoring
based on staff’s feedback to system developers [53]. Involving
different groups as partners in the process helped envision a
digital system that benefited everyone [13]. Professionals praised
comprehensive and continuous communication that helped them

make sense of a new service, with information delivered through
multiple channels to reach as many employees as possible,
including shift workers [53].

Implementing Digital Change as a Cultural Change

Framing digital implementation as a cultural change program
facilitated success in 3 studies [3,10,13]. In an Australian care
home, co-designing the system, establishing a shared vision
across the workforce, and providing training and feedback loops
instigated a culture change that improved service delivery and
problem-solving [13]. In England, barriers to scaling digital
changes in health and social care were mitigated by treating
them as part of a wider technology-supported clinical
transformation program, rather than an ICT project [3], or as
part of a larger cultural change program to improve
administrative efficiency [10].

Summary of the Intended and Actual Outcomes
Outcomes of digital implementation, either intended or actual,
were identified in 17 studies [7-11,13,17,19,20,48,50-52,54,
55,57,58], although they were the focus of only 1 study [57].
The full details of the benefits and outcomes are provided in
Table 2.

A total of 3 studies [9,17,48] identified the outcomes that
participants hoped to achieve through adopting digital systems.
Improved information accessibility, information sharing, and
quality of care records were identified in 2 studies [17,48],
making them the most frequent intended outcomes. Examples
of the improved quality of records included more complete and
readily available patient-related information and less documents
being lost during patient transitions between different institutions
[17]. Improved efficiency [17] and time savings [48] were
identified as intended outcomes in 1 study.

Three studies [9,48,50], 2 of which were based in England
[48,50], cited poor awareness about the benefits of digital
systems for social care or concerns that they would not benefit
the sector. In England, information sharing initiatives were often
focused on health care and hospitals, with less attention paid to
the potential benefits for councils or social care [50]. This made
it difficult for social care staff and care home residents to see
the benefits that digital systems could bring [48].

A total of 13 studies identified positive outcomes realized
through digital record implementation [7,8,10,11,13,19,
20,50-52,55,57,58]. Improved efficiency was the most frequent
actual outcome (8/13, 62%) [10,11,13,19,20,50-52], achieved
through the automation of previously manual processes [11],
reduced duplication of procedures [20], and the increased
availability [19] and immediacy [13] of information improving
decision-making and care planning. These outcomes were
associated with increased staff capacity [50] and productivity
[52]. Impacts on efficiency were not always clear. In 1 study
[11], while automatic data entry in patient records was
beneficial, the system did not completely align with work
processes, and staff needed to record some data twice.

JMIR Aging 2025 | vol. 8 | e60107 | p.604https://aging.jmir.org/2025/1/e60107
(page number not for citation purposes)

Snow et alJMIR AGING

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


Table 2. The intended and actual outcomes of digital social care record implementation (N=17).

Studies, n (%)Theme

Intended outcomes

2 (12)Improved quality of data records

2 (12)Improved information sharing

2 (12)Improved information accessibility

1 (6)Improved efficiency

1 (6)Time savings

1 (6)Improved care quality or planning

1 (6)Improved communication or collaboration

1 (6)Improved information accuracy

1 (6)Space savings (less paper)

Actual outcomes

8 (47)Improved efficiency

7 (41)Perceived time savings

5 (29)Improved information accessibility

4 (24)Workarounds (viewed negatively)

3 (18)Improved communication or collaboration

3 (18)Improved information security and risk management

3 (18)Additional time burdens

2 (12)Improved care quality or planning

2 (12)Increased face-to-face work with patients

2 (12)Improved information sharing

2 (12)Improved information accuracy

2 (12)Improved transparency and accountability

1 (6)Increased staff or patient satisfaction

1 (6)Workarounds (viewed positively)

1 (6)Decreased communication or collaboration

1 (6)Decreased efficiency

1 (6)Decreased care quality

1 (6)Decreased face-to-face work with patients

1 (6)Lack of financial benefits

1 (6)Rationing care documentation

Perceived time savings were reported in 7 studies, although the
findings were not conclusive [10,13,19,20,50,52,58]. Some
studies reported staff spending less time retrieving and
documenting information for decision-making [13,58] and
chasing other organizations for patients’whereabouts [50]. One
study found time savings of up to 45 minutes for long-term care
staff when completing medication reconciliation [19]. However,
2 studies found time savings in some areas and additional time
burdens in others [10,52]. In 1 case, disagreements between
managers and their staff arose regarding whether the digital
system created time savings [52]. Managers and employees
agreed that moving from phone calls to digital messaging had
freed up staff time for other tasks [52]. However, employees
felt that the new tasks, such as responding to clients through

messages, required extra time. This additional time was not
always recognized by management, nor were additional
resources provided [52].

A total of 3 studies [8,13,19,20,52] found that digital systems
made information more accessible. In one case, this enabled
person-centered care, with easily accessible information on
individual backgrounds helping staff to “see the person first
and the diagnosis second” [13]. In another case, improved
visibility of information facilitated medication tracking and
therefore supported patient safety [19]. A total of 3 studies also
highlighted improved communication and collaboration
[10,52,55] and improved information security and risk
management [51,52,58]. Electronic information sharing
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improved partnership working, enhancing collaboration and
increasing the timeliness, efficiency, and quality of care
[10,52,55]. Improved information security and risk management
were linked to secure information transfer and storage
[51,52,58], better client monitoring [52], and increased data
accuracy [51,58].

Workarounds, identified in 5 studies [7,9,11,54,55], were the
most common negative outcome. Workarounds involve the
implementation, by end users, of temporary practices or
behaviors to overcome the limitations of a technological system
[60]. Staff developed workarounds for various reasons. These
included circumventing the system to share health data with
residents [9] and accessing case-based information [54]. While
workarounds could be beneficial [7] and support task completion
[54], they also threatened data security [54].

Discussion

Principal Findings
This study investigated what is known about the implementation
of digital records in adult social care settings. The literature was
diverse in terms of the type of digital system, setting, and use
case studied. Most of the studies used a qualitative design
(14/29, 48%), particularly those looking at facilitators and
barriers, how digital systems affect work routines, and potential
strategies to improve digital systems. Studies were most
frequently based within the United Kingdom (10/29, 34%).

Most studies focused on facilitators of and barriers to digital
implementation. Many facilitators and barriers were interlinked
and associated with multiple NASSS framework domains, which
compounded the complexity of implementing digital systems.
The 5 themes we identified using the NASSS framework are
particularly complex areas that require more active management
and consideration when implementing DSCRs in social care
contexts.

While our findings suggest that implementing digital systems
is an inherently complex process, this review did identify some
strategies to manage complexity, which could constitute “good
practice.” In terms of digital readiness and organizational
capacity for change, high-quality training was found to increase
implementation success. Where training was tailored, practical,
and ongoing, it helped align care practices with new practices
required by the technology, thereby increasing employees’
ability and willingness to adopt and continue to use the system.
Although high-quality training depended on care provider
leaders anticipating the financial resources needed, it seems a
worthwhile investment for successful digital implementation.
This finding echoes the results from a previous scoping review,
which highlighted training as a key factor influencing the use
of electronic information systems [23].

Implementing digital systems as part of wider cultural change
projects also addressed multifaceted complexity. An example
of this was the project in which implementation was co-designed
with staff [13]. This approach enabled a shared vision of the
technology to be created across the care home among residents
and staff at different levels. The sense of ownership this instilled
addressed complexity in the adopter system domain, with all

users more likely to support the technology and view it as
“business as usual.” Co-design also addressed complexity in
the technology domain, with the digital system more likely to
align with the needs and practices of its user group. While
incorporating digital implementation as part of broader
transformation required significant resources, where there was
sufficient organizational readiness and capacity for
comprehensive rollout, implementation seemed to have greater
potential for sustainability, scaling, and spread.

Complexity related to data sharing and information governance
seemed to be more difficult to address. Trust and relationship
building across organizations could help establish data sharing
agreements at a localized level and therefore address complexity
within the organization domain. However, fundamental barriers
were associated with complexity around regulations and
standards in the wider context domain, over which care
providers had no direct control. Until there is primary or
secondary legislative change, the governance and regulatory
context will continue to impede cross-organizational data sharing
efforts.

Although 17 studies identified intended or actual outcomes,
they more often focused on identifying facilitators of and
barriers to implementation. Improved efficiency, accuracy, and
time savings were the most common positive outcomes realized
through digital adoption, while workarounds and additional
time burdens were the most frequently cited negative outcomes.
Some of the positive outcomes reflect the results presented in
the review by Greenstock [22], which also found efficiency and
productivity to be a benefit of DSCRs. However, the limited
detail in outcome reporting and variations in the extent to which
different benefits are observed suggest that this topic would
benefit from future research. Specifically, there seems to be a
need for studies that quantify outcomes and pay greater attention
to the necessary conditions for positive benefits to be realized.

Limitations of Studies
Most studies (20/29, 69%) lacked a clear theoretical or
methodological framework. This meant it was often unclear
which type of digital system or record was being implemented
as well as the context, setting, and use case. While studies
mentioned >100 facilitators and barriers to implementation,
they did not provide any objective parameters or measures to
assess how they impact implementation or social care practices.
This hinders a more comprehensive comparison between the
barriers and facilitators.

Some digital systems were simply described as ICT, electronic
digital systems or health information technology [18,55,57], or
digitalization or digital change generally [3,48,52], without
definitions of these terms. Some studies appeared to use the
same vocabulary to describe different systems. However, this
was difficult to determine as most studies (20/29, 69%) did not
specify their target population clearly. Many studies also lacked
detail regarding care settings and other relevant information,
which limited the possibility of performing more comprehensive
comparative analysis. Future studies should pay greater attention
to how they report which digital systems were implemented,
the target population for the system, the setting, and the roles
of the professionals involved to facilitate comparisons between
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studies. Standardized reporting guidelines, such as the template
for intervention description and replication checklist and guide
[61], may facilitate describing digital projects or systems.

Of the 29 studies, only 2 (7%) included carers or service users
as respondents, while most studies included staff (n=18, 62%)
or managers (n=11, 38%). Future research may therefore benefit
from incorporating the perspectives of people drawing on care
to cover this gap in the literature.

Although studies included in our review mention the potential
impacts of DSCRs, none provide quantifiable parameters to
estimate such impacts, such as potential time savings or
cost-effectiveness metrics. New studies that are appropriately
designed to measure such outcomes are needed to fill this
important knowledge gap in the literature on DSCR
implementation.

Methodological Limitations
Due to the prevalence of qualitative designs and a lack of clear
theoretical or methodological frameworks among the studies
reviewed, we used the NASSS framework as a structured
approach to categorizing and interpreting heterogeneous data.
As this was a rapid review, the framework served as a tool to
guide our data interpretation and triangulation, especially given
the large number of barriers and facilitators and the varied ways
these issues were described across different studies. For
example, it directed our analysis of hardware and internet
connectivity issues. While the studies reviewed often attributed
these to technological problems, the framework enabled us to
trace the associated complexity back to the organization domain,
with care providers lacking the awareness, readiness, and
capacity to prepare for digital implementation and adopt
appropriate systems.

However, the NASSS framework carried some limitations for
our analysis. No facilitators or barriers were associated with the
condition domain. While the framework was developed for both
health and social care, the focus of this domain on comorbidities
and clinical aspects of a patient’s condition may be more
appropriate for health care technologies. For social care
technologies, it may be more useful to approach the condition
domain in terms of whether digital systems are appropriate for
particular groups of clients, such as older people or people with
learning disabilities, rather than specific illnesses. Alternatively,
the lack of relevance of the condition domain may reflect limited
attention to diversity and inclusion considerations within the
studies reviewed. Another limitation of the NASSS framework

was related to the final domain (ie, interaction between domains
and adaptation over time). As most of the complexity we
identified was multifaceted, we found it more useful to
iteratively analyze the interactions between domains instead of
restricting them to 1 domain. Rather than viewing complexity
as belonging to separate domains, we suggest using this final
domain to provide an overarching perspective of how
complexity constantly intersects and interacts across domains
at every stage of digital implementation.

Considering the rapid nature of this scoping review, we
simplified some review procedures, such as screening and
full-text assessment, which always carry the risk of missing
relevant studies. To minimize such risks, all review procedures
were undertaken by researchers who are experts in systematic
review methods and social care research. As with every review,
the choice of databases is also a limitation, as relevant studies
may have been uniquely indexed in databases that were not
included. However, our research was able to identify all relevant
studies that were suggested by experts in the field. Moreover,
we performed a comprehensive gray literature search to reduce
the likelihood of missing key studies.

Despite the limitations, we believe that our review provides a
comprehensive picture of the state of the literature on DSCRs.
It builds on 4 previous reviews, which, when taken together,
captured the literature about digital records until the end of 2017
[2,21-23]. Our review has updated and added to these findings,
covering both academic and gray literature up until 2023 and
using a robust theoretical framework to draw out complexity
in terms of sustainability, scaling, spread, nonadoption, and
abandonment of digital care records.

Conclusions
Our findings suggest that the implementation of digital care
records is particularly complex due to the lack of a common
language and consensus about what DSCRs should look like as
well as expected outcomes and impacts. This is reflected in the
scientific literature, which often lacks operationalization of key
constructs and robust study designs. To be successful,
implementation should consider complexity, while studies
should use a robust theoretical framework and use mixed
methods or quantitative designs where appropriate. We also
suggest that future studies define the target population, consider
gathering data on the experiences of carers and service users,
and focus on digital care records specifically being used in social
care, such as DSCRs.
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Abstract

Background: The implementation of eHealth applications often fails. The NASSS (nonadoption, abandonment, scale-up, spread,
and sustainability) framework aims to identify complexities in eHealth applications; the more complex, the more risk of
implementation failure.

Objective: This study aimed to analyze the implementation of the web-based advance care planning (ACP) program “Explore
Your Preferences for Treatment and Care” using the NASSS framework.

Methods: The NASSS framework enables a systematic approach to improve the implementation of eHealth tools. It is aimed
at generating a rich and situated analysis of complexities in multiple domains, based on thematic analysis of existing and newly
collected data. It also aims at supporting individuals and organizations to handle these complexities. We used 6 of 7 domains of
the NASSS framework (ie, condition, technology, value proposition, adopters, external context, and embedding and adaptation
over time) leaving out “organization,” and analyzed the multimodal dataset of a web-based ACP program, its development and
evaluation, including peer-reviewed publications, notes of stakeholder group meetings, and interviews with stakeholders.

Results: This study showed that the web-based ACP program uses straightforward technology, is embedded in a well-established
web-based health platform, and in general appears to generate a positive value for stakeholders. A complexity is the rather broad
target population of the program. A potential complexity considers the limited insight into the extent to which health care
professionals adopt the program. Awareness of the relevance of the web-based ACP program may still be improved among target
populations of ACP and among health care professionals. Furthermore, the program may especially appeal to those who value
individual autonomy, self-management, and an explicit and direct communicative approach.

Conclusions: Relatively few complexities were identified considering the implementation of the web-based ACP program
“Explore Your Preferences for Treatment and Care.” The program is evidence-based, freestanding, and well-maintained, with
straightforward, well-understood technology. The program is expected to generate a positive value for different stakeholders.
Complexities include the broad target population of the program and sociocultural factors. People with limited digital literacy
may need support to use the program. Its uptake might be improved by increasing awareness of ACP and the program among a
wider population of potential users and among health care professionals. Addressing these issues may guide future use and
sustainability of the program.
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Introduction

eHealth tools can be useful for health promotion, enhancing
self-management skills for people with long-term conditions,
and patient-physician communication [1]. The web-based
program “Explore Your Preferences for Treatment and Care”
[2] is aimed at supporting users in engaging in advance care
planning (ACP). ACP is a communication process that enables
persons to think about their goals and preferences for future
treatment and care, to discuss these with their relatives or health
care professionals, and to record these if appropriate [3]. The

web-based ACP program guides users through 3 steps of
ACP—exploration, discussion, and recording of preferences
for future treatment and care (Textbox 1). A before and after
study showed that the web-based ACP program increased ACP
engagement among persons with a chronic disease and was
perceived as usable, attractive, and comprehensible [4]. The
program was embedded as a decision aid in the Dutch platform
“Thuisarts” [5] in April 2020 (English version “GPinfo website”
is in development). This platform is owned and hosted by the
Dutch College of General Practitioners and provides
evidence-based health-related information to the public.

Textbox 1. Main characteristics of the web-based advance care planning program “Explore Your Preferences for Treatment and Care” [2,4].

Content

• Information about advance care planning (ACP).

• Thinking about values and quality of life.

• Communication about preferences with relatives and health care professionals.

• Appointing a health care representative.

• Recording of preferences in an advance directive.

• Reviewing the advance directive.

• References to information about specific diseases, patient organizations, and peer support opportunities.

• The content was based on a scoping review that explored the content, feasibility, and effectiveness of web-based ACP programs [6]; an interview
study that identified information needs for web-based ACP of patients with chronic diseases and their relatives [7]; and meetings with a stakeholder
group containing relevant stakeholders for the web-based ACP program including patients, relatives, and patient organizations [4].

Structure

• Interactive program; users can watch videos and click on additional information, users are asked questions regarding ACP and can save a document
containing their responses.

• Stepwise approach to guide users through the ACP process.

• Embedment in information platform (Thuisarts website [English version: GPinfo website]) which is hosted and owned by the Dutch College of
General Practitioners, and provides evidence-based health information.

• Accessible for free.

• Hyperlinks to external websites.

• Text-to-speech option.

Development

• Developed by researchers (DvdS, IJK, JACR, and AvdH) with expertise in shared decision-making, care at the end of life, and eHealth, in
collaboration with stakeholder group including 1 patient, 2 relatives, representatives of the Dutch College of General Practitioners (Nederlands
Huisartsen Genootschap), the Dutch Association for Kidney Patients (Nierpatiënten Vereniging Nederland), the Dutch Patient Association
(Nederlandse Patiëntenvereniging), Agora (organization to promote the palliative approach), 1 expert in health communication of the Nivel
(Netherlands institute for health services research), 1 expert in eHealth of the University of Twente (LvG-P), and 1 representative of Vital
Innovators, an organization that conducts Social Return of Investment analyses.

• The development was funded by the Netherlands Health Organisation for Health Research and Development.

Although many eHealth tools are developed, when they are
implemented (ie, made available to end users), their sustainable
implementation often fails [8]. To identify issues that may
hamper the implementation of eHealth tools early, the NASSS

(nonadoption, abandonment, scale-up, spread, and sustainability)
framework has been developed by Prof T Greenhalgh and her
team at Oxford University. The framework is aimed to
encourage timely reflecting eHealth applications in health care
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and to systematically explore the chances of successful
implementation of these eHealth applications by identifying
complexities and reducing them [8]. NASSS stands for
“nonadoption, abandonment, scale-up, spread, and sustainability
over time,” which addresses the 5 possible reasons for eHealth
implementation to fail [8]. The NASSS framework enables a
systematic approach to explore complexities of eHealth tools
regarding their implementation; the more complex, the more
risk of uptake failure [8]. NASSS focuses at 7 key domains;
condition, technology, value proposition, adopters, organization,
external context, and embedding and adaptation over time
(Figure 1) [8]. A domain can be classified as “simple” when it
is straightforward, predictable, and only contains a few
components (as in making a sandwich), “complicated” when it

contains multiple interacting components (as in building a
rocket), and “complex” when it is dynamic, unpredictable, and
not easily disaggregated into constituent components (as in
raising a child) [8,9]. The NASSS framework postulates that
technologies with most domains classified as “simple” are more
likely to be successfully implemented than technologies where
most domains are classified as “complex” or “complicated.”
Complexities in different domains can be interdependent, for
example, when organizations have difficulty to adopt an eHealth
technology, this may complicate adoption of the eHealth tool
by staff as well [10,11]. We used the NASSS framework to
identify complexities that may hamper sustainable
implementation of the web-based ACP program.

Figure 1. The nonadoption, abandonment, scale-up, spread, and sustainability (NASSS) framework [8] published under Creative Commons Attribution
4.0 International License [12].

Methods

Data Analysis
We evaluated the complexity of the web-based ACP program
“Explore Your Preferences for Treatment and Care” [2] using
the NASSS framework, following the approach of Abimbola
et al [11] who also conducted an ex post (retrospective) thematic
analysis.

First, we developed a multimodal dataset consisting of different
existing, relevant data sources (Table 1). The dataset includes
peer-reviewed and published studies describing the development
and evaluation of the program [4,6,7], notes of stakeholder
group meetings, and a social return on investment analysis in
which the social costs (input) and benefits for stakeholders
(outcomes) of the program were mapped.
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Next, 2 researchers (DvdS an MAS) developed a data extraction
form based on the nonadoption, abandonment, scale-up, spread,
and sustainability complexity assessment tool (NASSS-CAT;
IRIHS group); the NASSS CAT-LONG interview guide [13].
They used this form to extract relevant pieces of text from the
data sources per NASSS domain, that is, (1) condition, (2)
technology, (3) value proposition, (4) adopters, (5; previously
6) external context, (6; previously 7) embedding and adaptation
over time. We considered the original domain 5, “organization,”
not applicable because the web-based ACP program is not
implemented in a specific health care organization and the
hosting organization, the Dutch College of General Practitioners,
did not have to change their routines to embed the program.
Next, DvdS and MAS together with the wider research group
conducted an initial thematic analysis of the extracted
information to identify whether sufficient information per
domain was available. They conducted 3 additional
semistructured interviews to complete the dataset (1) with a
representative of the Dutch college of general practitioners (the
program host), (2) a general practitioner, and (3) a representative
of the organization that funded the development of the
web-based ACP program. The interview questions were based
on the NASSS CAT-LONG interview guide [13]. Interviewees
provided written informed consent for participating in an online

interview in which questions were asked about attitudes toward
the web-based ACP program related to the domains of the
NASSS framework. Interviews were audio-recorded and
transcribed verbatim.

Subsequently, DvdS and MAS together with the wider research
group conducted a thematic analysis of the final dataset, using
the NASSS framework as a lens, leading to a thematic
description of complexities per domain. We used relevant ACP
literature to further underpin the findings. The conclusion
whether a domain is simple, complicated, or complex was based
on discussion and eventually consensus among the members of
the research group, where we weighed the potential impact and
relevance of the different complexities.

Complexities in each of the 6 domains were classified as
“simple,” “complicated,” or “complex.” Per domain, all relevant
aspects were taken into consideration. An overall classification
as “simple” does not require a total absence of room for
improvement for a domain; however, most of its elements should
be considered as simple. Based on the multimodal dataset and
the classification in Multimedia Appendix 1 [8,9], DvdS and
MAS prepared a classification per domain, which was discussed
during meetings with all researchers (MAS, DvdS, JACR, IJK,
and AvdH), until consensus was reached.
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Table 1. Overview of the multimodal dataset used to analyze complexities of the web-based advance care planning program “Explore Your Preferences
for Treatment and Care.”

NASSSa framework domainsSources of information

Embedding and
adaptation over time

External
context

AdoptersValue propo-
sition

TechnologyCondition

Results and data from studies:

✓✓cScoping review [6]:

• Aim: to determine the feasibility and effectiveness of

11 web-based ACPb programs in 27 studies.

✓✓Interview study [7]:

• Aim: identifying information needs for web-based
ACP.

• Participants: 9 patients with a chronic disease and 7
relatives.

✓✓✓Pilot study [4]:

• Aim: assessing the usability and feasibility of the web-
based ACP program.

• Participants: 3 health care professionals (2 general
practitioners and 1 vascular surgeon) and 6 patients
with a chronic disease.

✓✓✓Evaluation study [4]:

• Aim: evaluation of ACP engagement (before using
the web-based program vs 2 months after completion),
usability, and users’ satisfaction (including compre-
hensibility).

• Participants: 147 patients with a chronic disease.

Other available resources:

✓✓✓✓Notes of stakeholder group meetings:

• Including researchers, patient organizations, patients,
and relatives.

• Decisions were made concerning the program (eg,
definition of target group and content of the program).

✓✓✓SROId analysis:

• The social costs and benefits for stakeholders, and
mapped investments (input) and revenues (outcomes)
of the program.

• The SROI methodology followed 9 steps that led to
the complete cost-benefit model and the final calculat-
ed SROI ratio.

• Interviews were conducted with health care organiza-
tions, stakeholder group, patients and relatives, and a
health insurance company.

✓✓Content of the web-based program:

• Content, structure, layout, or assembly.
• Page with additional information (information about

target group and purpose of ACP).

✓✓✓✓✓Platform of the web-based program (“Thuisarts”):

• Requirements of the program, consultations with the
Thuisarts website.

• Guidelines of the Thuisarts website (eg, not saving
personal data and maintenance web-based program).
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NASSSa framework domainsSources of information

Embedding and
adaptation over time

External
context

AdoptersValue propo-
sition

TechnologyCondition

✓✓✓Publicity web-based program:

• Interviews with researchers and involved patients and
relatives in magazines and the news.

• News articles.

✓✓• Number of visits to web-based ACP program

✓Financial information:

• Funder of the development of the web-based ACP
program.

• Thuisarts website.

✓✓✓✓✓✓Relevant literature

Newly collected data

✓✓✓✓✓✓Interviews with 3 additional key stakeholders

aNASSS: nonadoption, abandonment, scale-up, spread, and sustainability.
bACP: advance care planning.
c✓: included in the dataset.
dSROI: social return on investment.

Ethical Considerations
This study was approved by the Medical Research Ethics
Committee of the Erasmus MC, University Medical Center
Rotterdam on October 21, 2019 (MEC-2019-0590), confirming
that the rules laid down in the Medical Research Involving
Human Subjects Act do not apply to the interviews as conducted
in this study. The study conforms with the International
Committee of Medical Journal Editors’ recommendations for
the conduct, reporting, editing, and publication and for the
protection of research participants. The interview participants
were provided with information about the aim and content of
the interview. They provided written informed consent.
Interview participants did not receive compensation. The authors
confirm that all patient or personal identifiers have been
removed or disguised so the persons described are not
identifiable and cannot be identified through the details of the
story.

Results

The Condition or Illness
The domain “condition or illness” considers to what extent the
condition or illness is well-characterized, well-understood, and
predictable and to what extent the condition or illness is
influenced by comorbidities or sociocultural factors.

Target Group
The target group of the web-based ACP program is described
as follows: “people can engage in ACP when they are healthy,
but also when they become older or (chronically) ill, after having
an accident or when nearing the end of life” [2]. The target
group is hence not strictly demarcated, which is in line with
recent recommendations [3,14,15]. During the development of
the program, demarcating the target population was a recurring

issue with some stakeholders promoting a focus on people with
advanced illness and others promoting a broader scope. The
target group ambiguity is also visible at the Thuisarts website,
where the program is embedded: internal links to the program
are included in pages about topics such as end-of-life care and
dementia.

Sociocultural Factors Affecting Engagement in ACP
The web-based ACP program is aimed at individuals who are
interested in ACP, regardless of their religion or culture. The
program contains images and videos of both men (n=5) and
women (n=3), persons with various ethnic backgrounds, and a
wide range of ages (middle age to older adults) [2]. One video
in the program includes a reference to a religious belief.

Nevertheless, the program is currently only available in the
Dutch language and was only evaluated among Dutch-speaking
persons. Multilingual support is not offered, which limits the
accessibility of the program to non–Dutch-speaking individuals.
The program fosters autonomy and self-management, and uses
an explicit and direct communicative style [2]. This approach
may be less appealing to people who consider the role of the
family to be central in medical decision-making, and to those
who prefer a less direct communication style [16]. This may
limit the appeal of the program for those who consider the role
of the family to be central in medical decision-making, and to
those who prefer a less direct communication style [16].

Classification and Conclusion
The “condition or illness” domain is classified as complex given
the rather undemarcated target population of the web-based
ACP program and because the program may not address the
ACP preferences of all potentially eligible persons.
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The Technology
The domain “the technology” encompasses a description of the
web-based ACP program and the Thuisarts website, as well as
user experiences with the technology.

The Web-Based ACP Program Embedded in Thuisarts
Website
The web-based ACP program guides users through the process
of ACP in three steps, that are (1) thinking about preferences
for future treatment and care, (2) discussing these preferences
with relatives and health care professionals, and (3) recording
these preferences. Users are asked questions, and the answers
to these can be saved in a document and printed. Users of the
program are recommended to use this document during a
conversation with a relative or a consultation with a health care
professional. Users do not need to complete the program at
once; they can access it at any preferred moment. The program
is freely accessible without the need to register and data of users
are not saved. Content maintenance of the program occurs
through critical review of the program every 3 years by a
stakeholder group of patients, relatives, health care
professionals, and patient organizations.

The web-based ACP program is embedded in the Thuisarts
website, a web-based platform containing information about
health and disease, based on evidence-based guidelines (English
version “GPinfo website” is in development). The platform is
owned and maintained by the Dutch College of General
Practitioners [5]. Approximately two-thirds of the Dutch
population are familiar with the platform [17], and it has 6.6
million monthly visitors [18]. The content is written on the B1
level (easily readable and concise), and is offered in standardized
formats [19], reading text out loud is enabled, and information
is summarized in videos with subtitles. Every year, experts test
whether the platform has the recommended level for web-based
information (level AA) [20] and identified problems are solved
[21].

User Experiences With the Technology
A qualitative pilot study showed that the web-based ACP
program was acceptable and feasible for 6 interviewed patients
with a chronic disease [4]. In an evaluation study among 147
members of an online research portal (who are expected to have
at least some digital skills), including people with levels of low,
middle, and high health literacy, the program was perceived as
user-friendly (mean score of 70, SD 13, scale 0-100), attractive
(mean 3.8, SD 0.7, scale 1-5), and comprehensible (mean 4.2,
SD 0.6, scale 1-5) [4]. To support people with limited health-
or digital literacy in using the program, people can watch videos
and use a text-to-speech option to read the text aloud [4].
Furthermore, a clear and simple structure is used and the number
of topics covered is not too large [4]. The texts are written on
the B1 level (easily readable and concise) [19].

Classification and Conclusion
The “technology” domain is classified as simple because the
web-based ACP program is freestanding and well-maintained,
with straightforward, well-understood technology. An evaluation
study showed that the program is perceived as user-friendly and

comprehensible. However, people with limited health literacy
or digital literacy might require help to use the program.

The Value Proposition
The “value proposition” domain concerns whether a new
technology is worth developing and for whom it may generate
value. It includes demand-side value (value for the users) as
well as supply-side value (value for the developers).

Value for Stakeholders
In total, 3 interviewed health care professionals indicated they
considered the program as valuable to patients [4] and an
evaluation study showed that after use of the web-based ACP
program, people contemplated about ACP more often and
indicated to feel more ready for ACP [4]. They considered the
program to be user-friendly and were satisfied with the program
[4]. This is in line with findings from a scoping review, which
concluded that participants of web-based ACP programs
generally consider these programs as easy to use, not
burdensome, and feasible [6]. This review also indicated that
web-based ACP programs are effective to improve ACP
knowledge, communication about ACP, and documentation of
ACP among program users [6].

Regarding the value for health care professionals, the funder of
the web-based ACP program project and a general practitioner
indicated in the additional interviews to consider the program
as helpful to start ACP for health care professionals:

Some basic things are in there [in the program] which
could be discussed: (…) like what is important to
someone? That can help as a guidance in your
conversation. [general practitioner]

Costs
The web-based ACP program was developed in the context of
a publicly funded research program and has no commercial
purpose. The Dutch College of General Practitioners invests in
long-term maintenance of the Thuisarts website and they will
maintain the web-based ACP program technically as well.

Cost and Benefit Analysis
The web-based ACP program is freely accessible. The Thuisarts
website is not aimed at making a profit. It is financed by the
Dutch College of General Practitioners and receives no money
from companies seeking financial gain, such as pharmaceutical
companies. To better understand the relationship between the
total investment (costs) and the expected social effects (benefits)
of the web-based ACP program, a so-called social return on
investment analysis was conducted [22]. This analysis showed
that each investment in terms of money, time, and effort, is
expected to generate a social return of approximately 1.7. This
means that the program is expected to have a positive value for
patients, relatives, health care professionals, and the health care
system in terms of money or societal value, such as increased
quality of life.

Classification and Conclusion
The “value proposition” domain is classified as simple because
the technology is expected to generate a positive value for
stakeholders (patients, relatives, health care professionals, and
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the health care system) while the benefits of the program are
expected to exceed the costs. The Dutch College of General
Practitioners invests in long-term maintenance of the Thuisarts
website and they will maintain the web-based ACP program
technically as well.

The Adopters
The domain “adopters” focuses on the adoption and continued
use of the technology by the groups of people who are intended
to actually use the program or to refer potential users to the
program, and what they need to use the program or to refer to
it. The potential adopters of the web-based ACP program include
patients, relatives, health care professionals, and the public in
general.

Patients and the Public
Patients with chronic disease and their relatives were asked
about their information needs for ACP in a qualitative interview
study [7]. They indicated the need for guidance in ACP,
information about their disease and care, and information on
how to communicate their preferences to relatives and health
care professionals [7]. These needs were taken into account in
the development of the web-based ACP program. In an

evaluation study, users of the web-based ACP program indicated
that the program helped them to consider ACP [4]. Users were
generally satisfied with the amount of information in the
program [4]. A few users mentioned that it was confronting to
complete the program because of the difficulty of the topic and
a large amount of information. In the first 3 months after its
launch (April 1-June 30, 2020) the program was visited 24,849
times. From July 1, 2020, to June 30, 2021, it was visited 18,160
times; from July 1, 2021, to June 30, 2022, it was visited 35,026
times; from July 1, 2022, to June 30, 2023, it was visited 25,423
times; and from July 1, 2023, to June 30, 2024, it was visited
25,510 times. In total, it was visited 128,986 times (Figure 2).

More than 40 medical and patient organizations refer to the
web-based ACP program on their websites. However, as
described in the domain “condition or illness,” not everyone
may be interested in engaging in ACP because of a preference
to focus on their health and life in the present [23] or valuation
of other principles than those central to the web-based ACP
program, for example, valuing a central role of the family in
medical decision making [16]. While the web-based ACP
program is considered useful, it may require substantial
commitment and effort of the user in terms of reflecting on their
values and preferences for treatment and care.

Figure 2. Visits to the web-based advance care planning program “Explore Your Preferences for Treatment and Care” from its launch (April 1, 2020)
to June 30, 2024.

Health Care Professionals
The web-based ACP program recommends participants to
involve their health care professionals in the ACP process, for
instance, to explain the medical situation, discuss patients’
preferences, or file an advance directive. It is known that most
people access ACP information through health care professionals
[24] and expect that the professional initiates ACP [25]. The
Thuisarts website is a frequently used platform among health
care professionals; 90% (1751 of 1946) of general practitioners
are familiar with it and inform patients about it, and 73% (1421
of 1946) use it for information provision during their
consultations [26]. Health care professionals were included in
the stakeholder group and provided input during the
development of the web-based ACP program. However,

opinions about the web-based ACP program of health care
professionals have not been extensively evaluated [4]. In total,
3 interviewed health care professionals considered the program
to be of value [4]. However, several other studies have described
that health care professionals may experience barriers in the
initiation of ACP. ACP may be time-consuming, health care
professionals report to lack the skills in initiating sensitive ACP
conversations [25,27], and they may fear taking away patients’
hope [25,27]. Whether the web-based ACP program may support
health care professionals to overcome these barriers remains to
be studied.

Classification and Conclusion
The “adopters” domain is classified as simple. However, we
identified a few complexities. While the web-based ACP
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program is potentially useful, it may require substantial
commitment and effort of users. Furthermore, it remains to be
studied whether the program can support health care
professionals to overcome well-known barriers to ACP such as
lack of time and fear of taking away patients’ hope.

The External Context
The “external context” domain encompasses (1) the policy and
political climate, (2) professional organizations and patient
organizations, (3) the regulatory context, and (4) the economic
context.

Policy and Political Climate
ACP is generally encouraged by organizations of health care
professionals in the Netherlands, such as general practitioners,
home care organizations, and hospitals. Many initiatives are
taken to implement ACP in health care practice such as the
development of ACP tools and manuals, websites for the public
as well as health care professionals such as Palliaweb website,
and ACP modules for electronic patient files [3,28-30]. In
addition, the Dutch Ministry of Health, Welfare and Sport has
spent €51 million (US $52.6 million) in the period 2014-2020
on research on palliative care including ACP [30] and initiated
another research program on ACP in 2022 [31]. Furthermore,
the Ministry has organized a public information campaign in
2022 to raise awareness for the importance of timely talking
about death and dying [32,33].

Professional Organizations and Patient Organizations
Several patient organizations were involved in the development,
evaluation, and implementation of the web-based ACP program.
More than 40 organizations, including The Netherlands Patient
Federation and the Dutch Association for Kidney Patients, as
well as general practitioners and care organizations, referred to
the web-based ACP program on their websites and in
newsletters.

Regulatory Context
The regulatory context of ACP in general in the Netherlands is
supportive regarding ACP. Several professional bodies have
developed and provided guidelines for ACP [34], toolkits [35],
and manuals for doctors [29,36]. Some of these specifically
refer to the web-based ACP program [29,36]. Some materials
are specifically developed for patients [37]. However, these
ACP materials have different target groups, for instance, health
care providers [29,34,36], patients in the palliative phase or at
the end of life [3,14,15], or broader populations [3], and
therefore it may not always be clear to whom they apply.
Regarding the regulatory context of the web-based ACP
program, users’ privacy is protected in compliance with data
security and privacy requirements, by not requiring any log-in
procedure and not recording any details of users.

Economic Context
The reimbursement of ACP for health care professionals is not
clearly regulated.

Classification and Conclusion
The “external context” domain is classified as simple.
Professional bodies are supportive toward the web-based ACP

program and ACP in general. We found some complexities,
such as different available manuals and tools for ACP containing
different recommendations, and the unavailability of a treatment
code for health care professionals. However, these external
conditions are not likely to complicate the adoption of the
web-based ACP program to a large extent.

Embedding and Adaptation Over Time

Overview
The scope of the Thuisarts website is expanding. Information
provision was focused on primary care in the past, but currently
also includes information on secondary care. The Thuisarts
website, including the web-based ACP program, is likely to be
maintained in the future, with both technical and content
updates. Content maintenance of the program occurs through
a critical review of the program every 3 years by a stakeholder
group of patients, relatives, health care professionals, and patient
organizations. They will review compliance with (evolving)
data security regulations, privacy requirements, and policies. If
necessary, the program will be adapted. At this time, no changes
in data protection regulations or policies are expected in the
near future that would affect the program.

Our evaluation study showed that in general, participants had
a positive user experience and were satisfied with the web-based
ACP program [4]. To further improve this, we are systematically
collecting informal feedback on the program and visitor
numbers. These will be discussed during each 3-yearly review
of the program by the stakeholder group. If necessary, they will
make recommendations to adapt the program. To do so, the
web-based ACP program will be adapted using an iterative
design strategy of ongoing collecting informal feedback and
the editorial team of the Thuisarts website adapting the program
accordingly. Based on the feedback, user experience and
satisfaction are aimed to be enhanced by improving the usability
and feasibility of the web-based program.

Classification and Conclusion
We classify the “embedding and adaptation over time” domain
as simple, since it is unlikely that the web-based ACP program
as embedded in the Thuisarts website or its value are
significantly going to change in the next years.

Discussion

Principal Results
To analyze the implementation of the web-based ACP program
“Explore Your Preferences for Treatment and Care,” the NASSS
framework was used to identify complexities within 6 domains.
The analysis revealed no or little complexity in the domains
“technology,” “value proposition,” “external context,” and
“embedding and adaptation over time.” The program is
evidence-based, freestanding, and well-maintained, with
straightforward, well-understood technology. The program is
expected to generate a positive value for different stakeholders
as well as for the Thuisarts website. The analyses revealed some
complexities in the “condition” domain, including the broad
and rather undemarcated target population of ACP and the
web-based ACP program and sociocultural factors that may
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limit users’ engagement. In the “adopters” domain, complexity
entails that the program requires substantial commitment and
effort by users with respect to reflecting on their preferences
for future treatment and care. Some people with limited digital
literacy may need support to use the program. Furthermore, it
is yet unstudied to what extent health care professionals adopt
the web-based ACP program. The program is embedded in the
general practitioners’ platform “Thuisarts,” which is frequently
used by general practitioners and the general public. The fact
that the web-based ACP program is not embedded in a specific
health care organization simplified its implementation, since
no alignment regarding content or layout was required. On the
other hand, embedding the program in the routine practice of a
health care organization, could have boosted its use. Finally,
we found some complexity in the “external context” domain.
While the political and policy climate, regulatory context,
professional organizations, and patient organizations are
generally supportive regarding ACP, a national guideline for
ACP and a treatment code to reimburse ACP could further
increase willingness and ability of health care providers to
engage in ACP. Overall, the analysis showed that the program
has good potential for sustainable implementation, as it is
expected to be continuously used in practice [8,38,39], will be
updated if necessary, and will be maintained long-term.

Comparison With Previous Work
The results of this study showed that the web-based ACP
program “Explore Your Preferences for Treatment and Care”
has relatively few complexities regarding the implementation.
This may have several reasons. First, the user-centered design
of the program included an extensive preparatory phase,
including a scoping review to learn from existing web-based
ACP programs [6], identification of the needs of patients with
chronic disease and their relatives for web-based ACP in an
interview study [7], and close collaboration with stakeholders
including patients and relatives. Second, during the development
of the program, we paid due attention to sustainable
implementation in an existing, well-used platform—“Thuisarts.”
The team of the Thuisarts website has expertise in developing
information for the public with different levels of health literacy.
It is remarkable that other web-based ACP programs often seem
to have not paid due attention to implementation. Three recent
reviews about web-based ACP programs [6,40,41] showed that
studies have mainly focused on the development of web-based
ACP programs and evaluation of their feasibility, usability,
acceptability, and effectiveness, but most did not address their
implementation. This is in line with reviews about implementing
eHealth in general showing that research has mainly focused
on the content and evaluation of eHealth tools, but less so took
into account the external context and sustainable adoption in
health care systems [8,10].

The results of the current study also indicated that health care
professionals are an important group of adopters for the
web-based ACP program. The web-based ACP program,
following existing guidelines, recommends an active role of
health care professionals in the ACP process of patients, for
instance, to discuss diagnosis, prognosis, and relevant treatment
and care options with the patient, and to document the ACP
process in the medical file [3,4]. In the literature, several barriers

are described that health care professionals may experience in
the initiation of ACP, such as lack of time, lack of skills in
conducting ACP conversations, and fear of taking away patients’
hope [25,27]. In the development of the web-based ACP
program, the role of health care professionals was to a limited
extent taken into account. First, the program is embedded in the
general practitioners’ platform “Thuisarts,” which is frequently
used by general practitioners [26] and the general public [17,18].
Furthermore, health care professionals were included in the
stakeholder group and provided input during the development
of the web-based ACP program. In the program, the user is
encouraged to discuss and share their preferences with their
health care professionals at several points [2]. However, the
actual use of the web-based ACP program among health care
professionals and their views and experiences regarding the
program, are unstudied. Given the barriers that health care
professionals may experience in the initiation of ACP [25,27],
a patient-centered and community approach of ACP is important,
in which patients can also take the initiative to engage in ACP
themselves. This is central to the program, as the program
supports the initiation of ACP, self-management of users, and
encourages conversation with health care professionals about
values, goals, and preferences.

The results indicated complexities considering the broad target
population of ACP in the web-based ACP program. This
complexity is a reflection of the evolving concept of ACP in
the literature. Initially, ACP was conceptualized to be used for
patients in the palliative phase and at the end of life [3,14,15].
More recently, an international consensus study on ACP
recommended that individuals can engage in ACP in any stage
of life, but that ACP can be more targeted when individuals’
health condition worsens or when their age increases [3]. This
evolving concept of ACP aligns with the evolving concept of
palliative care, whose definition has widened from a sole focus
on the end of life to also including chronic illnesses [42] and a
shift from in-hospital to community-based care [43]. Reaching
the community with high-quality information and guidance
about ACP through the Thuisarts website may therefore fit these
developments.

Strengths and Limitations
A strength of this study is our systematic approach of evaluating
the web-based ACP program using the NASSS framework. It
provided insight in its complexities that might hamper its
implementation. Furthermore, we had a large dataset including
publications about the development and evaluation of the
web-based ACP program, notes of stakeholder meetings, and
interviews with the program host, a general practitioner, and a
funding agency representative. Insight into the complexities
may be used to improve future sustainable implementation of
the program, and may be used to improve other web-based
programs as well.

A limitation is the start of the NASSS evaluation after the tool
was developed and embedded in the Thuisarts website, which
has limited the opportunity to adapt the program during its
development. Some of the authors (DvdS, JACR, AvdH, and
IJK) were the developers of the web-based ACP program, and
therefore they could provide in-depth insight in the

JMIR Aging 2025 | vol. 8 | e49507 | p.621https://aging.jmir.org/2025/1/e49507
(page number not for citation purposes)

van der Smissen et alJMIR AGING

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


developmental process. However, although the authors aimed
to analyze the implementation of the web-based ACP program
objectively, there can be a bias in the evaluation.

Recommendations to Improve Complexities of the
Web-Based Advance Care Planning Program
To enhance sustainable implementation, we provide several
recommendations to improve the identified complexities of the
web-based ACP program.

First, to make the program available in other languages than
Dutch. This may further enhance the accessibility of the program
to people with different languages. For instance, an English
version of the program could be placed on the GPinfo website,
which is the English version of the Thuisarts website that is still
in development. The web-based ACP program may be translated
to other languages as well, to enhance its accessibility to people
who are not proficient in Dutch. To improve cultural
inclusiveness, future research should explore the needs of people
from various cultural backgrounds with regard to ACP and if
desired, the program could be culturally adapted or different
versions of the program could be developed.

Second, to enhance accessibility of the web-based ACP program
to persons with very limited health or digital literacy. The
program was developed to assist individuals with limited health
or digital literacy, by offering readable texts, text-to-speech
options, and videos. However, individuals with very limited
health or digital literacy may still experience barriers to use the
program. To enhance accessibility of the program for these
users, recommendations to complete the program together with
a relative could be added to the program. Furthermore, a PDF
version of the web-based ACP program could be developed,
that could be printed by a relative or health care professional,
to make the program also available “offline.”

Third, to inform health care professionals about the variance in
readiness for ACP among patients. Not everyone may want to
engage in ACP [44], for instance, due to different cultural
backgrounds and different needs to consider treatment and care
preferences. In addition, we recommend to inform and support
health care professionals in how to conduct ACP with their
patients. The web-based ACP program may help to overcome
lack of time, since health care professionals can refer to the
program, patients can prepare themselves for an ACP discussion
on beforehand, and then the discussion with the health care
professional can be scheduled.

Fourth, the concept of ACP as an ongoing process of considering
preferences (also including healthy individuals) [3], could be
embedded in national guidelines, and be routinely integrated in
health care practice to reach a broader target group for ACP.
National guidelines and availability of a treatment code may
lower barriers in ACP for health care professionals, and may
consequently lead to increased engagement with ACP for
patients. Websites aimed at the general public could refer to the
web-based ACP program, for instance, pages about shared
decision-making and pages within the Thuisarts website about
chronic diseases. Furthermore, we recommend to conduct public
awareness campaigns about ACP (including web-based ACP
programs), as these have been found to enhance awareness of

ACP [45]. These may also help to enhance accessibility of ACP
for people beyond the medical health care setting.

Finally, to ensure adaptation of the program to evolving data
protection requirements. During critical review of the program,
that will take place every 3 years by a stakeholder group of
patients, relatives, health care professionals, and patient
organizations, compliance with (evolving) data security
regulations, privacy requirements, and policies should be
carefully reviewed. If necessary, the program should be adapted.
In addition, the strategy of the Thuisarts website, the host of
the web-based ACP program, is aimed at adapting the
information on the Thuisarts website to the evidence-based
guidelines for general practitioners as developed by the Dutch
College of General Practitioners. When guidelines change, the
information at the Thuisarts website is adapted accordingly by
their editorial team. Furthermore, the strategy of the Thuisarts
website focuses on collaborating with health care professionals
and policy makers, and on including patients’ perceptions in
the information, to ensure the content is adapted to significant
changes in health care landscapes or policies.

Since the domains of the NASSS framework may be
interdependent, reducing complexity in a particular domain may
consequently also reduce the complexity in other domains. For
instance, in case of national guidelines on ACP, health care
professionals may be more willing to initiate ACP with their
patients and patients may be more ready to initiate ACP.

Recommendations for Future Research
The following recommendations, based on the results and
conclusions of the current study, can aid future implementation
of comparable web-based ACP programs.

In order to improve the sustainable implementation of eHealth
tools, in particular web-based ACP programs, first, we
recommend to systematically and throughout the process (from
idea to implementation) assess their complexities, with careful
attention for all potential adopters, their external context, and
their embedment and adaptation over time. The NASSS
framework is suitable to conduct such evaluation, as well as
other models that can be used for implementation or
sustainability evaluation, such as the Normalization Process
Theory (a framework to understand how interventions become
embedded or “normalized” in health care settings) [46] and the
Centre for eHealth Research Roadmap (CeHRes) [47,48]. These
frameworks consider similar domains as the NASSS framework,
sometimes ordered slightly differently, and can provide guidance
for the sustainable development and implementation of eHealth
technologies [46-48]. We expect that others who aim to
implement similar web-based ACP programs and who apply
comparable implementation frameworks, will benefit from the
findings of this study and the recommendations. Yet, these
should be contextualized for each application (eg, aligned with
local policy frameworks and targeted to the target groups central
in that program).

Second, we recommend identifying all relevant target groups
of the eHealth tools, and explore their needs and preferences to
ensure the tool meets their needs. For the web-based ACP
program in particular, we recommend exploring health care
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professionals’ perspectives as well as their actual use and
awareness of the program.

Third, we recommend assessing as well as improving the
attractiveness of eHealth tools to potential users, including a
culturally diverse population and to groups with low digital
literacy.

Fourth, we recommend that research includes a long-term
perspective regarding the implementation of eHealth tools. This
may include evaluating the long-term effects as well as the
identification of new scientific evidence that necessitates an
update of the content of eHealth tools.

Conclusions
Relatively few complexities were identified considering the
implementation of the web-based ACP program “Explore Your
Preferences for Treatment and Care.” The program is
evidence-based, freestanding, and well-maintained, with
straightforward, well-understood technology. The program is
expected to generate a positive value for different stakeholders.
Complexities include the broad target population of the program
and sociocultural factors. People with limited digital literacy
may need support to use the program. Its uptake might be
improved by increasing awareness of ACP and the program
among a wider population of potential users and among health
care professionals. Addressing these issues may guide future
use and sustainability of the program.
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Abstract

Background: The aging population and the accompanying rise in chronic diseases have intensified the need to study the adoption
of telehealth services. However, the success of telehealth services depends not only on their ease and usefulness but also on
addressing broader concerns. Despite being a substantial user group in traditional health services, older adults may encounter
barriers to adopting telehealth services. Increasing the adoption of telehealth among the older adult population is crucial for
enhancing their access to care and managing the challenges of aging effectively.

Objective: We aimed to explore factors influencing the adoption of telehealth services among older adults in Malaysia, going
beyond the conventional framework by incorporating transition cost and subjective well-being as additional constructs.

Methods: A cross-sectional survey was conducted among 119 adults aged ≥60 years in Malaysia, using 39 survey items adapted
from existing studies. Data analysis was performed using partial least squares structural equation modeling, with both the
measurement model and structural model being evaluated. To determine the predictive relevance of the model, PLSpredict was
applied. In addition, importance-performance map analysis was conducted to further expand on the structural model results by
assessing the performance of each variable.

Results: Of the 119 participants, 52 (43.7%) were women and 67 (56.3%) were men. The study found that subjective well-being
(β=0.448; P<.001) was the most significant factor, followed by attitude (β=0.242; P<.001), transition cost (β=−0.163; P<.001),
and perceived usefulness (β=0.100, P=.02) in influencing telehealth service intention. Furthermore, perceived ease of use (β=0.271;
P<.001), availability (β=0.323; P<.001), subjective well-being (β=0.261; P<.001), and trust (β=0.156, P=.004) positively
influenced perceived usefulness, while inertia (β=0.024, P=.22) did not. In addition, availability (β=0.420; P<.001) and subjective
well-being (β=0.260; P<.001) were positively related to perceived ease of use, with inertia (β=−0.246; P<.001) having a negative
impact. The importance-performance map analysis results showed that subjective well-being (importance=0.532) was the most
crucial factor for older adult users, while availability (importance=70.735) had the highest performance in telehealth services.

Conclusions: This research underscores the importance of catering to the subjective well-being of older adults and optimizing
the availability of telehealth services to encourage adoption, ultimately advancing health care accessibility and quality for this
vulnerable demographic.

(JMIR Aging 2025;8:e60936)   doi:10.2196/60936

KEYWORDS

telehealth services adoption; survey; questionnaire; telehealth; older adult population; subjective well-being; transition cost;
technology acceptance model; importance-performance map analysis; IPMA
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Introduction

Background
Telehealth refers to the delivery of long-distance clinical health
care services by health care professionals using electronic
information and telecommunications technologies. Due to the
growth of the internet and communication infrastructure,
telehealth has gradually developed into a practical and secure
way for patients to obtain reliable information and medical
consultation [1]. Using telehealth has several advantages, such
as eliminating the need for direct patient–health care provider
interaction during regular treatment. Telehealth can also provide
remote care, which can reduce the need for medical center
resources and increase the accessibility of care.

Previous telehealth studies have developed various concepts to
address how telehealth could fulfill the needs of older adults,
such as in the context of chronic disease management, enhancing
independent living and improving their overall well-being [2].
Telehealth can be useful for older adults with chronic diseases
to monitor their conditions at home. For instance, with the use
of telehealth, older adult patients can prevent unnecessary
hospitalization and still ensure they receive emergency treatment
in a cost-efficient manner [3,4]. In addition, Chou et al [5] found
that telehealth can improve the well-being of older adults by
enhancing their quality of life. Furthermore, telehealth can
promote independent living at home among older adults [6].

Older adults could benefit from telehealth as they are the fragile
groups who may need this service sooner or later. Nevertheless,
they are also the group most concerned about technology. The
literature provides evidence that older adults can receive several
advantages with the use of telehealth services, such as health
monitoring and care, disease prevention, improved quality of
life, and independent living. Despite all the advantages, the
adoption of telehealth technology may be challenging for older
adults because they are slower and more resistant to adopting
new technology as they tend to be more traditional, cautious,
risk-averse, and suspicious toward innovations [7]. There is a
lack of knowledge about what factors individuals will consider
when accepting telehealth [8]. The market response indicates
that acceptance of technology by older adults is a complex
problem that is impacted by a variety of factors rather than just
the technology’s performance or cost [9].

In the context of Malaysia, telehealth is becoming increasingly
important in the health care system, especially with the older
adult population expected to exceed 15% by 2030 [10]. This
demographic shift will place added pressure on the health care
system, particularly due to a rise in chronic diseases [11].
Malaysia’s health care system offers accessible services but
faces a workforce shortage to meet growing demands. With 2.4
physicians per 1000 people—fewer than those in Singapore,
Japan, and Australia—Malaysia faces an aging population and
staffing shortages leading to overcrowded public hospitals and
strained health care capacity [11]. This has drastically burdened
the health care system in Malaysia.

In response, telehealth offers a vital solution to address the
growing imbalance between health care supply and demand as

health care needs continue to rise [12]. The Malaysian
government has been actively exploring technological solutions
and launching telehealth initiatives to address the rising health
care needs of its aging population. For instance, Malaysia’s
Ministry of Health initiated a teleconsultation at public hospitals
to improve health care access and reduce congestion. Despite
these efforts and the recent surge in telehealth-related studies,
there remains a scarcity of research to investigate telehealth
adoption in emerging economies, especially from the older
adults’ perspective [11,13]. Investigating telehealth adoption
by older adults across different countries is essential, as varying
levels of technological development and cultural contexts
substantially influence their attitudes and behaviors [13,14].

Previous studies on technology adoption among older adults
span various cultural contexts, revealing distinct factors
influencing their behavior. In Canada, a study by Ahmed et al
[15] found that >half of older adults adopted new technology
for online social interactions. Despite having the knowledge to
stay connected, they faced challenges like limited access and
motivation. In a cross-cultural survey by Elimelech et al [16],
older adults in Israel, France, and Spain exhibited different
perceptions of technology use, emphasizing the need for
culturally tailored adaptations. In Australia, Catapan et al [17]
reported that patients had a high level of confidence and trust
in the use of telehealth. Meanwhile, in China, Lin et al [18]
showed that telehealth’s ease of use and usefulness played a
substantial role in affecting its adoption. In a developed country
such as Singapore, Zhang et al [19] found that telehealth
effectively supports the health-seeking behavior of older adults,
challenging the belief that they resist technology and lack
proficiency. Similarly, Haimi and Sergienko [20] found that
telehealth uses among older adults in Israel remained elevated
after the COVID-19 pandemic, indicating their ability to
effectively learn and use digital health services.

However, in Malaysia, older adults may have different
perceptions of telehealth. According to Ting et al [21], many
older adults still prefer face-to-face interactions due to a cultural
preference for personal consultations. Reservations about the
impersonal nature of telehealth remain a substantial obstacle.
However, the behavior of older adults toward telehealth in
emerging economies, such as Malaysia, remains underexplored.
There is a need for research focused on telehealth adoption
within the Malaysian context to gain better grasp of this context.

Theory
Researchers have introduced various theoretical models to
explain consumer behavior in the context of technology
adoption. Well-established models for predicting technology
acceptance among consumers include the theory of planned
behavior by Ajzen [22], the technology acceptance model
(TAM) by Davis et al [23], TAM2 by Venkatesh and Davis
[24], the unified theory of acceptance and use of technology by
Venkatesh et al [25], and TAM3 by Venkatesh and Bala [26],
among others.

A growing body of research highlights the reliability and
effectiveness of the TAM in explaining technology adoption.
TAM, introduced by Davis et al [23], uses the concepts of
perceived usefulness and perceived ease of use to elucidate how
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technological factors influence a consumer’s intent to adopt a
specific technology. For the adoption of health-related
technologies, the TAM and the unified theory of acceptance
and use of technology have emerged as 2 prominent models, as
demonstrated in studies by Harst et al [27], Heinsch et al [28],
Rouidi et al [29], and Lin et al [18]. In the context of the aging
population, a recent systematic literature review by Yap et al
[30] confirmed that the TAM is the most widely used theory
for explaining technology adoption among older adults.

Despite the widespread use of the TAM in the literature,
previous studies argued that solely using the fundamental TAM
to identify the consumer’s technology adoption is insufficient
[31,32]. Similarly, Attié and Meyer-Waarden [33] criticized
that functional and utilitarian benefits, such as perceived ease
of use, are insufficient to explain technology acceptance.
Therefore, it can be found that previous studies have frequently
extended the original TAM with additional variables or other
theories to better reflect the technology’s acceptance. For
instance, Zhou et al [34] extended the original TAM by
incorporating perceptions of medical service quality and
information quality into the model for predicting telehealth
acceptance among older adults. Telehealth acceptance, in turn,
is influenced by older adults’perceptions of telehealth and their
current behavioral intentions toward telehealth services. In
addition, Rho et al [8] extended the TAM with perceived
incentives, self-efficacy, and accessibility of patients’ medical
records, while Klingberg et al [35] included image, self-efficacy,
voluntariness, compatibility, and anxiety in the TAM
fundamental framework to enhance the explanatory power of
the TAM. Moreover, integration of theories and perspectives
has been performed as well, such as in the study by Tsai et al
[36] that integrated the TAM with the status quo bias and
technology anxiety concept to explain the telehealth intention.
Therefore, it is suggested that there is a need for research to
expand the TAM by including additional variables to provide
a more comprehensive explanation and understanding regarding
the telehealth intention of older adults.

Objectives
The objectives of this study are as follows:

• To investigate the coexistence and possible effects of TAM
constructs, transition cost, and subjective well-being on
telehealth service adoption among older adults

• To examine how inertia, availability, subjective well-being,
and trust relate to the TAM’s key antecedents

Methods

Research Model and Hypothesis Development

Overview
Telehealth is an effective and advanced alternative method for
delivering health care services. In the context of telehealth
adoption, the fundamental TAM might be insufficient to explain

the telehealth adoption among older adults. In particular, the
older adult population might often hold negative opinions about
technology’s inaccuracies that would influence their intention
to use it [37]. Considering the evolving landscape of telehealth
adoption among older adults in Malaysia and the limited existing
literature, this study contributes to the expansion of the TAM.
It does so by introducing and exploring a set of key factors
aimed at comprehending the older adult population’s willingness
to embrace telehealth. In addition to attitude and perceived
usefulness, this study proposes 2 additional constructs: transition
cost and subjective well-being, to evaluate older adults’ intention
to use telehealth.

First, subjective well-being is included to address critiques of
the traditional TAM. Recent studies [11,32,33] argue that the
TAM’s focus solely on utilitarian benefits is insufficient to fully
explain consumer technology adoption. On the basis of
transformative consumer studies and the uses and gratification
theory [38], it is evident that beyond utilitarian benefits like
usefulness and ease of use, consumers also seek affective
elements, such as well-being when adopting a new technology
[33]. The literature suggests enhancing the TAM by
incorporating affective elements like subjective well-being to
more accurately predict technology adoption [11]. Nevertheless,
subjective well-being has received minimal attention in
telehealth adoption studies, particularly from the perspective
of the older adult population. Therefore, research proposes that
subjective well-being be considered as one of the predictors of
older adults’ intention to use telehealth. If older adults perceive
that telehealth can enhance their well-being, they are more likely
to adopt it, as people naturally seek experiences that improve
their overall quality of life [39,40].

The inclusion of transition cost as an extension to the TAM is
grounded in the status quo bias theory, which posits that
individuals tend to prefer maintaining their current routines over
adopting change [41]. This is especially relevant for older adults,
who often find transitions, such as shifting to telehealth,
burdensome due to the perceived effort, time, and disruption of
familiar health care practices like face-to-face consultations.
Many older adults grew up in a time when technological
innovations were not widespread, leading them to develop
long-standing routines that provide comfort and predictability
[42]. As a result, this study proposes that transition costs are
particularly impactful for this group, as they are more likely to
resist switching to telehealth in favor of maintaining their
familiar health care practices.

Furthermore, the research incorporates availability, trust, inertia,
and subjective well-being as factors influencing the TAM
constructs. Subsequent sections of this study will provide a
detailed analysis of the significance of these constructs within
the unique context of this research. Figure 1 shows the research
model of this study. The proposed hypotheses based on the
developed research model are discussed in subsequent sections.
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Figure 1. Research model.

Attitude
Attitude is an evaluation of effect, which refers to a person’s
positive or negative feelings regarding performing the respective
behavior [43]. The impact of attitude on behavioral intention is
a significant relationship in the theory of reasoned action, the
theory of planned behavior, and the TAM. The connection
between one’s attitude and their intention signifies that
individuals are more inclined to embrace technology if they
hold a favorable perception of it, as noted by Davis et al [23].
The concept of attitude has played an important role in numerous
studies seeking to gain deeper insights into consumers’
willingness to adopt health care technologies. Previous research
has consistently confirmed that a positive attitude toward health
care–related technologies among consumers has a substantial
impact on their intent to use such technologies, as evidenced
by studies conducted by Park et al [44], Papa et al [45], Rajak
and Shaw [46], and Ahn and Park [47].

Furthermore, Tsai et al [36] unveiled that the older adults’
attitudes exert a positive influence on their intention to adopt
telehealth. In addition, prior research has shown that attitude
can serve as a mediator between beliefs and behavioral intent,
as demonstrated by the work of Yang and Yoo [48].
Consequently, this study proposed the following hypothesis:

• Hypothesis 1: there is a positive association between attitude
and the intention to adopt telehealth.

Perceived Ease of Use
Perceived ease of use is defined as the degree to which an older
adult perceives that using telehealth technology would be free
of effort. Perceived ease of use is one of the key constructs in
the TAM. According to the TAM, perceived ease of use is
related to attitudes and perceived usefulness of new
technologies, which also influences intention [24]. Previous
research has found that perceived ease of use influences
consumers’ attitudes and perceived usefulness toward new
technologies [31,36,46,47]. For instance, Lazaro et al [49]

confirmed that perceived ease of use positively affects the older
adults’ perceived usefulness and their attitude toward wearable
health care technology. Hence, we proposed the following
hypothesis:

• Hypothesis 2a: there is a positive association between
perceived ease of use and perceived usefulness.

• Hypothesis 2b: there is a positive association between
perceived ease of use and attitude.

Perceived Usefulness
Perceived usefulness is defined as the degree to which an
individual feels that using a certain technology will improve
their job performance [23]. Researchers have supported
perceived usefulness as a crucial factor that predicts various
types of technology adoption among older adults, such as the
internet [50], social networking sites [51], health monitoring
wearable technologies [52], telehealth [53], and automation
technology [54]. Besides, previous studies revealed that
perceived usefulness was highly relevant in predicting telehealth
acceptance among the older adult population [34,55]. In
addition, perceived usefulness influences consumers’ attitudes
toward new technologies [36,46,47]. Therefore, the following
hypothesis is proposed:

• Hypothesis 3a: there is a positive association between
perceived usefulness and attitude.

• Hypothesis 3b: there is a positive association between
perceived usefulness and intention to adopt telehealth.

Transition Cost
According to Kim and Kankanhalli [56], transition costs refer
to the user’s perceived disutility that they incur when switching
from the status quo to a new technology. When older adults
consider using new technology, such as telehealth, the transition
costs involved are essential. Transition costs that are uncertain
might become a barrier and negatively influence a person’s
attitude [57]. In addition, Hsieh [58] revealed that the transition
cost that might be incurred when using health-related technology
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is one of the key concerns for technology adoption. An
individual is likely to continue and remain with an existing
system if the transition costs involved, such as effort and time,
to learn to use a new technology, are deemed to be high. In the
context of telehealth adoption, Tsai et al [36] claimed that
transition costs negatively affect older adults’ attitudes and
hence affect their telehealth adoption. Therefore, if the transition
cost to use a new technology is high, older adults will have a
negative attitude toward it and not intend to use it. On the basis
of the discussions, the following hypothesis is proposed:

• Hypothesis 4a: there is a negative association between
transition cost and attitude.

• Hypothesis 4b: there is a negative association between
transition cost and intention to adopt telehealth.

Subjective Well-Being
Subjective well-being refers to an individual’s perception of an
experience positively by using affective reactions and cognitive
judgment instead of objective facts [59]. When adopting new
technology, people always seek pleasurable experiences that
enhance their well-being [39,40]. Previous studies have revealed
that well-being influences consumer technology adoption [60].
Al-Jabri and Sohail [61] revealed that technology’s
characteristics contribute to a person’s well-being. Similarly,
well-being could act as a determinant that influences technology
use [40]. Wu and Lu [62] have highlighted that positive
emotions become a motivator for technology adoption when a
person uses technology. In addition, findings show that
well-being toward technology positively influences an
individual’s perceived ease of use, usefulness, and intention
across all consumer adoption phrases [33,63,64]. Consumers
will develop positive emotions toward technology when they
perceive that using it will enhance their well-being. Therefore,
positive emotions will positively influence the perceived
benefits, such as perceived usefulness and ease of using the
technology [33].

Therefore, this study proposes that older adults perceive that
telehealth will enhance their well-being, which consequently
will influence their perceived ease of use, usefulness, and
intention to use telehealth. Therefore, we hypothesize the
following:

• Hypothesis 5a: there is a positive association between
well-being and perceived ease of use.

• Hypothesis 5b: there is a positive association between
well-being and perceived usefulness.

• Hypothesis 5c: there is a positive association between
well-being and intention to adopt telehealth.

Inertia
Inertia refers to the degree of a person’s willingness to continue
using traditional physical products despite knowing that better
options are available [41]. Even when better alternatives or
switching incentives are available, consumers remain attached
to and steadfast in their use of existing technologies [65]. Hence,
the greater an individual’s attachment toward a thing that he or
she is familiar with, the less inclined they are to explore new
experiences. In addition, Bem [66] and Petty and Cacioppo [67]
claimed that people usually depend on their prior behavior and

hence fail to recognize a new technology’s advantages. In line
with this assumption, older adults always seek to maintain their
existing internal and external structures when making adaptive
decisions, as they would prefer to continue to engage in similar
activities or behaviors as they did throughout their previous
experiences [68]. The older adult population grew up in an era
when technological innovation was not commonly used. As a
result of their early experiences, they might have long been
accustomed to receiving health care services physically at
hospitals or clinics. Older adults might perceive telehealth as
not useful and not easy to operate as they prefer to continue to
engage in the behavior they are more familiar with to minimize
feelings of anxiety. It is hypothesized that inertia will negatively
influence the older adults’ behavioral perceptions of a new
technology and hence create lower inclinations to use new
technologies. Individuals who have high inertia tend to reduce
the variety of technologies that are available to them and rely
on prior behavior to influence their perceptions and intentions
[36]. Therefore, the following hypothesis is proposed:

• Hypothesis 6a: there is a negative association between
inertia and perceived ease of use.

• Hypothesis 6b: there is a negative association between
inertia and perceived usefulness.

Availability
On the basis of the study by Venkatesh [69], availability refers
to the extent to which consumers perceive that they can obtain
a technological service or product without barriers, along with
the presence of organizational support to help them overcome
any challenges in using the technology. A person’s control belief
about the availability of organizational resources and support
structures to enable technology use is related to facilitating
conditions [26]. Many previous studies have proved the positive
impact of facilitating conditions on technology adoption [70,71].
In the telehealth adoption context, the determinant associated
with external control might involve the availability of
manufacturer’s assistance, where the firms provide consumers
assistance to overcome the difficulties of using a new
technology. Telehealth technologies can make medical resources
available to health care professionals, caregivers, and older
adults at any time and from any location, allowing a considerable
improvement in patient health care. Wu et al [72] revealed that
availability positively influences the perceived usefulness of
the telehealth care technology. In addition, previous studies also
provided support on the impact of availability in the context of
telehealth adoption [73,74]. Similarly, a recent study by Tsai
et al [36] revealed that availability is an important predictor in
determining perceived ease of use and usefulness of telehealth
among the older adult population. According to the existing
evidence, this study hypothesizes that availability would increase
the older adults’ perceived ease of use and usefulness of
telehealth.

• Hypothesis 7a: there is a positive association between
availability and perceived ease of use.

• Hypothesis 7b: there is a positive association between
availability and perceived usefulness.

JMIR Aging 2025 | vol. 8 | e60936 | p.631https://aging.jmir.org/2025/1/e60936
(page number not for citation purposes)

Tan et alJMIR AGING

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


Trust
Trust is evidently a crucial determinant in health care adoption.
On the basis of the study by Gefen et al [75], trust refers to a
sense of confidence in the trustworthiness and integrity of the
other party. When it comes to technological adoption, trust is
essential, especially when the technology is relatively new and
might involve risks and uncertainties for the older adult
population. Despite trust not being included in the original TAM,
it has been incorporated into several of the study contexts. Many
existing studies demonstrate that trust has a strong positive
influence on technology adoption [45,76]. Previous studies also
revealed that trust plays an important role in predicting adoption
of health-related technologies (eg, telehealth) [76,77].

In the context of this study, telehealth can be a difficult and
complex task, especially for older adults, as its use requires a
good understanding of devices to communicate effectively with
the health care providers [78,79]. Hence, people might lack trust
in using telehealth due to the risks incurred, including unclear
regulatory authority in place to deal with issues like
confidentiality, misconduct, and liability in telehealth. Older
adults, who used to obtain services physically, might have trust
issues with telehealth’s ability to replace in-person consultations
and physical health assessments. Particularly in the IT setting,
Li et al [80] revealed that trust is crucial, as people must
overcome the perceived risk before technology adoption.
Previous research has established the importance of trust in
determining health-related technology adoption [46]. For
instance, Catapan et al [17], Chew et al [81], and Orrange et al
[82] showed that trust substantially affects telehealth adoption.
Hence, this study hypothesizes that trust would increase older
adults’ perceived usefulness of telehealth.

• Hypothesis 8: there is a positive association between trust
and perceived usefulness.

Research Instrument Development
The measurement scales were adjusted in accordance with
existing literature and tailored to suit our research context. The
questionnaire was divided into 2 sections. The first part
consisted of the 11 constructs used in this study: attitude,
availability, transition cost, perceived ease of use, perceived
usefulness, inertia, trust, subjective well-being, and intention
to adopt. The second part comprised a survey focusing on
demographic characteristics, such as gender and ethnicity. An
overview of the instrument is provided in Multimedia Appendix
1 [32,36,83,84].

The scales for attitude, availability, transition cost, perceived
ease of use, perceived usefulness, and inertia were taken from
the study of Tsai et al [36] and Zhang and Zaman [83]. The
measures for subjective well-being were based on the work of
Yap et al [32]. Trust and intention were measured according to
the work of Wu et al [84]. In total, 39 items were assessed using
a 5-point Likert scale, which ranged from completely disagree
(score=1) to completely agree (score=5).

To ensure the questionnaire’s reliability, a pilot survey was
carried out involving 10 older adults. This pretest, which
involved contacting 10 older adults before conducting the
web-based survey, was conducted to validate the instrument.

On the basis of the feedback received, minor adjustments were
made to the questionnaire to improve its effectiveness.

Research Sample and Data Collection Procedure
This study focused on the factors influencing the intention to
adopt telehealth among adults aged ≥60 years in Malaysia. This
demographic was chosen as research participants due to their
increased susceptibility to chronic diseases, as outlined by Tsai
et al [36]. Chronic diseases can affect individuals of all ages,
but the risk escalates as people advance in age, justifying the
selection of this population for our research.

In our data collection process, we used a survey approach to
investigate the intent of older adults to adopt telehealth services.
Recognizing the challenges in directly reaching this
demographic, we engaged students as intermediaries to connect
with their family members who were older. This method
combines elements of convenience and snowball sampling, as
students were encouraged to distribute surveys within their
social networks, primarily targeting their older family members.
We encouraged student intermediaries to recruit participants
from diverse geographic regions and socioeconomic
backgrounds to enhance sample diversity where possible.

The rationale behind using student intermediaries was 2-fold:
first, it provided a practical and effective means of reaching
older adult participants, a group that may not be as digitally
connected or comfortable with technology. The student
intermediaries, who were trained to administer the survey, acted
as trusted conduits, facilitating communication and engagement
with older adult participants in a familiar, trustworthy, and less
intimidating environment. This helped to overcome potential
barriers related to accessibility and comprehension of the survey,
ensuring that the older adult participants felt comfortable and
supported throughout the process. Hence, it was essential for
the student intermediaries to have a thorough understanding of
both the study’s purpose and the questionnaire to effectively
guide their older family members. To ensure this, students
underwent a comprehensive briefing before the survey,
equipping them with a solid grasp of the questionnaire and its
objectives.

Data Analysis
This study conducted data analysis using partial least squares
structural equation modeling (PLS-SEM). We used SmartPLS
3.2.8 [85] for PLS-SEM, as it is well-suited for analyzing
measurement and structural models without the need for
normality assumptions. This is particularly useful because
survey research data are often not normally distributed [86].
Furthermore, PLS-SEM offers a higher explanatory power
compared to covariance-based structural equation modeling.

Ethical Considerations
This study received formal approval from the Research Ethics
Committee of Multimedia University (EA2882021). Informed
written consent was obtained from all survey respondents before
participation. Respondents were required to read the ethical
statement at the top of the survey form and proceed only if they
agreed to participate. All collected data are treated with the
utmost confidentiality, ensuring anonymity and used solely for
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research purposes. Additionally, consent to publish was obtained
from all participants.

Results

Respondent Characteristics
The survey was conducted from March 1, 2022, to August 31,
2022, resulting in 125 received samples, of which 119 were
considered valid. While this approach offers advantages for
reaching a challenging-to-access population, researchers should
remain vigilant about potential biases arising from the familial
and social connections of the student intermediaries. In the
sample, 52 (43.7%) of the 119 respondents were women, and
67 (56.3%) were men. Additional demographic details are
provided in Multimedia Appendix 2.

Reliability and Validity Tests
The evaluation of the measurement model involved assessing
reliability and validity. In Table 1, all variables exhibited factor
loadings >0.7 [87], and Cronbach α exceeded 0.7, signifying a
high level of reliability. Both the composite reliability and
average variance extracted surpassed 0.7 and 0.5, respectively,
indicating strong convergent validity [88]. In the second step
of the analysis, we evaluated discriminant validity using the
heterotrait-monotrait (HTMT) ratio criterion, as suggested by
Henseler et al [89] and Franke and Sarstedt [90]. As indicated
in Table 2, the results of the HTMT criterion demonstrate that
all HTMT values fall below the threshold of 0.85 for the more
stringent criterion. This indicated that the respondents
recognized the distinctiveness of all the constructs. The
combination of these 2 validity tests affirms that the
measurement items exhibited both validity and reliability.
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Table 1. Measurement model and cross-validated redundancy.

Average variance extractedComposite reliabilityLoadingsConstructs and items

0.7430.896Attitude

0.833ATTa1

0.850ATT2

0.900ATT3

0.8970.963Perceived ease of use

0.938EOUb1

0.954EOU2

0.948EOU3

0.7620.928Perceived usefulness

0.841USEc1

0.857USE2

0.902USE3

0.890USE4

0.8720.953Transition cost

0.920COSTd1

0.939COST2

0.942COST3

0.7280.889Inertia

0.889INEe1

0.811INE2

0.858INE3

0.7230.886Availability

0.862AVAIf1

0.888AVAI2

0.798AVAI3

0.7510.900Trust

0.886TRUSTg1

0.808TRUST2

0.903TRSUT3

0.8850.959Subjective well-being

0.934SWBh1

0.948SWB2

0.941SWB3

0.8210.932Intention

0.911INTi1

0.885INT2

0.923INT3

aATT: attitude.
bEOU: perceived ease of use.
cUSE: perceived usefulness.
dCOST: transition cost.
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eINE: inertia.
fAVA: availability.
gTRUST: trust.
hSWB: subjective well-being.
iINT: intention.

Table 2. Discriminant validity (heterotrait-monotrait 0.85 criterion).

INTiSWBhTRUSTgAVAfINEeCOSTdUSEcEOUbATTa

—————————jATT

————————0.677EOU

———————0.7190.769USE

——————0.4980.6230.549COST

—————0.5230.2610.4270.390INE

————0.1400.4530.7810.6540.665AVA

———0.5270.2100.3890.6830.5300.688TRUST

——0.7530.5450.3740.1700.7150.5770.755SWB

—0.8180.6770.5790.4320.5700.7010.6740.753INT

aATT: attitude.
bEOU: perceived ease of use.
cUSE: perceived usefulness.
dCOST: transition cost.
eINE: inertia.
fAVA: availability.
gTRUST: trust.
hSWB: subjective well-being.
iINT: intention.
jNot applicable.

Results of the Structural Model
Following the guidance of Hair et al [91], we reported the path
coefficients, SEs, 1-tailed t test values, and P values using a
bootstrapping procedure with 5000 resamples [92]. This large
resample size ensures result stability, according to Hair et al
[91] and Hair and Alamer [93]. In addition, Hahn and Ang [94]

emphasized that P values alone were insufficient for hypothesis
significance and recommended combining P values, effect sizes,
and bias-corrected interval for a more comprehensive evaluation.
Table 3 presents the evaluation of the hypotheses. Moreover,
the results of bias-corrected interval, effect sizes, and variance
inflation factor are presented in Multimedia Appendix 3.
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Table 3. Hypothesis testing direct effectsa.

P valuet test valueSDStandard βRelationshipHypothesis

<.0014.1680.0580.242Attitude → intentionHypothesis 1

<.0015.6930.0480.271Perceived ease of use → perceived usefulnessHypothesis 2a

<.0013.7340.0560.209Perceived ease of use → attitudeHypothesis 2b

<.0018.4500.0540.456Perceived usefulness → attitudeHypothesis 3a

.021.9970.0500.100Perceived usefulness → intentionHypothesis 3b

.0032.7790.055−0.153Transition cost → attitudeHypothesis 4a

<.0014.3570.037−0.163Transition cost → intentionHypothesis 4b

<.0014.9270.0530.260Subjective well-being → perceived ease of useHypothesis 5a

<.0014.5310.0570.261Subjective well-being → perceived usefulnessHypothesis 5b

<.0019.5820.0470.448Subjective well-being → intentionHypothesis 5c

<.0015.9720.041−0.246Inertia → perceived ease of useHypothesis 6a

.220.7780.0340.024Inertia → perceived usefulnessHypothesis 6b

<.0018.7250.0480.420Availability → ease of useHypothesis 7a

<.0016.8180.0470.323Availability → perceived usefulnessHypothesis 7b

.0042.6200.0600.156Trust → perceived usefulnessHypothesis 8

aWe used 95% CI with a bootstrapping of 5000.

First, we examined the influence of the 4 predictors on intention.
Attitude (β=0.242; P<.001), perceived usefulness (β=0.100,
P=.02), transition cost (β=−0.163; P<.001), and subjective
well-being (β=0.448; P<.001) were all associated with intention.
This means that hypotheses 1, 3b, 4b, and 5c were supported.

Second, the impact of the 3 predictors on attitude was
investigated. Perceived ease of use (β=0.209; P<.001), perceived
usefulness (β=0.456; P<.001), and transition cost (β=−0.153;
P<.001) were linked to attitude, affirming support for hypotheses
2b, 3a, and 4a.

Third, perceived usefulness was assessed in relation to 5
predictors. Perceived ease of use (β=0.271; P<.001), availability
(β=0.323; P<.001), subjective well-being (β=0.261; P<.001),
and trust (β=0.156; P<.001) exhibited positive associations,
while inertia (β=.024, P=.22) showed no significant relationship
with perceived usefulness. Consequently, hypotheses 2a, 5b,
7b, and 8 were supported, while hypothesis 6b was not.

Finally, we examined the impact of availability (β=.420; P<.001)
and subjective well-being (β=0.260; P<.001) on perceived ease
of use, finding that both were positively related, while inertia

(β=−0.246; P<.001) was negatively related. This supported
hypotheses 5a, 6a, and 7a.

Consistent with the results of previous hypothesis testing, the
bias-corrected 95% CIs for all hypotheses (except 6a) confirmed
that they did not encompass 0, indicating support for these
hypotheses (Multimedia Appendix 3). Furthermore, the

variances for intention to adopt (R2=0.650), attitude (R2=0.502),

perceived usefulness (R2=.654), and perceived ease of use

(R2=0.475) were generally above 33%. This suggests the model
possesses a moderate predictive capacity.

To assess the predictive relevance of the model, Shmueli et al
[95] suggested the use of PLSpredict, a holdout sample-based
method that produces case-level predictions at either the item
or construct level. We used PLSpredict with a 10-fold procedure
to assess predictive capability. As demonstrated in Table 4, all
the errors associated with the PLS model were lower compared
to the linear model, indicating the robust predictive power of
our model. Therefore, we can confidently assert that our model
exhibits strong predictive capacity.

Table 4. PLSpredict results.

PLS-LMLMbPLSaItems for the construct intention

−0.0010.7350.734INT1c

−0.0100.8660.856INT2

−0.0020.7690.767INT3

aPLS: partial least squares.
bLM: linear model.
cINT: intention.
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Results of the Importance-Performance Map Analysis
The importance-performance map analysis (IPMA) of older
adults’ intention to adopt telehealth services aimed to expand
upon the results of the structural model by evaluating the
performance of each variable. As mentioned by Hair et al [91],

areas requiring management attention are those with high
importance but poor performance on a specific endogenous
latent variable. In our research, we assessed the impact of latent
exogenous factors on the endogenous variable (ie, intention to
adopt) in terms of their significance and performance. The
results of this analysis are presented in Table 5.

Table 5. Importance-performance map analysis.

ImportancePerformanceConstructs

0.24163.245Attitude

0.10860.779Perceived ease of use

0.21064.078Perceived usefulness

0.20052.758Transition cost

0.02169.450Inertia

0.11370.735Availability

0.03364.529Trust

0.53253.330Subjective well-being

The IPMA results showed that the most important factor was
subjective well-being (0.532), followed by attitude (0.241),
perceived usefulness (0.210), transition cost (0.200), availability
(0.113), perceived ease of use (0.108), trust (0.033), and inertia
(0.021).

On the basis of performance, availability (70.735) was the
highest, followed by inertia (69.45), trust (64.53), perceived
useful (64.078), attitude (63.22), ease of use (60.779), subjective
well-being (53.33), and transition cost (52.758). Therefore, it
is evident that subjective well-being, attitude, transition cost,
and perceived usefulness play crucial roles in influencing the
intention of older adults to adopt telehealth, as these constructs
exhibit relatively higher total effects (importance) compared to
other factors in the model. However, the performance of
well-being, attitude, transition cost, and usefulness were
relatively lower compared to other factors like availability,
inertia, and trust.

In summary, to enhance the intention to adopt telehealth among
older adults, managerial efforts should be primarily focused on
addressing and emphasizing subjective well-being, while
continuing to support and maintain positive attitudes and
perceived usefulness. On the other hand, perceived ease of use
should be given lower priority.

Discussion

Principal Findings
This study aims to enhance the existing TAM for the adoption
of telehealth services among older adults in the Malaysian
context. Apart from attitude and perceived usefulness, this study
proposed 2 additional constructs, namely subjective well-being
and transition cost, for assessing the intention of older adults
to use telehealth. Furthermore, this study introduced availability,
trust, inertia, and subjective well-being as antecedents of TAM
constructs. The study found that subjective well-being is the
most important factor in telehealth adoption, followed by
attitude, transition cost, and perceived usefulness. Perceived

ease of use, perceived usefulness, and transition cost
substantially affected attitude. Perceived ease of use, availability,
subjective well-being, and trust positively influenced perceived
usefulness, while inertia did not. In addition, availability and
subjective well-being were positively related to perceived ease
of use, with inertia having a negative impact. IPMA results
showed that subjective well-being was the most crucial factor
for older adult users, while availability had the highest
performance in telehealth services.

As expected, this study found that attitude positively affects
intention, which is in line with the existing health care–related
studies, such as those by Park et al [44], Papa et al [45], Rajak
and Shaw [46], and Ahn and Park [47]. As per the results, the
key TAM construct, perceived ease of use, positively influences
older adults’ perceived usefulness and attitude toward the
telehealth system. These outcomes corroborate the findings of
Rajak and Shaw [46] and Ahn and Park [47], which indicate
that older adults will have a positive attitude toward telehealth
and perceive it to be useful to them if telehealth is easy to use.
On the other hand, perceived usefulness also positively
influences older adults’ attitude and intention toward telehealth.
Specifically, perceived usefulness has a significantly larger
influence on attitudes regarding adopting telehealth than
perceived ease of use (0.456 vs 0.209). The rationale behind
these findings may be due to the relevance of using telehealth
for managing older adults’ health. Hence, the usefulness of
telehealth is the priority as compared to its ease of use. In other
words, older adults are more likely to use telehealth services if
they can provide useful features to them, such as improving
their quality of life and offering better health care services.

Consistent with previous findings [36,57,58], these findings
show that transition costs are driving forces that have a negative
impact on the older adults’ attitude and intention to use
telehealth. According to the findings, older adults do not intend
to use telehealth and will continue using the traditional method
of obtaining health care services if they believe the time and
effort required to learn telehealth is too high.
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Besides, inertia was found to negatively influence the perceived
ease of use but had no impact on the perceived usefulness. The
significance of inertia’s influence on perceived ease of use stems
from the fact that ease of use is directly linked to how simple
or user-friendly telehealth appears. When older adults experience
inertia, they tend to resist adopting telehealth because of the
additional effort required to learn and adapt to new technologies.
This resistance (inertia) makes new systems seem more complex,
thereby reducing the perceived ease of use of telehealth among
older adults. However, the significance of inertia on perceived
ease of use contradicts the findings of Tsai et al [36], where
inertia had no effect on ease of use. This discrepancy may stem
from the fact that the majority of respondents in the study by
Tsai et al [36] were younger (>40 years) with higher digital
literacy, while our study focuses on those aged ≥60 years. In
contrast, the insignificant impact of inertia on perceived
usefulness in this study is consistent with the findings of Tsai
et al [36]. This is because perceived usefulness is more about
the functional benefits the user gains from the technology.
Hence, even if older adults perceive the system to be hard to
use due to inertia, they might still acknowledge that the system
provides value or could be beneficial in terms of performance
and efficiency. This can explain why inertia does not affect
perceived usefulness to the same extent.

Availability showed a positive influence on ease of use and
perceived usefulness, which is consistent with existing studies,
such as those by Chang et al [74] and Tsai et al [36]. However,
these findings partially conflict with the findings of Wu et al
[72], which revealed that availability only influences the
perceived usefulness and has no impact on the perceived ease
of use. This revealed different perspectives between patients
and hospital professionals toward the importance of availability
in determining telehealth adoption. From the older adult users’
perspective, the study’s findings revealed that the availability
of assistance, such as providing responses to assist them in
overcoming obstacles when using telehealth, is very important,
which would affect their perceived ease of use and usefulness
of telehealth.

This study revealed that well-being positively influences
perceived ease of use, perceived usefulness, and intention toward
telehealth. These outcomes are expected as people always seek
pleasurable experiences that can enhance their well-being when
adopting new technology [39,40]. These findings are also
consistent with previous results, which showed that an
individual’s perceived well-being toward technology will
positively influence their perceived ease of use, usefulness, and
intention [32,33,63,64].

Furthermore, this study also revealed that older adults’ trust
positively influences the perceived usefulness and attitude of
telehealth. This finding is predictable because most older adults
prefer to receive services in-person and may have trust issues
with telehealth’s ability to replace in-person consultations and
physical health assessments, so they may perceive high risks
and lower trust toward telehealth. The study validates the
findings of Rajak and Shaw [46], who revealed the crucial role
of trust in the health care technology adoption among older
adults.

Conclusions and Implications
Given the rapid growth of the older adult health care industry,
improving health care–related services is a promising
opportunity. Hence, this study was conducted to investigate the
factors influencing the intention of older adults to use telehealth
services by extending the TAM model. The model has been
stretched to incorporate factors like availability, transition cost,
trust, inertia, and well-being. From the literature, it was observed
that a considerable number of studies have been conducted on
telehealth. However, there is no evidence in the literature of
incorporating these factors and further assessing the model in
the Malaysian context. In addition, although several papers have
adopted the TAM to investigate telehealth adoption, there are
limited studies investigating the formation of the TAM key
constructs (perceived ease of use and perceived usefulness) in
depth from the older adults’ perspective. With the introduction
of these constructs into the TAM model, this study can
contribute to the literature by providing a better understanding
of factors affecting older adults’ intention to use telehealth in
the Malaysian context.

This study has several practical implications. First, the positive
impact of attitude toward older adults’ intention on telehealth
use provides valuable implications to the health care centers
and managers. They should create an environment that can
ensure older adults have a positive attitude toward telehealth.
On the basis of the findings, positive attitude toward telehealth
can be enhanced in several ways, for example, when the older
adults perceive it to be useful and easy to use. Hence, the
telehealth developer and health care personnel should carefully
assess telehealth’s usefulness in assisting older adults’ health
care before it is introduced to them.

In addition, telehealth developers should also design an older
adult–friendly interface that is easier for them to navigate and
understand, as the older adults are not as digitally literate as the
younger generation. For example, a case study by Pires et al
[96] emphasizes the importance of simplicity and ease of use
in successfully implementing the VITASENIOR-MT telehealth
system for older adult users. By using television as the primary
interface, the telehealth system became more accessible and
easier by integrating familiar technology into the homes of older
adults. Health professionals provided valuable feedback on
design and usability, enhancing the system’s effectiveness as
they remotely monitored patients. This case exemplifies the
best practices in telehealth design, highlighting the significance
of user-centered development that prioritizes ease of use for
older adults. In addition, health professionals are encouraged
to actively engage in the development process to further improve
the system’s effectiveness. A clear step-by-step video tutorial,
easy interactive dialogue, and straightforward click-through
procedures for making health care appointments can be
introduced. Moreover, the government or relevant authorities
can provide older adults with training on how to use telehealth
services to improve their skills and confidence in accessing
online services.

The results from this study revealed that if the transition cost
required when using telehealth is perceived as high, it will cause
people to have a negative attitude and intention toward
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telehealth. Furthermore, results also indicate that older adults
tend to keep using their habitual ways to obtain health care
services, which is known as inertia in this study. This inertia
negatively affects their perceived ease of use and usefulness of
telehealth. The rationale behind these results might be related
to the fact that most commonly available smartphone devices,
such as tablet computers and smartphones, as well as mobile
internet subscription plans, are generally sold at a high price.
Therefore, older adult mobile users only seek to access the
internet through free Wi-Fi networks due to the high cost of
using mobile devices. Given these considerations, it is
recommended that telecommunications companies collaborate
with government agencies to launch programs that offer special
low prices, rebates, or government-funded subsidies for older
adults when they purchase a mobile device and sign up for
mobile internet packages. For instance, telecommunication
companies in Taiwan have effectively held a promotional
campaign for older adults to access the internet for free for a
certain period [97]. Through a short, free trial, older adults’
increasing internet accessibility is an effective way to encourage
them to learn and become familiar with mobile apps and to
reduce their inertia by providing a greater understanding of the
mobile services’value and usefulness, particularly the telehealth
services.

In addition to utilitarian-oriented benefits like usefulness and
ease of use, which have been frequently discussed in earlier
literature, policy makers and managers must also highlight the
affective components like well-being [33]. Surprisingly, the
result revealed that well-being is the most important factor that
affects older adults’ intention for telehealth use. Hence,
practitioners should pay more attention to developing a sense
of well-being enhancement if older adults use telehealth services.
For instance, relevant authorities can create an online community
of innovative users where the older adults can share their
pleasant, positive, and healthy experiences to highlight the
well-being provided by telehealth, and hence indirectly generate
positive word of mouth that motivates the potential users to use
telehealth. On the other hand, findings also revealed that
availability positively influences older adults’ perceived ease
of use and usefulness of telehealth. Therefore, technology
developers, manufacturers, or organizations should always be
prepared to respond and assist the older adult in overcoming
challenges and obstacles when using telehealth services,
particularly during the early stages of adoption.

Furthermore, the study’s findings also revealed that older adults’
trust positively affects the perceived usefulness. Incorporating
trust as a key determinant of perceived usefulness is particularly
important for older adults adopting telehealth. The literature
suggests that trust in telehealth can be fostered through
mechanisms, such as confidence in the competence of health
care providers [17,81,82] and the reliability of the information
provided [98]. In practice, trust can be strengthened by
implementing ongoing professional development and
telehealth-specific training for health care providers. This can
ensure they remain updated on best practices and patient care,
thus boosting patient confidence in their competence. In
addition, regularly updating health information and
cross-referencing it with evidence-based guidelines reinforces

the reliability of the information provided on telehealth
platforms.

Moreover, government authorities and telehealth platform
developers play a critical role in improving trust in using
telehealth services. As a result, it is suggested that government
agencies implement clear and detailed support policies for
telehealth services. For instance, the government should
strengthen the laws to ensure that the platform developers ensure
the confidentiality of patient data and data security while health
care institutions and staff are qualified. The introduction of
national policies shows the government’s support for telehealth
services, which could increase the public’s trust toward them
[99]. In addition, managers should assist in the development of
telehealth platforms by implementing and promoting features
and guidelines on patient data confidentiality and privacy
protection to establish customer trust. Furthermore, the use of
secondary data and security policies should be communicated
and advertised by companies to increase trust. In addition, the
government should also provide sufficient budget allocation
and training for health care professionals to use telehealth
services so they can provide better telehealth services for
patients and, in turn, increase their trust in telehealth services.

Limitations and Suggestions for Future Research
Like all research endeavors, this study is not immune to
limitations. The first constraint becomes evident through the
limited number of determinants examined concerning the
intention to use telehealth services. We recognize that numerous
potential factors remain unexplored, particularly within the
realm of customization.

Second, our research adopts a cross-sectional survey design
approach. Given the rapid evolution of technology and the
increasing familiarity of consumers with telehealth, this
approach may impact their evolving perceptions of telehealth.
In addition, consumers’ lifestyles are dynamic, undergoing
continuous changes across different life stages. Consequently,
a longitudinal study would yield valuable insights into the
sustained use of telehealth services. In addition, future research
could explore how different types of telehealth services (eg,
video consultations vs remote monitoring) specifically impact
adoption rates among older adults.

This study used convenient and snowball sampling to reach a
hard-to-access population. Although the data represent various
ethnicities and regions across Malaysia, the uneven distribution
of responses may still introduce a certain level of bias. To
enhance representativeness, we recommend using random or
stratified sampling methods in future research.

Another limitation is the potential for self-report biases, as
participants may have provided socially desirable responses
rather than their true thoughts or behaviors. While we mitigated
this by ensuring survey anonymity, self-report biases may still
persist and should be considered when interpreting the findings.
Future research should incorporate objective measures, such as
tracking actual telehealth use data, to complement self-reported
data and provide a more accurate assessment.

Although this study meets the sample size requirements based
on power analysis using G-Power, it may not fully capture the
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diversity of the older adult population, potentially limiting the
generalizability of the findings. Caution is advised when
applying these results to the broader older adult population.
Future studies should include larger, more diverse samples

across different socioeconomic backgrounds, geographic
locations, and health conditions to strengthen the robustness
and applicability of the findings.
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Abstract

Background: With changes in lifestyle, the issue of sleep disorders is becoming increasingly common. Diabetes and sarcopenia
have been found to be independently associated with sleep disorders. However, fewer studies have explored the interaction
between the combination of diabetes and sarcopenia at different stages and sleep disorders.

Objective: This study aimed to explore the relationship between the combination of diabetes and sarcopenia and the incidence
of sleep disorders in adults aged 45 years and older.

Methods: Based on data from the CHARLS (China Health and Retirement Longitudinal Study), we selected participants with
comprehensive diagnostic information on diabetes and sarcopenia from 2011 who had normal sleep duration at baseline and
checked their follow-up information of sleep duration from 2013, 2015, 2018, and 2020. Diabetes was classified into diabetes
(D), prediabetes (PD), and nondiabetes (ND), and sarcopenia was divided into sarcopenia (S), possible sarcopenia (PS), and
nonsarcopenia (NS). The participants were divided into DS, DPS, DNS, PDS, PDPS, PDNS, NDS, NDPS, and NDNS groups.
Kaplan-Meier survival curves, the log-rank test, Cox proportional hazards regression, and restricted cubic spline models were
used for statistical analysis.

Results: A total of 4936 participants were included in this study. The DS group had the highest incidence of sleep disorders:
49.32%, 28.57%, 36.36%, and 80.00% in 2013, 2015, 2018, and 2020 respectively. In the crude model, compared with the NDNS
group, the risk of sleep disorders was increased in the DS group (hazard ratio [HR] 1.707, 95% CI 1.196‐2.437), PDS (HR
1.599, 95% CI 1.235‐2.071), NDS (HR 1.465, 95% CI 1.282‐1.674), and DPS group (HR 1.318, 95% CI 1.097‐1.583). The
risk was increased but not statistically significant in the PDPS group (HR 1.160, 95% CI 0.987‐1.365). After adjusting for
covariates, the risk of sleep disorders remained statistically significant in the DS group (HR 1.515, 95% CI 1.059‐2.167) and
was significantly higher in the PDS (HR 1.423, 95% CI 1.096‐1.847) and NDS (HR 1.279, 95% CI 1.113‐1.468) groups than
that in the NDNS group. The nonlinear associations between appendicular skeletal muscle mass, grip strength, 5-time chair test,
fasting plasma glucose, and sleep disorders were observed and described.

Conclusions: The combination of diabetes and sarcopenia significantly increases the risk of sleep disorders in adults aged 45
years and older. and the implementation of progression control of both diabetes and sarcopenia may be helpful to prevent sleep
disorders in this population.

(JMIR Aging 2025;8:e66372)   doi:10.2196/66372

KEYWORDS

diabetes; sarcopenia; combined effect; sleep disorders; elderly; cohort study

Introduction

With changes in lifestyle, the issue of sleep disorders is
becoming increasingly common. Studies report the worldwide
prevalence of obstructive sleep apnea, poor sleep quality, other
sleep problems, insomnia, and excessive daytime sleepiness to
be 46%, 10%, 37%, 29%, and 19% respectively [1]. Even among
adolescents, the prevalence of short and disturbed sleep is as

high as 34.1% [2]. The impact of sleep disorders on the health
of the older adults is more obvious, which can lead to
cardiovascular disease [3], dementia [4], depression, and many
other health problems. With the acceleration of aging, sleep
disorders in older adults has become a global public health
problem. A large number of studies have focused on the factors
influencing sleep disorders. In addition to psychological [5],
environmental [6], lifestyle [7] factors, chronic diseases, such
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as diabetes [8] and sarcopenia [9] are found to be closely related
to sleep disorders. According to the International Diabetes
Federation report, a total of 537 million adults worldwide had
diabetes in 2021, which is expected to increase by 46% to 783
million by 2045 [10]. The prevalence of diabetes in people aged
≥45 years in China is 10.6% [11], and there are significant
differences between men and women, and individuals in urban
and rural areas. With the increase in age, human function
significantly declines, and coupled with the impact of metabolic
diseases, sarcopenia is becoming more common in older adults.
With a reported prevalence of 27% in individuals over 60 years
of age [12], sarcopenia has become one of the common
comorbidities in older adults.

Diabetes is an important factor affecting sleep disorders [13].
Studies have found a significant association between obstructive
sleep apnea risk and type 2 diabetes (odds ratio [OR] 2.44, 95%
CI 1.78-3.35; P<.001) [14]. Compared with patients without
diabetes, both patients with type 1 (hazard ratio [HR] 1.41, 95%
CI 1.37-1.46, ) and type 2 diabetes (HR 1.40, 95% CI
1.37‐1.44) have a significantly increased risk of sleep disorders
[15]. In addition, studies have shown that sarcopenia is a chronic
disease that induces sleep disorders [16], and people with both
sarcopenia and diabetes have a significantly increased risk of
sleep abnormalities [17]. Even self-reported sleep duration may
provide the possibility for early prediction of sarcopenia. These
findings suggest a complicated relationship between diabetes,
sarcopenia, and sleep disorders.

However, these existing studies have not elucidated the risk of
sleep disorders in populations with comorbid diabetes and
sarcopenia; most studies have analyzed the relationships between
diabetes and sleep disorders, as well as the impact of sarcopenia
on sleep disorders. Another important issue is that both diabetes
guidelines and the expert consensus on sarcopenia emphasize
prediabetes and possible sarcopenia, which are similar to large
icebergs beneath the surface—and their contribution to sleep
disorders also warrants attention. With aging, the prevalence of
diabetes and sarcopenia gradually increases in the older
population, which prompts us to consider whether an interaction
between diabetes and sarcopenia at different stages significantly
increases the risk of sleep disorders. Previous studies have
mostly explored the relationship between sarcopenia, diabetes,
and sleep disorders using a cross-sectional design. On the one
hand, there is a lack of evidence from longitudinal cohort
designs; on the other hand, the interaction of the risk between
diabetes and sarcopenia at different stages and sleep disorders
has not been elucidated. Based on this scientific question, the
present study used the China Health and Retirement
Longitudinal Study (CHARLS) to analyze the impact of the
interaction of diabetes and sarcopenia on the occurrence of sleep
disorders over four longitudinal follow-up visits (ie, 2013, 2015,
2018, 2020) from the 2011 baseline population, to provide a
reference for the prevention and treatment of sleep disorders in
adults aged ≥45 years.

Methods

Participants and Study Design
The participants for this study were derived from the CHARLS,
a nationally representative longitudinal survey initiated in 2011.
It covered 150 county-level units, 450 village-level units, and
10,257 households across 28 provinces. These participants were
followed up every 2 to 3 years. CHARLS covers basic personal
information, household structure, health status, physical
measurements, health service utilization, health insurance, and
basic community characteristics. Four waves of follow-up data
collection have been completed so far, and detailed information
on CHARLS has been published [18].

Data were collected from CHARLS during 2011‐2020. All
information related to diabetes, sarcopenia, and sleep disorders
among participants aged ≥45 years could be downloaded from
2011, 2013, 2015, 2018, and 2020.

We selected participants according to the following steps and
excluded based on the following criteria: (1) lack of age
information or age<45 years in 2011; 2) missing height and
weight measurements at baseline; (3) height and weight data
beyond mean (3 SD); (4) missing gender information; (5)
missing sarcopenia-related information; (6) missing FPG (fasting
plasma glucose) information; (7) FPG <3.9 mmol/L, (8) no
sleep status at baseline, (9) nightly sleep duration <6 or >8
hours; (10) questionnaire lacked diabetes self-report information,
(11) normal FPG but choosing a self-reported diagnosis of
“diabetes or high blood sugar” for the question “Have you been
diagnosed with by a doctor?”.

Subsequently, all the participants selected at baseline were
matched by ID to the database of 2013, 2015, 2018, and 2020,
respectively; those without necessary information about sleep
duration were excluded. Only the first record of occurrence of
sleep disorder was retained, if one ID was found repeatedly
across years.

Measures
The measurements of exposure variables (ie, diabetes,
sarcopenia), outcome variables (ie, sleep disorder, change of
sleep duration or status), and covariates (ie, age, gender,
education level, habitation, current marital status, current
smoking, and drinking status) were respectively assessed across
the cohort at each survey wave.

Assessment of Diabetes
All participants were classified as having diabetes, prediabetes,
and nondiabetes according to the Guidelines for the Prevention
and Treatment of type 2 Diabetes Mellitus in China (2020
edition) [19]. Since only FPG in venous blood was measured
in the CHARLS, the diagnosis in this study was based only on
FPG values. A venous FPG value ≥7.0 mmol/L was classified
as diabetes, FPG ≥6.1 mmol/L and <7.0 mmol/L as prediabetes,
and FPG <6.0 mmol/L as nondiabetes. Although the baseline
survey included the question “Have you been diagnosed with
by a doctor?”, the participants answering “diabetes or high blood
sugar, (including impaired glucose tolerance and elevated fasting
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blood sugar),” were excluded, as it was not possible to
distinguish between diabetes and prediabetes.

Assessment of Sarcopenia
The Asian Working Group for Sarcopenia: 2019 Consensus
Update on Sarcopenia Diagnosis and Treatment (AWGS 2019)
was used to assess the status of the sarcopenia and classify
participants into sarcopenia, possible sarcopenia, and
nonsarcopenia groups. The average of maximum values of
handgrip strength was measured using either or both hands to
evaluate the skeletal muscle strength. According to AWGS
2019, the threshold for low handgrip strength is <18 kg for
women and <28 kg for men. The 5-time chair stand test was
used to evaluate physical performance of the participants; a time
≥12 s of the 5-time chair stand test was defined as low physical
performance. Individuals who could not complete the test were
excluded. The muscle mass of the participants was evaluated
using a previously validated formula [20]:

ASM=0.193×bodyweight(kg)+0.107×height(cm)−4.157×sex(1=male,2=female)–0.037×age(years)−2.631

Following the estimation of appendicular skeletal muscle mass
index (ASM) using the above formula, the appendicular skeletal
muscle mass index (ASMI) was calculated using the ASM

divided by the square of height in meters (ASMI = ASM/height2

m2). Therefore, the cut-off values for ASMI used in this study
were based on the percentile value of the lowest 20% of the
study population; low muscle mass was defined as ASMI <7.05

kg/m2 for men and <5.36 kg/m2 for women. Sarcopenia was
diagnosed if muscle mass, muscle strength, or physical
performance were low, and possible sarcopenia was diagnosed
if muscle strength or physical performance was low.

Covariates
Based on the literature review, some common factors correlated
with sleep disorders, including demographic factors (eg, age
and gender), area of residence (ie, city or rural), current marital
status (ie, married or unmarried), and education level with a
cut-off of junior high school graduation were selected as
covariates to divide the participants into two groups.
Health–related factors included current smoking and alcohol
consumption status.

Statistical Analysis
The categorical variables such as gender, education level, and

habitation were expressed as percentages. The χ2 test was used
for comparison between groups and Fisher exact test was used

for analyses when the χ2 test was not appropriate. For
quantitative indicators such as age, FPG, and muscle mass index,
the mean (SD) was used for normally distributed variables.
When the variables were not normally distributed, median with
interquartile range was used calculated. The 2-tailed t test,
ANOVA, or Kruskal-Wallis tests were used for comparison
among groups, as appropriate. Kaplan-Meier survival analysis
and log-rank test were used to compare the incidence of sleep
disorders. Based on the different adjustment covariates, three
Cox proportional hazards regression models were used to
analyze the combined effect of diabetes and sarcopenia on sleep
disorders. The restricted cubic spline (RCS) models were used
to analyze the exposure-response and nonlinear relationships
between FPG, muscle mass index, grip strength, 5-time chair
stand test, and sleep disorders. Microsoft Excel (2021), SPSS
software (version 27.0; IBM Corp) and R software (version
4.3.2; R Foundation for Statistical Computing) were used to
conduct data collation, statistical testing, and RCS modelling
respectively. A P<.05 was considered statistically significant.

Ethical Considerations
In this study, all data were extracted from CHARLS, which
received approval from Peking University Biomedical Ethics
Committee (IRB00001052-11015) prior to conducting the
original field investigation and all the participants had signed
the informed consent form before enrollment. The secondary
analysis was approved and anonymized data was used for
analysis.

Results

A total of 17,705 participants were included at baseline. Of
these, 12,615 were gradually excluded based on the exclusion
criteria, and matched with follow-up data from 2013, 2015,
2018, and 2020 according to the participant ID. The first
occurrence of sleep disorders was retained in the database.
Finally, 4936 participants were included in the analysis (Figure
1).
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Figure 1. The flow chart of screening for enrolled individuals. CHARLS: China Health and Retirement Longitudinal Study; FPG: fasting plasma
glucose.

A total of 4936 participants were selected and followed up on
their sleep during 4 follow-up visits from 2011 to 2020,
including 2427 male (49.2%) and 2509 female (50.8%)
participants. Further comparison of the combination of diabetes
and sarcopenia at different stages—NDNS, NDPS, NDS, PDNS,

PDPS, PDS, DNS, DPS, and DS were statistically significant
for age, sex, marital status, place of residence, education level,
smoking, alcohol consumption, review status, weight, grip
strength, skeletal muscle mass, 5-time chair stand test, and blood
glucose levels (all Ps<.05; Table 1).
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Table . Sociodemographic characteristics and critical variables of participants.

P valueH (df)/χ2
(df)

DS (Dia-
betes and
Sarcope-
nia), n=37

DPS (Dia-
betes and
Possible
sarcope-
nia),
n=162

DNS (Dia-
betes and
Nonsar-
copenia),
n=380

PDS (Pre-
diabetes
and Sar-
copenia),
n=75

PDPS
(Predia-
betes and
Possible
sarcope-
nia),
n=230

PDNS
(Predia-
betes and
Nonsar-
copenia),
n=599

NDS
(Nondia-
betes and
Sarcope-
nia),
n=324

NDPS
(Nondia-
betes and
Possible
sarcope-
nia),
n=841

NDNS
(Nondia-
betes and
Nonsar-
copenia),
n=2288

Variables

<.001528.833a

(8)

70 (62-75)59 (55-65)57 (51-63)68 (60-75)60 (55-65)57 (50-63)68 (60-74)58 (52-64)55 (49-61)Age
(years),
median
(IQR)

<.00137.412b

(8)

Gender, n (%)

20 (54.1)68 (42.0)203 (53.4)39 (52.0)111 (48.3)323 (53.9)146 (45.1)349 (41.5)1168
(51.0)

Male

17 (45.9)94 (58.0)177 (46.6)36 (48.0)119 (51.7)276 (46.1)178 (54.9)492 (58.5)1120
(49.0)

Female

<.001cMarriage, n (%)

28 (75.7)143 (88.3)355 (93.4)58 (77.3)198 (86.1)556 (92.8)261 (80.6)772 (91.8)2120
(92.7)

Yes

9 (24.3)19 (11.7)25 (6.6)17 (22.7)32 (13.9)43 (7.2)63 (19.4)69 (8.2)168 (7.3)No

<.001cHabitation, n (%)

35 (94.6)149 (92.0)341 (90.0)73 (97.3)205 (89.1)543 (90.7)314 (96.9)796 (94.6)2098
(91.7)

City

2 (5.4)13 (8.0)38 (10.0)2 (2.7)25 (10.9)56 (9.3)10 (3.1)45 (5.4)190 (8.3)Rural

<.001169.139b

(8)

Education, n (%)

6 (16.2)40 (24.7)159 (42.0)12 (16.0)68 (29.6)235 (39.2)45 (13.9)225 (26.8)946 (41.3)Above of
junior
high
school
gradua-
tion

31 (83.8)122 (75.3)220 (58.0)63 (84.0)162 (70.4)364 (60.8)278 (86.1)616 (73.2)1342
(58.7)

Others

.00224.306b

(8)

17 (45.9)62 (38.3)160 (42.1)38 (50.7)90 (39.1)277 (46.2)117 (36.1)298 (35.5)935 (40.9)Smoking

<.0019 (24.3)41 (25.3)165 (43.4)24 (32.0)72 (31.3)248 (41.4)91 (28.1)234 (27.8)864 (37.8)Drinking

<.001138.643a

(8)

157.0(151.0-
163.2)

156.0(151.7-
162.3)

159.5
(152.9-
165.3)

154.0
(146.0-
154.0)

158.5
(153.5-
164.8)

159.5
(153.3-
165.8)

154.9
(146.8-
161.0)

157.8(152.4-
163.9)

159.5(153.4-
165.5)

Height(cm),
median
(IQR)

<.001878.573a

(8)

46.4
(42.5-
51.2)

61.4
(55.8-
68.7)

61.6
(53.3-
69.9)

46.6
(42.3-
50.3)

63.3
(57.3-
69.2)

61.0
(54.6-
69.4)

45.6
(42.2-
49.3)

60.2
(55.1-
67.0)

58.7
(52.1-
66.2)

Weight
(kg), medi-
an (IQR)

<.001818.091a

(8)

21.6
(17.0-
29.3)

25.0
(18.5-
32.5)

34.0
(28.1-
41.3)

22.6(17.5-
29.5)

27.5
(19.3-
35.2)

34.0
(28.5-
41.6)

22.5
(17.0-
27.7)

26.5
(20.0-
34.4)

34.0
(28.0-
41.0)

Handgrip
strength
(kg), medi-
an (IQR)

<.001343.836a

(8)

14.7
(11.6-
17.3)

16.7
(14.4-
20.4)

18.3
(14.6-
21.3)

13.9
(10.6-
17.7)

18.2
(14.9-
21.1)

18.1
(14.9-
21.5)

12.9
(10.6-
17.1)

16.7
(14.4-
20.3)

17.8
(14.3-
20.7)

ASMd

(kg/m2),
median
(IQR)
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P valueH (df)/χ2
(df)

DS (Dia-
betes and
Sarcope-
nia), n=37

DPS (Dia-
betes and
Possible
sarcope-
nia),
n=162

DNS (Dia-
betes and
Nonsar-
copenia),
n=380

PDS (Pre-
diabetes
and Sar-
copenia),
n=75

PDPS
(Predia-
betes and
Possible
sarcope-
nia),
n=230

PDNS
(Predia-
betes and
Nonsar-
copenia),
n=599

NDS
(Nondia-
betes and
Sarcope-
nia),
n=324

NDPS
(Nondia-
betes and
Possible
sarcope-
nia),
n=841

NDNS
(Nondia-
betes and
Nonsar-
copenia),
n=2288

Variables

<.0012336.735a

(8)

13.6
(11.2-
17.3)

13.0
(12.3-
15.4)

9.0 (7.5-
10.3)

13.3
(11.3-
16.3)

13.5
(12.2-
16.3)

8.9 (7.4-
10.3)

13.3
(11.2-
15.5)

13.5
(12.3-
15.4)

8.6 (7.2-
10.2)

5-time
chair
stand test
(s), medi-
an (IQR)

<.0013208.235a

(8)

7.8 (7.3-
8.9)

8.0 (7.4-
9.4)

8.0 (7.3-
9.5)

6.4 (6.2-
6.6)

6.4 (6.2-
6.6)

6.4 (6.3-
6.6)

5.4 (5.1-
5.7)

5.5 (5.1-
5.8)

5.5 (5.2-
5.8)

FPGe

(mmol/L),
median
(IQR)

a Kruskal-Wallis H test.
bχ2: chi-square statistic.
cFisher’s exact test.
dASM: appendicular skeletal muscle mass.
eFPG: fasting plasma glucose.

Based on survival analysis, it was observed that with the change
in follow-up time, there was a significant difference in the

incidence of sleep disorders among all groups (χ28=73.486,
P<.001; Figure 2). In 2020, the DS group had the highest
incidence of sleep disorders (80. and the incidence in the DPS,
PDS and NDS groups reached 52.00%, 50.00%, and 48.78%,
respectively; whereas, the incidence of sleep disorders was the

lowest in the NDNS group (36.02%). Furthermore, the incidence
of sleep disorders in the DS group was 49.32%, 28.57%,
36.36%, and 80.00% in 2013, 2015, 2018, and 2020,
respectively, showing a significantly increasing trend.
Significant differences were also observed between men and
women, and the incidence of short sleep duration (<6 hours)
and long sleep duration (>8 hours), as shown in Figure 3.

Figure 2. The incidence of sleep disorders of the co-exposure of diabetes and sarcopenia at different stages. In the diabetes group, (+) represents
diabetes, (±) represents prediabetes, and (-) depicts nondiabetes. In the sarcopenia group, (+) represents sarcopenia, (±) indicates possible sarcopenia,
and (-) depicts nonsarcopenia.
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Figure 3. Incidence of sleep disorders related to co-exposure of diabetes and sarcopenia among groups. Follow-up time depicts the number of years

of follow-up in 2013, 2015, 2018, 2020, respectively. χ2 indicates the statistic from the log-rank test. NDNS: Nondiabetes and Nonsarcopenia, NDPS:
Nondiabetes and Possible Sarcopenia, NDS: Nondiabetes and Sarcopenia, PDNS: Prediabetes and Nonsarcopenia, PDPS: Prediabetes and Possible
Sarcopenia, PDS: Prediabetes and Sarcopenia, DNS: Diabetes and Nonsarcopenia, DPS: Diabetes and Possible Sarcopenia, DS: Diabetes and Sarcopenia;
SD: sleep disorders (including sleep duration <6h and >8h); <6 hours: sleep duration at the final follow-up was <6 hours; >8 hours: sleep duration at
the final follow-up was >8 hours.

According to Cox regression analysis, there was a significant
association between the combined status of diabetes mellitus,
sarcopenia, and sleep disorders. In Model 1, no covariates were
adjusted, compared with the NDNS group, the risk of sleep
disorders was increased in the DS group (HR 1.707, 95% CI
1.196‐2.437, P=.003), PDS (HR 1.599, 95% CI 1.235‐2.071,
P<.001), NDS (HR 1.465, 95% CI 1.282‐1.674, P<.001), and
DPS (HR 1.318, 95% CI 1.097‐1.583, P=.003). The risk was

increased but not statistically significant in the PDPS group.
After adjusting for the variables (Model 3), the risk of sleep
disorders in the DS group (HR 1.515, 95% CI 1.059‐2.167;
P=.02) was still statistically significant, and the risk in the PDS
(HR 1.423, 95% CI 1.096‐1.847; P=.008) and NDS (HR
1.279,95% CI 1.113‐1.468; P<.001) groups were significantly
higher than that in the NDNS group (Table 2).
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Table . Association between sleep disorders and co-exposure to diabetes and sarcopenia at different status. Symbols indicate existing condition: diabetes
(+), nondiabetes (–), prediabetes (±) in the diabetes group, and sarcopenia (+), possible sarcopenia (–), and no sarcopenia (±) in the sarcopenia group.

Model 3d, HR (95% CI)Model 2c, HR (95% CI)Model 1a, HRb (95% CI)Group

SarcopeniaDiabetes

Sleep disorderse

ReferenceReferenceReference--

1.033 (0.936-1.139)1.058 (0.959-1.167)1.105 (1.003-1.218)±-

1.279 (1.113-1.468)1.344 (1.171-1.541)1.465 (1.282-1.674)＋-

1.098 (0.984-1.225)1.100 (0.986-1.277)1.107 (0.992-1.235)-±

1.110 (0.943-1.307)1.114 (0.946-1.311)1.160 (0.987-1.365)±±

1.423 (1.096-1.847)1.501 (1.157-1.946)1.599 (1.235-2.071)+±

1.070 (0.936-1.223)1.061 (0.929-1.212)1.067 (0.935-1.219)-+

1.228 (1.021-1.477)1.251 (1.040-1.504)1.318 (1.097-1.583)±+

1.515 (1.059-2.167)1.594 (1.115-2.279)1.707 (1.196-2.437)++

Sleep duration <6 hours

ReferenceReferenceReference--

1.023 (0.911-1.149)1.046 (0.932-1.174)1.100 (0.981-1.234)±-

1.286 (1.084-1.525)1.343 (1.134-1.591)1.455 (1.233-1.716)＋-

1.118 (0.983-1.271)1.120 (0.985-1.273)1.120 (0.985-1.273)-±

1.061 (0.863-1.305)1.059 (0.861-1.302)1.086 (0.884-1.334)±±

1.417 (1.008-1.992)1.503 (1.071-2.110)1.596 (1.139-2.235)+±

1.075 (0.916-1.261)1.070 (0.913-1.255)1.073 (0.915-1.258)-+

1.260 (1.012-1.568)1.287 (1.035-1.601)1.366 (1.099-1.697)±+

1.546 (1.010-2.365)1.623 (1.062-2.481)1.713 (1.123-2.612)++

Sleep duration >8 hours

ReferenceReferenceReference--

1.073 (0.892-1.290)1.137 (0.946-1.367)1.208 (1.007-1.450)±-

1.601 (1.262-2.030)1.791 (1.415-2.268)2.132 (1.696-2.681)＋-

1.160 (0.942-1.429)1.173 (0.952-1.445)1.197 (0.972-1.474)-±

1.429 (1.093-1.869)1.465 (1.121-1.914)1.594 (1.222-2.080)±±

2.033 (1.351-3.058)2.256 (1.502-3.389)2.545 (1.699-3.814)+±

1.195 (0.937-1.524)1.162 (0.913-1.480)1.198 (0.941-1.525)-+

1.502 (1.065-2.118)1.516 (1.076-2.136)1.665 (1.184-2.343)±+

1.970 (1.011-3.840)2.340 (1.205-4.543)2.739 (1.414-5.306)++

Decreased sleep durationf

ReferenceReferenceReference--

1.052 (0.949-1.166)1.073 (0.969-1.189)1.122 (1.014-1.242)±-

1.224 (1.046-1.433)1.274 (1.090-1.490)1.368 (1.175-1.593)＋-

1.067 (0.950-1.199)1.069 (0.952-1.201)1.076 (0.958-1.208)-±

1.101 (0.914-1.325)1.091 (0.907-1.313)1.121 (0.933-1.349)±±

1.525 (1.105-2.104)1.617 (1.174-2.229)1.735 (1.261-2.386)+±

1.069 (0.928-1.232)1.058 (0.918-1.219)1.063 (0.923-1.224)-+

1.167 (0.948-1.435)1.188 (0.966-1.461)1.251 (1.018-1.537)±+

1.391 (0.910-2.124)1.452 (0.951-2.216)1.546 (1.015-2.357)++
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Model 3d, HR (95% CI)Model 2c, HR (95% CI)Model 1a, HRb (95% CI)Group

SarcopeniaDiabetes

Increased sleep durationg

ReferenceReferenceReference--

1.167 (1.002-1.358)1.212 (1.042-1.409)1.253 (1.078-1.457)±-

1.385 (1.119-1.713)1.468 (1.188-1.814)1.674 (1.363-2.056)＋-

1.081 (0.908-1.286)1.099 (0.924-1.308)1.115 (0.937-1.325)-±

1.259 (0.998-1.588)1.295 (1.028-1.631)1.377 (1.094-1.733)±±

1.697 (1.185-2.429)1.815 (1.270-2.595)1.952 (1.367-2.787)+±

1.088 (0.886-1.335)1.078 (0.879-1.322)1.104 (0.901-1.353)-+

1.201 (0.888-1.624)1.196 (0.885-1.616)1.270 (0.941-1.714)±+

1.641 (0.920-2.924)1.852 (1.043-3.288)2.067 (1.167-3.662)++

aModel 1 represents no covariates were adjusted.
bHR: hazard ratio.
cModel 2 represents adjusting for gender and age.
dModel 3 represents adjustment for gender, age, education, current marital status and habitation, smoking, and drinking.
eSleep disorders including sleep duration <6 hours and >8 hours.
fDecreased indicates difference of sleep duration between baseline and follow-up <0.
gIncreased indicates the difference of sleep duration between baseline and follow-up >0.

After a stratified analysis of sleep duration (ie, <6 hours and >8
hours), the risk of short sleep duration (< 6 hours) was
significantly increased in the DS group without adjusting for
variables (Model 1: HR 1.713, 95% CI 1.123‐2.612) and
remained statistically significant after adjusting for variables
(Model 3: HR 1.546, 95% CI 1.010‐2.365). The risk of long
sleep duration (> 8 hours) was significantly increased in the DS
group without adjusting for variables (Model 1: HR 2.739, 95%
CI 1.414‐5.306), which remained statistically significant after
adjusting for variables (Model 3: HR 1.970, 95% CI
1.011‐3.840; Table 2).

To analyze the changes in sleep duration, we stratified
participants based on the difference in sleep duration between
the final follow-up and baseline. If the difference was <0, it was
defined as “Decrease,” while a difference >0, was defined as
“Increase in sleep duration.” Cox regression analysis revealed
that the risk of “Decrease” in sleep duration in the NDS group
without adjusting for the variable (Model 1) is significantly
higher (HR 1.735, 95% CI 1.261‐2.386), and this remained
statistically significant after adjusting for covariates (Model 3:

(HR 1.525, 95% CI 1.105‐2.104). After adjusting for
covariates, the risk of “Increase” in the PDS (Model 3: HR
1.697, 95% CI 1.185‐2.429) and NDS (Model 3: HR 1.385,
95% CI 1.119‐1.713) groups also increased significantly (Table
2).

To further assess the relationship between diabetes, sarcopenia,
and sleep disorders, the RCS model was used to describe
important factors related to sarcopenia—ASM, handgrip
strength, 5-time chair stand test performance—and the exposure
response relationship between FPG levels, and sleep disorders.
Figure 4 illustrates these association of sleep disorders with

ASM (χ2=45.04, P<.001, P for nonlinearity=.0284), handgrip

strength (χ2=16.62, P<.008, P for nonlinearity<.0017), and

5-time chair stand tests (χ2=8.78, P=.03, P for
nonlinearity=.0806). A nonlinear correlation was observed
between sleep disorders and both ASM and handgrip strength.
The relationship between FPG and long sleep duration (>8

hours) was also significant (χ2=9.44, P=.02, P for
nonlinearity=.10731).
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Figure 4. Exposure-response relationship among diabetes, sarcopenia, and sleep disorders.. The restricted cubic spline (RCS) was used to model
expose-response curves after adjusting for factors including gender, age, education, current marital status, and habitation, smoking, and drinking. ASM:
appendicular skeletal muscle mass; FPG: fasting plasma glucose; HR: hazard ratio; SD: sleep disorders; <6 h: sleep duration was <6 hours; >8 h: sleep
duration was >8 hours.

Discussion

With increasing age, the issue of sleep disorders in older adults
is becoming more severe [21]. Common chronic conditions
including diabetes mellitus and sarcopenia which are highly
prevalent could affect sleep quality. In particular, prediabetes
and possible sarcopenia are now being diagnosed at an early
age. If this status is not addressed during reversible stages, the
risk of sleep disorders in adults aged ≥45 years is even more
severe. Although studies have reported a relationship between
diabetes [22] or sarcopenia [23] and sleep disorders, there is a
lack of studies on the relationship between co-exposure at
varying stages of diabetes and sarcopenia. This study found that
participants with diabetes and sarcopenia had the highest risk
of sleep disorders; groups with prediabetes and sarcopenia,
nondiabetes with sarcopenia, and diabetes with possible
sarcopenia had a significantly higher risk of sleep disorders.
Additionally, there was an exposure-response relationship
between ASM, handgrip strength, 5-time chair test, FPG levels,
and sleep disorders. These findings can provide a reference for
the prevention of sleep disorders in adults aged ≥45 years and
the development of early screening and personalized
intervention.

Diabetes, as a chronic disease with high incidence in older
adults, is an important factor contributing to sarcopenia [24]
and sleep disorders [25]. Our findings showed that participant
groups with both diabetes and prediabetes have an increased
risk of sleep disorders. This may be explained by the following
mechanisms. On one hand, diabetes can affect the function of
the hypothalamic-pituitary-adrenal axis, resulting in abnormal
secretion of hormones such as cortisol [26]. The rhythm of these
hormones can affect the sleep-wake cycle, leading to the sleep
disorders [27]. On the other hand, hyperglycemia may lead to
the secretion of melatonin, which plays a key role in regulating
sleep rhythms [28]. Its altered secretion can lead to difficulty
falling asleep and poor sleep quality [29]. In addition, patients

with sarcopenia are prone to muscle fatigue and damage due to
the loss of mass and strength of several muscles [30]. During
sleep, changes in body posture may strain already fragile
muscles, causing pain and discomfort, resulting in sleep
disruption. Muscle strength in the chest and abdomen decreases
in patients with sarcopenia, resulting in decreased respiratory
function [31]. During sleep, weakness in respiratory muscles
may cause poor breathing, snoring and even apnea, thus
interfering with sleep [32]. It is also important to note that
diabetes can cause sarcopenia. Long-term hyperglycemia may
lead to peripheral neuropathy [33], causing a decrease in muscle
blood supply, affecting the nutrition and innervation of nerves
to muscles [34], which in turn leads to muscle waste atrophy.
Patients with diabetes and prediabetes have widespread insulin
resistance, which blocks insulin signaling pathways such as
PI3K/Ak [35] and Ras-MAPK [36], thus cannot effectively
promote the uptake of amino acids by muscle cells, thereby
inhibiting the synthesis of muscle proteins; this results in a
decrease in muscle mass. These mechanisms reveal the
relationship between FPG, ASM, handgrip strength, 5-time
chair stand test, and sleep disorders, as identified by the RCS
model.

This study found that participants with comorbid diabetes and
sarcopenia had the highest risk of sleep disorders, and the groups
with prediabetes and sarcopenia, nondiabetes and sarcopenia,
and diabetes with possible sarcopenia also had a significantly
higher risk of sleep disorders. The potential mechanisms of
sleep disorders caused by the comorbidity of diabetes and
sarcopenia may be related to the following: (1) patients with
diabetes already have abnormal blood sugar regulation;
sarcopenia will further affect the uptake and utilization of
glucose by muscles, resulting in more frequent and
difficult-to-control blood sugar fluctuations [37]. This may
result in the superposition of metabolic disorders, triggering
energy metabolism imbalance [38], making the body unable to
obtain enough energy at night to maintain normal physiological
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functions and sleep status. (2) Neuropathy caused by diabetes,
including damage to peripheral and autonomic nerves can affect
the sensory and motor functions of muscles [39]. Sarcopenia
aggravates muscle weakness and atrophy, further impairing the
function of the neuromuscular junction [40]. This neuromuscular
dysfunction can lead to nocturnal muscle twitches, spasms, or
pain that interfere with sleep. Autonomic dysfunction is common
in both diabetes and sarcopenia; it affects the regulation of the
cardiovascular and respiratory systems, resulting in abnormal
fluctuations in blood pressure and heart rate at night, poor
breathing, and increases the risk of sleep disruption [41]. Both
diabetes and sarcopenia are associated with abnormal hormone
secretion [42], which may lead to reduced secretion of
testosterone, estrogen, and insulin-like growth factor 1 (IGF-1)
among others. Significant gender differences were observed in
our study, which may further support this phenomenon.
Furthermore, diabetes and sarcopenia are both accompanied by
chronic inflammation and increased levels of oxidative stress
[43]. Tumor necrosis factor α (TNF-α), interleukin 6 (IL-6)
promote muscle catabolism and may affect the central nervous
system function, resulting in disorders in sleep regulation
centers. Reactive oxygen species produced during oxidative
stress can damage both neural and muscular systems, aggravate
physical discomfort, and then affect sleep [44].

Our findings have several implications. First, special attention
should be paid to adults aged ≥45 years with sleep disorders.
To improve sleep duration and quality, it is necessary to
effectively manage diabetes, perform physical exercises to
improve muscle mass and function, and continuously monitor
sleep quality. Second, for people with prediabetes or possible
sarcopenia, early intervention should be carried out to prevent
the occurrence of diabetes or sarcopenia, which can effectively
reduce the risk of sleep disorders. Third, the community should
build appropriate sports facilities and provide an environment
that promotes physical exercise to improve the health of
residents. In addition, regular screening for diabetes and
sarcopenia should be implemented to detect patients with
diabetes and sarcopenia at an early stage, and comprehensive
interventions should be actively used to prevent sleep disorders.

The advantages of this study include the following aspects. It
is a large-scale, nationally representative cohort study of
community residents, using survival analysis and Cox regression

models to explore the co-exposure of diabetes and
sarcopenia—as well as the impact of prediabetes with latent
risk and possible sarcopenia—on sleep duration and sleep status.
However, there are also a few limitations within our study: First,
due to limitations in the CHARLS data, we could not fully
explore the relationship between diabetes status, progression
trends in sarcopenia from 2011 to 2020, and specific types of
sleep disorders. Our analysis was limited to examining the
impact of diabetes and sarcopenia status on sleep disorders in
2011; the relationship between the factors affecting progression
and sleep disorders is complex. Concurrently, due to limited
data, we included a smaller number of participants aged ≥75
years in our study, and the differences in population distribution
across age groups may limit the extrapolation of our findings.
Second, prediabetes is an intermediate stage that can revert
toward normoglycemia and diabetes. Therefore, our study only
analyzed the effect of prediabetes exposure at baseline on sleep
disorders. Since the CHARLS did not provide data on FPG
levels for the four follow-up waves , it was impossible to explore
the role of changes in prediabetes status on sleep disorders.
However, our findings still suggest that patients with prediabetes
were at an increased risk of sleep disorders. Therefore,
family-based and both individual health education [45], and
community-level behavioral interventions play an important
role in the prevention of sleep disorders [46]. Fourth, there is a
mutual relationship among diabetes, sarcopenia, and sleep
disorders. Although both diabetes and sarcopenia can lead to
sleep disorders, the interaction between diabetes and sarcopenia
on sleep disorders could not be analyzed due to lack of sufficient
data. Fifth, this study found a potential relationship between
the co-exposure to various diabetes and sarcopenia statuses, and
sleep disorders. Diabetes and sarcopenia may have a synergistic
effect on the occurrence of sleep disorders; however, causality
cannot be based solely on our findings. Future research should
focus on the progression and changes of diabetes, sarcopenia,
and sleep disorders, including sleep efficiency [47] to explore
the relationship among them.

In conclusion, this study found that diabetes combined with
sarcopenia in adults aged 45 years and older may increase the
risk of sleep disorders. To reduce this risk, it is essential to
implement effective disease management for both diabetes and
sarcopenia, and to further evaluate joint intervention measures
for individuals with prediabetes or possible sarcopenia.
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Abstract

Background: Cognitive impairment, indicative of Alzheimer disease and other forms of dementia, significantly deteriorates
the quality of life of older adult populations and imposes considerable burdens on families and health care systems worldwide.
The early identification of individuals at risk for cognitive impairment through a convenient and rapid method is crucial for the
timely implementation of interventions.

Objective: The objective of this study was to explore the application of machine learning (ML) to integrate blood biomarkers,
life behaviors, and disease history to predict the decline in cognitive function.

Methods: This approach uses data from the Chinese Longitudinal Healthy Longevity Survey. A total of 2688 participants aged
65 years or older from the 2008‐2009, 2011‐2012, and 2014 Chinese Longitudinal Healthy Longevity Survey waves were
included, with cognitive impairment defined as a Mini-Mental State Examination (MMSE) score below 18. The dataset was
divided into a training set (n=1331), an internal test set (n=333), and a prospective validation set (n=1024). Participants with a
baseline MMSE score of less than 18 were excluded from the cohort to ensure a more accurate assessment of cognitive function.
We developed ML models that integrate demographic information, health behaviors, disease history, and blood biomarkers to
predict cognitive function at the 3-year follow-up point, specifically identifying individuals who are at risk of experiencing
significant declines in cognitive function by that time. Specifically, the models aimed to identify individuals who would experience
a significant decline in their MMSE scores (less than 18) by the end of the follow-up period. The performance of these models
was evaluated using metrics including accuracy, sensitivity, and the area under the receiver operating characteristic curve.

Results: All ML models outperformed the MMSE alone. The balanced random forest achieved the highest accuracy (88.5% in
the internal test set and 88.7% in the prospective validation set), albeit with a lower sensitivity, while logistic regression recorded
the highest sensitivity. SHAP (Shapley Additive Explanations) analysis identified instrumental activities of daily living, age, and
baseline MMSE scores as the most influential predictors for cognitive impairment.

Conclusions: The incorporation of blood biomarkers, along with demographic, life behavior, and disease history into ML models
offers a convenient, rapid, and accurate approach for the early identification of older adult individuals at risk of cognitive
impairment. This method presents a valuable tool for health care professionals to facilitate timely interventions and underscores
the importance of integrating diverse data types in predictive health models.

(JMIR Aging 2025;8:e67437)   doi:10.2196/67437
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Introduction

Alzheimer disease (AD), the most prevalent form of dementia,
is a progressive condition primarily characterized by memory
loss [1]. It is estimated that approximately 50 million people
worldwide are currently living with AD [2]. This condition not
only deteriorates the quality of life for older adult individuals
but also imposes significant burdens on families and health care
systems, especially as the global population continues to age
[3-6]. Mild cognitive impairment (MCI) is recognized as an
intermediary stage between normal aging and the more severe
cognitive decline observed in dementia. Early detection of MCI
through diagnostic tools, such as magnetic resonance imaging
(MRI), can facilitate timely interventions aimed at reducing the
risk of progression to AD [7]. However, cognitive impairment,
which encompasses a broader spectrum of decline, including
MCI, is a critical concern that requires early identification.
Predicting cognitive impairment, including MCI and other forms
of decline, is essential for implementing preventive strategies
and improving long-term health outcomes. Therefore,
identifying individuals at potential risk for cognitive impairment
is crucial.

While MRI and cerebrospinal fluid biomarkers, such as amyloid
β, are significant indicators of AD [8], we aim to develop an
algorithm that allows for the precise identification of individuals
at risk using a more convenient and rapid approach, without
relying on complex analyses like MRI or cerebrospinal fluid
biomarkers. Recent studies have established a correlation
between blood biomarkers and various factors, including
diseases such as hypertension, diabetes, heart disease, and
cerebrovascular disease, and lifestyle behaviors such as smoking,
physical activity, and living conditions, with cognitive
impairment [9,10]. High-dimensional data analysis has proven
effective in capturing features that are crucial for identifying
health issues [11,12]. Hence, the incorporation of these relevant
factors into a sophisticated model allows for a practical
application both in clinical settings and at home, enabling
doctors or families to use existing data to train and monitor
patients or older adult individuals, thereby identifying high-risk
groups for further treatment and intervention.

In recent years, machine learning (ML), a branch of artificial
intelligence, has been increasingly used for the prediction of
disease outcome [13,14]. Unlike traditional methods that rely
heavily on statistical significance, ML leverages algorithms to
process existing factors and develop optimized models [15].
While there has been significant research into understanding
the pathogenesis and influencing factors of MCI through ML,
most of these studies have primarily focused on imaging
techniques such as MRI [16]. Although MRI is a powerful
diagnostic tool, its high cost and the inconvenience it poses
limit its practicality for widespread use. In contrast, cognitive
function assessments, such as the Mini-Mental State
Examination (MMSE), offer a more accessible and feasible
option for large-scale population screenings [17,18].

In this study, we used follow-up data from the Chinese
Longitudinal Healthy Longevity Survey (CLHLS) collected
during the years 2008‐2009, 2011‐2012 and 2014,
encompassing a total of 2688 participants. Cognitive impairment
was classified based on the MMSE scores, with a cutoff point
set at 18, to determine cognitive status after 3 years. We included
routine blood indices, lifestyle behaviors, and disease history
from the baseline data in the ML model for training, aiming to
predict the occurrence of cognitive impairment.

Methods

Study Participants
The cohort for this study is selected from CLHLS, which is a
comprehensive longitudinal survey co-orchestrated by Peking
University and the China Aging Science Research Center
[19,20]. The survey targets Chinese seniors aged 65 years or
older and includes detailed information about their living
conditions, socioeconomic status, and health profiles [21]. The
CLHLS initiates its baseline survey in 1998 and subsequently
conducts follow-up surveys at regular intervals, with the relevant
cohorts for this study being those from 2008‐2009,
2011‐2012, and 2014. The CLHLS study maintains ethical
standards with approval from the Research Ethics Committee
of Peking University (IRB00001052-13074), and all participants
or their legal proxies provide written informed consent.

The initial samples from these specified years consist of 8418,
6066, and 3441 participants, respectively. Baseline subjects
were screened by MMSE, and cognitive impairment was defined
as an MMSE score <18 points [22]. The participants without
missing data on MMSE scores at baseline and follow-up while
with biomarker data were included in this study. This results in
a narrowed-down research sample, with 602 participants from
the 2008‐2009 cohort, 1263 from 2011‐2012, and 1116 from
2014, leaving a final sample size of 2688 subjects. Among the
remaining participants, those from the 2008‐2009 and
2011‐2012 waves (n=1664) were further divided into a training
set (n=1331) and an internal test set (n=333). The 1024
participants from the 2014 wave were used as a prospective
validation set.

Predictors
Demographic predictors include age, gender, and BMI,
calculated as weight in kilograms divided by height in meters

squared (kg/m2). Data on life behaviors and disease history are
collected from the CLHLS questionnaire. Life behaviors account
for living status (living alone or not), current smoking and
drinking habits, exercise practices, marital status, and overall
activity ability and mental health. Activity ability is assessed
through activities of daily living (ADL) and instrumental
activities of daily living (IADL). ADL was assessed by 6
indicators, including bathing, dressing, toileting, indoor transfer,
continence, and eating. If all 6 items can be completely self-care,
it means that daily life activities can take care of themselves. If
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one or more items cannot be completely self-care, it means the
daily life activities cannot take care of themselves completely
(0=normal, 1=disability) [23,24]. IADL was assessed by 8
indicators, including visiting neighbors, going shopping, cooking
a meal, washing clothing, walking continuously for 1 km at a
time, lifting a weight of 5 kg, continuously crouching and
standing up 3 times, and taking public transportation. If 8 items
can be completed independently, such as the evaluation method
of ADL, it means the instrumental daily life activities can be
completed by themselves (0=normal or 1=disability) [23,25,26].

The development of the model in this study encompasses 3
categories of predictors derived from the baseline survey data:
biomarkers, life behaviors, and disease history. The set of
biomarkers comprises both routine blood examination indices
and plasma biochemical examination indices. Routine blood
indices include white blood cell count, red blood cell count,
hemoglobin, erythrocyte hematocrit, erythrocyte mean
corpuscular volume, erythrocyte mean corpuscular hemoglobin,
erythrocyte mean corpuscular hemoglobin concentration, platelet
count, plateletcrit, mean platelet volume, lymphocyte count,
percentage of lymphocytes, and platelet distribution width. The
plasma biochemical indices include high-density lipoprotein
cholesterol (HDL), uric acid, plasma creatinine, glucose,
triglyceride, total cholesterol (CHO), high-sensitivity c-reactive
protein, malondialdehyde (MDA), and superoxide dismutase
activity.

Mental health evaluation incorporates 7 questions, with 4
positively framed inquiries (regarding optimism, neatness,
decision-making, and happiness relative to youth) and 3
negatively framed ones (concerning fear, loneliness, and feelings
of decreased self-worth with age). Responses are scored on a
scale, with higher scores correlating with poorer mental health.
Disease history captures the presence or absence of
hypertension, diabetes, heart disease, stroke, cancer, and
arthritis. These multifaceted predictors collectively contribute
to the ML model, providing a comprehensive profile for the
assessment of cognitive impairment risk.

Data Preprocessing and Model Configuration
The data preprocessing phase involved addressing missing
values and mitigating class imbalance to ensure a robust
foundation for model training. Missing values in the dataset
were imputed using the mean of the respective columns, which
ensured completeness and preserved the statistical properties
of the data [27]. In order to address the issue of class imbalance,
the SMOTE (Synthetic Minority Over-Sampling Technique)
was applied to the training set. SMOTE effectively generated
synthetic samples for the minority class, enhancing the model’s
ability to learn from the imbalanced data distribution [28].

The selection of ML models was driven by a desire to compare
different algorithms’ performance and assess their robustness
in dealing with imbalanced datasets. We chose 5 widely used
algorithms: random forest (RF) [29], Extreme Gradient Boosting
(XGBoost) [30], logistic regression [31], support vector
machines (SVM) [32], and balanced random forest (BRF) [33].
These models were selected for their varied approaches to
classification and their effectiveness in handling different types
of data. RF and XGBoost are ensemble models that excel in

handling high-dimensional data and capturing nonlinear
relationships. Logistic regression and SVM are classic
algorithms for binary classification, with SVM known for its
ability to handle high-dimensional spaces effectively. The
addition of BRF was made specifically to address the class
imbalance issue in the RF model. The main difference between
RF and BRF is how they handle class imbalance.

Each model was configured as follows:

• XGBoost (XGBClassifier): a learning rate of 0.03 and a
maximum depth of 4 were chosen for the XGBoost model,
with class weights incorporated to address class imbalance.

• Logistic regression: configured with a maximum of 1000
iterations and class weights set to “balanced” to account
for class imbalance.

• SVM: probability estimation was enabled and class weights
were balanced to ensure fairness across experiments.

• BRF: class weights were set to “balanced” to address the
class imbalance within the dataset.

Outcomes
The assessment of cognitive function among participants was
conducted using the MMSE, administered at both baseline and
during follow-up sessions. The MMSE encompasses evaluations
across various cognitive domains including orientation,
registration, attention and calculation, recall, and language
abilities, with a maximum achievable score of 30 points. In this
study, the primary outcome for the ML model is the
determination of cognitive impairment, defined as an MMSE
score of less than 18 points at follow-up.

Model Construction, Evaluation, and Interpretation
The construction of each model followed a systematic approach
to ensure rigorous evaluation and validation. Initially, the
CLHLS 2008‐2009 and CLHLS 2011‐2012 datasets were
merged. From this combined dataset, 1331/1664 (80%) of the
data was randomly allocated as the training set, while the
remaining 333/1664 (20%) was reserved as an internal test set
for model evaluation. And then, the CLHLS 2014 dataset was
used as a prospective validation set, with the model training
based exclusively on the merged data from CLHLS 2008‐2009
and CLHLS 2011‐2012. Standard performance
metrics—including accuracy, sensitivity, specificity, and the
area under the receiver operating characteristic curve—were
calculated to assess model effectiveness. All statistical analyses
are conducted using Python (version 3.8; Python Software
Foundation)

SHAP (Shapley Additive Explanations) [34] is a method for
interpreting the output of ML models by assigning a contribution
value to each feature, allowing us to understand the impact of
individual predictors on a model’s decision. In our study, SHAP
was used to explain the predictive model for cognitive
impairment in older adult individuals. SHAP values decompose
the model’s prediction into individual contributions from each
feature, making it possible to attribute the output to the various
risk factors in a transparent and interpretable manner.
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Ethical Considerations
The CLHLS was approved by the Duke University Institutional
Review Board (Pro00062871) and the Peking University
Biomedical Ethics Committee (IRB00001052–13074). All
participants provided written informed consent. The data used
in this study were deidentified to protect participant privacy
and confidentiality. No compensation wasprovided to
participants.

Results

Participant Characteristics
Table 1 summarizes the baseline characteristics of the 2688
participants included in this study, stratified into 3 subsets: the
training set (n=1331), the internal test set (n=333), and the
prospective validation set (n=1024). Overall, the mean age was
79.73 (SD 10.97) years and slightly over half of the participants

were male (53.24%). The mean BMI was 21.81 (SD 3.8 kg/m2).

Most participants lived with others (79.49%), did not smoke
(77.79%), or drink (80.96%) at present, and had normal ADL
(95.02%). Additionally, more than half (55.28%) showed
abnormal mental health status, while 51.45% were married and
living with a spouse. Several biochemical indicators were
measured. The mean white blood cell count was 5.85 (SD

1.74×109)/L, red blood cell count was 4.64 (SD 1.68×1012)/L,
and hemoglobin was 131.56 (SD 30.20) g/L. Participants had
a mean HDL level of 1.31 (SD 0.38) mmol/L, and other
biomarkers (eg, uric acid, creatinine, glucose, triglycerides,
CHO, high-sensitivity c-reactive protein, MDA, and superoxide
dismutase) were also assessed. Regarding disease history,
hypertension was most prevalent (27.18%), followed by arthritis
(11.31%), heart disease (8.01%), stroke (6.29%), and diabetes
(2.75%). Cancer was reported by 0.42% of participants. Detailed
distributions of these characteristics across the training, internal
test, and prospective validation sets are presented in Table 1.
A detailed flow diagram of participant inclusion and exclusion
is provided in Figure 1.
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Table . Characteristics of study subjects at baseline.

Prospective valida-
tion set (n=1024)

Internal test set
(n=333)

Train set (n=1331)Overall (n=2688)Predictors

Demographics and life behaviors

79.73 (10.07)79.69 (11.6)80.24 (11.43)79.73 (10.97)Age, year, mean (SD)

Gender, n (%)

573 (55.96)173 (51.95)685 (51.47)1431 (53.24)Male

451 (44.04)160 (48.05)646 (48.53)1257 (46.76)Female

22.31 (3.64)21.32 (3.67)21.51 (3.86)21.81 (3.8)BMI, kg/m2, mean (SD)

Living alone, n (%)

214 (21.21)62 (18.9)267 (20.37)543 (20.51)Yes

795 (78.79)266 (81.1)1044 (79.63)2105 (79.49)No

Smoke at present, n (%)

204 (20.08)72 (21.82)317 (23.94)593 (22.21)Yes

812 (79.92)258 (78.18)1007 (76.06)2077 (77.79)No

Drink at present, n (%)

187 (18.42)57 (17.17)265 (19.98)509 (19.04)Yes

828 (81.58)275 (82.83)1061 (80.02)2164 (80.96)No

Exercise at present, n (%)

811 (80.7)267 (81.65)1056 (81.23)2134 (81.08)Yes

194 (19.3)60 (18.35)244 (18.77)498 (18.92)No

ADLa, n (%)

934 (96.19)313 (95.72)1232 (93.97)2479 (95.02)Normal

37 (3.81)14 (4.28)79 (6.03)130 (4.98)Disability

IADLb, n (%)

653 (64.27)198 (59.64)742 (55.87)1593 (59.53)Normal

363 (35.73)134 (40.36)586 (44.13)1083 (40.47)Disability

Marital status, n (%)

551 (54.88)165 (49.55)654 (49.32)1370 (51.45)Married and living
with spouse

453 (45.12)168 (20.45)672 (50.68)1293 (48.55)Others

Mental health, n (%)

441 (45.89)139 (44.84)542 (43.78)1122 (44.72)Normal

520 (54.11)171 (55.16)696 (56.22)1387 (55.28)Abnormal

Biomarkers, mean (SD)

6.19 (1.61)5.64 (1.89)5.63 (1.76)5.85 (1.74)WBCc, 109/L

4.3 (0.56)4.98 (1.9)4.82 (2.11)4.64 (1.68)RBCd, 1012/L

133.36 (36)132.23 (22.69)129.98 (26.56)131.56 (30.2)HGBe, g/L

40.07 (7.23)34.25 (18.1)33.77 (18.01)36.31 (15.05)HCTf, %

94.81 (7.03)92.94 (9.76)93.51 (12.24)93.95 (10.24)MCVg, fL

31.24 (9.22)28.16 (5.75)28.38 (5.25)29.46 (7.24)MCHh, pg

325.58 (18.74)301.38 (54.41)304.34 (48.89)312.18 (42.25)MCHCi, g/L

193.65 (77.22)213.75 (111.53)216.44 (109.67)207.32 (99.24)PLTj, 109/L
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Prospective valida-
tion set (n=1024)

Internal test set
(n=333)

Train set (n=1331)Overall (n=2688)Predictors

0.18 (0.06)0.2 (0.1)0.33 (4.42)0.27 (3.29)PCTk, %

9.55 (6.65)9.97 (6.53)9.43 (2.87)9.54 (5.14)MPVl, fL

2.03 (1.25)21.28 (15.48)23.13 (15.58)14.56 (15.81)LYMPHm, 109/L

33.06 (9.32)11.59 (15.01)10.49 (14.48)19.55 (16.81)LYM%n, %

16.44 (6.27)14.87 (1.99)14.86 (2.38)15.47 (4.37)PDWo, fL

1.41 (0.37)1.24 (0.38)1.26 (0.37)1.31 (0.38)HDLp, mmol/L

298.83 (84.13)288.51 (87.31)285.55 (85.47)291 (85.39)UAq, umol/L

79.81 (22.28)81.68 (22.2)82.49 (25.97)81.36 (24.19)CREr, mmol/L

5.42 (1.71)4.85 (1.87)4.83 (2.29)5.06 (2.05)GLUs, mmol/L

1.34 (0.82)1.44 (1.24)1.22 (0.95)1.29 (0.95)TGu, mmol/L

4.84 (0.95)3.94 (1.22)4.06 (1.18)4.34 (1.17)CHOu, mmol/L

2.49 (5.29)6.15 (29.35)5.46 (23.21)4.17 (18.46)CRPHSv, mg/L

5.93 (4.04)5.2 (2.63)5.43 (2.76)5.64 (3.4)MDAw, nmol/ml

56.04 (8.13)53.34 (11.61)55.53 (11.9)55.53 (10.33)SODx, IU/mL

Disease history, n (%)

Hypertension

312 (31.36)88 (26.91)316 (24.09)716 (27.18)Yes

683 (68.64)239 (73.09)996 (75.91)1918 (72.82)No

Diabetes

31 (3.11)11 (3.33)31 (2.34)73 (2.75)Yes

966 (96.89)319 (96.67)1292 (97.66)2577 (97.25)No

Heart disease

93 (9.29)28 (8.54)91 (6.9)212 (8.01)Yes

908 (90.71)300 (91.46)1228 (93.1)2436 (91.99)No

Stroke

70 (6.97)20 (6.08)77 (5.82)167 (6.29)Yes

934 (93.03)309 (93.92)1247 (94.18)2490 (93.71)No

Cancer

7 (0.73)1 (0.3)3 (0.23)11 (0.42)Yes

958 (99.27)329 (99.7)1301 (99.77)2588 (99.58)No

Arthritis

62 (6.18)55 (16.72)183 (13.86)300 (11.31)Yes
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Prospective valida-
tion set (n=1024)

Internal test set
(n=333)

Train set (n=1331)Overall (n=2688)Predictors

941 (93.82)274 (83.28)1137 (86.14)2352 (88.69)No

aADL: activities of daily living.
bIADL: instrumental activities of daily living.
cWBC: white blood cell count.
dRBC: red blood cell count.
eHGB: hemoglobin.
fHCT: erythrocyte hematocrit.
gMCV: erythrocyte mean corpuscular volume.
hMCH: erythrocyte mean corpuscular hemoglobin.
iMCHC: erythrocyte mean corpuscular hemoglobin concentration.
jPLT: platelet count.
kPCT: plateletocrit.
lMPV: mean platelet volume.
mLYMPH: lymphocyte count.
nLYM%: percentage of lymphocytes.
oPDW: platelet distribution width.
pHDL: high-density lipoprotein cholesterol.
qUA: urea acid.
rCRE: plasma creatine.
sGLU: glucose.
tTG: triglyceride.
uCHO: total cholesterol.
vCRPHS: high-sensitivity c-reactive protein.
wMDA: malondialdehyde.
xSOD: superoxide dismutase activity.
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Figure 1. Flow diagram of the subject selection. CLHLS: Chinese Longitudinal Healthy Longevity Survey; MMSE: Mini-Mental State Examination.

Model Performance
The performance of the ML models in predicting follow-up
cognitive impairment was evaluated using 5 algorithms—RF,
XGBoost, logistic regression, SVM, and BRF—on both the
internal test set and prospective validation set. Each model’s
accuracy, sensitivity, and area under the receiver operating

characteristic curve were assessed. The detailed results are
presented in Table 2 and visually depicted in Figure 2.
Additionally, we used the MMSE as an input for ML prediction.
After testing several ML models, the overall performance
remained suboptimal. For illustration, we selected 1
representative result, as shown in Table 2.
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Table . The prediction results for MLa models.

Prospective validationInternal test

AUC (95% CI)Sensitivity (95%
CI)

Accuracy (95% CI)AUCb (95% CI)Sensitivity (95%
CI)

Accuracy (95% CI)

0.806 (0.767-0.848)0.684 (0.63-0.739)0.813 (0.79-0.84)0.81 (0.769-0.852)0.688 (0.633-0.742)0.828 (0.806-0.854)RFc

0.808 (0.768-0.848)0.682 (0.629-0.733)0.836 (0.812-0.857)0.811 (0.769-0.851)0.674 (0.621-0.728)0.849 (0.825-0.87)XGBoostd

0.804 (0.753-0.847)0.745 (0.696-0.789)0.771 (0.744-0.795)0.803 (0.753-0.847)0.715 (0.66-0.761)0.778 (0.751-0.803)Logistic regression

0.777 (0.726-0.826)0.676 (0.623-0.725)0.672 (0.643-0.701)0.777 (0.725-0.827)0.681 (0.629-0.731)0.69 (0.661-0.719)SVMe

0.811 (0.767-0.849)0.616 (0.572-0.664)0.887 (0.867-0.905)0.809 (0.765-0.849)0.58 (0.54-0.626)0.885 (0.866-0.903)Balanced RF classi-
fier

0.558 (0.494-0.62)N/AN/A0.571 (0.485-0.653)N/AN/AgMMSEf

aML: machine learning.
bAUC: area under the curve.
cRF: random forest.
dXGBoost: Extreme Gradient Boosting.
eSVM: support vector machines.
fMMSE: Mini-Mental State Examination.
gN/A: not applicable.

Figure 2. ROC curves with AUC values for machine learning models: (A) internal test set and (B) prospective validation set. AUC: area under the
curve; ROC: receiver operating characteristic; SVM: support vector machines; XGBoost: Extreme Gradient Boosting.

In the internal test set, the BRF achieved the highest accuracy
at 88.5% but had lower sensitivity at 58%. RF and XGBoost
provided balanced results with accuracies of 82.8% and 84.9%
and sensitivities of 68.8% and 67.4%, respectively. Logistic
regression yielded a moderate accuracy of 77.8% but the highest
sensitivity at 71.5%, while SVM had the lowest performance
with 69% accuracy and 68.1% sensitivity. Similar patterns were
observed in the prospective validation set, with BRF at 88.7%
accuracy, logistic regression reaching 74.5% sensitivity, and
SVM again showing the lowest overall performance.
Additionally, the performance of all ML models was superior
to that of the MMSE.

Figure 3 offers a detailed exposition of the XGBoost for
cognitive impairment in older adult individuals, featuring the
20 most influential risk predictors. The model prioritizes IADL,
age, and baseline MMSE scores as the top determinants, with

marital status, living alone, and hypertension also providing
significant predictive value. Other important factors include
biological markers such as MDA and HDL, alongside lifestyle
factors such as current exercise, smoking, and drinking habits.

Figure 3A illustrates the distribution of SHAP values for these
predictors, indicating their impact on the XGBoost’s output. In
this plot, each dot represents a single instance of a feature in
the dataset, and the horizontal axis shows the SHAP value of
that feature. The SHAP value indicates the contribution of each
feature to the model’s prediction, with positive values suggesting
that the feature increases the likelihood of cognitive impairment,
and negative values indicating a decrease. The color of the dots,
ranging from blue to red, represents the feature’s value, with
blue corresponding to lower values and red indicating higher
values of the predictor. This color scheme helps highlight how
different values of each predictor influence the model’s outcome.
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A high SHAP value for a given feature corresponds to a high
level of importance in the predictive model. Figure 3B features
a bar plot that quantifies the average impact of each predictor,
measured by the mean absolute SHAP value. The length of each
bar represents the average contribution of a feature to the
model’s output across all data points. Here, the most important
features in the model—such as IADL, age, and MMSE score
at baseline—are easily identified, as they have the longest bars,
indicating that they have the highest average impact on the
model’s predictions.

Figure 3C illustrates a specific case study, showing how the
SHAP values for a particular individual (in this case, an adult

aged 98 years) contribute to the XGBoost’s prediction of
cognitive impairment. Each feature is shown with its value (eg,
hypertension=1), and the arrows indicate how these values shift
the model’s prediction. Features such as hypertension and living
alone appear to have a red color, indicating they push the
prediction toward a higher risk of cognitive impairment.
Similarly, age (with a value of 98) and IADL further emphasize
the risk in this individual’s profile. The interaction of these
predictors is visualized through their SHAP values, which
collectively guide the prediction model’s decision, offering an
individualized risk profile for this person.

Figure 3. Explanation of the interpretability of the XGBoost (Extreme Gradient Boosting) model (the best-performing model) for predicting older adult
mortality. (A) and (B) show the top 20 risk predictors for prediction of cognitive impairment subjects, and (C) shows the SHAP plots of a subject. ADL:
activities of daily living; CHO: total cholesterol; CRE: plasma creatine; GLU: glucose; HDL: high-density lipoprotein cholesterol; IADL: instrumental
activities of daily living; MCH: erythrocyte mean corpuscular hemoglobin; MCV: erythrocyte mean corpuscular volume; MDA: malondialdehyde;
MMSE: Mini-Mental State Examination; MPV: mean platelet volume; PDW: platelet distribution width; PLT: platelet count; SHAP: Shapley Additive
Explanations; UA: uric acid.

Discussion

Principal Findings
This study uses the capabilities of ML to integrate a diverse set
of 39 predictors for forecasting the decline in cognitive function
over a 3-year period, yielding significant findings that resonate
with the existing body of literature. Our ML model underscores
the importance of IADL, age, baseline MMSE scores, marital
status, living arrangements, hypertension, arthritis, and general
lifestyle habits as pivotal factors influencing cognitive function.
These determinants are consistent with findings from prior

research, thereby affirming the reliability and relevance of our
analytical approach [12,22].

Consistent with prior studies, advanced age has been identified
as a significant risk factor for cognitive impairment [35,36].
The risk of MCI in the older adults aged 65 years or older is as
high as 10%‐20% [37]. The limitation of older adult
individuals’ ability to perform activities, as assessed by ADL
and IADL, restricts their range of activities, diminishes social
interactions, and consequently reduces the cerebral stimulation
necessary for maintaining cognitive functions [38,39].
Furthermore, the impact of living conditions on cognitive health
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is evidenced by the predictive value of marital status and living
alone [22,40-42]. Older adult individuals residing with a spouse
typically exhibit healthier brain functions due to increased
communication and maintenance of a normal life.

Additionally, this study underscores the detrimental effects of
unhealthy lifestyle behaviors such as smoking and drinking on
cognitive function [43-45], as well as the risk of cognitive
impairment caused by pre-existing health conditions [46-49].
For instance, an Indian study highlighted that older smokers
were 24% more likely to experience cognitive impairment
compared to nonsmokers [50]. Similarly, Sabia et al [45]
reported that abstaining from alcohol or consuming more than
14 units per week in middle age escalates the risk of AD.
Moreover, recent research suggests that up to 3% of dementia
cases could be averted by enhancing physical activity levels
[51,52]. Concerning health conditions, a community-based
cohort study illustrated that hypertension is associated with an
increased risk of both all-cause MCI and nonamnestic MCI,
with hazard ratios of 1.4 and 1.7, respectively, after age and sex
adjustments [49]. Additionally, Appenzeller et al [53] found
that patients with rheumatoid arthritis exhibited a significantly
higher incidence of cognitive impairment compared to healthy
controls.

In this study, in addition to age, lifestyle behaviors, and disease
history—which can be evaluated through questionnaires or
scales—biomarkers were specifically included in the ML model
to enhance the predictive accuracy of clinical risk assessments
for cognitive decline. Prior research has indicated that count
elevated levels of specific biomarkers, including MDA, HDL,
platelets, mean platelet volume, platelet distribution width, mean
corpuscular hemoglobin, CHO, lymphocyte percentage, and
plasma creatinine, are associated with an increased risk of
cognitive decline [54-65]. For clinicians, integrating a patient’s
lifestyle behaviors with blood biochemical markers can aid in
the assessment of cognitive function. For communities, these
indicators can help identify residents who may be at high risk.
For family members, this model enables the evaluation of older
adult relatives who may be reluctant to acknowledge their
cognitive decline, thereby facilitating timely medical
intervention. The model developed in this study is versatile and
offers valuable insights for the identification of cognitive
impairment across various settings.

The ML model developed in this study has the potential to
significantly improve clinical practice and primary care by
providing a rapid, efficient, and accessible tool for identifying
individuals at risk of cognitive decline. Traditional methods for
cognitive function assessment, such as imaging techniques such
as MRI, can be time-consuming and resource-intensive,
especially in resource-limited settings. By leveraging routine
data such as blood biomarkers, demographic information, and
lifestyle factors, this model offers a cost-effective approach to
identify individuals who may require further clinical evaluation
or early intervention. In primary care settings, where health care
professionals often manage large volumes of patients, the model
can serve as a valuable screening tool to detect early cognitive
decline and facilitate referrals for specialized care. Furthermore,
by integrating this model into electronic health records, health
care providers can make timely and informed decisions,

improving patient outcomes through proactive management. In
essence, the model has the potential to transform early detection
and intervention strategies, shifting the focus toward
preventative care and better allocation of health care resources.

Compared to previous studies using ML for cognitive
impairment prediction, our study offers several distinct
contributions. For example, while studies such as those by Hu
et al [22] and Gao et al [66] have successfully developed ML
models to predict cognitive impairment among Chinese
community-dwelling older adult individuals, they often focused
on a more limited set of predictors—typically emphasizing
demographic factors and neuropsychological assessments. In
contrast, our study integrates a comprehensive set of 39
predictors, including both routine blood biomarkers (eg, MDA
and HDL) and detailed lifestyle and disease history data. This
broader approach not only enhances predictive accuracy but
also provides a rapid, cost-effective tool that can be easily
applied in community and clinical settings. Moreover, while
some previous work [67,68] has primarily relied on imaging
data or traditional statistical methods, our use of advanced
ensemble ML techniques (such as BRF and XGBoost) combined
with SHAP-based interpretability offers a clearer understanding
of individual risk factors. This interpretability is crucial for
clinicians to tailor early intervention strategies. In summary,
our study advances the field by delivering a more inclusive and
interpretable model that effectively tracks cognitive decline
over 3 years, thereby addressing gaps in existing research and
offering tangible benefits for early detection and intervention.

Nevertheless, this study presents certain limitations that warrant
consideration. Primarily, the dependence on MMSE scores as
the sole measure of cognitive impairment may not fully represent
the broad spectrum of cognitive health, as the MMSE mainly
evaluates specific cognitive domains and does not address
emotional or psychological aspects. Furthermore, there is
potential bias due to the generally younger age and better overall
function of this study’s participants compared to those who
were lost to follow-up, which could skew the results. However,
the representation of the dataset at a national level does provide
a measure of balance, helping to partially offset these biases.

Conclusions
In conclusion, this study validates the efficacy of a ML model
integrating demographic data, lifestyle factors, and biomarkers
to predict cognitive impairment in older adults. It underscores
the significance of traditional risk factors such as age and daily
functional abilities while highlighting the role of solitary living
conditions and unhealthy habits in cognitive decline. By
including a broad spectrum of biomarkers, the model enriches
the predictive framework, offering clinicians, communities, and
families a valuable tool for early identification and intervention
in cognitive impairment, which could have far-reaching
implications for public health and the well-being of the aging
population.

Limitations
While the CLHLS is a large-scale longitudinal study that
primarily focuses on individuals aged 65 years and older, to
assess the health status and longevity of the older adult
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population in China, it is important to acknowledge the
limitations of the dataset concerning its representativeness. The
CLHLS sample is designed to represent the health conditions
of the older adult population in China, but it may not fully
capture the global demographics of AD or other forms of
dementia. Specifically, older adult populations in other countries

or regions may differ by genetic background, lifestyle factors,
and health risks, which could influence the development and
progression of cognitive impairment. Future studies
incorporating diverse, multinational cohorts would be beneficial
in enhancing the generalizability and robustness of cognitive
decline prediction models.
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Abstract

Background: The US population is aging. With this demographic shift, more older adults will be living with chronic conditions
and geriatric syndromes. To prepare the next generation of health care professionals for this aging population, we need to provide
training that captures the complexity of geriatric care.

Objective: This pilot study aimed to assess the feasibility of the cinematic–virtual reality (cine-VR) training in the complexity
of geriatric care. We measured changes in attitudes to disability, self-efficacy to identify and manage elder abuse and neglect,
and empathy before and after participating in the training program.

Methods: We conducted a single-arm, pretest-posttest pilot study to assess the feasibility of a cine-VR training and measure
changes in attitudes to disability, self-efficacy to identify and manage elder abuse and neglect, and empathy. Health professional
students from a large university in the Midwest were invited to participate in 1 of 4 cine-VR trainings. Participants completed 3
surveys before and after the cine-VR training. We performed paired t tests to examine changes in these constructs before and
after the training.

Results: A total of 65 health professional students participated in and completed the full cine-VR training for 100% retention.
Participants did not report any technological difficulties or adverse effects from wearing the head-mounted displays or viewing
the 360-degree video. Out of the 65 participants, 48 completed the pre- and postassessments. We observed an increase in awareness
of discrimination towards people with disability (t47=−3.97; P<.001). In addition, we observed significant improvements in
self-efficacy to identify and manage elder abuse and neglect (t47=−3.36; P=.002). Finally, we observed an increase in participants’
empathy (t47=−2.33; P=.02).

Conclusions: We demonstrated that our cine-VR training program was feasible and acceptable to health professional students
at our Midwestern university. Findings suggest that the cine-VR training increased awareness of discrimination towards people
with disabilities, improved self-efficacy to identify and manage elder abuse and neglect, and increased empathy. Future research
using a randomized controlled trial design with a larger, more diverse sample and a proper control condition is needed to confirm
the effectiveness of our cine-VR training.

(JMIR Aging 2025;8:e64633)   doi:10.2196/64633

KEYWORDS

virtual reality; VR; aging; geriatric syndromes; diabetes; elder abuse and neglect; gerontology; geriatrics; older; elderly; education;
student; cinematic; video; head mounted; feasibility; experience; attitude; opinion; perception; elder abuse; chronic conditions;
older adult care; health intervention; randomized controlled trial

Introduction

The US population is aging. Over the next 3 decades, the number
of Americans aged 65 and older is projected to increase from
58 million in 2022 to 82 million in 2050, representing a 47%

increase [1]. With this demographic shift, more older adults
will be living with chronic conditions. According to the National
Council on Aging, 94.9% of adults aged 60 years and older
have at least one chronic condition and 78.7% have two or more
[2]. Furthermore, 42% of adults aged 60 years and older have
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obesity, which increases the risk for cardiovascular disease,
type 2 diabetes, and certain cancers [3]. This translates to older
Americans requiring more health care and access to health care
professionals. Thus, training the next generation of health care
professionals in the complexity of care for older adults is an
urgent need.

Despite this need, the education system lacks adequate training
in geriatric care [4]. Health professional training should address
age-related physiological, physical, cognitive, and psychosocial
changes that may negatively impact quality of life, disability,
morbidity, and mortality [5,6]. Furthermore, this training should
emphasize the early detection of and treatment for geriatric
syndromes (eg, polypharmacy, falls, frailty, and incontinence)
given their high prevalence and frequent under-recognition in
older adults [7]. Finally, health professional training should
draw attention to implicit and explicit biases in aging as well
as ethical issues related to elder abuse and neglect and
end-of-life care [8].

Clinical simulation may be an innovative approach to teaching
health professional students about the complexity of care in
older adults. Previous research demonstrates that clinical
simulation is an effective methodology for health professional
students [9]. The value of clinical simulation is that it replaces
or enhances real experiences with guided experiences that
replicate the real world in a fully interactive manner [10].
Furthermore, clinical simulation is repeatable, which allows for
the repetition of acquired skills with appropriate feedback [11].
Clinical simulation can be delivered in different modalities,
including role play, the use of standardized patients, computer
screen-based simulation, and the use of electronic patient records
[11]. Electronic patients are most commonly mannequin-based
or replicas of clinical sites; however, new advancements in
technology have led to more sophisticated and realistic virtual
reality (VR) based simulations [12].

Cinematic-VR (cine-VR) is one type of VR-based simulation.
Specifically, cine-VR leverages 360-degree video and spatialized
audio through film. It differs from traditional VR, which uses
computer-generated characters and worlds. In cine-VR,
filmmakers apply the techniques of cinema (ie, narrative
storytelling, script writing, actors, lighting, and postproduction)
to create an immersive, visually compelling environment
[13,14]. We created a cine-VR training program to depict the
complexity of geriatric care. Our clinical simulation depicted
an older adult with multimorbidity, disability, and several
geriatric syndromes. In addition, we wove in themes of
intersectionality with regards to ageism, ableism, and racism.
We conducted a pilot study to assess the feasibility and
acceptability of the cine-VR training program with health
professional students. We also measured changes in health
professional students’ attitudes toward disability, self-efficacy
to identify and manage elder abuse and neglect, and empathy.

Methods

Research Design
We conducted a single-arm, pretest-posttest study to assess
changes in attitudes to disability, self-efficacy to identify and

manage elder abuse and neglect, and empathy. The pilot study
was designed to assess the feasibility of our data collection
methods, willingness of participants to complete the cine-VR
training program, sample size estimation, and refinement of
measurements. We will use the findings to inform the
development of a future randomized controlled trial to compare
the cine-VR training program to traditional instruction.

Ethical Considerations
We obtained ethics approval from the Ohio University Office
of Research Compliance Institutional Review Board (approval
number: #22-X-153). We ensured our pilot study met the
requirements set forth in the regulations on public welfare in
Part 46 of Title 45 of the Code of Federal Regulations (45 CFR
46) by complying with federal, state, and local laws and
regulations for human subjects; the principles set forth in “The
Belmont Report,” and the Helsinki Declaration of 1975. All
participants provided electronic informed consent. Informed
consent was completed before participation in the study.

Cine-VR Episodes
The cine-VR episodes were designed to educate health
professional students about complex health conditions, social
drivers of health, and implicit bias. We conveyed these
objectives through our patient, John Chen, an 80-year-old
Chinese American man with a 14-year history of type 2 diabetes
and comorbid hypertension. Mr. Chen is a person who is hard
of hearing with a mobility disability. His most recent HBA1c

level was 9.7%. His medications include metformin and
glyburide for his diabetes and lisinopril for his blood pressure.
He also has osteoarthritis, decreased renal function (eGFR=58

mL/min/1.73 m2), elevated triglycerides due to his glucose levels

(299 mg/dL), and a body mass index of 23.1 kg/m2. He has not
received diabetes self-management education and support,
despite being enrolled in both Medicare and Medicaid. Recently,
Mr Chen moved in with his son’s family, but he is having a
difficult time adjusting to his new home. Although he is able
to move around on his own, his ambulation is unsteady, and he
falls often. He also experiences frequent urinary incontinence,
which frustrates his son and daughter-in-law because they have
to clean him. Furthermore, Mr Chen does not drive, shop, cook,
or bathe on his own. Therefore, he is reliant on his family to
meet most of his daily needs. This leaves Mr Chen feeling
isolated, dependent, and ashamed of his physical limitations.

In the cine-VR training program, participants watched 6
episodes, ranging in length from 2 minutes to 5 minutes. The
episodes captured 3 separate patient-provider interactions,
including visits with a primary care physician, an urgent care
physician, and an emergency department physician. Participants
were encouraged to identify issues with his medical care as well
as concerns about the caregiving he received at home.
Specifically, participants were challenged to figure out why Mr
Chen was experiencing so many falls, injuries, and health
emergencies.

The fifth and sixth episodes of the cine-VR training program
were “guided simulations,” or prerecorded cine-VR face-to-face
conversations with the emergency department physician and
Mr Chen. The guided simulations were designed to simulate a
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high-stakes conversation, to give participants an opportunity to
practice difficult conversations without the pressure of causing
harm. Participants were instructed to speak predetermined
dialogue that appeared at the bottom of the 360-degree video
visible within the headset. The first “guided simulation” was a
conversation between the participant and the emergency
department physician. The participant assumed the role of a
clinical colleague and encouraged the physician to inquire
further about the bruises observed on John’s body and to call
social work for suspicion of elder abuse and neglect. The second
“guided simulation” was a conversation between the emergency
department physician, Mr Chen, and a social worker. In this
“guided simulation,” the participant took on the role of the
emergency department physician and asked Mr Chen difficult
questions about his injuries, his family, and life at home.

Cine-VR Training Curricular Content
We developed curricular content to be taught in tandem with
the cine-VR episodes. The curriculum included 6 debriefs or
reflections that reinforced key takeaways from each cine-VR
episode. The key takeaways from each episode focused on the
following content: (1) Diabetes, disability, and the aging
population, (2) bias toward disability, (3) association between
disability and elder abuse and neglect, (4) recognizing elder
abuse and neglect, (5) identifying risk factors for elder abuse
and neglect, and (6) reporting elder abuse and neglect. An
experienced behavioral diabetes researcher (EAB) delivered
both trainings. The integrity of the curricular content was
ensured by written materials, a peer-review process of all
materials, delivery by one trained behavioral diabetes expert,
and team member observation of cine-VR training.

Cine-VR Technology
Participants viewed the cine-VR episodes with Pico G2 4K
head-mounted displays. These head-mounted displays allowed
participants to move their head and body in any direction to
choose what aspects they paid attention to during each cine-VR
episode. We also synchronized all cine-VR episodes from a
central computer using VR Sync software so all participants
viewed the same content in the head-mounted display at the
same time.

Power Analysis
This was a pilot study so we did not conduct an a priori power
analysis. Using the guidance of Lancaster et al [15], we recruited
a minimum sample size of 30 participants.

Recruitment
Health professional students were recruited from a large
university in the Midwest. Eligibility criteria for participating
in the pilot study included English-speaking and reading adults
aged 18 years and older who were enrolled during the
2022‐2023 academic year and majoring in one of the following
programs: premedicine program, speech-language pathology,
audiology, nutrition and dietetics, physical therapy, nursing
(any level), social work (any level), athletic training, exercise
physiology, pre-physician assistant program, psychology, public
health administration, or public health. There were no other
exclusion criteria. Specifically, we hosted 4 in-person cine-VR
training sessions on campus in classrooms and invited students

from those health professional programs to participate. Sessions
were hosted on October 17, 2022, October 24, 2022, April 5,
2023, and June 6, 2023.

Measures
To assess the feasibility of the cine-VR training program, we
measured recruitment, retention, length of time required to
recruit, rate of completion of the cine-VR training, and
feasibility of the data collection measures. In addition,
participants provided demographic factors (age, gender, race,
ethnicity, year in program, and program) and completed the
following measures:

Attitudes to Disability Scale
The Attitudes to Disability Scale [16] is a 16-item validated
scale that assesses attitudes toward disability and attitudes
toward people with a disability. The 16 items were answered
on a 5-point Likert scale ranging from 1 (strongly disagree) to
5 (strongly agree). The scale included 4 domains or subscales
with good internal consistency: Inclusion—focuses on attitudes
toward the inclusion and exclusion for people with disabilities
as well as the burden on families and society (Cronbach α=0.76),
Discrimination—focuses on awareness of unfair and prejudicial
treatment to people with disabilities (Cronbach α=0.74),
Gains—focuses on positives of having a disability (Cronbach
α=0.75), and Prospects—focuses on future hopes and whether
disability impacts those hopes (Cronbach α=0.72) [16].

Responding to Elder Abuse in GERiAtric
Care—Provider Questionnaire
The Responding to Elder Abuse in GERiAtric Care—Provider
Questionnaire [17] is a validated 25-item scale that assesses
health care provider preparedness to identify and manage elder
abuse and neglect. For the purposes of this study, we used 8 of
the 25 items. The items we used addressed self-efficacy to
identify and manage elder abuse and neglect on a 0 to 10 scale.
The 17 excluded items were written for practicing health care
professionals. In our sample, the 8 self-efficacy questions
demonstrated excellent internal consistency for identifying and
managing elder abuse and neglect (Cronbach α=0.95) [17].

Jefferson Scale of Empathy Health Professionals
Students Version
The Jefferson Scale of Empathy Health Professionals Students
Version [18] is a 20-item validated scale that assesses empathy
among health professional students. The 20 items were answered
on a 7-point Likert scale, ranging from 1 (strongly disagree) to
7 (strongly agree). Scores are summed for a composite score,
ranging from 20 to 140. The scale demonstrated good internal
consistency (Cronbach α=0.85) [18].

Data Collection
Participants completed the assessments through Qualtrics, an
electronic questionnaire service. To access the preassessment,
participants scanned a QR code from a Microsoft PowerPoint
slide that directed them to the Qualtrics website. The Qualtrics
website included a brief description of the study, the informed
consent form, demographic questions, and the 3 measures. All
participants provided informed consent without a signature in
Qualtrics before completing the measures. After the cine-VR
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training, participants scanned a different QR code that directed
them to the postassessment measures.

We collected data anonymously. To link participants’ pre- and
postassessment responses, we included 3 questions at the
beginning of the pre- and postassessments, which served as a
unique identifier (ie, model of first car, high school mascot, and
the day of the month on which they were born [eg, 31]). Total
time to complete the pre- and postmeasures took approximately
15‐20 minutes. Participants received a US $25 gift card for
human subject compensation. To maintain anonymity,
participants clicked on a new Qualtrics link that was not
connected to their pre- or postmeasures to receive a gift card;
it was possible that participants received compensation without
completing all pre- and postmeasures.

Statistical Analysis
First, we assessed participants’ demographic factors using
descriptive statistics and presented them as means and SDs or
sample size and percentages. Next, we examined the distribution
of the data to ensure they met statistical test assumptions. To
assess changes pre- and post–cine-VR training, we conducted
paired t tests; all test statistics are presented with α values and
degrees of freedom. We also calculated effect sizes using Cohen
d, with a small effect=0.2, medium effect=0.5, and a large
effect=0.8. We defined statistical significance as a P value less
than .05 and conducted analyses in IBM SPSS statistical
software (version 29.0).

Results

Feasibility
A total of 65 health professional students participated in and
completed the full cine-VR training for 100% retention.

Participants did not report any technological difficulties or
adverse effects from wearing the head-mounted displays or
viewing the 360-degree video. We scheduled 4 cine-VR
trainings in a 6-month period to recruit the 65 participants, and
all 4 trainings lasted approximately 60 minutes. For data
collection, 65 participants completed the preassessment
measures; however, only 48 completed the postassessment
measures, resulting in a 74% completion rate. The 74% rate of
completion suggests that we may want to consider adaptations
or refinements to our selected measures. Overall, the ease of
recruitment, length of time required to recruit, retention in the
cine-VR trainings, and feasibility of data collection methods
suggest that the cine-VR training was feasible.

Demographics
A total of 48 health professional students consented to
participate in the pilot study and completed all pre- and
postassessments. The mean age of participants was 22.5 (SD
3) (see Table 1). A total of 41 participants (85.4%)
self-identified as women, 6 (12.5%) self-identified as men, and
1 (2.1%) self-identified as nonbinary. The participants
self-identified their race as follows: 6.3% (3/48) Asian or Pacific
Islander, 18.8% (9/48) Black or African American, 4.2% (2/48)
Mixed Race, and 70.8% (34/48) White. For ethnicity, 2
participants (4.2%) self-identified as Hispanic, Latino, or
Spanish origin and 2 (4.2%) self-identified as Mexican, Mexican
American, or Chicano. The majority of participants were in the
final year of their program (37.5%, 18/48), with premedicine
as the most reported major (42.6%, 20/48).
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Table . Participant demographic characteristics in the cinematic-virtual reality (cine-VR) study (N=48).

ResultsVariable

22.5 (3)Age (years), mean (SD)

Gender, n (%)

41 (85.4)    Woman

6 (12.5)    Man

1 (2.1)    Nonbinary

0 (0)    Transgender

0 (0)    Genderqueer

0 (0)    An identity not listed

Ethnicity, n (%)

2 (4.2)    Hispanic, Latino, or Spanish origin

2 (4.2)    Mexican, Mexican American, or Chicano

44 (91.6)    Non-Hispanic, Non-Latino, or Non-Spanish

Race, n (%)

0 (0)    American Indian or Pacific Islander

3 (6.3)    Asian or Pacific Islander

9 (18.8)    Black or African American

0 (0)    Middle Eastern

2 (4.2)    Mixed Race

34 (70.8)    White

Program a , n (%)

18 (38.3)    Child Life Specialist

1 (2.1)    Exercise Physiology

4 (8.5)    Nutrition

20 (42.6)    Pre-Medicine

2 (4.3)    Pre-Physician Assistant

2 (4.3)    Psychology

Year in Program b , n (%)

9 (18.8)    Year 1

10 (20.8)    Year 2

9 (18.8)    Year 3

18 (37.5)    Year 4

aMissing values “Program” (n=1).
b"Year in Program” (n=2).

Attitudes Toward Disability Findings
Pre- and postdomain scores for the Attitudes to Disability Scale
can be found in Table 2. Post–cine-VR training, we observed
significant changes in 1 of the 4 Attitudes to Disability
Subscales: Discrimination Domain (t47=−3.97, P<.001). This
change had a Cohen d=0.55, indicating a medium effect. This
finding suggests that the cine-VR training may have increased
participants’ awareness of discrimination towards people with
a disability. In the Discrimination Domain, 3 of the 4 items

showed a significant change with more participants “agreeing”
and “strongly agreeing” with the following statements
posttraining: “People often make fun of disabilities” (t47=−3.92;
P<.001); “People tend to become impatient with those with a
disability” (t47=−3.19; P=.003); and “People tend to treat those
with a disability as if they have no feelings” (t47=−2.69; P=.01).
Post-cine-VR training, we did not observe significant changes
in the Inclusion Domain (t47=−.16; P=.88), Gains Domain
(t47=−1.76; P=.08), or Prospects Domain (t47=−.30; P=.77).
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Table . Participants’ attitudes to disability scale mean scores before and after the cinematic-virtual reality (cine-VR) training program (N=48).

P valuet test (df)Post-VR, mean (SD)Pre-VRa, mean (SD)Questions

Inclusion domain

.35.948 (47)3.8 (0.8)3.9 (0.6)    People with a disability
find it harder than others to
make new friends.

.046−2.047 (47)3.8 (0.8)3.5 (1.2)    People with a disability
have problems getting in-
volved in society.

.32−1.000 (47)1.3 (0.6)1.2 (0.4)    People with a disability
are a burden on society.

.061.944 (47)1.7 (1.0)1.9 (0.9)    People with a disability
are a burden on their family.

.88−.156 (47)2.6 (0.5)2.6 (0.6)Total

Discrimination domain

<.001−3.923 (47)4.2 (0.6)3.9 (0.6)    People often make fun of
disabilities.

.003−3.186 (47)4.3 (0.7)3.9 (0.8)    People tend to become
impatient with those with a
disability.

.01−2.687 (47)3.9 (0.8)3.5 (1.1)    People tend to treat those
with a disability as if they
have no feelings.

.28−1.095 (47)3.9 (1.0)3.7 (0.9)    People with a disability
are easier to take advantage
of (exploit or treat badly)
compared with other people.

<.001−3.967 (47)4.1 (0.6)3.8 (0.6)Total

Gains domain

.23−1.219 (47)3.9 (0.8)3.8 (0.7)    Having a disability can
make someone a stronger
person.

.82.227 (47)3.7 (0.8)3.7 (0.8)    Having a disability can
make someone a wiser per-
son.

.09−1.741 (47)3.2 (0.8)3.0 (0.8)    Some people achieve
more because of their disabil-
ity (eg, they are more suc-
cessful).

.17−1.401 (47)3.1 (0.6)3.0 (0.7)    People with a disability
are more determined than
others to reach their goals.

.08−1.764 (47)3.5 (0.6)3.3 (0.5)Total

Prospects domain

.091.752 (47)1.4 (0.7)1.6 (0.9)Sex should not be discussed
with people with disabilities.

.24−1.182 (47)1.6 (0.8)1.5 (0.5)    People should not expect
too much from those with a
disability.

.13−1.543 (47)1.5 (0.9)1.3 (0.7)    People with a disability
should not be optimistic
(hopeful) about their future

.67.423 (47)1.6 (0.7)1.6 (0.7)    People with a disability
have less to look forward to
than others.
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P valuet test (df)Post-VR, mean (SD)Pre-VRa, mean (SD)Questions

.77−.300 (47)1.5 (0.6)1.5 (0.5)Total

aVR: virtual reality.

Self-Efficacy to Identify and Manage Elder Abuse and
Neglect Findings
Post—cine-VR training, we observed significant changes in
participants’ self-efficacy to identify and manage elder abuse

and neglect (t47=−3.36, P=.002, Table 3). This change had a
Cohen d=0.49, approaching a medium effect.
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Table . Participants’perceived self-efficacy for identifying and managing elder abuse and neglect before and after the cinematic-virtual reality (cine-VR)
training program (N=48).

Cohen dP valuet test (df)Post-VR, mean (SD)Pre-VR,a mean (SD)Questions

.48.002−3.354 (47)7.2 (2.4)6.2 (2.4)Asking questions about
abuse to an older pa-
tient who has clear indi-
cations of now being,
or having previously
been, subjected to
abuse.

.08.56−.585 (47)5.9 (2.4)5.7 (2.6)Asking questions about
abuse to an older pa-
tient who has no clear
indications of now be-
ing or having previous-
ly been, subjected to
abuse.

.42.005−2.911 (47)7.0 (2.4)6.1 (2.7)Ensuring you are able
to ask questions about
abuse in private to an
older patient who has a
relative who insists on
being present during all
contact.

.35.02−2.438 (47)8.0 (2.1)7.4 (2.6)In conversation, provid-
ing support to an older
patient who tells about
abuse.

.46.003−3.174 (47)7.7 (2.1)6.6 (2.9)Helping an older pa-
tient subjected to abuse
on to the right body in
health care, or to the
right support function
in society.

.29.05−1.984 (47)7.6 (2.2)6.9 (2.8)Helping an older pa-
tient subjected to abuse
to make a report to the
police or social ser-
vices.

.35.02−2.433 (47)6.3 (2.6)5.5 (2.9)Helping and supporting
an older patient subject-
ed to abuse, who does
not currently want to
change his or her situa-
tion.

.38.01−2.601 (47)6.6 (2.2)5.7 (2.8)Handling the meeting
with an older patient
who says no to ques-
tions about abuse, but
where you still have
strong suspicions that
the patient is subjected
to abuse.

.49.002−3.364 (47)7.0 (1.8)6.3 (2.4)Total

aVR: virtual reality.

In total, 6 of the 8 items demonstrated significant improvements
in perceived self-efficacy. Specifically, participants reported
increases in their self-efficacy to ask questions about abuse to
an older individual who has clear indications of being abused
(t47=−3.354; P=.002; Cohen d=0.48) and to ensure that they ask

questions about abuse in private (t47=−2.911; P=.005; Cohen
d=0.42). We also observed increases in self-efficacy for
providing support to an older individual who discloses abuse
(t47=−2.438; P=.02; Cohen d=0.35) and directing an older adult
experiencing abuse to the right support person or service
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(t47=−3.174; P=.003; Cohen d=0.46). Finally, participants
showed improvements in their self-efficacy for helping older
adults experiencing abuse who do not want to change their
situation (t47=−2.433; P=.02; Cohen d=0.35) and handling an
older person who says no to questions about abuse despite strong
suspicions of abuse (t47=−2.601; P=.01; Cohen d=0.38).

One item showed a trend in improving self-efficacy to help an
older adult make a report to the police or social services
(t47=−1.984; P=.05; Cohen d=0.29). Participants did not show
an improvement in their self-efficacy to ask questions about
abuse to an older adult who has no clear indications of presently
or previously experiencing abuse (t47=−.585; P=.56; Cohen
d=0.08). This finding highlights an area to be addressed in future
research.

Empathy Findings
Pre–cine-VR training empathy scores ranged from 47 to 128,
with a mean of 105.7 (SD 16.6). Post–cine-VR training empathy
scores ranged from 80 to 131, with a mean of 110.4 (SD 12.1).
We observed a significant increase in participants’ empathy
scores post–cine-VR training (mean change=4.8; t47=−2.329;
P=.02), with a Cohen d=0.34 indicating a small effect. This
finding indicates a noticeable difference in empathy before and
after participating in the cine-VR training. While the effect size
is small, an increase in empathy may have practical significance
in training health professional students about the complexity of
diabetes management. More research is needed to confirm this
finding.

Discussion

Principal Findings
In this pilot study, we assessed the feasibility of implementing
a cine-VR training program with health professional students.
Our findings showed that we were able to recruit, implement,
and retain participants for the full cine-VR training.
Furthermore, participants reported no adverse effects or issues
with the cine-VR technology. In total, 3-quarters of the
participants completed the pre- and postmeasures for the pilot
study. Overall, we observed significant improvements in
participants’ awareness of discrimination toward people with
disability, self-efficacy to identify and manage elder abuse and
neglect, and empathy. These improvements suggest that the
cine-VR training program may be an effective teaching modality
to educate health professional students about the complexity of
care in older adults. More research is needed with a larger, more
diverse sample and a proper attention control condition to
confirm its effectiveness.

An objective of the cine-VR training program was to raise
awareness about discrimination towards aging and disabilities.
The cine-VR training portrayed multiple interactions among
Mr Chen, his family, and health care providers to raise
awareness about discrimination. In one simulation, for instance,
Mr Chen’s grandson is depicted yelling “Good morning!” and
laughing, a reaction to his grandfather’s hearing loss. Later in
the same simulation, his daughter-in-law appears visibly
frustrated following an incident of urinary incontinence. These

interactions were included to show that sometimes people,
including family members, make fun of disabilities or become
impatient with people who have a disability. Similarly, the
cine-VR training included episodes involving the primary care
physician and urgent care physician, directing their questions
about Mr Chen’s medical history to his son and daughter-in-law,
rather than speaking to Mr Chen directly. This was done
intentionally to suggest that the providers did not think Mr Chen
was capable of discussing his own health. In addition, we
included an insensitive comment from the urgent care physician
directed at Mr Chen poking fun of his situation. These scenarios
were designed to illustrate various types of discrimination and
elicit emotional reactions from the participants. Learning that
involves emotions increases memory retention through
emotional engagement, enhanced cognitive processing, and
memory consolidation [19,20]. The brain tends to prioritize
emotionally significant information for long-term memory over
neutral information, which may explain the increased awareness
of discrimination observed in the findings [21].

The cine-VR training program also emphasized recognizing the
signs of elder abuse and neglect, how to report abuse, and the
subsequent actions taken after a report is made. Each episode
uncovered new signs of elder abuse and neglect involving Mr
Chen (eg, withholding fluids throughout the day to prevent
urinary incontinence, not refilling Mr Chen’s medications, and
making Mr Chen live in the garage while the house is being
renovated), alongside behaviors commonly exhibited by abusers.
The follow-up debriefs and reflections concentrated on the
responsibilities of mandated reporters, the reporting process,
and the steps that follow a report. This content likely contributed
to the participants’ increased self-efficacy in asking older adults
about abuse, ensuring questions asked about abuse are asked in
private, providing emotional support to an older adult who tells
you about abuse, helping an older adult subjected to abuse to
the right authorities, helping an older adult subjected to abuse
who does not want to change circumstances, and handling an
older adult who denies abuse but you have strong suspicions
that they are subjected to abuse. Additional research is needed
to confirm if these increases in self-efficacy are sustained over
time.

Comparison With Previous Work
Medical training uses a variety of simulation types to prepare
health professional students for clinical practice. The most
common types of simulation include manikins and advanced
patient simulators, standardized patients, and task trainers [22].
The first manikin-based simulation can be traced back to the
1960s with the development of Resusci Anne for CPR training
[23]. Since then, health professional students have used manikins
and advanced patient simulators to replicate complex medical
scenarios, including cardiac arrest, childbirth delivery, and
trauma resuscitation [23]. The advantages of using manikins
and advanced patient simulators include a risk-free setting for
repeated practice of clinical skills and standardized training
experiences [24-26]. Drawbacks of using manikins and advanced
patient simulators include the high purchase price, ongoing
maintenance costs, and the technological limitations that prevent
them from fully replicating the complexity and unpredictability
of human behavior [27,28]. Conversely, standardized patients
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provide a more realistic interaction for students. Standardized
patients have been shown to improve communication skills,
critical thinking, self-efficacy, and clinical examination skills
[29]. Despite training, standardized patients may show individual
differences that can lead to variations in role portrayal,
impacting the consistency of the simulated learning experience
[30]. Unlike manikins, advanced patient simulators, and
standardized patients, a task trainer is a specific device designed
to help train health professional students on how to perform
specific procedures, such as inserting an intravenous line or
performing a lumbar puncture. Task trainers allow for focused
learning, skill mastery, and standardization of training in a safe
learning environment equipped to provide feedback and
assessment; however, they are limited in scope, lack human
interaction, and require regular maintenance and upkeep to
remain functional [22].

Cine-VR builds on these traditional simulation methods by
integrating narrative storytelling and interactive visual
experiences [13,14,31,32]. Unlike manikins, advanced patient
simulators, and task trainers, cine-VR offers an immersive
environment that shows real-life scenarios, situational
complexity, and human emotions [33]. Furthermore, cine-VR
can provide both physical and decision-based feedback through
interactive episodes, whereas task trainers only provide physical
feedback for procedural skills. Furthermore, standardized
patients offer realistic encounters with patients; however, actors
can vary in their portrayal of patients, which affects the
consistency of the training. Cine-VR can standardize patient
interactions while also allowing for variations in patient
interactions to balance consistency with the flexibility to adapt
to human unpredictability. Altogether, cine-VR incorporates
elements from manikins, advanced patient simulators,
standardized patients, and task trainers into a single
comprehensive training tool [33].

Our cine-VR training program has several advantages compared
with other simulation approaches. First, our cine-VR was
standardized, safe, and reusable. If needed, participants can
repeat the training as often as desired to learn or reinforce
knowledge and clinical skills. In addition, participants could
practice difficult, high-stakes conversations through our “guided
simulations,” without any risk or harm to the patient, Mr Chen.
Next, the multisensory experience of cine-VR engages emotional
learning. Research on emotional learning shows that it increases
long-term memory as well as increased acquisition of skills
[34-36]. Finally, cine-VR training offers participants a glimpse
into the lives of their patients, thereby increasing their awareness
of another person’s feelings and experiences. This form of
perspective-taking increases empathy similar to the findings in
our pilot study [32,37,38]. A 2017 study by Schutte and
Silinovic [39] compared the impact of VR and traditional
didactic learning on empathy among undergraduate students.
They found participants in the VR group reported greater
increases in empathy compared to the didactic presentation
group. Thus, cine-VR has the potential to increase empathy in

health professional students; more research is needed to assess
empathy and other prosocial behaviors (ie, helping, sharing,
and comforting) in future research. Considering patients value
empathy from their health care professionals, often as much or
even more than clinical expertise, simulation training that
enhances empathy is crucial [40,41].

Limitations
Limitations of this study included the small sample, data
collected from one site, heterogeneity of health care specialties,
selection bias, subject bias, and lack of a control group. We
recruited a sample of 65 participants for the training, and of
those, 48 completed the pre- and postassessment. While the
sample of 48 participants was small, it was sufficient to pilot
the measures for our pilot study. Next, we collected data from
one university in the Midwest, which limits the generalizability
of our findings to all health professional students. Furthermore,
participants represented 6 different health professional fields.
Geriatric care is inherently interprofessional and typically
requires collaboration from multiple health care professionals.
However, the small sample size across 6 health professional
programs limits the ability to draw conclusions about the
cine-VR training program in these fields. In addition, students
who volunteered to participate may have been more willing or
motivated to participate in this cine-VR training on care for
older adults. Thus, the findings may be susceptible to subject
bias and social desirability bias. Finally, we did not include a
control condition as a comparison group. Future research with
a large sample size must include a control condition to determine
the effectiveness of the cine-VR training. In future work, we
plan to conduct a randomized controlled trial comparing the
effectiveness of the cine-VR training to simulated patients.
Simulated patients are used extensively in medical training to
enhance the educational experience of health professional
students; however, simulated patients can be costly and
time-consuming. If we demonstrate that the cine-VR training
is more effective or equally effective as simulated patients,
cine-VR training may be a more sustainable, cost-effective
approach to refine health professional students’ clinical and
communication skills without the risk of harming real patients.

Conclusions
We demonstrated that our cine-VR training program was
feasible and acceptable to health professional students at our
university in the Midwestern United States. Our findings suggest
that the training increased awareness of discrimination towards
people with disability, improved self-efficacy to identify and
manage elder abuse and neglect, and increased empathy. More
research is needed to confirm the effectiveness of this cine-VR
training program on the complexity of care for older adults.
Future research should use a randomized controlled trial to
compare the cine-VR to an attention control condition, such as
simulated patients. If confirmed, the cine-VR training program
may be a new, effective approach to learning about
multimorbidity, geriatric syndromes, and biases related to aging.

 

JMIR Aging 2025 | vol. 8 | e64633 | p.683https://aging.jmir.org/2025/1/e64633
(page number not for citation purposes)

Beverly et alJMIR AGING

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


Acknowledgments
The research was funded by the Osteopathic Heritage Foundation Ralph S Licklider, DO Endowed Professor awarded to EAB.
The creation of the virtual reality simulations was part of the Medicaid Care Experience Simulation funded by the Ohio Department
of Medicaid and administered by the Ohio Colleges of Medicine Government Resource Center. The views expressed in the virtual
reality simulations of this publication are solely those of the creators and do not represent the views of the state of Ohio or federal
Medicaid programs.

Authors' Contributions
EAB, SM, ML, and CL provided substantial contributions to conception and design, acquisition of data, and analysis and
interpretation of data. EAB, SM, ML, and CL drafted the article or revised it critically for important intellectual content. EAB,
SM, ML, and CL gave final approval of the version of the article to be published. EAB, SM, ML, and CL agreed to be accountable
for all aspects of the work in ensuring that questions related to the accuracy or integrity of any part of the work are appropriately
investigated and resolved.

Conflicts of Interest
None declared.

References
1. Mather M, Scommegna P. Fact sheet: aging in the United States. : Population Reference Bureau; 2024 URL: https://www.

prb.org/resources/fact-sheet-aging-in-the-united-states/
2. Tavares JL, Cohen MA, Silberman S, Popham L. Chronic inequities: measuring disease burden among older adults in the

US: a health and retirement study analysis.: National Council on Aging; 2022.
3. Stierman B, Afful J, Carroll MD, et al. National Health and Nutrition Examination Survey 2017-March 2020 Prepandemic

Data Files-Development of Files and Prevalence Estimates for Selected Health Outcomes. Natl Health Stat Report 2021
Jun 14(158). [doi: 10.15620/cdc:106273] [Medline: 39380201]

4. Siew AL, Wong JW, Chan EY. Effectiveness of simulated patients in geriatric education: A scoping review. Nurse Educ
Today 2021 May;100:104856. [doi: 10.1016/j.nedt.2021.104856] [Medline: 33740706]

5. Urtamo A, Jyväkorpi SK, Strandberg TE. Definitions of successful ageing: a brief review of a multidimensional concept.
Acta Biomed 2019 May 23;90(2):359-363. [doi: 10.23750/abm.v90i2.8376] [Medline: 31125022]

6. Noto S. Perspectives on aging and quality of life. Healthcare (Basel) 2023 Jul 26;11(15):2131. [doi:
10.3390/healthcare11152131] [Medline: 37570372]

7. Sanford AM, Morley JE, Berg-Weger M, et al. High prevalence of geriatric syndromes in older adults. PLoS One
2020;15(6):e0233857. [doi: 10.1371/journal.pone.0233857] [Medline: 32502177]

8. Arai H, Chen LK. Aging populations and perspectives of geriatric medicine in Japan. Glob Health Med 2024 Feb 29;6(1):1-5.
[doi: 10.35772/ghm.2024.01001] [Medline: 38450117]

9. O’Rourke LA, Morrison M, Grimsley A, Cotter VT. High-fidelity simulation and nurse clinical competence-an integrative
review. J Clin Nurs 2023 May;32(9-10):1549-1555. [doi: 10.1111/jocn.16028] [Medline: 34453385]

10. Gaba DM. The future vision of simulation in health care. Qual Saf Health Care 2004 Oct;13 Suppl 1(Suppl 1):i2-10. [doi:
10.1136/qhc.13.suppl_1.i2] [Medline: 15465951]

11. Herrera-Aliaga E, Estrada LD. Trends and innovations of simulation for twenty first century medical education. Front
Public Health 2022;10:619769. [doi: 10.3389/fpubh.2022.619769] [Medline: 35309206]

12. Sapkaroski D, Mundy M, Dimmock MR. Virtual reality versus conventional clinical role-play for radiographic positioning
training: A students’ perception study. Radiography (Lond) 2020 Feb;26(1):57-62. [doi: 10.1016/j.radi.2019.08.001]
[Medline: 31902456]

13. Beverly E, Rigot B, Love C, Love M. Perspectives of 360-degree cinematic virtual reality: interview study among health
care professionals. JMIR Med Educ 2022 Apr 29;8(2):e32657. [doi: 10.2196/32657] [Medline: 35486427]

14. Beverly EA, Love C, Love M, Williams E, Bowditch J. Using virtual reality to improve health care providers’ cultural
self-efficacy and diabetes attitudes: pilot questionnaire study. JMIR Diabetes 2021 Jan 27;6(1):e23708. [doi: 10.2196/23708]
[Medline: 33502335]

15. Lancaster GA, Dodd S, Williamson PR. Design and analysis of pilot studies: recommendations for good practice. J Eval
Clin Pract 2004 May;10(2):307-312. [doi: 10.1111/j..2002.384.doc.x] [Medline: 15189396]

16. Power MJ, Green AM, WHOQOL-DIS Group. The Attitudes to Disability Scale (ADS): development and psychometric
properties. J Intellect Disabil Res 2010 Sep;54(9):860-874. [doi: 10.1111/j.1365-2788.2010.01317.x] [Medline: 20712699]

17. Simmons J, Wenemark M, Ludvigsson M. Development and validation of REAGERA-P, a new questionnaire to evaluate
health care provider preparedness to identify and manage elder abuse. BMC Health Serv Res 2021 May 19;21(1):473. [doi:
10.1186/s12913-021-06469-2] [Medline: 34006271]

18. Hojat M, Gonnella J, Maxwell K. Jefferson Scales of Empathy (JSE) Professional Manual & User ’s Guide: Jefferson
Medical College; 2009.

JMIR Aging 2025 | vol. 8 | e64633 | p.684https://aging.jmir.org/2025/1/e64633
(page number not for citation purposes)

Beverly et alJMIR AGING

XSL•FO
RenderX

https://www.prb.org/resources/fact-sheet-aging-in-the-united-states/
https://www.prb.org/resources/fact-sheet-aging-in-the-united-states/
http://dx.doi.org/10.15620/cdc:106273
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=39380201&dopt=Abstract
http://dx.doi.org/10.1016/j.nedt.2021.104856
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33740706&dopt=Abstract
http://dx.doi.org/10.23750/abm.v90i2.8376
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31125022&dopt=Abstract
http://dx.doi.org/10.3390/healthcare11152131
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=37570372&dopt=Abstract
http://dx.doi.org/10.1371/journal.pone.0233857
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32502177&dopt=Abstract
http://dx.doi.org/10.35772/ghm.2024.01001
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=38450117&dopt=Abstract
http://dx.doi.org/10.1111/jocn.16028
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=34453385&dopt=Abstract
http://dx.doi.org/10.1136/qhc.13.suppl_1.i2
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=15465951&dopt=Abstract
http://dx.doi.org/10.3389/fpubh.2022.619769
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=35309206&dopt=Abstract
http://dx.doi.org/10.1016/j.radi.2019.08.001
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31902456&dopt=Abstract
http://dx.doi.org/10.2196/32657
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=35486427&dopt=Abstract
http://dx.doi.org/10.2196/23708
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33502335&dopt=Abstract
http://dx.doi.org/10.1111/j..2002.384.doc.x
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=15189396&dopt=Abstract
http://dx.doi.org/10.1111/j.1365-2788.2010.01317.x
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20712699&dopt=Abstract
http://dx.doi.org/10.1186/s12913-021-06469-2
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=34006271&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/


19. Grassini S, Laumann K, Rasmussen Skogstad M. The use of virtual reality alone does not promote training performance
(but sense of presence does). Front Psychol 2020;11:1743. [doi: 10.3389/fpsyg.2020.01743] [Medline: 32765384]

20. Slater M, Wilbur S. A Framework for Immersive Virtual Environments (FIVE): speculations on the role of presence in
virtual environments. Presence: Teleoperators & Virtual Environments 1997 Dec;6(6):603-616. [doi:
10.1162/pres.1997.6.6.603]

21. LeDoux JE. Emotion circuits in the brain. Annu Rev Neurosci 2000;23:155-184. [doi: 10.1146/annurev.neuro.23.1.155]
[Medline: 10845062]

22. Levine AI, Demaria S, Schwartz AD, Sim AJ. The Comprehensive Textbook of Healthcare Simulation: Springer; 2013.
23. Elendu C, Amaechi DC, Okatta AU, et al. The impact of simulation-based training in medical education: A review. Medicine

(Baltimore) 2024 Jul 5;103(27):e38813. [doi: 10.1097/MD.0000000000038813] [Medline: 38968472]
24. Okuda Y, Bryson EO, DeMaria S Jr, et al. The utility of simulation in medical education: what is the evidence? Mt Sinai

J Med 2009 Aug;76(4):330-343. [doi: 10.1002/msj.20127] [Medline: 19642147]
25. Issenberg SB, McGaghie WC, Petrusa ER, Lee Gordon D, Scalese RJ. Features and uses of high-fidelity medical simulations

that lead to effective learning: a BEME systematic review. Med Teach 2005 Jan;27(1):10-28. [doi:
10.1080/01421590500046924] [Medline: 16147767]

26. Ziv A, Wolpe PR, Small SD, Glick S. Simulation-based medical education: an ethical imperative. Acad Med 2003
Aug;78(8):783-788. [doi: 10.1097/00001888-200308000-00006] [Medline: 12915366]

27. Cooper JB, Taqueti VR. A brief history of the development of mannequin simulators for clinical education and training.
Postgrad Med J 2008 Nov;84(997):563-570. [doi: 10.1136/qshc.2004.009886] [Medline: 19103813]

28. Gordon JA, Wilkerson WM, Shaffer DW, Armstrong EG. “Practicing” medicine without risk: students’ and educators’
responses to high-fidelity patient simulation. Acad Med 2001 May;76(5):469-472. [doi: 10.1097/00001888-200105000-00019]
[Medline: 11346525]

29. Hillier M, Williams TL, Chidume T. Standardization of Standardized Patient Training in Medical Simulation: StatPearls
Treasure Island (FL); 2025.

30. May W, Park JH, Lee JP. A ten-year review of the literature on the use of standardized patients in teaching and learning:
1996-2005. Med Teach 2009 Jun;31(6):487-492. [doi: 10.1080/01421590802530898] [Medline: 19811163]

31. Beverly EA, Love C, Love M, Lammert L, Bowditch J. Cinematic virtual reality for educating health care providers about
type 2 diabetes, disability, and elder abuse and neglect: a pilot study. J Diabetes Sci Technol 2023 Sep;17(5):1160-1171.
[doi: 10.1177/19322968231171586] [Medline: 37114917]

32. McCalla MM, Jones D, Grice R, et al. Feasibility of a cinematic-virtual reality training program for health professional
students: a single-arm pre-post study. J Diabetes Sci Technol 2023 Sep;17(5):1181-1189. [doi: 10.1177/19322968231171136]
[Medline: 37138539]

33. The Power of Virtual Reality Cinema for Healthcare Training: A Collaborative Guide for Medical Experts and Media
Professionals: Routledge; 2022.

34. Tyng CM, Amin HU, Saad MNM, Malik AS. The influences of emotion on learning and memory. Front Psychol 2017;8:1454.
[doi: 10.3389/fpsyg.2017.01454] [Medline: 28883804]

35. Steadman RH, Coates WC, Huang YM, et al. Simulation-based training is superior to problem-based learning for the
acquisition of critical assessment and management skills. Crit Care Med 2006 Jan;34(1):151-157. [doi:
10.1097/01.ccm.0000190619.42013.94] [Medline: 16374169]

36. Kyaw BM, Saxena N, Posadzki P, et al. Virtual reality for health professions education: systematic review and meta-analysis
by the Digital Health Education Collaboration. J Med Internet Res 2019 Jan 22;21(1):e12959. [doi: 10.2196/12959] [Medline:
30668519]

37. Tong X, Gromala D, Kiaei Ziabari SP, Shaw CD. Designing a virtual reality game for promoting empathy toward patients
with chronic pain: feasibility and usability study. JMIR Serious Games 2020 Aug 7;8(3):e17354. [doi: 10.2196/17354]
[Medline: 32763883]

38. Herrera F, Bailenson J, Weisz E, Ogle E, Zaki J. Building long-term empathy: A large-scale comparison of traditional and
virtual reality perspective-taking. PLoS One 2018;13(10):e0204494. [doi: 10.1371/journal.pone.0204494] [Medline:
30332407]

39. Schutte NS, Stilinović EJ. Facilitating empathy through virtual reality. Motiv Emot 2017 Dec;41(6):708-712. [doi:
10.1007/s11031-017-9641-7]

40. Hirsch EM. The role of empathy in medicine: a medical student’s perspective. Virtual Mentor 2007 Jun 1;9(6):423-427.
[doi: 10.1001/virtualmentor.2007.9.6.medu1-0706] [Medline: 23218048]

41. Halpern J. What is clinical empathy? J Gen Intern Med 2003 Aug;18(8):670-674. [doi: 10.1046/j.1525-1497.2003.21017.x]
[Medline: 12911651]

Abbreviations
cine-VR: cinematic–virtual reality
VR: virtual reality

JMIR Aging 2025 | vol. 8 | e64633 | p.685https://aging.jmir.org/2025/1/e64633
(page number not for citation purposes)

Beverly et alJMIR AGING

XSL•FO
RenderX

http://dx.doi.org/10.3389/fpsyg.2020.01743
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32765384&dopt=Abstract
http://dx.doi.org/10.1162/pres.1997.6.6.603
http://dx.doi.org/10.1146/annurev.neuro.23.1.155
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=10845062&dopt=Abstract
http://dx.doi.org/10.1097/MD.0000000000038813
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=38968472&dopt=Abstract
http://dx.doi.org/10.1002/msj.20127
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19642147&dopt=Abstract
http://dx.doi.org/10.1080/01421590500046924
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16147767&dopt=Abstract
http://dx.doi.org/10.1097/00001888-200308000-00006
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=12915366&dopt=Abstract
http://dx.doi.org/10.1136/qshc.2004.009886
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19103813&dopt=Abstract
http://dx.doi.org/10.1097/00001888-200105000-00019
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=11346525&dopt=Abstract
http://dx.doi.org/10.1080/01421590802530898
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19811163&dopt=Abstract
http://dx.doi.org/10.1177/19322968231171586
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=37114917&dopt=Abstract
http://dx.doi.org/10.1177/19322968231171136
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=37138539&dopt=Abstract
http://dx.doi.org/10.3389/fpsyg.2017.01454
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28883804&dopt=Abstract
http://dx.doi.org/10.1097/01.ccm.0000190619.42013.94
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16374169&dopt=Abstract
http://dx.doi.org/10.2196/12959
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30668519&dopt=Abstract
http://dx.doi.org/10.2196/17354
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32763883&dopt=Abstract
http://dx.doi.org/10.1371/journal.pone.0204494
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30332407&dopt=Abstract
http://dx.doi.org/10.1007/s11031-017-9641-7
http://dx.doi.org/10.1001/virtualmentor.2007.9.6.medu1-0706
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23218048&dopt=Abstract
http://dx.doi.org/10.1046/j.1525-1497.2003.21017.x
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=12911651&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/


Edited by H LaMonica; submitted 22.07.24; peer-reviewed by J Wardian, X Jing, Y Weng; revised version received 21.01.25; accepted
21.01.25; published 12.02.25.

Please cite as:
Beverly EA, Miller S, Love M, Love C
Feasibility of a Cinematic–Virtual Reality Program Educating Health Professional Students About the Complexity of Geriatric Care:
Pilot Pre-Post Study
JMIR Aging 2025;8:e64633
URL: https://aging.jmir.org/2025/1/e64633 
doi:10.2196/64633

© Elizabeth A Beverly, Samuel Miller, Matthew Love, Carrie Love. Originally published in JMIR Aging (https://aging.jmir.org),
12.2.2025. This is an open-access article distributed under the terms of the Creative Commons Attribution License
(https://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium,
provided the original work, first published in JMIR Aging, is properly cited. The complete bibliographic information, a link to
the original publication on https://aging.jmir.org, as well as this copyright and license information must be included.

JMIR Aging 2025 | vol. 8 | e64633 | p.686https://aging.jmir.org/2025/1/e64633
(page number not for citation purposes)

Beverly et alJMIR AGING

XSL•FO
RenderX

https://aging.jmir.org/2025/1/e64633
http://dx.doi.org/10.2196/64633
http://www.w3.org/Style/XSL
http://www.renderx.com/


Exploring Dance as a Therapeutic Approach for Parkinson Disease
Through the Social Robotics for Active and Healthy Ageing
(SI-Robotics): Results From a Technical Feasibility Study

Roberta Bevilacqua1, MScPH; Elvira Maranesi1, PhD; Marco Benadduci1, BPT; Gabriella Cortellessa2, PhD; Alessandro

Umbrico2, PhD; Francesca Fracasso2, PhD; Giovanni Melone3, MSc; Arianna Margaritini1, MScPH; Angela La Forgia3,

MSIS; Pierpaolo Di Bitonto4, BCS; Ada Potenza5, MSc; Laura Fiorini6,7, PhD; Carlo La Viola6, PhD; Filippo Cavallo6,7,

PhD; Alessandro Leone8, BSc; Andrea Caroppo8, MSCE; Gabriele Rescio8, PhD; Mauro Marzorati9, PhD; Amedeo

Cesta2, PhD; Giuseppe Pelliccioni10, MD; Giovanni Renato Riccardi11, MD; Lorena Rossi1, MEng
1Scientific Direction, IRCCS INRCA, Via Santa Margherita 5, Ancona, Italy
10Clinical Unit of Neurology, Istituto di Ricovero e Cura a Carattere Scientifico Istituto Nazionale Ricovero e Cura per Anziani (IRCCS INRCA),
Ancona, Italy
11Clinical Unit of Physical Rehabilitation, Istituto di Ricovero e Cura a Carattere Scientifico Istituto Nazionale Ricovero e Cura per Anziani (IRCCS
INRCA), Ancona, Italy
2National Research Council–Institute of Sciences and Technologies for Cognition, Rome, Italy
3Exprivia S.p.a., Innovation Lab, Innovation, Marketing & Technology, Molfetta, Italy
4Department of Soil, Plant and Food Science, University of Bari Aldo Moro, Bari, Italy
5Grifo multimedia Srl, Bari, Italy
6Department of Industrial Engineering, University of Florence, Florence, Italy
7The BioRobotics Institute, Scuola Superiore Sant’Anna, Pontedera, Italy
8National Research Council of Italy – Institute for Microelectronics and Microsystems, Lecce, Italy
9Institute of Biomedical Technologies, National Research Council, Segrate, Italy

Corresponding Author:
Elvira Maranesi, PhD
Scientific Direction, IRCCS INRCA, Via Santa Margherita 5, Ancona, Italy

Abstract

Background: Parkinson disease (PD) is a progressive neurodegenerative disorder characterized by motor symptoms. Recently,
dance has started to be considered an effective intervention for people with PD. Several findings in the literature emphasize the
necessity for deeper exploration into the synergistic impacts of dance therapy and exergaming for PD management. Moreover,
socially engaging robotic platforms equipped with advanced interaction and perception features offer potential for monitoring
patients’ posture and enhancing workout routines with tailored cues.

Objective: This paper presents the results of the Social Robotics for Active and Healthy Ageing (SI-Robotics) project, aimed
at designing an innovative rehabilitation program targeted at seniors affected by (early-stage) PD. This study therefore aims to
assess the usefulness of a dance-based rehabilitation program enriched by artificial intelligence–based exergames and contextual
robotic assistance in improving motor function, balance, gait, and quality of life in patients with PD. The acceptability of the
system is also investigated.

Methods: The study is designed as a technical feasibility pilot to test the SI-Robotics system. For this study, 20 patients with
PD were recruited. A total of 16 Irish dance–based rehabilitation sessions of 50 minutes were conducted (2 sessions per week,
for 8 wks), involving 2 patients at a time. The designed rehabilitation session involves three main actors: (1) a therapist, (2) a
patient, and (3) a socially interacting robot. To stimulate engagement, sessions were organized in the shape of exergames where
an avatar shows patients the movements they should perform to correctly carry out a dance-based rehabilitation exercise.

Results: Statistical analysis reveals a significant difference on the Performance-Oriented Mobility Assessment scale, both on
balance and gait aspects, together with improvements in Short Physical Performance Battery, Unified Parkinson Disease Rating
Scale–III, and Timed Up and Go test, underlying the usefulness of the rehabilitation intervention on the motor symptoms of PD.
The analysis of the Unified Theory of Acceptance and Use of Technology subscales provided valuable insights into users’
perceptions and interactions with the system.

Conclusions: This research underscores the promise of merging dance therapy with interactive exergaming on a robotic platform
as an innovative strategy to enhance motor function, balance, gait, and overall quality of life for patients grappling with PD.

JMIR Aging 2025 | vol. 8 | e62930 | p.687https://aging.jmir.org/2025/1/e62930
(page number not for citation purposes)

Bevilacqua et alJMIR AGING

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


Trial Registration: ClinicalTrials.gov NCT05005208; https://clinicaltrials.gov/study/NCT05005208

(JMIR Aging 2025;8:e62930)   doi:10.2196/62930
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Introduction

Parkinson disease (PD) is a progressive neurodegenerative
disorder characterized by motor symptoms, such as tremors,
bradykinesia, rigidity, and postural instability, as well as
nonmotor symptoms, including cognitive impairment, mood
disorders, and autonomic dysfunction [1]. These symptoms can
significantly impact patients’ quality of life and independence
as the disease progresses. While pharmacological interventions,
such as dopamine replacement therapy, remain the mainstay of
PD management, their efficacy may diminish over time and
they often fail to address the nonmotor symptoms adequately
[2]. Physical therapy represents the key adjuvant treatment for
PD, offering potential benefits in improving motor function,
balance, gait, and overall mobility [3]. Among various forms
of physical therapy, dance-based interventions have gained
attention due to their multifaceted approach targeting motor,
cognitive, and psychosocial aspects of the disease [4]. Dance
therapy engages patients in rhythmic movements, music, and
social interaction, promoting coordination, flexibility, and
emotional well-being [5].

Exergaming, which involves interactive video games requiring
physical movement, has emerged as a novel approach to
delivering dance-based therapy in both home-based and clinical
settings [6]. Exergames offer the advantages of personalized,
adaptable, and enjoyable exercise programs, potentially
enhancing patient motivation and adherence [7]. Recent research
has highlighted the potential of dance therapy and exergaming
to address the complex needs of PD patients. A randomized
controlled trial by Duncan and Earheart [4] demonstrated
significant improvements in motor function and balance among
patients with PD participating in community-based dancing
compared with a control group. Furthermore, a study by Barry
et al [7] found that exergaming interventions were effective in
improving mobility and reducing fall risk in patients with PD.

These findings underscore the importance of further
investigating the combined effects of dance therapy and
exergaming in PD management. Furthermore, the reliability
and performance of current sensing technologies provide
physiological data that are useful to monitor the state and the
quality of the exercises objectively performed by patients. For
example, commercial wearable devices could be easily
integrated during rehabilitation sessions to gather information
about the heart or breath rate of involved patients and objectively
evaluate the metabolic effort. Socially interactive robotic
platforms with their interaction and perception capabilities (eg,
onboard cameras) are well suited to monitor the posture of
patients and support the execution of the exercises through
tailored stimuli. A more comprehensive approach may integrate
advanced technologies, such as sensor technology for real-time
monitoring, artificial intelligence (AI) techniques for

personalized difficulty adjustments, and robotic platforms to
deliver personalized feedback and enhance the rehabilitation
experience.

In this context, the Social Robotics for Active and Healthy
Ageing (SI-Robotics) project designed an innovative
rehabilitation program targeted at seniors affected by (early
stage) PD [8]. The approach relies on the integration of several
AI technologies ranging from knowledge representation and
reasoning, for user modeling and personalization to machine
learning and automated planning (AP) for continuous proactive
and adaptive assistance [9]. Leveraging the mentioned
interventions based on different types of dance [10,11], the idea
is to develop a technology-enhanced, dance-based rehabilitation
program where a socially interacting robot and several sensing
devices (wearable sensors and 3D cameras mainly) support
therapists and patients during the execution of the exercises.
This study therefore aims to assess the usefulness of a
dance-based physical therapy program enriched by AI-based
exergames and contextual robotic assistance in improving motor
function, balance, gait, and quality of life in patients with PD.
We hypothesized that the proposed technology-enhanced dance
therapy would lead to greater improvements in PD symptoms.

Methods

The study is designed as a technical feasibility pilot to test the
SI-Robotics system. The entire protocol, including the
description of scales, the platform functioning, the training
program, and procedures has been previously described in detail
[8].

Subjects
A total of 20 patients with PD were selected by the outpatient
department at the Clinical Unit of Physical Rehabilitation,
Istituto di Ricovero e Cura a Carattere Scientifico Istituto
Nazionale Ricovero e Cura per Anziani (IRCCS INRCA). The
patients were recruited if they were over 65 years old; able to
provide informed consent; had a stage of Hoen and Yahr scale
between 1 and 2 [12]; had a Functional Ambulation Category
score ≥2 [13]; had a Rankin Scale score ≤3 [14]; had stability
of drug treatment for at least 1 month; had a Geriatric
Depression Scale 4-item score ≤1 [15]; had a Mini-Mental State
Examination ≥24 [16]; and could maintain an upright posture≥30
seconds, evaluated by a trained physiotherapist during the
recruitment. The evaluation of compliance with the inclusion
and exclusion criteria was performed during the recruitment
session. Once we completed this phase, informed consent was
obtained. The patient’s clinical assessment was performed at
the start and the end of the treatment. In particular, the
evaluation consisted of the administration of the following scale:
measurement of functional state with the Barthel Index [17];
physical performance with Tinetti’s Performance-Oriented
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Mobility Assessment (POMA) [18], the Short Physical
Performance Battery (SPPB) [19], the 6-Minute Walking Test
[20], and the Timed Up and Go test (TUG) [21]; evaluation of
the quality of life with the 12-Item Short-Form Health Survey
(SF-12) [22]; fear of falling with Falls Efficacy
Scale-International (FES-I) [23]; and the assessment of the

prognosis of PD with the Unified Parkinson Disease Rating
Scale – III (UPDRS-III) [24].

Intervention
Figure 1 shows the experimental setting in a protected
environment (gymnasium) and the positioning of the
technologies, the patient, and the physiotherapist, during the
dance-based rehabilitation sessions.

Figure 1. Technological components and actors of Social Robotics for Active and Healthy Ageing (SI-Robotics) rehabilitation sessions.

A total of 16 therapy sessions of 50 minutes were conducted (2
sessions per wk, for 8 wks), involving 2 patients at a time.
Cardiac and respiratory activity was monitored during dancing
treatments to detect heart rate and breathing frequency. The
participants were required to complete at least 80% of the
sessions. Each session involved the following activities: (1)
breathing, relaxation, and postural harmonization exercises (5
min); (2) active mobility and stretching exercises (5 min); (3)
the SI-Robotics intervention (35 min) consisting of the
AI-enhanced “Let’s Dance” game, and a socially interacting
robot monitoring the execution of the physical exercises of
patients; and (4) relaxation exercises (5 min).

After selecting a difficulty level, players are presented as dancers
on the screen, along with footprints that suggest the movement
to be done. Each task can vary from simple aerobic exercises
(side steps, arm raising, hand clapping, etc) to choreographies.
At the end of the game session, a score is presented to the
patient. This would make a patient aware of the quality of the
performance. This score can also be used by the therapist to
assess the patient’s performance and the possible increase in
the difficulty level of the game.

The next sections describe the technological components of the
session in more detail.

The AI-Based Rehabilitation Session
The designed rehabilitation session involves three main actors:
(1) a therapist, (2) a patient, and (3) a socially interacting robot.
To stimulate engagement, sessions are organized in the shape
of exergames where an avatar shows patients the movements
they should perform to correctly carry out a rehabilitation
exercise (eg, dancing steps). Given a set of data about the needs
of a group of patients and about stimulation capabilities of
known exercise, a game engine integrates an AI planner [25]
and synthesizes exercises by selecting a (sub)set of movements
(ie, dancing steps) that best fit the clinical objectives of the

session (ie, of the current patient). The exergame is enriched
with AP to synthesize suitable physical exercises, contextualized
to the clinical objectives of the rehabilitation sessions [25].
Many works in the literature investigate the use of AI in health
care and PD [11,26] AI is used for example to predict the
wearing-off of symptoms [27], support decisions [28], or early
diagnosis of PD [29]. The majority of these works adopt AI
solutions based on deep or machine learning and focus on the
diagnosis of the disease. Few works investigate the use of AP
to support therapists in the synthesis of rehabilitation programs.
The study by Gonzalez et al [30], for example, integrates AP
into a control architecture to allow a social robot to physically
show motions to a patient during physical rehabilitation.
Baschieri et al [31] uses AP to synthesize simulation scenarios
within a serious game for cognitive rehabilitation. This work
pursues an objective similar to ours but in a different clinical
scenario.

As shown in Umbrico et al [25] SI-Robotics proposes AP to
support the synthesis of physical rehabilitation programs for
patients with PD . A key aspect of the developed planning
framework is the combined reasoning about spatial and clinical
effects of stimuli (ie, motions or dancing steps) needed to
synthesize plans that are technically valid and effective from a
clinical point of view. Compared with a manual definition of
the rehabilitation session, the use of a planner aims to improve
the quality, accuracy, and engagement of the resulting
rehabilitation programs. A therapist provides a planner with
data about the rehabilitation session (song time, song rhythm,
and difficulty level) and the clinical objectives. Given this input,
the planner decides a sequence of steps, optimized according
to an objective function encoding the specified clinical objective.
Planned steps are thus chosen according to the rehabilitation
needs of the participating patient (personalization).

In addition, several devices enrich the session to extract useful
data about the health conditions and the performance of patients.

JMIR Aging 2025 | vol. 8 | e62930 | p.689https://aging.jmir.org/2025/1/e62930
(page number not for citation purposes)

Bevilacqua et alJMIR AGING

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


The generated data streams are gathered by the robot that
embodies the AI-based reasoning modules. Overall, three types
of perception components were considered: (1) wearable sensing
devices (eg, sensorized shirts) that constantly produce data
streams about physiological parameters of patients (eg, heart
rate) [32]; (2) a video-processing component elaborating 3D
camera data to extract kinematics about motions and produce
data about body posture and body equilibrium of patients and;

(3) a video-processing component elaborating 3D camera data
to analyze patients’ behaviors and produce data about the
correctness of performed motions (ie, feedback). Figure 2 below
shows a conceptual overview of the designed session pointing
out a subset of the main hardware and software components
and the data streams generated during the execution of a
rehabilitation session.

Figure 2. Automata describing the assistive behavior of the robot during a rehabilitation session. HR: Human-Robot

In addition, a socially interacting robot should support the
execution of a session by recognizing the current state of a
session according to data gathered from the environment,
autonomously detecting events that would trigger different
phases, and setting the behavioral goals needed to support a

session. The robotic platform consists of a novel social robotic
platform designed within SI-Robotics and developed by
Co-Robotics [33]. Figure 3 shows the lifecycle determining the
assistive behavior of the robot during each rehabilitation session.
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Figure 3. Architectural structure of the artificial intelligence–based cognitive control of the robot.

A rehabilitation session starts with a welcoming state where the
robot introduces patients to the session. Patients do not know
the structure of the rehabilitation and are not familiar with the
involved technology. The objective of this state is therefore to
prepare patients for the therapy by explaining the structure of
the session and the technology used. When all patients are ready
to start a session, the robot enters into a “monitoring” state
gathering data from the environment to monitor the performance
and health state of patients. When a rehabilitation exercise ends
the robot enters into the “reporting” state to interact with the
therapist to comment on the exercise and the observed
performance. This state is especially useful to enrich the
subjective experience of the therapist by enhancing the
awareness of the therapist with objective feedback on the quality
of the exercises. It is indeed meant as a support for the decisions
on how to proceed with the session (eg, change or repeat the
exercises, difficulty of the next exercise, etc). If the therapist
decides to start a new exercise, then the robot enters again into
the monitoring state. Otherwise, the robot enters into the
“closing” state to finalize the session. In this latter case, the
robot interacts with patients to ask their personal feelings about
the session and to show a qualitative assessment of their session.

Different types of interaction are foreseen during an exercise,
depending on the type of situation recognized by the robot. Two
types of interactions have been considered characterized by the
motivating and the alerting states in the automata. The
motivating phase allows the robot to play the role of a coach
during the session stimulating patients to perform better or
correcting their behavior. The robot is supposed to enter the

motivating phase when it detects a heart rate below some
minimum “training threshold” or when it detects a wrong posture
of the body, for example, bad alignment or asymmetrical motion
of lower or upper limbs.

The alerting phase allows the therapist (and the robot) to
intervene when some critical situation concerning the health
state of a patient is detected during the session. In such case,
the robot is supposed to warn the therapist about the danger and
simultaneously interact with the involved patient, even
interrupting the exercise if necessary. Specifically, the robot
enters the alerting phase when it detects the risk of a fall or an
anomalous heart rate for a patient. Both these situations are
critical for the considered target of patients and need a prompt
intervention.

AI-Based Control of Robotic Skills
A key aspect (and still an open challenge) in the design of
autonomous robotic agents is the integration of different AI
technologies and Robotics [34,35]. SI-Robotics proposes an
AI-based control architecture with twofold objectives: (1) to
support the abstraction and reasoning capabilities needed to
recognize health-related situations and assistive objectives and
(2) to coordinate robotic skills to “act” in the environment and
(autonomously) achieve contextualized assistive objectives.
Figure 4 shows an overview of the designed architecture with
the main functional components involved in the control process.
Two main architectural layers are considered and are organized
according to a cognitive architecture inspired by the Dual
Process Psychological Theory [36].
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Figure 4. Designed architecture.

A skill control layer encapsulates the control components
responsible for providing the robot with the “low-level”
capabilities needed to perceive the environment and interact
with the environment. The Navigation Skills component
encapsulates functionalities that allow a robot to robustly
navigate within the environment and autonomously reach known
locations. The Dialog Skills encapsulate natural language
processing functionalities that allow a robot to talk with patients
and therapists. This component in particular enables an affective
interaction [37] by adapting the way the robot talks with a
patient to the detected emotional state and known personality
traits.

While some level of perception is needed for both navigation
and dialogue skills, the Perception Skills component emphasizes
the additional capability needed to process data from deployed
environmental devices. It encapsulates low-level data processing
to provide the higher decisional level with refined information.
A behavior control layer supports AI-based control features to
contextualize observations, trigger assistive goals, and
coordinate underlying skills to implement the desired assistance.
The Autonomy and Skill Coordination component encapsulates
an AI plan–based controller that supports behavior continuity
coordinating robotic skills. The Goal Reasoning component
instead is in charge of contextualizing observations to
automatically set assistive goals. The combination of goal
reasoning and a plan-based controller is the key architectural
feature enabling proactive and autonomous goal-oriented
behaviors of the robot [38].

The AI-based architectural elements composing the coordination
layer of Figure 4 have been embedded into the robotic platform
and integrated through the Robot Operating System (ROS) using
the ROS Melodic distribution [39]. The coordination component
responsible for the synthesis of the assistive behavior has been
implemented in the shape of an AI plan–based controller relying
on AP. The component uses the open-source framework
ROXANNE [40], which implements goal-oriented acting
capabilities into an ROS [41]. ROXANNE allows the robot to
receive high-level assistive goals and (autonomously) synthesize
and execute navigation and dialogue commands or tasks to
realize a desired assistive behavior. The goal reasoning
component correlates data received from the perception
component with the autonomous behavior of the robot. It
endows the robot with the cognitive capabilities needed to
understand the evolution of a rehabilitation session
autonomously select suitable planning goals and consequently
decide the assistance needed in a particular context.

Embedded AP models the behavioral constraints needed to
correctly support a rehabilitation session. Behavioral constraints
are specified in the shape of temporal constraints and require
interacting tasks performed through available skills. In this
regard, Table 1 shows the modeled assistive goals and the
parameters defined to contextualize interactions. Furthermore,
the table briefly describes the behavioral constraints specified
in the model to correctly implement the desired assistance and
support the associated goal. It is worth noting that AI planning
facilitates robot programming since it supports an “easy
specification” of desired behavioral dynamics without
hard-coding the implemented skills.
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Table . Acting goals supported by the robot-embedded controller to synthesize assistive behaviors during a rehabilitation session.

Interaction parametersInteraction parametersGoal

The robot moves from its current location to the
welcoming area to call the specified patient and
take patient to the dressing area to wear the sen-
sorized shirt. Then it guides the patient to the
rehabilitation area to start the session.

If the patient is new to the session (flag novel set
to true) the robot explains the organization of the
rehabilitation and the functioning of the devices.
Otherwise, the robot shows data about the last
session to motivate the patient for the current
one.

Welcoming • Therapist: string
• Patient: string
• Gender: string
• Novel: boolean

When an exercise begins the robot starts moving
around the rehabilitation area and monitoring
patients’ state by collecting physiological, body
posture, and performance data.

—aExercise start

When an exercise ends the robot moves close to
a patient to show a brief report about the patient
performance. The robot shows the achieved score
and (if available) compares it to the average score
of the patient in the past and the average score
of other patients. This would make a patient
aware of the quality of the performance.

Exercise report • Patient: string
• Gender: string
• Score: double
• Past_score: double
• Global_score: double

The robot periodically analyzes trends of gath-
ered data about the heart rate of a patient.
Thresholds are parametric and computed accord-
ing to the age of the patient as follows:

HR_max=80% (220 – age)

HR_min=40% h_max

The objective of the session is to keep the heart
rate of patients within HR_max and HR_min to
stimulate a proper metabolic effort. In the case
of low heart rate (i.e., value below HR_min) the
robot implements a motivational behavior asking
a patient to improve the performance. In case of
high heart rate (i.e., value above HR_max), the
root implements an assistive behavior alerting
the therapist and asking the patient to reduce the
performance

Low heart rate and high heart rate • Therapist: string
• Patient: string
• Gender: string
• Heart_rate: double

The robot constantly monitors the motions and
the inclination of patients. If anomalous kinemat-
ics parameters are detected, for example, wrong
inclinations of the body or wrong alignment of
arms or legs, the robot implements a motivational
behavior to correct the body posture of a patient
and thus stimulate correct motions.

Bad posture • Patient: string
• Gender: string
• Tilt: integer in [0, 1]
• Arms: integer in [–1, 1]
• Legs: integer in [–1, 1]

In addition to the body posture, the robot constant-
ly monitors the equilibrium of patients to prevent
dangerous falls during physical therapy. If dan-
gerous equilibrium conditions are detected from
camera data (eg, the center of mass is outside the
patient’s base) the robot implements an assistive
behavior to promptly notify the therapist and
warn the patient about the danger or falling.

Bad equilibrium • Therapist: string
• Patient: string
• Gender: string
• Lateral: integer in [–1,1]
• Frontal: integer in [–1,1]

aNot applicable.

Outcomes
All assessment procedures adhere to a standardized protocol.
Specifically, the primary focus of the study revolves around
enhancing balance, and gait, and alleviating the fear of falling
among elderly patients with PD. This is gauged through the

utilization of the 3 POMA scales (POMA balance, POMA Gait,
and POMA Total) after the 10 treatment sessions, as a result of
the Irish dance intervention. In addition, secondary measures
include evaluating the gait speed of elderly patients with PD,
their fear of falling (assessed via FES-I), their physical

JMIR Aging 2025 | vol. 8 | e62930 | p.693https://aging.jmir.org/2025/1/e62930
(page number not for citation purposes)

Bevilacqua et alJMIR AGING

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


performance (SPPB), their autonomy in daily living activities
(UPDRS-III), and their overall physical and psychological
well-being (SF-12) together with the evaluation of the Unified
Theory of Acceptance and Use of Technology (UTAUT) that
is composed by 10 subscales (anxiety; attitude; facilitating
conditions; intention to use; perceived adaptability; perceived
enjoyment; perceived ease of use; perceived usefulness; social
influence; and trust).

Statistical Analysis
Continuous variables were presented as either mean and SD or
median and IQR, depending on their distribution, which was
determined using the Kolmogorov-Smirnov test. Categorical
variables were expressed as absolute numbers and percentages.
To test statistically significant differences (P<.050) between
pre- and postconditions, Wilcoxon signed-rank test (for
non-normal distribution) or paired test (for normal distribution)
were used, alongside simple descriptive statistics such as means,
medians, and SDs as appropriate. The statistical analysis was
performed using SPSS software.

Ethical Considerations
The study was approved by the Ethics Committee of the Istituto
Nazionale Ricovero e Cura per Anziani, (IRCCS INRCA) on
June 17, 2021 (CE INRCA 21004). The protocol is registered
on ClinicalTrials.gov with trial registration number
NCT05005208 (October 23 , 2023). All participants signed the
informed consent and data processing consent. The data are
anonymised so that the identity of the subject cannot be traced.
No compensation is provided for participation in the study.

Results

Demographic and clinical data of the patients are reported in
Table 2. Two participants dropped out because they did not
complete the rehabilitation program.

The CONSORT (Consolidated Standards of Reporting Trials)
flowchart is shown in Figure 5.

Gender differences were not statistically significantly different
in all scales used to select the sample.

Table . Baseline demographic and clinical profile.

P valueFemale (n=8)Male (n=10)Total (n=18)

.1877.2 (5.2)73.7 (5.4)75.3 (5.5)Age (years), mean (SD)

.48Marital status, n (%)

6 (75)9 (90)15 (83.3)Married

1 (12.5)0 (0)1 (5.5)Single

1 (12.5)1 (10)2 (11.2)Widowed

.17Educational level, n (%)

3 (37.5)1 (10)4 (22.2)Primary education

4 (50)6 (60)10 (55.6)Secondary education

1 (12.5)3 (30)4 (22.2)University or more

.421.7 (0.4)1.9 (0.3)1.8 (0.3)Hoehn and Yahr score, mean (SD)

.331.8 (1.1)1.4 (0.8)1.6 (0.9)Rankin Scale score, mean (SD)

.333.2 (0.7)2.9 (0.7)3.0 (0.7)GDSa, mean (SD)

.504.5 (0.74)4.7 (0.4)4.6 (0.6)FACb, mean (SD)

.2229.1 (0.7)29.7 (0.6)29.4 (0.9)MMSEc, mean (SD)

.3996.8 (3.7)94.5 (6.8)95.5 (5.6)Barthel Index score, mean (SD)

aGDS: Geriatric Depression Scale.
bFAC: Functional Ambulation Category.
cMMSE: Mini-Mental State Examination.
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Figure 5. The CONSORT (Consolidated Standards of Reporting Trials) flowchart.

Table 3 shows differences between pre- and postintervention
on the functional state scales with the UPDRS-III and the SPPB,
gait and balance performance on Tinetti POMA Gait and POMA
Balance, evaluation of quality of life with SF-12 and its
subscores (physical component score and mental component
score), fear of falling (FES-I) together with the TUG execution
time, the meters covered during the 6-Minute Walking Test and
the gait speed.

Statistical analysis revealed a significant effect on UPDRS-III
and TUG together with improvements in the POMA scale, both
on balance and gait aspects, and in SPPB. However, for the
POMA and SPPB scales, there was a low Cohen d coefficient,
underlining a probable effect of the low sample size on these
results. In contrast, the effect size for UPDRS-III and TUG was
high (>0.70), highlighting the usefulness of the rehabilitation
intervention on the motor symptoms of PD also in our small
sample.
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Table . Mean (SD) values of the mean of pre- and postintervention scores on the UPDRS-IIIa, SPPBb, POMAc (total, gait and balance), SF-12d (total,

physical, and mental component score), FES-Ie, TUGf execution time, 6MWTg, and gait speed. Pre-post and between-group comparisons are reported
for each score (P<.05). The effect size (Cohen d) is also reported.

Cohen dP valuePostintervention
scores, mean (SD)

Preintervention scores,
mean (SD)

−0.73.01h13.83 (1.85)13.56 (1.85)UPDRS-III

0.10.02h10.39 (2.45)8.83 (2.61)SPPB

POMA

−0.07.001h26.28 (2.74)24.11 (3.92)POMA Total

−0.02.01h10.94 (1.55)9.83 (2.30)POMA Gait

−0.10.01h15.33 (1.37)14.28 (2.16)POMA Balance

SF-12

−0.20.1032.33 (2.42)31.28 (1.99)SF-12-Toti

−0.23.4913.83 (1.85)13.56 (1.84)PCS-12j

−0.16.1218.50 (1.91)17.72 (1.22)MCS-12k

−0.29.8310.67 (2.22)10.78 (1.92)FES-I

−0.82.002h9.19 (3.14)11.0 (3.91)TUG (s)

−0.19.40373.72 (98.67)361.50 (99.33)6MWT (m)

aUPDRS-III: Unified Parkinson Disease Rating Scale – III.
bSPPB: Short Physical Performance Battery.
cPOMA: Performance Oriented Mobility Assessment.
dSF-12: 12-Item Short-Form Health Survey.
eFES-I: Falls Efficacy Scale–International.
fTUG: Timed Up and Go test.
g6MWT: 6-Minute Walking test.
hP values from matched-pairs Student t test.
iSF-12-Tot: 12-Item Short-Form Health Survey total score.
jPCS-12: 12-Item Short-Form Health Survey physical component score
kMCS-12: 12-Item Short-Form Health Survey mental component score.

Table 4 reports the scores of the subscales of UTAUT.

The analysis of the UTAUT subscales provided valuable insights
into users’ perceptions and interactions with the system. In

particular, attitude, perceived adaptability, enjoyment, ease of
use, usefulness, and social influence were generally positive.
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Table . Mean (SD) of the mean of the Unified Theory of Acceptance and Use of Technology (UTAUT) subscales scores.

RangeScore, mean (SD)UTAUT subscales

0‐207.4 (4.2)Evoking anxious or emotional reac-
tions when using the system.

Anxiety (ANX)

0‐1511.2 (2.5)Positive or negative feelings about
the appliance of the technology

Attitude (ATT)

0‐152.6 (1.7)Objective factors in the environment
that facilitate using the system

Facilitating conditions (FC)

0‐103 (0)The outspoken intention to use the
system over a longer period in time

Intention to use (ITU)

0‐1510.5 (3.0)The perceived ability of the system
to be adaptive to the changing needs
of the user.

Perceived adaptability (PAD)

0‐2518.2 (2.2)Feelings of joy or pleasure associat-
ed by the user with the use of the
system.

Perceived enjoyment (PENJ)

0‐2518.1 (3.8)The degree to which the user be-
lieves that using the system would
be free of effort

Perceived ease of use (PEOU)

0‐1511.4 (2.9)The perceived ability of the system
to perform sociable behavior.

Perceived usefulness (PU)

0‐108 (2.4)The user’s perception of how people
who are important to him think
about him using the system

Social influence (SI)

0‐107.5 (1.8)The belief that the system performs
with personal integrity and reliabili-
ty.

Trust

Discussion

Principal Findings
This study aims to investigate the usefulness of the SI-Robotics
intervention based on AI robotic assistance and exergame
stimulation, in the context of PD. This study aims to assess the
ability of a dance-based physical therapy program enriched by
AI-based exergames and contextual robotic assistance in
improving motor function, balance, gait, and quality of life in
patients with PD. The findings of this study demonstrate the
potential usefulness of a dance-based physical therapy program
using a robotic platform to deliver exergames in improving
motor function, balance, gait, and quality of life in patients with
PD. Results suggest that integrating dance therapy with engaging
technology may lead to greater improvements in PD symptoms
compared with conventional physical therapy alone. Although
the statistical analysis revealed significant improvements in
motor function, balance, and gait (eg, UPDRS-III, POMA, and
TUG scores), the effect sizes for several outcome measures
were relatively small (Cohen d<0.2 for POMA and SPPB
scales). This suggests that, while the observed changes were
statistically significant, the practical impact of the intervention
on certain motor and functional outcomes may be limited. These
small effect sizes could be partly attributed to the small sample
size, which may have reduced the power to detect larger effects.

This study adds to the growing body of research supporting the
use of dance therapy and exergaming as adjunctive treatments
for PD. Previous studies have shown that both dance therapy

and exergaming can independently improve motor function,
balance, and mobility in patients with PD [4,7]. By combining
these approaches, our intervention aimed to target the
multifaceted nature of PD symptoms, including motor, cognitive,
and psychosocial aspects.

The results are consistent with previous findings demonstrating
the benefits of dance therapy and exergaming in PD
management. For example, Duncan and Earheart [4] reported
significant improvements in motor function and balance among
patients with PD participating in community-based dancing,
while Barry et al [7] found that exergaming interventions were
effective in improving mobility and reducing fall risk in patients
with PD. These studies, along with ours, highlight the potential
of integrating dance therapy with exergaming to address the
complex needs of patients with PD.

One novel aspect of our intervention is the use of the
SI-Robotics system, a robotics-based platform designed to
engage patients with PD in Irish set dancing. This innovative
approach combines the physical and cognitive benefits of dance
therapy with the interactive and adaptable nature of exergaming.
By incorporating personalized avatars and choreography, the
“Let’s Dance” game provided a stimulating and enjoyable
exercise experience for participants, potentially enhancing
motivation and adherence to the intervention.

Regarding the analysis of technology acceptance among the
population studied, the results indicate a generally positive
perception and interaction with technology. In particular, users
displayed a positive attitude towards the technology, indicating
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favorable feelings toward it. They also found the system
adaptable, enjoyable, easy to use and useful showing that users
experienced pleasure while using the system. Finally, trust in
the system was moderately high, indicating that users believed
it to be reliable and trustworthy. These highlight how the system
successfully meets user expectations by offering an engaging,
straightforward, and beneficial experience.

Our study focused on elderly patients with PD with mild to
moderate disease severity, as reflected by their scores on the
Hoen and Yahr scale, Functional Ambulation Category, Rankin
Scale, Geriatric Depression Scale, and Mini-Mental State
Examination. These inclusion criteria aimed to ensure that
participants were physically and cognitively capable of engaging
in the intervention safely and effectively. Future research could
explore the applicability of our intervention to a broader range
of patients with PD , including those with more advanced disease
stages.

Limitations of our study include the small sample size and lack
of a control group for comparison. While our results provide
preliminary evidence of the usefulness of the intervention,

larger-scale randomized controlled trials are needed to confirm
these findings and establish the optimal dosage and timing of
dance-based physical therapy with exergames for PD
management. In addition, longer-term follow-up assessments
could help evaluate the sustainability of the intervention effects
over time.

Conclusions
In conclusion, this study highlights the potential of integrating
dance therapy with exergaming integrated with an interactive
robotic platform as a novel approach to improving motor
function, balance, gait, and quality of life in patients with PD.
The SI-Robotics intervention offers a promising avenue for
future research and clinical practice in the management of PD
symptoms. To strengthen the validity of the current findings
and ensure their broader applicability, future research will focus
on replicating the study with a larger sample. This will help to
verify the generalizability of the results providing a more
comprehensive understanding of the observed effects. Moreover,
further studies are warranted to explore the long-term effects
and feasibility of implementing this intervention in diverse
clinical settings.
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Abstract

Background: Serum levels of silent information regulator 6 (SIRT6), a key biomarker of aging, were identified as a predictor
of coronary artery disease (CAD), but whether SIRT6 can distinguish severity of coronary artery lesions in older adult patients
is unknown.

Objectives: This study developed a nomogram to demonstrate the functionality of SIRT6 in assessing severity of coronary
artery atherosclerosis.

Methods: Patients aged 60 years and older with angina pectoris were screened for this single-center clinical study between
October 1, 2022, and March 31, 2023. Serum specimens of eligible patients were collected for SIRT6 detection by enzyme-linked
immunosorbent assay. Clinical data and putative predictors, including 29 physiological characteristics, biochemical parameters,
carotid artery ultrasonographic results, and complete coronary angiography findings, were evaluated, with CAD diagnosis as the
primary outcome. The nomogram was derived from the Extreme Gradient Boosting (XGBoost) model, with logistic regression
for variable selection. Model performance was assessed by examining discrimination, calibration, and clinical use separately. A
10-fold cross-validation technique was used to compare all models. The models’performance was further evaluated on the internal
validation set to ensure that the obtained results were not due to overoptimization.

Results: Eligible patients (n=222) were divided into 2 cohorts: the development cohort (n=178) and the validation cohort (n=44).
Serum SIRT6 levels were identified as both an independent risk factor and a predictor for CAD in older adults. The area under
the receiver operating characteristic curve (AUROC) was 0.725 (95% CI 0.653‐0.797). The optimal cutoff value of SIRT6 for
predicting CAD was 546.384 pg/mL. Predictors included in this nomogram were serum SIRT6 levels, triglyceride glucose (TyG)
index, and apolipoprotein B. The model achieved an AUROC of 0.956 (95% CI 0.928‐0.983) in the development cohort.
Similarly, in the internal validation cohort, the AUROC was 0.913 (95% CI 0.828‐0.999). All models demonstrated satisfactory
calibration, with predicted outcomes closely aligning with actual results.

Conclusions: SIRT6 shows promise in predicting CAD, with enhanced predictive abilities when combined with the TyG index.
In clinical settings, monitoring fluctuations in SIRT6 and TyG may offer valuable insights for early CAD detection. The nomogram
for CAD outcome prediction in older adult patients with angina pectoris may aid in clinical trial design and personalized clinical
decision-making, particularly in institutions where SIRT6 is being explored as a biomarker for aging or cardiovascular health.

(JMIR Aging 2025;8:e64374)   doi:10.2196/64374
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Introduction

The global burden of ischemic heart disease from 1990 to 2019
reached staggering figures, with an estimated 9.14 million deaths
attributed to coronary artery disease (CAD) in 2019 alone,
affecting approximately 197 million individuals worldwide [1].

China witnessed a notable surge in CAD-associated mortality
during this period, accounting for 38.2% of the global rise. By
2017, CAD-related deaths in China had skyrocketed by 1.12
million, representing an astonishing 184.1% increase compared
with that of 1990 [2,3]. As of 2019, China was the global leader
in CAD-related deaths, with 1.87 million reported cases [4]. By
2029, a 64% increase in CAD cases is expected in China
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compared with 2020. As a dynamically evolving condition,
CAD significantly contributes to the development of major
adverse cardiovascular events, such as myocardial infarction,
stroke, and cardiovascular mortality [5].

Aging, an independent risk factor for CAD, is characterized by
a progressive decline in coronary artery and microvascular
function, resulting in altered myocardial perfusion and increased
myocardial injury [6]. CAD predominantly affects middle-aged
and older adult populations, particularly people aged 60 years
and older, with a prevalence exceeding 70%. Notably, the older
adult population in China, aged 65 years and older, reached 220
million in 2023, constituting 15.4% of the nation’s population
and approximately 26.8% of the global older adult population
[7]. The aging demographic in China is expanding rapidly, with
nearly 40 million individuals aged 80 years and older in 2022,
accounting for approximately 2.7% of the total population of
China. Hence, China is predicted to enter a super-aged society
by 2030, with the older adult population comprising more than
20% of the total population [8]. By 2084, it is estimated that
half of China’s population will be older adults. A higher
mortality rate has been observed among Chinese older adults
with CAD, with the majority of deaths occurring in people aged
75 years and older [9]. Despite these trends, research on CAD
has often overlooked the specific needs of the older adult
population. In China, approximately 300 million people suffer
from chronic diseases, with half of them being aged 65 years
or older. The older adult population often presents with atypical
clinical symptoms, multiple comorbidities, and prolonged use
of medications, all of which amplify the risk of cardiovascular
disease [10,11]. Previous studies have indicated that therapeutic
interventions in the early stages of CAD can reduce its incidence
and improve prognosis [12,13], underscoring the necessity for
noninvasive methods for identifying predictive factors for CAD.

Silent information regulator 6 (SIRT6), a member of the
nicotinamide adenine dinucleotide–dependent histone
deacetylase family, plays a crucial role in aging and
aging-related diseases by maintaining telomerase stability and
metabolic homeostasis, as well as regulating oxidative stress
[14]. Recent evidence has highlighted the protective properties
of SIRT6 against CAD in preserving endothelial function,
inhibiting inflammatory responses, and regulating glucose and
lipid metabolism. Hence, a decline in serum SIRT6 levels has
emerged as an independent risk factor for CAD [15], warranting
further investigation of its diagnostic and predictive value in
older adult patients. Existing risk assessment models, such as
the Pooled Cohort Equations model and the Systematic Coronary
Risk Estimation model, were primarily developed based on
Caucasian and African American populations and lack specific
biomarkers and demonstrate poor calibration when applied to
the Chinese population [16]. Given these ethnic differences,
there is an urgent need for tailored risk assessment models in
cardiovascular disease prevention, particularly in diverse
populations such as China.

In this study, we aimed to develop a nomogram for predicting
outcomes in older adults presenting with clinical symptoms
suggestive of CAD. We hypothesized that a combination of
baseline SIRT6 levels with clinical parameters could improve
the evidence-based selection of candidates for this marker and

facilitate clinical decision-making, resulting in its potential
implementation in clinical trials.

Methods

Study Design and Participants
In this single-center study, a nomogram was developed for
predicting the outcomes of potential cases with CAD and was
validated using data from Ruijin Hospital, Shanghai Jiao Tong
University School Of Medicine. Patients aged 60 years or older
who were diagnosed with angina pectoris were screened between
October 1, 2022, and March 31, 2023. The Judkins method [17]
was used for performing coronary angiography (CAG) via the
radial or femoral artery. The angiographic results underwent
joint assessment by 3 experienced cardiovascular specialists
(WFS , ZBZ, and JWN). The severity of stenosis in the major
coronary arteries, including the left anterior descending branch
(LAD), left circumflex artery, right coronary artery, and left
main coronary artery, was evaluated, with CAD defined as
≥50% stenosis in any 1 vessel and coronary atherosclerosis
(CAS) as <50% stenosis in all vessels.

Eligible participants were individuals aged 60 years or older
who presented with chest pain and had been evaluated by a
specialist, resulting in a preliminary diagnosis of CAD with an
indication for CAG. Participants must have no prior history of
CAG, percutaneous coronary intervention, or coronary artery
bypass grafting. Furthermore, informed consent must be
obtained for the collection of biological samples, with blood
samples obtained prior to CAG. Participants must also have
coronary artery stenosis as confirmed by the CAG results.
Exclusion criteria included recent acute infections,
gastrointestinal bleeding, surgical procedures, or trauma within
the past 6 months. Individuals were also excluded if they had
positive viral markers, including hepatitis B surface antigen,
hepatitis B core antibody with hepatitis B virus–DNA of the
detection threshold or greater, positive hepatitis C virus antibody
with hepatitis C virus–RNA of the upper limit of normal or
greater, or positive HIV antibody. Severe cardiac conditions
also warranted exclusion, including decompensated heart failure,
significant valvular heart disease within the past 6 months,
notable electrocardiographic abnormalities (eg, any degree of
atrial fibrillation, second-degree type II or third-degree
atrioventricular block, or corrected QT interval exceeding 470
milliseconds in females or 450 milliseconds in males),
uncontrolled symptomatic arrhythmias, cerebrovascular events
or transient ischemic attacks within the past 6 months, a history
of malignancy or autoimmune diseases, or severe liver or renal
disorders unrelated to the study condition.

Upon admission, patients were assessed for CAD severity using
the Gensini score, an angiographic tool for grading coronary
artery lesions [18]. Serum specimens were collected from
eligible patients for the detection of SIRT6 levels by
enzyme-linked immunosorbent assay. Clinical data and the
complete CAG inspection results of these participants were also
collected.
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Ethical Considerations
The study protocol was approved by the human ethics committee
of Ruijin Hospital (KY2021-108 Ruijin Hospital). It adhered
to strict data confidentiality measures in compliance with the
Helsinki Declaration and the institutional guidelines and
reporting studies conducted using routinely collected
observational data. Participants provided written informed
consent at the time of data collection.

Selection Bias
Several rigorous measures were implemented to address
potential selection bias in this study. Stringent inclusion and
exclusion criteria were carefully defined and applied to ensure
a well-characterized and homogeneous study population.
Furthermore, random sampling techniques were used where
appropriate, and blinding in outcome assessment was ensured
to minimize bias in both participant selection and data
interpretation. These strategies were designed to enhance the
internal validity and robustness of our study results.

Data Collection
All recruited patients were divided into 2 cohorts, the
development cohort and the validation cohort, in an approximate
ratio of 8:2. Then, predefined criteria were applied to ensure
cohort comparability. A total of 29 pretherapeutic parameters
were collected, including demographic characteristics, initial
symptoms, history of hypertension and diabetes mellitus,
baseline clinical status, and baseline laboratory test results.
Finally, 3 out of 26 collected parameters were tested as putative
predictors for outcomes in the models. Three putative predictors
allowed for 9-10 events per predictor for the primary outcome
in the training cohort, meeting the recommended minimal
number of events per predictor. These putative predictors were
selected based on previous research demonstrating their potential
prognostic value in CAD and the investigators’ (WFS, ZYC,
and JWN) clinical experience with CAD. The study flowchart
is shown in Figure 1.
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Figure 1. Study flowchart. ApoB: apolipoprotein B; CAD: coronary artery disease; CAG:coronary angiography; SIRT6: silent information regulator
6; TyG: triglyceride glucose; XGBoost: Extreme Gradient Boosting.
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Statistical Analysis

Variable Selection
In this study, IBM SPSS Statistics (version 26.0; IBM Corp)
software was used for baseline description and logistic
regression (LR) analysis. Continuous variables were presented
as mean (SD), while categorical variables were expressed as
percentages (n [%]). Normality was assessed using the
Shapiro-Wilk test, with P>.05 indicating adherence to normal
distribution. For normally distributed variables, an intergroup
analysis was conducted using the t test, while nonnormally
distributed data were compared using the Wilcoxon rank sum
test. Features with >30% missing values were removed. The
remaining 29 features were collected for further processing. For
features with missing values of <10%, median or mean
imputation was used. Those with 10%‐20% missing values
were imputed by the “MissForest” package in R (R Foundation
for Statistical Computing). Random forest and Extreme Gradient
Boosting (XGBoost) algorithms were implemented via R
statistical software (version 4.3.2; R Foundation for Statistical
Computing). Receiver operating characteristic (ROC) curves
were plotted using the “pROC” package, while nomograms
were constructed using the “rms” and “regplot” packages. The
“val.prob” function was used for refining calibration curve plots
and Hosmer-Lemeshow tests, while the “dcurves” function
facilitated decision curve analysis (DCA). All statistical tests
were 2-tailed, with P<.05 considered statistically significant.
Feature ranking was obtained using Shapley Additive
Explanation, Gini, and Gain values, respectively. A 10-fold
cross-validation strategy was applied to develop the data set
into training, validation, and test sets.

Model Building and Visualization:
Three methodologies, including LR, random forest, and
XGBoost, were used for model building. All analyses were
conducted using the statistical software package R (version
4.3.2). The data from the Ruijin Hospital of Shanghai Jiao Tong
Medical University were used as the training set and internal
validation set for model development and verification. Binary
LR, random forest, and XGBoost models were constructed using
the training data to classify patients into those with CAS and

those with CAD. The XGBoost model exhibited the highest
comprehensive discriminant ability [19] and therefore was
selected for further analysis. The final model was visualized as
a column line chart to address issues of poor machine learning
interpretability and consequent low clinical use.

Model Comparison
Accuracy, precision, recall, and F1-score were used to evaluate
the performance of the multiclassification model. The model
error was further analyzed using a confusion matrix.
Discrimination, calibration, and clinical use between the
nomogram and the variables incorporated into the nomogram
were assessed in both the training and validation sets,
respectively. ROC curves, calibration curves, and DCA plots
were plotted, and the areas under the ROC curves (AUROCs)
were compared using the Delong test. Calibration was evaluated
using the Hosmer-Lemeshow test.

Results

Characteristics of the Training and Validation Sets
The final study cohort comprised 222 patients, with 178
allocated to the training set and 44 to the validation set. The
demographic characteristics and clinical results of patients in
both sets are summarized in Table 1. There were 23.87%
(53/222) of patients in the CAS group and 76.13% (169/222)
of patients in the CAD group. There were significant differences
in the low-density lipoprotein cholesterol (LDL-C),
apolipoprotein B (ApoB), apolipoprotein E (ApoE), fasting
blood glucose (FBG), hemoglobin A1c (HbA1c), Gensini score,
TyG index, and atherogenic index of plasma (AIP) between the
CAS and CAD groups (P<.05). Specifically, the CAD group
exhibited a higher TyG index (12.4 [SD 1.38]) and AIP (0.10
[SD 0.31]) than the CAS group (10.9 [SD 0.54], 0.00 [SD 0.27]),
as shown in Table 1. Significant differences were also observed
in categorical variables, such as sex, history of diabetes, clinical
symptoms, segmental vascular lesions (ie, LAD, left circumflex
artery, left main coronary artery, and right coronary artery), and
10-year cardiovascular risk between the CAS and CAD groups
(P<.05).

JMIR Aging 2025 | vol. 8 | e64374 | p.705https://aging.jmir.org/2025/1/e64374
(page number not for citation purposes)

You et alJMIR AGING

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


Table . Baseline characteristics of participantsa.

P valueCADc (n=169)CASb (n=53)Variables

.5668.9 (5.12)69.3 (5.33)Age (years), mean (SD)

.03*Sex, n (%)

59 (34.9)28 (52.8)    Female

110 (65.1)25 (47.2)    Male

.5024.6 (2.64)25.1 (4.46)BMI, mean (SD)

1.00Drinking, n (%)

151 (89.3)47 (88.7)    No

18 (10.7)6 (11.3)    Yes

.68Smoking, n (%)

144 (85.2)47 (88.7)    No

25 (14.8)6 (11.3)    Yes

.82146 (17.8)145 (18.3)SBPd, mean (SD)

.6078.5 (10.8)77.6 (10.1)DBPe, mean (SD)

.006**Diabetes mellitus, n (%)

100 (59.2)43 (81.1)    No

69 (40.8)10 (18.9)    Yes

.65Hypertension, n (%)

56 (33.1)20 (37.7)    No

113 (66.9)33 (62.3)    Yes

.942.15 (3.32)2.19 (3.37)hs-CRPf, mean (SD)

.281.59 (7.08)1.00 (0.16)CysCg, mean (SD)

.4782.9 (10.6)84.1 (9.63)eGFRh, mean (SD)

.172.03 (5.04)1.40 (1.78)mALBi, mean (SD)

.0525.3 (114)7.60 (16.1)cTnIj, mean (SD)

.35305 (1764)170 (338)proBNPk, mean (SD)

.003**1.95 (0.69)2.36 (0.89)LDL-Cl, mean (SD)

.350.31 (0.35)0.26 (0.32)Lp(a)m, mean (SD)

.080.66 (0.31)0.76 (0.35)sLDLn, mean (SD)

.101.28 (0.24)1.35 (0.25)ApoA1o, mean (SD)

.02*0.68 (0.19)0.76 (0.23)ApoBp, mean (SD)

.053.60 (0.62)3.77 (0.52)ApoEq, mean (SD)

.03*6.10 (1.72)5.67 (1.00)FBGr, mean (SD)

.001**6.46 (1.28)6.00 (0.66)HbA1c
s, mean (SD)

.1111.7 (11.3)9.87 (5.37)FINSt, mean (SD)

.562.72 (1.23)2.61 (1.16)CPu, mean (SD)

.049*Carotid plaque, n (%)

138 (81.7)37 (69.8)    <50%

9 (5.33)1 (1.89)    >50%
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P valueCADc (n=169)CASb (n=53)Variables

22 (13)15 (28.3)    No

.009**Ten-year cardiovascular risk, n
(%)

107 (63.3)21 (39.6)    High

15 (8.88)7 (13.2)    Low

47 (27.8)25 (47.2)    Middle

.01*LAD v , n (%)

12 (7.10)11 (20.8)    No

157 (92.9)42 (79.2)    Yes

<.001***RCA w , n (%)

27 (16)24 (45.3)    No

142 (84)29 (54.7)    Yes

<.001***LCX x , n (%)

57 (33.7)38 (71.7)    No

112 (66.3)15 (28.3)    Yes

.01*LM y , n (%)

147 (87)53 (100)    No

22 (13)N/Az    Yes

<.001***495 (443)866 (510)SIRT6aa, mean (SD)

<.001***12.4 (1.38)10.9 (0.54)TyGab, mean (SD)
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P valueCADc (n=169)CASb (n=53)Variables

.02*0.10 (0.31)0.00 (0.27)AIPac, mean (SD)

aVariables of significance (*P≤.05, ** P≤.01, and *** P≤.001).
bCAS, coronary atherosclerosis.
cCAD: coronary artery disease.
dSBP: systolic pressure.
eDBP: diastolic blood pressure.
fhs-CRP: hypersensitive C-reactive protein.
gCysC: cystatin c.
heGFR: estimated glomerular filtration rate.
imALB: microalbumin.
jcTnI: troponin I.
kproBNP: pro-B-type natriuretic peptide.
lLDL-C: low-density lipoprotein cholesterol.
mLp(a): lipoprotein(a).
nsLDL: small dense low-density lipoprotein.
oApoA1: apolipoprotein A1.
pApoB: apolipoprotein B.
qApoE: apolipoprotein E.
rFBG: fasting blood glucose.
sHbA1c: hemoglobin A1c.
tFINS: fasting insulin.
uCP: C-peptide.
vLAD: left anterior descending branch.
wRCA: right coronary artery.
xLCX: left circumflex artery.
yLM: left main coronary artery.
zN/A: not applicable.
aaSIRT6: silent information regulator 6.
abTyG: triglyceride glucose.
acAIP: atherogenic index of plasma.

Circulating SIRT6 Levels in Patients
To investigate the potential difference in serum SIRT6 levels
between the CAD and CAS groups, the enzyme-linked
immunosorbent assay was used to determine the SIRT6 levels
in serum samples. A significant reduction in serum SIRT6 levels
was observed in the CAD group (495 [SD 443] pg/mL)

compared with the CAS group (866 [SD 510] pg/mL) (Figure
2A). To further assess the diagnostic potential of serum SIRT6
as a biomarker for distinguishing between CAS and CAD, ROC
analysis was performed. A serum SIRT6 level of 546.384 pg/mL
was identified as the optimal cutoff value for discriminating
between CAS and CAD (AUROC 0.725, 95% CI 0.653‐0.797)
(Figure 2B).
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Figure 2. Serum levels of silent information regulator 6 (SIRT6) and receiver operating characteristic (ROC) curve. (A) Serum levels of SIRT6 were
lower in patients with CAD and patients with CAS. (B) ROC curve analysis of SIRT6 in predicting the diagnosis of CAD (AUROC 0.725, 95% CI
0.653‐0.797). AUROC: area under the receiver operating characteristic curve; CAD: coronary artery disease; CAS: coronary atherosclerosis.

Exploration of Variable Correlations
Factors with significant differences in intergroup analysis,
including ApoB, unstable angina pectoris, LDL-C, AIP, FBG,
HBA1c, TyG index, history of diabetes mellitus, SIRT6, LAD,
AIP, 10-year cardiovascular risk, carotid plaque burden,
segmental vascular lesions, and Gensini score, were selected

for further interfactor correlation analysis. To illustrate the
correlations among these predictive indicators, a correlation
coefficient matrix graph was constructed. While serum SIRT6
did not exhibit positive correlations with other indicators, aside
from LDL-C, it demonstrated negative correlations with the
Gensini score, 10-year cardiovascular risk, and carotid plaque
burden (Figure 3).
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Figure 3. Correlation heatmap analysis. AIP: atherogenic index of plasma; ApoB: apolipoprotein B; DM: diabetic mellites; FBG: fasting blood glucose;
HbA1c: hemoglobin A1c; LAD: left anterior descending branch; LCX: left circumflex artery; LDL-C: low-density lipoprotein cholesterol; LM: left main
coronary artery; RCA: right coronary artery; Risk: 10-year cardiovascular risk; SIRT6: silent information regulator 6; TyG: triglyceride glucose; UA:
unstable angina pectoris.

A correlation coefficient matrix graph was constructed. Darker
shades represent stronger correlations, with positive correlations
indicated by positive values and negative correlations by
negative values. The predictive indicators included in this
analysis are primarily independent predictive factors.

Feature Selection and Ranking
The significance of variables was preliminarily evaluated by
LR analysis. Ultimately, serum SIRT6 levels, TyG index, and
ApoB were incorporated into the model construction (Figure
4A). Feature importance ranking was determined using Gini
(Figure 4B), Gain (Figure 4C), and Shapley Additive
Explanation values (Figure 4D and E), which yielded similar
results (Figure 4).
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Figure 4. Feature importance. (A) Logistic regression results; (B) random forest results; (C) XGBoost results; (D) random forest SHAP; and (E)
XGBoost SHAP. ApoB: apolipoprotein B; OR: odds ratio; SHAP: Shapley Additive Explanation; SIRT6: silent information regulator 6; TyG: triglyceride
glucose; Extreme Gradient Boosting XGBoost.

Model Performance Comparisons
An LR model and 2 machine learning models were constructed
to predict the development of CAD in older adult patients. The

discriminative performance of the 3 models is shown via ROC
curves in Figure 5.
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Figure 5. Receiver operating characteristic curves for predicting different classes using various models. (A) AUROC of the training set and (B) AUROC
of the validation set. AUROC: area under the receiver operating characteristic curve; RF: random forest; Xgboost: Extreme Gradient Boosting.

In the training set, the random forest model demonstrated the
best predictive ability for CAD in older adult patients (AUROC
0.977, 95% CI 0.960‐0.995), followed by the XGBoost
(AUROC 0.956) and LR (AUROC 0.890) models (Figure 5A).
However, in the validation set, the classification performance
of the random forest model was noticeably inferior to that of
the XGBoost model. The AUROC values of XGBoost, LR, and

random forest models were 0.913, 0.908, and 0.757, respectively
(Figure 5B).

In cross-validation, the LR model demonstrated the best
predictive ability for CAD in older adult patients (AUROC
0.912), followed by the XGBoost (AUROC 0.892) and random
forest (AUROC 0.892) models (Figure 6).
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Figure 6. Cross-validation AUROC of various models. AUROC: area under the receiver operating characteristic curve; Xgboost: Extreme Gradient
Boosting.

Detailed performance metrics of the 3 models are shown in
Table 2. The XGBoost model exhibited the best discrimination,
with the highest recall (1) and accuracy (0.863), the
second-highest precision (0.833), and the second-highest
F1-score (0.909). Although the XGBoost model may not perform
as well as the other 2 models in certain aspects, its overall

stability and balanced performance on both the training and the
validation sets make it a more reliable choice. As a results, we
developed a CAD prediction model for the older adults using
the XGBoost algorithm and visualized the results through a
nomogram. The nomogram based on the serum SIRT6-level
model is shown in Figure 7.

Table . Model performance metrics.

F1-scoreRecallPrecisionAccuracyModel

0.85710.750.795LRa

0.9140.8890.9410.863RFb

0.90910.8330.863XGBoostc

aLR: logistic regression.
bRF: random forest.
cXGBoost: Extreme Gradient Boosting.
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Figure 7. Nomogram for predicting the probability of CAD. Variables of significance (**P≤.01 and ***P≤.001). ApoB: apolipoprotein B; CAD:
coronary artery disease; SIRT6: silent information regulator 6; TyG: triglyceride glucose.

The calibration curves (Figure 8A) showed a similar trend
among the 3 models, and the Hosmer-Lemeshow test results

(χ28=11.001; P=.20) indicated no significant difference between

the predicted and observed values. These data suggest that the
XGBoost model has good calibration ability.
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Figure 8. Calibration curve and decision curve analyses for predicting coronary artery disease. (A) Calibration curves of the training cohort; (B) decision
curve analysis (DCA) of the training cohort; and (C) DCA of the validation cohort. RF: random forest; XGBoost: Extreme Gradient Boosting.

The DCA revealed that the XGBoost model exhibited greater
net benefit along with the threshold probability, indicating its
superior clinical use compared with other models (Figure 8B
and C).

Discussion

Principal Findings
An accurate risk assessment is critical for patient-centered
clinical decision-making. The nomogram presented in this study
may serve as an important clinical decision aid tool, assisting
in determining whether invasive CAG should be performed, or
informing patients as a basis for joint decision-making. In this
study, traditional LR and 2 common machine learning
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algorithms were used to establish a prediction and evaluation
model of coronary artery stenosis in older adult patients with
suspected CAD. Through a comprehensive analysis of models,
the XGBoost algorithm–based model with excellent prediction
performance and good internal verification ability was selected.
In addition, we developed a nomogram for CAD prediction by
combining traditional clinical variables (eg, ApoB) with 2 novel
variables relevant to the older adult population, serum SIRT6
levels and the TyG index, which allowed for assessing the risk
of coronary artery stenosis more conveniently and interactively
(Figure 6). This, to some extent, helps address the issue of poor
interpretability, which often hampers the implementation of
machine learning models.

Given its significant role in genomic stability, DNA repair, and
telomere function, SIRT6 has been considered to have
therapeutic potential in aging and aging-related diseases.
Moreover, SIRT6 plays a crucial role in the development and
progression of CAD due to its involvement in oxidative stress,
inflammation, and energy metabolism [20]. Previous studies
have highlighted the importance of SIRT6 in protecting blood
vessels and the heart from endothelial dysfunction,
atherosclerosis, myocardial fibrosis, and ischemia or reperfusion
injury [21,22].

In this study, we observed lower serum SIRT6 levels in older
adult patients with CAD than in those with CAS. Correlation
analysis revealed a negative association between serum SIRT6
levels and the Gensini score, suggesting that reduced serum
SIRT6 levels may exacerbate the severity of coronary artery
lesions. Furthermore, serum SIRT6 levels were negatively
correlated with segmental vascular lesions and carotid plaque
burden, indicating that serum SIRT6 may reflect the overall
burden of atherosclerotic plaques in blood vessels. Dyslipidemia
is an independent risk factor for the occurrence and development
of CAD, while diabetes mellitus doubles the risk of
cardiovascular disease and is a leading cause of mortality in
patients with dyslipidemia [23,24].

LDL-C levels are considered a determinant of the absolute risk
of major cardiovascular events [25]. Previous evidence has
revealed that liver-specific knockout of SIRT6 significantly
increases the proprotein convertase subtilisin/kexin type 9
(PCSK9) gene expression and plasma LDL-C levels, while
SIRT6 overexpression improves lipid metabolism and reduces
atherosclerosis risk by lowering plasma LDL-C and PCSK9
levels [26]. Although a previous clinical study in a Chinese
population of all ages found no correlation between serum
SIRT6 and LDL-C levels [15], in this study, we found a positive
correlation between serum SIRT6 and LDL-C levels. Future
investigations are needed to explore the mechanisms by which
SIRT6 affects cardiovascular function through lipid metabolism
in the older adult population.

Disruption of glucose homeostasis is another recognized risk
factor for CAD. Animal models have shown that SIRT6 plays
an important role in glucose production and uptake, insulin
signaling, and metabolism [27]. Our data revealed that
circulating SIRT6 levels were negatively correlated with FBG
and the comorbidity of diabetes, which is consistent with
previous findings [28]. Whether glucose metabolism disruption

mediates the relationship between SIRT6 and CAD warrants
further investigation. In addition, our study identified serum
SIRT6 as an independent biomarker for assessing the severity
of coronary artery lesions in older adults, with the optimal cutoff
value for classifying atherosclerosis and CAD being 546.384
pg/mL.

Abnormal blood lipids are established independent risk factors
for CAD. Unlike previous studies that commonly included
LDL-C, HDL-C, and other conventional measures, our study
incorporated ApoB as one of the predictive factors. ApoB is a
crucial component of LDL-C, and its deposition within the
arterial wall is a fundamental step driving the progression of
atherosclerosis, from initial lipid deposition to the development
of acute complex events, such as plaque rupture [29]. Compared
with other individual lipid markers, ApoB serves as a more
accurate biomarker for cardiovascular risk assessment [30,31].
Elevated ApoB levels, representing LDL levels, are associated
with the occurrence of CAD, and ApoB levels are positively
correlated with the Gensini score, indicating the degree of
atherosclerosis and arterial narrowing [32]. In addition,
circulating ApoB levels are considered more predictive than
plasma cholesterol levels for early-onset CAD risk [33].
Correlation analysis indicated a significant positive correlation
between ApoB and LDL-C levels. Moreover, in all 3 statistical
methods used for feature selection, ApoB consistently emerged
as significant, which is in line with previous findings [31].
However, in an intergroup analysis, we observed higher levels
of ApoB in the CAS group than in the CAD group, which is
contrary to previous results [33].

Insulin resistance further disturbs glucose and lipid metabolism
in patients with diabetes, promoting chronic inflammation,
disrupting normal endothelial function, and accelerating the
development of complications, such as atherosclerosis-related
cardiovascular diseases. The persistent prevalence of insulin
resistance is considered a major contributor to the high mortality
rate in atherosclerosis-related cardiovascular diseases worldwide
[34]. The TyG index is a quantitative measure based on blood
glucose and triglycerides that assesses insulin resistance. A
clinical study has shown an association between the TyG index
and coronary artery calcification [35]. However, in cohort
studies, the TyG index was found to be correlated with carotid
atherosclerosis [36] but unrelated to the incidence of CAD [37].
In our study, intergroup analysis revealed that the TyG index
was significantly higher in the CAD group than in the CAS
group. Correlation analysis indicated positive associations
between the TyG index and the Gensini score, carotid plaque
burden, and segmental vascular lesions. Furthermore, in
multifactorial regression analysis and machine learning feature
selection, the TyG index consistently demonstrated a strong
correlation with CAD, suggesting that it may be an independent
risk factor for CAD. Furthermore, we observed a negative
correlation between serum SIRT6 levels and the TyG index.
Future research is needed to explore the impact of SIRT6 on
the TyG index and to elucidate the relationship between these
factors in terms of glucose and lipid metabolism disturbance
and the development of CAD.
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Strengths and Limitations
Our prediction model addresses the challenge of poor
interpretability associated with machine learning models. By
incorporating readily obtainable clinical and physiological
indicators, this nomogram not only provides prediction results
and probabilities directly but also facilitates personalized
intervention through probability curves. Tailored patient
treatment may reduce medical costs and unnecessary invasive
tests. Particularly in resource-constrained medical settings, our
model may assist in disease screening and alleviate the medical
burden.

Although the overall performance of the model was good, the
sample distribution in our study was not balanced, and the model
was not validated externally with independent data sets.
Therefore, the generalizability and extrapolation to the overall
population cannot be currently estimated. Second, the model
was more inclined to classify patients without the disease as
having the disease, while the proportion of patients with the
disease misclassified as being disease-free was very low. The
rate of missed diagnosis was also low. Third, the limited small
sample size and single-center, cross-sectional design constrained
the generalizability of the results. Furthermore, this study
specifically focused on the older adult population; however,
there is currently no consensus on age-related changes in

circulating ApoB levels. Furthermore, some studies have
suggested that the ApoB–apolipoprotein A1 (ApoA1) ratio has
a higher predictive value for atherosclerosis and intima-media
thickness than individual lipid markers. Therefore, in future
research, expanding the sample size and using the ApoB-ApoA1
ratio as a composite indicator are needed to further evaluate the
correlation between ApoB and the severity of coronary artery
lesions.

Conclusions
Based on the LR, random forest, and XGBoost algorithms, we
developed a predictive model for CAD occurrence in the older
adult population, incorporating SIRT6, the TyG index, and
ApoB. The model was comprehensively evaluated for
discrimination, calibration, clinical applicability, and internal
validation. The XGBoost predictive model exhibited favorable
predictive performance and clinical use, which may facilitate
early CAD screening and diagnosis in older adult patients,
particularly for identifying high-risk individuals. Furthermore,
the model may reduce unnecessary invasive examinations in
negative patients and minimize missed diagnoses in positive
patients. The personalized probability curve generated by the
model may offer targeted intervention guidance. Our findings
also underscore the importance of considering risk factors such
as SIRT6, ApoB, and TyG levels in this population.
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Abstract

Background: The prevalence of stroke is high in both males and females, and it rises with age. Stroke often leads to sensor and
motor issues, such as hemiparesis affecting one side of the body. Poststroke patients require torso stabilization exercises, but
maintaining proper posture can be challenging due to their condition.

Objective: Our goal was to develop the Postural SmartVest, an affordable wearable technology that leverages a smartphone's
built-in accelerometer to monitor sagittal and frontal plane changes while providing visual, tactile, and auditory feedback to guide
patients in achieving their best-at-the-time posture during rehabilitation.

Methods: To design the Postural SmartVest, we conducted brainstorming sessions, therapist interviews, gathered requirements,
and developed the first prototype. We used this initial prototype in a feasibility study with individuals without hemiparesis (n=40,
average age 28.4). They used the prototype during 1-hour seated sessions. Their feedback led to a second prototype, which we
used in a pilot study with a poststroke patient. After adjustments and a kinematic assessment using the Vicon Gait Plug-in system,
the third version became the Postural SmartVest. We assessed the Postural SmartVest in a within-subject experiment with
poststroke patients (n=40, average age 57.1) and therapists (n=20, average age 31.3) during rehabilitation sessions. Participants
engaged in daily activities, including walking and upper limb exercises, without and with app feedback.

Results: The Postural SmartVest comprises a modified off-the-shelf athletic lightweight compression tank top with a transparent
pocket designed to hold a smartphone running a customizable Android app securely. This app continuously monitors sagittal and
frontal plane changes using the built-in accelerometer sensor, providing multisensory feedback through audio, vibration, and
color changes. Patients reported high ratings for weight, comfort, dimensions, effectiveness, ease of use, stability, durability, and
ease of adjustment. Therapists noted a positive impact on rehabilitation sessions and expressed their willingness to recommend
it. A 2-tailed t-test showed a significant difference (P<.001) between the number of the best-at-the-time posture positions patients
could maintain in 2 stages, without feedback (mean 13.1, SD 7.12) and with feedback (mean 4.2, SD 3.97), demonstrating the
effectiveness of the solution in improving posture awareness.

Conclusions: The Postural SmartVest aids therapists during poststroke rehabilitation sessions and assists patients in improving
their posture during these sessions.

(JMIR Aging 2025;8:e55455)   doi:10.2196/55455
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Introduction

The 2019 Global Burden of Disease report indicates that stroke
is a major global health issue, with around 12.2 million new
cases and 6.6 million deaths worldwide that year. This makes
stroke the second leading cause of death and the third leading
cause of disability [1], with its occurrence increasing with age
and affecting both males and females [2]. In Brazil, stroke is
the leading cause of death, and mortality from stroke has
increased in recent years. Registering 103,000 deaths in 2019,
the number rose to over 112,000 by 2023 [3].

One of the most common and challenging poststroke conditions
is hemiparesis, which affects a substantial number of stroke
survivors globally [4,5]. For these patients, controlling trunk
movement becomes a fundamental motor skill essential for
performing various functional tasks [6,7]. For instance, research
shows that maintaining proper posture correlates with walking
ability in patients undergoing acute stroke rehabilitation [8].

In individuals without hemiparesis, posture typically involves
symmetric and balanced alignment of all body parts, including
the head, shoulders, spine, hips, and limbs, following the body’s
natural curves. In contrast, a person with hemiparesis,
characterized by muscle weakness on one side of the body due
to brain injuries or stroke, may exhibit an asymmetric posture,
resulting in an imbalanced or tilted position. We refer to the
term “best-at-the-time posture” to describe the optimal posture
achievable by a hemiparetic patient, considering their motor
limitations (we use the term “correct posture” interchangeably).
The goal is to achieve the highest level of alignment and balance
possible.

The literature registers many efforts to support stroke survivors
with respect to improving trunk stability [9], trunk compensation
[10], motor control [11-13], and accessing mobility [14].
Furthermore, a systematic review has confirmed the significantly
positive impact of trunk training on various aspects of trunk
control, sitting and standing balance, and mobility [15].

In health care, literature acknowledges the promise of
smartphones [14,16] and wearables [17-20] in empowering
individuals, aiding diagnosis, promoting behavior change, and
enabling self-monitoring. Wearable and rehabilitation devices
for different body parts, such as head, limbs, and torso, enhance
training outcomes through valuable feedback [21-24]. Moreover,
numerous studies have affirmed the feasibility of inertial sensors
for balance and gait assessment [25-28], as corroborated by
comprehensive literature reviews [29,30], even for individuals
with chronic stroke [31].

In the context of wearable technology for poststroke patient
support, researchers have delved into various aspects. For
instance, studies demonstrated the feasibility of using step
activity monitors for patients with recent stroke [32,33]. One
study involved the use of intelligent insoles for analyzing the
gait of patients with hemiparesis [34]. Another result is a

home-based rehabilitation system using wearable sensors in
smartwatches, allowing therapists to monitor patients remotely
[35]. In another study, the authors evaluated the impact of haptic
nudging delivered via a wrist-worn wearable device on upper
limb movement during inpatient stroke rehabilitation [36].
Additionally, a recent study reported a test for assessing
kinematic parameters in chronic stroke survivors. This test used
a standardized mobility assessment with a simple smartphone
attached to the lumbar spine using an elastic band to measure
participants' kinematics [14].

Existing literature explores a range of wearable and mobile
device-based solutions for postural monitoring. In the context
of hemiparesis, researchers have investigated the effects of
rhythmic haptic cueing on spatial and temporal gait
characteristics using haptic feedback [37]. In a broader context,
Smart Pose leverages a smartphone’s camera, accelerometer,
and magnetometer to detect poor neck posture during
smartphone use, providing feedback through vibrations, text
messages, and alarms [38]. Additionally, a 3-axis accelerometer
biofeedback system corrected neck posture during prolonged
computer use and effectively reduced inappropriate neck angles
[28]. Other innovations include elastic t-shirts with embedded
sensors for posture feedback [39], wearable devices for spine
posture monitoring [40], and posture differentiation systems
[41].

However, it is essential to recognize that effective functional
rehabilitation requires both body awareness and torso control
to ensure upper limb functionality [4,7,9,42]. Additionally,
concerns regarding the cost and availability of treatment [43-46]
highlight the need to explore alternatives that use ubiquitous,
low-cost smartphones. Despite the growing number of mHealth
mobile apps for patients with stroke [47], few address trunk
control as a primary focus [27,48,49]. Furthermore, while both
intrinsic and extrinsic feedback are crucial for motor learning
after stroke [50-52], and therapists spend a significant amount
of time providing this feedback [53,54], few efforts used
multisensory feedback from smartphones for upper body
rehabilitation [24]. Moreover, while smartphone-based
multisensory feedback has proven effective for postural
monitoring in healthy individuals [55], similar solutions for
patients with stroke are still lacking. This highlights the need
for research into new wearable technologies to enhance
rehabilitation support and improve posture and trunk awareness
in patients with stroke.

To address this challenge, we aimed to develop Postural
SmartVest. This affordable wearable technology takes advantage
of low-cost smartphone resources by (1) leveraging the built-in
accelerometer sensor to monitor sagittal and frontal plane
changes continuously and (2) exploiting the device’s visual,
tactile, and auditory feedback to guide patients in performing
the movements required to return to their best posture at the
time.
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Methods

Overview
The research group comprises 2 occupational therapists (authors
APP and VMCE) and 2 computer scientists (authors OJMN and
MDGCP). To design the initial software architecture, the group
received input from other health and computing professionals
[56].

The study was conducted in a specialized rehabilitation center
that requires both ethical committee approval and verification
of ethical and safety aspects for studies conducted on its
premises. Therapists participating had at least 1 year of
experience in stroke rehabilitation and received training on
device use before working with patients. The smartphones used
in the feasibility study were either from the research team,
having been tested and shown to function properly, or were
participants' own devices. To minimize malfunction risks, no

smartphone was allowed to be charged during use by
participants. The Informed Consent Form informed participants
about potential discomfort due to heat and the vest and assured
them that, in the unlikely event of a smartphone malfunction
causing an explosion, immediate assistance and emergency
services would be provided. Data acquisition and storage were
handled securely, with all data kept anonymized and stored in
accounts requiring login via a secure network. Photographs
were authorized with face identification removed. Participants
consented to the use of data for the study and were informed of
their right to withdraw at any time without coercion or
obligation. Participation was voluntary and did not include any
financial benefit, in compliance with Brazilian regulations.

The study comprised design and development iterations
involving brainstorming meetings, interviews with therapists
and patients, prototype development, feasibility studies, and
experimental sessions (see workflow in Textbox 1).

Textbox 1. Research workflow.

Literature review

Iteration 1

• Brainstorm meetings

• Interview with therapists

• Prototype #1

• Feasibility study

Iteration 2

• Prototype #2

• Pilot study

Iteration 3

• Prototype #3

• Kinematic assessment

• Postural SmartVest

Within-subjects study

• Presession interviews with patients

• Experimental session

• Postsession interviews with patients

• Postsession interviews with therapists

Throughout the study, our literature review was ongoing and
dynamically aligned with emerging themes. Initially, it
concentrated on the specific needs of patients with stroke [4]
and the effectiveness of trunk training [15]. Next, we reviewed
work on novel wearable [21] and affordable smartphone-based
solutions [31], including reports in literature reviews [29,57],
and noticed the involvement of healthy adults in feasibility
studies [26,58], as well as control participants [27]. These works
are representative of the broader ongoing review process, which
continued to cover these and additional relevant areas throughout
the study.

We used the Google Sheets software for statistical analysis
relative to the within-subject study. We used thematic analysis
[59] for categorizing interview responses. For the kinematic
assessment, we compared angular momentum from values
calculated by Vicon and the smartphone’s sensors.

Participants
Our study involved 3 groups: poststroke participants, therapists,
and healthy participants. We used interviews and questionnaires
to collect requirements, demographic data, and their impressions
of Postural SmartVest.
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For the interviews with therapists, the inclusion criterion was
having at least 1 year of experience in stroke rehabilitation. We
invited professionals from a rehabilitation center using printed
flyers and email invitations. In the feasibility study, we recruited
participants via university email: the inclusion criteria were
being 18 years or older and owning a smartphone. The exclusion
criterion was self-reported physical or cognitive impairments.
For the pilot and within-subjects studies, the inclusion criteria
were having chronic hemiparesis, being 18 years or older,
walking independently, having cognitive ability for
communication, and attending rehabilitation sessions at least
twice a week for a minimum of 1 month.

Iteration 1: Brainstorming Meetings, Interviews With
Therapists, and Feasibility Study
For the brainstorming meetings, the research team held three
2-hour sessions to gather functional and nonfunctional
requirements for the solution to develop the initial prototype
comprising the vest and the app, Prototype #1 (Figure 1).

For the interviews with therapists, one team member (APP)
conducted semi-structured interviews with therapists. The
interview adhered to a structured protocol comprising 8
questions categorized into 4 categories: resources for posture
improvement, general technology acceptance, specific
technology requirements, and smartphone use (Multimedia
Appendix 1: App A).

Figure 1. Prototype #1 in use in the deployment phase of the feasibility study.

For the feasibility study, we used the first version of the app.
We created 8 vests and conducted sessions with 8 participants
at a time. We provided smartphones to participants who could
not use their own. Each session lasted 2 hours and followed a
3-phase protocol: preparation, deployment, and follow-up. In
the preparation phase, therapists adjusted the vests and calibrated
the seating posture for each participant.

In the deployment phase, participants set their devices to
airplane mode and wore headphones to ensure privacy for their
feedback. They then engaged in smartphone-free activities like
reading or using their laptops (Figure 1). The deployment phase
consisted of two 30-minute segments: feedback from the app
was turned off during the first part and turned on during the
second. The app continuously recorded the participants’postural
data throughout both segments in this phase.

In the follow-up phase, participants responded to 2
questionnaires, one with scaled questions and the other with
open-ended inquiries. These questionnaires aimed to assess
usability and satisfaction. One questionnaire evaluated Postural

SmartVest as an assistive technology for posture correction
(Multimedia Appendix 1: App B), while the second assessed
Postural SmartVest as an assistive technology in general
(Multimedia Appendix 1: App C). For the latter questionnaire,
we adapted the Quebec User Evaluation of Satisfaction with
Assistive Technology (QUEST; version 2.0), a 12-item
assessment designed to measure user satisfaction with devices
and services [60]. We used a translated and validated version
[61] and focused on the device-related section of the
questionnaire. This section included 8 scale questions that
assessed size, weight, adjustability, safety, durability, ease of
use, comfort, and overall effectiveness of the technology.

Iteration 2: Pilot Study
The feedback from the previous iteration guided the design of
Prototype #2. We then used this prototype in a pilot study
involving 1 patient with hemiparesis to observe the solution
and detail the within-subjects study design. In the pilot study
and the following studies, the smartphone used was a Motorola
G with Android (version 5.1).
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During the pilot study, the poststroke patient followed a protocol
that included 5 ambulant-based daily activities conducted in the
therapy room (Figure 2). The protocol consisted of 4 distinct
phases. In the first phase, the participant walked 8 m,
incorporating forward, sideways, and backward walking. In the

second phase, they proceeded with a 12-m free walk to a
refrigerator. In the third phase, the participant engaged in an
upper limb activity that entailed opening the refrigerator, taking
a glass, and returning it to the fridge. Finally, in the fourth phase,
they completed a 12-m free walk back to the starting point.

Figure 2. Layout of the therapy room.

Iteration 3: Kinematic Assessment
The feedback from the pilot study informed the development
of a new prototype (Prototype #3). At this stage, we checked
the accelerometer readings obtained by the app running on
Motorola G with Android (version 5.1).

On the one hand, sensor type and placement, activity
characteristics, and population-specific conditions can influence
the accuracy of sensor outcome estimates, as reported in a study
that used research-grade wearable sensors on the upper arms,
waist, and ankles and included poststroke patients [62]. On the
other hand, the literature reports positive results regarding using
state-of-the-art smartphone accelerometer technology. For
instance, researchers investigated the comparative performance
of 3 different commercially available smartphone accelerometers
among themselves and to a gold-standard Vicon MX motion
capture system, indicating that the devices are valid and reliable
measuring instruments for estimating linear accelerations [63].

We assessed the angle calculations of the third prototype by
comparing them with the Vicon Gait Plug-in system, a
gold-standard in full-body kinematic and kinetic modeling. The
Vicon system includes software and fixed cameras that capture

signals from a moving target, providing visual feedback through
animated vectors and plans, and it also calculates quantitative
data, including distances and angles between selected planes.

Under the guidance of one occupational therapist (APP), author
OJMN used the prototype to perform 6 movements: trunk
flexion, trunk extension, left and right-side bending, and left
and right trunk rotation (Figure 3).

The therapist calibrated the subject’s optimal posture position,
and for all movements, the subject began in an upright position,
executed the movement, and returned to the initial position. The
Vicon system and the app prototype collected data
simultaneously, following an initial manual synchronization
process, with the Vicon recording frames at 250 frames per
second and the app prototype recording angular moments at
each second along with coordinate values. To reconstruct the
trunk segment, we placed markers on the clavicle, sternum,
cervical vertebra C7, thoracic vertebra T10, and a point located
on the medial border of the right scapula. We conducted 6
sessions using 39 markers on a full-body model (Figure 4).

Following the kinematic assessment, Prototype #3 was referred
to as SmartVest and was used for the remainder of the study
(Figure 5).
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Figure 3. Movements used for simultaneous data collection by Vicon and the app.

Figure 4. Simultaneous data collection by Vicon and the app.

Figure 5. The Postural SmartVest solution comprises a customizable smartphone app placed in a transparent pocket on an athletic, lightweight
compression tank top.

Within-Subjects Study
The within-subjects study included individual sessions with
poststroke patients, each accompanied by their therapists. Before
that, therapists used the Postural SmartVest for about 30 minutes
while the researchers provided guidelines to ensure the

professionals understood how the solution worked. Only
afterward did the therapists apply Postural SmartVest to their
patients during their rehabilitation sessions. All sessions used
the same smartphone (Motorola G with Android; version 5.1).
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In the presession interview with each patient, we gathered
information about their posture control during activities,
awareness of posture issues, and any potential biases toward
one side of the body. We also inquired about their strategies to
correct posture problems when they noticed them (Multimedia
Appendix 1: App D).

At the beginning of each session, the therapist adjusted the vest
on the patient, calibrated the app to recognize the patient’s
best-at-the-time standing posture, and initiated the monitoring
process (Textbox 2). Subsequently, the patient performed the
activities defined in our pilot study twice, in consecutive
sessions, each with an estimated duration of 10 minutes (Figures
6 and 7). The app did not provide feedback in the first session
but registered all the movements. In the subsequent session, the

app provided feedback through screen color changes (green and
red), vibrations, and audio guidance.

Afterward, we asked the poststroke patients to fill out 2
questionnaires, one focusing on Postural SmartVest as an
assistive technology for posture correction (Multimedia
Appendix 1: App B) and the other assessing Postural SmartVest
as a general assistive technology (Multimedia Appendix 1: App
C).

Additionally, the therapists shared their feedback after working
with the patients using a tailored version of the Postural
SmartVest QUEST (version 2.0) questionnaire (Multimedia
Appendix 1: App E). This study helped us understand the
effectiveness of Postural SmartVest during stroke rehabilitation,
both from the patient’s and therapist’s perspectives.

Textbox 2. Calibration workflow.

Adjust the vest on patient

Start the app

Access settings

• Enter the tolerance threshold angle for frontal movement (in degrees)

• Enter the tolerance threshold angle for lateral movement (in degrees)

• Enter the allowable duration for temporary deviations from the calibrated posture (in seconds)

• Ensure the option for vibration feedback is selected

• Ensure the option for audio feedback is selected

• Guide the patient to assume his best posture at that moment

• Press the “Calibrate” button to configure the current position as the best posture for monitoring

• Return to main screen

Press play or pause to initiate monitoring

Figure 6. Walking activity.
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Figure 7. Upper limb activity.

Ethics Approval
The study received prior approval from the Hospital of the
Clinics of the Ribeirão Preto School of Medicine at the
University of São Paulo, Brazil, identifier
57234816.3.0000.5440. As detailed in the text approved by the
ethics committee, the study adhered to ethical principles by
ensuring beneficence through rigorous monitoring and support
for participants, justice by offering equitable access and fair
treatment, and respect by obtaining informed consent and
addressing potential discomfort and safety concerns proactively.

Results

Participants
For the interviews, we enlisted 20 therapists: 10 occupational
therapists and 10 physiotherapists. All participants were female,
aged 26-40, with varying years since graduation (Table 1).

For the feasibility study, we recruited 28 healthy participants,
aged 20-62, with an average age of 30.9. The group included

17 males and 11 females (Table 1). Of the participants, 25 used
their own smartphones, while 3 used devices provided by us.
The study covered 22 different smartphone models and 7
versions of the Android operating system.

For the pilot and within-subjects studies, we recruited poststroke
participants from patients attending rehabilitation sessions at
least twice a week for a month at the exact center. Inclusion
criteria included chronic hemiparesis from stroke, aged 18 years
or older, independent walking ability, cognitive ability for
communication, and participation in rehabilitation sessions for
at least a month.

We enrolled 1 patient for the pilot study and 40 patients for the
within-subjects study (27 males, 67.5%), with a mean age of
57.1 (SD 11.42) years, and functional independence categorized
as independent (n=39) of moderate assistance (n=1) on the
functional independence measure [64,65]. Among them, 24 had
right hemispheric lesions, 16 had left hemispheric lesions, and
38 had ischemic strokes. The duration of their condition ranged
from 6 months to 19 years, with a majority between 1 and 4
years (Table 1).
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Table 1. Participants' demographics.

ValuesCharacteristics

Therapists (n=20; all female), n

Age range (years)

826-30

1231-40

Years since graduationa

21-2

63-5

96-9

310+

Healthy participants (n=28; 17 male)

Age (years)

20-62Range

30.9Mean

Smartphone used, n

25Participant’s own

3Ours

Poststroke patients in the within-subjects study (n=40; 27 male)

Age range (years)

820-50

1651-60

1161-70

571-80

Time since stroke (months; mean 43.9 months), n

160-12

513-24

425-36

537-48

1048+

Affected hemisphere

24Right

16Left

Type of stroke

38Ischemic

2Hemorrhagic

FIMb

1Moderate assistance

39Moderate or complete independence

aHaving at least 1 year of experience in stroke rehabilitation.
bFunctional independence measure.
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Iterative Design
The Postural SmartVest solution comprises a customizable
smartphone app for Android devices securely placed in a
transparent pocket on an athletic, lightweight compression tank
top (Figure 5).

Vest Component Evolution
The development of the vest component went through several
iterations (Figure 8), with 6 prototypes created based on

therapist’s input (see responses in Multimedia Appendix 1: App
F-G) and feedback gathered during the feasibility study (see
responses in the Multimedia Appendix 1: App H). The final
version of the garment used in the Postural SmartVest uses an
off-the-shelf lightweight compression tank top made from
polyamide with elastane. We added a perforated plastic pocket
to the top front. The pocket serves 3 primary purposes: securely
holding the smartphone, allowing for easy headset connection,
and facilitating heat dissipation.

Figure 8. Vest prototypes developed during the iterative design.

App Component Evolution
The smartphone app also underwent significant changes during
the iterative design process. Initially conceptualized following
brainstorming sessions that defined both functional and
nonfunctional requirements (Textbox 3 and Multimedia
Appendix 1: App F), the app’s preliminary software architecture

was informed by input from health and computing professionals
[56].

Overall, the app was guided by simplicity, feasibility, and
adaptability principles, in line with cost-effective assistive
technology solutions from our previous research [66].
Refinements and improvements were made based on therapist
interviews and feedback obtained during the feasibility study
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(Textbox 4). The final version has a main screen and a sliding
panel for configuration options (Figure 9).

The app records every activity along with its corresponding
timestamp. This record encompasses posture changes, feedback

delivery, and adjustments to application settings. During the
design, we evolved the app to use schemes suggested by the
OpenMHealth organization [67] when saving log data.

Textbox 3. App requirements summary.

Functional requirements

• Therapist can calibrate best-at-the-time posture with 1 touch.

• Therapist defines threshold values for small movements.

• Therapist defines threshold values to indicate how long the patient can be off best-at-the-time posture before the app starts guiding the patient.

• The app guides the patient back to their calibrated best-at-the-time posture using screen color, vibration, and audio messages.

• The app must record and store all interactions for later export and analysis.

Nonfunctional requirements

• The app should work on a low-end smartphone.

• The smartphone should be attached to a vest within a transparent pocket.

• The app should be compatible with Android, the most common operating system in Brazil.

• The app should work with the screen off to conserve battery if needed.

Textbox 4. App development iterations

Prototype #1:

• Implements all functional and nonfunctional requirements

• Features a single screen displaying x, y, and z coordinates, directions, settings, and a calibration button

• Calibration settings are not stored for future use

• Provides 5 guiding messages in Brazilian Portuguese (1 for each direction and 1 for achieving the best-at-the-time posture)

Prototype #2:

• Replaces coordinates and directions with information on sagittal and frontal planes, using values in degrees

• Introduces a new configuration screen for settings and calibration

• Stores and uses calibration settings until a new calibration is performed

• Stores all coordinate readings and feedback provided (version for kinematic assessment)

• Includes play and pause buttons for monitoring, along with an exit button on the home screen

• Expands the number of audio instructions, available in both English and Spanish

• Offers audio feedback every 5 minutes of maintaining the best-at-the-time posture

Prototype #3:

• Information on planes renamed to frontal and lateral planes

• Includes a help option with instructions on how to use the app
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Figure 9. App main screen (left) and configuration panel (right).

App Component Interface
The app’s main screen provides large buttons for easy access
to pausing, resuming, and closing the application (Figure 9, left
side). By clicking on "Postural" in the top bar on the left side
of Figure 9, therapists can access 6 customization settings, as
shown on the figure's right side. From top to bottom in the
figure, the first 5 customization parameters allow therapists to
configure thresholds for frontal and lateral movements (in
degrees), to define the allowable duration for temporary
deviations from the calibrated posture (in seconds), and to
personalize feedback to the patient, including options for
vibration and voice instructions. The therapist uses the last
option, Calibrate, to set the best-at-the-time posture that the
patient with hemiparesis can achieve at that moment. When
calibration is activated, the app registers the current coordinates

as the target posture for the patient to achieve and provides
audio feedback.

After calibrating, the therapist can return to the main screen
using the arrow in the top bar. From that point onward, the
therapist can use the play and pause buttons to activate or
deactivate posture monitoring. Additionally, we have included
a large “off” button to allow the therapist to exit the application
easily.

Monitoring starts when the therapist hits the play button, and
the whole screen changes to green. If a patient’s posture
deviation exceeded the predefined thresholds for lateral and
frontal angles relative to the calibrated posture, the app
responded immediately with visual feedback, transitioning the
screen color from green to red, and tactile feedback through
vibrations. Furthermore, the app introduced audio feedback if
a patient deviated from the best-at-the-time posture beyond the
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allowed time for temporary deviations from the calibrated
posture. Additionally, the app gives positive feedback every 5
minutes if the patient is maintaining the best-at-the-time posture.
This comprehensive feedback system provided patients with
real-time guidance tailored to their unique needs and specific
postural challenges.

The app provides audio instructions: “please lean forward,”
“please lean backward,” “please lean to the right,” and “please
lean to the left.” We implemented enhancements throughout
the iterations, such as adding positive feedback messages to
encourage users to maintain the best-at-the-time posture and
random variations in the messages that congratulate users for
returning to their best-at-the-time posture.

To meet a requirement identified during the feasibility study,
where participants used devices set to various languages, we
improved the app to support users in English, Spanish, and
Portuguese. It dynamically adapts its interface and voice
instructions based on the language settings of the user’s device.

Kinematic Assessment
The kinematic assessment results, which involved comparing
angular momentum values calculated by the Vicon system with
those obtained from the smartphone's sensors, are presented
graphically in the Multimedia Appendix 1: App I. The results
consistently demonstrated that smartphone accelerometers offer
reliable data readings, and our mobile application accurately
interprets these values. These outcomes align with existing
literature [24,28,38,40,58], reinforcing the utility of our
approach within the context of our application. Moreover, this
positive evaluation of the system's trustworthiness is in line
with the feedback received from therapists regarding its
performance and reliability, as detailed in the section Postsession
Interviews With Therapists.

Pilot Study
The pilot study confirmed the proposed activity protocol for
the within-subjects study, with participants safely completing
the walking circuit within the estimated time frame.

Within-Subjects Study

Presession Interviews With Patients
Findings are summarized in Table 2. Out of the 40 participants
with hemiparesis, 34 (85%) acknowledged experiencing

challenges in balancing one side of their body. These
participants reported various triggers for posture correction,
including pain, the sensation of weight, and fatigue. Specifically,
6 participants stated that they only adjusted their posture when
they felt pain, 3 did so in response to a sense of heaviness on
the side affected by hemiparesis, and 2 did it to alleviate fatigue.
Participants mentioned that they recognized the need for
correction only when viewing photos (2 participants), standing
in front of a mirror (2 participants), or following verbal advice
from a family member (6 participants). In total, 4 participants
admitted that they often neglected to correct their posture due
to forgetfulness, with one of them explaining, “It is hard to
remember, and correcting myself all day is tiring.”

When providing opinions on assistive technologies, participants
considered the technologies “viable for use” and noted that they
provide “progress to believe in improvement.” They also
mentioned that these technologies “make rehabilitation more
precise” and “help more than just me and the therapist.”
Additionally, it was observed that they “stimulate people's lives
even with minimal gain.” The repetition of these responses
highlights the consistent perception of the technologies' value
and potential impact.

Regarding the necessary requirements for the technology, 11
participants agreed that it could assist in the perception and
control of the trunk. They envisioned the technology as a “chair
that helps maintain correct posture” or “something that allows
for posture visualization.” Some participants suggested a device
that “corrects the arm and leg to prevent them from falling” and
another that “reminds me to correct my posture.” They also
proposed features such as “notifying to stay straight” or having
the ability to “pull to the side.” Other suggestions included a
“vest to correct posture” or a device that “attaches to the trunk
and holds it in place.” Additional requirements included
providing a “signal on the body,” “holding the shoulders,
reminding to keep the back straight, and being fixed on the bra,”
and being “close to the body,” “comfortable, practical, and
unobtrusive,” and “adaptable to the body.” Participants
emphasized that the technology should be “integrated with
therapy,” “usable over time,” and “inexpensive.”
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Table 2. Patients' report on posture, assistive technology, and smartphone usage.

Patients, nCategory

Maintenance of correct posture

22Unable to maintain posture

17Able to maintain posture

1Able to maintain posture sitting, but not standing

Perception of correct posture

36Perceive correct posture

4Do not perceive correct posture

Difficulties and postural correction

8Remembering to correct and trying to adjust

6Unable to correct posture

1Need to leave sitting posture to correct

Triggers for posture correction

6After perceiving pain

6After request from family

2After perceiving weight on the side of hemiparesis

2After feeling tired

2After observing photos

2After seeing oneself in the mirror

Opinion on assistive technology

13Believe it can help but consider it expensive

2Knowledge from TV but no contact

1Should be offered by the public health system

1Would be good if recommended by professionals

Smartphone usage

26Participants with smartphones

6Made accessibility adjustments

9Experience difficulties

19Use daily

2Use sporadically

4Use only for calls

1Use only for WhatsApp, music, and camera

12Other uses (WhatsApp, Facebook, YouTube, and internet banking)

Session Data
The average duration of the stages with and without feedback
was 9.14 (SD 5.36) minutes and 8.52 (SD 3.21) minutes,
respectively. A 2-tailed t-test indicated that these differences
were not statistically significant.

We compared the number of the best-at-the-time posture
positions patients could maintain in the 2 stages: without
feedback and with feedback. The 2-tailed t-test results indicated
a statistically significant difference between these 2 conditions.
Specifically, in the stage with feedback, patients exhibited a
higher ability to maintain correct positions (mean 13.1, SD 7.12)

compared to the stage without feedback (mean 4.2, SD 3.97).
This significant difference (P<.001) underscores that patients
could achieve and sustain their best-at-the-time postures more
frequently when Postural SmartVest provided feedback.

Additionally, we examined the average number of movements
performed by patients to attain their best-at-the-time posture in
both the stages without feedback and with feedback. In the stage
without feedback, patients averaged 8.09 (SD 6.88) movements.
In contrast, in the stage with feedback, they averaged 4.49 (SD
1.49) movements. The 2-tailed t-test results indicated no
statistically significant difference between the values obtained
in these 2 stages, with a P value of .11.
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Postsession Interviews With Poststroke Patients
In the evaluation of satisfaction with Postural SmartVest, 37
(92.5%) patients reported being satisfied or very satisfied with
the support provided by Postural SmartVest to help them
maintain proper posture. In total, 2 respondents had neutral
feelings, and 1 expressed dissatisfaction with the solution. In
total, 39 (97.5%) patients said they would recommend the
solution to others with hemiparesis due to stroke, and one
indicated that they might recommend it.

When asked if they were able to maintain their correct posture,
17 patients answered “yes,” 2 responded with “sometimes,” and
21 answered “no.” When asked if they noticed that their body
often tilted to a particular side, 18 reported that their body tilted
to the right side, 16 indicated that their body tilted to the left, 3
stated that their body tilted backward, and 3 could not respond.

Responses to the questionnaire evaluating Postural SmartVest
as an assistive technology using a 1-5 scale (Multimedia
Appendix 1: App E) are summarized in Table 3. Regarding

open-ended questions directed to the patients, we highlight in
Table 4 some critical opinions and the number of users who
expressed them.

Poststroke patients provided rich feedback on Postural
SmartVest’s usability and effectiveness (Table 4). They
suggested design improvements, such as incorporating openings
with zippers and using breathable materials for cell phone
accommodation. Some recommended extended usage periods,
while others emphasized early implementation for gradual
posture improvement. Software suggestions included
customizable message frequency and varied vibration patterns.
Participants highlighted the positive impact of audio feedback,
likening it to therapist interactions during sessions. These
insights, shared by a significant portion of the 40 patients,
showcase the multifaceted utility of Postural SmartVest and its
potential to address various poststroke rehabilitation needs. The
integration of smartphones into thoracic clothing proved safe
during our study, with no observed risks during continuous
1-hour use.

Table 3. Patients’ evaluation of postural SmartVest as an assistive technology.

Favorable responses, %Aspect

100Weight

100Comfort

97.5Dimension

97.5Effectiveness

87.5Ease of Use

82.5Stability

72.5Durability

67.5Ease of Adjustment

Table 4. Patients’ responses to open-ended questions. The last column indicates the number of participants reporting.

Responses, n

10“I would suggest improvements to the garment, such as an opening Velcro or zipper and the use of breathable material to accom-
modate the cell phone.”

10“The vest should be more discreet so that it could be worn more imperceptibly under the shirt.”

4“The garment should be worn for a longer period, over one hour.”

4“The solution should be introduced to me as early as the first rehabilitation session, immediately after a stroke, so I could get used
to perceiving and correcting my posture earlier.”

3“I would like to adjust the audio volume of the messages through the app.”

3“The frequency of the messages should be customizable.”

3“I would like different vibration patterns for different body movements.”

1“Listening to the app's directions reminds me of you (the therapist) talking to me during the rehabilitation sessions.”

1“I would use the solution to prevent falls.”

1“The solution helps me walk.”

1“The solution helps me improve my motor perception.”

1“I believe that the vest alone can play an important role in postural perception.”

1“I think that using the solution after some rehabilitation sessions is better because right after the stroke, I could not minimally perceive
or correct my posture.”
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Postsession Interviews With Therapists
Responses to the adapted QUEST (version 2.0) questionnaire
evaluating the solution as an assistive technology (Multimedia
Appendix 1: App E) are summarized in Table 5. In total, 2
therapists provided a neutral rating for “Support to Posture”
and “Audio guidance accuracy.” They explained that patients
with spatial orientation difficulties still required assistance from
therapists despite using the solution. In total, 5 therapists
provided neutral responses regarding “Solution trustworthiness.”
In total, 2 therapists recommended that the app recognize other
body parts and suggested improvements in the instructions,
noting that the app reinforced the user’s reference sides.

We summarize the responses to evaluating satisfaction with
Postural SmartVest on a 1-10 scale (Multimedia Appendix 1:
App E) in Table 6. The responses indicated a highly positive
impact on patients’ posture control, with 95% rating it as “A
lot.” Additionally, 90% of the therapists believed that the app
significantly contributed to achieving therapy goals. Moreover,
60% reported conducting fewer patient posture-related
interventions after using the app. In terms of ease of use, 70%
of the therapists found it “Very easy” for patients to follow the
app’s guidance.

Table 5. Therapists’ responses to the adapted QUEST (version 2.0) questionnaire (1-5 scale).

IndicationRating 4 or higher, %Response

Very satisfied90Support to Posture

Very satisfied90Audio guidance accuracy

Very comfortable95Device comfort

Very reliable83Solution trustworthiness

Very safe100Safety during use

Very likely100Likelihood to recommend

Table 6. Therapists’ satisfaction with SmartVest (1-10 scale).

IndicatingPercentage: answerQuestion

A lot95%: 8 or higherDid you notice a positive impact on patients’ posture control?

A lot90%: 8 or higherDo you think the app contributed to the therapy goals?

Fewer60%: 3 or lessDid you notice if you conducted more or less posture-related interventions for patients?

Very easy70%: 3 or lessHow difficult was it for the patients to follow the app guidance?

Discussion

Principal Results
We designed Postural SmartVest, a solution consisting of a
chest garment holding a smartphone running an Android
application. When the user wears the Postural SmartVest in a
rehabilitation session, the therapist first calibrates the app to the
best posture the patient can achieve at the time. The app uses
the smartphone accelerometer to identify variations in the user’s
body movement in the sagittal and frontal planes relative to the
calibrated position. Based on these variations, the app provides
multisensorial feedback that guides the patient to perform the
movements required to return to the calibrated position.

The iterative development of Postural SmartVest, informed by
therapist interviews and feasibility study feedback, tailored the
final product to user needs. The app reliably identifies posture
changes and provides corresponding multisensorial feedback,
as substantiated by kinematic assessment.

Postural SmartVest significantly improved patients’ ability to
maintain their best-at-the-time postures, with patients showing
a higher capacity for correct positions when using feedback.
Although the analysis found no significant difference in the
number of movements between stages, the increased movement
during the feedback stage suggests an active engagement with

the system for postural adjustments. This engagement aligns
with rehabilitation goals, emphasizing motor skill enhancement
and proprioception. These findings highlight Postural
SmartVest’s potential as an assistive technology for poststroke
patients, emphasizing the importance of feedback in
rehabilitation tools.

Postural SmartVest’s flexibility meets each patient’s unique
needs and progress, with a highly customizable app enabling
therapists to personalize feedback and adjust thresholds. This
multisensory approach enhances engagement and may result in
more effective posture correction. The app offers a
comprehensive feedback system, including visual cues, tactile
vibrations, and audio instructions.

The technology received positive feedback regarding its design
and usability, with patients and therapists giving favorable
ratings for various aspects of Postural SmartVest, including
weight, comfort, dimensions, and effectiveness. Patients
believed in its utility for walking assistance and motor
perception improvement, and their suggestions aligned with
their approval. Many patients were willing to recommend
Postural SmartVest to other patients with poststroke hemiparesis,
highlighting its perceived value. Healthy users also expressed
satisfaction with Postural SmartVest’s posture support.
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Limitations
Our study used a specific sample of poststroke patients, which
may not fully represent the diverse stroke survivor population.
This highlights the need for including a broader and more
diverse sample in future research. Although the findings indicate
high satisfaction among both patients and therapists, individual
preferences and responses varied. Patient feedback identified
several limitations that suggest potential improvements to the
app's personalization features, such as the ability to adjust the
audio volume while using the vest and the inclusion of
customizable vibration patterns and prompt frequencies.
Additionally, enabling therapists to record guidance prompts
in their own voices could enhance the patient experience, as
one patient noted: “Listening to the app's directions reminds
me of you (the therapist) talking to me during the rehabilitation
sessions.”

The study’s duration might have limited the assessment of
long-term effects, as improvements in posture maintenance
could potentially change over time. A longer follow-up period
could provide insights into whether the benefits observed are
sustained in the long term. Additionally, the self-controlled
approach used in the study—where participants served as their
own controls by using the app with feedback turned off—may
introduce bias related to user expectations and behavior. Future
research should consider alternative control group designs to
minimize potential biases and enhance the validity of the results.
Another limitation of this study is the relatively unstructured
approach to coding and scoring responses from interviews and
feedback sessions. The multidimensional nature of the questions,
ranging from levels of agreement to broader attitudes and
preferences, presented challenges in achieving uniform analysis.
To address this, we plan to use more structured,
software-assisted procedures in future research to standardize
data collection and analysis [68,69], thereby improving the
consistency and depth of understanding gained from participant
feedback.

Future research should also explore categorizing participants
based on injury time, dominance, or body laterality to better
understand the varying impacts of the Postural SmartVest.
Including studies that involve patients using the device at home
could provide insights into its real-world effectiveness and
long-term impact in poststroke rehabilitation outside of clinical
settings. Understanding how patients integrate the Postural
SmartVest into their daily routines and the effects of extended,
unsupervised use could reveal valuable information about its
benefits in home-based rehabilitation. Furthermore, while
Postural SmartVest records a range of activities, including
posture changes and feedback delivery, it currently lacks features
for therapists to access and use this data effectively. Future
research should focus on developing these functionalities to
enhance patient monitoring and rehabilitation planning.
Additionally, addressing the requirements identified during
initial therapist interviews, such as including a photo and video
gallery and a dashboard for progress monitoring, could improve
Postural SmartVest’s functionality and user satisfaction.

Comparison With Prior Work
Postural SmartVest is a modified athletic compression tank top
with a transparent pocket for a smartphone running a
customizable Android app. This app offers tactile vibrations,
dynamic visual feedback, and clear audio instructions for posture
monitoring and guidance. It is designed to be minimally
intrusive, replicable, and useful for both therapists and
poststroke patients, using readily available Android smartphones
and avoiding the need for expensive specialized equipment.

The development of Postural SmartVest reflects the evolution
of cognitive rehabilitation from classical methods to
personalized systems with kinematic analysis and user-centered
design [70]. It incorporates feedback from patients with stroke
and therapists, aligning with recommendations for wearable
technology design [71]. Unlike wearable rehabilitation systems
that prioritize sensor accuracy over comfort [24], Postural
SmartVest is distinguished by its comfort and effective
smartphone placement, addressing both functional and user
experience aspects.

Research on user perspectives for wearable systems in upper
extremity stroke rehabilitation highlights the importance of
monitoring both upper extremity and trunk movements and
evaluating their quality and quantity [39]. In our experimental
sessions, we included activities such as position maintenance,
lateral trunk movements, trunk rotation, forward-backward trunk
motions, and object retrieval, aligning with tasks assessed by
various trunk ability evaluation tools [72]. While some studies
have investigated smartphone-based training to improve balance
and trunk performance among seated patients with stroke—using
modified balance boards with visual and audio feedback in an
external monitor [48,49] or smartphones attached to harnesses
for screen feedback [25]—Postural SmartVest supports dynamic
ambulatory movements and provides visual feedback directly
on the smartphone screen, using a single color (red or green) to
indicate posture status. This approach is particularly effective
in therapy rooms with mirror walls and accommodates
individuals with visual deficiencies, which are common after a
stroke [73].

Postural SmartVest uses the smartphone’s accelerometer on the
patient’s trunk to assist with trunk posture, while many studies
use sensors on different body parts for various purposes [74-77].
While postural SmartVest uses smartphone-generated sensor
data to identify trunk postures and facilitate posture correction,
existing literature often combines data from multiple sensors
placed on the user’s body for posture detection [78].

A wealth of research envisions using their solutions to foster
collaboration among health professionals [79] or in the patient’s
home environment, including studies that use smartphones as
a communication component in a remote rehabilitation platform
[18,25,33,35,70,76,80,81]. Although we designed Postural
SmartVest primarily to assist patients during rehabilitation
sessions, we are actively extending our research to the home
environment by integrating Postural SmartVest with our
experience sampling and programmed intervention platform
[68].
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Conclusions
Our goal was to create an affordable wearable, Postural
SmartVest, aiding poststroke patients in posture maintenance
during rehabilitation. Its simplicity and cost-effectiveness, using
widely available devices with efficient sensors, enable
multisensory feedback, enhancing accessibility. Patients and
therapists expressed utility and satisfaction, emphasizing its
clinical potential.

A comparison of patient session data using Postural SmartVest,
both with and without feedback, informed essential insights.
The significant difference in maintaining correct positions
underscored the value of feedback. Although there was no

disparity in the number of movements, the increased adjustments
during sessions with feedback suggested active patient
engagement. These findings emphasize the potential of Postural
SmartVest as a valuable assistive technology for poststroke
patients and highlight the importance of integrating feedback
into rehabilitation tools.

Our study indicates several future research directions, including
studying diverse stroke survivor populations, assessing
long-term effects, exploring user engagement factors, and
evaluating therapist training impact. Additionally, we should
prioritize functional outcomes, technology adoption,
cost-effectiveness, and addressing unmet needs like enhancing
posture visualization and aiding long-term posture monitoring.
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Abstract

Background: The atherosclerotic cardiovascular disease (ASCVD) is associated with dementia. However, the risk factors of
dementia in patients with ASCVD remain unclear, necessitating the development of accurate prediction models.

Objective: The aim of the study is to develop a machine learning model for use in patients with ASCVD to predict dementia
risk using available clinical and sociodemographic data.

Methods: This prognostic study included patients with ASCVD between 2006 and 2010, with registration of follow-up data
ending on April 2023 based on the UK Biobank. We implemented a data-driven strategy, identifying predictors from 316 variables
and developing a machine learning model to predict the risk of incident dementia, Alzheimer disease, and vascular dementia
within 5, 10, and longer-term follow-up in patients with ASCVD.

Results: A total of 29,561 patients with ASCVD were included, and 1334 (4.51%) developed dementia during a median follow-up
time of 10.3 (IQR 7.6-12.4) years. The best prediction model (UK Biobank ASCVD risk prediction model) was light gradient
boosting machine, comprising 10 predictors including age, time to complete pairs matching tasks, mean time to correctly identify
matches, mean sphered cell volume, glucose levels, forced expiratory volume in 1 second z score, C-reactive protein, forced vital
capacity, time engaging in activities, and age first had sexual intercourse. This model achieved the following performance metrics
for all incident dementia: area under the receiver operating characteristic curve: mean 0.866 (SD 0.027), accuracy: mean 0.883
(SD 0.010), sensitivity: mean 0.637 (SD 0.084), specificity: mean 0.914 (SD 0.012), precision: mean 0.479 (SD 0.031), and
F1-score: mean 0.546 (SD 0.043). Meanwhile, this model was well-calibrated (Kolmogorov-Smirnov test showed goodness-of-fit
P value>.99) and maintained robust performance across different temporal cohorts. Besides, the model had a beneficial potential
in clinical practice with a decision curve analysis.

Conclusions: The findings of this study suggest that predictive modeling could inform patients and clinicians about ASCVD
at risk for dementia.

(JMIR Aging 2025;8:e64148)   doi:10.2196/64148
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Introduction

Cardiovascular disease (CVD) is the leading cause of
noncommunicable disease and mortality worldwide [1].
Meanwhile, the epidemiology of the atherosclerotic
cardiovascular disease (ASCVD), which encompasses coronary
heart disease and cerebrovascular disease (CeVD), has
experienced substantial and rapid growth [2]. It is reported that
in 2016, ASCVD was responsible for approximately 2.4 million
deaths, representing 25% of all deaths and 61% of CVD-related
deaths in China [3].

Dementia is another devastating disease affecting more than 50
million individuals worldwide [4]. Given the high costs and
heavy burdens it imposes on families and society, scientists and
scholars around the world are dedicated to identifying
preventable interventions and reducing the incidence of
dementia. Recently, a growing body of evidence indicates that
lifestyle interventions early in life with a focus on reducing
cardiovascular risk factors are a promising strategy for
preventing dementia [5-9]. In particular, shared risk factors
between dementia and ASCVD have been identified [10].
According to the Lancet Commission, it is estimated that
approximately 40% of dementia cases can be prevented by
targeting modifiable, primarily cardiovascular risk factors [4].
However, these studies were restricted by their use of classical
statistical analyses (such as Cox or logistic regressions) and by
considering only widely studied prespecified CVD risks.
Therefore, the results were not sufficient in accuracy.

Machine learning (ML) is an emerging technical foundation of
artificial intelligence, which enables the leverage of information
from large and complex datasets [11]. Several studies have
applied ML-based models to dementia diagnosis and risk
prediction [12-15]. Nevertheless, the long-term risk of dementia

progression (5 or 10 years) in patients with ASCVD remains
uncertain.

In this study, we used comprehensive phenotypic and follow-up
data from a cohort of over 500,000 UK Biobank participants to
develop an ML-based model capable of predicting the 5- or
10-year risk of incident dementia in specific patients with
ASCVD. We anticipate that this ML-derived early warning
system will enhance clinician-patient counseling, enable targeted
follow-up, and facilitate the development of personalized
prevention strategies. This, ultimately, can optimize the health
and care of individuals with ASCVD.

Methods

Data Source and Study Population
We analyzed data from the UK Biobank, a longitudinal
prospective study that recruited over 500,000 participants
between 2006 and 2010 [16]. The participants were enrolled
from 22 recruitment centers across the United Kingdom and
were aged between 40 and 69 years at the baseline assessment.
Multiple data were collected from the participants, including
questionnaires, physical measurements, biological sample
assays, genotyping, imaging data, and ongoing hospital records.
Figure 1 illustrated the enrollment process, where we included
individuals with a prior history of any established ASCVD,
such as coronary artery disease (n=28,397), CeVD (n=28,141),
peripheral artery disease, or abdominal aortic aneurysm
(n=3740) [17]. Participants were excluded at the baseline
assessment if they met the following criteria: (1) had dementia
at baseline (n=64), (2) had no follow-up records (n=69), and
(3) death (n=8532). Ultimately, we included 29,561 participants
with ASCVD who had at least 10 years of follow-up until April
2023.
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Figure 1. Participant selection flowchart. UK Biobank participants were excluded if baseline dementia was self-reported or follow-up data were absent.
The remaining participants were categorized according to their first reported years of dementia, AD, or VD after the baseline. AAA: abdominal aortic
aneurysm; AD: Alzheimer disease; CAD: coronary artery disease; CeVD: cerebrovascular disease; PAD: peripheral artery disease; VD: vascular
dementia.

Ethical Considerations
Ethical approval was obtained from the North West Multi-Centre
Research Ethics Committee (11/NW/0382, 16/NW/0274, and
21/NW/0157). Written informed consent was provided by all
participants during the collection of primary data. The UK
Biobank data used were deidentified, and all personally
identifiable information of participants has been removed to
ensure privacy and confidentiality. Besides, the UK Biobank
offered nonfinancial compensation in the form of travel
reimbursements for attending the assessment centers and other
incidental expenses related to participation. Additionally,
participants were given feedback on their individual health data
upon request, which provided valuable insights into their health
status. This study adhered to the reporting guidelines of

Transparent Reporting of a Multivariable Prediction Model for
Individual Prognosis or Diagnosis [18].

Outcome
The primary end point of this study was the occurrence of all
incident dementia, including Alzheimer disease (AD), vascular
dementia (VD), frontotemporal dementia, and dementia
associated with other neurodegenerative or specified diseases.
Due to the high rate of incidence worldwide, AD and VD were
examined as the secondary outcomes. To conduct a
comprehensive survey on the incidence time, we categorized
the patients into 5-year, 10-year, and all incident dementia, AD,
and VD. The outcomes were ascertained and categorized based
on the International Classification of Diseases and Read codes
(Table S1 in Multimedia Appendix 1), which were obtained
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from the “first occurrence” category in the UK Biobank
including the primary care data, the hospital inpatient data, the
death register records, and subsequent UK Biobank assessment
center visits. Follow-up visits continued until the earliest of the
following events: a dementia diagnosis, death, or the most recent
available data from either the hospital or the general practitioner,
whichever occurred first. What is noteworthy was that the
imaging data and lumbar puncture results were not available to
doctors to achieve the detailed diagnostic data.

Data Preparation
In this study, we included all clinically correlated variables
during the participants’ baseline visits. The assessment
procedure involved a manual examination of each variable to
determine its relevance to comprehensively understanding a
participant’s overall status. Variables not pertinent to these key
domains or lacking in additional insights were excluded. Data
screening was processed to exclude noninformative variables
with missing values exceeding 40% among all participants. To
prevent potential overfitting from oversampling, we applied
random undersampling to the majority class, balancing the
dataset more effectively. We also adjusted the class weights in
our ML algorithms to give more importance to the minority
class during model training. Overall, a total of 316 features were
adopted, including the participants’demographic characteristics
(n=2), touchscreen-recorded questionnaires (n=151), physical
measures (n=66), cognitive function tests (n=22), and biological
sample assays (n=59). Furthermore, to improve the informative
value of the dataset, we used the available data to generate
several variables (n=16) that were not directly extracted from
the UK Biobank (Table S2 in Multimedia Appendix 1).
Considering the significant impact of ASCVD on mortality, we
identified and coded deaths as competing events to ensure
accurate modeling of the primary outcome.

In this study, we used different missing data handling strategies
tailored to each ML algorithm to ensure the accuracy and
robustness of the models. Specifically, for the logistic regression
model, we used mean imputation to handle missing values. For
each variable with missing data, we calculated its mean in the
training dataset and replaced the missing data points with this
mean. This method is simple and efficient, making it suitable
for models like logistic regression that require complete datasets.
For other ML methods, including light gradient boosting
machine (LightGBM), extreme gradient boosting machine,
random forest, k-nearest neighbor, and artificial neural network,
we adopted automatic imputation techniques. These automatic
imputation methods leverage the inherent mechanisms of the
algorithms or advanced imputation strategies within the
preprocessing pipeline to dynamically estimate and replace
missing values. To evaluate the robustness of our results, we
conducted a sensitivity analysis using multiple imputation by
chained equations (Table S4 in Multimedia Appendix 1). This
approach generates several imputed datasets by modeling each
missing value conditionally based on other variables, thereby
accounting for the uncertainty associated with the imputations.
By comparing the outcomes across different imputation
methods, we assessed the stability and reliability of our
predictive models.

To evaluate the model’s stability and generalization across
different time periods, this study used a time validation approach
to partition dementia data from the UK Biobank database. First,
the recruitment date was selected as the primary temporal
variable, and all samples were sorted in ascending order based
on this date to ensure chronological arrangement and prevent
future data from leaking into the training process. Considering
previous research and data volume, the dataset was divided into
2 periods: the training and validation sets comprised samples
recruited from 2006 to 2009, while the test set included samples
diagnosed in 2010. This division ensures that only past data
were used for model training, and the model’s predictive
performance on future data was assessed during the validation
and testing phases. To further guarantee temporal independence,
feature selection and standardization were performed exclusively
on the training set, with identical transformations applied to the
validation and test sets, thereby avoiding the use of information
from these sets during training. Given the typically low number
of dementia cases, healthy samples with more than 5% missing
variables were excluded from the training set to balance the
class distribution and enhance model learning. Additionally,
multiple imputation methods were used to handle missing data,
ensuring data integrity. Through these steps, a time validation
framework was established, maintaining the temporal
independence and appropriate distribution of the training,
validation, and test sets, thereby improving the model’s
predictive performance across different time periods and the
credibility of the study’s findings.

Predictor Selection
The predictors for model development were identified through
a 2-step process: variable importance ranking and sequential
forward selection (SFS) [19,20]. First of all, the importance of
each variable was determined using a preliminary trained
LightGBM classifier. Gradient boosting machine is a type of
boosting that builds these simple models step-by-step, improving
the model at each step to better fit the data. LightGBM,
developed by Microsoft, is a faster and more efficient version
of gradient boosting machine designed to handle large-scale
data effectively. The “light” in LightGBM refers to its
lightweight nature, meaning it uses less memory and runs faster.
The top 50 variables were selected by LightGBM. Next, they
were inputted into a hierarchical clustering algorithm, which
used Spearman rank-order correlations to further identify and
eliminate redundant variables with multicollinearity. We
established a correlation threshold of 0.75, considering variables
with pairwise correlations above this value as highly redundant.
Within each cluster of such variables, we retained only the most
predictive variable for the model, effectively reducing
multicollinearity while preserving essential information. To
avoid overfitting and enhance the robustness of feature selection,
a nested cross-validation approach was used. Specifically, in
the outer loop, we divided the dataset into multiple folds,
selecting 1 fold as the test set and using the remaining folds for
feature selection and model training. Within the inner loop, the
training set was further split into inner training and validation
sets, where features were selected based on performance in the
inner validation sets. Finally, model performance was evaluated
on the outer test set to ensure fair feature selection and robust

JMIR Aging 2025 | vol. 8 | e64148 | p.745https://aging.jmir.org/2025/1/e64148
(page number not for citation purposes)

Gu et alJMIR AGING

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


predictive capability. Then, an SFS approach was used, wherein
the features within the preselected subset underwent reranking
according to a newly developed classifier. Afterward,
preselected variables were reranked, and multiple ML classifiers
were used to sequentially add predictors one at each time.
Finally, the classifier was selected based on achieving the best
performance of area under the receiver operating characteristic

curve (AUC), and we selected the top 10 variables according
to the importance of each variable calculated by the LightGBM
model. After selecting these 10 variables, adding any other
variables did not significantly improve the model. The top 25
predictors are shown in Table 1. More details of predictor
selection could be obtained in the part of the Methods section
in Multimedia Appendix 1.

Table 1. Top 25 predictors for all incident dementia with light gradient boosting machine.

RankingImportance ratingVariablesNumber

10.133Forced vital capacity1

20.12Summed METa minutes per week for all activity2

30.09Age3

40.05Pairs matching time4

50.038Mean sphered cell volume5

60.037Glucose6

70.037Mean time to correctly identify matches7

80.035FEV1bz score8

90.033Age first had sexual intercourse9

100.031C-reactive protein10

110.029Average weekly red wine intake11

120.029Calcium12

130.028Vitamin D13

140.026Pulse rate automated reading14

150.025Father age at death15

160.025Systolic blood pressure automated reading array16

170.024FEV1/FVCc ratio z score17

180.023Neuroticism score18

190.023Red blood cell erythrocyte distribution width19

200.023Apolipoprotein B20

210.023Total bilirubin21

220.022Cystatin C22

230.018Alanine aminotransferase23

240.017Average weekly beer plus cider intake24

250.016Result ranking25

aMET: metabolic equivalent.
bFEV1: forced expiratory volume in 1 second.
cFVC: forced vital capacity.

Model Development
We implemented a range of ML techniques, including
LightGBM, extreme gradient boosting machine, random forest,
logistic regression, k-nearest neighbor, support vector machine,
and artificial neural network to classify participants into 2
classes: 0 (predicted to remain no dementia) or class 1 (to
develop all incident dementia, AD, or VD). The proposed model
was developed using patients with ASCVD without dementia
(n=28,227) and with all incident dementia (n=1334) from the

UK Biobank dataset. In total, 10 identified predictors were
incorporated into the model. We expanded our performance
evaluation metrics to include receiver operating
characteristic-AUC, precision, recall, and F1-score, ensuring a
comprehensive assessment of the models’ performance on
imbalanced data. Subsequently, LightGBM, the best-performing
method, was used to develop a dementia risk prediction model
of ASCVD, named the UK Biobank ASCVD risk prediction
model. The hyperparameter tuning was performed through
exhaustive selection from 10,000 sets of candidate parameters,
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and the optimal set was chosen based on the performance
measurement of AUC. Please refer to Table S8 in Multimedia
Appendix 1 for detailed information on the search space and
final adopted parameters. To evaluate the predictive performance
of the models, we constructed and compared the traditional Cox
proportional hazards model with the LightGBM model. Both
models used identical predictor variables to ensure fairness and
consistency in the comparison. The Cox model assessed hazard
ratios for each variable through multivariate regression analysis,
while the LightGBM model leveraged its robust ability to handle
nonlinear relationships and variable interactions for risk
prediction. Subsequently, the performance of both models was
systematically compared using consistent evaluation metrics
(such as AUC) to determine their predictive effectiveness within
the study dataset. This comparison aims to validate the potential
advantages of the LightGBM model in risk prediction and to
provide a reference for the application of the traditional Cox
model. The Cox proportional hazards model was also used to
account for competing risks, which ensured that the risk of death
did not bias the estimation of dementia event probabilities. To
enhance the model’s stability and applicability, a time validation
approach was used for data analysis. Additionally, we calibrated
the raw predicted probabilities into actual dementia risks
(Figures S12-S14 in Multimedia Appendix 1). Finally, to assess
the clinical utility of the prediction model, decision curve
analysis (DCA) was conducted. First, the model’s net benefit
was calculated across various threshold probabilities and then
compared with the baseline strategies of “treat all” and “treat
none.” The DCA curves were plotted using the rmda package
in R (R Foundation for Statistical Computing) to illustrate the
model’s potential value in clinical decision-making. The ML
algorithm was implemented using LightGBM library (version
3.3.2) and scikit-learn library (version 1.0.2) in Python (version
3.9; Python Software Foundation).

We also performed a 5-fold cross-validation to assess the
stability of feature importance, randomly dividing the dataset
into 5 equal parts. In each iteration, 4 folds were used for
training, and 1 fold for validation. The training involved 2
stages: model development and calibration. The 4 training folds
were split 3:1, with 3 folds for development and 1 fold for
calibration. Validation sets were exclusively for performance
evaluation. Results were averaged across folds with
corresponding SDs.

Statistical Analysis
In an analysis of the variables of interest, continuous variables
were summarized using the median and IQR, while discrete
variables were summarized using frequency and percentage.
Group comparisons (no dementia vs incident dementia or AD
or VD) were conducted using chi-square tests for discrete
variables and 2-tailed Student t tests for continuous variables.
Multivariate analysis was used to calculate odds ratios based
on normalized data.

The model’s performance was evaluated using 2 accuracy
metrics: discrimination and calibration. Discrimination was
assessed using the AUC, which ranges from 0.5 for a
noninformative model to 1 for a perfectly discriminating model.
Calibration measures the agreement between predicted
probabilities and observed event proportions. It was evaluated
using the Kolmogorov-Smirnov test with 10 subgroups and
visually represented in calibration plots. A P value greater than
.05 signified an adequate goodness of fit.

Furthermore, we reported accuracy, sensitivity, specificity,
precision, and the F1-score, which were determined using the
cutoff that maximized the Youden index. Additionally, we used
Shapley Additive Explanations (SHAP) plots to visualize the
individual contributions of each predictor to the target variable.
All data analysis and visualizations were performed using
Python (version 3.9) with packages from the scikit-learn library
(version 1.0.2) and the SHAP library (version 0.40.0).

Results

Population Characteristics
After quality control, a total of 29,561 participants with ASCVD
were included in this study. The median age of the participants
was 62.0 (IQR 58.0-66.0) years. Among the participants, 36.63%
(10,829/29,561) were women, and 94.12% (27,822/29,561)
were White. During a median follow-up time of 10.3 (IQR
7.6-12.4) years, a subset of 1334 participants developed
dementia after their baseline visits. Specifically, 617 participants
had incidents within 10 years, and 136 had incidents within 5
years. Besides, the prevalence of all-cause dementia was 4.51%
(1334/29,561), AD was 1.44% (425/29,561), and VD was 1.81%
(536/29,561) in this study. The critical baseline predictors are
presented by incident dementia, AD, and VD status in Table 2,
and the percentage of missing values for the predictors is shown
in Table S3 in Multimedia Appendix 1.
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Table 2. The baseline characteristics of UK Biobank participants included in the study by dementia, Alzheimer disease (AD), and vascular dementia
(VD) status.

All incident VD
(n=536)

All incident AD
(n=425)

All incident dementia
(n=1334)

No dementia
(n=28,227)

Overall (n=29,561)Participants characteristics

66.0 (63.0-68.0)66.0 (64.0-68.0)66.0 (63.0-68.0)62.0 (57.0-66.0)62.0 (58.0-66.0)Age (years), median (IQR)

163 (30.41)170 (40.00)476 (35.68)10,353 (36.68)10,829 (36.63)Sex (female), n (%)

504 (94.03)404 (95.06)1257 (94.23)26,565 (94.11)27,822 (94.12)Ethnicity (White), n (%)

9.0 (9.0-10.0)9.0 (9.0-10.0)10.0 (9.0-11.0)10.0 (9.0-11.0)10.0 (9.0-11.0)Education (years), median
(IQR)

3.1 (2.6-3.9)3.2 (2.7-4.0)3.2 (2.6-3.9)3.5 (2.9-4.2)3.5 (2.9-4.2)Forced vital capacity (L),
median (IQR)

1308.0 (408.8-2942.6)1653.0 (660.0-3546.0)1398.0 (510.0-3288.0)1671.0 (698.0-3546.0)1662.0 (693.0-3546.0)Summed METa minutes per
week for all activity (min-
utes per week), median
(IQR)

496.0 (370.5-701.0)487.0 (372.0-673.5)487.5 (368.0-678.8)408.0 (324.0-529.0)411.0 (325.0-534.0)Pairs matching time (sec-
onds), median (IQR)

83.2 (79.2-87.3)82.5 (79.6-86.1)83.1 (79.5-86.7)82.4 (79.2-85.8)82.4 (79.2-85.9)Mean sphered cell volume
(fL), median (IQR)

5.2 (4.7-6.2)5.1 (4.7-5.6)5.1 (4.7-5.9)5.0 (4.7-5.5)5.0 (4.7-5.5)Glucose (mmol/L), median
(IQR)

602.0 (532.0-707.5)586.0 (527.0-684.0)594.0 (531.0-699.8)562.0 (500.0-641.0)563.0 (500.0-644.0)Mean time to correctly
identify matches (seconds),
median (IQR)

0.8 (0.2-1.6)0.5 (–0.0 to 1.4)0.7 (0.0-1.5)0.6 (–0.1 to 1.3)0.6 (–0.1 to 1.3)FEV1bz score (L), median
(IQR)

18.0 (16.0-21.0)19.0 (17.0-21.0)18.0 (17.0-21.0)18.0 (16.0-21.0)18.0 (16.0-21.0)Age first had sexual inter-
course (years), median
(IQR)

1.7 (0.8-3.4)1.5 (0.7-3.3)1.5 (0.7-3.2)1.5 (0.8-3.1)1.5 (0.8-3.1)C-reactive protein (mg/L),
median (IQR)

357 (66.60)325 (76.47)972 (72.86)20,763 (73.56)21,735 (73.53)CADc, n (%)

356 (66.42)324 (76.24)969 (72.64)20,738 (73.47)21,707 (73.43)CeVDd, n (%)

34 (6.34)23 (5.41)75 (5.62)1270 (4.50)1345 (4.55)PADe or AAAf, n (%)

aMET: metabolic equivalent.
bFEV1: forced expiratory volume in 1 second.
cCAD: coronary artery disease.
dCeVD: cerebrovascular disease.
ePAD: peripheral artery disease.
fAAA: abdominal aortic aneurysm.

Data-Driven Predictors Selection
Among the 316 candidate variables, we initially selected the
top 50 variables based on the LightGBM classifier and
performed the hierarchical clustering to eliminate the
multicollinearity [21]. As shown in the bar chart of Figure 2A,
a total of 29 variables were sorted according to their importance
in the prediction task. The SFS strategy was used to strike a

balance between model performance (AUC on the right axis)
and the number of variables selected, as depicted in the line
chart. The line chart showed that the model’s performance
experienced a sharp increase when incorporating the first few
variables and eventually reached a plateau with the inclusion
of additional variables. Ultimately, the top 10 variables were
chosen as the final predictors for ML model development. Their
summary statistics are displayed in Table 2.
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Figure 2. Predictive variable selection and interpretation on all incident dementia. (A) Sequential forward selection from a preselected predictor pool.
A bar chart ranked predictor importance by their contribution to classification, while a line chart depicted cumulative AUCs with each iterative predictor
inclusion. The top 10 predictors, marked red, were selected for machine learning model construction. (B) SHAP-based visualization of salient predictors.
Horizontal bar widths correspond to predictor impact on model predictions, with wider ranges indicating greater influence. Predictor intensity was
color-coded, graduating from blue (low) to red (high), as per the color bar on the right. The x-axis orientation signified the probability of either dementia
(right) or health (left). AUC: area under the receiver operating characteristic curve; FEV1: forced expiratory volume in 1 second; FVC: forced vital
capacity; MET: metabolic equivalent; SHAP: Shapley Additive Explanations.

Model Interpretation of Selected Predictors
To interpret the influence of each selected predictor, we used
SHAP values and visualized them in Figure 2B. The predictors
were interpreted based on value magnitude (coded by gradient
colors) and tendency on the horizontal axis (indicting the
likelihood of developing dementia). Take the predictor forced
vital capacity (FVC) as an example. Patients with ASCVD with
lower FVC values (colored blue) were more likely to develop
dementia (right side) compared to those with higher FVC values
(colored red). Similarly, for the remaining predictors, patients
with ASCVD who spend less time engaging in activities, being

older, who take longer time to complete pair matching tasks,
and who have higher mean sphered cell volume (MSCV), forced
expiratory volume in 1 second z score, C-reactive protein, and
glucose levels tend to have an increased risk of developing
dementia. Interestingly, we found that patients who engaged in
sexual intercourse at an earlier age were more likely to develop
dementia. Moreover, a 5-fold cross-validation stability analysis
of feature importance was conducted. The results indicated that
most features exhibited high stability across different data
subsets. Figure 3 shows the distribution of key feature
importance across all folds.
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Figure 3. Stability analysis of feature importance across different data subsets in the model of all incident dementia. The stability of feature importance
in the model of all incident dementia was assessed across different data subsets, providing insights into the robustness of identified predictors. Each
line represented the variability of feature importance in a specific subset, illustrating how consistent the predictive factors are across varying conditions.
FEV1: forced expiratory volume in 1 second; FVC: forced vital capacity; MET: metabolic equivalent.

Model Performance Across Different Populations and
Algorithms
Compared with other ML algorithms, it can be seen in Table 3
that LightGBM demonstrated superior performance across
various metrics. We used the AUC metric to evaluate the
discrimination performance of the UK Biobank ASCVD risk
prediction model. As depicted in Table 4, the model achieved
a mean AUC of 0.866 (SD 0.027) for all incident dementia
cases. Furthermore, the model demonstrated promising results
for the prediction of 10-year and 5-year incident dementia, with
mean AUCs of 0.876 (SD 0.024) and 0.903 (SD 0.076),
respectively. The model for all incident dementia exhibited a
mean accuracy of 0.883 (SD 0.01), mean sensitivity of 0.637
(SD 0.084), mean specificity of 0.914 (SD 0.012), mean
precision of 0.479 (SD 0.031), and mean F1-score of 0.546 (SD
0.043). Apart from the 5-year AD and VD predictions, the model

also displayed valuable discrimination abilities for different AD
and VD population groups. Specifically, the mean AUCs for
all and 10-year incident AD were 0.836 (SD 0.043) and 0.828
(SD 0.112), respectively, while the mean AUCs for all and
10-year incident VD achieved 0.870 (SD 0.029) and 0.881 (SD
0.031), respectively. For specific metrics of all, 10-year, and
5-year dementia, AD, and VD predictions, please refer to Table
4 and Figures S3-S11 and S15 in Multimedia Appendix 1. We
also compared the performance of the traditional Cox
proportional hazards model and the LightGBM-based model in
risk prediction. The AUC of all incident dementia, AD, and VD
for the Cox model were 0.67, 0.67, and 0.71, respectively
(Figure S1 in Multimedia Appendix 1). After competing risk
analysis with death, the prediction power of the Cox model did
not show a significant difference in predicting AD and VD
(Tables S5-S7 and Figure S2 in Multimedia Appendix 1).

Table 3. Model performance metrics for different machine learning classifiers on all incident dementiaa.

AUCb, mean
(SD)

F1-score, mean
(SD)

Precision, mean
(SD)

Specificity, mean
(SD)

Sensitivity, mean
(SD)

Accuracy, mean
(SD)

0.866 (0.027)0.546 (0.043)0.479 (0.031)0.914 (0.012)0.637 (0.084)0.883 (0.010)LightGBMc

0.853 (0.02)0.444 (0.024)0.323 (0.018)0.826 (0.01)0.709 (0.045)0.814 (0.01)XGBoostd

0.859 (0.02)0.463 (0.024)0.345 (0.02)0.844 (0.012)0.703 (0.047)0.829 (0.01)Random forest

0.765 (0.024)0.407 (0.041)0.32 (0.033)0.86 (0.012)0.561 (0.059)0.829 (0.014)KNNe

0.795 (0.035)0.378 (0.031)0.27 (0.022)0.802 (0.016)0.627 (0.071)0.783 (0.014)Logistic regression

0.833 (0.025)0.46 (0.102)0.377 (0.174)0.859 (0.125)0.638 (0.145)0.836 (0.1)ANNf

aThe cutoff for binarization was established by maximizing the Youden index (YI=sensitivity+specificity–1).
bAUC: area under the receiver operating characteristic curve.
cLightGBM: light gradient boosting machine.
dXGBoost: extreme gradient boosting machine.
eKNN: k-nearest neighbor.
fANN: artificial neural network.
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Table 4. Model performance metrics for the prediction on different types of dementiaa.

AUCb, mean
(SD)

F1-score, mean
(SD)

Precision, mean
(SD)

Specificity, mean
(SD)

Sensitivity, mean
(SD)

Accuracy, mean
(SD)

0.866 (0.027)0.546 (0.043)0.479 (0.031)0.914 (0.012)0.637 (0.084)0.883 (0.01)All incident dementia

0.836 (0.043)0.241 (0.012)0.148 (0.01)0.855 (0.035)0.656 (0.125)0.847 (0.029)All incident ADc

0.870 (0.029)0.315 (0.053)0.206 (0.045)0.868 (0.043)0.683 (0.045)0.859 (0.039)All incident VDd

0.876 (0.024)0.374 (0.063)0.255 (0.057)0.886 (0.037)0.709 (0.059)0.877 (0.033)10-Year incident demen-
tia

0.828 (0.112)0.07 (0.012)0.036 (0.006)0.666 (0.065)0.814 (0.214)0.668 (0.061)10-Year incident AD

0.881 (0.031)0.173 (0.029)0.098 (0.02)0.841 (0.055)0.757 (0.1)0.839 (0.051)10-Year incident VD

0.903 (0.076)0.211 (0.069)0.125 (0.045)0.942 (0.033)0.694 (0.155)0.939 (0.031)5-Year incident demen-
tia

0.775 (0.243)0.061 (0.047)0.039 (0.049)0.98 (0.006)0.4 (0.5)0.979 (0.006)5-Year incident AD

0.803 (0.11)0.172 (0.102)0.106 (0.063)0.957 (0.012)0.471 (0.288)0.952 (0.012)5-Year incident VD

aCutoffs were established by maximizing the Youden index (YI=sensitivity+specificity–1).
bAUC: area under the receiver operating characteristic curve.
cAD: Alzheimer disease.
dVD: vascular dementia.

DCA demonstrated that our prediction model exhibited a higher
net benefit within the threshold probability range of 0.04 to 0.97
across different time periods, significantly outperforming both
the “treat all” and “treat none” baseline strategies (Figure 4).
The Kolmogorov-Smirnov test was conducted to assess the

calibration of the model. A P value greater than .05 indicates
sufficient goodness of fit. Satisfactory calibrations for the
development of all population groups, including 5-year or
10-year or all incident dementia, AD, and VD, were observed
(Table 5 and Figures S12-S14 in Multimedia Appendix 1).
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Figure 4. Clinical applicability of dementia risk prediction with a decision curve analysis. (A-C) The decision curve analysis of the UK Biobank
atherosclerotic cardiovascular disease risk prediction model on all incident and 10-year incident and 5-year incident times.
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Table 5. Calibration data of the UK Biobank atherosclerotic cardiovascular disease risk prediction modela.

All incident VDb,dAll incident ADb,cAll incident dementiabDecile groups (10%
quantile each)

Preserved probabil-
ity (‰)

Observed probabil-
ity (‰)

Preserved probabil-
ity (‰)

Observed probabil-
ity (‰)

Preserved probabil-
ity (‰)

Observed probabil-
ity (‰)

1.451.792.102.833.534.711

4.600.985.462.1711.729.402

8.378.038.9315.5821.9824.783

12.7210.9812.1312.8833.5535.914

17.3917.9115.2314.8445.9641.655

22.3622.7918.9718.4759.9053.926

28.8130.7523.7219.9577.2377.657

37.5835.7930.4328.01101.1296.518

52.2647.4243.3142.09141.49132.959

283.14293.58209.58213.22606.99627.3610

aCalibration data of the UK Biobank atherosclerotic cardiovascular disease risk prediction model on different types of dementia at all incident times.
The 5-fold cross-validation strategy was performed to calculate the results. A P value less than .05 indicated the statistical significance of the results.
bGoodness-of-fit P value >.99.
cAD: Alzheimer disease.
dVD: vascular dementia.

A Temporal Validation of the Constructed Model
To assess the stability and generalizability of our dementia
prediction model, we used a time validation approach using
data from the UK Biobank. The model was trained and validated
on samples recruited between 2006 and 2009 and tested on the
2010 cohort. In the training and validation set, the model
achieved a mean AUC of 0.866 (SD 0.027) in predicting all

incident dementia, indicating strong discriminatory ability.
When applied to the test set from 2010, the model maintained
robust performance with an AUC of 0.819, suggesting good
generalization to future data. Other performance metrics in the
test set: accuracy was 0.851, sensitivity was 0.691, specificity
was 0.866, precision was 0.315, and the F1-score was 0.433
(Table 6).

Table 6. Model performance metrics for the prediction on the test data divided by time perioda.

AUCbF1-scorePrecisionSpecificitySensitivityAccuracy

0.8190.4330.3150.8660.6910.851All incident dementia

0.7180.2670.1820.9330.5000.921All incident ADc

0.8380.3220.2180.9260.6190.916All incident VDd

0.8240.4350.3500.9430.5760.92510-Year incident demen-
tia

0.8040.1570.0930.9220.5170.91610-Year incident AD

0.8340.3070.2070.9530.5900.94610-Year incident VD

0.8820.4360.40.9910.4800.9845-Year incident dementia

0.6050.0020.0010.18110.1815-Year incident AD

0.5950.0040.002010.0025-Year incident VD

aCutoffs were established by maximizing the Youden index (YI=sensitivity+specificity–1).
bAUC: area under the receiver operating characteristic curve.
cAD: Alzheimer disease.
dVD: vascular dementia.
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Discussion

Principal Findings and Comparisons With Prior Work
In this study, we developed a predictive model using the
LightGBM algorithm and leveraging big data from the UK
Biobank to assess the risk of dementia in patients with ASCVD.
To the best of our knowledge, this is the first model that uses
big data to predict the risk of dementia specifically in patients
with ASCVD. Our model incorporates 10 clinical predictive
factors, selected based on their importance, to accurately
estimate the risk of dementia. Notably, our model demonstrates
particularly strong performance in predicting all-cause dementia
and VD, with AUC values exceeding 0.85. Furthermore, the
model effectively calibrates the predicted probabilities and
aligns well with the observed event ratios, indicating its
reliability and accuracy in estimating the risk of dementia in
patients with ASCVD.

The ASCVD has long been recognized as one of the most
significant risk factors for dementia, especially VD [22].
Although previous studies have primarily concentrated on the
influence of atherosclerotic CeVDs on dementia, emerging
research suggests that systemic atherosclerotic diseases beyond
CeVDs also significantly contribute to the development of
dementia [23]. To the best of our knowledge, no prior studies
have used big data to predict the risk of dementia in patients
with ASCVD. Unlike models based on variables obtained from
intricate neuroimaging and neuropsychological tests, the
predictors in this model are more accessible and can be applied
in various clinical settings and medical institutions.

Recent studies have indicated the importance of vascular risk
factors in the development of dementia, which should be taken
into consideration by clinical practitioners. During the
establishment of a dementia risk model in the population with
ASCVD, we identified several key and distinctive risk factors
that differ from other longitudinal studies. Age was identified
as one of the most significant influencing factors in this study.
Other factors include low exercise time, high fasting blood
glucose, and reaction time including pair matching time and
mean time to correctly identify matches. These risk factors have
been shown to have a close relationship with the overall health
of the vascular system and are critical in the development of
ASCVD events [24,25]. Besides, high plasma levels of
C-reactive protein at baseline were associated with a high risk
of all incident dementia in this study, which is corresponded
with the result of the latest research [26]. Furthermore, we found
that MSCV should be considered as a new and significant factor
in assessing the risk of dementia in patients with ASCVD.
MSCV is primarily a parameter in hematology used to assess
changes in the volume of spherocytes. Currently, there is no
evidence to suggest a direct relationship between MSCV and
dementia. However, overall blood health can indirectly affect
cognitive function, especially in the presence of chronic anemia
or other systemic diseases [27]. If an abnormal MSCV is
observed in clinical practice or research, it is important to
consider the patient’s overall health status comprehensively,
including but not limited to neurological function, to fully
evaluate the patient’s dementia risk. Recent studies have also

gradually found that lung function may play a role in the onset
of dementia by influencing brain structure [28]. Our model
indicated FVC and forced expiratory volume in 1 second z score
as protective factors in decreasing dementia risk. Finally, age
first had sexual intercourse, also known as age at first intercourse
(AFS), was first identified as one of the significant risk factors
for dementia in populations with ASCVD, which is interesting
and worth attention. Compared to other biological traits,
reproductive behaviors, especially sexual factors, have long
been neglected when it comes to the study of CVDs and
neurological disorders. Recent studies show that the earlier the
age of first sexual intercourse, the higher the likelihood of
developing hypertension and CVDs [29,30]. The specific
processes driving this relationship are not yet fully understood,
but they may include a mix of environmental and genetic
influences. For instance, early sexual activities are often
accompanied by adverse environmental factors, including lower
educational attainment, increased smoking and alcohol
consumption, and the use of illicit drugs [31], which are all
closely associated with CVDs. Recent studies have identified
a causal relationship between AFS and CVDs at the genetic
level [30,32]. Although AFS has no direct impact on dementia,
it might be induced from our study that AFS is indirectly related
to dementia through intriguing CVDs especially in patients with
ASCVD.

In our study, we performed a stability analysis of feature
importance using 5-fold cross-validation to ensure the robustness
of the identified predictors. The analysis revealed that several
key features consistently ranked highly across all folds,
indicating their strong and reliable association with the outcome.
Specifically, FVC, summed metabolic equivalent minutes per
week, age, and pair matching time maintained relatively high
importance scores in every subset, underscoring their role as
robust predictors. Although these 4 variables exhibited
significant variation compared to other variables, the impact of
this variation is minimal relative to their importance.

We acknowledge that the Cox proportional hazards model, as
a mature and interpretable method, holds a significant position
in survival analysis. However, our study results show that the
LightGBM-based ML model significantly outperforms the Cox
model in predictive performance metrics such as AUC,
demonstrating its advantages in handling nonlinear relationships
and complex interactions between variables. LightGBM
effectively captures patterns in high-dimensional data, thereby
enhancing the accuracy of risk prediction. Although ML models
face certain challenges in terms of computational resources and
interpretability, their substantial improvement in predictive
performance illustrates their added value in practical
applications. Future research could explore combining traditional
Cox models with ML methods to balance predictive performance
and model interpretability, thereby meeting diverse clinical
application needs. Besides, our study indicated that mortality
had a minimal impact on the primary outcomes, and the overall
conclusions of the study remained largely unchanged. This
suggested that the prediction power of our model remained
robust even after accounting for competing risks.

The time validation results demonstrate that our dementia
prediction model maintains robust performance across different
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temporal cohorts. Specifically, in the population of all incident
dementia, the AUC remained consistently high, with a slight
decrease from 0.866 in the training set to 0.819 in the test set.
Similarly, other performance metrics such as accuracy,
precision, recall, and F1-score showed only minor declines over
time. This stability suggests that the model effectively captures
underlying patterns associated with dementia risk that are
persistent across the studied time periods. The consistency of
performance metrics across the training and test sets indicates
that the model’s predictive capabilities are not significantly
affected by temporal shifts in the data. The stable performance
of the model over different time periods enhances its long-term
applicability in clinical and public health settings. A model that
maintains its predictive accuracy over time is invaluable for
ongoing and future dementia screening programs, enabling early
identification of at-risk individuals with confidence in its
sustained reliability. However, it is also essential to acknowledge
the significant performance decline observed in the test set when
predicting the risk of 5-year AD and VD, which may be
attributed to the low prevalence in patients with ASCVD during
a relative short period. To ensure continued efficacy, periodic
retraining and validation of the model with new data may be
necessary. This approach would allow the model to adapt to
any emerging trends or shifts in risk factors that may influence
dementia incidence over time.

In clinical practice, the LightGBM model can be applied during
the initial diagnosis or follow-up stages to early identify
individuals with high dementia risk among patients with
ASCVD, thus promoting timely intervention and treatment. For
instance, using this predictive model during a patient’s initial
visit can assist physicians in swiftly identifying patients at high
risk and arranging further diagnostic tests or interventions.
Moreover, integrating the model’s predictions into electronic
health record systems can generate alerts and recommend further
evaluations, thereby enhancing diagnostic accuracy and
personalized treatment plans. To effectively communicate the
predicted risk, doctors should use easily understandable
language to explain the model results and their implications to
the patient while also providing clear next steps and support
resources to alleviate patient anxiety. Consider a hypothetical
example: a 55-year-old male patient with hypertension and high
cholesterol who recently experienced a heart attack. After using
the LightGBM model for assessment, the results indicate a high
dementia risk. Based on this, the doctor decides to schedule
detailed cognitive function tests and recommends a
comprehensive plan that includes cognitive training, a healthy
diet, and regular exercise. Through these interventions, the
patient can better manage his cardiovascular health while taking
steps to reduce the likelihood of developing dementia.

However, the application of such predictive models raises
potential ethical issues. First, there may be prediction bias due
to training data, leading to unequal care, so continuous
monitoring and validation are needed to ensure fairness. Second,
doctors need to carefully communicate the model’s predictions
to avoid causing unnecessary anxiety for patients. Additionally,
patient data use should require clear consent and ensure privacy
protection. Finally, caution against overreliance on model

predictions is necessary, with doctors maintaining primary
responsibility for care decisions.

Limitations
Several limitations should be considered when interpreting the
results. First, our study focused on a specific population of
patients with ASCVD. Due to the relatively small sample size,
we observed a lower AUC value when predicting the 5-year
incidence rates of dementia, especially for AD and VD incidence
over a 5-year period. This issue can be addressed by further
expanding the sample size. Additionally, this study primarily
used samples of European descent, which may restrict the
generalizability of our findings to other populations. Genetic,
environmental, and lifestyle differences across diverse ethnic
groups could influence the model’s performance and predictive
accuracy. The limited diversity of the sample may affect the
model’s applicability to non-European populations. To ensure
broader relevance and robustness, future research should include
diverse ethnic backgrounds to validate and potentially refine
the model for varied demographic groups. While the time
validation results are promising, the model currently relies on
static features collected at baseline. Integrating longitudinal
data and time-varying covariates could potentially improve
predictive performance and adaptability over extended periods.
Despite incorporating death as a primary competing risk, there
might still be other unrecognized or unadjusted competing
factors, such as other chronic diseases or lifestyle changes, that
could influence the results to some extent. The application of
competing risk models relied on the correct specification of
models and assumptions; any biases in model setup might affect
the accuracy of the analysis. Therefore, future research should
further explore additional potential competing risk factors and
use more sophisticated statistical methods to comprehensively
assess the prediction power. Regarding the ML algorithms
chosen for our study, the use of LightGBM may lead to data
overfitting because it generates deep decision trees. To mitigate
overfitting, a maximum depth limit should be imposed during
the use of LightGBM. Furthermore, it is important to
acknowledge that LightGBM is a bias-based algorithm and can
be sensitive to noise in data processing, which may potentially
affect the final data analysis results. Additionally, it should be
noted that the predictive variables identified in this study were
derived from data-driven analytical models, which may induce
some bias compared to actual clinical diagnostic and treatment
experiences. While advanced predictive models and results have
been obtained, their applicability to clinical practice remains
uncertain. Therefore, future research should focus on validating
the analysis results using other independent cohorts with larger
sample sizes and extending the study methodology to
populations from different countries, regions, and ethnicities.
The integration of clinical practice experiences will contribute
to the development of more universally applicable and practical
models.

Conclusions
This study has identified several practical and novel predictors
for dementia screening in patients with ASCVD. It is worthy
of testing and evaluating the applicability of these factors in
clinical practice. Future studies should focus on investigating
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whether intervening in these factors can help prevent the
incidence of dementia in patients with ASCVD. By exploring
these possibilities, we can potentially improve the management

and outcomes of patients with ASCVD and reduce the burden
of dementia in this population.
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Abstract

Background: Alzheimer disease (AD) is the leading type of dementia, demanding comprehensive understanding and intervention
strategies. In the United States, where over 6 million people are impacted, the prevalence of AD and related dementias (AD/ADRD)
presents a growing public health challenge. However, individuals living with AD/ADRD and their caregivers frequently express
feelings of marginalization, describing interactions characterized by perceptions of patient infantilization and a lack of respect.

Objective: This study aimed to address 2 key research questions (RQs). For RQ1, we investigated the needs and concerns
expressed by participants in online social communities focused on AD/ADRD, specifically on 2 platforms–Reddit’s r/Alzheimers
and ALZConnected. For RQ2, we examined the prevalence and distribution of social support corresponding to these needs and
concerns, and the association between these needs and received support.

Methods: We collected 13,429 posts and comments from the r/Alzheimers subreddit spanning July 2014 to November 2023,
and 90,113 posts and comments from ALZConnected between December 2020 (the community’s earliest post) and November
2023. We conducted topic modeling using latent Dirichlet allocation (LDA), followed by labeling to identify the major topical
themes of discussions. We used transfer learning classifiers to identify the occurrences of emotional support (ES) and informational
support (IS) in the comments (or responses) in the discussions. We built regression models to examine how various topical themes
are associated with the kinds of support received.

Results: Our analysis revealed a diverse range of topics reflecting community members’varying needs and concerns of individuals
affected by AD/ADRD. These themes encapsulate the primary discussions within the online communities: memory care, nursing
and caregiving, gratitude and acknowledgment, and legal and financial considerations. Our findings indicated a higher prevalence
of IS compared to ES. Regression models revealed that ES primarily occurs in posts relating to nursing and caring, and IS primarily
occurs in posts concerning medical conditions and diagnosis, legal and financial, and caregiving at home.

Conclusions: This study reveals that online communities dedicated to AD/ADRD support engage in discussions on a wide
range of topics, such as memory care, nursing, caregiving, and legal and financial challenges. The findings shed light on the key
pain points and concerns faced by individuals managing AD/ADRD in their households, revealing how they leverage online
platforms for guidance and support. These insights underscore the need for targeted institutional and social interventions to address
the specific needs of AD/ADRD patients, caregivers, and other family members.

(JMIR Aging 2025;8:e68890)   doi:10.2196/68890
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Introduction

Alzheimer disease and related dementias (AD/ADRD) consist
of neurodegenerative conditions characterized by cognitive
impairment, memory loss, and executive function decline [1].
Over 6 million individuals in the United States grapple with the
challenges imposed by AD/ADRD [2], signaling a substantial
and escalating public health concern, and underscoring the
urgent need for comprehensive understanding and intervention.
However, despite the existence of available resources, the
long-term services and support for people with AD/ADRD
exhibit inconsistencies within the existing health care system
[3,4]. People with AD/ADRD and their caregivers often perceive
interactions with others as reflective of patient infantilization
and a lack of sensitivity and respect [5]. They frequently
encounter added challenges, encompassing mental health issues,
social exclusion, and instances of discrimination [6,7]. In fact,
if caregivers’ concerns are overlooked, it may accelerate
cognitive decline in individuals with AD/ADRD [8].

As technology gets more integrated into our lives and society,
previous research has also noted the use of technology by
AD/ADRD individuals and their caregivers [9]. Research
highlights the significance of acknowledging and addressing
the technology requirements and acceptance within AD/ADRD
care [10]. However, more emphasis is placed on incorporating
technology into AD/ADRD care, with the objective of improving
the user experience to assist both patients and caregivers in
managing daily life and monitoring their health status on a
regular basis. A significant concern among AD/ADRD
caregivers, however, remains the limited availability of adequate
support systems at both institutional and social levels [11,12].
With the ubiquity of the internet, more individuals are turning
to online spaces to seek information, discuss challenges, and
share personal experiences. In particular, online communities
are spaces that enhance a sense of belonging by connecting
individuals with similar experiences. These online communities
enable individuals to candidly self-disclose their concerns and
seek support from others [13-20]. Previous work also noted
how these online platforms could play a role in shaping the
experiences of those living with progressive AD/ADRD [21-23].
These online support communities are very much in line with
the social support behavioral theory (SSBC) that identifies the
interactions intended to provide social support toward helping
individuals cope with stress, enhance well-being, and foster
positive relationships [24]. Nonetheless, social expectations and
requirements in these online communities are largely unknown.
Such knowledge would not only enhance our understanding of
how the needs and concerns of AD/ADRD individuals and
caregivers evolve over time but also help inform the design of
targeted online interventions to address these needs.

This study aims to explore the needs and concerns of members
within online communities on AD/ADRD, as well as the social
support they actively provide and seek. To avoid any biases
embedded within specific communities, we examined 2 distinct
online communities—r/Alzheimers on Reddit and

AlzConnected—dedicated discussion forums for AD/ADRD.
Our study is guided by the following research questions (RQs):
(1) RQ1: What are the needs and concerns people discuss in
online AD/ADRD communities? (2) RQ2: What is the
prevalence and distribution of social support across various
needs and concerns, and how are different types of needs
associated with the types of support received?

Methods

Data
We sourced our data from 2 distinct online AD/ADRD
communities—r/Alzheimers on Reddit and AlzConnected,
which we describe below:

Reddit
Reddit is a widely used semianonymous online platform that
houses a network of over 52 million active users and 100
thousand active online communities. These communities are
called “subreddits,”—each offering demographic, topical, or
interest-specific discussion boards. The semianonymity of
Reddit is known to enable candid self-disclosure and seek social
support on stigmatized and sensitive topics [13,25,26], including
discussions related to AD/ADRD [22,23,27].

We used Reddit’s search feature to look up subreddits related
to AD/ADRD, and 2 of the largest subreddits returned were
r/AlzheimersGroup (over 117 thousand members) and
r/Alzheimers (over 13 thousand members). We then conducted
sanity checks to understand the content of these subreddits.
These investigations revealed that r/AlzheimersGroup was a
community centered on humor and sarcasm, where people
predominantly pretended to have forgetfulness and shared
memes and cartoon references to Garfield [28].
r/AlzheimersGroup also self-describes that “Serious discussion
belongs in r/Alzheimers,” Therefore, we omitted
r/AlzheimersGroup from our ensuing analyses. The r/Alzheimers
subreddit consisted of discussions where people shared troubles
and provided social support on AD/ADRD. We collected all
the posts and comments data from this subreddit—1000 posts
and 12,429 comments between July 2014 and November 2023.

AlzConnected
AlzConnected is another freely accessible website
(alzconnected.org) consisting of discussion boards dedicated
to AD/ADRD patients and their caregivers. Although a more
recent online community, it has already grown a significant user
base and is supported by the Alzheimer Association (alz.org).
Here, community members express AD/ADRD-related concerns
and provide and seek support from one another. This community
has multiple thematic discussion boards—(1) living with
AD/ADRD, further broken down into “I am living with
Alzheimer or other dementia and I am living with younger-onset
Alzheimer,” and (2) Supporting someone living with
AD/ADRD, further broken down into, “I am a caregiver (general
topics), caring for a spouse or partner, caring for a parent, caring
long distance, and supporting those who have lost someone.”

JMIR Aging 2025 | vol. 8 | e68890 | p.760https://aging.jmir.org/2025/1/e68890
(page number not for citation purposes)

Kaliappan et alJMIR AGING

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


We adopted web scraping approaches to collect the entire data
from ALZConnected amounting to 10,328 posts and 79,785

comments from the community between December 2020
(earliest post in the community) and November 2023.

Table 1 summarizes our dataset from the 2 online communities.

Table 1. Summary of dataset from online communities catering to discussions on AD/ADRDa.

Number of commentsNumber of postsCommunity

12,4291000r/Alzheimers

79,78510,328ALZConnected

aAD/ADRD: Alzheimer disease and related dementias.

Analyzing the Needs and Concerns
Toward answering RQ1, we conducted unsupervised topic
modeling followed by human annotation to obtain the needs
and concerns expressed by members of AD/ADRD online
communities.

Topic Modeling and Thematic Analysis
We started by examining the content of posts and comments in
r/Alzheimers and AlzConnected to gain insights into the
prevalent needs and concerns discussed within AD/ADRD
online communities.

Building a Topic Model
Topic modeling techniques have been adopted to analyze and
identify key themes within social media discourse [29-32]
including AD/ADRD-related discussions [22,23]. We built topic
models on our entire dataset (posts and comments) by using
latent Dirichlet allocation (LDA) [33], an unsupervised machine
learning algorithm widely used for analyzing corpora. LDA
generates latent topic distributions, making it a valuable tool
for analyzing large, unlabeled document collections and their
clustering into distinct groups based on common themes. LDA

has been heavily leveraged in previous work on social media
language analysis [29,30]. After tokenization, stop word
removal, and adding n-grams (n=2,3), we created bag-of-words
representations of the dataset.

Determining the Optimal Number of Topics
Given that LDA does not automatically determine the optimal
number of topics, we adopted a semiautomated approach,
motivated by previous work [22,30,31]. For this, we first used
the coherence score as a metric to assess the model fit, varying
the number of topics. The coherence score evaluates the
tendency of words within a topic to co-occur and correlates well
with topic modeling quality [34]. Then, we hand-selected a few
topic models that occurred in the zone of highest coherence
scores. Two coauthors manually evaluated the quality of these
different topic models in terms of assessing the between-topic
heterogeneity and within-topic homogeneity of words to narrow
down the best topic model for our ensuing analyses.

We computed the coherence score for our 3 preprocessed
corpora, varying the number of topics (k) from 5 to 50 (refer to
Figure 1). We found the highest coherence at k=7. Consequently,
we manually evaluated the quality of the topic modeling for
k=5, k=7, and k=10.

Figure 1. Coherence values over varying number of topics in the LDA (latent Dirichlet allocation) topic model.

Labeling the Topics
The above steps yielded topical clusters, each of which
contained clusters of keywords. We adopted a thematic analysis
approach to label each topical cluster in a meaningful and

interpretable way. The thematic analysis was conducted by 2
authors, familiar with social media analysis and AD/ADRD
literature. They adopted an inductive coding approach to first
independently code the topics based on the cluster of keywords,
referencing sample posts corresponding to each topic. Then,
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the authors engaged in collaborative discussions, comparing
their codes, and gradually converging on cohesive thematic
labels. This meticulous process ensured a nuanced and
comprehensive analysis of the data. We found that the topic
modeling with k=7 yielded the best results in terms of coherency
within topics and boundaries between topics.

Classifying Support and Examining Supportive
Expressions
Toward answering RQ2, we analyzed the responses within the
online communities to examine the nature and forms of social
support provided. This section details our methodology for
categorizing these responses into distinct subcategories and
contrasts the patterns of support provision within the Alzheimer
community against those observed in a broader user
demographic.

Classifying Support Expressions

Overview
The role of social support is essential in assisting individuals
in managing psychological distress and various life adversities
[35]. The emergence of social media platforms and virtual
communities has led to the digital transposition of traditional
social support mechanisms [13,36]. Specifically, online forums
such as Reddit have increasingly mirrored the characteristics
of virtual support groups, providing a platform for communal
interaction and aid. The SSBC schema [37] offers a structured
approach for classifying various types of support. Within this
framework, informational support (IS) and emotional support
(ES) emerge as 2 pivotal categories. Notably, these forms of
support have garnered significant theoretical and empirical
interest within social computing, as documented in various
studies [20,38-43]. ES encompasses actions that provide
encouragement, empathy, or care, whereas IS consists of
assistance involving advice, information, or knowledge [37].

These 2 forms of support are particularly dominant in online
interactions, as they can be effectively conveyed through text,
making them well-suited for digital environments where
individuals seek both guidance and emotional reassurance.

We categorized support offered in comments into ES and IS
across both Reddit and ALZConnected datasets. To achieve
this, we used a transfer learning methodology, a process wherein
a machine learning classifier is developed by transferring
insights from one labeled dataset to another unlabeled dataset
with similar characteristics [44]. Specifically, we used a labeled
Reddit dataset, previously expert-annotated with ES and IS
labels on 396 comments collected from 55 mental health-related
subreddits on Reddit [40]. This served as the seed dataset to
train our classifiers. In addition, we manually labeled the ES
and IS of 100 comments from AlzConnected and 100 comments
from r/Alzheimers datasets and added these to the training
datasets of the support classifiers. Our initial classifier was a
supervised learning classifier for ES and IS, using n-grams (with
n=1,2) as features in alignment with methodologies outlined in
previous research [39-41]. We adopted a k-fold cross-validation
(k=10) approach for evaluating our models.

We used a range of classification algorithms, including naive
Bayes, logistic regression, support vector machine (SVM),
random forest, and neural network. Among these, the Linear
SVM model demonstrated the best performance, achieving a
mean area under the curve of 0.84 for ES and 0.87 for IS (refer
t o  Ta b l e  2 ) .  F i g u r e  2 p r o v i d e s  t h e
receiver-operating-characteristic area-under-curve plot for the
classifiers used in identifying support types. We use the linear
SVM model for our ensuing analyses. For the ES classifier, the
predominant features include: “good,” “sorry,” “right,” “dont,”
“going,” “people,” “get,” “life,” “im,” and “feel.” In contrast,
the IS classifier highlighted features such as: “help,” “might,”
“thing,” “go,” “think,” “try,” “get,” “see,” “probably,” and
“doesnt.”

Table 2. Performance metrics of machine learning models of social support classifiers.

Informational supportEmotional supportModel

Area under
the curve

RecallPrecisionArea under
the curve

RecallPrecision

0.760.660.670.800.580.70Naive Bayes

0.810.760.750.760.690.73Logistic regression

0.830.730.730.800.740.74Support vector machine

0.750.660.670.750.540.68Random forest

0.770.650.700.790.680.71Neural network

After adding augmented labeled data from AD/ADRDa communities

0.800.760.740.770.720.74Logistic regression

0.870.780.770.830.760.75Support vector machine

aAD/ADRD: Alzheimer disease and related dementias.
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Figure 2. Receiver-operating-characteristic area-under-curve plot of the emotional and informational support classifiers. ES: emotional support; IS:
informational support.

To validate the applicability and relevance of the model, we
applied transfer-based learning to the classifiers within our
dataset. We conducted a manual validation on a randomly
selected subset of 100 comments. This process involved 2
independent annotators classifying each reply for ES and IS.
Discrepancies in annotations were resolved through the
intervention of a third adjudicator. Further, we compared these
manual annotations with the predictions made by the machine
learning classifiers. The comparison resulted in an F1-score of

0.76 for ES, characterized by a precision of 0.74 and accuracy
of 0.76, and an F1-score of 0.77 for IS, precision of 0.77, and
accuracy of 0.77, which is an increase from the initial classifier.
Given these results, we consider the classifier’s performance
satisfactory for further analysis. It is important to note that in
our classification, ES and IS are not mutually exclusive
categories; a single comment may be either both, or neither
forms of support. Table 3 shows some example comments in
our dataset with labels of ES and IS.

Table 3. Example comments and support labels with emotional and informational support (each comment may be either both, or neither forms of
support).

Information-
al support

Emotional
support

Example comment

x✓Just as a note, when my Uncle passed away, I still remember him as the strong figure versus any thoughts of his
Alzheimer. Man, my condolences and it’s more of a blessing for him and your family for the rapid decline.

✓xLumbar punctures are great and the data is very solid in the ability to diagnose ADa. However, LPs can be lengthy (and
therefore expensive) procedures and are generally viewed as invasive by the general population. A blood test such as
this would highly impact our ability to screen people more quickly for drug trials :)

✓✓Sometimes you just have to chuckle. I just received yet another call from my person with dementia telling me they
needed someone to fix their phone. The same phone they made a call with. And we live over three hours away.

xxThis feels like a lecture, which is not what I need right now. No reply is necessary.

aAD: Alzheimer disease.

Associating the Relationship Between Topics of Concern
and Support Received
To assess the support associated with each topic, we used linear
regression models to predict the likelihood of receiving different
types of support. We built separate models for ES and IS. Each
model was designed to predict the probability of receiving a
specific type of support based on the topic being discussed. So,
we used the topics in the posts’content as independent variables,
and the received support as the dependent variable. Essentially,
by examining ordinary least squares regression models, we
aimed to understand how different topics are associated with
the probability of receiving a type of support. This approach
allowed us to quantify the relationship between topics and the

support they generate, providing valuable insights into the
dynamics of support within the community.

Ethical Considerations
This project used publicly available data from online
communities, and did not involve any direct interaction with
human subject participants. Therefore, this research did not
require ethics board approval. However, we are committed to
the ethics of the research and followed practices to secure the
privacy of the individuals in our dataset. We recognize the
sensitivities of our study in terms of revealing the identities of
the individuals, and thus deidentified all collected data. This
paper only presents paraphrased quotes to reduce traceability
while providing necessary context.

JMIR Aging 2025 | vol. 8 | e68890 | p.763https://aging.jmir.org/2025/1/e68890
(page number not for citation purposes)

Kaliappan et alJMIR AGING

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


Results

RQ1: Themes of Needs and Concerns in Online
Communities
We now describe the findings from our topic modeling followed
by thematic analyses. Table 4 shows the 7 topics and relevant

thematic analysis derived through LDA topic modeling. These
topics serve as the primary themes, summarizing the needs and
concerns of members within the AD/ADRD online communities.
Figure 3 shows the overall distribution of topical occurrences
in the 2 datasets, showing that the topics appear similarly on
both platforms.

Figure 3. Distribution of topics as a percentage of posts on r/Alzheimers and ALZConnected.

We describe these topical themes as: First, the topics reveal
diversity in community members’ needs based on relationships
with patients experiencing AD/ADRD. We find that several
topics, such as memory care support, nursing for a spouse, caring
for patients, and caregiving at home are linked to informal
caregivers, such as patients’ spouses, children, and close family
members, along with professional caregivers providing in-home
assistance. This reveals that community members with different
roles may encounter various concerns and needs.

We find a substantial amount of content focusing on memory
care, particularly about early onset patients with AD/ADRD,
with words like “memory care” and “assisted living facility”
(Topic 1, 5, and 7). In general, memory loss is a common
symptom of AD/ADRD [45]. Memory care is frequently
observed as dedicated and free-standing memory care living
spaces within assisted living communities or integrated into life
care communities [46]. Individuals also discuss how to choose
an assisted living home with a memory care unit for patients
and issues encountered in memory care units. One individual
posted in r/Alzheimers to seek suggestions:

Hello everyone, could we discuss the options for
finding an assisted living facility with memory care?
My wife has Early-onset Alzheimer, and she is 57.

We also find members who are early-stage patients looking for
advice to plan the future and are gaining insight into experience
within the memory care unit. An early onset patient posted:

Next week, I plan to visit an assisted living home with
a memory care unit. My doctor has advised me to
begin preparing for my future no matter what I can.

AD/ADRD leads to a progressive decline in the capacity to
perform daily living activities [47]. We found extensive
discussions related to nursing and care, with the majority
originating from caregivers and patients’ family members (Topic
2, 5, and 7). Some content involves sharing AD/ADRD-related
books and information. Within these posts, members recommend
or summarize useful knowledge in a comprehensive way, and
they are enthusiastic about discussing it with others. For
instance, one caregiver posted their thoughts on the
recommended book, “I recommend giving this book a read.
Feel free to share your thoughts with me if you explore it.” Also,
a significant amount of content revolves around the sharing of
experiences and challenges. Some members shared experiences
when they felt happy in a largely challenging journey of
caregiving for their family members with Alzheimer. For
instance, a member wrote;

He didn’t know who I was, but he got very excited
that I helped him make handprint art to take to his 2
daughters and 3 granddaughters. He may not
recognize me, but things like this show me the love is
still there. Feeling blessed.
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Table 4. Topic themes with representative keywords and example posts.

Example postTopic keywords

Is there anyone willing to share their expe-
rience of placing their loved one into a
memory care unit?

care, facility, memory, memory care, wife,
home, living, darling, dear darling, dear,
darling wife, dear darling wife, assisted,
assisted living, nursing, staff, significant,
living facility, assisted living facility, and
room

Topic 1: Memory care and assisted living

If I get COVID, would my wife have to be
placed in a nursing home? What actions
should I do in such a situation?

significant, director, director nursing, nurs-
ing, just, husband, know, dear, time, like,
day, good, dear husband, think, sorry, hope,
things, did, going, and got

Topic 2: Nursing for spouse

What support or resources are available
for people in the MCI stage who may be
unaware of it? I'm asking because my
younger sister has been diagnosed with
early-onset Alzheimer.

years, alzheimer, disease, husband, ago,
alzheimer disease, significant, diagnosed,
year, just, stage, diagnosis, early, time, years
agodementia, months, know, care, and
memory

Topic 3: Medical condition and diagnosis

I'd like to thank those who recommended
getting an electronic pet for a loved one
with Alzheimer. I bought one for my grand-
ma. She absolutely loves it!

significant, thank, dementia, good, hospice,
help, loved, support, meds, know, doctor,
thanks, best, sorry, disease, helpful, forum,
new, and information

Topic 4: Acknowledgment and gratitude

I am an only daughter and I have taken on
the responsibility of caring for my mother
who received a diagnosis of Alzheimer and
vascular dementia for 2 years.

mom, just, significant, like, time, help,
know, mother, things, home, going, day,
really, think, doesn, house, need, feel, dad,
and tell

Topic 5: Caring for parents

My husband was just diagnosed with
younger onset Alzheimer. We are in search
of an elder care lawyer in the Naperville or
surrounding area to assist us with financial
planning.

attorney, husband, dear husband, care, dear,
power, power of attorney, need, law, Medi-
caid, significant, help, elder law, money,
long, state, law attorney, elder law attorney,
and pay

Topic 6: Legal and financial matters

I have taken on the role of a “mom” for my
mom; she relies on me for all her necessi-
ties, and needs, or just for chat. I’m only
20. I wish to live my own life. However,
guilt keeps me at home, and I'm concerned
that moving out might intensify it. Please
tell me what to do.

dementia, dad, person, mom, family, care,
make, person dementia, people, like, time,
life, significant, need, help, things, think,
caregiver, nursing, and home

Topic 7: Caregiving at home

Some members place individuals with AD/ADRD in skilled
nursing homes, while others serve as caregivers at home, leading
to varying sets of issues. Some common concerns in nursing
homes are the occurrence of living issues faced by patients
residing in facilities, inappropriate interactions among patients,
and instances where patients get expelled from the nursing
facility and sent back home. We also found an instance where
the patient required hearing aids, but the care provided by
nursing facilities was not satisfactory. Consequently, a member
posted:

Regrettably, there are many instances where the thing
is either not carried out properly or not done at all.
During my visits, I’ve observed that there are times
when she has the hearing aids in, but they are
non-functional.

In-home caregivers share the fatigue and strain arising from
family relationships, as well as the distress of balancing their
own lives with caregiving responsibilities. One member posted
about being the sole caregiver without other siblings’assistance.
They wrote, seeking advice:

I have a full-time job and my own family. I find myself
in need of a break, and I’m hesitant to consider
placing her in a nursing home. I’m concerned that
the unfamiliar environment might exacerbate her
dementia.

Community members also expressed gratitude, encouragement,
and acknowledgment. Members within online AD/ADRD
communities can communicate about specific health-related
topics, often finding online support a welcoming and
comfortable venue for discussing sensitive issues [48]. Part of
this involves mutual support and appreciation among community
members, often occurring when someone shares their story or
receives help and support from other members. Notably, posts
and comments of this nature are typically longer and more
detailed, prompting many individuals to express gratitude at
the end, thanking others for taking the time to read their detailed
posts. For instance, a member on r/Alzheimers, after venting
about the challenges of being a caregiver, expressed:

Thanks for the opportunity to share my thoughts right
here. I’ll read your many posts before mine and offer
my opinions and encouragement.
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Individuals also express gratitude not only directed toward other
community members but also between caregivers and patients.
Following the death of a loved one, members grieved recalling
their shared past, the challenges of life, and caregiving after the
diagnosis, such as, “I am thankful that his suffering finally ends.
He is with my mom now in heaven.” Furthermore, when
reminiscing about early shared experiences, members often
express gratitude and love for the individuals with AD/ADRD,
such as, “Reflecting on the cherished moments we shared brings
me joy, and I am grateful for the knowledge he imparted to me.”

Finally, we also observed concerns related to legal and financial
matters. Many of these concerns come from family members
of individuals with AD/ADRD. With the progression of
AD/ADRD, patients require increasing levels of care and
assistance, leading to legal issues such as establishing
guardianship or power of attorney (POA). Besides, financial
concerns are a widely discussed topic in the communities,
covering aspects such as handling patient’s assets, as well as
the costs associated with caregiving and treatment. For example,
a member posted to seek advice from the community:

Her funds is running down. We still hope that we can
place her in a nursing facility after her funds are used

up by the memory care (MC) facility. I need to know
if there is any assistance available to support her
continued stay in MC.

RQ2: Social Support in Online AD/ADRD
Communities

Distribution of ES and IS
We first examined how ES and IS are distributed in our datasets.
We observe similar trends in the distribution of support in both
communities—on average, IS is 6% more prevalent in
r/Alzheimers and 10% more prevalent in AlzConnected than
ES in respective communities. Figure 4 shows the overall
distribution of ES and IS in the 2 datasets.

As previously noted, we obtained the topics on the posts and
the support received in the comments to the posts. We break
this down into the topics of the posts, and Figure 5 shows the
distribution of ES and IS in the comments to the posts of varying
topics in the 2 datasets.

Both Figures 4 and 5 also show independent sample t tests
between the occurrences of ES and IS. For each topical theme,
we note statistically significant differences in occurrences of
the 2 types of support.

Figure 4. Distribution of ES and IS to posts on r/Alzheimers and ALZConnected.
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Figure 5. Distribution of emotional and IS in comments to posts with varying topics on (A) r/Alzheimers and (B) ALZConnected.

Regression Models for Predicting Support
To further analyze how support was provided corresponding to
each topic, we built regression models. For each of our datasets
(r/Alzheimers and AlzConnected), we built 2 models, 1 with
IS as the dependent variable and another with ES as the
dependent variable. Both of the models had all the topic

occurrences as independent variables. Essentially, these models
examined the likelihood of receiving ES and IS for each topic.

Table 5 shows the coefficients of the independent variables
(topics) for ES and IS across the 2 datasets of r/Alzheimers and
AlzConnected. All of these models show a significant

goodness-of-fit (R2). These coefficients signal the likelihood of
receiving the respective support in the community. We describe
our observations below.

Table 5. Coefficients of linear regression models with the topics of posts as independent variables and support (emotional and informational) responses
as dependent variables.

Dependent variables, coefficientIndependent variables

Informational supportEmotional support

ALZConnectedr/AlzheimersALZConnectedr/Alzheimers

0.027a–0.008a3.00E-04–3.00E-04Intercept

0.258a0.191a0.012b0.014Memory care

0.013a0.066a0.079a0.016bNursing for spouse

0.164a0.182a0.067a0.048aMedical condition

0.034a0.038a0.058a0.041aAcknowledgment and gratitude

0.048a0.031a0.089a0.014cCaring for parents

0.13a0.088a0.075a0.056aLegal and financial

0.129a0.055a0.038a0.035aCaregiving at home

0.294a0.260a0.144a0.777aR 2

aP<.001.
bP<.01.
cP<.05.

ES Posts and Topics
For both r/Alzheimers and AlzConnected, we find that topics
relating to nursing and caring, such as “Nursing for Spouse,”
“Caring for Parents,” and “Caregiving at Home” show high
positive coefficients with statistical significance, that is, posts
with these topics are likely to receive ES. Further, topics that

are seemingly about informational content, such as “Legal and
Financial” and “Medical Conditions and Diagnosis” also receive
ES.

For instance, an individual self-disclosed their stress about the
fact that their mom changed a POA and was in complete denial
of her symptoms:
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I believe my mom just changed her POA and took me
completely off. Her husband is covering for her and
is in complete denial about her diagnosis. [..] She is
clearly paranoid and delusional. I will consult with
an elder care attorney soon. Any other advice? She
blames me for her driver’s license getting taken away.
I am the only family member in the state. Neither she
nor her husband are capable of overseeing her
medical care. [..] I am very stressed about this
situation. Thank you for any thoughts.

IS Posts and Topics
For both r/Alzheimers and AlzConnected, posts relating to
“Memory Care Support,” “Medical Condition and Diagnosis,”
“Legal and Financial,” and “Caregiving at Home” show high
positive coefficients with statistical significance. Interestingly,
posts relating to “Nursing for Spouse” and “Caring for Parents,”
which occurred high for ES, are also likely to receive IS. For
instance, an individual who described their situation, also asked,
“How are folks keeping their careers while helping to care for
a parent?”

Discussion

Principal Results
This study sheds light on the complex needs of individuals
dealing with AD/ADRD as patients, caregivers, family members,
and loved ones. Our analyses revealed seven primary topical
themes—(1) memory care and assisted living, (2) nursing for
a spouse, (3) medical condition and diagnosis, (4)
acknowledgment and gratitude, (5) caring for parents, (6) legal
and financial aspects, and (7) caregiving at home. We found
that IS was more prevalently provided than ES across both
platforms. In particular, ES was predominantly found in posts
related to nursing and caregiving, suggesting that caregivers
turn to these communities to cope with the emotional burdens
associated with their roles. In addition, IS was more frequently
associated with concerns about medical conditions, legal and
financial issues, and caregiving at home, indicating a demand
for practical advice and resources in managing the complexities
of AD/ADRD.

These findings highlight the critical role that online communities
play in supplementing the support networks of AD/ADRD
caregivers and family members. Many caregivers face
challenges in accessing adequate in-person support due to
stigma, social isolation, or lack of resources, making online
platforms an important alternative for both emotional validation
and practical advice—as also noted in the case of other
stigmatized mental health [13,38-41,49] and health conditions
(such as cancer [17,19,20] and HIV [50]). The predominance
of IS suggests that individuals seek concrete advice to manage
the daily realities of caregiving, including navigating health
care systems, legal documentation, and financial planning. This
aligns with previous research indicating that caregivers often
experience a steep learning curve when managing AD/ADRD,
requiring access to timely and accurate information [51,52].
Furthermore, the need for ES around nursing and caregiving
emphasizes the significant emotional and psychological toll on
caregivers [53]. These findings underscore the importance of

community support in mitigating mental health issues such as
feelings of burnout, stress, and isolation—some of the major
concerns experienced by AD/ADRD caregivers [54]. We also
noted expressions of gratitude and acknowledgment within these
communities, which may indicate a sense of belonging and
solidarity among the members of online communities, especially
among caregivers to help boost their resilience and sustain their
caregiving roles over the long term. Therefore, fostering these
online communities can be a low-cost and scalable way to
address caregiver burnout, which is a critical issue given the
growing aging population and the increasing prevalence of
AD/ADRD.

Our study also bears important implications for health care
practitioners, policy makers, and support organizations. First,
online communities provide empirical insights into the plausible
gaps in accessible resources for caregivers. For instance,
institutional support from governmental policies, health care
systems, and AD/ADRD care organizations can leverage online
platforms to identify the needs. Further, these platforms can be
used to disseminate accurate and specific information tailored
to the needs of the caregivers, potentially reducing the burden
on healthcare professionals and improving caregiver confidence
in managing AD/ADRD-related challenges. In addition, these
platforms can be integrated into existing health care support
structures and information.

Health care systems and AD care organizations could leverage
online platforms to disseminate accurate, easily digestible
information tailored to the needs of caregivers, potentially
reducing the burden on health care professionals and improving
caregiver confidence in managing AD/ADRD-related
challenges. In addition, these platforms could be integrated into
existing health care support structures, allowing caregivers to
receive timely advice from health care professionals, thus
improving patient outcomes. From a policy perspective, there
is a need to enhance public health initiatives that support
caregivers, especially in terms of financial planning and legal
guidance, which was one of the major topics of discussion.

Policy makers could consider developing targeted programs
that address these specific needs, such as offering workshops
on financial planning for families affected by AD/ADRD or
increasing access to legal assistance. Moreover, expanding
caregiver support programs, including respite care and mental
health services, could alleviate the emotional burden as
prevalently discussed in the online communities. For technology
designers and developers, our study suggests opportunities to
enhance digital tools aimed at supporting caregivers. In
particular, with the increasing prevalence of using artificial
intelligence (AI) in different sectors, platforms can also
incorporate AI-driven recommendation systems to provide
personalized resources based on each individual’s specific
question or concern. In addition, integrating mental health
support tools, such as access to counseling services or peer
support groups within these online communities, could further
enhance the mental well-being of caregivers.

Limitations
Our study has limitations which also suggest interesting future
research directions. Although adopting computational
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approaches enabled our exploration of the depth and breadth of
support dynamics across various topics, our findings are not
necessarily generalizable to the broader population or other
contexts beyond the online communities analyzed. As noted in
Figure 3, although both communities follow the trend of having
more IS posts than ES, the overall level of engagement across
the 2 communities is not the same. In particular, our study is
inherently limited by self-selection bias, as we only study
individuals who actively chose to post and engage in these
online communities. This means that our findings may
disproportionately reflect the experiences of individuals who
are more active on social media and are motivated and willing
to share publicly on these platforms. In addition, this study does
not capture the perspectives of passive users who browse forums
for information without directly participating, which may
exclude a significant portion of the online communities.
Furthermore, digital inequity presents another challenge. Not
all individuals have equal access to digital platforms, reliable
internet, or the necessary skills to engage effectively online.
This disparity can exclude voices from socioeconomically
disadvantaged or digitally marginalized groups, leading to a
biased understanding of support dynamics in online
communities.

Accordingly, future research should explore strategies to
mitigate these limitations by examining the representativeness
of the user base and incorporating voices from underrepresented
groups. For example, comparing findings from active
participants with those of passive users or supplementing online
data with offline sources could provide a more comprehensive
view of support mechanisms. In addition, understanding how
users of online support communities differ from those who
might use AI-driven tools for AD/ADRD management is critical.
Exploring the overlap and divergence between these groups
will help inform the design of inclusive and effective digital
interventions. Finally, the emergence of generative AI and large
language models has enabled the development of personalized
assistants and chatbots [55,56]. It would be interesting to
examine how these AI chatbots respond to people’s queries on
AD/ADRD and how effective they are compared to online
communities.

Comparison With Previous Work
Previous research has highlighted the significant burden imposed
by AD/ADRD on patients, caregivers, and health care systems
[54,57,58]. These caregivers often face stigma due to societal
misconceptions about caregiving, which can result in judgment
and disapproval, further intensifying their feelings of isolation
and stress [59,60]. The growing demand for caregiving support
due to the neurodegenerative progression of AD/ADRD
necessitates increased levels of care over time that by 2030, an
additional 1.2 million direct care workers will be required in
the United States to address the rising needs of this population,
pointing to a substantial gap in the current AD/ADRD caregiving
infrastructure [2]. Our findings offer empirical evidence on the
specific needs and concerns of individuals affected by
AD/ADRD as they seek and exchange support within online
communities.

Prior research has also underscored the psychosocial burdens
faced by AD/ADRD caregivers, including feelings of
marginalization and neglect of well-being [60,61]. A total of
69% of caregivers experience moderate to severe levels of
caregiving burden, with the severity of the patient’s condition
significantly impacting their stress levels [62]. Our study
expands on this by underlining the specific concerns expressed
in online communities and revealing that discussions frequently
center on memory care, nursing, caregiving challenges, and
legal and financial issues. This suggests that caregivers seek
both practical advice as well as ES to manage the complexities
of their roles.

A notable contribution of our research is its focus on the role
of online platforms as a source of support for AD/ADRD
caregivers. Previous studies have acknowledged the use of
digital tools among caregivers [63] and highlighted a disconnect
between the availability of digital support and the recognition
of caregiving efforts within social circles [64]. Our findings on
the major concerns and needs—as identified by topic
modeling—also align with recent computational and qualitative
analyses of Reddit and other online communities for AD/ADRD
caregivers, which have identified similar themes, including
ES-seeking, decision-making about care facilities, and
management of behavioral symptoms [23,27]. Therefore, the
integration of individuals with AD/ADRD and caregivers’needs
into the development of health and wellbeing technologies is
necessary for future design [9,64]. Our study contributes to the
recent body of work on the role of technologies in supporting
caregivers—Bhat et al [65] emphasized the crucial role of
caregiver-focused technological supports, and Kim et al [66]
highlighted the need for tailored support strategies caregivers
need during different phases of challenging behavioral episodes,
and Meyerhoff et al [67] stressed the importance of
user-centered digital mental health tools that adapt to individual
needs.

The high prevalence of IS identified in our study aligns with
existing literature that suggests caregivers often turn to digital
platforms to fill gaps in health care services, particularly due
to inconsistent coordination of long-term care [4]. The
distribution of ES and IS across topics highlights a nuanced
understanding of how caregivers use online communities to
address specific facets of the caregiving experience. Aligning
with how previous work focused on the use of technology for
caregiving support [3,4], our study revealed the unique dynamics
of social media as a tool for fostering a sense of belonging,
solidarity, and social support among AD/ADRD caregivers.
These observations align with findings from studies by Rains
et al [68] and Naslund et al [69], who noted that individuals
often leverage online spaces to combat loneliness and build
supportive relationships. Together, our study builds upon the
foundation laid by the SSBC, which categorizes support into 5
types—informational, emotional, esteem, tangible, and social
network support [24]. Although this study focused specifically
on ES and IS, we observed overlaps with other forms of support
as well.
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Conclusions
This study reveals that online communities centered on
AD/ADRD engage in extensive discussions on a diverse array
of topics. These topics include memory care strategies, nursing
and caregiving practices, as well as legal, financial, and
emotional challenges associated with managing the disease.
The findings highlight not only the primary concerns and pain
points experienced by caregivers and families who manage
AD/ADRD in their homes but also the critical role online
platforms play in providing them with a sense of community,
practical advice, and ES. By analyzing these discussions, the
study identifies how individuals affected by AD/ADRD turn to
online communities to share personal experiences, seek solutions
to caregiving dilemmas, and obtain validation and reassurance

from others who are navigating similar challenges. These online
interactions can alleviate feelings of isolation, foster a
collaborative environment for exchanging best practices, and
serve as an essential resource for information and guidance.
Our findings underscore the urgent need for targeted institutional
and social interventions that address the nuanced and evolving
needs of AD/ADRD patients, their caregivers, and their families.
These interventions could include enhanced support services,
caregiver education programs, and accessible mental health
resources that are tailored to the specific challenges highlighted
in these online discussions. By recognizing and addressing these
needs, stakeholders can improve the quality of life for both
patients and caregivers, ultimately contributing to a more
supportive and inclusive environment for those affected by
AD/ADRD.

 

Conflicts of Interest
None declared.

References
1. Montenegro JMF. Alzheimer's disease diagnosis based on cognitive methods in virtual environments and emotions analysis.

arXiv:1810.10941 2018.
2. NA. 2023 alzheimer's disease facts and figures. Alzheimers Dement 2023;19(4):1598-1695. [doi: 10.1002/alz.13016]

[Medline: 36918389]
3. Rosebush CE, Stabler H, Nkimbeng M, Louwagie K, Fields NL, Jutkowitz E, et al. The porchlight project: A pilot study

to adapt the senior companion program to enhance memory care services and supports. Gerontol Geriatr Med
2021;7:23337214211017651 [FREE Full text] [doi: 10.1177/23337214211017651] [Medline: 34036120]

4. Borson S, Chodosh J. Developing dementia-capable health care systems: a 12-step program. Clin Geriatr Med
2014;30(3):395-420. [doi: 10.1016/j.cger.2014.05.001] [Medline: 25037288]

5. Farhana N, Peckham A, Marani H, Roerig M, Marchildon G. The social construction of dementia: implications for healthcare
experiences of caregivers and people living with dementia. J Patient Exp 2023;10:23743735231211066 [FREE Full text]
[doi: 10.1177/23743735231211066] [Medline: 38026064]

6. Klimova B, Maresova P, Valis M, Hort J, Kuca K. Alzheimer's disease and language impairments: social intervention and
medical treatment. Clin Interv Aging 2015;10:1401-1407 [FREE Full text] [doi: 10.2147/CIA.S89714] [Medline: 26346123]

7. El Haj M, Jardri R, Larøi F, Antoine P. Hallucinations, loneliness, and social isolation in alzheimer's disease. Cogn
Neuropsychiatry 2016;21(1):1-13. [doi: 10.1080/13546805.2015.1121139] [Medline: 26740416]

8. Sun Y, Ji M, Leng M, Li X, Zhang X, Wang Z. Comparative efficacy of 11 non-pharmacological interventions on depression,
anxiety, quality of life, and caregiver burden for informal caregivers of people with dementia: A systematic review and
network meta-analysis. Int J Nurs Stud 2022;129:104204. [doi: 10.1016/j.ijnurstu.2022.104204] [Medline: 35247788]

9. Meiland F, Innes A, Mountain G, Robinson L, van der Roest H, García-Casal JA, et al. Technologies to support
community-dwelling persons with dementia: a position paper on issues regarding development, usability, effectiveness and
cost-effectiveness, deployment, and ethics. JMIR Rehabil Assist Technol 2017;4(1):e1 [FREE Full text] [doi:
10.2196/rehab.6376] [Medline: 28582262]

10. Berridge C, Turner NR, Liu L, Karras SW, Chen A, Fredriksen-Goldsen K, et al. Advance planning for technology use in
dementia care: development, design, and feasibility of a novel self-administered decision-making tool. JMIR Aging
2022;5(3):e39335 [FREE Full text] [doi: 10.2196/39335] [Medline: 35896014]

11. Rettinger L, Zeuner L, Werner K, Ritschl V, Mosor E, Stamm T, et al. A mixed-methods evaluation of a supporting app
for informal caregivers of people with dementia. 2020 Presented at: PETRA '20: The 13th PErvasive Technologies Related
to Assistive Environments Conference; 2020 June 30-3 July; Corfu Greece p. 1-8. [doi: 10.1145/3389189.3397981]

12. Queluz FNFR, Kervin E, Wozney L, Fancey P, McGrath PJ, Keefe J. Understanding the needs of caregivers of persons
with dementia: a scoping review. Int Psychogeriatr 2020;32(1):35-52 [FREE Full text] [doi: 10.1017/S1041610219000243]
[Medline: 30967164]

13. De Choudhury M, De S. Mental health discourse on reddit: self-disclosure, social support, and anonymity. ICWSM
2014;8(1):71-80. [doi: 10.1609/icwsm.v8i1.14526]

14. Ernala SK, Rizvi AF, Birnbaum ML, Kane JM, De Choudhury M. Linguistic markers indicating therapeutic outcomes of
social media disclosures of schizophrenia. Proc. ACM Hum.-Comput. Interact 2017;1(CSCW):1-27. [doi: 10.1145/3134678]

JMIR Aging 2025 | vol. 8 | e68890 | p.770https://aging.jmir.org/2025/1/e68890
(page number not for citation purposes)

Kaliappan et alJMIR AGING

XSL•FO
RenderX

http://dx.doi.org/10.1002/alz.13016
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=36918389&dopt=Abstract
https://journals.sagepub.com/doi/abs/10.1177/23337214211017651?url_ver=Z39.88-2003&rfr_id=ori:rid:crossref.org&rfr_dat=cr_pub  0pubmed
http://dx.doi.org/10.1177/23337214211017651
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=34036120&dopt=Abstract
http://dx.doi.org/10.1016/j.cger.2014.05.001
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25037288&dopt=Abstract
https://journals.sagepub.com/doi/10.1177/23743735231211066?url_ver=Z39.88-2003&rfr_id=ori:rid:crossref.org&rfr_dat=cr_pub  0pubmed
http://dx.doi.org/10.1177/23743735231211066
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=38026064&dopt=Abstract
https://www.tandfonline.com/doi/abs/10.2147/CIA.S89714?url_ver=Z39.88-2003&rfr_id=ori:rid:crossref.org&rfr_dat=cr_pub  0pubmed
http://dx.doi.org/10.2147/CIA.S89714
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26346123&dopt=Abstract
http://dx.doi.org/10.1080/13546805.2015.1121139
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26740416&dopt=Abstract
http://dx.doi.org/10.1016/j.ijnurstu.2022.104204
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=35247788&dopt=Abstract
https://rehab.jmir.org/2017/1/e1/
http://dx.doi.org/10.2196/rehab.6376
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28582262&dopt=Abstract
https://aging.jmir.org/2022/3/e39335/
http://dx.doi.org/10.2196/39335
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=35896014&dopt=Abstract
http://dx.doi.org/10.1145/3389189.3397981
https://linkinghub.elsevier.com/retrieve/pii/S1041-6102(24)02432-3
http://dx.doi.org/10.1017/S1041610219000243
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30967164&dopt=Abstract
http://dx.doi.org/10.1609/icwsm.v8i1.14526
http://dx.doi.org/10.1145/3134678
http://www.w3.org/Style/XSL
http://www.renderx.com/


15. Jin Y, Chandra M, Verma G, Hu Y, Choudhury MD, Kumar S. Better to ask in english: cross-lingual evaluation of large
language models for healthcare queries. 2024 Presented at: WWW '24: Proceedings of the ACM Web Conference 2024;
2024 May 13 - 17; Singapore p. 2627-2638. [doi: 10.1145/3589334.3645643]

16. Yang D, Yao Z, Kraut R. Self-disclosure and channel difference in online health support groups. ICWSM 2017;11(1):704-707.
[doi: 10.1609/icwsm.v11i1.14935]

17. Levonian Z, Erikson DR, Luo W, Narayanan S, Rubya S, Vachher P, et al. Bridging qualitative and quantitative methods
for user modeling: tracing cancer patient behavior in an online health community. ICWSM 2020;14:405-416. [doi:
10.1609/icwsm.v14i1.7310]

18. Saha K, Ernala SK, Dutta S, Sharma E, De Choudhury M. Understanding moderation in online mental health communities.
: Springer; 2020 Presented at: 12th International Conference, SCSM 2020, Held as Part of the 22nd HCI International
Conference, HCII 2020; 2020 July 19–24; Copenhagen, Denmark. [doi: 10.1007/978-3-030-49576-3_7]

19. Olteanu A, Varol A, Kiciman E. Distilling the outcomes of personal experiences: A propensity-scored analysis of social
media. 2017 Presented at: CSCW '17: Computer Supported Cooperative Work and Social Computing; 2017 25 February;
Portland Oregon USA p. 370-386. [doi: 10.1145/2998181.2998353]

20. Yang D, Yao Z, Seering J, Kraut R. The channel matters: self-disclosure, reciprocity and social spport in online cancer
spport groups. 2019 Presented at: CHI '19: CHI Conference on Human Factors in Computing Systems; 2019 May 4 - 9;
Glasgow Scotland Uk p. 1-15. [doi: 10.1145/3290605.3300261]

21. Lazar A, Brewer RN, Kacorri H, Hong J, Punzalan MND, Mahathir M, et al. How content authored by people with dementia
affects attitudes towards dementia. Proc ACM Hum Comput Interact 2021;5 [FREE Full text] [doi: 10.1145/3479542]
[Medline: 35187410]

22. Yoon S, Lucero R, Mittelman MS, Luchsinger JA, Bakken S. Mining twitter to inform the design of online interventions
for hispanic alzheimer's disease and related dementias caregivers. Hisp Health Care Int 2020;18(3):138-143. [doi:
10.1177/1540415319882777] [Medline: 31646904]

23. Pickett AC, Valdez D, Sinclair KL, Kochell WJ, Fowler B, Werner NE. Social media discourse related to caregiving for
older adults living with alzheimer disease and related dementias: computational and qualitative study. JMIR Aging
2024;7:e59294 [FREE Full text] [doi: 10.2196/59294] [Medline: 38896462]

24. Suhr JA, Cutrona CE, Krebs KK, Jensen SL. The social support behavior code (ssbc). In: Couple Observational Coding
Systems. United Kingdom: Routledge; 2004:307-318.

25. Andalibi N, Haimson OL, Choudhury MD, Forte A. Social support, reciprocity, and anonymity in responses to sexual abuse
disclosures on social media. ACM Trans. Comput.-Hum. Interact 2018;25(5):1-35. [doi: 10.1145/3234942]

26. Saha K, Kim SC, Reddy MD, Carter AJ, Sharma E, Haimson OL, et al. The language of LGBTQ+ minority stress experiences
on social media. Proc ACM Hum Comput Interact 2019;3(CSCW):1-22 [FREE Full text] [doi: 10.1145/3361108] [Medline:
32935081]

27. Pickett AC, Valdez D, White LA, Loganathar P, Linden A, Boutilier JJ, et al. The careVirtue digital journal for family and
friend caregivers of people living with alzheimer disease and related dementias: exploratory topic modeling and user
engagement study. JMIR Aging 2024;7:e67992 [FREE Full text] [doi: 10.2196/67992] [Medline: 39719081]

28. r/alzheimersgroup. 2023. URL: https://knowyourmeme.com/memes/sites/ralzheimersgroup [accessed 2023-12-10]
29. Chancellor S, Lin Z, Goodman EL, Zerwas S, Choudhury MD. Quantifying and predicting mental illness severity in online

pro-eating disorder communities. 2016 Presented at: CSCW '16: Computer Supported Cooperative Work and Social
Computing; 2016 27 February-2 March; San Francisco California USA p. 1171-1184. [doi: 10.1145/2818048.2819973]

30. Zhou J, Saha K, Lopez Carron IM, Yoo DW, Deeter CR, De Choudhury M, et al. Veteran critical theory as a lens to
understand veterans' needs and support on social media. Proc. ACM Hum.-Comput. Interact 2022;6(CSCW1):1-28. [doi:
10.1145/3512980]

31. Gong C, Saha K, Chancellor S. "The Smartest Decision for My Future": social media reveals challenges and stress during
post-college life transition. Proc. ACM Hum.-Comput. Interact 2021;5(CSCW2):1-29. [doi: 10.1145/3476039]

32. Mehrotra R, Sanner S, Buntine W, Xie L. Improving LDA topic models for microblogs via tweet pooling and automatic
labeling. 2013 Presented at: SIGIR '13: The 36th International ACM SIGIR conference on research and development in
Information Retrieval; 2013 28 July-1 August; Dublin Ireland p. 889-892. [doi: 10.1145/2484028.2484166]

33. Blei DM, Ng AY, Jordan MI. Latent Dirichlet Allocation. Cambridge, Massachusetts: MIT Press; 2003:993-1022.
34. Wallach H, Murray I, Salakhutdinov R, Mimno D. Evaluation methods for topic models. 2009 Presented at: ICML '09:

The 26th Annual International Conference on Machine Learning held in conjunction with the 2007 International Conference
on Inductive Logic Programming; 2009 June 14 - 18; Montreal Quebec Canada p. 1105-1112. [doi:
10.1145/1553374.1553515]

35. Kummervold PE, Gammon D, Bergvik S, Johnsen JK, Hasvold T, Rosenvinge JH. Social support in a wired world: use of
online mental health forums in Norway. Nord J Psychiatry 2002;56(1):59-65. [doi: 10.1080/08039480252803945] [Medline:
11869468]

36. Rains S, Young V. A meta-analysis of research on formal computer-mediated support groups: examining group characteristics
and health outcomes. Hum. Communication Research 2009;35(1):309-336. [doi: 10.1111/j.1468-2958.2009.01353.x]

JMIR Aging 2025 | vol. 8 | e68890 | p.771https://aging.jmir.org/2025/1/e68890
(page number not for citation purposes)

Kaliappan et alJMIR AGING

XSL•FO
RenderX

http://dx.doi.org/10.1145/3589334.3645643
http://dx.doi.org/10.1609/icwsm.v11i1.14935
http://dx.doi.org/10.1609/icwsm.v14i1.7310
http://dx.doi.org/10.1007/978-3-030-49576-3_7
http://dx.doi.org/10.1145/2998181.2998353
http://dx.doi.org/10.1145/3290605.3300261
https://europepmc.org/abstract/MED/35187410
http://dx.doi.org/10.1145/3479542
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=35187410&dopt=Abstract
http://dx.doi.org/10.1177/1540415319882777
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31646904&dopt=Abstract
https://aging.jmir.org/2024//e59294/
http://dx.doi.org/10.2196/59294
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=38896462&dopt=Abstract
http://dx.doi.org/10.1145/3234942
https://europepmc.org/abstract/MED/32935081
http://dx.doi.org/10.1145/3361108
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32935081&dopt=Abstract
https://aging.jmir.org/2024//e67992/
http://dx.doi.org/10.2196/67992
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=39719081&dopt=Abstract
https://knowyourmeme.com/memes/sites/ralzheimersgroup
http://dx.doi.org/10.1145/2818048.2819973
http://dx.doi.org/10.1145/3512980
http://dx.doi.org/10.1145/3476039
http://dx.doi.org/10.1145/2484028.2484166
http://dx.doi.org/10.1145/1553374.1553515
http://dx.doi.org/10.1080/08039480252803945
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=11869468&dopt=Abstract
http://dx.doi.org/10.1111/j.1468-2958.2009.01353.x
http://www.w3.org/Style/XSL
http://www.renderx.com/


37. Cutrona CE, Suhr JA. Controllability of stressful events and satisfaction with spouse support behaviors. Communication
Research 1992;19(2):154-174. [doi: 10.1177/009365092019002002]

38. Andalibi N, Haimson OL, Choudhury MD, Forte A. Understanding social media disclosures of sexual abuse through the
lenses of support seeking and anonymity. 2016 Presented at: CHI'16: CHI Conference on Human Factors in Computing
Systems; 2006 May 7 - 12; San Jose California USA p. 3908-3916. [doi: 10.1145/2858036.2858096]

39. De Choudhury M, Kiciman E. The language of social support in social media and its effect on suicidal ideation risk. ICWSM
2017;11(1):32-41. [doi: 10.1609/icwsm.v11i1.14891]

40. Sharma E, Choudhury MD. Mental health support and its relationship to linguistic accommodation in online communities.
: ACM; 2018 Presented at: CHI '18: CHI Conference on Human Factors in Computing Systems; 2018 April 21 - 26; Montreal
QC Canada p. 1-13. [doi: 10.1145/3173574.3174215]

41. Saha K, Sharma A. Causal factors of effective psychosocial outcomes in online mental health communities. ICWSM
2020;14:590-601. [doi: 10.1609/icwsm.v14i1.7326]

42. Saha K, Torous J, Caine ED, De Choudhury M. Psychosocial effects of the COVID-19 pandemic: large-scale
quasi-experimental study on social media. J Med Internet Res 2020;22(11):e22600 [FREE Full text] [doi: 10.2196/22600]
[Medline: 33156805]

43. Wang Y, Kraut R, Levine JM. To stay or leave?: the relationship of emotional and informational support to commitment
in online health support groups. 2012 Presented at: CSCW '12: Proceedings of the ACM 2012 conference on Computer
Supported Cooperative Work; 2012 February 11 - 15; Seattle Washington USA p. 833-842. [doi: 10.1145/2145204.2145329]

44. Torrey L, Shavlik J. Transfer learning. In: Handbook of research on machine learning applications and trends: algorithms,
methods, and techniques. Hershey, Pennsylvania, USA: IGI global; 2010:242-264.

45. Jahn H. Memory loss in alzheimer's disease. Dialogues Clin Neurosci 2013;15(4):445-454 [FREE Full text] [doi:
10.31887/DCNS.2013.15.4/hjahn] [Medline: 24459411]

46. Calkins MP. Memory care and alzheimer's units. In: Environmental Psychology and Human Well-Being. Amsterdam,
Netherlands: Elsevier; 2018:365-386.

47. Rolland Y, Pillard F, Klapouszczak A, Reynish E, Thomas D, Andrieu S, et al. Exercise program for nursing home residents
with alzheimer's disease: a 1-year randomized, controlled trial. J Am Geriatr Soc 2007;55(2):158-165. [doi:
10.1111/j.1532-5415.2007.01035.x] [Medline: 17302650]

48. White M, Dorman SM. Receiving social support online: implications for health education. Health Educ Res
2001;16(6):693-707. [doi: 10.1093/her/16.6.693] [Medline: 11780708]

49. Moore D, Drey N, Ayers S. Use of online forums for perinatal mental illness, stigma, and disclosure: an exploratory model.
JMIR Ment Health 2017;4(1):e6 [FREE Full text] [doi: 10.2196/mental.5926] [Medline: 28219879]

50. Taggart T, Grewe ME, Conserve DF, Gliwa C, Roman Isler M. Social media and HIV: a aystematic review of uses of social
media in HIV communication. J Med Internet Res 2015;17(11):e248 [FREE Full text] [doi: 10.2196/jmir.4387] [Medline:
26525289]

51. Soong A, Au ST, Kyaw BM, Theng YL, Tudor Car L. Information needs and information seeking behaviour of people
with dementia and their non-professional caregivers: a scoping review. BMC Geriatr 2020;20(1):61 [FREE Full text] [doi:
10.1186/s12877-020-1454-y] [Medline: 32059648]

52. Kernisan LP, Sudore RL, Knight SJ. Information-seeking at a caregiving website: a qualitative analysis. J Med Internet
Res 2010;12(3):e31 [FREE Full text] [doi: 10.2196/jmir.1548] [Medline: 20675292]

53. Blum K. Family caregivers. Palliat. care nursing. In: Qual. Care to End Life. Cham: Springer; 2010:187-198.
54. Schulz R, Sherwood PR. Physical and mental health effects of family caregiving. Journal of Social Work Education

2017;44(sup3):105-113. [doi: 10.5175/jswe.2008.773247702]
55. Xu L, Sanders L, Li K, Chow JCL. Chatbot for health care and oncology applications using artificial intelligence and

machine learning: systematic review. JMIR Cancer 2021;7(4):e27850 [FREE Full text] [doi: 10.2196/27850] [Medline:
34847056]

56. Goodman S, Buehler E, Clary P, Coenen A, Donsbach A, Horne TN, et al. Lampost: design and evaluation of an ai-assisted
email writing prototype for adults with dyslexia. 2022 Presented at: ASSETS '22: Proceedings of the 24th International
ACM SIGACCESS Conference on Computers and Accessibility; 2022 October 23 - 26; Athens Greece p. 1-8. [doi:
10.1145/3517428.3544819]

57. Gustavsson A, Norton N, Fast T, Frölich L, Georges J, Holzapfel D, et al. Global estimates on the number of persons across
the alzheimer's disease continuum. Alzheimers Dement 2023;19(2):658-670. [doi: 10.1002/alz.12694] [Medline: 35652476]

58. Prince M. World Alzheimer report 2015. In: The Global Impact of Dementia: An Analysis of Prevalence, Incidence, Cost
and Trends. London: Alzheimer's Disease International; 2015.

59. GBD 2019 Dementia Forecasting Collaborators. Estimation of the global prevalence of dementia in 2019 and forecasted
prevalence in 2050: an analysis for the global burden of disease study 2019. Lancet Public Health 2022;7(2):e105-e125
[FREE Full text] [doi: 10.1016/S2468-2667(21)00249-8] [Medline: 34998485]

60. Corrigan PW, Watson AC, Miller FE. Blame, shame, and contamination: the impact of mental illness and drug dependence
stigma on family members. J Fam Psychol 2006;20(2):239-246. [doi: 10.1037/0893-3200.20.2.239] [Medline: 16756399]

JMIR Aging 2025 | vol. 8 | e68890 | p.772https://aging.jmir.org/2025/1/e68890
(page number not for citation purposes)

Kaliappan et alJMIR AGING

XSL•FO
RenderX

http://dx.doi.org/10.1177/009365092019002002
http://dx.doi.org/10.1145/2858036.2858096
http://dx.doi.org/10.1609/icwsm.v11i1.14891
http://dx.doi.org/10.1145/3173574.3174215
http://dx.doi.org/10.1609/icwsm.v14i1.7326
https://www.jmir.org/2020/11/e22600/
http://dx.doi.org/10.2196/22600
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33156805&dopt=Abstract
http://dx.doi.org/10.1145/2145204.2145329
https://www.tandfonline.com/doi/abs/10.31887/DCNS.2013.15.4/hjahn?url_ver=Z39.88-2003&rfr_id=ori:rid:crossref.org&rfr_dat=cr_pub  0pubmed
http://dx.doi.org/10.31887/DCNS.2013.15.4/hjahn
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24459411&dopt=Abstract
http://dx.doi.org/10.1111/j.1532-5415.2007.01035.x
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17302650&dopt=Abstract
http://dx.doi.org/10.1093/her/16.6.693
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=11780708&dopt=Abstract
https://mental.jmir.org/2017/1/e6/
http://dx.doi.org/10.2196/mental.5926
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28219879&dopt=Abstract
https://www.jmir.org/2015/11/e248/
http://dx.doi.org/10.2196/jmir.4387
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26525289&dopt=Abstract
https://bmcgeriatr.biomedcentral.com/articles/10.1186/s12877-020-1454-y
http://dx.doi.org/10.1186/s12877-020-1454-y
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32059648&dopt=Abstract
https://www.jmir.org/2010/3/e31/
http://dx.doi.org/10.2196/jmir.1548
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20675292&dopt=Abstract
http://dx.doi.org/10.5175/jswe.2008.773247702
https://cancer.jmir.org/2021/4/e27850/
http://dx.doi.org/10.2196/27850
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=34847056&dopt=Abstract
http://dx.doi.org/10.1145/3517428.3544819
http://dx.doi.org/10.1002/alz.12694
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=35652476&dopt=Abstract
https://linkinghub.elsevier.com/retrieve/pii/S2468-2667(21)00249-8
http://dx.doi.org/10.1016/S2468-2667(21)00249-8
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=34998485&dopt=Abstract
http://dx.doi.org/10.1037/0893-3200.20.2.239
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16756399&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/


61. Werner P, Goldstein D, Buchbinder E. Subjective experience of family stigma as reported by children of alzheimer's disease
patients. Qual Health Res 2010;20(2):159-169. [doi: 10.1177/1049732309358330] [Medline: 20065304]

62. Pudelewicz A, Talarska D, Bączyk G. Burden of caregivers of patients with alzheimer's disease. Scand J Caring Sci
2019;33(2):336-341. [doi: 10.1111/scs.12626] [Medline: 30378698]

63. Siddiqui F, Varghese D, Singh P, Bayyavarapu SB, Lindsay S, Chandrasekara D, et al. Exploring the digital support needs
of caregivers of people with serious mental illness. 2023 Presented at: CHI '23: Proceedings of the 2023 CHI Conference
on Human Factors in Computing Systems; 2023 April 23 - 28; Hamburg Germany p. 1-16. [doi: 10.1145/3544548.3580674]

64. Chen Y, Ngo V, Park SY. Caring for caregivers: designing for integrality. 2013 Presented at: CSCW '13: Computer Supported
Cooperative Work; February 23 - 27 2013; San Antonio Texas USA p. 91-102. [doi: 10.1145/2441776.2441789]

65. Bhat KS, Hall AK, Kuo T, Kumar N. "We are half-doctors": family caregivers as boundary actors in chronic disease
management. Proc. ACM Hum.-Comput. Interact 2023;7(CSCW1):1-29. [doi: 10.1145/3579545]

66. Kim T, Kim H, Roberts AC, Jacobs M, Kay M. Opportunities in mental health support for informal dementia caregivers
suffering from verbal agitation. Proc. ACM Hum.-Comput. Interact 2024;8(CSCW1):1-26. [doi: 10.1145/3637381]

67. Meyerhoff J, Kornfield R, Mohr DC, Reddy M. Meeting yung adults' social support needs across the health behavior change
journey: implications for digital mental health tools. Proc ACM Hum Comput Interact 2022;6(CSCW2):1-33 [FREE Full
text] [doi: 10.1145/3555203] [Medline: 36387059]

68. Rains SA. Coping with Illness Digitally. Cambridge, Massachusetts: MIT Press; 2018.
69. Naslund JA, Grande SW, Aschbrenner KA, Elwyn G. Naturally occurring peer support through social media: the experiences

of individuals with severe mental illness using YouTube. PLoS One 2014;9(10):e110171 [FREE Full text] [doi:
10.1371/journal.pone.0110171] [Medline: 25333470]

Abbreviations
AD/ADRD: Alzheimer Disease and Related Dementias
AD: Alzheimer Disease
AI: artificial intelligence
ES: emotional support
IS: informational support
LDA: latent Dirichlet allocation
POA: power of attorney
RQ: research question
SSBC: social support behavioral code
SVM: support vector machine

Edited by A Garcia; submitted 18.11.24; peer-reviewed by AC Pickett; comments to author 11.02.25; revised version received 04.03.25;
accepted 07.03.25; published 05.05.25.

Please cite as:
Kaliappan S, Liu C, Jain Y, Karkar R, Saha K
Online Communities as a Support System for Alzheimer Disease and Dementia Care: Large-Scale Exploratory Study
JMIR Aging 2025;8:e68890
URL: https://aging.jmir.org/2025/1/e68890 
doi:10.2196/68890
PMID:

©Sidharth Kaliappan, Chunyu Liu, Yoshee Jain, Ravi Karkar, Koustuv Saha. Originally published in JMIR Aging
(https://aging.jmir.org), 05.05.2025. This is an open-access article distributed under the terms of the Creative Commons Attribution
License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any
medium, provided the original work, first published in JMIR Aging, is properly cited. The complete bibliographic information,
a link to the original publication on https://aging.jmir.org, as well as this copyright and license information must be included.

JMIR Aging 2025 | vol. 8 | e68890 | p.773https://aging.jmir.org/2025/1/e68890
(page number not for citation purposes)

Kaliappan et alJMIR AGING

XSL•FO
RenderX

http://dx.doi.org/10.1177/1049732309358330
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20065304&dopt=Abstract
http://dx.doi.org/10.1111/scs.12626
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30378698&dopt=Abstract
http://dx.doi.org/10.1145/3544548.3580674
http://dx.doi.org/10.1145/2441776.2441789
http://dx.doi.org/10.1145/3579545
http://dx.doi.org/10.1145/3637381
https://europepmc.org/abstract/MED/36387059
https://europepmc.org/abstract/MED/36387059
http://dx.doi.org/10.1145/3555203
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=36387059&dopt=Abstract
https://dx.plos.org/10.1371/journal.pone.0110171
http://dx.doi.org/10.1371/journal.pone.0110171
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25333470&dopt=Abstract
https://aging.jmir.org/2025/1/e68890
http://dx.doi.org/10.2196/68890
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/


Determinants of Having Online Health Consultations During the
COVID-19 Pandemic Among Middle-Aged and Older Adults in
Germany: Representative Longitudinal Survey Study

Ariana Neumann, MSc; Hans-Helmut König, MPH, Prof Dr; André Hajek, Prof Dr
Department of Health Economics and Health Services Research, University Medical Center Hamburg-Eppendorf, Martinistr. 52, Hamburg, Germany

Corresponding Author:
Ariana Neumann, MSc
Department of Health Economics and Health Services Research, University Medical Center Hamburg-Eppendorf, Martinistr. 52,
Hamburg, Germany

Abstract

Background: During the COVID-19 pandemic, telemedicine services represented a widely implemented alternative to in-person
doctor and therapist appointments. Consequently, rates of telemedicine use rapidly increased worldwide, also in Germany.
Research regarding longitudinal determinants of telemedicine use is needed, particularly from nationally representative German
samples, to improve understanding of the use behavior of major target groups such as middle-aged and older adults.

Objective: This study aimed to longitudinally investigate determinants of online health consultation use among middle-aged
and older individuals during the COVID-19 pandemic in Germany.

Methods: Nationally representative longitudinal data of German middle-aged and older adults (≥46 years old) were taken from
the German Ageing Survey (DEAS). Data from the Compact Survey (conducted between June and July 2020) and wave 7
(conducted between November 2020 and March 2021) of the DEAS were observed (pooled analytic sample N=5456). Having
experienced consultations with doctors or therapists on online platforms served as the outcome measure. Associations with
socioeconomic, health- and health behavior–related, psychological, and COVID-19–related determinants were tested using random
effects logistic regressions.

Results: In our sample, 49% (2673/5456) of participants were female and the mean age of the participants was 67.8 (SD 9.4)
years. Past experience with online health consultations was reported by 10.3% (561/5456) of the sample. Online health consultation
use was associated with high education (OR 1.43, 95% CI 1.06‐1.93; P=.02), poor self-rated health (OR 0.60, 95% CI 0.49‐0.75;
P<.001), and higher frequency of physical activity (reference: low frequency; medium frequency: OR 1.58, 95% CI 1.15‐2.17;
P=.005; high frequency: OR 1.73, 95% CI 1.09‐2.76; P=.02). Moreover, greater levels of loneliness (OR 1.43, 95% CI 1.06‐1.93;
P=.04) and life satisfaction (OR 1.33, 95% CI 1.02‐1.73; P=.04) as well as perceiving the COVID-19 crisis as a greater personal
threat (OR 1.08, 95% CI 1.01‐1.15; P=.02) were associated with having online health consultations during the COVID-19
pandemic.

Conclusions: Online health consultation use does not seem to be exclusively associated with the health of middle-aged and
older patients. Study findings emphasize the longitudinal association of education and psychosocial factors as well as health
factors with telemedicine use during the COVID-19 pandemic in Germany. This knowledge may help to improve and adapt
services to this patient group, which could contribute to higher utilization rates in the future. Future studies are needed to verify
these initial findings under postpandemic circumstances and across different countries.

(JMIR Aging 2025;8:e60311)   doi:10.2196/60311

KEYWORDS

telemedicine; digital health; remote consultation; health services for the aged; patient acceptance of health care; COVID-19

Introduction

Worldwide, health care systems are facing multiple challenges
in the future related to the delivery of services (eg, access and
continuity of care), human resources (eg, staff distribution and
sufficiency), as well as leadership and governance (eg, strategic
policies) [1]. In particular, the increasing prevalence of
noncommunicable diseases, disability, and multimorbidity in

connection with population aging calls for new solutions in
health care (eg, [2]). According to predictions of the World
Health Organization (WHO) [3], the number of global deaths
due to noncommunicable diseases may increase from 36 million
(2008) up to 52 million in 2030.

Promising methods for the delivery of health care in the future
include digital solutions such as telemedicine [4]. The WHO
Global Observatory for eHealth [5] defines telemedicine as
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follows: (1) its purpose is to provide clinical support, (2) it is
intended to overcome geographical barriers, connecting users
who are not in the same physical location, (3) it involves the
use of various types of information and communication
technology, and (4) its goal is to improve health outcomes.
Major strengths of telemedicine include improved access to
care and information, time and cost savings, as well as
convenience and flexibility [6,7]. Multiple studies evaluated
the effectiveness and cost-effectiveness of telemedicine services.
The services seem to be effective and can produce at least
comparable effects to in-person services [8,9]. Moreover, the
current literature suggests that telemedicine can be a
cost-effective service delivery method [8-11]. In addition,
providers as well as patients seem to be highly satisfied with
the services [8,9,12].

Despite its benefits, telemedicine implementations were only
limited and remained at a low level up until the occurrence of
the COVID-19 pandemic [13-15]. To prevent further spreading
of the virus and relieve the health care system, major changes
in the delivery of health care services had to be made in response
to the pandemic [15]. Telemedicine represented a valuable tool
to avoid personal contact during health consultations.
Consequently, the global telemedicine utilization increased
tremendously [13-16]. For example, Koonin et al [17] reported
a 154% increase in telehealth visits in the United States in March
2020 compared with March 2019. Also in Germany, which is
the focus of our study, the proportion of contract physicians
and psychotherapists who offered and billed for telemedicine
services increased from 6.1% (2019) to 24.6% (2021) [18].
Particularly among the psychotherapeutic care sector, utilization
rates were high in Germany [18]. Since many nonessential
in-person medical appointments were canceled or postponed
due to the pandemic in Germany [19,20], remote health
consultations represented a valuable alternative format to assure
the continuity of care in spite of pandemic circumstances. This
digital transformation of the German health care system was
facilitated by the introduction of laws including the Digital
Health Care Act [21] and the Digital Health Application
Ordinance [22], which supported the prescription of health care
apps, provision of video consultations, and integration of digital
provider networks. In the German health care system, health
insurance is compulsory with about 90% of the population
having statutory and 10% having private health insurance [23].
The implementation of the new laws enabled the coverage of
digital health care by statutory insurances, ensuring that
telemedicine users incur no additional costs.

Considering population aging, telemedicine is particularly
relevant for the older patient groups. Telemedicine was found
to be effective in older adults [24-26]. For instance, van den
Berg et al [25] reviewed 68 interventional telemedical studies
with a controlled design examining older adults and found that
none of the included studies reported better outcomes for the
control group (eg, randomized or matched control groups that
received usual in-person care). Moreover, older adults seem to
accept and are satisfied with the services [24,27]. Taking older
adults’ higher need for health care and probable mobility
restrictions into account, older adults can particularly benefit
from the remote format. Nevertheless, older patients use

telemedicine services less often than younger age groups and
report multiple barriers to using the services (eg, [28-32]). For
example, Wilson et al [30] identified factors such as physical
difficulties (eg, visual or hearing impairments), privacy
concerns, lack of experience, training, or support as barriers to
the use of eHealth by older adults.

In Germany, older patients also used telemedicine services less
frequently than younger patients did during the pandemic
[18,33-36]. However, increasing telemedicine use in older age
groups can be helpful for the future delivery of health care
services in Germany to deal with problems such as physician
shortages or increased demand for (long-term) care caused by
demographic change [37]. Therefore, it is important to examine
factors that are associated with telemedicine use in older adults
to increase utilization in Germany. Previous international
reviews highlighted older patients’ characteristics associated
with higher telemedicine use [38-40]. This included younger
age, higher education, higher self-efficacy, greater experience
or skills in using electronic devices, access to technology and
internet, greater social support or influence, higher
(health-related) motivation, and greater openness to experience
as well as fewer privacy concerns and less severe health
impairments.

So far, only limited evidence from Germany regarding the
determinants of telemedicine use during the pandemic exists.
The previous studies stressed the association of socioeconomic
(male or female sex, younger age, high or low education, social
status, living in an urban area, and having children under 18
years), psychosocial (loneliness, digital literacy), health (mental
or physical health problems), and COVID-19–related factors
(higher perceived severity of COVID-19 infection, having had
COVID-19 infection, subjective COVID-19–related challenges,
COVID-19–related cognitive preoccupation, anxiety, and
worries) with telemedicine use [18,34-36,41-43]. Very few
studies exclusively looked at middle-aged and older adults in
Germany during the pandemic. These studies highlighted the
positive association of telemedicine use with education, living
with a partner in the same household, mental (ie, anxiety and
depression) or physical health problems, loneliness, life
satisfaction as well as forgoing medical treatment due to the
fear of being infected by the coronavirus [44,45]. A large variety
of determinants was observed in the existing studies and more
research is needed to further explore and verify the findings.

In addition to the small number of studies that observe
determinants of telemedicine use in middle-aged and older
adults during the pandemic in Germany, hardly any studies
examined the determinants longitudinally. Solely, von der
Groeben et al [35] used a quasi-longitudinal design (ie, they
observed cross-sectional data from 3 different time points) to
detect determinants of patient use and attitude toward using
video and telephone conferences in a population-representative
sample of adults (18‐69 y) affected by depression during 3
different pandemic time points in Germany. Since telemedicine
use and acceptance varied over the course of the pandemic (eg,
[31,35,46]), it may be beneficial to consider more than just one
time point when observing telemedicine use behavior during
the pandemic. Moreover, the longitudinal approach gives further
insight into the directionality of the relationships. Therefore,
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our study aimed to longitudinally investigate determinants of
online health consultation use in a large representative sample
of middle-aged and older individuals during the COVID-19
pandemic in Germany.

Expanding the knowledge regarding determinants of online
health consultation use in middle-aged and older adults could
help to identify target groups for telemedicine services, as well
as groups that would benefit from additional support for using
the services. Furthermore, this knowledge may help to adapt
telemedicine services to the needs and preferences of
middle-aged and older adults. Consequently, important practical
and theoretical implications may be derived from our findings,
which could foster greater use of telemedicine services among
middle-aged and older individuals, ultimately helping to deal
with future health care challenges posed by population aging.

Methods

Sample
Nationally representative cross-sectional and longitudinal data
were taken from the German Ageing Survey (DEAS [47]). The
DEAS focuses on the German middle-aged and older population
(starting at 40 y) and aims to describe living conditions and
diversity among this population as well as aging and social
change processes that are related to this life stage [47]. The first
wave of the DEAS was conducted in 1996, followed by further
waves in 2002, 2008, 2011, 2014, 2017, 2020/2021. The survey
has a cohort-sequential design in which new baseline samples
were added in 2002, 2008, and 2014. The baseline samples of
the DEAS were disproportionally stratified into age groups,
gender, and region [47]. In response to the COVID-19 pandemic,
an additional Compact Survey to measure the pandemic impact
on middle- and older adults’ lives in Germany was implemented
in 2020.

For the purpose of our study, data from the Compact Survey
[48] and wave 7 [49] of the DEAS were observed. The Compact
Survey was conducted from June until July 2020 and consisted
of paper-and-pencil questionnaires that were sent to individuals
who had taken part in the DEAS at least once in the past. The
response rate for the Compact Survey was 57% (4823/8533)
[50]. Due to the ongoing pandemic during wave 7, the usual
computer-assisted personal interviews were replaced by
telephone-administered interviews as well as an additional
paper-and-pencil questionnaire. The data collection for wave 7
took place from November 2020 until March 2021 and the
response rate was 66% (5402/8207) [51]. Overall, 4103
individuals participated in both surveys [51]. Since the last
DEAS baseline sample was added in 2014, participants of the
Compact Survey and wave 7 of the DEAS were at least 46 years
old.

The DEAS is funded by the German Federal Ministry for Family
Affairs, Senior Citizens, Women, and Youth and was conducted
and developed by the German Centre of Gerontology. The
fieldwork was carried out by the INFAS Institute for Applied
Social Sciences.

Ethical Considerations
Written informed consent was obtained from all individuals
who participated in the DEAS, and opting out of the survey was
possible at all times [47]. DEAS participants received an
incentive (eg, €10 in DEAS wave 7; conversion rate US
$1=€0.951 in 2022 [51]). Due to data protection guidelines, a
data distribution contract needs to be signed prior to using the
anonymized DEAS data [47]. The DEAS study complies with
the Declaration of Helsinki and did not require further ethical
examination since the criteria for the need of ethical approval
were not met for this survey (eg, missing information regarding
the study or aim of the study, examination of vulnerable groups
or patients, high risk or burden for participants due to
participation).

Dependent Variable
For the sake of our study, we exclusively included DEAS
participants, who indicated having access to the internet
(Compact survey: 3858/4676, 83%; wave 7: 3676/4276, 86%).
In both DEAS waves, participants were asked “How often do
you use the Internet for the following purposes?.” Among the
listed items was “Consultations with doctors and therapists via
an online platform” in the Compact survey and “Providing
consultations with doctors or therapists on online platforms” in
wave 7 of the DEAS. The response format consisted of a 6-point
Likert scale indicating use frequency as “never,” “less often or
seldom,” “1 to 3 times a month,” “once a week,” “several times
a week,” or “daily.” Since only a small number of participants
had multiple consultations with doctors or therapists on online
platforms, the outcome was dichotomized for our analysis
(0=“never”; 1=“less often or seldom,” “1 to 3 times a month,”
“once a week,” “several times a week,” or “daily”).

Independent Variables
Based on theoretical considerations and previous research
[38-40,44,45], different groups of determinants were considered.
This included socioeconomic, health- and health
behavior–related, psychological, and COVID-19–related
determinants. Regarding socioeconomic characteristics, we
examined sex, age, educational level (International Standard
Classification of Education 97 [52]: low, medium, or high
education), employment status (used, retired, and other or
unemployed), household income, migration background (no,
yes), area lived in (metropolitan districts, urban districts,
[partially] densely populated rural districts, sparsely populated
rural districts), residential form of partnership (no partner,
partner in the same household, and partner not in the same
household), and presence of children (no, yes).

Health-related factors included self-rated health (ranging from
0=very bad to 4=very good) as well as the frequency of physical
activity and walks (ranging from 0=never to 5=daily) as
measures of health-related behavior. For the sake of our analysis,
the values for the frequency of physical activity and walks were
divided into tertiles and were included as categorical variables
(low, medium, and high frequency).

Psychological determinants that were considered were
depressive symptoms, loneliness, attitude toward own aging,
and life satisfaction. Depressive symptoms were measured using
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a 10-item German short form of the Center for Epidemiologic
Studies - Depression scale [53] (CES-D; scores ranging from
0 to 30, higher values indicate more severe depressive
symptoms) in the Compact survey. In wave 7 of the DEAS,
depressive symptoms were measured using the German version
of the 15-item CES-D [54] (scores ranging from 0 to 45, higher
values indicate more severe depressive symptoms). The values
for both scales were standardized to assure comparability
between both surveys in our analysis. Both of these
well-established instruments were evaluated in the past and
have good psychometric properties [53,55,56]. Cronbach α
values for both scales were 0.83 (Compact survey) and 0.84
(wave 7) and McDonald Omega was 0.85 (Compact survey)
and 0.86 (wave 7) in our sample. In addition, loneliness was
measured with the 6-item De Jong Gierveld Loneliness Scale
[57] (scores ranging from 1 to 4, higher values indicate higher
levels of loneliness). The scale has favorable psychometric
properties [57] (Compact survey: Cronbach α=0.78, McDonald’s
Omega =0.79; wave 7: Cronbach α=0.80, McDonald Omega
=0.81). The self-perception of one’s own aging was examined
using the German version of the 5-item Attitude Toward Own
Aging subscale of the Philadelphia Geriatric Center Morale
Scale [58,59] (scores ranging from 1 to 4, higher values indicate
a more positive perception of own aging). This widely used
scale was evaluated in different age groups in the past (eg, [60]).
In our sample, Cronbach α was 0.77 (Compact Survey and wave
7) and McDonald Omega was 0.77 (Compact Survey and wave
7). Life satisfaction was measured with the German version of
the Satisfaction with Life Scale [61,62] (scores ranging from 1
to 5, higher values indicate greater life satisfaction). The German
version of the scale was evaluated in the past and showed good
psychometric properties [63]. For this scale, the Cronbach α
was 0.86 (Compact survey) and 0.84 (wave 7) and the
McDonald Omega was 0.87 (Compact survey) and 0.86 (wave
7) in our sample.

Finally, we controlled for COVID-19–related determinants,
which included perceiving the Corona crisis as a personal threat
(scores ranging from 1=not at all a threat for me to 10=extreme
threat for me), past infection with the Coronavirus by oneself
(no, yes, and unknown), or by people from one’s personal
environment (no, yes, and unknown) as well as the feeling of

being able to influence the infection with the Coronavirus
(scores ranging from 1=not at all to 7=entirely).

Statistical Analysis
In the first step, sample characteristics of our pooled analytic
sample were computed. The analytic sample consisted of
individuals who participated in at least one of the 2 surveys
(5456 observations corresponding to 3222 individuals). Second,
random effects logistic regressions were calculated to test the
associations of the determinants with online health consultation
use. The random effects regression model considers the panel
structure of the data and allows the inclusion of not only
time-varying but also time-constant predictors in our model,
under the assumption that unobserved unit-specific heterogeneity
is not correlated with the independent variables [64]. When this
independence assumption is fulfilled, the random effects model
may be more efficient than the fixed effects model as it considers
both between and within variation [64]. Our choice was
supported by the Hausman test. The null hypothesis of the
Hausman test states that both models (fixed and random effects
model) are consistent while the random effects model is more
efficient [64,65]. Therefore, the random effects model is
preferred when the null hypothesis cannot be rejected. Since
the Hausman test statistic was nonsignificant for our sample
(P=.72), we used random effects models for our analysis. Stata
(version 16.0, StataCorp) was used for the statistical analyses
and the random effects logistic regression was calculated using
the “xtlogit” command with the “re” option. The sample was
stratified by sex and age groups (≤64 and ≥65 years) in
additional analyses. Statistical significance was defined as an
alpha level of P<.05. Missing data were handled using listwise
deletion.

Results

Sample Characteristics
The pooled analytic sample characteristics for all included
variables are presented in Table 1. In the pooled sample of the
Compact survey and wave 7 of the DEAS, 49% (2673/5456)
were female and the mean age of the participants was 67.8 (SD
9.4) years. When examining past consultations with doctors or
therapists on online platforms, 10.3% (561/5456) reported past
experience with online consultations.
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Table . Analytic pooled sample characteristics (N=5456).

ValuesCharacteristicsa

Consultations with doctors or therapists on online platforms, n (%)

4895 (89.7)    No

561 (10.3)    Yes

Sex, n (%)

2783 (51)    Male

2673 (49)    Female

67.8 (9.4)Age (years), mean (SD)

Educational level, n (%)

2455 (45)    Low (ISCEDb 0‐2) or medium (ISCED 3‐4)

3001 (55.0)    High (ISCED 5‐6)

Employment status, n (%)

1745 (32.0)    Employed

3475 (63.7)    Retired

236 (4.3)    Other or unemployed

4051.2 (11,806.1)Monthly household income (€), mean (SD)c

Migration background, n (%)

5223 (95.7)    No

233 (4.3)    Yes

Area lived in, n (%)

1524 (27.9)    Metropolitan districts

2014 (36.9)    Urban districts

1135 (20.8)    (Partially) densely populated rural districts

783 (14.4)    Sparsely populated rural districts

Residential form of partnership, n (%)

1069 (19.6)    No partner

4152 (76.1)    Partner in the same household

235 (4.3)    Partner not in the same household

Having children, n (%)

602 (11)    None

4854 (89)    One or more

2.6 (0.8)Self-rated health, mean (SD)d

Frequency of physical activity, n (%)

1589 (29.1)    Low frequency

3234 (59.3)    Medium frequency

633 (11.6)    High frequency

Frequency of walks, n (%)

2135 (39.1)    Low frequency

2147 (39.4)    Medium frequency

1174 (21.5)    High frequency

−0.1 (0.9)Depressive symptoms, mean (SD)e

1.8 (0.5)Loneliness, mean (SD)f
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ValuesCharacteristicsa

3.9 (0.7)Life satisfaction, mean (SD)g

3.0 (0.5)Attitude toward own aging, mean (SD)h

4.3 (2.1)Perceiving the Corona crisis as a personal threat, mean (SD)i

Oneself infected with the Coronavirus, n (%)

5244 (96.1)    No

57 (1)    Yes

155 (2.8)    Unknown

People from personal environment infected with the Coronavirus, n (%)

4517 (82.8)    No

853 (15.6)    Yes

86 (1.6)    Unknown

4.7 (1.4)Feeling that one can influence the infection with the Coronavirus, mean (SD)j

aDue to differences in measurement tools, values for depressive symptoms had to be standardized. The standardized values should be interpreted as
number of SDs by which the original values lay above or below their mean. For example, a value of 1 or -1 indicates that the reported overall score in
the CES-D lays one SD above/below the mean CES-D score.
bISCED: International Standard Classification of Education.
c Range (0-500,000); the conversion rate of USD to Euro was US $1=€0.846 in 2021 and US $1=€0.951 in 2022.
dRange 0-4. Higher values indicate better self-rated health.
eRange for standardized values –1.8 to 5.9. Higher values indicate more depressive symptoms.
fRange 1-4. Higher values indicate higher loneliness levels.
gRange 1-5. Higher values indicate greater life satisfaction.
hRange 1-4. Higher values indicate a more positive perception of own aging.
iRange 1=not at all a threat for me to 10=extreme threat for me.
jRange 1=not at all to 7=entirely.

Regression Analysis
The results of the random effects logistic regression are
presented in Figure 1 (Table S1 in Multimedia Appendix 1).
The majority of the determinants were not significantly
associated with online health consultation use during the
COVID-19 pandemic. Nevertheless, we found a significant
longitudinal association of the outcome with high education
(OR 1.43, 95% CI 1.06‐1.93; P=.02), poor self-rated health
(OR 0.60, 95% CI 0.49‐0.75; P<.001), higher frequency of
physical activity (medium frequency: OR 1.58, 95% CI
1.15‐2.17; P=.005; high frequency: OR 1.73, 95% CI
1.09‐2.76; P=.02), higher loneliness (OR 1.43, 95% CI
1.06‐1.93; P=.04), greater life satisfaction (OR 1.33, 95% CI
1.02‐1.73; P=.04), and perceiving the Corona crisis as a greater
personal threat (OR 1.08, 95% CI 1.01‐1.15; P=.02).

In additional analyses, we stratified the sample by sex and age
group (Tables S2 and S3 in Multimedia Appendix 1 for more
details). While online health consultation use in female
participants was only associated with poor self-rated health (OR

0.62, 95% CI 0.45‐0.85; P=.004), in male individuals the
outcome was associated with poor self-rated health (OR 0.59,
95% CI 0.44‐0.79; P<.001) as well as high education (OR
1.70, 95% CI 1.12‐2.56; P=.01), living with a partner in the
same household (OR 2.27, 95% CI 1.13‐4.59; P=.02), living
with a partner not in the same household (OR 2.86, 95% CI
1.04‐7.87; P=.04), higher loneliness (OR 1.94, 95% CI
1.25‐2.99; P=.003), higher frequency of physical activity
(medium frequency: OR 1.88, 95% CI 1.22‐2.90; P=.004;
high frequency: OR 2.17, 95% CI 1.17‐4.03; P=.01) and walks
(high frequency: OR 1.99, 95% CI 1.24‐3.20; P=.004). In
participants aged ≤64 years, online health consultation use was
associated with poor self-rated health (OR 0.59, 95% CI
0.42‐0.83; P=.003) and higher frequency of physical activity
(medium frequency: OR 1.91, 95% CI 1.14‐3.21; P=.01). In
older participants (≥65 years), poor self-rated health (OR 0.61,
95% CI 0.46‐0.81; P=.001) as well as older age (OR 1.03,
95% CI 1.00‐1.07; P=.05), high education (OR 1.58, 95% CI
1.06‐2.37; P=.026), and higher loneliness (OR 1.52, 95% CI
1.01‐2.29; P=.04) were associated with online health
consultation use.
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Figure 1. Results of random effects logistic regression for determinants of online health consultation use during the COVID-19 pandemic (N=5456).
Odds ratios with 95% CI are reported. Unless stated otherwise, the reference category is always zero or absence of the characteristic. ref: reference
category; *** P<.001; ** P<.01; * P<.05.

Discussion

Principal Findings
Nationally representative longitudinal data from Germany were
used to observe the longitudinal association of various
determinants with the use of online consultations with doctors
or therapists during the COVID-19 pandemic in a large sample
of middle-aged and older individuals with access to the internet.
Random effects logistic regressions revealed associations of

education, health, and psychosocial factors with online health
consultation use during the pandemic. In additional analyses
stratified by sex and age, self-rated health was negatively
associated with the outcome in all groups. Additional
relationships with age, education, relationship status, and
loneliness were only observed among the male and older (≥65
years) subgroups. Considering the limited evidence regarding
determinants of telemedicine use (particularly based on
longitudinal data), our longitudinal study considerably extend
current knowledge on socioeconomic, health- and health
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behavior–related, psychological, and COVID-19-related
determinants.

Relation to Previous Research
In contrast to findings from other German samples
[18,33,35,36,41,42,66], most of the socioeconomic determinants,
such as sex or age, were not associated with online health
consultation use in our sample. Nevertheless, a study that
exclusively observed an older German sample also found no
associations with socioeconomic characteristics [45]. This could
imply that socioeconomic characteristics are less relevant for
telemedicine use in middle-aged and older patients in Germany.
However, the individual’s educational level was positively
associated with the outcome in our analysis. This is in line with
findings from other large German [33,34,36,42] and
international samples [38,40,67,68] and could suggest that high
education is linked to higher digital literacy as well as access
to necessary technical equipment for using telemedicine. A
systematic review by Estrela et al [69] examined 36 international
articles on digital health literacy and highlighted its positive
relationship with education. Correspondingly, in a large US
sample of old-aged Medicare beneficiaries (≥65 years), Choi
et al [70] found associations of younger age and higher income
with telemedicine use during the COVID-19 pandemic, which
disappeared when controling for technology-enabling factors
(eg, information and communication technology device
ownership or use experience). Consequently,
technology-enabling factors could be particularly considered
when trying to enhance telemedicine use among older patients.
For instance, implementing supporting material (eg, leaflets or
video instructions), technical support (eg, via telephone) or
hybrid care combinations in clinical practice may be helpful to
strengthen competence and digital health literacy in older
patients.

Health and health behavior were associated with online health
consultation use in our sample. Individuals who reported a
poorer health status were more likely to use online health
consultations during the pandemic. Likewise, severe health
limitations or poor health were associated with telemedicine
use in the German Survey of Health, Ageing and Retirement in
Europe (SHARE) sample of middle-aged and older adults [45]
and in international samples [68,71]. This association could
have been caused by greater health needs in unhealthy
individuals or may be connected to precautions due to the
COVID-19 pandemic. Likewise, perceiving the Corona crisis
as a greater personal threat was associated with online health
consultation use. Telemedicine might have presented a treatment
option for patients who were scared of becoming infected with
the Coronavirus and wanted to avoid personal contact (eg, [72]).
Fear of the Coronavirus and pandemic-related challenges were
also associated with telemedicine use in other German samples
during the pandemic [36,41,42,45]. Other COVID-19–related
factors such as the infection of oneself or close others with the
virus were not associated with the outcome in our sample. A
reason for that could be that only a small proportion of our
pooled sample was infected with the virus (1%) or knew
someone in their close personal environment who was infected
(15.6%). Furthermore, the frequency of physical activity was
positively associated with online consultation use. Physical

activity is an important determinant of health and was associated
with higher utilization of preventive or office-based health
services and lower use of inpatient or emergency care among
adults in previous international research (eg, [73,74]). Therefore,
physically active individuals seem to show greater levels of
health awareness, which might have been connected to the
higher telemedicine use in this group.

Some psychological factors were associated with the outcome
in our sample. Whereas depressive symptoms and the attitude
towards one’s own aging did not show an association,
psychosocial factors including loneliness and life satisfaction
had a significant relationship with online health consultation
use. In the German SHARE sample, a positive association of
depressive symptoms as well as loneliness with telemedicine
use in middle-aged and older individuals was observed [45].
The mixed evidence concerning the relationship of depressive
symptoms with telemedicine utilization might be explained by
the different pandemic periods that were considered in the
studies (Summer and Winter 2020 vs Summer 2021). In fact,
depressive symptoms [75] and telemedicine acceptance [35]
were found to have increased over the course of the pandemic.
Regarding loneliness, Robbins et al [76] also observed higher
loneliness rates among telemedicine users (telephone contacts),
while in-person visits were associated with fewer feelings of
loneliness among older adults (≥65 years) residing in the United
States during the pandemic. It might be the case that older adults
who indicated higher levels of loneliness were more open to
using telemedicine services to satisfy their unmet social needs
during pandemic times. Telemedicine services may be more
accessible for older individuals (eg, no traveling for
mobility-restricted individuals needed), which might encourage
lonely individuals to take the initiative to foster social interaction
through telemedicine appointments. Regarding life satisfaction,
König et al [77] recently observed a positive correlation between
life satisfaction and digital health literacy in a nationally
representative survey of the population in Germany, which
could explain the observed relationship between higher life
satisfaction and online health consultation use in our sample.
In addition, higher life satisfaction was associated with
health-promoting behaviors in previous studies [78-80], which
could have contributed to higher online health consultation use.

Additional analyses stratified by sex and age further highlighted
the relationships with the determinants, especially in male and
older participants. While online consultation use in females was
only associated with health needs, male individual’s use
behavior was additionally associated with psychosocial factors
(ie, relationship status and loneliness), education, and health
behavior (ie, frequency of walks and physical activity). The
decision of male patients to use telemedicine services seems to
be connected to additional factors and therefore more complex
compared with female patients. Male patients may be facing
additional barriers to telemedicine utilization. Therefore, future
research is needed to explore gender-specific determinants and
barriers to the use of telemedicine. Furthermore, particularly
among individuals aged 65 years and older, loneliness,
education, and age were associated with online health
consultation use. Consequently, compared with individuals aged
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40 to 64 years, older patients might be especially affected by
disparities in education or loneliness.

When considering the international context, multiple reviews
mainly based on quantitative cross-sectional, randomized
controlled or qualitative studies observed determinants of
telemedicine use in older age groups and found positive
associations with educational level, health needs, and
health-related motivation to use the services [38-40], which is
in line with our findings. Moreover, they observed additional
relationships (eg, with age, sex, and social support or influence),
which we did not find in our analysis. Age or sex were not
associated with overall telemedicine use in our sample. The
reviews [38-40] mostly included studies from the United States
or Europe. Telemedicine regulations differ substantially between
Germany and the United States, but also in the European
context. Whereas Germany has implemented national
telemedicine coverage rules during the pandemic, large
state-specific variation in insurance coverage and regulations
exist in the United States [71,81], which may have caused
additional barriers for older telemedicine users. Nevertheless,
our stratified analyses indicated differences in determinants of
use in the different sex and age groups. Furthermore, we
observed a positive relationship of loneliness with telemedicine
use, which is in contrast to the observed negative relationship
of social isolation or lack of social support with telemedicine
use in international studies [39]. Raja et al [82] reviewed studies
of older adults in European countries and found that social
support and lack of social support were both associated with
using new technologies, including telemedicine. Social support
may be crucial when older adults are faced with problems when
learning new technologies, which was also observed in US
samples [68]. Nevertheless, lack of social support or loneliness
might also motivate older adults to try out new technologies to
address their social needs, which we observed in our sample.
Moreover, the discrepancies might also be explained by
differences in regulations or access to telemedicine care (eg,
variations in out-of-pocket payments, supply, or complexity of
use). For instance, the requirement for additional out-of-pocket
payments or high barriers to use may lower the probability of
using telemedicine services for the primary purpose of social
interaction. Future research concerning differences in
psychosocial determinants across different countries is needed.

Strengths and Limitations
The nationally representative, large DEAS sample of
middle-aged and older individuals in Germany represents a key
strength of our study. Middle-aged and older adults are a major
target group for future telemedicine services in Germany, thus
it is of particular importance to explore the telemedicine use
behavior of this age group. In addition, longitudinal data were
exploited, which enabled us to consider two different pandemic
stages and account for the exceptional circumstances during
that time. Since only few studies observed determinants of

online health consultation use in German middle-aged and older
adults in the past, our study adds valuable knowledge to the
existing literature.

Nevertheless, some limitations should be noted. Telemedicine
use was represented by having online consultations with doctors
or therapists in our study. We neither examined specific patient
groups nor focused on a certain telemedicine format (eg, video
conferences or mobile apps). Therefore, we observed a
potentially heterogeneous user group. Since telemedicine
acceptance during the pandemic was found to vary across
medical specialties and telemedicine formats [31], future
research that tests for differences in use among patient groups
or different telemedicine formats is needed to tailor future
services to major user groups. However, our study provides
initial insights into telemedicine use in middle and old age. In
addition, the DEAS panel holds a slight selection bias. Young,
highly educated, healthier, and female individuals were
somewhat more likely to participate in the DEAS [83]. However,
selection bias in the DEAS sample was found to be small and
the distribution of major sociodemographic characteristics
closely mirrors the distribution within the overall population of
Germany [47]. Moreover, only individuals with access to the
internet were included in our study. Therefore, generalization
of the results might be slightly limited for some groups of the
German middle-aged and older population.

Conclusion
Telemedicine services represent a valuable tool to deal with the
increasing demand for health care caused by population aging.
Knowledge about telemedicine use and its determinants,
particularly in middle-aged and older individuals, is essential
to promote widespread implementations in the future. Our study
highlights the relationship of education, psychosocial, and health
factors with telemedicine use of community-dwelling
middle-aged and older individuals in Germany during the
COVID-19 pandemic. Therefore, telemedicine use does not
only depend on health needs of middle-aged and older patients.
The finding that particularly highly educated individuals used
online health consultations may point toward social inequality
among telemedicine users. Consequently, efforts should be
made to enable access to telemedicine for all patient groups and
individual support should be provided (eg, for patients with low
[digital] health literacy) to remove barriers to telemedicine use.
Moreover, special attention should be paid to individuals with
low life satisfaction and an unhealthy lifestyle since they seem
harder to reach through telemedicine services. Finally, future
research is needed to test the relevance of the observed
relationships in the postpandemic context and identify potential
reasons for use or nonuse of telemedicine services in
middle-aged and older adults in Germany (eg, based on
qualitative data). Moreover, cross-country comparisons
regarding the determinants of telemedicine use remain to be
explored.
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Abstract

Background: Older adults (65 years and older) often present to the emergency department (ED) with an unclear need for
hospitalization, leading to potentially harmful and costly care. This underscores the importance of measuring the trade-off between
admission and discharge for these patients in terms of patient outcomes.

Objective: This study aimed to measure the relationship between disposition decisions and 3-day, 9-day, and 30-day revisits,
readmission, and mortality, using causal inference methods that adjust for potential measured and unmeasured confounding.

Methods: A longitudinal observational study (n=3591) was conducted using electronic health records from a large tertiary
teaching hospital with an ED between January 1, 2014 and September 27, 2018. The sample consisted of older adult patients with
1 of 6 presentations with significant variability in admission: falls, weakness, syncope, urinary tract infection, pneumonia, and
cellulitis. The exposure under consideration was the ED disposition decision (admission to the hospital or discharge). Nine
outcome variables were considered: ED revisits, hospital readmission, and mortality within 3, 9, and 30 days of being discharged
from either the hospital for admitted patients or the ED for discharged patients.

Results: Admission was estimated to significantly decrease the risk of an ED revisit after discharge (30-day window: −6.4%,
95% CI −7.8 to −5.0), while significantly increasing the risk of hospital readmission (30-day window: 5.8%, 95% CI 5.0 to 6.5)
and mortality (30-day window: 1.0%, 95% CI 0.4 to 1.6). Admission was found to be especially adverse for patients with weakness
and pneumonia, and relatively less adverse for older adult patients with falls and syncope.

Conclusions: Admission may not be the safe option for older adults with gray area presentations, and while revisits and
readmissions are commonly used to evaluate the quality of care in the ED, their divergence suggests that caution should be used
when interpreting either in isolation.

(JMIR Aging 2025;8:e55929)   doi:10.2196/55929

KEYWORDS

gerontology; geriatric; older adults; elderly; older people; aging; emergency department; emergency room; ED; disposition
decision; disposition; discharge; admission; revisit; readmission; observational study; health; hospital

Introduction

Care for acute illnesses has shifted from outpatient offices to
emergency departments (EDs), leading to an increase in ED use
that has outpaced population growth [1]. EDs diagnose and treat
acute illnesses [2]. Therefore, emergency providers diagnose
patients, initiate treatment, and predict the disease trajectory to
decide whether to admit the patient to an inpatient unit or

discharge the patient home [3,4]. Any change to admission
decisions can impact outcomes and costs since two-thirds of
ED health care costs in the United States come from visits that
end in admission [5,6].

Whether to admit or discharge a patient is a weighty decision.
This point is best exemplified with older adults (≥65 years of
age). Discharging an older adult carries a high risk of adverse
health outcomes, especially when compared with younger
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patients [7-12]. Hence, increasing interest has been placed on
identifying patients at risk for adverse outcomes after ED
discharge [7,11,13,14] or on developing strategies for following
up on discharged patients [15]. Admitting a patient who can be
discharged carries its own risks. Older adults are vulnerable to
deconditioning and hospital acquired infection, as well as
developing delirium and accelerated cognitive decline [16-19].
These issues underscore the importance of measuring the
trade-off between admitting and discharging a patient.

Admission decisions are usually based on well-defined clinical
factors and practice guidelines, but often, patients fall into a
gray area in which the need for hospital admission is unclear
based on objective information or even local standards of care.
A large group of such gray-area patients is those presenting
with syndromic diagnoses such as falls [20] or weakness [21],
or patients presenting with more definite diagnoses that are
associated with wide variability in admission decision, such as
syncope [22], chest pain [5,23,24], urinary tract infection (UTI)
[25], pneumonia [26], and cellulitis [27]. Moreover, other factors
influence disposition decisions including triage [28], crowding
[29], patient home environment [30], diagnostic testing [31],
patient ethnicity [32], and hospital capacity [32]. Consequently,
admission rates vary widely for these patients between providers
and between hospitals, leading to potentially harmful practice
variation [33]. Reducing this variation may avoid harmful
admissions while safeguarding patient safety, but in order to do
so evidence must be used to guide decision-making.

In this study, we focused on older adults in the ED with
gray-area diagnoses as follows: diagnoses associated with
clinical ambiguity or high rates of potentially preventable
hospitalizations and variability in admissions [16,17]. The goal
of this work was to identify how the decision to admit drives
subsequent revisit, readmission, and mortality among older
adult patients with diagnoses that are syndromic (falls and
weakness) or lacking a clear standard of practice (syncope, UTI,
pneumonia, or cellulitis). This question was difficult to answer
since patients with different disposition decisions differ in their
clinical severity, complexity, and needs. Without adjusting for
these differences, unfair conclusions can be drawn if patients
with different disposition decisions are directly compared. We
thus used a causal inference methodology for observational data
to measure the relationship between disposition decisions and
outcomes for these older adult patients [34,35].

Methods

Data
ED visits were analyzed using electronic health records (EHRs)
from a large Midwestern academic health system. The dataset
used was from a common EHR system, and the analyzed
population consisted of encounters with a specific large ED
between January 1, 2014 and September 27, 2018. ED visits
were included for older adult patients (65 years of age or older)
with presentations for falls (n=1581), weakness (n=564),
syncope (n=468), UTI (n=456), pneumonia (n=299), and
cellulitis (n=223). For all 6 presentations, inclusion and
exclusion criteria were specified to capture patients who, based
on objective criteria present in the EHR occupied a “gray area”

with regards to criteria for admission. In general, the strategy
was to include patients who met diagnostic criteria for each
presentation but did not have further abnormalities indicating
a clear indication for admission present within discrete fields
of the EHR. General inclusion criteria were an acuity level
(emergency severity index; ESI) of 2 or 3, excluding visits
assigned the most and least severe ESI levels; and treated and
either admitted to the hospital or discharged to their residence,
excluding patients who eloped, left against medical advice, or
were transferred to another facility. General exclusion criteria
were a missing disposition decision, a visit in the last 45 days
of the sample period (as these patients had inadequate follow-up
for outcomes), indicators of acute coronary syndromes (troponin
levels >0.10 ng/mL), severe vital sign abnormalities at any point
during the ED visit (systolic blood pressure <80 mmHg,
respiration rate >30 BPM, pulse oximetry <88%, or heart rate
>120 BPM), or a specific diagnosis that unambiguously required
admission (ie, stroke, myocardial infarction, or femur fractures).
In addition, patients presenting to the ED with a combination
of cellulitis and a higher temperature than 100.3 F were
eliminated from the analysis since these encounters had a high
admission probability.

Variables
Seven variables represented baseline characteristics as follows:
age, sex, insurance, history of diabetes, history of congestive
heart failure, history of hypertension, and Centers for Medicare
and Medicaid Services Hierarchical Condition Category (HCC)
score [36]. HCC scores predict health care costs and outcomes
by assigning risk weights to comorbidities based on ICD codes;
higher scores indicate a greater predicted risk and resource use.
These baseline characteristics were selected because they are
available prior to the ED visit and can capture key clinical
variations that could influence a patient’s ED visit and outcomes.

Five variables represented initial observations serving as a proxy
for underlying latent health state at the start of the admission
process: acuity, temperature, blood pressure, respiratory rate,
and heart rate. Acuity was measured using the ESI level, a
5-level triage system where lower ESI levels (eg, 1 or 2) indicate
higher acuity, meaning the patient requires more urgent care
and significant resources. These proxy variables were included
because they are available before the admission process begins
and can be considered indirect (or “noisy”) measurements of
the patient’s latent health state.

Two variables represented the admission process: treatment
time (duration between when a patient is placed in an ED room
after triage for treatment and when their admission decision is
made) and admission decision. Patients discharged to a Skilled
Nursing Facility or Inpatient Rehabilitation Facility were treated
as a discharge.

Three primary outcome variables were considered: ED revisits,
hospital readmission, and mortality within 30 days of being
discharged from either the hospital for admitted patients or the
ED for discharged patients. Binary variables for revisits
indicated whether an individual returned to the study ED (based
on EHR data) within 30 days of discharge. Similarly, binary
variables for readmission and mortality indicated whether an
individual was readmitted or died within 30 days of discharge,
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respectively. Alternative windows (3 d and 9 d instead of 30 d)
were also considered as secondary outcomes, since a short
window is likely to capture only subsequent events related to
the original ED visit, whereas a long window is likely to capture
all subsequent events related to the original ED visit. To
optimize this trade-off, a 9-day window has previously been
recommended [37].

Missing continuous and categorical variables were imputed
with the median and most frequent category, respectively.
Continuous variables were standardized and these transformed
variables were then used for estimation.

Analysis
Admission decisions were evaluated using 3 types of analyses:
unadjusted, adjusted, and subgroup. Each type of analysis was
repeated for each of the 3 primary outcomes, and for the overall
sample and each presentation group. Unadjusted analyses
involved estimating the observed (ie, unadjusted) difference in
risk of an outcome between admitted patients and discharged
patients. Wald 95% CIs were recovered.

Adjusted analyses, constituting our primary analyses, involved
estimating these same risk differences (RDs) but adjusted for
the unmeasured or latent health state in addition to measured
variables (ie, baseline characteristics and proxy variables). These
estimates were recovered by implementing a latent-variable
approach for evaluating admission decisions (see Cochran et al
[34] for details and applied in Alvarez Avendaño et al [35] to
chest pain patients). Briefly, this approach involves modeling
both the measured variables and a latent “health state” variable,
and then fitting this model to data using expectation
maximization, from which an estimate of the average treatment
effect (ie, average difference in potential outcomes were we to
admit vs discharge a patient) and Wald CIs can be recovered.
The latent health state is included to account for potential
unmeasured confounding between the admission decision and
each outcome. More specifically, it accounts for confounding
by indication, whereby admission decisions are based on factors
not captured in the data. The inclusion of proxy variables, such
as acuity and vitals, is crucial as they provide indirect measures
of the latent health state, thereby strengthening the model’s
ability to mitigate confounding by indication.

The model comprised several regression components: logistic
regression to model the latent health state as a function of
baseline characteristics; logistic and linear regression to model
the proxy variables (eg, acuity and vitals) as a function of latent
health and baseline factors; threshold regression to model the
admission process (decision and timing) as a function of latent
health, baseline characteristics, and proxy variables; and linear
regression to model each outcome based on latent health. Once
model parameters are estimated, we calculate average treatment
effects by comparing outcomes for each visit under hypothetical
admission and discharge scenarios while holding all other
variables at their original value. We then calculate the difference

between these hypothetical outcomes and average this difference
across all visits to obtain the overall treatment effect. For
subgroup analyses, we recover subgroup-specific average
treatment effects by averaging these hypothetical outcomes
across only those visits with certain baseline characteristics (eg,
female patients).

To check the sensitivity of our conclusions to various factors,
several additional analyses were conducted. First, we checked
sensitivity to 2 key assumptions for the latent-variable approach,
which is that potential outcomes are independent of admission
decisions with similar latent health needs and baseline
characteristics and that events related to different ED visits are
independent. Second, we analyzed the secondary outcomes,
which use alternative time windows (3 days and 9 days instead
of 30 days). Third, we estimated the same RDs as the main
analyses, but only adjusted for the measured variables as
opposed to both the measured variables and the latent health
state. These estimates were recovered using the causal inference
methods known as inverse probability weighting (IPW) and
g-estimation.

Due to space considerations, sensitivity analyses are detailed
in Multimedia Appendix 1. Importantly, estimates from checking
violations to our 2 key assumptions were generally consistent
in terms of direction and magnitude with the adjusted estimates
reported in the main text, and estimates from IPW and
g-estimation were similarly consistent with unadjusted estimates,
with a few exceptions detailed in Multimedia Appendix 1. In
addition, cellulitis had a small sample size (n=223) relative to
other diagnostic groups, leading to imprecise estimates.
Therefore, results for cellulitis are presented in Multimedia
Appendix 1. Finally, subgroup analyses for individual diagnoses
and technical details of all our adjusted analyses can also be
found in Multimedia Appendix 1.

Significance was considered at an α level of 0.05. Hypothesis
tests were 2-tailed Wald tests. Multiple comparisons were not
adjusted for, and as such, nominal CIs and P values are reported.

Ethical Considerations
This study was reviewed by the UW Minimal Risk Research
Institutional Review Board (ID 2024-0106-CP001) and was
deemed to meet the federal criteria for exemption.

Results

Baseline Characteristics
Sample characteristics are summarized in Table 1. Patients were
predominantly female (2102/3591, 58.5%) with Medicare
insurance (1460/1589, 91.9%) and had an average age of 79
years. Patients were diagnosed with falls (1581/3591, 44%),
weakness (564/3591, 16%), syncope (468/3591, 13%), UTI
(456/3591, 13%), pneumonia (299/3591, 8%), and cellulitis
(223/3591, 6%).
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Table . Descriptive statistics of sample by complaint.

Cellulitis

(n=223)

Pneumonia

(n=299)
UTIa

(n=456)

Syncope

(n=468)

Weakness

(n=564)

Falls

(n=1581)

All

(n=3591)

76.758 (8.36)78.9 (9.27)79.22 (8.91)76.8 (8.73)78.66 (8.4)80.56 (8.94)79.23 (8.93)Age (years),
mean (SD)

1.965 (1.72)2.107 (1.57)1.879 (1.6)1.32 (1.36)1.82 (1.46)1.49 (1.22)1.65 (1.41)Comorbidity

(HCCb), mean
(SD)

81.41 (14.59)87.32 (15.74)80.79 (14.82)73.11 (13.52)78.39 (15.06)76.41 (13.54)78.07 (14.66)Heart rate
(BPM), mean
(SD)

97.73 (0.8)98.55 (1.56)97.88 (1.18)97.34 (0.72)97.56 (0.85)97.44 (1.69)97.61 (1.4)Temperature
(°F), mean (SD)

71.99 (12.41)69.47 (13.57)73.49 (14.72)71.91 (12.19)74.36 (12.9)76.23 (13.92)74.2 (13.7)Blood pressure
(mmHg), mean
(SD)

18.41 (2.58)19.8 (3.72)18.28 (3.07)17.72 (3.57)17.86 (3.23)17.82 (2.92)18.07 (3.18)Respiration rate
(BPM), mean
(SD)

0.15 (0.08)0.13 (0.06)0.16 (0.07)0.22 (0.2)0.2 (0.12)0.18 (0.1)1.82 (0.12)Treatment time
(hours), mean
(SD)

115 (51.6)149 (49.8)290 (63.6)255 (54.5)299 (53)994 (62.9)2102 (58.5)Female, n (%)

Insurance, n (%)

1 (0.4)1 (0.3)2 (0.4)5 (1.1)3 (0.5)3 (0.2)15 (0.4)    Medicaid/Bad-
ger Care

195 (87.4)273 (91.3)409 (90.1)415 (90.8)526 (93.6)1460 (92.9)3278 (91.9)    Medicare

27 (12.1)25 (8.4)42 (9.3)35 (7.7)33 (5.9)109 (6.9)271 (7.6)    Commer-
cial/Worker’s
Compensation

0 (0)0 (0)1 (0.2)2 (0.4)0 (0)0 (0)3 (0.1)    Self-pay

61 (27.4)72 (24.1)99 (21.7)81 (17.3)138 (24.5)293 (18.5)744 (20.7)Diabetes, n (%)

36 (16.1)53 (17.1)56 (12.3)33 (7.1)62 (11)173 (10.9)413 (11.5)Congestive
Heart failure, n
(%)

139 (62.3)170 (56.9)255 (55.9)244 (52.1)350 (62.1)923 (58.4)2081 (58.0)Hypertension, n
(%)

25 (11.2)106 (35.5)103 (22.6)195 (41.7)139 (24.6)425 (26.9)993 (27.7)Acuity (=2), n
(%)

142 (63.7)255 (85.3)240 (52.6)179 (38.2)252 (44.7)333 (21.1)1401 (39.0)Admitted, n (%)

45 (20.2)40 (13.4)105 (23)53 (11.3)108 (19.1)293 (18.5)644 (17.9)30-day revisits,
n (%)

22 (9.9)33 (11)43 (9.4)23 (4.9)36 (6.4)50 (3.2)207 (5.8)30-day readmis-
sion, n (%)

3 (1.3)27 (9)11 (2.4)6 (1.3)30 (5.3)50 (3.2)127 (3.5)30-day mortali-
ty, n (%)

aUTI: urinary tract infection.
bHCC: hierarchical condition category.

Revisits
Table 2 summarizes the unadjusted RD between admission and
discharge for 30-day revisits across all presentations and for
individual presentations. Across all presentations, admission

carried a significantly lower unadjusted risk than a discharge
of 30-day revisits (RD=−5.2%, 95% CI −6.3 to −4.1). Individual
presentations yielded unadjusted estimates that generally agreed
with that of the entire sample, with 1 exception. For syncope
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patients, admission carried a greater unadjusted risk than a discharge of 30-day revisits (RD=2.5%, 95% CI 0.0 to 5.0).

Table . Unadjusted and adjusted estimates (95% CI) of risk differences (RD) for 30-day revisits, comparing admission to discharge (reference). Adjusted
estimates account for latent health state and measured variables.

Adjusted RD (95% CI)Unadjusted RD (95% CI)

−6.4 (−7.8 to −5.1)−5.2 (−6.3 to −4.1)All

−33.2 (−35.5 to −30.8)−4.5 (−6.5 to −2.5)Falls

4.4 (−2.8 to 11.6)−8.8 (−11.6 to −6.0)Weakness

−38.6 (−43.2 to −34.1)2.5 (0 to 5)Syncope

−56.7 (−61.3 to −52.2)−10.8 (−14.1 to −7.5)UTIa

23.4 (18.7 to 28.1)−3.0 (−7.6 to 1.7)Pneumonia

aUTI: urinary tract infection.

Table 2 also summarizes the estimated RDs, adjusted for latent
health state and measured patient variables, between admission
and discharge for 30-day revisits. Across all presentations,
admission carried a significantly lower adjusted risk than a
discharge of 30-day revisits (RD=−6.4%, 95% CI −7.8 to −5.0).
Individual presentations yielded adjusted estimates that generally
agreed with that of the entire sample, with the following
exceptions. For patients with weakness, admission carried a
numerically greater adjusted risk than a discharge of 30-day
revisits (RD=4.4%, 95% CI −2.8 to 11.6). For patients with
pneumonia, admission carried a significantly greater adjusted

risk than a discharge of 30-day revisits (RD=23.4%, 95% CI
18.7 to 28.1).

Readmission
Table 3 summarizes the unadjusted RD between admission and
discharge for 30-day readmissions across all diagnoses and for
individual diagnoses. Across all diagnoses, admission carried
a significantly greater unadjusted risk than a discharge of 30-day
readmission (RD =14.8%, 95% CI 14.1 to 15.4). Individual
diagnoses yielded unadjusted estimates that agreed in terms of
direction, significance, and magnitude (within 3%) with that of
the entire sample.

Table . Unadjusted and adjusted estimates (95% CI) of risk differences (RDs), in percentage points, for 30-day readmissions, comparing admission to
discharge (reference). Adjusted estimates account for latent health state and measured variables.

Adjusted RD (95% CI)Unadjusted RD (95% CI)

5.8 (5.0 to 6.5)14.8 (14.1 to 15.4)All

3.2 (2.3 to 4.0)15.0 (14.1 to 15.9)Falls

61.6 (57.7 to 65.5)14.3 (12.6 to 16.0)Weakness

4.9 (3.0 to 6.9)12.8 (11.1 to 14.6)Syncope

9.4 (6.8 to 12.1)17.9 (15.6 to 20.2)UTIa

25.8 (20.9 to 30.6)12.9 (8.7 to 17.2)Pneumonia

aUTI: urinary tract infection.

Table 3 also summarizes estimated RDs, adjusted for latent
health state and measured patient variables, between admission
and discharge for 30-day readmissions. Across all diagnoses,
admission carried a significantly greater adjusted risk than a
discharge of 30-day readmission (RD=5.8%, 95% CI 5.0 to
6.5). Individual diagnoses yielded adjusted estimates in the
same direction as that of the entire sample, but the magnitude
was notably larger in a few cases. For patients with weakness,
admission carried a greater adjusted risk than a discharge 30-day
readmission (RD=61.6%, 95% CI 57.7 to 65.5). For patients
with pneumonia, admission carried a significantly greater

adjusted risk than a discharge of 30-day readmission
(RD=25.8%, 95% CI [20.9, 30.6]).

Mortality
Table 4 summarizes the unadjusted RD between admission and
discharge for 30-day mortality across all diagnoses and for
individual diagnoses. Across all diagnoses, admission carried
a significantly greater unadjusted risk than a discharge of 30-day
mortality (RD=3.8%, 95% CI 3.3 to 4.3). Individual diagnoses
yielded unadjusted estimates that agreed in terms of direction,
significance, and magnitude (within 3%) with those of the entire
sample.
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Table . Unadjusted and adjusted estimates (95% CI) of risk differences (RDs), in percentage points, for 30-day mortality, comparing admission to
discharge (reference). Adjusted estimates account for latent health state and measured patient variables.

Adjusted RD (95% CI)Unadjusted RD (95% CI)

1.0 (0.4 to 1.6)3.8 (3.3 to 4.3)All

−0.9 (−1.8 to 0.0)2.8 (1.9 to 3.7)Falls

58.1 (54.1 to 62.0)6.9 (5.3 to 8.5)Weakness

−21.9 (−53.6 to 9.7)2.4 (1.6 to 3.3)Syncope

1.1 (−0.3 to 2.5)1.9 (0.7 to 3.1)UTIa

7.7 (4.4 to 11.0)5.3 (1.4 to 9.2)Pneumonia

aUTI: urinary tract infection.

Table 4 also summarizes estimated RDs, adjusted for latent
health state and measured patient variables, between admission
and discharge for 30-day mortality. Across all diagnoses,
admission carried a significantly greater adjusted risk than a
discharge of 30-day mortality (RD=1.0%, 95% CI 0.4 to 1.6).
Individual diagnoses yielded adjusted estimates differing from
that of the entire sample in several meaningful ways.

Reporting from high to low, admission for patients with
weakness carried a significantly greater adjusted risk than a
discharge of 30-day mortality (RD=58.1%, 95% CI 54.1 to
62.0). For patients with pneumonia, admission also carried a
significantly adjusted risk than a discharge of 30-day mortality
(RD=7.7%, 95% CI 4.4 to 11.0). For patients with UTI,
admission carried a numerically greater adjusted risk than a
discharge of 30-day mortality (RD=1.1%, 95% CI −0.3 to 2.5).
For patients with syncope, admission carried a numerically
lower adjusted risk of 30-day mortality (RD=−21.9%, 95% CI
−53.6 to 9.7). For patients with falls, admission carried a lower

adjusted risk than a discharge of 30-day mortality (RD=−0.9%,
95% CI −1.8 to 0.0).

Subgroup Analyses
Table 5 summarizes subgroup-specific estimates of RDs,
adjusted for latent health state and measured patient variables,
between admission and discharge for 30-day outcomes. All
subgroup estimates had the same direction as that of the entire
sample: negative for 30-day revisits and positive for 30-day
readmission and mortality. For all 30-day outcomes, 5 subgroups
had numerically greater adjusted estimates than that of the entire
sample. These subgroups (in decreasing order of prominence)
were individuals with congenital heart disease, individuals with
diabetes, individuals with HCC scores greater than the mean
score of 1.65, individuals greater than the mean age of 79.2
years, and individuals with hypertension. Of note, all these
subgroups tend to have worse baseline health than their
counterpart. The subgroup with the numerically lowest adjusted
estimate for all 30-day outcomes was individuals with insurance
other than Medicare.
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Table . Subgroup-specific adjusted estimates (95% CI) of risk differences, in percentage points, for 30-day outcomes, comparing admission to discharge
(reference). Adjusted estimates account for latent health state and measured patient variables.

MortalityReadmissionRevisitVariable and subgroup

Age (years)

0.9 (0.2 to 1.5)5.4 (4.7 to 6.2)−7.2 (−8.7 to −5.6)    65‐79.2

1.2 (0.6 to 1.9)6.1 (5.3 to 7.0)−5.6 (−7.0 to −4.1)    >79.2

Sex

1.0 (0.4 to 1.7)5.8 (5.0 to 6.6)−6.5 (−8.0 to −4.9)    Male

1.0 (0.4 to 1.7)5.8 (5.0 to 6.6)−6.4 (−7.9 to −5.0)    Female

Insurance

1.1 (0.5 to 1.7)5.8 (5.1 to 6.6)−6.2 (−7.6 to −4.9)    Medicare

0.6 (−0.2 to 1.3)4.9 (3.9 to 5.9)−8.5 (−10.8 to −6.3)    Other

Diabetes

0.9 (0.3 to 1.6)5.6 (4.9 to 6.4)−6.8 (−8.2 to −5.4)    No

1.4 (0.7 to 2.1)6.4 (5.4 to 7.4)−5.0 (−6.7 to −3.2)    Yes

Congenital heart failure

0.9 (0.3 to 1.5)5.5 (4.8 to 6.2)−7.0 (−8.4 to −5.6)    No

2.1 (1.3 to 2.9)7.8 (6.6 to 9.0)−1.8 (−3.9 to 0.3)    Yes

Hypertension

0.9 (0.3 to 1.5)5.6 (4.8 to 6.3)−6.9 (−8.4 to −5.4)    No

1.1 (0.5 to 1.7)5.9 (5.1 to 6.7)−6.1 (−7.5 to −4.6)    Yes

Hierarchical condition category

0.8 (0.2 to 1.4)5.3 (4.6 to 6.1)−7.4 (−8.8 to −6.0)    ≤1.65

1.4 (0.8 to 2.1)6.5 (5.6 to 7.4)−4.7 (−6.2 to −3.2)    >1.65

Discussion

Principal Findings
Our goal was to investigate the impact of admitting older adult
patients with 6 common but variably managed ED presentations:
falls, weakness, syncope, UTI, pneumonia, and cellulitis. In
particular, these conditions show considerable variability in
admission practices, and understanding their specific outcomes
can help clinicians better determine when admission is beneficial
or potentially harmful. Using causal inference methods, we
analyzed EHR data to compare outcomes such as ED revisits,
hospital readmissions, and mortality, measuring these outcomes
at 3, 9, and 30 days after discharge. By focusing on this “gray
area” where no standard practice exists, we wanted to provide
insights that support more consistent and evidence-based
admission decisions for these presentations.

Our primary finding is that admission was associated with a
significant decrease in the risk of an ED revisit, but with a
significant increase in the risk of hospital readmission and
mortality. The association with an increased readmission risk
was consistent for all individual diagnoses, for all time frames,
and for all estimation approaches (unadjusted, IPW,
g-estimation, and latent variable as the primary analysis). The
associations with a decreased revisit risk and with an increased
mortality risk were generally consistent for individual diagnoses,

all time frames, and all approaches, with a few exceptions
discussed below. These results would suggest that while
admission may help prevent immediate returns to the ED, it
could lead to worse long-term outcomes for certain patients.
This balance of risks highlights the importance of carefully
weighing the short-term benefits of admission against the
potential for readmission and mortality, especially in older adults
with these conditions.

In our primary analysis, admission was associated with an
increased revisit risk for patients with weakness and pneumonia,
along with a notably higher readmission and mortality risk for
these conditions compared with others. This suggests that
patients with weakness or pneumonia may be especially
vulnerable to poor outcomes from admission. In contrast,
admission was associated with a numerically lower 30-day
mortality risk for patients with falls or syncope, indicating that
these individuals may benefit more from being admitted. These
findings can help guide clinicians in prioritizing which patients
may require closer monitoring, alternative care options, or
potential admission.

Our subgroup analysis identified patient factors that may
influence outcomes from hospital admission. Overall, admission
appears less favorable for older individuals (>79 years) and
those with comorbidities (ie, congenital heart disease, diabetes,
high HCC scores, or hypertension). Important factors for
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admission, however, may vary by specific presentation, as
shown in our subgroup analysis in Multimedia Appendix 1.
Despite these differences, we found consistent trends across
subgroups, suggesting that standardized admission
recommendations could potentially be based on the type of
presentation alone, rather than on patient-specific factors like
age, sex, insurance, or comorbidity.

For comparison, another study examined the impact of admitting
older adult patients presenting to the ED with chest pain, another
presentation with variable admission practices, and found that
admission had a lower readmission risk but an increased
mortality risk [35]. This study similarly estimated an increased
mortality risk, yet it also found an increase in readmission risk
for almost all presentations. The association of admission with
both increased and decreased risks for revisits, readmission,
and mortality, underscores why standardized care pathways are
lacking for these presentations [21]. While our results suggest
that, in general, discharge may be associated with lower
readmission and mortality risks, discharging an older adult can
still carry significant risks. These findings support the need for
safe alternatives to hospitalization, such as outpatient care
coordination or at-home ambulatory providers [38]. Such
alternatives have been shown to effectively reduce hospital
readmission rates on older adult patients discharged from the
ED [39,40].

Limitations
A primary limitation of this study is the potential for unmeasured
confounding, especially confounding by indication, where
treatment decisions are influenced by clinical indicators not
fully captured in the EHR. This limitation is significant because
it directly impacts our ability to interpret the findings causally.
Although we used multiple methods, including a latent variable
approach to account for unobserved health status [34], no

method can fully guarantee that all confounding is addressed.
Consequently, our findings remain subject to potential bias if
residual confounding exists. This is particularly relevant for
interpreting the effect of admission on outcomes, as patients
who are “sicker” based on unmeasured factors are more likely
to be admitted, and these same factors could drive poor
outcomes. While the latent variable approach yielded estimates
generally more favorable to admission—suggesting some
adjustment for underlying severity—and results were consistent
across different time frames and presentations, caution is
warranted in interpreting these effects as causal. This limitation
highlights the need for further research to strengthen the causal
inference of admission effects on outcomes.

In addition, this was a retrospective, observational study
conducted using EHR data from an academic ED in the US
Midwest, thereby limiting the generalizability of our findings.
Moreover, the resulting patient population for specific
presentations after applying our filters was relatively small,
leading to nonsignificant estimates. Replicating this analysis in
different EDs with larger samples is needed.

Conclusions
This study is one of the few to quantify the risks and benefits
associated with admission decisions for ED presentations
associated with unclear need for hospitalization. Existing studies
have mainly focused on identifying factors that influence
hospital admission of noncritically ill patients, often through
physician surveys [41] or identifying risk patterns [33,42,43].
This study is intended to quantify the trade-offs of admission
at a population level rather than directly influencing bedside
decisions. Our findings indicate that admission is not always
the “safe” choice, underscoring the need for further research to
establish specific criteria that can better guide admission
decisions for older adults in the ED.
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Abstract

Background: Researchers in Nova Scotia and Ontario, Canada, implemented a passive remote monitoring (PRM) model of
home care unique to their health system contexts. Each PRM model integrated tailored PRM devices (eg, motion sensors, cameras,
and door alarms) into home care patients’ residences with the aim of linking patients, family and friend caregivers, and health
care providers to support older adults’ aging in place.

Objective: The purpose of this study was to examine the use of PRM technologies in the home to support older adults’ safe
aging in place and avoidance or delay of higher levels of care.

Methods: This multiprovincial pragmatic randomized controlled trial examined how PRM technologies support older adults
to safely remain in their home and avoid or delay admission to higher levels of care. Pairs of home care patients and their family
and friend caregivers were recruited in Ontario and Nova Scotia. Participant pairs were randomly assigned to one of two conditions:
(1) standard home care (ie, control) or (2) standard home care plus study-provided PRM (ie, intervention). Participants provided
their provincial health insurance numbers to link with provincial health administrative databases and identify if patients were
admitted to higher levels of care after 1 year. Cox proportional hazards models were used to evaluate the primary outcome in
each province.

Results: In total, 313 patient-caregiver pairs were recruited: 174 pairs in Ontario (intervention: n=60; control: n=114) and 139
pairs in Nova Scotia (intervention: n=45; control: n=94). Results indicate PRM was associated with a nonsignificant 30% reduction
in risk of patients being admitted to higher levels of care in Ontario (hazard ratio 0.7, 95% CI 0.3-1.4) and no reduction in risk
in Nova Scotia (hazard ratio 1.1, 95% CI 0.3-3.7). Adjusting for patient sex had no impact on model estimates for either province.

Conclusions: Limitations related, in part, to the impact of the COVID-19 pandemic may have contributed to the effectiveness
of the intervention. While our study did not yield statistically significant results (P=.30 and P=.90) regarding the effectiveness
of the PRM model in prolonging home stays, the observed trends suggest that technology-assisted aging in place may be a valuable
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goal for older adults. Further study is required to understand if longer follow-up time allows more effects of PRM on patients’
avoidance of higher levels of care to be detected.

Trial Registration: ISRCTN ISRCTN79884651; https://www.isrctn.com/ISRCTN79884651

International Registered Report Identifier (IRRID): RR2-10.2196/15027

(JMIR Aging 2025;8:e69107)   doi:10.2196/69107
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Introduction

Creative and effective ways to meet the health care needs of an
aging population, often related to the high prevalence of chronic
disease, are complicated by a strained health care work force,
competing economic priorities, and evolving health information.
Yet, these challenges create opportunities to reimagine how
health care systems can provide Canadians with the right care,
at the right time, in the right place. Although older adults may
experience significant chronic disease that may challenge their
ability to live independently, most older adults want to remain
at home [1,2]. This sentiment was underscored by the findings
of a recent survey where 85% of Canadian adults and 96% of
Canadians aged ≥65 years reported that they would do
everything they can to avoid institutionalization in a long-term
care (LTC) setting [2,3]. Home care services that are
appropriately managed and integrated into the health care system
support older adults to successfully age at home, can improve
the health and well-being of older adults and their families, and
reduce costs of care in hospitals and LTC facilities [2,4].
However, in Canada, beyond the challenges previously noted,
the provision of publicly funded home care services is limited
and home care providers are increasingly unable to meet existing
demands for home care service needs [2,4-6]. In fact,
approximately 75% of home care support for older Canadians
is provided supposedly for free by an unpaid family and friend
caregiver [2,7], creating enhanced personal risk of physical
health problems, stress, burnout, and depression [2,8].

A noted challenge of caring for older adults at home is providing
suitable home care services and ensuring that older adults can
safely follow established treatment plans. Common adverse
events among older adults at home (eg, medication
administration errors and falls) have been associated with
increased use of health services, disability, and death [9,10].
Furthermore, many older adults have complex health needs,
and the home care service gaps for older adults with complex
care needs are further magnified by limited health human
resources, access to partial home care services, a lack of direct
support for or involvement of caregivers, and a lack of
innovative strategies to expand home care [2,5]. These
challenges highlight the urgency to develop more effective and
respectful home care options for older adults.

A plausible intervention to address these home care challenges
is the implementation of active and passive remote monitoring
(PRM) technologies to support older adults to remain in their
homes [11]. Active monitoring applications require individual
participation, such as pushing a button on a wearable device

(eg, pendant or bracelet), while passive monitoring technologies,
such as motion sensors, do not require any action by the
individual for the system to work. Remote monitoring is useful
for tracking the behaviors of older adults with cognitive decline
(eg, forgetting to take medications) and intervening quickly in
the case of adverse events, such as falls. It also increases
individuals’ confidence in their ability to care for themselves
and live independently at home [11,12]. These technologies can
also benefit older adults living at home and their caregivers by
increasing communication and collaboration among people in
their circle of care and by enabling big data analytics that can
contribute to improving health care delivery practices [11,12].
While there is emerging evidence around the value of monitoring
technologies to support older adults at home, there is limited
insight into the outcomes of PRM, the preferences of older
adults and their caregivers, and the costs and benefits associated
with the wide variety of remote monitoring technologies
available.

The purpose of this study was to examine the use of PRM
technologies in the home to support older adults with complex
care needs to safely remain in their home and avoid or delay
admission to higher levels of care, such as long-term
hospitalization and LTC. We evaluated a technology-enabled
remote monitoring model of home care conceptually informed
by the principles of person-centered care, family as a client,
supported self-management, and stakeholder collaboration, to
address gaps in home care for older adults. Supportive
self-management speaks to the extended health care
responsibilities taken up by older adults and their caregivers
that create care work. Supportive self-management within home
care would include both clinical (eg, medication administration,
symptom monitoring, and care coordination) and nonclinical
(eg, homemaking, meal preparation, supportive housing, daily
check-ins, transportation, and a 24/7 helpline) funded services
[13,14]. In this model of care, family was conceptualized as the
patient or client receiving home care services and their
caregiver. Typically, caregivers play an integral role as part of
the care team to support older adults in the home; health care
assessments remain largely focused on the needs of the older
adult with relatively marginal inquiry into caregiver health and
well-being [13,14]. The primary focus of this study was to
investigate the impact of the PRM model of home care on older
adult home care recipients with a secondary focus on assessing
the impact of PRM on caregivers’ health and well-being.
Reported here are our findings as to whether PRM along with
usual home care supported older adults with complex care needs
to safely remain in their home longer and delay or avoid
admission to higher levels of care (ie, hospitalization and LTC)
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when compared with older adults receiving usual home care
alone.

Methods

Overview
This study was informed by the findings of previous pilot studies
conducted in the Canadian provinces of Alberta, British
Columbia, New Brunswick, and Nova Scotia [15,16]. The
primary outcome of this study was to support older adults with
complex care needs to safely remain in their home and avoid
or delay admission to higher levels of care, such as long-term
hospitalization and LTC. This outcome was operationalized
among complex care older adult home care recipients as the
occurrence of and time to the following events: terminal
admission to the hospital awaiting admission to LTC and direct
admission to LTC. The secondary outcomes were an assessment
of health service use and mortality rates of home care recipients
within 1 year of trial enrollment. A complete description of the

study’s methodology is reported elsewhere [17] and is
summarized in the subsequent sections.

Study Design
This study was an unblinded pragmatic randomized controlled
trial (PRCT) [18,19] with 2 parallel arms in two Canadian
provincial sites: (1) Central, Western, and Northern Zones in
Nova Scotia and (2) the South West Region in Ontario. PRCTs
are well-suited to supporting decision-making around complex
interventions tested in the real world in comparison to usual
forms of care [20,21]. As PRCTs are meant to capture real-world
situations and the experiences of individuals, broad inclusion
criteria developed in collaboration with regional health care
partners were purposely selected for this study (see Textbox 1
for the full criteria). For this study, participants were recruited
in home care client-caregiver dyads because the PRM requires
that older adults have a family caregiver who is willing to
receive system notifications. This PRCT is registered with the
ISRCTN (registration 79884651).

Textbox 1. Participant eligibility.

Participant group and inclusion criteria (eligible if all criteria are met)

• Home care clients

• Adult who is aged ≥65 years

• Requires home care and is at risk for higher levels of care as determined by the home care provider who makes these decisions

• Has a caregiver who is willing and able to receive the remote monitoring sensor notifications using a cell phone or a regular phone (ie, landline)

• Able to read and write in English or French

• Has the decisional capacity to consent or have a substitute decision-maker to consent for participation

• Caregivers

• Adult who is aged ≥18 years

• Is a caregiver to an adult who is aged ≥65 years that requires home care services and is assessed by home care service providers to be at risk for
higher levels of care

• Can be a spouse, partner, child, sibling, other family relation, or friend who helps care for the patient at home

• Willing and able to receive the remote monitoring sensor notifications using a cell phone or a regular phone (ie, landline)

• Able to read and write in either English or French

• Has the decisional capacity to consent for participation

Recruitment
The participant sample size was determined using information
from one health region regarding the time to higher levels of
care for older adults who previously required complex home
care. The sample size calculation was based on the following
criteria: total institutionalization proportion among controls
being 0.41, and the proportion for the experimental participants
being 0.27 (a 34% reduction compared with controls); a 10%
attrition rate due to dropout or loss to follow-up; a power of
80%; and a statistical significance level of α=.05. This resulted
in a total target sample size of 160 home care clients (and paired
caregivers) for the intervention group and 320 home care clients
(and paired caregivers) in the control group for a total study
sample size of 480 home care clients and 480 caregivers across
the Ontario and Nova Scotia study sites. The required sample
was estimated based on a prospective test of independence

(continuity-corrected chi-square statistic test) between the
experimental and control groups using 2 controls per
intervention case to increase the study’s power due to the cost
of the intervention [22].

Participant recruitment occurred from April 2017 through
January 2020 and was supported by the respective provincial
regional authorities. Assessors and care coordinators employed
at the health service provider that assesses and facilitates home
care services in each region identified potential study
participants (ie, clients) based on the study inclusion criteria
(Textbox 1). The home care clients may have been on the
assessors and care coordinators’ case load for up to 6 months
before being contacted about the study. Care coordinators
provided information about the study to potential study
participants and their family and friend caregivers and requested
permission to provide their names and contact information to

JMIR Aging 2025 | vol. 8 | e69107 | p.801https://aging.jmir.org/2025/1/e69107
(page number not for citation purposes)

Donelle et alJMIR AGING

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


the study research coordinator. Research staff contacted potential
participants who agreed to have their contact information
disclosed to arrange an appointment (in person or by telephone)
to provide more information about the study. If both the home
care client and family and friend caregiver met the eligibility
criteria and verbally agreed to participate, the research staff
scheduled an in-home meeting with the pair to obtain written
consent and complete the baseline data collection forms (detailed
in the Data Collection section).

Randomization
With participants’ consent, baseline data were collected before
random allocation into control or intervention groups. A block
randomization process was used after every 3 pairs of
participants were recruited [23] to randomly assign pairs in a
2:1 ratio to usual home care (ie, control group) or to usual home
care plus study-provided PRM (ie, intervention group). This
process was carried out independently in each province by
members of the research team. Allocation bias was addressed
through allocation concealment, and neither the home care case
coordinator nor the researchers knew which group the participant
would be assigned before baseline data collection. Following
randomization research staff contacted each participant pair to
inform them of their study arm. For intervention participants,
research staff also forwarded their contact information to the
technology provider to schedule an installation date.

Control Group
Participants received their usual publicly funded home care
services provided by their provincial or regional health care
authority; some participants also purchased privately funded
home care services to supplement the publicly funded services

received. These services included home visits by assistive
personnel for activities of daily living, nursing care, and other
supports deemed necessary by the home care case coordinator
or case manager. Home care assessments were conducted as
usual by the regional authority case coordinator or case manager.
Once the assessment was completed and care services were
decided, services were provided by a contracted home care
agency.

Intervention Group
Participants received their usual home care services (described
earlier) and PRM systems provided and funded by the study
technology partner. Once enrolled in the study, the technology
partner visited the clients and their caregiver. Participants
received written and verbal overviews of the PRM options. Each
PRM system installed was tailored to meet the needs and
preferences of both the home care client and their caregiver.
PRM system options included a combination of long-life
battery–powered sensors including motion sensors;
Wi-Fi–enabled cameras; fall alert pendants or bracelets; contact
sensors for internal or external doors, cupboards, and
refrigerators; pressure mats that could be placed at the base of
a toilet, under a mattress, or on a chair; and a medication sensor
system. Each PRM system had a main panel that was connected
to a phone jack installed in the home care client’s residence.
The main panel received the signals from each sensor and sent
them to a secured server to be transmitted back to the authorized
recipient (eg, a caregiver) via a cellular signal or broadband
module (Global System for Mobile Communications radio).
The PRM systems only required internet access to transmit
Wi-Fi-camera data. See Figure 1 for an example of how a PRM
system used in this study could be set up.
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Figure 1. Example of a passive remote monitoring system setup.

The role of the caregiver was key to the successful
implementation of the PRM intervention. In addition to an array
of sensors, the technology partner, in consultation with the home
care client and caregiver, configured each PRM system to
provide home care clients and their caregivers with a range of
alerts for atypical events tailored to their situation. Examples
of alerts include reminders for clients to take their medication;
the ability for caregivers to monitor medication use; home care
client movement patterns within the home or when leaving the
home; fall emergencies; abnormal eating patterns; and abnormal
length of time in bed, on a chair, or in a toilet. Notifications of
atypical events were sent to the caregiver via email, SMS text
message, or phone call. Notably, notifications of home care
clients’ atypical behaviors were not directly transmitted to a
health care provider; rather, health care providers were notified
at the discretion of the caregiver and in collaboration with the
home care client, as appropriate. Possible caregiver actions
based on notifications could include a telephone call to check
on the client’s safety, deploying assistive home care supports,

checking the video (if cameras are present), taking the client to
seek medical attention, or emergency action such as calling an
ambulance. The technology partner provided education (written
and verbal) to the home care clients and caregivers about PRM
sensors and the types of alerts; the technology provider
technician communicated any changes to the sensor system
within the home with the research staff.

The intervention was provided to participants for 12 months
during the study. After this time, the home care client was
transitioned to usual care if they did not wish to retain their
PRM system at a reduced cost.

Data Collection

Data Collection Window
Data collection aligned with the rolling recruitment of
participants (see the Recruitment section) and lasted from April
2017 to February 2021. Paper format surveys comprised of
standardized and researcher-developed tools were used to collect
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data from participant pairs three times over the course of a
12-month period: (1) at the point of recruitment when consent
was obtained (ie, baseline), (2) 6 months following recruitment,
and (3) 12 months following recruitment. Data were collected
in person at the home care client’s home at baseline and by
telephone or in person at the client’s home for the 6-month and
12-month follow-ups. Home care clients and caregivers were
interviewed separately where possible.

Survey
Both home care clients and caregivers completed a survey
consisting of validated questionnaires and researcher-developed
questions to provide demographic information (eg, date of birth,
education, sex, marital status, and household income); provincial
health insurance numbers (used for data linkage to provincial
administrative health databases); feelings of home care clients’
safety in their home; appraisals of home care quality; and
satisfaction with and impact of PRM on both client and caregiver
well-being (asked to the intervention group only). Additional
researcher-developed items were asked of caregivers to
understand their life satisfaction, self-rated mental health, and
daily stress.

Home care clients completed standardized tools to assess their
quality of life [24], Hospital Admission Risk Profile score,
cognitive capacity (Mini-Mental State Exam) [25], and
independent activities of daily living [26]. Caregivers also
responded to standardized tools to assess their caregiving
context, experiences, and information needs [27,28]; caregiver
burden [29]; the home care client’s abilities to complete
independent activities of daily living (a part of the Hospital
Admission Risk Profile) [26]; positive aspects of caregiving
[30]; presenteeism at work [31]; and the financial impact of
caregiving [32].

Impact of the COVID-19 Pandemic on Data Collection
The onset of the COVID-19 pandemic response in March 2020
occurred during the data collection period. Research staff
adhered to all public health guidelines for risk mitigation and
collected data entirely by phone during this period. Changes to
health care service delivery models and stay-at-home orders in
Ontario and Nova Scotia altered how these participants (1) could
access and use health care services and (2) interacted with their
participant partner (ie, the other half of the client-caregiver
dyad). Participants’ adherence to public health stay-at-home
orders resulted in behaviors (eg, hesitancy to engage with acute
and LTC services) that completely conflicted with and was
contrary to our research outcome creating significant bias within
the proportion of participants’ data collected after March 2020.
In consultation with epidemiologists and statisticians, a decision
was made to control for the effects of the pandemic response,
and participant pairs were only included for analysis if all study
activities were completed before March 2020.

Administrative Data Linkage

Overview
Participants were enrolled between April 11, 2017, and January
15, 2020, in Ontario and between November 29, 2017, and

December 16, 2019, in Nova Scotia. To determine the impact
of the intervention on the primary study outcomes, the data
collected by the research team (herein referred to as the PRCT
database) was linked to health administrative databases held at
the Institute for Clinical Evaluative Sciences (ICES; Ontario)
and Health Data Nova Scotia (HDNS; Nova Scotia).

ICES is an independent, nonprofit research institute funded by
an annual grant from the Ontario Ministry of Health and the
Ministry of Long-Term Care. As a prescribed entity under
Ontario’s privacy legislation, ICES is authorized to collect and
use health care data for the purposes of health system analysis,
evaluation, and decision support. Secure access to these data is
governed by policies and procedures that are approved by the
Information and Privacy Commissioner of Ontario.

HDNS is a similar institution to ICES. It is a data repository
based in the Faculty of Medicine, Department of Community
Health and Epidemiology at Dalhousie University, that is
focused on supporting data-driven research for researchers in
Nova Scotia. HDNS facilitates research and innovation in Nova
Scotia by providing access to linkable administrative health
data and analysis for research and health service assessment
purposes in a secure, controlled environment, while respecting
the privacy and confidentiality of Nova Scotians.

Data Sources
We used the PRCT database to identify patient and caregiver
participants, including measures of risk that the patient had to
alternate levels of care and hospital admission and measures of
burden on caregivers. Health administrative databases in both
Ontario and Nova Scotia were used to determine other baseline
characteristics and outcomes and identify participant data, as
follows:

1. Demographic and geographic information as recorded in
administrative data

2. Preexisting comorbidities (using validated algorithms)
3. Previous emergency department visits
4. Previous surgeries
5. Previous outpatient, primary care, and specialist visits and

follow-up LTC claims
6. Previous prescription use and follow-up LTC
7. Previous home care services
8. Previous and follow-up hospital admissions
9. International classification of diseases diagnosis

codes—version 10 and Ontario health insurance plan
diagnosis codes.

In Ontario, datasets were linked using unique encoded identifiers
and analyzed at ICES. In Nova Scotia, the databases were
matched whenever possible. When databases could not be
matched, HDNS used alternate databases with similar data to
approximate what was done in Ontario. For a complete listing
of all databases used, see Table 1.
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Table 1. Databases used by the Institute for Clinical Evaluative Sciences (ICES) and Health Data Nova Scotia (HDNS) to support analysis.

HDNS databases (Nova Scotia)ICES databases (Ontario)Characteristics

The registered persons database and PCCFaDemographic and geographic information • Insured patient registry (MASTER)
• Postal code conversion file (PCCF+)

Ontario Diabetes Dataset, Chronic Obstructive
Pulmonary Disease, congestive heart failure,
Ontario hypertension dataset (HYPER), Ontario
asthma dataset (ASTHMA), Ontario dementia
database (DEMENTIA)

Preexisting comorbidities using validated algo-
rithms

• MSI physician’s billings (MED)

NACRSbEmergency department visits • NACRS

—cSame Day Surgery databaseSurgeries

OHIPd claimsOutpatient, primary care, and specialist visits and
follow-up long-term care claims

• MSI physician’s billings (MED)
• Eligibility group (EGROUP)

Ontario Drug Benefit Claims and Drugs listPrescription use and follow-up long-term care • Nova Scotia Drug Information System

Home Care DatabaseHome care services • Nova Scotia Health Department of Seniors
and Long Term Care

DADeHospital admissions • DAD

REFfDescriptions for international classification of
diseases diagnosis codes—version 10 and OHIP
diagnosis codes

• REF

aPCCF: postal code conversion file.
bNACRS: National Ambulatory Care Reporting System.
cNot available.
dOHIP: Ontario health insurance plan.
eDAD: Discharge Abstract Database.
fREF: reference files.

Primary Outcome
The primary outcome of interest was to support older adults
with complex care needs to safely remain in their home and
avoid or delay admission to higher levels of care, such as
long-term hospitalization and LTC. The primary outcome was
defined as time to a client’s inability to return home given the
need for LTC or hospital admission under an alternative level
of care designation within 1 year of enrollment in the trial. This
was ultimately determined by the most responsible provider.
The secondary outcome of health service use and mortality was
assessed to confirm similar mortality rates within 1 year of
enrollment in the trial. Clients were followed up to 1 year until
February 28, 2020, to control for the impact of the COVID-19
pandemic. Participants enrolled before February 28, 2019, were
included to ensure 1 year of follow-up before the COVID-19
pandemic.

Data Analysis
Baseline characteristics were summarized using descriptive
statistics: continuous variables as means and SDs and categorical
variables as proportions. Baseline characteristics between the
control and intervention participants were examined to verify
successful randomization using standardized differences that
when greater than 0.1, indicates a potentially meaningful

difference [33]. In accordance with ICES and HDNS privacy
policies, cell sizes less than or equal to 5 were not reported.

A Cox proportional hazards model was used to evaluate our
primary outcome of unable to return home, censoring on
mortality and 1 year after enrollment, and our secondary
outcome of mortality, only censoring on 1 year after enrollment.
Hazard ratios (HRs) with 95% CI were reported. Proportional
hazards were assessed using interaction with time terms, and
no violations were observed.

Subgroup analyses compared health care use 1 year before and
after enrollment for home care clients to determine what effect
the intervention had on participants’ use of the health care
system. For the subgroup analysis, a paired analysis was
conducted using the McNemar test for proportions and the
Wilcoxon signed rank test for means to compare differences in
health care use 1 year before and after enrollment in both
patients (Ontario: n=108; Nova Scotia: n=105) and caregivers
(Ontario: n=104; Nova Scotia: n=101). All analyses were
conducted using SAS (version 9.4; SAS Institute). A statistical
significance was defined as a 2-tailed α value less than .05.

Ethical Considerations
This study was approved by the Research Ethics Board at
Western University (registration IRB 00000940) and at Nova
Scotia Health (registration IRB 102203). All participants
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provided written informed consent and could withdraw from
the study at any time without penalty. All data were deidentified
and assigned a study ID number to support data linkages
throughout data collection and analyses. Participants received
no compensation to complete the study; intervention group
participants received the PRM systems at no personal expense.

Results

Due to challenges joining administrative patient data—such as
data collected as part of this study—across provincial
jurisdictions, a single analysis was not possible. The following
sections present the results of the separate analyses conducted
by ICES in Ontario and HDNS in Nova Scotia to address this
study’s research question.

Participant Characteristics

Ontario Cohort
The total Ontario cohort comprised 339 participants (home care
clients: n=174; caregivers: n=165). In total, 196 home care
clients were enrolled in Ontario from April 11, 2017, to January
15, 2020, of which 22 were excluded due to invalid or missing
health card numbers, leaving 174 home care clients to be
included in analysis. We were able to link 165 caregivers to the
home care clients. In Ontario, 116 participants (home care
clients: n=60; caregivers: n=56) included in this analysis
received the study-provided PRM intervention plus their normal
home care and 223 participants (home care clients: n=114;
caregivers: n=109) received their normal home care without
PRM. Figure 2 provides the randomization and analysis study
flow diagram for the Ontario home care client cohort.

Figure 2. Ontario home care client cohort randomization and analysis flow diagram.

Nova Scotia Cohort
The total Nova Scotia cohort comprised 273 participants (home
care clients: n=139; caregivers: n=134). In total, 156 home care
clients were enrolled in Nova Scotia from November 29, 2017,
to December 16, 2019, of which 17 were excluded due to invalid
or missing health card numbers, leaving 139 home care clients
to be included in the analysis. We were able to link 134

caregivers to the home care clients. In Nova Scotia, 92
participants (home care clients: n=45; caregivers: n=47) included
in this analysis received the study-provided PRM intervention
plus their normal home care and 181 participants (home care
clients: n=94; caregivers: n=87) received their normal home
care without PRM. Figure 3 provides the randomization and
analysis study flow diagram for the Nova Scotia home care
client cohort.
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Figure 3. Nova Scotia home care client cohort randomization and analysis flow diagram.

Home Care Clients

Ontario Home Care Clients
In Ontario, there were no significant differences between home
care clients in intervention and control groups at baseline on
any of the demographic characteristics evaluated (all P>.05).
At baseline, Ontario home care clients were on average aged
78 (SD 6.9) years. There was a higher proportion of male
participants in the intervention group (40/60, 67%) compared
with the control group (57/114, 50%). Most home care clients
(125/174, 73%) resided in midsize urban centers. Approximately

20% (35/174) of home care clients resided in the lowest-income
neighborhoods (quintile 1), while about 15% (26/174) resided
in the highest-income neighborhoods. Most Ontario home care
clients (109/174, 63%) lived with their spouse. Nearly all
Ontario home care clients (>106/174, >90%) were at medium
or high risk of hospitalization. Ontario home care clients had a
variety of chronic disease comorbidities, most notably
hypertension (144/174, approximately 83%), diabetes (95/174,
approximately 55%), and dementia (67/174, approximately
40%). Complete home care client baseline characteristics are
presented in Table 2.
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Table 2. Ontario and Nova Scotia home care client baseline characteristics.

Nova ScotiaOntarioCharacteristics

Intervention (n=45)Control (n=94)Intervention (n=60)Control (n=114)

81.5 (7.3)80.1 (7.9)78.1 (7.0)77.9 (6.9)Age (y), mean (SD)

Sex, n (%)

33 (73.3)62 (66)20 (33.3)57 (50)Female

12 (26.7)32 (34)40 (66.7)57 (50)Male

Level of rurality, n (%)

£5b0 (0)0 (0)0 (0)Large CMAa (≥500,000)

35 (77.8)66 (70.2)45 (75)80 (70.2)Midsize CMA (100,000-500,000)

6 (13.3)13 (13.8)9 (15)24 (21.1)Small CMA (10,000-100,000)

£515 (16)6 (10)10 (8.8)Non-CMA

Neighborhood-level income quintile, n (%)

9 (20)16 (17)14 (23.3)24 (21.1)Quintile 1 or missing

17 (37.8)29 (30.9)15 (25)20 (17.5)Quintile 2

6 (13.3)19 (20.2)9 (15)28 (24.6)Quintile 3

7 (15.6)13 (13.8)10 (16.7)23 (20.2)Quintile 4

6 (13.3)17 (18.1)12 (20)14 (12.3)Quintile 5

Living arrangements, n (%)

29 (64.4)56 (59.6)0 (0)≤5Alone

≤512 (12.8)38 (63.3)71 (62.3)With spouse

0 (0)0 (0)0 (0)0 (0)With children

≤50 (0)22 (36.7)≤45Other

8 (18)26 (27.6)0 (0)0 (0)Missing

HARPc, n (%)

≤58 (8.5)≤5≤5Low risk

≤2043 (45.7)33 (55)73 (64)Medium risk

23 (51.1)40 (42.6)≤30≤40High risk

Comorbidities (prevalence in sample), n (%)

21 (46.7)31 (33)49 (81.7)95 (83.3)Hypertension

12 (26.7)29 (30.9)34 (56.7)61 (53.5)Diabetes

12 (26.7)31 (33)25 (41.7)42 (36.8)Dementia

10 (22.2)15 (16)18 (30)40 (35.1)COPDd

6 (13.3)7 (7.4)16 (26.7)30 (26.3)CHFe

≤5≤510 (16.7)25 (21.9)Asthma

≤5≤5≤56 (5.3)AMIf

aCMA: census metropolitan areas.
bSmall cell sizes (ie, n£5) suppressed following the Institute for Clinical Evaluative Sciences and Health Data Nova Scotia reporting guidelines for
maintaining participant confidentiality.
cHARP: Hospital Admission Risk Profile.
dCOPD: chronic obstructive pulmonary disease.
eCHF: congestive heart failure.
fAMI: acute myocardial infarction.
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Nova Scotia Home Care Clients
In Nova Scotia, there were no significant differences between
home care clients in intervention and control groups at baseline
on any of the demographic characteristics evaluated (all P>.05).
In Nova Scotia, home care clients were on average 81 (SD 7.5)
years of age. At baseline, there was a higher proportion of male
participants in the control group (32/94, 34%) compared with
the intervention group (12/45, 27%). Most Nova Scotia home
care clients (101/139, 75%) resided in midsize urban centers.
Approximately 20% (25/139) resided in the lowest-income
neighborhoods, while approximately 15% (23/139) resided in
the highest-income neighborhoods. The majority of Nova Scotia
home care clients (85/139, approximately 60%) lived alone.
Nearly all home care clients (>114/139, >90%) were at a
medium or high risk of hospitalization. The Nova Scotia home
care clients also had a variety of chronic disease comorbidities,
most notably hypertension (52/139, approximately 40%),
dementia (43/139, approximately 30%), and diabetes (41/139,
approximately 30%). Complete home care client baseline
characteristics are presented in Table 2.

Family and Friend Caregivers

Ontario Caregivers
In Ontario, there were no significant differences between
intervention and control caregivers at baseline for any of the
characteristics evaluated (all P>.05). Ontario caregivers were

on average 67 (SD 12.4) years of age. There was a higher
proportion of male participants in the control group (39/109,
36%) compared with the intervention group (13/56, 23%). Most
caregivers (116/165, 70%) resided in midsize urban centers.
Approximately 20% (32/165) resided in the lowest-income
neighborhoods, while about 17.6% (29/165) resided in the
highest-income neighborhoods. About 40% (<55/165) of Ontario
caregivers attained a postsecondary education. Just over half of
the caregivers in both groups (99/165, 60%) were retired, with
10% (12/109) of control and 25% (15/56) of intervention
caregivers reporting full-time employment. Approximately 66%
(114/165) of caregivers were participating in the study with
their spouse or partner, and over 80% (144/165) of caregivers
lived with the home care client they supported. Approximately
33% (58/165) indicated they would consider moving the home
care client to a LTC facility. Ontario caregivers also had a
variety of chronic disease comorbidities, most notably
hypertension (control: 56/109, 51%; intervention: 37/56, 66%),
diabetes (32/165, 20%), and chronic obstructive pulmonary
disease (29/165, 18%). Ontario caregivers provided an average
of 109 to 119 hours of care or support each week. Scores on the
Zarit Burden Interview suggest that caregivers in both groups
were similarly burdened by caregiving responsibilities and that
such levels of caregiver burden approached high levels of
burden. Complete caregiver baseline characteristics are
presented in Table 3.
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Table 3. Ontario and Nova Scotia family and friend caregiver baseline characteristics.

Nova ScotiaOntarioCharacteristics

Intervention (n=47)Control (n=87)Intervention (n=56)Control (n=109)

60.6 (12.1)65.4 (10.9)67.3 (12.6)66.8 (12.2)Age (y), mean (SD)

80.6 (71.4)80.9 (69.3)119.0 (67.9)109.0 (68.8)Hours spent providing care or support for home care client
per week, mean (SD)

18.3 (11.7)17.0 (9.3)16.8 (8.4)17.8 (9.7)Caregiver burdena, mean (SD)

Sex, n (%)b

33 (70.2)55 (63.2)43 (76.8)70 (64.2)Female

14 (29.8)32 (36.8)13 (23.2)39 (35.8)Male

Level of rurality, n (%)b

0 (0)0 (0)0 (0)≤5Large CMAc (≥500,000)

38 (80.9)61 (70.1)41 (73.2)75 (68.8)Midsize CMA (100,000-500,000)

6 (12.8)13 (14.9)8 (14.3)23 (21.1)Small CMA (10,000-100,000)

≤513 (14.9)7 (12.5)≤17Non-CMA

≤50 (0)0 (0)≤5Missing

Neighborhood-level income quintile, n (%)b

6 (12.8)15 (17.2)10 (17.9)22 (20.2)Quintile 1

12 (25.5)20 (23)19 (33.9)18 (16.5)Quintile 2

13 (27.7)16 (18.4)7 (12.5)≤40Quintile 3

7 (14.9)15 (17.2)7 (12.5)24 (22)Quintile 4

9 (19.1)21 (24.1)13 (23.2)16 (14.7)Quintile 5

0 (0)0 (0)0 (0)≤5Missing

Self-reported highest level of education, n (%)b

7 (14.9)10 (11.5)9 (15)21 (18.4)Elementary school

18 (38.3)25 (28.7)17 (28.3)38 (33.3)High school

15 (31.9)42 (48.3)28 (46.7)40 (35.1)College, CEGEPd, or university

≤510 (11.5)≤512 (10.5)Postgraduate degree

≤50 (0)≤5≤5Other, declined, or N/Ae

0 (0)0 (0)≤5≤5Missing

Self-reported employment status, n (%)b

13 (27.7)23 (26.4)15 (25)12 (10.5)Full time

9 (19.1)10 (11.5)≤520 (17.5)Part time

≤5≤50 (0)≤5Leave of absence

14 (29.8)48 (55.2)34 (56.7)65 (57)Retired

10 (21.3)≤56 (10)14 (12.3)Not employed

≤50 (0)0 (0)0 (0)Declined or N/A

≤5≤5≤5≤5Missing

Relationship to home care client, n (%)b

14 (29.8)34 (39.1)41 (68.3)73 (64)Spouse or partner

24 (51.1)35 (40.2)16 (26.7)25 (21.9)Adult child

≤5≤50 (0)6 (5.3)Parent
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Nova ScotiaOntarioCharacteristics

Intervention (n=47)Control (n=87)Intervention (n=56)Control (n=109)

8 (17)17 (19.5)≤5≤15Other, declined, or N/A

≤5≤5≤5≤5Missing

Living with home care client, n (%b)

30 (63.8)59 (67.8)49 (81.7)95 (83.3)Yes

Would consider moving home care client to long-term care facility, n (%)b

32 (68.1)64 (73.6)≤50≤80No

14 (29.8)22 (25.3)20 (33.3)38 (33.3)Yes

≤5≤50 (0)≤5Declined or N/A

≤5≤5≤5≤5Missing

Comorbidities, n (%)b

13 (27.7)34 (39.1)37 (66.1)56 (51.4)Hypertension

7 (14.9)22 (25.3)13 (23.2)19 (17.4)Diabetes

≤5≤512 (21.4)17 (15.6)COPDf

0 (0)0 (0)≤56 (5.5)CHFg

≤5≤57 (12.5)10 (9.2)Asthma

0 (0)≤50 (0)≤5Dementia

0 (0)≤5≤5≤5AMIh

aCaregiver burden assessed using the 12-item Zarit Burden Interview [29]. Scores range from 0 to 48, with higher scores reflecting higher levels of
caregiver burden and scores of 17 and higher indicating a high level of caregiver burden.
bSmall cell sizes (ie, n£5) suppressed following the Institute for Clinical Evaluative Sciences and Health Data Nova Scotia reporting guidelines for
maintaining participant confidentiality.
cCMA: census metropolitan area.
dCGEP: collège d'enseignement général et professionnel.
eN/A: not applicable.
fCOPD: Chronic Obstructive Pulmonary Disease.
gCHF: congestive heart failure.
hAMI: acute myocardial infarction.

Nova Scotia Caregivers
In Nova Scotia, there were no significant differences between
intervention and control caregivers at baseline for any of the
characteristics evaluated (all P>.05). On average, caregivers
were aged 63 (SD 11.6) years. Approximately 35% (46/134) of
Nova Scotia caregivers were male. Most caregivers (99/134,
75%) resided in midsize urban centers. Approximately 15%
(21/134) of Nova Scotia caregivers resided in the lowest-income
neighborhoods, while about 20% (30/134) resided in the
highest-income neighborhoods. Postsecondary school was the
highest level of education for 48% (42/87) of control caregivers
and 32% (15/47) of intervention caregivers. Less than 30%
(36/134) of Nova Scotia caregivers were employed full time;
approximately 50% (48/87) of control caregivers and 30%
(14/47) of intervention caregivers were retired. Approximately
35% (48/134) were participating with their spouse or partner,
while approximately 45% (59/134) were participating with their
parent. Approximately 66% (99/134) of Nova Scotia caregivers
lived with the home care client they supported. Approximately
25% (36/134) of caregivers indicated they would consider

moving the home care client to an LTC facility. Nova Scotia
caregivers also had a variety of chronic disease comorbidities,
most notably hypertension (control: 34/87, 39%; intervention:
13/47, 28%) and diabetes (control: 22/87, 25%; intervention:
7/47, 15%). Nova Scotia caregivers provided an average of
approximately 81 hours of care or support each week. Scores
on the Zarit Burden Interview suggests that caregivers in both
groups were similarly burdened by caregiving responsibilities
and that such levels of caregiver burden constituted high levels
of burden. Complete caregiver baseline characteristics are
presented in Table 3.

Home Care Clients’ Admission to Higher Levels of
Care
For the primary outcome in Ontario, there was a median
follow-up time of 365 days, and the intervention group had an
event rate of 5.5 per 10,000 person-days compared with the
event rate of 8.0 per 10,000 person-days for the control group
(Table 4). The intervention group was associated with a
nonsignificant 30% reduction in risk of being unable to return
home (HR 0.7, 95% CI 0.3-1.4). For the secondary outcome in
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Ontario, home care client mortality, there was a median
follow-up time of 365 days, and the intervention group had an
event rate of 2.9 per 10,000 person-days vs the control group

that had an event rate of 2.5 per 10,000 person-days (Table 4).
Both groups had similar risk of mortality (HR 1.2, 95% CI
0.4-3.2).

Table 4. Unadjusted hazard ratio of primary and secondary outcomes and 95% CIs.

Nova ScotiaOntario

P valueIntervention (n=34)Control (n=94)P valueIntervention (n=60)Control (n=114)

Primary outcome: unable to return home

—≤58 (9)—a10 (17)27 (24)Events, n (%)

—365 (200-365)365 (204-365)—365 (334-365)365 (257-365)Follow-up in days,
median (IQR)

—3.22.9—5.58.0Event rate per 10,000
person-days

.901.1 (0.3-3.7)Reference.300.7 (0.3-1.4)ReferenceValues, hazard ratio
(95% CI)

Secondary outcome: mortality

—8 (18)16 (17)—6 (10)10 (9)Events, n (%)

—365 (214-365)365 (211-365)—365 (365-365)365 (365-365)Follow-up in days,
median (IQR)

—6.25.8—2.92.5Event rate per 10,000
person-days

.901.1 (0.5-2.5)Reference.801.2 (0.4-3.2)ReferenceValues, hazard ratio
(95% CI)

aNot applicable.

For the primary outcome in Nova Scotia, there was a median
follow-up of 365 days, and the intervention group had an event
rate of 3.2 per 10,000 person-days compared with the event rate
of 2.9 per 10,000 person-days for the control group (Table 4).
The intervention group was associated with a nonsignificant
10% increase in risk of being unable to return home (HR 1.1,
95% CI 0.3-3.7). For the secondary outcome in Nova Scotia,
home care client mortality, there was a median follow-up time
of 365 days, and the intervention group had an event rate of 6.2
per 10,000 person-days versus the control group that had an
event rate of 5.8 per 10,000 person-days (Table 4). Both groups
had similar risk of mortality (HR 1.1, 95% CI 0.5-2.5).

Health Care Use

Ontario Home Care Clients
There was no significant difference in health care use at the
1-year poststudy enrollment for Ontario control home care

clients for all services included in the analysis (all P>.05). For
Ontario intervention home care clients, significantly fewer
participants used emergency departments (P=.01) at the 1-year
poststudy enrollment (24/37, 65%) compared with prestudy
enrollment (31/37, 84%). In addition, on average, Ontario
intervention home care clients made significantly fewer visits
to outpatient services (enrollment: mean 42.2, SD 31.0; after
enrollment: mean 32.9, SD 26.0; P=.04) and specialist services
(enrollment: mean 20.7, SD 25.3; after enrollment: mean 14.6
SD 18.4; P=.02). There were no differences in hospital
admissions, primary care visits, or prescriptions at the 1-year
poststudy enrollment for Ontario intervention home care clients.
Complete health care use outcomes for both groups of Ontario
home care clients are presented in Table 5.
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Table 5. Ontario home care client health care use at the prestudy and 1-year poststudy enrollment.

InterventionControlHealth care use

P valueAfter enrollment (n=37)Before enrollment
(n=37)

P valueAfter enrollment (n=71)Before enrollment
(n=71)

Hospital admissions

.0714 (37.8)21 (56.8).3531 (43.7)26 (36.6)Values, n (%)

.380.7 (1.0)0.9 (1.1).720.7 (1.1)0.7 (1.2)Values, mean per
client (SD)

Emergency department visits

.0124 (64.9)31 (83.8).5647 (66.2)50 (70.4)Values, n (%)

.392.0 (2.2)2.5 (2.6).992.3 (2.8)2.1 (2.4)Values, mean per
client (SD)

Outpatient physician visits

—37 (100)37 (100)—a71 (100)71 (100)Values, n (%)

.0432.9 (26.0)42.2 (31.0).3532.1 (28.2)37.5 (35.3)Values, mean per
client (SD)

Primary care visits

NR37 (100)37 (100)NRb66-71 (92.9-100)71 (100)Values, n (%)

.4512.6 (10.8)13.3 (9.5).8613.0 (11.6)14.6 (16.9)Values, mean per
client (SD)

Specialist visits

NR32-37 (86.5-100)32-37 (86.5-100)NR64 (90.1)66-71 (92.9-100)Values, n (%)

.0214.6 (18.4)20.7 (25.3).2513.0 (16.5)16.0 (23.4)Values, mean per
client (SD)

Prescriptions

NR32-37 (86.5-100)32-37 (86.5-100)NR66-71 (92.9-100)66-71 (92.9-100)Values, n (%)

.245.9 (4.4)6.4 (4.5).276.7 (5.2)6.5 (5.3)Values, mean per
client (SD)

aNot applicable.
bNR: not reported.

Nova Scotia Home Care Clients
On average, Nova Scotia home care clients in the control group
made significantly fewer visits to primary care at the 1-year
poststudy enrollment (enrollment: mean 9.2, SD 5.7; after
enrollment: mean 7.8, SD 5.7; P=.004). There was no significant
difference in health care use at the 1-year poststudy enrollment
for Nova Scotia control home care clients for all other services
included for the analysis (all P>.05). At the 1-year poststudy
enrollment, Nova Scotia intervention home care clients averaged
significantly more hospitalization visits (enrollment: mean 0.3,

SD 0.5; after enrollment: mean 0.6, SD 0.9; P=.04) and
emergency department visits (enrollment: mean 0.9, SD 1.3;
after enrollment: mean 1.5, SD 1.8; P=.02) and significantly
fewer outpatient services (enrollment: mean 16.6, SD 13.2);
after enrollment: mean 13.1, SD 11.4; P=.005) and primary care
visits (enrollment: 8.5, SD 6.8; after enrollment: mean 6.7, SD
5.5; P=.02). There were no differences in prescriptions at the
1-year poststudy enrollment for Nova Scotia intervention home
care clients (all P>.05). Complete health care use outcomes for
both groups of Nova Scotia home care clients are presented in
Table 6.
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Table 6. Nova Scotia home care client health care use at the prestudy and 1-year poststudy enrollment.

InterventionControlHealth care use

P valueAfter enrollment (n=34)Before enrollment
(n=34)

P valueAfter enrollment (=71)Before enrollment
(n=71)

Hospital admissions

.0815 (44.1)9 (26.5).1027 (38)19 (26.8)Values, n (%)

.040.6 (0.9)0.3 (0.5).070.5 (0.8)0.3 (0.6)Values, mean per
client (SD)

Emergency department visits

.2122 (64.7)18 (52.9).2839 (54.9)34 (47.9)Values, n (%)

.021.5 (1.8)0.9 (1.3).821.1 (1.5)1.2 (1.7)Values, mean per
client (SD)

Outpatient physician visits

—34 (100)32 (94.1)—a71 (100)71 (100)Values, n (%)

.00513.1 (11.4)16.6 (13.2).0316.9 (17.2)17.4 (9.9)Values, mean per
client (SD)

Primary care visits

.5633 (97.1)32 (94.1)—69 (97.2)71 (100)Values, n (%)

.026.7 (5.5)8.5 (6.8).0047.8 (5.7)9.2 (5.7)Values, mean per
client (SD)

Specialist visits

.6527 (79.4)26 (76.5).0758 (81.7)65 (91.5)Values, n (%)

.393.8 (4.1)4.4 (5.3).545.6 (14.1)5.0 (5.7)Values, mean per
client (SD)

Prescriptions

.1832 (94.1)29 (85.3).5365 (91.5)63 (88.7)Values, n (%)

.625.3 (3.9)5.3 (4.3).635.3 (3.8)5.3 (3.8)Values, mean per
client (SD)

aNot available.

Discussion

Primary Outcome of PRM Within Home Care
While our study did not yield statistically significant results
regarding the effectiveness of the PRM model in prolonging
home stays, the observed trends suggest that technology-assisted
aging in place may be a valuable goal for older adults. Despite
the underpowered design of our study, the use of the PRM model
of care was associated with meaningful, albeit nonstatistically
significant, differences between control and intervention groups
on the primary outcome (ie, home care clients’ ability to stay
at home) in Ontario and Nova Scotia. Specifically, our findings
with the Ontario intervention participants trended toward a
greater number of home care clients staying home and staying
home longer compared with those without PRM in their home.
This is similar to the findings of others who have examined the
impact of remote monitoring technologies on patient and
caregiver well-being [34,35]. The Canadian Expert Panel on
Aging highlights the importance of even insignificant delays to
admission to LTC [2]. They report that retaining and
appropriately supporting older adults at home—even for a
month—positively impacts the overall LTC system incapacity

or capacity and growing waitlist for care. Furthermore, Canadian
older adults’ overwhelmingly prefer to age at home and 11%
to 30% of Canadians admitted to LTC could have remained at
home and in their communities if adequate home care and
community supports were available [36,37].

It is important to highlight several participant characteristics
that contextualize the nature of this study’s patient-caregiver
dyads when considering participants’ ability to stay at home.
The PRM intervention in this study purposefully targeted a
select cohort of older adult home care clients (mean age range
77-81 years), many (125/314, 40%) with limited personal
resources (ie, education or income) but all who required
significant supportive care to remain in their home environment.
Home care clients in Ontario were mostly cared for by a spouse
living in the same home residence, whereas in Nova Scotia,
most older adults lived alone. All older adult home care clients
in this study were dealing with significant comorbidities; the
most prevalent were hypertension, diabetes, and dementia. In
Ontario, about 2 in 5 home care clients were managing dementia,
as were approximately 1 in 3 of those in Nova Scotia. This is
significant, as previous research demonstrates that older adults
(ie, home care clients in this study), especially those with
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dementia, express a greater quality of life and social connections,
less loneliness, and fewer depressive symptoms when living at
home compared with institutionalized LTC [38-41]. The health
status of home care clients in this study was characteristic of
older adults at risk for higher levels of care, with dementia being
the greatest predictor of LTC home admissions [2].

Secondary Outcomes of PRM Within Home Care
What was notable among Ontario intervention home care clients
was a significant reduction in their health service use over the
course of the study. We found that compared with those
receiving usual care, a smaller proportion of Ontario older adult
home care clients in the intervention group used emergency
departments after 1 year compared with baseline; no such
difference was observed in home care clients in the control arm.
In addition, Ontario intervention home care clients experienced
a significant decrease in the average number of visits to
outpatient and specialist services after 1 year, while there were
no changes in average visits to these services for home care
clients in the control arm. This is an important finding given
the at-risk health status of older adult home care recipients in
the study. Finch et al [35] reported a reduction in health care
costs reflective of fewer hospitalizations and emergency visits
among “nursing home–eligible” older adults who were
monitored by home-based PRM sensors to track their safety
(eg, falls) and activities of daily living (eg, time in bed, toilet
use, and opening and closing the refrigerator). Consistent with
the findings of this study, Finch et al [35] concluded that PRM
systems may contribute to a reduction in older adult health
service use and associated reductions in health care costs.

However, this was not the case among home care clients in
Nova Scotia who received the intervention. In contrast to their
Ontario counterparts, Nova Scotia intervention home care clients
averaged significantly greater hospital admissions and
emergency department visits but significantly fewer outpatient
and primary care visits. Discussion with Nova Scotia project
partners (health care decision makers) provided some insight
into the unanticipated health service use trends of Nova Scotia
home care clients in our study. Consistent with our findings,
Nova Scotia health system partners reported an observed trend
of increased health system use among the Nova Scotia older
adult population. The provincial health care decision makers
conveyed that emergency services and hospitalization may be
a work-around strategy people use to expedite access to LTC
services (“skip the line”) and circumvent existing policies
governing LTC access. Current policies elevate the LTC priority
status of hospitalized at-risk older adults who are on the LTC
waitlist and given priority consideration for LTC placement
(personal communication, June 2024). Home surveillance of
older adults’ behaviors, activities, and habits through PRM
technologies by caregivers may also have contributed to
increased health service use. Caregivers’ surveillance of older
adults’ activities in their home may have illuminated older
adults’ need for greater care. In addition, PRM may generate
greater insight into older adults’ care needs that may influence
(ie, increase) their health service use. This is consistent with
pilot study findings of PRM home care services conducted in
Nova Scotia (Report of CareLink Evaluation: The Nova Scotia
experience, unpublished data, 2015).

Our findings of increased hospital health service use patterns
may also be consequential to the 12% to 17% shortfall of
primary care service provision within Nova Scotia [42]. With
underresourced primary health care services, it may be that
Nova Scotians, including complex care older adults needing
health care services, would be inclined to access tertiary care
services in the absence of primary care services. The Canadian
Expert Panel on Aging cautioned that the lack of adequate home
care and community-based health care services creates the
conditions for premature institutionalization of older adults into
LTC. Concernedly, current estimates suggest that up to 1 in 3
Canadians admitted to an LTC home could have remained home
with adequate home care services [2]. Avoiding or delaying
institutionalized care eases the health system burden particularly
in LTC health settings that are perpetually underresourced and
ill-equipped to manage the current and pending need for older
adult care [43]. An estimated 52,000 Canadian adults are on
waiting lists for a placement into an LTC home, while more
than 430,000 are estimated to have unmet home care needs,
with about 167,000 of them being aged ≥65 years [6,43].

Qualitative research evaluating active remote monitoring and
PRM technologies has supported the use of PRM technology
as a way to keep at-risk older adults in their home or extend
their time at home before requiring institutionalized care [44].
The study, conducted in Nova Scotia, engaged expert key
informants including provincial health care policy makers, home
care providers, and remote monitoring technology experts to
provide their insight into the use of home-based remote
monitoring technologies. Key informant participants supported
the use of active and PRM technologies as a way to keep
complex care older adults at home or extend their time at home.
The mitigated risk of adverse events, greater responsiveness to
health emergencies (eg, falls), enhanced independence among
older adults, and enhanced oversight and greater safety were
reported with home monitoring compared with the oversight of
care within LTC facilities [44].

Limitations and Strengths
This study was limited by a restricted sample size included in
the primary outcomes analysis. Our study was profoundly
affected by the COVID-19 pandemic response; public health
measures to mitigate the spread of COVID-19 changed the
nature of home care and expectations of family and friend
caregivers in the middle of this study’s sampling frame. This
impacted the nature of the family caregiving relationships and
the nature of support that caregivers were able to provide. The
pandemic response also impacted what was considered normal
standard of care for home care services due to resources being
redirected to other sectors within the publicly funded health
care systems in Ontario and Nova Scotia. Despite this, we did
observe promising trends in the data related to PRM as a
potentially supportive home care strategy among a cohort of
older adults with significant and complex care needs. In addition,
we acknowledge the unique opportunity to collect data via PRM
systems (ie, information from the sensor notifications) regarding
older adults’ behaviors within the home setting and the ability
to leverage PRM data into large datasets to be analyzed and
used to better understand the home care needs of complex care
older adults.
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Perhaps a strength and limitation of the PRM model of home
care for health care systems is the reliance on unpaid caregivers
to receive and act on PRM system notifications and not the
health care system. Alternatively, the PRM model of home care
enhances unpaid caregivers’ responsibility and accountability
to the care of their family member.

There was also limited representation of marginalized
communities within our study, which limits our understanding
of the impact of PRM home care models among culturally
diverse populations. Finally, the fact that most caregivers were
spouses to the patient participants limited this study’s
understanding of how PRM technologies may impact caregivers
in the sandwich generation (ie, those individuals caring for older
adult parents and children dependents).

Future Research
There are several opportunities for future research. An economic
analysis of the PRM model of care will provide greater insight
regarding the implementation of the model of care among health
system decision makers. Additional research is needed to fully
explore concerns related to home care client, caregiver, and
home care provider privacy. Research is needed into the
contributions of the PRM model of home care intervention to
resolve the challenges of limited health human resources within
home care while balancing the health care (physical, emotional,
and financial) services given to family caregivers. We also
propose an opportunity for data science research in analyzing
the aggregated data on older adults’ behaviors to leverage
historical tracking of data to support trend analysis and the
development of best practices within the home care setting and,
importantly, to generate a plan of home care services targeted
to the unique needs of complex care older adults. A
consideration of this PRM model of care against available DIY
or off-the-shelf sensor systems requires investigation. The use
of off-the-shelf systems has implications for enhanced digital

skills with caregivers and older adults that is not required to the
same extent with the PRM model of care in this study.
Investigation into older adults’ and caregiver digital health
literacy skills will further inform uptake and use of the PRM
model of home care. Research into system data
visualization—dashboard components for older adult clients
and caregivers—would also support informed decision-making
and provide insight into user-friendly dashboards. Longitudinal
studies with populations with different chronic diseases (eg,
cancer and dementia) is also needed to determine PRM model
impact.

Conclusions
The combination of growing waitlists for LTC, limited home
care resources, and older adults’ preference to remain in their
home as long as possible creates the care context for PRM
technologies. These technologies hold promise to support
complex care older adults to safely remain in their home and
avoid or delay admission to higher levels of care. Home is
preferred by most older adults even if their health conditions
challenge their ability to live independently; almost all
Canadians aged ≥65 years reported their intention to take
extraordinary measures to avoid institutionalization in an LTC
setting. The PRM model of care in this study relied on unpaid
caregivers, not the health care system, to receive and act on
PRM notifications. While not statistically significant, the
findings of this study demonstrate a trend in favor of PRM to
support patients’ aging in place and positive changes in health
service use among older adult home care recipients. To
appreciate the provincial differences reported in this study, the
PRM model of care, as with any health care system intervention,
must be considered within the larger health, social, and political
context. Further study is required to understand if longer
follow-up time allows more effects of PRM on patients’
avoidance of higher levels of care to be detected.
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Abstract

Background: Smart health wearables offer significant benefits for older adults, enabling seamless health monitoring and
personalized suggestions based on real-time data. Promoting adoption and sustained use among older adults is essential to empower
autonomous health management, leading to better health outcomes, improved quality of life, and reduced strain on health care
systems.

Objective: This study investigates how autonomy-related contextual factors, including artificial intelligence (AI) anxiety,
perceived privacy risks, and health consciousness, are related to older adults’ psychological needs of competence, autonomy, and
relatedness (RQ1). We then examined whether the fulfillment of these needs positively predicts older adults’ intentions to adopt
these devices (H1), and how they mediate the relationship between these factors and older adults’ intentions to use smart health
wearables (RQ2). Additionally, it compares experienced and nonexperienced older adult users regarding the influence of these
psychological needs on use intentions (RQ3).

Methods: A web-based survey was conducted with individuals aged 60 years and above in Singapore, using a Qualtrics survey
panel. A total of 306 participants (177 male; mean age of 65.47 years, age range 60‐85 years) completed the survey. A structural
equation model was used to analyze associations among AI anxiety, perceived privacy risks, and health consciousness, and the
mediating factors of competence, autonomy, and relatedness, as well as their relationship to smart health wearable use intention.

Results: Health consciousness positively influenced all intrinsic motivation factors—competence, autonomy, and
relatedness—while perceived privacy risks negatively affected all three. AI anxiety was negatively associated with competence
only. Both privacy risk perceptions and health consciousness were indirectly linked to older adults’ intentions to use smart health
wearables through competence and relatedness. No significant differences were found in motivational structures between older
adults with prior experience and those without.

Conclusions: This study contributes to the application of self-determination theory in promoting the use of smart technology
for health management among older adults. The results highlight the critical role of intrinsic motivation—particularly
competence—in older adults’adoption of smart health wearables. While privacy concerns diminish motivation, health consciousness
fosters it. The study results offer valuable implications for designing technologies that align with older adults’ motivations,
potentially benefiting aging populations in other technologically advanced societies. Developers should focus on intuitive design,
transparent privacy practices, and social features to encourage adoption, empowering older adults to use smart wearables for
proactive health management.

(JMIR Aging 2025;8:e69008)   doi:10.2196/69008

KEYWORDS

smart health wearables; self-determination theory; AI anxiety; perceived privacy risk; health consciousness

Introduction

Background
Smart health wearables are devices powered by artificial
intelligence (AI) designed to be worn on the body, enhancing

health management. This technology holds significant promise
for the older population, offering a nonintrusive way to
continuously monitor health information and provide valuable
assistance [1,2]. The use of smart health wearables has been
verified in clinical intervention research and proven to assist in
self-health management and prevention of chronic diseases,

JMIR Aging 2025 | vol. 8 | e69008 | p.820https://aging.jmir.org/2025/1/e69008
(page number not for citation purposes)

Kang et alJMIR AGING

XSL•FO
RenderX

http://dx.doi.org/10.2196/69008
http://www.w3.org/Style/XSL
http://www.renderx.com/


such as diabetes, hypertension, and dementia [3]. With
technological advancements today, some of these technologies
have already been integrated into personal devices, such as
smartphones and other mobile devices, making it easier for
older adults to track their health conveniently [4]. To fully
leverage the potential of health wearables, it is essential to
promote the adoption and sustained use among older adults,
empowering them in autonomous health management. This can
lead to better health outcomes, an improved quality of life, and
reduced strain on the health care system [5].

The promotion of adoption and sustained use of smart health
wearables can be understood through the lens of
self-determination theory (SDT) [6,7], which posits that
fostering intrinsic motivation, rather than extrinsic, is essential
for encouraging prolonged active engagement in a behavior.
SDT suggests that fostering an environment which supports an
individual’s self-determination in engaging in a specific behavior
is crucial for satisfying fundamental human needs that drive
intrinsic motivation [6]. We examine AI anxiety, privacy risk
perceptions, and health consciousness as the critical contextual
factors shaping self-determination of using smart health
wearables. These 3 contextual factors are closely tied to key
smart health wearable aspects. (1) AI anxiety [8] stems from
the automated, AI-driven recommendations in smart health
wearables, which can make users feel they are losing control
over health decisions. (2) Privacy risk perceptions [9] relate to
the continuous data collection by smart health wearables; if
inadequately protected, users’ sense of control over their
personal information can be reduced. (3) Health consciousness
aligns with smart health wearables’ purpose of empowering
users to take charge of their health, reinforcing autonomy for
proactive self-management [10].

Another key proposition of SDT is that fulfilling the 3
psychological needs of competence, relatedness, and autonomy
is essential for intrinsic motivation [6]. When applied to smart
health wearables for older adults, the extent to which these
devices help older adults feel capable, enable independent
choices, and foster a sense of connection with others can shape
their intrinsic motivation to engage with the devices and promote
sustained usage.

Taken together, this study explores how 3 contextual factors
related to self-determination in using smart health
wearables—AI anxiety, privacy risk perceptions, and health
consciousness—are associated with fulfilling the needs for
competence, relatedness, and autonomy, thereby promoting use
intentions. Additionally, the study examines whether differences
exist between experienced and nonexperienced wearable users
in terms of the psychological needs influencing their intentions.
Understanding these distinctions provides insight into the
motivators for each group at different adoption stages, offering
evidence for targeted strategies to sustain user engagement
among older adults and thereby promote continuous, effective
self-health management [11].

Through this study, we aim to contribute to the literature on
self-determination in health promotion through smart technology
by identifying key factors that intrinsically motivate older adults
to use smart health wearables, which ultimately enhances their

long-term well-being. A web-based survey has been conducted
in Singapore, one of the world’s most connected nations with
high information and communication technology penetration
and a robust AI ecosystem [12]. Furthermore, Singapore has
recently become a “super-aged society,” with nearly one-fifth
of its population over 65 years old [13]. As such, the insights
gained from this research can offer valuable, generalizable
implications for designing technologies that align with older
adults’ motivations, potentially benefiting aging populations in
other technologically advanced societies.

Literature Review: Smart Health Wearables for Older
Adults’ Self-Health Management
Wearables refer to “intelligent computing devices integrated
into various accessories, including clothing, fashion accessories,
and other everyday items worn by consumers” [14]. Smart health
wearables are wearable devices designed to enhance users’
health management, offering users a seamless and integrated
user experience. Smart health wearables have many benefits,
with their main benefit being empowering older adults to take
charge of their health [15]. By integrating sensors, (eg, bio,
motion, and environmental sensors), internet connection, as
well as AI, smart health wearables enable individual users to
track and exchange data, and even make smart and personalized
decisions for their health management [1]. Some examples of
smart health wearables include biosensors, GPS, and radio
frequency identification (RFID) technologies that can monitor
health conditions by tracking physical information such as blood
pressure, oxygen level, and sleep patterns to provide
personalized health feedback and medical suggestions. This
feedback is valuable for those managing chronic conditions,
such as diabetes or cardiovascular diseases [16]. New and
improved wearable designs (eg, smartwatches) incorporate
advanced algorithms and machine learning to analyze users’
data and provide personalized workout programs and nutrition
recommendations [17].

The potential of health wearables to improve self-health
management is increasingly recognized. However, adoption
rates among older adults remain low, largely due to skepticism
about the tangible benefits of using wearables [18,19]. Despite
a growing body of research exploring enablers and barriers to
adopting smart health wearables, the literature remains
fragmented [20]. Further studies are needed to understand how
these devices are perceived and what motivates older adults to
adopt them long-term. For example, recent studies have reported
that older adults are more likely to adopt technology if they
perceive a clear and immediate benefit from its usage. If the
advantages of wearables are not clearly communicated or
experienced, older adults may not see them as worth the
investment [21]. However, such insights only scratch the surface.
More in-depth exploration is necessary to uncover intrinsically
motivated factors that can help older adults perceive a clear
benefit from adopting wearables. Understanding these factors
is crucial to fostering long-term engagement with these wearable
devices. This study draws upon SDT and the motivational
technology model to identify intrinsic motivators that can
encourage older adults to adopt smart health wearable devices
for their self-health management.
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Three Contextual Factors Related to Autonomous
Motivation

Overview
One of the key propositions of SDT is that creating an
environment that supports one’s self-determination in engaging
in a given behavior is essential for fulfilling the key human
needs required for fostering intrinsic motivation. In
environments that respect and encourage individuals’autonomy,
they are more likely to develop a sense of their true selves and
achieve self-determination for their actions [6]. In social
conditions that pressure people’s autonomous behavior,
autonomy is deprived. In such situations, the fulfillment of the
3 needs for intrinsic motivation will be hampered. However,
the key human needs for intrinsic motivation will be nurtured
in autonomy-supportive contexts, where the external
environment supports one’s self-initiation and choice.

The role of autonomous motivation in encouraging behavior is
particularly significant in health-specific contexts. Being in an
autonomy-supportive health care climate, for instance, and
having autonomous motivation are linked to successful physical
activity and dietary management, which, in turn, leads to better
health outcomes for patients with type 2 diabetes [22]. Likewise,
feelings of autonomous motivation positively impacted the
behavioral intentions and usage behaviors of sports apps among
students, contrary to feelings of controlled motivation [23].
However, solely using smart health wearables is insufficient to
encourage self-health management. A study that sought to
promote physical activity among adolescents using health
wearables found that, contrary to expectations, feelings of
autonomous motivation decreased over an 8-week period
because of feelings of peer comparison that created a social
environment where participants’ autonomy was undermined
[24]. This highlights the importance of contextual factors in
shaping autonomous motivation to use smart health wearables
for health management. Moreover, the technology acceptance
model (TAM) [25] and the unified theory of acceptance and
use of technology (UTAUT) [26] explain how users accept a
given technology. These theories suggest that external factors,
such as social influence, should be considered to understand
people’s attitudes and intentions to use technology.

This study examines the roles of 3 social-contextual factors—AI
anxiety, perceived privacy risks, and health consciousness—that
are crucial for creating a context that fosters the autonomy of
older adults in engaging in self-health management using smart
health wearables.

AI Anxiety
There is growing tension between human agency and machine
agency in the context of the rise of AI, especially when user
experience relies on the algorithms of smart technology [27].
Deci and Ryan [28] defined human agency as motivated
behaviors that emanate from one’s integrated self. In the context
of communication with smart technology, user agency is defined
as “the degree to which the self feels like that he or she is a
relevant actor” and a feeling that the technology provides
“manipulability” for the user to exercise their influence

throughout the interaction [29, p. 61]. The feeling of being in
control is essential as it bolsters people’s intrinsic motivation.

However, as AI techniques advance at an unprecedented speed,
people may begin to experience negative psychological tension
driven by their natural desire to limit AI agency [27]. AI anxiety
describes the psychological status of fear and trepidation when
people are concerned that they will lose autonomy and be
controlled by AI [8]. It is caused by the constantly evolving
technological advancement of AI, along with the challenges
and uncertainty that AI brings [30]. For example, Airbnb hosts
experienced this algorithm-related AI anxiety as they navigated
a complex ecosystem filled with uncertainty and frustration,
since the algorithms comprise both “known and unknown
factors” [31, p. 9].

While existing research indicates the prevalence of AI anxiety
across various populations [32], AI anxiety may be particularly
prominent among older adult users. Research shows that age is
positively associated with greater anxiety over computers [33].
Although there are ontological differences between traditional
computing technologies and AI, AI technologies may generate
a wider range of anxieties because of their complexity and
perceived autonomy [34]. Furthermore, low levels of
technological literacy among older adults may worsen AI
anxiety since a key dimension of AI literacy involves the ability
to learn AI, which can be particularly challenging for older
adults [34,35].

AI anxiety becomes even more pronounced when AI is used to
deliver health care services, like in the case of smart health
wearables. The decision-making processes of AI models that
directly affect the user’s well-being may be beyond the
understanding of users [36]. Studies have highlighted the fear
and frustration expressed by older adults when using smart
health wearables to monitor their blood oxygen saturation levels
[37], which illustrates how smart health wearables can deepen
pre-existing anxieties. Since studies indicate that technological
anxiety can negatively affect attitudes and intentions to use
technology [3,38,39], we investigate AI anxiety as a significant
factor shaping intrinsic motivation for using smart health
wearables.

Perceived Privacy Risks
Privacy risks, throughout the various stages of designing,
distributing, and using smart health wearables, can cause privacy
violations. Technically, (1) most wearable devices are equipped
with various sensors (eg, motion, location, and physiological
sensors) that continuously collect data, (2) these data are highly
personal and thus sensitive, and (3) opportunistic data usage
can lead to privacy breaches [40]. Hence, using smart health
wearables for health management inevitably triggers people’s
concerns about smart health wearables’ability to protect privacy.
Complicated terms regarding data collection and sharing further
exacerbate this concern, with many users unaware of how their
data are managed [18,41]. Additionally, incidents involving
unauthorized access and cyberattacks compound these concerns
[40]. Particularly for older adult users, concerns about privacy
and data security are heightened [9].
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Moreover, privacy is essential for developing an autonomous
self. It is commonly accepted that the human body and health
data are “the central mediator of autonomy and individual
privacy” [42, p. xvi]. Therefore, individuals’ controllability
over their information [43] or “selective control of access to the
self or to one’s group” [44, p. 18] is the core element of privacy.
Through such processes of boundary regulation, individuals
decide how open they want to be to others. However, smart
health wearables need health-related personal information to
function (eg, customize exercise plans and make smart
recommendations). Hence, there exists this tension between (1)
the need to grant controlling power of private information to
smart health wearables and (2) people’s need for autonomous
decision-making about information disclosure. For example,
when using smart home applications integrating sensors and
other network technologies, older adult users expressed their
concern about their controllability over their privacy; however,
this sense of tension can be ameliorated if they have “full control
of the sensor,” meaning they would feel more in control if they
have a say about when to activate or deactivate the device [45,
p. 4750]. Thus, perceived privacy risks are closely tied to
feelings of autonomy, and the control of personal information
is key to intrinsic motivation for using health care wearables
[46].

Health Consciousness
Health consciousness refers to how individuals care about their
health and the level at which they are motivated to engage in
preventive health practices such as health information seeking,
home-based exercise, and healthy food choices [47].
Specifically, health consciousness reflects people’s orientation
toward three health-related dimensions: (1) personal health
awareness, (2) self-responsibility, and (3) health motivation
[48]. Health consciousness has repeatedly been shown to have
a positive effect on health-related behaviors like using the
internet to search for health information [10], choosing foods
based on their health benefits [47], or using dietary and fitness
apps [49].

There are several reasons to explain why health consciousness
motivates older adults to engage in self-health management.
Health-conscious people tend to have a stronger belief in their
ability to control their health, which influences their decisions
to engage in health-promoting activities [50]. Furthermore,
health consciousness can motivate people to be proactive in
looking for ways to evaluate their conditions, like taking up
information and communication technology to mitigate
loneliness [51]. Proactiveness is a distinct characteristic of health
consciousness and differs from simply reacting to negative
health outcomes. This aligns with research using the health
belief model, which suggests that health-related internet use
was more strongly proactively motivated by health
consciousness, rather than being influenced by perceptions of
one’s health risk in a reactive manner [10]. Smart health
wearables that are designed to enable self-directed health
management activities [52] precisely meet the needs of
health-conscious individuals. Thus, it would be fruitful to assess
health consciousness as a potential factor encouraging the
adoption of smart health wearables among older adults.

Three Basic Needs for Self-Determination
We used the SDT [6,7] to examine the factors related to the
motivation for adopting smart health wearables among older
adults. The core idea of SDT is that intrinsic motivation is
necessary for sustaining engagement in a particular behavior.
The 3 basic needs—competence, relatedness, and
autonomy—are fundamental sources of intrinsic motivation and
the natural tendency for self-development.

Competence refers to the ability to achieve personal goals.
Autonomy is the freedom to make self-initiated choices, and
relatedness reflects feeling connected and cared for by social
groups or communities. When individuals perceive that a
particular behavior fulfills these 3 basic needs, they tend to find
it enjoyable (ie, intrinsically motivating) and will engage in it
without relying on external rewards. Hence, from the lens of
SDT, this study examines how the 3 psychological needs shape
intrinsic motivation and ensures the long-term use of smart
health wearables for older adults’ self-health management.

As with other interactive technologies, design elements in smart
health wearables can influence the sense of competence,
autonomy, and relatedness through their intelligent, user-focused
features [53]. For example, features such as goal setting and
reward badges can enhance users’ competence by providing
feedback on their achievements and progress. Yet, older adults
often struggle with setting up or understanding the data
generated by these devices, which can undermine their sense
of competence [54]. Additionally, while personalized nudges
and recommendations from these devices may sometimes
compromise users’ sense of autonomy by making decisions
based on their data [27], customizable interfaces can empower
users to feel more in control. Furthermore, social features—such
as communities, friend invitations, and participation in
challenges—can enhance a sense of relatedness among users
[24,53]. Wu and Lim [21] found that older adults are more likely
to use wearables when family members or friends in their close
social circle also adopt the devices.

Overall, this study explores 3 social-contextual factors
influencing the autonomous use of smart health wearables for
health management—AI anxiety, perceived privacy risks, and
health consciousness—and their potential associations with the
psychological needs related to intrinsic motivation among older
adults. Accordingly, we pose the following research question:

RQ1: How are autonomy-related contextual factors regarding
smart health wearable use (ie, AI anxiety, perceived privacy
risks, and health consciousness) associated with the sense of
competence, autonomy, and relatedness among older adults?

In addition, we aim to unpack the relationship between the
psychological needs of older adults and their intention to use
smart health wearables. Self-determined motivation shaped by
the fulfillment of these 3 needs plays a crucial role in people’s
intention to use technology [55]. For instance, a study found
that intentions to use health technology, such as wellness clouds
for health tracking, were positively associated with intrinsic
motivation, driven by expectations of performance, playfulness,
and ease of use [56]. Thus, we hypothesize:
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H1: Perceived competence, autonomy, and relatedness in using
smart health wearables will be positively associated with older
adults’ intentions to use these devices.

We expect that the needs of competence, autonomy, and
relatedness fulfilled by health wearables use would mediate the
relationships between the autonomy-related contextual factors
and use intention. This study will explore these indirect
associations by proposing the following research question:

RQ2: How do perceived competence, autonomy, and relatedness
in using smart health wearables mediate the relationships
between the autonomous-related contextual factors (ie, AI
anxiety, perceived privacy risks, and health consciousness) and
older adults’ intentions to use these devices?

Experienced Versus Nonexperienced Users
We also examine potential differences in motivation between
older adults with and without prior experience using smart health
wearables. According to the UTAUT and TAM models, as
discussed earlier, users’ prior experience with using the
technology is also one of the key variables, as prior experience
can work as a conditional factor in changing the degree of effect
of other antecedent factors on technology acceptance (eg,
intention to use and attitudes toward a technology) [26].
Specifically, whether a user has experience using a technology
may affect their evaluation of motivations, effort expectancy,
social influence, and perceived ease of use, among other factors
[26,57]. For example, one study about smart health wearables
found that the relation between behavior intention and actual
use is stronger for more experienced users, compared with the
new users; in addition, the experienced users rated the
facilitating conditions (eg, resource and knowledge they
received) as less important [58]. Interestingly, among older
adults, whether users have prior experience also showed a
difference in what types of smart health wearables they choose:
compared with experienced users whose choice focuses mostly
on smartwatches and wristbands, nonexperienced users’choices
were more dispersed, showing a wide variety of preferences
such as smart rings and clips among others. This indicates that
prior experience might affect users’overall expectations among

many technology acceptance indicators [59], supporting the
proposition that prior experience may be a conditional factor
that differentiates users’ motivational structure predicting their
technology adoption intentions [60], as experienced users tend
to exhibit greater confidence and skill in navigating wearable
features [61,62]. Experienced older adults may more readily
recognize benefits such as improvements in health metrics or
physical activity [16]. Conversely, older adults with limited or
no prior experience may have different expectations regarding
wearables, often accompanied by uncertainty. While such
uncertainty can foster positive expectations about the benefits
of devices, it may also provoke feelings of intimidation. Older
adults without prior experience may struggle to fully grasp the
benefits of smart health wearables early on. Moreover, without
clear evidence of the device’s impact on their well-being, these
older adults might question the use of the technology, resulting
in lower intrinsic motivation to adopt such devices [63].

However, the moderating effect of prior experience from
existing literature shows inconsistent effects. For example, one
study examined whether users’prior experience of using robots
predicts their approval of autonomous delivery robots, and the
correlation was not significant [60]. In light of these
discrepancies, we will examine whether and how these 2
groups—those with and without prior experience—differ in
their motivational structures for using smart health wearables
in health management. Understanding the motivational
differences between those who are experienced versus not
experienced users of smart health wearables offers valuable
insights into the distinct needs of users in different adoption
stages. These insights can guide the development of more
user-friendly designs and tailored educational strategies,
ultimately encouraging wider adoption among hesitant or
inexperienced individuals. Accordingly, we propose the
following research question:

RQ3: How are experienced older adult users different from the
nonexperienced older adult group regarding the relationship
between the 3 psychological needs and use intention?

Figure 1 summarizes the model tested in this study.
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Figure 1. Hypothesized model summary. AI: artificial intelligence; H: hypothesis; RQ: research question.

Methods

Data Collection
A web-based survey was conducted with individuals over the
age of 60 years in Singapore from March to April 2022. For
data collection, we used a survey panel from Qualtrics, one of
the major global survey companies, which provides panels
across various age groups in different countries. In total, 306
participants (177 male; mean age of 65.47 years, age range
60‐85 years; ethnicity: 84.6% [259/306] Chinese, 3.3%
[10/306] Malay, 6.5% [20/306] Indian, and 5.6% [17/306]
others) completed the survey. At the beginning of the study,
they were given descriptions and examples of smart health
wearables. Then, they were asked if they had used such devices
before. Of the 306 participants, 163 (53.3%) responded “yes”
indicating their prior experiences with smart health wearables,
and fitness trackers were the most common type of wearable
used (135/306, 44.1%). Meanwhile, 143 (46.7%) responded
“no” to the question asking about their prior experience.

Ethical Considerations
The survey procedure and materials were reviewed and approved
by the institutional review board at Nanyang Technological
University (IRB-2022-163). Informed consent was obtained
before participants began the survey, and they had the option
to opt out. All collected data were deidentified. Compensation
was provided to participants by the survey company in the form
of credit points in accordance with its policy.

Measurement

AI Anxiety
To measure the anxiety caused by uncertainty about how AI
works, 3 items were adapted from Meuter et al [64], originally
developed for measuring user anxiety about service technology.
A 7-point Likert scale was used (1=strongly disagree to

7=strongly agree; eg, “I feel apprehensive about using AI
technology”).

Perceived Privacy Risk
Perceived privacy risk regarding wearable health technology
was measured using 3 items [65], each rated on a 7-point Likert
scale (1=strongly disagree to 7=strongly agree; eg, “It would
be risky to disclose my personal health information to wearable
device vendors”).

Health Consciousness
Health consciousness was measured using a 3-item scale, with
participants indicating their agreement with each statement on
a 7-point Likert scale (1=strongly disagree to 7=strongly agree;
eg, “I take responsibility for the state of my health”) [66].

Self-Determination Factors
Adapted from Ryan et al [67], 3 factors of
self-determination—competence, autonomy, and
relatedness—were measured using a 7-point Likert scale
(1=strongly disagree to 7=strongly agree). Competence in using
wearable health devices was measured using a 3-item scale (eg,
“I would feel competent in using a smart wearable health care
device”). Autonomy was assessed with a 4-item scale (eg, “I
would feel free to decide for myself how to do things on a smart
wearable health care device”). Relatedness to other users of
wearable health care devices was measured using 3 items (eg,
“I would find the relationships with other users of smart
wearable health care devices fulfilling”).

Future Use Intention
Intention to adopt smart wearable health care technology was
measured using a 3-item semantic differential scale. Participants
rated their likelihood, probability, and willingness to use smart
wearable health care technology in the next 3 months, with
responses ranging from 1 to 7 (eg, likelihood: 1=unlikely to
7=likely).
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Refer to Table 1 for the measurement items, internal reliability
(Cronbach α), and basic statistics for each factor’s composite

score.
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Table . Measurement items, internal reliability, and descriptive statistics.

Mean (SD)Cronbach αMeasures and items

3.95 (1.28)0.78AIa anxiety

I feel apprehensive about using AI technology.

I hesitate to use AI technology for fear of making mistakes
I cannot correct.

I have difficulty understanding AI-related technological
matters.

4.40 (1.44)0.92Perceived privacy risk

It would be risky to disclose my personal health information
to wearable device vendors.

There would be a high potential for loss associated with
disclosing my personal health information to vendors pro-
viding wearable devices.

There would be too much uncertainty associated with giving
my personal health information to vendors providing
wearable devices.

5.37 (1.06)0.63Health consciousness

I am concerned about my health all the time.

I notice how I feel physically as I go through the day.

I take responsibility for the state of my health.

4.83 (1.31)0.95Competence

I would feel competent in using a smart wearable health
care device.

I would feel capable when using a smart wearable health
care device.

I would feel like I am effective when using a smart wear-
able health care device.

4.70 (1.17)0.91Autonomy

I would feel free to decide for myself how to do things on
a smart wearable health care device.

I would generally feel free to express my ideas and opinions
on a smart wearable health care device.

I would feel like I can pretty much be myself when I use
a smart wearable health care device.

I would experience a lot of freedom when I use a smart
wearable health care device.

4.03 (.97)0.70Relatedness

I would find the relationships with other users of smart
wearable health care devices fulfilling.

I would find the relationships with other users of smart
wearable health care devices important.

I would not feel close to other smart wearable health care
device users (reverse-coded).

4.78 (1.93)0.94Intention

How likely are you to use smart wearable health care de-
vices in the next 3 months?

Unlikely or likely (1 to 7
scale)

Not probable or probable (1
to 7 scale)
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Mean (SD)Cronbach αMeasures and items

Unwilling or willing (1 to 7
scale)

aAI: artificial intelligence.

Measurement Model
The measurement model was tested using comparative fit index
(CFI) analysis. Covariances for the first 3 autonomy items and
the first 2 competence items were allowed to improve model
fit. After this modification, the model showed good fit:
χ²185=365.9, P<.001, root mean square error of approximation
(RMSEA)=0.057 (90% CI 0.048-0.065), CFI=0.966,
Tucker-Lewis index (TLI)=0.957, and standardized root mean
square residual (SRMR)=0.048, all within acceptable ranges.

Results

The structural equation model (SEM) results indicate significant
associations among AI anxiety, perceived privacy risks, and
health consciousness, and the mediating factors of competence,
autonomy, and relatedness, which are related to smart health

wearable use intention. Model fit indices suggested a good fit:
χ²226=541, P<.001; RMSEA=0.067 (90% CI 0.06-0.075);
CFI=0.94; TLI=0.93; SRMR=0.06.

For RQ1, AI anxiety was negatively associated only with
competence (β=−.25, P=.039); perceived privacy risks showed
a significant negative association with competence (β=−.33,
P=.002), autonomy (β=−.3, P=.012), and relatedness (β=−.36,
P=.001). Health consciousness was positively associated with
competence (β=.78, P<.001), autonomy (β=.8, P<.001), and
relatedness (β=.61, P<.001).

H1 examined the associations between the 3 self-determination
model dimensions and the intention to use smart health
wearables. Competence was significantly associated with use
intention (β=.46, P<.001), and relatedness also showed a
marginally significant association (β=.15, P=.05). Figure 2
summarizes the SEM results.

Figure 2. Structural equation model results for RQ1 and H1. AI: artificial intelligence; CFI: comparative fit index; H: hypothesis; RMSEA: root mean
square error of approximation; RQ: research question; SRMR: standardized root mean square residual.

To answer RQ2, we examined the indirect effects of AI anxiety,
perceived privacy risks, and health consciousness on use
intention through competence, autonomy, and relatedness as
mediators, using 5000 bootstrapped samples. The total indirect
effect of AI anxiety on use intention was not statistically
significant (B=−0.31, 95% CI −0.78 to 0.05) although the
indirect pathway through competence was significant in a
negative direction (B=−0.27, 95% CI −0.71 to −0.05). For
perceived privacy risks, the total indirect effect was significant
in a negative direction (B=−0.36, 95% CI −0.59 to −0.14), via
competence (B=−0.24, 95% CI −0.52 to −0.08) and relatedness

(B=−0.09, 95% CI −0.23 to −0.004). Lastly, health
consciousness showed a significant total indirect effect on use
intention in a positive direction (B=1.37, 95% CI 1.01-2.08),
with a strong positive mediation through competence (B=0.97,
95% CI 0.44-1.78) and relatedness (B=0.25, 95% CI 0.02-0.58).
We found no significant indirect pathways through autonomy
for any predictors.

Finally, RQ3 asked if experienced versus not experienced older
adult users would have different motivation structures shaping
the intention to use smart health wearables. First, measurement
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invariance between experienced versus nonexperienced users
for the 3 self-determination factors and use intention were tested.
The models allowing for free estimation of all parameters across

groups showed a good fit to the data: χ2
110=183.8, P<.001;

RMSEA=0.066, 90% CI 0.049-0.083; CFI=0.979; TLI=0.971;
and SRMR=0.045. Additionally, the chi-square difference test
comparing the model constraining the factor loadings to be
equal across groups, against the unconstrained model, was not

significant (Δχ2
9=6.8, P=.66), indicating that the factor loadings

are invariant across groups. To assess the relationship between
the 3 motivation factors and behavioral intention across
experienced and nonexperienced user groups, 2 SEMs were

estimated: an unconstrained path coefficient model (χ2
18=38.5,

P=.003, RMSEA=0.086, 90% CI 0.048-0.124, CFI=0.968) and

a constrained model (χ2
30=50.5, P=.011, RMSEA=0.067, 90%

CI 0.032-0.098, CFI=0.968), both showing acceptable model
fits. However, the chi-square difference test indicated that the
relationships between competence, autonomy, and relatedness,
and behavioral intention between the 2 groups do not statistically

differ (Δχ2
12=12, P>.05).

Discussion

Theoretical Implications
Drawing on SDT, this study sheds light on the motivational
factors influencing older adults’ intention to use smart wearables
for health care. By examining external contextual factors that
may shape older adults’ autonomous use of smart wearables for
health management, we provide more nuanced insights into the
self-determination model, enhancing the understanding of how
to promote self-determined, proactive health management
through technology. Moreover, this age-specific insight
contributes to a deeper understanding of how SDT can be
adapted to different user populations in the smart health
wearables context.

Our study examined how external contextual factors influence
intrinsic motivation, particularly in the adoption of smart health
wearables among older adults (RQ1). The results reveal that
perceived privacy risks erode all motivation factors: competence,
autonomy, and relatedness. The fear of data breaches or the
misuse of personal health information can make older adults
feel that they lack control over their personal data, directly
undermining their sense of autonomy. Perceived privacy risks
also affect competence, as older adults may feel uncertain about
their ability to navigate complex privacy settings or how their
data are collected and used. This uncertainty creates a barrier
to engaging with smart health wearables, as users who feel less
competent in managing their personal information may be less
likely to adopt such technologies. The negative association
between privacy risk perception and relatedness may imply that
fears of data misuse or unauthorized access can undermine
users’ willingness to engage in social features of smart health
wearables, such as sharing health information with peers or
participating in health communities. We also found a significant
association between AI anxiety and competence, among 3
intrinsic motivation factors. AI anxiety is characterized by fear
and apprehension about AI’s decision-making processes [8].

Older adults, who may already feel less confident in their
technological abilities, may find AI’s opaque algorithms
intimidating, leading them to doubt their capacity to effectively
use smart health wearables, consequently reducing their intrinsic
motivation to use them.

However, health consciousness strongly supports the fulfillment
of all 3 psychological needs among older adult users;
health-conscious older adults are more likely to feel competent,
autonomous, and socially connected through the use of smart
health wearables. This result indicates that the tendency of being
proactive in self-health management among health-conscious
individuals [47,50] can be largely translated to self-determined
smart health wearables adoption. Especially, the significant
association between health consciousness and relatedness
suggests that older adults who care about their health are more
likely to engage with smart health wearables and connect with
others through health communities and shared goals, not just
for self-health management. These findings suggest that while
SDT offers a strong framework for understanding motivation
across various domains, it may require adjustments for
technology adoption among older adults.

We then examined the associations between the 3 psychological
needs that foster intrinsic motivation and the intention to use
smart health wearables (H1). The results indicate that, for older
adults, feeling capable of using smart health wearables
(competence) is a significant driver of wearable use, and
experiencing social connection (relatedness) showed a
marginally significant association. However, independent
decision-making (autonomy) was not a significant factor. This
result might be because older adults recognize the benefits of
delegating monitoring and decision-making for health
management to technology, which provides personalized
recommendations for users. This result suggests that older adults
may prioritize supported autonomy in using smart health
wearables. Studies [29,68] have suggested that users seek to
benefit from the autonomous capacity of AI-based technology
while maintaining control over it.

It is also worth noting that our result contradicts Jung and Kang
[52], who found that only autonomy, among the 3 intrinsic
motivation factors, significantly predicted enjoyment in using
smart fitness wearables, based on a survey conducted with a
general population in the United States. This also indicates a
possibility that autonomy might be experienced or expected
differently among the older population in Singapore. Future
research should explore how older adults balance autonomy
and supported autonomy through health technologies and how
smart health wearables can foster this balance without
diminishing their sense of agency, especially through
comparison with young users.

The mediating roles of the 3 psychological needs between
contextual factors and the intention to use smart health wearables
(RQ2) offer a deeper understanding of the factors influencing
self-determination in wearable health technology use. The
findings underscore the importance of fostering feelings of
competence to encourage smart wearable adoption among older
adults. Competence, as a key driver of intrinsic motivation, is
particularly crucial for this demographic, who may feel
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intimidated or uncertain about using such technology [54]. The
strong indirect associations between privacy risk perceptions,
health consciousness, and usage intentions through competence
suggest that merely addressing privacy concerns and promoting
health awareness may be insufficient. Instead, efforts should
also focus on clearly communicating privacy safeguards and
emphasizing the value of self-directed health management in a
way that reinforces older adults’ confidence and competence,
ultimately helping them integrate wearables into their health
routines successfully.

While relatedness played a secondary role, it nonetheless
contributes to older adults’ intrinsic motivation, aligning with
previous research identifying relatedness as an important
intrinsic motivator in social media use [69]. Our study indicates
that the feelings of being connected to peer users, family, and
caregivers remain a significant need for older adult users even
when engaging with technology primarily intended for purposes
other than social interaction or relationship building.

Finally, the lack of significant differences between experienced
and nonexperienced users regarding the associations between
motivational factors and use intention (RQ3) suggests that the
need for competence and relatedness is important in shaping
the intention to adopt smart health wearables, regardless of prior
experience with such devices. Previous research found that
individuals with prior experience using smart devices (eg,
smartphones and smart televisions) perceived them as less
complex and were more willing to try new technologies, as
compared to those without experience [19]. However, the
absence of differences between the 2 groups in our study could
be interpreted in 2 ways. First, advancements in user-centered
design and AI may have made smart health wearables more
intuitive and less cognitively demanding [18], reducing the
potential barriers or concerns around competence in using these
devices. Alternatively, it is possible that smart health wearables
remain complex and intimidating, even for older adults who
have had prior experience with similar technology. Future
research could use a qualitative approach, such as in-depth
interviews with older adult users, to explore the underlying
reasons behind this nonsignificant result. In addition, for older
adult users, connecting with family and friends was identified
as a major gratification in using new media technology [69-71].
Our study demonstrates that, for both experienced and
nonexperienced groups, fostering relatedness with others
remains an important reason for adopting health wearables
among older adults, which often did not hold truth in other
populations [24,52].

Practical Implications
Our findings indicate that perceived privacy risks can negatively
impact older adults’ sense of competence and autonomy when
adopting smart health wearables. To address perceived privacy
risks, smart health wearables should offer easy-to-use privacy
settings that give older adults control over how their data are
shared. Transparent communication about data security can
enhance users’ sense of control and trust, encouraging wider
adoption and sustained use.

Competence emerged as the strongest predictor of smart health
wearables adoption. Therefore, developers should focus on

creating intuitive, easy-to-use devices tailored to older adults,
with guides, tutorials, and support resources that enhance users’
confidence and ability. Features such as personalized feedback,
goal-setting, and progress tracking can further reinforce older
adults’ sense of accomplishment in managing their health,
fostering continued engagement. By helping older adults feel
capable and effective, developers can promote long-term use
of wearables.

The feeling of social connectedness (relatedness) also plays a
significant role in driving smart health wearables adoption.
Developers should incorporate social features that allow older
adults to connect with family, friends, or health
communities—such as shared health data, group challenges,
and support groups. These features foster a sense of social
support, enhancing motivation. Health care providers and
caregivers can encourage older adults to use smart health
wearables in social settings, which can strengthen their
motivation for ongoing use.

The nonsignificant difference between experienced and
nonexperienced users in terms of the motivational structure for
smart health wearables use suggests that both groups rely on
feeling competent and socially connected when deciding to use
smart health wearables. From a practical standpoint, this
indicates that interventions aimed at enhancing these
motivational factors—such as simplifying the technology to
improve competence and fostering social connections—are
equally important for both groups. For example, social workers
and government organizations can provide training courses for
older adults focusing on these aspects. A recent study showed
that even short training courses (eg, teaching older adults how
to use smartphones for social interaction and medical use)
increased the positive effect of older adult users’ effort
expectancy (how understandable and easy to learn to use the
technology) on behavior intention [72]. Therefore, strategies to
increase smart health wearables adoption should focus on
addressing these core needs universally, rather than
differentiating between experienced users and nonexperienced
users.

Limitations and Future Research
We acknowledge several limitations in this study. First, our
cross-sectional design limits the ability to establish causal
relationships between autonomy-related factors and wearables
adoption. As a result, the associations observed in this study
are correlational. Longitudinal research would be valuable in
examining how variables such as AI anxiety, privacy concerns,
and health consciousness impact both short- and long-term use
of wearables over time, providing a clearer understanding of
causality.

Second, this study was conducted via a web-based survey, which
inherently requires participants to have a certain level of digital
literacy and internet access. Consequently, our sample may not
fully represent older adults with limited internet access or low
digital literacy. To capture a more inclusive profile of older
adult participants, future studies should consider using offline
methods, such as paper-based surveys, to ensure a broader
representation of older adults with varying digital skills.
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Third, while our research primarily focuses on intrinsic
motivation among older adult users for adopting smart health
wearables, actual behavioral intention (ie, intention to use) is
also influenced by external factors, such as the usability designs
of the devices. Studies indicate that older adults have specific
performance expectations regarding wearable functionality and
ease of use [73]. Therefore, future studies should consider both
intrinsic and external factors when exploring predictors of older
adults’ adoption and sustained use of smart health wearables.

Fourth, the high ownership rate of fitness trackers among our
participants (135/306, 44.1%) can be attributed to Singapore’s
National Steps Challenge, initiated in 2015, which provided
free fitness trackers to encourage physical activity. This unique
context may have influenced our results, highlighting the need
for further cross-cultural studies in other countries to gain
complementary insights and verify the generalizability of these
findings across different cultural and health care contexts.

Finally, according to the National Population and Talent
Division, 81.8% of those over 60 years old are ethnic Chinese,
11% are Malay, 8% are Indian, and 1% belong to other
ethnicities as of 2024 [74]. While our sample largely reflects
the overall ethnic group composition, Chinese (259/306, 84.6%)

and other ethnicities (17/306, 5.6%) are slightly overrepresented,
and Malay (10/306, 3.3%) and Indian participants (20/306,
6.5%) are slightly underrepresented. Given that cultural and
ethnic differences could significantly influence health-related
[75] as well as technology and privacy-related factors [76,77],
future research should aim for a more representative sample to
capture the diverse experiences and preferences of all ethnic
groups, ensuring broader applicability of the findings.

Conclusions
Through the lens of SDT, this study advances our understanding
of older adults’ adoption of smart health wearables. The results
highlighted the critical roles of competence, relatedness, and
autonomy-supporting contexts in shaping their intrinsic
motivation. While perceived privacy risks and AI anxiety
negatively impact motivation, health consciousness emerges as
a strong enabler of self-determined adoption of health wearables.
Our findings emphasize the need for user-friendly designs,
robust privacy safeguards, and social features that foster
connection and confidence among older adults. By addressing
these factors, developers and stakeholders can better support
older adults in integrating smart wearables into their proactive
health management routines.
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Abstract

Background: The Timed Up and Go test (TUG) is recommended as an evidence-based tool for measuring physical capacity.
Instrumented TUG (iTUG) approaches expand classical supervised clinical applications offering the potential of self-assessment
for older adults.

Objective: This study aimed to evaluate the concurrent validity and test-retest reliability of a smartphone-based TUG
self-assessment “up&go app.”

Methods: A total of 52 community-dwelling older adults (>67 years old) were recruited. A validated and medically certified
system attached with a belt at the lower back was used as a reference system to validate the “up&go app” algorithm. The participants
repeated the TUG 5 times wearing, a smartphone with the “up&go app” in their front trouser pocket and an inertial sensor to test
the concurrent validity. A subsample of 37 participants repeated the “up&go app” measurement 2 weeks later to examine the
test-retest reliability.

Results: The correlation between the “up&go app” and the reference measurement was r=0.99 for the total test duration and
r=0.97 for the 5 single repetitions. Agreement between the 5 repetitions was intraclass correlation coefficient (ICC)=0.9
(0.84‐0.94). Leaving out the first repetition, the agreement was ICC=0.95 (0.92‐0.97). Test-retest agreement had an ICC=0.79
(0.53‐0.9).

Conclusions: The duration of 5 repetitions of the TUG test, measured with the pocket-worn “up&go app,” was very consistent
with the results of a lower-back sensor system, indicating excellent concurrent validity. Participants walked slower in the first
round than in the other 4 repetitions within a test run. Test-retest reliability was also excellent. The “up&go app” provides a useful
smartphone-based approach to measure 5 repetitions of the TUG. The app could be used by older adults as a self-screening and
monitoring tool of physical capacity at home and thereby help to early identify functional limitations and take interventions when
necessary.

(JMIR Aging 2025;8:e67322)   doi:10.2196/67322

KEYWORDS

timed up and go test; self-assessment; instrumented assessment; technology-based assess-ment; physical capacity; mobility; aged;
mobile applications; smartphone; diagnostic self evaluation

Introduction

The baby boomer generation embraces smartphone technology
[1]. This particular cohort is willing and capable of using mobile

health applications especially when they are designed in a
user-centered way and increase the likelihood of a
self-determined future [2-4]. Good examples are the use of
fitness trackers, heart rate monitoring, and glucose monitoring
[5].
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The World Health Organization (WHO) and United Nations
(UN) member states have declared the current decade as the
UN “Decade of Healthy Ageing” (2021‐2030) to improve the
lives of older people, their families, and the communities in
which they live [6-8]. Early identification of health risks and
functional limitations in older adults is crucial to enable timely
preventive measures and promote the maintenance of
independence [9]. A recent systematic review was conducted
to guide WHO recommendations and to establish a “standard”
for evidence-based assessment of physical capacity [10]. It
recommends the Timed Up and Go Test (TUG), in addition to
the 30-Second Chair Rise Test, due to the high quality evidence
for its sufficiently valid and reliable measurement of physical
capacity in community-dwelling older adults [10,11]. The
standard TUG captures the time recorded by a trained test
administrator using a stopwatch. The test person rises from a
chair, walks 3 meters at their usual pace, turns around, walks
back, and sits down again. Longer test durations indicate
limitations in physical capacity, particularly in strength and
balance [10-12] and predict hospitalization and associated
functional decline in older adults [13]. The need for and lack
of a digital version of the TUG has been addressed during the
meetings of the WHO Locomotor Capacity Working Group.
This is even more relevant for persons living remotely or in low
and middle-income countries where smartphone technology is
often available but health care professionals are often lacking
[2].

Wearable technologies offer opportunities to lower the barrier
for integrating functional tests like the TUG into the assessment
and clinical management of older people [14,15]. Such an
instrumented Timed Up and Go Test (iTUG) not only enables
standardized and digitized measurement in supervised settings
[16-18] but also opens an option for low-cost self-screening
and monitoring in people’s everyday lives [19,20]. In clinical
studies, camera-based systems, inertial sensors or smartphones
that are attached to the back (eg, with a belt) are most commonly
used to perform the iTUG [21]. For self-assessment purposes,
however, an approach using common technologies and a
convenient placement on the body would be more feasible,
without the need for additional materials or training. Therefore,
the “up&go” iTUG was developed as a self-test for older adults.
The prototype of the “up&go” app emerged from several EU
projects [17-19,22,23] and a cocreation process with older adults
[24]. It incorporates an innovative approach: placing a
smartphone in the user’s front trouser pocket during 5 repetitions
of the test. An unsupervised smartphone-based iTUG could fill
a gap in the landscape of mobility assessment methods that is
still dominated by patient-reported outcome measures and
supervised assessments conducted in laboratory or clinical
settings [25]. Digital self-assessments could support older adults
to take up an active role in risk screening or monitoring, and to
early identify changes in their mobility. If necessary, this would
allow them to initiate further medical diagnostics, and to take
primary or secondary preventive measures in a timely manner.
Thus, the motivation for this study is to examine if the “up&go”
self-assessment app fulfils the criteria of validity and reliability
to be considered trustworthy and to serve as a credible tool for
implementation in future iTUG studies and in the
self-management of older people.

Hence, this study aims to examine the concurrent validity and
test-retest reliability of the “up&go” smartphone-based TUG
self-assessment for older adults. The measures considered are
the total TUG test duration and the duration of the 5 individual
repetitions. This study corresponds to an analytical validation
according to the V3 framework [26].

The objectives of this study are to analyze the concurrent
validity of the algorithm used in the “up&go app” against a
validated and medically certified sensor-based system and to
determine the test-retest reliability of the “up&go app” algorithm
in the home environment of older adults.

Methods

Participant Recruitment
The findings are reported following the guidelines for reporting
reliability and agreement studies [27]. Participant were recruited
from the SMART-AGE randomized controlled trial conducted
at Heidelberg University, Germany [28]. Participants were
included in the SMART-AGE study if they were 67 years or
older, lived in the community, had basic knowledge of using
PCs or tablets and of the German language. Exclusion criteria
were severe medical conditions (ie, heart failure with shortness
of breath at rest, cardiac arrhythmia with dizziness, Parkinson
disease with use of a walker or wheelchair, cancer with
chemotherapy or radiotherapy, chronic lung disease with oxygen
therapy, and planned major medical procedure with inpatient
hospitalization within the next 3 months), severe visual or
hearing impairment, and severe cognitive impairment.

Data for the sample description were extracted from the
SMART-AGE initial assessment data: age, sex, BMI,
citizenship, living situation, employment, WHO Quality of Life
Scale score [29], Satisfaction With Life Scale score [30], fall
history, Groll Functional Comorbidity Index [31], Trail Making
Test A and B score [32], Six-item Cognitive Impairment Test
score [33], Short Falls Efficacy Scale International score [34],
4-Meter Walk Test score [35], 30-second Chair Rise Test score
[36], and stopwatch-measured Timed-Up and Go Test score
[11].

Ethical Considerations
The SMART-AGE study and the amended protocol for this sub
study were approved by Heidelberg University Medical
Faculty’s Ethical Committee (S-672/2022). All participants
provided informed signed consent before participating.

Data Collection and Processing
The data collection was performed during a home visit 3 to 4
months after the SMART-AGE study’s baseline assessment. A
total of 3 pretrained assessors with a professional background
in psychology (AB and EL) or physiotherapy (MJB) conducted
the home visits following a standardized manual.

“Up&go App”: Smartphone-Based Timed Up and Go
Test
Previous versions of the “up&go app” algorithm have been
developed and validated within the 2 European Commission
funded projects, Farseeing [17,22] and PreventIT [18,19,23].
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The “up&go app” investigated in this study [37] is a further
development of the previous versions. It is based on the results
of a study examining the usability of the previous Norwegian
version of the PreventIT project [19] and a cocreation study
with older adults [24].

In order to run the TUG test within the “up&go app,” the user
is invited to watch and read the test instructions, prepare the
test setting (chair, 3 m distance, marker), answer 2 safety
questions, press the “start test” button, place the smartphone in
one of the front trouser pockets and sit down to begin with the
first round of the test at usual gait speed (Figure 1). The app
includes an algorithm processing real-time accelerometer data
to detect the body movements to guide the user through 5
consecutive repetitions of the TUG via audio prompts (eg,
“Please put the phone in your front trouser pocket and sit
down”). After each run there is a pause of about 3 seconds in
which the algorithm detects the position change, and the new

audio announcement is played (eg, “This was the third run.
Please wait for the next start signal”). The embedded sensors
in the smartphone collect data during the test.

After the test, the algorithm automatically postprocesses
accelerometer data and computes the total time needed to
complete 5 repetitions, excluding pauses between runs. The
total time is shown on the smartphone screen in seconds together
with a traffic light (Figure 1, green=<60 s, yellow 60‐90 s,
red>90 s) and an according recommendation for action (eg,
green light: recommendation to stay active, yellow light:
recommendation for supervised training, and red light:
recommendation to seek medical advice). The color coding
thresholds are based on the cut-off value of 12 seconds for 1
repetition, respectively 60 seconds for 5 repetitions, to indicate
normal versus below normal mobility in community-dwelling
older adults [13,38].
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Figure 1. Screenshots from the “up&go app".

Concurrent Validity
In this study, the “mTUG” system (“mTUG” medical device,
mHealth Technologies) was used as a reference measure to
validate the “up&go app” algorithm. “mTUG” is a sensor-based
system that has been validated in a population of older adults
[17] and is certified as a medical device. The system consists
of an inertial sensor (mHealth Technologies triaxial
accelerometer range±2 g, triaxial gyroscope range±250°/sec,
sampling rate: 100 Hz) connected by Bluetooth to an assessor
smartphone (Samsung Galaxy S10e, Android 5.0.1) including

a customized app (mHealth Technologies) allowing the assessor
to manually start and stop the sensor measurement.

The TUG was repeated 5 times with participants wearing the 2
measurement systems simultaneously (Figure 2), smartphone
with “up&go app” in their right front trouser pocket and an
inertial sensor (mHealth Technologies) attached to an elastic
belt worn on the lower back. A previous study with hospitalized
hip fracture patients found that the performance of three TUG
trials is recommended to achieve performance stability [39]. In
this study, 5 repetitions were performed to take into account
more variability in the performance of older adults conducting
the test at home.
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Figure 2. : Simultaneous measurement with (1) the “up&go app” and (2) the reference measure.

Participants were familiar with the TUG procedure as the
conventional stopwatch TUG [11] had been performed
beforehand as part of the baseline motor assessments within the
SMART-AGE study. As the feasibility of the “up&go app”
self-assessment was not part of this study, test preparation,
viewing of instructional videos by participants were omitted
for data collection. The test procedure was explained to the
study partner (5 repetitions, usual walking pace, and follow
audio instructions). The assessor prepared the TUG test setting,
mounted the sensor in the belt on the participant’s lower back
and started the test on the “mTUG” assessor smartphone. Then,
the assessor started the test on the “up&go” smartphone and
handed it over to the participant. The participant then placed it
in the right front trouser pocket and performed the 5 repetitions
of the TUG test, following the audio instructions of the “up&go
app.”

The “up&go app” does not store any data on the user’s
smartphone to guarantee data confidentiality. We therefore
developed an adapted version for this study, allowing the app
to store all raw data collected from the accelerometer and
gyroscope embedded in a Samsung Galaxy S21 smartphone
(Android 5.0.1, triaxial accelerometer range±8 g, triaxial
gyroscope range±1000°/sec, sampling rate 500 Hz) on the
smartphone memory. This allowed postprocessing of the raw
data and analysis of not only the total test duration, but also the
duration of each of the 5 repetitions (rep1, rep2, rep3, rep4, and
rep5).

Within the “mTUG” system, raw data was automatically stored
on the assessor smartphone’s memory and processed by a
validated algorithm [17].

Test-Retest Reliability
To investigate the test-retest reliability of the “up&go app”
algorithm, we repeated the “up&go” measurement at an
additional home visit within 2 weeks after the first measurement,
following the same procedure as described above.

Participants were asked to participate in the retest if they lived
<20 km from the study center to reduce the burden of assessor
time.

Statistical Analysis
The sample size for the validation part of the study was
calculated using R (version 2023.09.1, R Foundation for
Statistical Computing, package “pwr”). A strong correlation of
≥0.75 was assumed. With a power of 95% and a statistical
significance level of α=.05, ≥45 participants are required. The
sample size for the test-retest part of the study was calculated
using R (version 2023.09.1, package “ICC.sample.size”). An
intraclass correlation coefficient (ICC) of ≥0.75 was assumed.
With power=95% and α=.05, ≥37 participants were required
for 2 measurements (first measurement vs retest). Assuming a
15% dropout rate, 52 participants were recruited for the study.
From this sample, we consecutively recruited participants for
the retest measurement until a subsample size of at least 37
participants was reached to examine the test-retest reliability of
the “up&go app” algorithm. The distribution of the data was
checked before analyses (Shapiro-Wilk test). All data fulfilled
the normal distribution assumption. For all statistical tests, α=.05
was used as the threshold for statistical significance. Pearson
correlation coefficients were calculated to examine the
association between the systems (“up&go app” and reference
measure) regarding the total duration needed to complete the
test as well as the duration of the 5 single repetitions. Correlation
coefficients of 0‐0.19 are interpreted as very weak, 0.2‐0.39
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as weak, 0.4‐0.59 as moderate, 0.6‐0.79 as strong, and 0.8‐1
as very strong [40]. For graphical description of the agreement
between the 2 systems (“up&go app” and reference measure),
Bland-Altman plots were used [41], including the lower and
upper limits of agreement (LLoA and ULoA). From the data
collected during the first measurement (“up&go app” and
reference measure), ICC 3,1 were calculated to analyze the
agreement between the 5 repetitions. Test-retest reliability of
the “up&go app” was evaluated using ICC [1,2,42]. An ICC
value<0.4 indicates poor reliability, an ICC value between ≥0.4
and <0.75 fair to good reliability and an ICC value ≥0.75
indicates excellent reliability [43]. It was assumed that the
association between “up&go app” and the reference measure
is very strong (r>0.8) and the agreement between “up&go” and
the reference measure is good (Bland-Altman plot). Furthermore,
we assumed that the test-retest reliability of the “up&go” test
meets excellent levels (ICC≥0.75). Statistical analyses were
computed using statistical software R (version 2023.09.1) and
MATLAB (version R2022b, MathWorks).

Results

Participant Data
A total of 52 community-dwelling older adults aged between
66 and 88 years (mean 73.6, SD 5.4) were measured, with a
similar distribution of men (25/52, 48%) and women (27/52,

52%) and a mean BMI of 27.1 kg/m2 (SD 4.1). Of those who
provided the data, all were retired, almost all were German
citizens (49/52, 98%) and one third (16/52, 33%) lived alone.
Participants indicated an average of 2.3 (SD 1.7) comorbidities
according to the Groll Index. Of these, degenerative disc disease
(17/52), visual impairment (13/52), depression (11/52), and
osteoarthritis (11/52) were reported most frequently. Cognition
was normal (<7 errors on the Six-item Cognitive Impairment
Test) and executive functions (Trail Making Test A and B) were
in accordance with normative data of this age group [44]. The
average duration of the TUG measured with the stopwatch in
the SMART-AGE initial assessment was 9.7 (SD 1.7) seconds.
None of the study participants used a walking aid during the
TUG. Table 1 provides a detailed description of the sample.
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Table . Characteristics of the study sample.

Available sampleValuesData from the SMART-AGE initial assessmenta

5273.6 (5.4)Age (years), mean (SD)

5227 (52)Female sex, n (%)

5227.1 (4.1)BMI (kg/m2), mean (SD)

5049 (98)German citizenship, n (%)

4916 (33)Living alone, n (%)

5050 (100)Retired, n (%)

529.7 (1.7)Stopwatch-measured TUG (s), mean (SD)

4-meter walk test, mean (SD)

524.2 (0.9)Duration (s)

521.0 (0.2)Gait speed (m/s)

30-Second chair rise test, mean (SD)

5212.3 (3.3)Number of repetitions

Short Falls Efficacy Scale International, mean (SD)

498.2 (2.2)Score

482.3 (1.7)Groll Functional Comorbidity Index (score), mean (SD)

5119 (37)Fall history (“Yes, I fell in the last 12 months”)b, n (%)

Trail making test, mean (SD)

5245.2 (16.6)Test duration A (s),

5299 (50.3)Test duration B (s)

522.3 (1.1)Ratio (B/A)

Six-item cognitive impairment test c , mean (SD)

521.0 (1.5)Score

Satisfaction with life scale, mean (SD)

495.0 (1.2)Score

WHO Quality of Life Scale, mean (SD)

4977.3 (13.1)Physical domain (score)

4972.4 (10.3)Psychological domain (score)

4965.3 (13.6)Social relationships domain (score)

4979.8 (10.1)Environment domain (score)

aThe initial SMART-AGE assessment took place 3-4 months before the data collection for this study.
bFall history data was obtained one month after the initial SMART-AGE assessment.
cParticipants with >7 error points were excluded from the SMART-AGE study due to a suspected dementia disorder.

Concurrent Validity
In total, 35 (67.3%) participants completed the test successfully
on the first attempt. Due to technical problems (eg, smartphone
shifted in trouser pocket), 12 (23.1%) participants had to repeat
the test a second time, 4 (7.7%) participants a third time, and 1
(1.9%) participant a fourth time. After an unsuccessful attempt,
participants always took a break of at least 5 minutes. As the
app only saves data from complete test runs, failed attempts
were not included.

On average, participants needed 52.4 (SD 7.8) seconds to
complete 5 repetitions of the TUG, as measured by the “up&go
app”. Table 2 shows the results for the total duration of the test
and the duration of the 5 repetitions as measured by the “up&go
app” and the reference measure.

Data from all 52 participants were available for the concurrent
validity analysis (“up&go app” vs reference measure). The
Pearson correlation coefficient (r) for the total duration was
0.99 (95% CI 0.98‐0.99) and that for the durations of the 5
single repetitions was 0.97 (95% CI 0.96-.97; Figure 3).
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Table . Total test duration and duration of the 5 repetitions measured by the “up&go app” and reference measure.

Reference measure, mean (SD)“up&go app”, mean (SD)Duration

52.31 (8.11)52.38 (7.8)Total duration of the test (s)

11.11 (2.17)10.99 (2.1)First repetition (s)

10.39 (1.61)10.33 (1.54)Second repetition (s)

10.34 (1.64)10.25 (1.57)Third repetition (s)

10.2 (1.52)10.21 (1.52)Fourth repetition (s)

10.26 (1.6)10.11 (1.46)Fifth repetition (s)

Figure 3. Correlation analysis between “up&go app” and reference measure: total duration and duration of the single repetitions. TUG: Timed Up and
Go Test.

The agreement between the total duration measured by the
“up&go app” and the reference measure is shown in Figure 4
(Bland-Altman plots). According to Bland-Altman analysis, the
mean difference was −0.27 for the total duration of the test and
−0.05 for the duration of the single repetitions. The difference
in the total duration of the test was between −2.99 seconds
(LLoA) and −2.44 seconds (ULoA) and the difference in the
duration of a single repetition was within −0.82 seconds (LLoA)

and −0.91 seconds (ULoA) with respect to the estimate of the
reference measure.

Agreement between all “up&go app” repetitions was
ICC(3,1)=0.9 (95% CI 0.84‐0.94) and ICC(3,1)=0.87 (95%
CI 0.80‐0.93) between all repetitions measured by the
reference measure. Leaving out the first repetition, the
agreement of repetitions 2‐5 was ICC(3,1)=0.95 (95% CI
0.92‐0.97) for the “up&go app” and ICC(3,1)=0.93 (95% CI
0.89‐0.96) for the reference measure.
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Figure 4. Statistical agreement between the “up&go app” and the reference measure—Bland-Altman plot.

Test-Retest Reliability
Of the 52 participants, 37 were measured twice, and 1 participant
was excluded due to noncompliance with the retest instruction
to walk at habitual gait speed. Retests were performed on
average 6 (SD 2.6) days after the first measurement. At the
“up&go app” retest measurement, participants needed on
average 48.6 (SD 8.5) seconds to complete the 5 repetitions.
The ICC between the total duration during the first home visit
and during the retest was ICC(2,1)=0.79 (95% CI 0.53‐0.9).

Discussion

Principal Findings
To enable self-assessment for older people in their own homes,
the “up&go app” was developed as a pocket-worn approach
with 5 repetitions of the TUG. This study aimed to investigate
the concurrent validity and test-retest reliability of the “up&go
app,” which records and processes data from sensors embedded
in a smartphone that is placed in the front pocket of the trousers.
The results show excellent agreement between the “up&go”
data and the comparator system, a previously validated
medically certified lower-back inertial sensor system. Overall,
the correlation of the 5 single repetitions was very strong. The
results indicate that participants did not seem to walk at the
same speed in each of the 5 test rounds, that is, they tended to
walk slower during the first round. This trend probably shows
a learning or accustoming effect. Similar observations have
been made in previous studies [39,45] where participants started
rather slowly and more carefully during the first attempt of
motor performance tests to follow the instructions precisely and
to avoid errors [45]. This first round may therefore be
comparable to a “trial run,” which is often performed in
assessments before the actual measurement. Performing several
repetitions of the test provides the opportunity to observe any
changes in walking speed during the test and, if necessary, to
interpret it clinically regarding physical capacity. For example,
in more frail populations, a significant reduction in walking

speed during the test could indicate fatigue. Furthermore, this
approach might achieve a better approximation toward the “real”
usual walking speed compared with measuring only 1 or 2
rounds. Using the app to monitor differences in the total test
duration across several measurements would be a clinically
relevant use case. But what would be considered a “relevant
change”? Minimal important differences (MID) of >2 seconds
for 1 TUG repetition were reported in studies observing
populations with age-associated disorders and TUG baseline
values around 20 seconds [46,47]. In another study observing
older adults with hip osteoarthritis and a TUG baseline duration
of 7 seconds, a sample that is comparable with this study, the
MID is significantly lower with, 0.8 seconds [48]. This suggests
that ceiling effects make it more difficult to screen for relevant
changes in more robust individuals. The “up&go app,” however,
should not only aim to screen for subjectively noticeable
changes, but also for changes falling below the abovementioned
MID thresholds. Looking at the Bland-Altman plots, a clinically
relevant change could be assumed if the measured change is
outside the limits of agreement. The limits identified in this
study were about ±3 seconds (LLoA, ULoA) for the total
duration of 5 repetitions and about ±1 second (LLoA, ULoA)
for a single round. Especially in relatively fit, prefrail older
adults, a 5-repetition approach could be more sensitive to capture
small changes and clinically more useful for early identification
of declining physical capacity.

The test-retest reliability analysis showed excellent results.
Looking at the average total test duration, we observed a shorter
total test duration in the retest. On average, retests took place
6 days after the initial measurement, which makes an improved
TUG test performance through training effects unlikely. A
similar observation was described elsewhere [45]. A learning
effect could account for the shorter duration of the retest. Since
participants were already familiar with the test from the first
measurement, they may have been more confident and faster
during the retest. Other iTUG systems measuring at the height
of the navel, (ICC=0.97) [49] and the lower back
(ICC=0.9‐0.96) [50] show slightly higher test-retest reliability
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values. This is to be expected, as the “up&go app” pocket
position, specifically selected for the self-assessment purpose,
is located more distant from the center of mass. Another reason
could be that individuals wore different clothes with different
types of pockets; these pockets may be tight or loose, which
aggravates individual differences.

For future monitoring purposes, machine learning could be
implemented to enable an in-app plausibility check. This might
be a helpful feature to detect implausible changes in test duration
(eg, >20% compared with previous test performances very
recently).

Limitations
The sample was predominantly White, and participants were
relatively fit, as demonstrated by the TUG performance. The
average time needed to complete one repetition (9.7, SD 1.7
seconds; Table 1) is below the threshold of 12 seconds to
distinguish normal versus below normal mobility [38]. The
results are therefore limited in their transferability to more
diverse cultural populations with greater mobility restrictions.
For pragmatic reasons, we did not include a gold-standard
reference measure, that is, optoelectronic measurement, limiting
the results of this study accordingly. A segmental analysis of
the “up&go app” data (sit-to-stand, walking, turning, and
stand-to-sit) was not considered to be useful for self-monitoring.
Furthermore, signal noise caused by the pocket-worn approach
would be expected, as the smartphone moves back and forth in
the trouser pocket in addition to the body movement during the
test. Thus, the pocket-worn approach should be considered as
a consumer-centered approach and not as a measurement system
for segmental or kinematic analysis. For an accurate
segmentation of the test, the use of technology that is placed
close to the center of mass would be recommended. The
instruction to walk at “usual walking speed” leaves room for
individual interpretation, hampering standardization. The extent
to which the gait speed during the TUG test corresponds to an
individual’s actual real-world gait speed was not assessed in
this study. It is assumed that performing 5 repetitions and the
familiar home setting enabled a greater approximation to the

normal walking speed. However, an activity measurement of
several days would be required for comparison [51].

Future Perspectives
The smartphone app used in this study could be suitable as a
physical capacity screening and monitoring tool incorporating
an instrumented approach for the widely used TUG test. It is
designed to be used by older adults, but it could also be
implemented by health care professionals to measure TUG total
time in clinical settings.

As this study was aimed at validating the test algorithm, it is
currently not possible to draw conclusions on the feasibility and
user experience of older adults when operating the app, setting
up and conducting the test independently. The app should
therefore be examined and further developed in future cocreation
studies with the target group.

The investigated app is designed to screen physical capacity,
representing one of several health domains. In the future, it
could be used as part of a comprehensive digital self-assessment,
which should include other relevant risk factors such as physical
activity, cognition, and vision in addition to physical capacity
[24,52]. Self-guided early detection of risks in these domains
could enable timely, more specific clinical diagnostics and the
initiation of appropriate care interventions. Implementing the
app as an upstream assessment within a digital training platform
would allow adopting the dosage and supporting the selection
of target-specific exercises to be tailored to the user’s individual
level of physical capacity.

Conclusion
The results show excellent concurrent validity and test-retest
reliability of the pocket-worn iTUG approach with 5 repetitions.
The “up&go app” could be suitable as a self-screening and
self-monitoring of physical capacity for older adults at home.
It provides a smartphone-based approach to accurately measure
the total duration of TUG. This novel approach offers the
potential for older adults to take an active role in their health
management and preclinical risk detection.
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Abstract

Background: Sleep-dependent memory (SDM) is the phenomenon where newly obtained memory traces are consolidated from
short-term memory stores to long-term memory, underpinning memory for daily life. Administering SDM tasks presents
considerable challenges, particularly for older adults with memory concerns, due to the need for sleep laboratories and research
staff being present to administer the task. In response, we have developed a prototype mobile app aimed at automating the data
collection process.

Objective: This study investigates the perspectives of older adults, with subjective or objective cognitive impairment, regarding
barriers and facilitators to using a new mobile app for at-home assessment of SDM.

Methods: In total, 11 participants aged 50 years and older were recruited from the Healthy Brain Ageing memory clinic, a
specialized research memory clinic that focuses on the assessment and early intervention of cognitive decline. Two focus groups
were conducted and thematically analyzed using NVivo (version 13; Lumivero).

Results: On average, participants were aged 68.5 (SD 5.1) years, and 4/11 were male. Eight participants had subjective cognitive
impairment, and 3 participants had mild cognitive (objective) impairment. Two main themes emerged from the focus groups,
shedding light on participants’use of mobile phones and the challenges and facilitators associated with transitioning from traditional
laboratory-based assessments to home assessments. These challenges include maintaining accurate data, engaging with humans
versus robots, and ensuring accessibility and task compliance. Additionally, potential solutions to these challenges were identified.

Conclusions: Our findings underscore the importance of app flexibility in accommodating diverse user needs and preferences
as well as in overcoming barriers. While some individuals required high-level assistance, others expressed the ability to navigate
the app independently or with minimal support. In conclusion, older adults provided valuable insights into the app modifications,
user needs, and accessibility requirements enabling home-based SDM assessment.

(JMIR Aging 2025;8:e68147)   doi:10.2196/68147
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Introduction

There are over 55 million people living with dementia [1].
Dementia is an umbrella term for a diverse number of substantial
cognitive impairments that significantly interfere with an
individual’s daily living. The most common form of dementia
is Alzheimer disease, in which memory impairment is a critical
early feature [2] that is intricately linked to diminished
well-being and quality of life [3]. Some facets of memory can
be assessed by standardized neuropsychological tests that

examine a person’s ability to recall information presented to
them after a short delay (eg, 20‐30 minutes). An aspect of
memory that cannot be assessed during a standardized
neuropsychological test is sleep-dependent memory (SDM).
This is a process by which memories encoded during the day
are consolidated and strengthened during sleep [4]. This
mechanism greatly influences overall memory capabilities by
bolstering long-term memory storage, integration, and retrieval.

To date, most studies have explored SDM in younger adults
[5]. Thus, tasks are tailored to suit the cognitive capacities of
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younger individuals and often involve memorizing many items.
This poses significant challenges for older adults, particularly
those with cognitive impairments, leading to a notable research
gap in this demographic. Given this gap and the importance of
SDM in memory for daily life, our team developed an SDM
task [6] tailored explicitly for older adults with cognitive
concerns and mild cognitive impairment (MCI). MCI refers to
a transitional state between normal aging and dementia, where
cognitive impairment is apparent, but daily functioning is largely
intact. Our prior work demonstrated that individuals with
multiple-domain MCI had significantly more compromised
SDM than healthy controls and those with single-domain MCI
[6]. In this study, poorer SDM was linked to having greater
sleep apnea severity for older adults without MCI. In contrast,
for those with MCI, poorer performance was associated with
decreased sleep spindle duration and smaller hippocampal
subfield size. As various age-related sleep changes occur both
naturally [7] and with neurodegenerative diseases [8,9], it is
crucial to understand how these alterations impact SDM.
Notably, preliminary evidence suggests that SDM may be
improved through sleep apnea management [10], transcranial
electrical stimulation [11], and acoustic stimulation [12]. These
findings underscore the importance of identifying clinical
correlates and predictors of poor SDM performance to inform
targeted interventions.

Unfortunately, our understanding of SDM is limited to small
sample case-control studies, and it is not routinely assessed in
clinical evaluations. This may be partly attributable to the type
of task used and the setting within which most research has
been conducted. In addition to being predominantly in younger
healthy samples, studies to date have largely been conducted
in sleep laboratories where participants are asked to do memory
testing before and after sleep [13]. This requires participants to
sleep in an unfamiliar environment, meaning their sleep that
night may not reflect their usual sleep [14], and they are often
asked to learn significant amounts of information before sleep
using tasks that are not feasible or suitable for clinical settings.
Another barrier is the high demand for staff to conduct these
studies (Naismith, personal communication, 2024). Staff must
be present to administer SDM tasks before sleep (often within
3 hours before sleep) and after sleep (often after 1-hour
postwaking) and to stay overnight to monitor the participant.
Together, the requirement for sleep laboratories and high staff
demand result in high costs associated with conducting SDM
tasks. These barriers could be addressed by adapting SDM tasks
for older clinical samples and delivering the tasks in the home
environment.

The adoption of digital health technology in older adults has
been increasing [15], including by individuals with subjective
concerns about their cognition and those with MCI [16].
However, when considering new app-based approaches, barriers
and facilitators that influence adoption and effective use must
be identified [17]. A prior systematic review showed that
barriers preventing the use of digital technology in older adults
(including those with cognitive impairment) can include motor,
sensory, cognitive, lack of familiarity, and device-specific
challenges, though these factors can be mitigated through design
modifications [18]. In contrast, digital health technology

adoption can be facilitated by the perceived usefulness of the
app, pre-existing knowledge, and ease of use. For SDM tasks,
additional considerations are required, given that they are
optimally tested under strict timings (ie, before and after sleep)
and may require participants’ sustained attention and interaction
with a mobile app for extended periods (eg, potentially up to
an hour).

This study sought to explore the perspectives of older adults
with subjective or objective cognitive impairment regarding
barriers to and facilitators of an at-home assessment of SDM
using a new “chatbot” (mobile app), approach to assessment,
named “Sleep Memories.” A chatbot is designed to simulate
human-like conversation with users through text or voice
interactions and, in our scenario, to deliver a memory task and
record a participant’s responses. Previous work has shown the
use of chatbots in various health populations, including chronic
pain populations to deliver pain education [19], and monitoring
of chemotherapy outcomes in older adults with cancer [20]. The
objective was to use co-design methodologies to assess an initial
app prototype, which could be incorporated into a revised
version suitable for clinical testing. We were specifically
interested in potential barriers to and facilitators of use.

Methods

Digitalization of the SDM Task
The SDM task, as described in Lam et al [6], was initially
adapted to be suited for an app-based platform (Figure 1). This
task is a verbal memory task that comprises 32 word pairs, half
of which are semantically related and the other half unrelated.
In step 1, participants are presented with all 32 pairs. In step 2,
individual words are presented, for which participants are
required to identify the corresponding pair word by speech or
text. As described in the initial study [6], participants performed
this task 4 times in the evening within 3 hours of bedtime to
facilitate learning. In the morning, participants completed the
recall component (step 2) and a multiple-choice test, comprising
an individual word and 4 possible answers (1 correct
corresponding pair word and 3 incorrect pair words),
approximately 1 hour after waking. This task was digitalized
for use in a mobile app, using a chatbot for automatic delivery
and data collection. To humanize the chatbot for prototype
testing, we named it “Aurora.” The Sleep Memories app’s
development, in-house testing, and evaluation are detailed in
Ireland et al [21].

Sleep Memories was designed to collect information about a
participant’s habitual sleep patterns, through a short survey on
opening the app, and deliver the SDM task within 3 hours of
the participant’s regular sleep time. After the participants
respond to the questions about their sleep, the app provides a
trial run, enabling participants to become comfortable with its
functionalities. In line with Lam et al [6], each word pair is
presented to the participants for 10 seconds. For the recall
component, the app offers a 10-second window, allowing
participants to either type or vocally record their answers,
ensuring a user-friendly response period. In the morning,
participants are prompted to confirm their bedtime and wake-up
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time, which is followed by recall and multiple-choice testing
to assess their memory retention.

Qualitative methods were selected for this study, as they are
ideally suited to elicit participants’ perspectives of Sleep
Memories and their experiences with current digital health

technologies relative to other methodologies. An interpretative
philosophical perspective [22] was selected, as this method
allowed us to situate the participants’ perspectives within their
broader life contexts and allowed for flexibility and adaptability
regarding the emergent themes and meanings arising from the
data.

Figure 1. Screen captures of the Sleep Memories app. (A) Aurora (chatbot) introducing themselves to the participant. (B) Aurora asking demographic
and habitual sleep pattern questions. (C) Aurora giving instructions for the word-pairs task. (D) Learning component of the word-pairs task being
delivered by the app (E) Recall component of the word-pairs task being delivered by the app. (F) Multiple-choice testing component of the word-pairs
task being delivered by the app.

Participant Recruitment
Participants were recruited via convenience sampling from the
Healthy Brain Ageing (HBA) memory clinic. As described
previously [23], the HBA clinic is a specialized memory clinic
that accepts referrals from general practitioners and medical
specialists and provides comprehensive neuropsychological,
medical, and mood assessments for older adults aged >50 years
with recent subjective cognitive or mood decline. Exclusion
criteria are a Mini-Mental State Examination score<20 [24],
intellectual disability, insufficient English proficiency for
standardized neuropsychological assessment, history of
nonaffective psychiatric disorder (eg, schizophrenia), history
of stroke, history of head injury (loss of consciousness>30
minutes) or other neurological disorder (eg, epilepsy), or current
substance dependence or abuse. Basic demographic (eg, age,
sex, and years of education) and clinical data (eg, Mini-Mental
State Examination score and MCI status) collected at the HBA
clinic are reported here for descriptive purposes. MCI status
was categorized into 3 distinct groups: subjective cognitive
impairment (absence of objective cognitive impairment),
nonamnestic MCI (objective cognitive impairment in
nonmemory domains), and amnestic MCI (defined by objective
cognitive impairment in memory domain). Participants were
invited to participate in the study via email or phone call.
Interested participants were provided with a participant
information statement identifying the research team, funding,
research aims, and risks and explaining confidentiality, consent,
and withdrawal. Once informed consent was obtained,
participants were invited to attend 1 of 2 digital focus groups
via Zoom (Zoom Video Communications).

Data Collection
Before the focus groups, participants were required to complete
a digital survey consisting of an Abbreviated version of the
previously validated Mobile Device Proficiency Questionnaire
(AMDPQ) [25]. In general, the abbreviated version of the
questionnaire captured 7 items on basic proficiency in mobile
phone use (eg, charging the phone and typing with the
keyboard), 8 items on proficiency in communication (eg,
sending emails and messaging), 3 items on data and file storage
(eg, transferring files from mobile to computer), 8 items on
internet use, and 6 items on troubleshooting and software
management (eg, updating and deleting apps). Higher scores
on each item indicated greater proficiency in each aspect.

A semistructured focus group guide was developed in
collaboration with AL (male, program manager), Peta Mills
(female, clinical project officer, PhD), SS (female, postdoctoral
research associate), and SLN (female, professor and clinical
neuropsychologist with extensive experience in focus groups,
workgroups, interviews, and working parties for a variety of
purposes such as to develop guidelines or models). The focus
groups and questions were structured around three core themes
(see Multimedia Appendix 1 for the question guidelines used):

1. Current use of mobile phone apps: informed by prior
literature [17,18], this theme focuses on participants’current
use of mobile phone apps, particularly for health and
sleep-related functions. The theme includes use habits, types
of health apps used, and experience with speech recognition
features on mobile devices. Related questions were designed
to assess participants’ familiarity with mobile phone
technology, health-related apps, as well as their interactions
and experiences with speech recognition features.
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2. Interest in completing cognitive tasks through a mobile app:
informed by previous studies [18,26], this theme was
selected to explore participants’ willingness and comfort
in using a mobile app for memory assessments. This theme
includes the potential benefits and challenges of this
approach compared to traditional methods. The aim is to
understand the acceptability, motivation, practicality, and
barriers or facilitators of adopting mobile apps for cognitive
assessments.

3. Feedback on the proposed mobile app: this theme seeks to
gather participants’ perspectives on various aspects of the
proposed mobile app, including the clarity of instructions
and tasks, visual appeal, potential distractions, and privacy
concerns. Participants were also invited to provide
suggestions for enhancing the usability and engagement of
the mobile app. The questions specifically targeted feedback
on the app’s features, such as the chatbot and task length
or design, and were developed based on internal testing of
the mobile app.

A Microsoft PowerPoint presentation (Multimedia Appendix
2) was used to guide participants through the focus group
material. The presentation introduced the concept and
significance of SDM, highlighting its potential impairment in
aging and cognitive decline and its understudied nature due to
current limitations in traditional data collection methods (ie, in
a sleep laboratory setting). We showed how our mobile app
may be a novel solution to these barriers to facilitate home-based
assessments. The presentation also illustrated how participants
would interact with Aurora, including the delivery of the
word-pairs task, in which the process and structure of the SDM
assessment involving learning and recall word pairs were
explained.

Data were collected via 2 focus groups between October and
November 2022. Each focus group was facilitated by separate
researchers: SS, a postdoctoral research associate with 10 years
of applied research experience and 4 years of qualitative research
experience (interviews and focus groups), and Peta Mills, a
clinical project officer with 11 years of applied research
experience and 18 months of qualitative research experience
(focus groups). At the time of the focus groups, both facilitators
were not involved in this research project in any capacity and
thus provided an impartial perspective. AL and DI (male,
software engineer) attended the focus group sessions to answer
participants’ logistical and technical questions. Focus groups
lasted 60‐90 minutes and were audio-recorded, transcribed,
and de-identified.

Ethical Considerations
This study was approved by The University of Sydney Human
Ethics Committee (2022/HE000563) and conducted in
accordance with the World Medical Association Declaration of
Helsinki. Written informed consent was obtained from all

participants prior to any study procedures and given the option
to opt out of the study at any given time. Participants were given
a A$20 (US $12.75) gift voucher as compensation for their time.
All data collected were deidentified to ensure participant privacy
and confidentiality.

Data Analysis
For clinical and survey data, frequency and descriptive statistics
were computed using SPSS Statistics (version 24.0; IBM Corp).
Focus group transcripts were analyzed thematically in NVivo
(version 13; Lumivero), a qualitative data analysis computer
software package, using the techniques described by Braun and
Clarke [27]. The thematic analysis approach described by Braun
and Clarke [27] is a systematic, iterative, and inductive process
comprising 6 phases. Initially, researchers immerse themselves
in the data to discern patterns and potential coding schemes.
Subsequently, they generate initial codes to categorize salient
features systematically. These codes are then organized into
potential themes. Themes undergo rigorous validation to ensure
coherence and alignment with the dataset. Once themes are
finalized, they are defined, and any hierarchical relationships
are identified. Finally, thematic insights are woven into a
narrative to address relevant research questions.

As we had identified our 3 core themes during the development
of the focus group guide, our thematic analysis was focused on
a deeper exploration of these themes. Following Braun and
Clarke [27] phases, AL and SS became familiar with the data
via repeated reading and individually created initial codes for
all transcripts by noting evocative phrases, ideas, and
perceptions. Codes were then organized into meaningful groups
and sorted into subthemes. Where there was disagreement in
coding or theme development, the codes or themes were
discussed and refined. To ensure the study conformed to best
practice guidelines, we used the COREQ (Consolidated Criteria
for Reporting Qualitative Research) checklist and met 27 of 32
items [28].

Results

Participants
In total, 19 people from the HBA memory clinic were invited
to participate in the focus groups, and 11 of these agreed to
participate. Their demographics and clinical information are
reported in Table 1. Briefly, the sample on average was aged
68.5 (SD 5.1) years and predominately female (n=7, 64%). The
sample also comprised 8 subjective cognitive impairment, 2
nonamnestic MCI, and 1 amnestic MCI. Of these participants,
10 completed the AMDPQ, with 1 participant declined, as they
did not have sufficient proficiency to access the digital
questionnaire. On average, participants demonstrated relatively
high mobile proficiency (see Multimedia Appendix 3 for a full
breakdown of participant responses to each individual item).
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Table . Participant demographic and clinical information.

Values

68.5 (5.1)Age (years), mean (SD)

4 (36)Sex (male), n (%)

15.1 (2.9)Education (years), mean (SD)

29.2 (0.9)MMSEa score (out of 30), mean (SD)

8 (73)Subjective cognitive impairment, n (%)

2 (18)Nonamnestic mild cognitive impairment, n (%)

1 (9)Amnestic mild cognitive impairment, n (%)

20.5 (4.6)AMDPQb total score (out of 25), mean (SD)

4.4 (0.6)AMDPQ—mobile device basic subscale (out of 5), mean (SD)

4.0 (1.0)AMDPQ—communication subscale (out of 5), mean (SD)

3.7 (1.3)AMDPQ—data and file storage subscale (out of 5), mean (SD)

4.2 (1.1)AMDPQ—internet subscale (out of 5), mean (SD)

4.1 (1.1)AMDPQ—troubleshooting and software management subscale (out of 5),
mean (SD)

aMMSE: Mini-Mental State Examination.
bAMDPQ: Abbreviated Mobile Device Proficiency Questionnaire.

Thematic Analysis

Overview
The thematic analysis revealed two broad themes relevant to
the 3 core focus group themes: (1) context of mobile phone use
and (2) shifting from traditional laboratory-based assessments
to home assessments. The latter theme should be considered

within the framework of the former theme, as shown in Textbox
1. That is, theme 2 considers the challenges and facilitators
identified by participants when shifting from laboratory settings
to home environments within 2 specific contexts: (1a)
participants’ existing familiarity and proficiency with mobile
phones and apps and (1b) the prevalent stereotypes and
preconceived notions concerning aging and technology.

Textbox 1. Breakdown of the overarching themes and subthemes identified in our study by 2 primary domains: “context of mobile phone use” and
“shifting from traditional laboratory-based assessments to home assessments.”

Context of mobile phone use

• Current phone use

• Aging

Shifting from traditional laboratory-based assessments to home assessments

• Accuracy of data

• Human versus robot

• Accessibility

• Compliance

Context of Mobile Phone Use

Current Phone Use

Participants were asked to share their mobile phone use patterns
and specify the types of apps they used. Across participants,
mobile phone use varied substantially from the use of basic
phone functions, such as phone calls, text messaging, and
camera functions, to more complex use involving apps, such as
emails, social media, search engines, maps, news, weather, and
music. Although minimally used, health and sleep apps were
accessed for relaxation and to monitor sleep, heart rate, and

physical activity. One participant felt highly proficient in phone
use and that the phone was integral to the organization of their
day-to-day life: “I would be lost without my mobile phone.”
Speech-to-text functions were used as needed, particularly when
driving and composing text messages, using navigation maps,
or playing music. However, it is worth noting that not all
participants chose to use this feature.

Aging

Individuals who reported limited phone use perceived their age
as a barrier to gaining proficiency with new technologies.
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I don’t think I am alone in this, but it is a real problem
when you’re a bit older trying to pick up the
technology that seems to be intuitive to other people.

Participants expressed a sense of not keeping pace with
technology, which stemmed from their preference for relying
on what they were familiar with or their self-perception as
old-fashioned. Even when participants successfully used a new
technology, they felt the need to use it continuously to avoid
losing the knowledge of how to operate it effectively.

There is so much learning involved and if you don’t
use these things more than once in 6 months it’s gone.

Irrespective of the reasons for their limited access to, and use
of, technology, a prevailing sentiment among these individuals
was a sense of missing out.

I have a Samsung phone, one of the latest, and I know
there are lots of lovely things for me and I’m not using
them. I would use them if they were set up.

Younger adults were viewed as having an innate familiarity
with and competence in using digital tools and, thus, were
flagged as potential facilitators of accessing and using
technology. Subsequently, participants who did not have a
younger adult available to facilitate their use of new technologies
felt at a disadvantage. These observations reinforced the

prevailing belief that older generations faced a variety of
disadvantages with technology.

The insights gathered suggest a spectrum of technology
assistance needs among participants. Some individuals may
require comprehensive setup support, including step-by-step
instructions and human interaction throughout their tech journey,
while others might only require minimal assistance. This
underscores the importance of adopting 1 of 2 design approaches
for apps: either a straightforward and user-friendly design that
prioritizes ease of use or, in the case of complex apps, the
provision of substantial human support.

These findings carry significant implications for the design of
apps intended for home use as opposed to controlled laboratory
settings. They serve as a foundation for understanding the crucial
factors and context that should inform the app design process
when moving apps from the laboratory to the home.

Shifting From Traditional Laboratory-Based
Assessments to Home Assessments

Overview
There were several considerations for moving the SDM task
from laboratory-based assessments to home assessments raised
during focus groups. Participants identified facilitators as well
as challenges and proposed potential solutions to overcome
these obstacles (Table 2).

Table . Moving sleep-dependent memory from laboratory to home: challenges, solutions, and changes.

App updatesPotential solutionChallenge

The task was not implemented with a pause op-
tion because it could impact the results. Instead,
Aurora advised participants to find a quiet, dis-
traction-free place at the start of the task. If they
could not finish because of unforeseen circum-
stances, they were offered another chance on a
different night.

Function to pause and recommence task.Unexpected events during task completion (eg,
phone ringing and someone knocking on the
door).

Through email, participants can reach a contact
person who will provide technical support.

Set up the app for participants and having some-
one to contact.

Difficulty with setting up apps and need help
with troubleshooting.

We have given the participants an option to enter
their participant ID. We now only collect partic-
ipant initials and not name or date of birth.

Using a participant ID rather than identifying
information.

Participants did not want to enter identifying in-
formation (eg, names or date of birth).

The app now sends additional notifications to
remind the participants to complete the task.
Furthermore, the phone now sends short audio
notification reminders to participants.

Option for the phone to ring or a text message.Participants flagged that sometimes they ignore
push notifications on their phones in the evening.

Accuracy of Data
Participants generally regarded the home environment as
conducive to achieving higher accuracy levels relative to the
laboratory environment, which was described as “ghastly” and
distressing. Indeed, because of this perception, participants
questioned the reliability of sleep laboratories, primarily because
of the unconventional and unfamiliar sleep conditions they
imposed. These doubts extended to the execution of the SDM
task in the laboratory. Participants posited that conducting the
SDM task in the laboratory might cause reduced accuracy
compared to conducting the same tasks within the comfort of
their homes, where they felt more relaxed as they did not have

a researcher watching them and where they could expect a more
restful night’s sleep. Similarly, there was a recognition that the
peculiar sleep laboratory environment might introduce sleep
disturbance that may disrupt SDM processes. Therefore, the
results of the SDM task completed in a laboratory may not truly
reflect an individual’s performance. To further illustrate these
insights, one participant shared their personal experience with
a sleep laboratory:

I recently, did a sleep study. It’s just not what I
consider to be an indicator of anything that’s going
on. I had a two-and-a-half-hour sleep if that through
the whole night strapped into all these other things
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as well ... So definitely at home I think you’ll get more
relaxed, and you get a true picture of what’s going
on.

Conversely, having a researcher present and demanding attention
could lead to better performance.

In the clinic, I was being put on the spot ... “we’re
not just being casual here, we’re doing a trial and
I’m seeking your recall results, so you need to pay
attention.” So being in the clinic I was really on
purpose for fear of failure ... At home I’d be far more
relaxed and maybe that’s a good thing too.

In the laboratory setting, participants interact with the SDM
task by saying their responses aloud. When considering the
at-home mobile app version of the SDM task, participants were
given a choice between typing their responses into an open text
field or vocalizing their answers. Preferences varied, as
participants felt that while using verbal responses may be more
convenient than typing, the accuracy of verbal responses could
be reduced. Nonetheless, being able to choose to use a text or
a verbal response resonated positively with participants.

Human Versus Robot
During thematic analysis, some initial disagreements arose
among the 2 scorers regarding the classification of human versus
robot. AL suggested that the theme “human versus robot” may
encompass accessibility as well, while SS suggested creating a
separate theme for “accessibility.” To resolve this, the team
engaged in iterative discussions, referring back to the original
transcripts to ensure alignment with participants’ narratives.
Through this process, a consensus was reached to have “human
versus robot” and “accessibility” as 2 separate themes.

The facilitators explained to participants that they would
primarily interact with Aurora, a chatbot designed to guide them
through the SDM task via written text or verbal instructions.
Participants overwhelmingly agreed that any kind of
computerized intelligence should be as humanlike and natural
as possible, suggesting that a computerized voice might be
difficult to engage with.

I found it very easy to do it in the lab and the
interaction with [researcher name] it was simple to
do and it was a softer voice and it is relaxed and it is
encouraging. All that subliminal processing of getting
the task done.

Relying solely on a computerized and automated system without
human support raised several challenges, and the lack of human
interaction was primarily viewed as a drawback. Indeed,
participants flagged the importance of human support, both
during setup and for ongoing assistance. Participants also
identified that the app may struggle to accommodate diverse
accents or may lack the mechanism to clarify potential response
errors, tasks that were easily accomplished by a human. To
assist with these challenges, participants recommended that the
app should be capable of detecting potential errors and should
offer corrections or alternative suggestions when necessary.

Additionally, participants expressed apprehension around the
security of data, given personal information was to be entered

directly into the app. There was a hesitation to provide personal
information, such as names or dates of birth. Instead, participants
proposed using participant IDs only for entry into the app and
that other information, such as date of birth, is gathered by the
researcher in another way and is linked externally to this ID.
However, other participants displayed indifference to this issue,
expressing a belief that personal information is already widely
accessible: “Everyone knows everything about us anyway.”

Accessibility
Participants identified 2 primary barriers that could impact the
app’s accessibility. These were physical and economic barriers.
Several participants expressed concerns regarding age-related
vision problems, which can hinder their ability to read or view
small text. Participants proposed using larger screens, like
tablets, and increasing font sizes might address this barrier.
Participant responses from the AMDPQ suggested that certain
participants exhibited greater proficiency when using personal
computers or tablets than smartphones, indicating the potential
value of designing apps with flexibility and accessibility across
different platforms.

I do I get a bit irritable with the smallest of the screen
prefer to do things on the laptop.

Another physical barrier that was discussed was physical
dexterity, which refers to fine motor skills and the ability to
move their fingers. Age-related factors, such as tremors and
arthritis, may be challenging for older adults to respond to
Aurora or complete the SDM task.

The dexterity on the fingers may be important on how
well someone clicks on the screen ... I might have
trouble because I haven’t done it on a phone and only
do it on a PC.

One participant raised concerns about whether the app required
high bandwidth to use. High bandwidth apps can increase
difficulty in accessing and using mobile apps as well as increase
costs associated with using the app. Therefore, it is important
to optimize apps for low bandwidth.

Is your application bandwidth heavy that it’s just
going to slow things down for those of us who actually
don’t have a proper wireless connection or a slow
data connection and it’s just going to make it after a
while just unusable nothing.

Participants noted that the initial setup phase of new
technologies (eg, installing and setting up of apps) was either
too challenging or time-consuming. Participants recognized that
they required assistance or guidance to set up, navigate, and use
technology effectively. This support could encompass various
aspects, such as learning to use new devices, understanding
complex software apps, or troubleshooting technical issues.
However, they found that, in general, such support was lacking
or insufficient. The consensus among participants strongly
supports the idea that offering setup assistance, particularly
during the initial stages of technology adoption, would be
immensely beneficial. This will help familiarize participants
with the mobile app, save time, and alleviate stress for older
adults. Any kind of automation was also supported to avoid
repeated data entry:
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I don’t need to put that same information in every
time that I’m doing this test because this would be
5‐10 minutes every day just putting in the same
information ... when you are actually setting up the
app on your phone is when you actually key that data
in and then you don’t have to do it again

Compliance
The facilitators explained to the participants that the home-based
completion of the chatbot would require dedicating
approximately 40 minutes to the learning component, followed
by a subsequent delay of 20‐30 minutes and another 10
minutes to complete the task. While participants expressed
comfort with the overall duration of the task, the true challenge
was quarantining the time to do this task.

I think anything more than 40 minutes it may be
burdensome. I do think 40 minutes is the top. The
challenge is disruptions and to really quarantine the
time and be strong about that.

Participants proposed a solution, emphasizing the necessity of
proactively earmarking dedicated time in advance to ensure the
completion of the task. Having a large time window during
which participants could complete the task would provide the
flexibility needed for accommodating various schedules and
preferences of participants.

I would quarantine in the time then for the next day
and prepare myself because I don’t have any other
commitments or pressures on my time.

Alternatively, participants suggested introducing a pause feature
to mitigate any potential disruptions caused by unforeseen
events, such as incoming phone calls or unexpected visitors.
However, it is crucial to acknowledge that the introduction of
a pause feature could potentially influence the integrity of the
test. While these features may be convenient for the participants,
this will introduce confounds to the results. Subsequently, a
pause button was not implemented in Aurora.

I always find a pause button is important. For
example: if I am starting the memory test or memory
exercise right now and someone knock the door ... I
have the opportunity that I can come back to that
when I need to do something.

Another challenge identified was participants occasionally
forgetting to complete the task. The facilitators explained to the
participants that there are existing notifications within the app
to remind the participants to do the task in the evening and in
the morning. It was suggested that increasing the frequency of
notifications could be a viable solution. Moreover, participants
highlighted a tendency to ignore push notifications, particularly
in the evening. To address this, participants proposed
implementing alternative reminder methods, such as phone calls
or text messages. Participants identified that their interest and
motivation to complete the memory task were closely tied to
the app’s clarity. The consensus was that instructions and
information presented in an easily digestible manner would
keep participants’engagement. It was evident that it is important
to prioritize clear and straightforward instructions that would
lead to sustained participant engagement, especially when

participants are asked to complete the task on multiple
occasions.

Okay, if you wanted me to use it repeatedly then it’s
got to be clear and simple and easy to access if you’re
talking about once every three months and that’s ok
I’ll come back anytime.

Participants nearly unanimously highlighted the critical role of
feedback on their task performance. They underscored the
importance of receiving real-time feedback to gauge their
progress and enable a sense of accomplishment and motivation
to improve and continue to complete the task for multiple
assessments.

I don’t want money but I do want feedback. I am
involved in a lot of medical research I am surprised
I don’t find out about the results.

Even participants who did not think that feedback was necessary
thought it would be a welcomed supplementary feature, as it
would motivate them to continue using the app. Subsequently,
Sleep Memories integrated informative feedback to enhance
user engagement and promote continued motivation. For others,
the motivation was intrinsic (ie, feedback not needed), and
people would remain motivated to contribute to science.
Participants trusted that scientists knew what they were doing
and would follow their guidance because they are experts in the
field.

... The work that this unit does is so important. Just
thanking them for their time and delivering, any
material or rewards I find it degrading. I just want
to donate my data to be used for the greater good.
There is nothing you can give me to make it better.

Discussion

Principal Findings
This study aimed to investigate the perspectives of older adults
both with subjective or objective cognitive impairment regarding
barriers and facilitators to using an at-home assessment of SDM
through a novel app named Sleep Memories. Through co-design
methodologies, we assessed the initial prototype of the mobile
app to incorporate user feedback into a revised version suitable
for clinical testing.

We found that digitalization and technological advancements
can both facilitate and hinder everyday life for older adults. This
phenomenon is reflected in the term Janus-faced technology
[29]. According to this concept, the successful integration of
technology can substantially improve daily activities for older
adults. However, barriers to use can evoke feelings of alienation
and disconnection from the digital world. Understanding these
barriers is essential to minimize these negative feelings and to,
instead, develop accessible and user-friendly technology
solutions for older adults, particularly those with cognitive
impairments.

One of the key findings of our study was the importance of app
flexibility in accommodating users’ diverse needs and
preferences and in challenging barriers. While some individuals
reported requiring high-level assistance, others indicated that
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they could navigate the app independently with minimal support.
A recent systematic review highlighted the critical importance
of tailoring technology to meet the specific needs and
preferences of older adults with MCI and dementia [30]. Below
we examine each of the facilitators and barriers we identified
and explore corresponding, flexible solutions in light of existing
research.

Comparison to Prior Work
The “first night effect” is a confounding variable in sleep
research where participants’ sleep is disrupted due to being in
an unfamiliar environment. This effect has been studied in prior
studies. For instance, one study [31] demonstrated its potential
to impact sleep disorder diagnoses. The benefit of home-based
testing is that participants can sleep in their usual environment,
removing the need for multiple night sleep laboratory testing.
Furthermore, the SDM data collected are not confounded by
the first night effect and more accurately represent a participant’s
true abilities than traditional SDM testing.

Within the discussion of voice responses, our findings align
with prior work, with concerns from older adults regarding the
accuracy of audio (eg, the chatbot’s ability to accurately capture
verbal responses) and text (eg, spelling mistakes) inputs [32].
In response to these concerns, Sleep Memories has implemented
a dual-layered validation process. First, an autocorrect function
is used to rectify minor spelling inaccuracies automatically.
Second, when the system is uncertain of the response, a request
for confirmation by a researcher is made. The implementation
and availability of a voice response option increase the
accessibility of the mobile app for those who may have
age-related declines or disabilities [32].

To increase the accessibility of mobile apps for older adults, it
is important to navigate both technological and socioeconomic
challenges. Our focus groups highlighted concerns like high
bandwidth and data consumption, which could impede the
functionality and availability of health apps such as “Sleep
Memories” for older adults. Furthermore, older adults may have
age-related physical limitations, such as arthritis or hand pain,
which may impact their interaction with mobile devices. To
address the high bandwidth and data consumption, we allow
the app to be used without an internet connection, and data are
uploaded when connectivity is available. As previously
mentioned, the implementation of voice responses can be a
solution to enable those with physical limitations to use the app.

Participants raised concerns about forgetting to complete the
task, particularly for those who might overlook setting personal
reminders. This aligns with previous research in the context of
medication compliance, where it was observed that a single
reminder was often insufficient to prompt action, suggesting
that a backup notification could serve as a viable solution [33].
A solution in our context that was proposed was to increase the
frequency and elevate the distinctiveness of reminder
notifications (eg, for Sleep Memories, we implemented a unique
auditory notification, specifically a vocal prompt stating “it is
now time to complete your memory task”).

Similar to a previous study [34], we found that incorporating
feedback mechanisms, like scores, within eHealth tools is

imperative to foster user engagement and empowerment. These
features motivate users by providing immediate, tangible
feedback on their performance. However, it is essential for app
developers and researchers to communicate the context and
limitations of their scores, particularly when there is a lack of
established normative data. Without proper context, participants
may misinterpret their scores, leading to unnecessary anxiety
or concerns.

Our study revealed that conducting tasks within a home setting
may introduce various distractions. This was aligned with prior
research on the environmental interference of unsupervised
home cognitive assessments [26]. To mitigate this challenge, 2
solutions emerged during our focus group discussions. The first
involves incentivizing participants’engagement through targeted
motivation strategies, such as feedback, to maintain focus
despite potential distractions. The second suggests the need for
flexibility in task design, allowing participants to pause and
resume activities, accommodating the unpredictability of the
home environment. However, this approach must be balanced
against the risk of compromising data integrity. For instance,
in “Sleep Memories,” participants can pause and take short
breaks between trials without permitting interruptions during
the trials themselves to safeguard data continuity and accuracy.

Limitations
Our study comprised older adults who had relatively high mobile
proficiency at least in the subdomains that we examined, so our
findings may not be generalizable to older adults who have a
low mobile proficiency. Another limitation is that our sample
had less representation from individuals with MCI (n=3), which
limited our ability to detect or uncover differences in responses
related to cognitive impairment. Future research is necessary
to explore this important area by recruiting a larger cohort of
individuals with MCI. Similarly, our participants generally
scored highly on the AMDPQ, meaning that they showed decent
proficiency in mobile phone use. Whether these findings apply
to older adults with low proficiency in mobile phones needs
further investigation. Nonetheless, our study is one of the first
to examine the potential barriers and facilitators to the use of
mobile device apps, in particular to complete memory tasks, in
those with cognitive impairment.

Future Directions
In addition to the app modifications mentioned earlier, our
findings provide valuable insights to meet the needs and
preferences of our older adult users. When deploying Sleep
Memories, we will first conduct a needs assessment to assess
the ability to use existing and new technology as well as the
user’s circumstances (eg, Do they have time to complete the
task in the app without distraction?) and environment (eg, Do
they have access to a technology-savvy person in their
network?). Based on this assessment, we will offer users various
levels of support such as the ability for a phone call by a
researcher or various notification options.

Conclusions
Our study demonstrates that while there are barriers related to
accessibility, usability, and data integrity to using health-related
phone apps in this population, there are important facilitators
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that can be implemented in phone apps to create a flexible and
inclusive digital health tool. Furthermore, we have shown
evidence on the potential feasibility of the “Sleep Memories”

app to enable the collection of SDM data within a user’s natural
environment.
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Abstract

Background: Previous research has shown that in-lab motor skill acquisition (supervised by an experimenter) is sensitive to
biomarkers of Alzheimer disease (AD). However, remote unsupervised screening of AD risk through a skill-based task via the
web has the potential to sample a wider and more diverse pool of individuals at scale.

Objective: The purpose of this study was to examine a web-based motor skill game (“Super G”) and its sensitivity to risk factors
of AD (eg, age, sex, APOE ε4 carrier status, and verbal learning deficits).

Methods: Emails were sent to 662 previous MindCrowd participants who had agreed to be contacted for future research and
have their APOE ε4 carrier status recorded and those who were at least 45 years of age or older. Participants who chose to
participate were redirected to the Super G site where they completed the Super G task using their personal computer remotely
and unsupervised. Once completed, different Super G variables were derived. Linear and logistic multivariable regression was
used to examine the relationship between available AD risk factors (age, sex, APOE ε4 carrier status, and verbal learning) and
distinct Super G performance metrics.

Results: Fifty-four participants (~8% response rate) from the MindCrowd web-based cohort (mean age of 62.39 years; 39
females; and 23 APOE ε4 carriers) completed 75 trials of Super G. Results show that Super G performance was significantly
associated with each of the targeted risk factors. Specifically, slower Super G response time was associated with being an APOE
ε4 carrier (odds ratio 0.12, 95% CI 0.02-0.44; P=.006), greater Super G time in target (TinT) was associated with being male
(odds ratio 32.03, 95% CI 3.74-1192,61; P=.01), and lower Super G TinT was associated with greater age (β −3.97, 95% CI
−6.64 to −1.30; P=.005). Furthermore, a sex-by-TinT interaction demonstrated a differential relationship between Super G TinT
and verbal learning depending on sex (βmale:TinT 6.77, 95% CI 0.34-13.19; P=.04).

Conclusions: This experiment demonstrated that this web-based game, Super G, has the potential to be a skill-based digital
biomarker for screening of AD risk on a large scale with relatively limited resources.

(JMIR Aging 2025;8:e67298)   doi:10.2196/67298

KEYWORDS

digital health technology; web-based assessment; aging; APOE; motor skills; sensitivity; risk factors; adults; older adults

Introduction

Since the number of cases of Alzheimer disease (AD) is
expected to double in the next 2 decades [1], there is an urgent
need for widespread screening of older adults for their individual
AD risk profile, which has implications for clinical care and
research. Current options, such as positron emission tomography
for measuring tau and beta amyloid pathology, tend to be

expensive and invasive and require advanced imaging facilities
[2]. Blood-based biomarkers may make screening for AD more
affordable and less invasive, but their validity and
standardization are still being established at this time [3,4].
Cognitive screening tests can indicate deficits, but these largely
rely upon in-person administration from a trained clinician and
may have reduced sensitivity in identifying individuals at high
risk of AD in the earliest stages [5]. Thus, it is important to
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identify measures that are sensitive to AD risk and yet can also
be delivered accurately, easily, and directly to patients and
prospective participants in clinical trials and research studies.

Digital biomarkers have great potential to meet the need for
accessible and remote testing of AD risk. Broadly speaking,
digital biomarkers are measurable indicators of health or disease
collected from a digital device or through digital means. Some
digital biomarkers of AD include finger tapping [5,6], repeated
cognitive assessment on a Wi-Fi–enabled device [7], recorded
speech [8], and digital clock drawing [9], which have all been
shown to be sensitive to cognitive impairment. These measures
have also been associated with disease status, differentiating
between cognitively intact versus mild cognitive impairment
(MCI) and MCI versus dementia to some degree. However,
these examples have overall low sensitivity to risk factors of
AD, such as age [10], sex [11], apolipoprotein-E (APOE) ε4
carrier status [12,13], and brain amyloid [9]. Considering this,
another potential digital biomarker of AD could be motor skill.
Motor skill acquisition is the within-session improvement in a
motor skill as a function of practice [14]. Previous in-lab studies
have associated motor skill deficits with APOE carrier status,
hippocampal atrophy, functional decline, and amyloid deposition
among people diagnosed with amnestic MCI [15-18]. This task
can also be collected remotely [19,20], which would allow for
a wider and more diverse sample of individuals at potential risk
for AD and can more easily facilitate longitudinal testing as
desired.

This study developed a web-based tool for assessing motor skill
performance called Super G [21], which can be reliably played
unsupervised on the web [20] regardless of device type and
without downloading any app. Specifically, the objective of this
study was to examine whether Super G performance was
individually related to known risk factors of AD (eg, age, sex,
APOE ε4 carrier status, and verbal learning). Based on prior
motor skill studies in AD, it was hypothesized that Super G
performance would be negatively associated with each risk
factor.

Methods

Study Design
This was a cross-sectional descriptive study that examined
within-session performance characteristics from a web-based
motor skill task (Super G) and their association with AD risk
factors among adults recruited from the MindCrowd study.

Participants
Participants were recruited in May of 2021 through MindCrowd,
a web-based research study launched in 2013 to crowdsource
demographic, medical history, lifestyle, and cognitive data to
identify risk factors of AD [22,23]. Emails were sent through
MindCrowd to a subset of 662 individuals who met our inclusion
or exclusion criteria and were older than 45 years, who had
previously provided a dried blood spot or saliva sample for
APOE genotyping (see section “AD Risk Factors and Other
Participant Characteristics From MindCrowd” for details) and
had provided consent to be contacted for future studies. A
hyperlink was included in the email that directed individuals to

the Super G game website, on which participants digitally
provided consent (approved by the Arizona State University
institutional review board study no. 13081). Of the 662
individuals emailed, 54 participants (age: mean 62.39, SD 7.4
years; female: n=39) appropriately registered and completed
all 75 trials of the game, equating to an 8.1% response rate. The
mean (SD) time between MindCrowd data collection
(specifically verbal learning, see section “AD Risk Factors and
Other Participant Characteristics From MindCrowd” for details)
and Super G data collection was 5.9 (1.4) years.

Super G
The Super G game was developed in Unity 5.3.1 and is hosted
on Hostinger. Thus, participants were not required to download
an app or program to their device. Super G was developed as a
gamified version of a seminal motor skill paradigm [24] and
has been validated against the original version [21]. The goal
of Super G is to help an astronaut explore as many planets as
possible within the game’s solar system. There are 16 planets
to visit but only 75 attempts to reach them all. Participants use
the left and right arrow keys on their keyboard to move the
astronaut onto a planet. However, the game uses a rate control
mechanism that may not be immediately apparent to participants
[21]. Specifically, pressing the right arrow key applies a constant
positive force to move the astronaut toward the planet, while
pressing the left arrow key applies an equal negative force away
from the planet. Since the virtual environment lacks gravity or
drag, any force applied will result in a constant velocity until a
negative force is applied to slow it down. Thus, participants
must learn to apply negative force at the right time and for the
right duration to land the astronaut on each planet.

Each trial in Super G begins with the astronaut positioned on
the left side of the screen on the initial start planet. The target
planet is located on the opposite side of the screen to the right
(Figure 1A). The trial lasts 4.5 seconds, but the astronaut cannot
leave the start planet until 1.5 seconds have elapsed, as indicated
by the disappearance of the blue atmosphere around the start
planet (Figure 1B). If the astronaut leaves too early, the trial
resets and the astronaut is returned to the initial position on the
start planet. Once the blue atmosphere disappears, the participant
has 3 seconds to land the astronaut on the target planet. To
achieve a successful landing, the astronaut must stay within the
boundary of the target planet for 1 continuous second. If
successful, a reward tone plays, and fireworks erupt from the
target planet (Figure 1C). After a successful landing, Super G
repositions at the start position, and the previously landed planet
becomes the start planet, with a new target planet appearing in
its place (Figure 1D). In the event of a failed landing, the planets
for the next trial remain the same, and astronaut reappears at
the start position. All 75 trials are completed within a single
session for a total session length of approximately 6 minutes.

Cursor position and key press data from each trial of Super G
were collected at 100 Hz, along with high scores, time and date
of each trial. From these data, four performance variables were
calculated. First, scaling ratio (SR) represents the ratio of
negative force (duration of left button press) applied to Super
G over positive force (duration of right button press), where
values equal to 1 indicate equal scaling of forces. Second, time
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of reversal (TR) is a measure of how well participants execute
the timing of their movements by identifying when the left arrow
key press occurs during the trial, where higher values are
reversals that occur later in the trial. Successful trials require
equal scaling of forces (ie, SR close to or equal to 1) and a
reversal timed at the midway point of the trial, although we note
that there can be trade-offs between the SR and TR to still allow
for some degree of success in the task. Third, total time in the
target (TinT) planet is the time that the cursor stayed within the
target planet, with higher values representing better performance.
Fourth, response time (RT) is a measure of how soon the cursor
left the home planet after the disappearance of the start planet’s
atmosphere, and lower values equate to a faster RT.

Although these performance metrics do strongly correlate with
one another, each represents distinct phases of individual motor

skill acquisition, as it is possible to have a fast RT with a low
TinT if either timing of cursor reversal or scaling of forces is
not well executed. Overall, average TinT across all 75 trials is
the primary measure of performance since it directly represents
the task goal and performance of the task as it relates to
execution of SR and TR. Average RT across all 75 trials was
considered as a secondary measure of performance because it
represents the earlier stage of skill acquisition as participants
first need to anticipate when to exit the start planet prior to
execution of their acquired movement strategy. Average TinT
and RT across the 75 trials are used as the Super G metrics of
individual performance due to our prior work [21], which
demonstrated that average TinT and RT well describe individual
within-session change in performance and delayed retention.

Figure 1. Each panel represents the different phases a participant may experience during Super G play. (A) The astronaut, Super G, spawns on the start
planet at the beginning of each trial. There is a blue atmosphere around the planet that signals to the participant that Super G cannot leave yet. (B) Once
the blue atmosphere disappears, then Super G can leave the start planet and attempt to land on the target planet. (C) If Super G successfully stays within
the target planet boundary for 1 continuous second, then a reward tone plays and fireworks erupt from the planet. (D) Subsequent trials then render the
previous target planet as the new start planet and a new target planet is put in place.

AD Risk Factors and Other Participant Characteristics
From MindCrowd
Super G data were harmonized with MindCrowd through
merging of hashed email addresses linked to MindCrowd data
and used as the login for the Super G game. Super G variables
were then merged with participant age, sex, level of education,
verbal learning (measured via paired associates learning [PAL])
score [25], simple visual reaction time (svRT), and APOE
genotype data, which were available in MindCrowd. The PAL
is a verbal learning task that measures the ability to remember
the associations between different word pairs. Specifically,
participants are visually presented with 12 word pairs, with each
word pair presented separately and at 2-second intervals.
Participants were then presented with the first word of each pair

and then used their keyboard to type the missing word. This
procedure was repeated for 2 additional trials. The maximum
score on the PAL is 36 (12 words across 3 trials). The svRT
task measured the median reaction time across 6 trials, in which
participants had to press any keyboard button as soon as a target
stimulus appeared on their screen, with reaction time for each
trial recorded in milliseconds. Median svRT was used due to
the skewness of the distribution of reaction time in each
participant’s individual data (skewness svRT median 1.2 vs
skewness svRT mean 4.1). The svRT test was used in this study
as a control variable only. Participants were classified as APOE
ε4 carriers or noncarriers. Carriers were defined as individuals
who had either 1 or 2 copies of the ε4 allele, and noncarriers
were defined as individuals with 0 copies of the ε4 allele. This
was based on prior genotyping from biospecimen collection via
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self-administered saliva or dried blood spot kits that were mailed
to the participants by MindCrowd and then processed by the
Translational Genomics Research Institute. Details regarding
biospecimen collection and genotyping can be found here [26].
Complete visualization of APOE ε4 carrier status with svRT,
PAL, and age can be viewed in Figure S1 in Multimedia
Appendix 1.

Statistical Analysis
Wilcoxon rank sum tests were used due to a difference in sample
sizes between APOE ε4 carriers (n=23) and noncarriers (n=31),
since uneven sample sizes may lead to inaccurate and
disproportionate estimates of variance of each group and violate
assumptions of parametric testing. This determined whether
there were differences in age, PAL score, svRT, and Super G
performance between the 2 groups. Chi-square tests were used
to determine whether there was a difference in proportion based
on sex, race, education, and ethnicity between carriers and
noncarriers. To provide broader context of the verbal learning
(PAL) and reaction time (svRT) of this sample, percentile scores
were calculated for each participant adjusted for their age, sex,
and level of education. This allowed for better contextualization
of the relative performance on each measure between carriers
and noncarriers relative to the entire MindCrowd cohort (ie, if
participants in this study are under- or overperformers compared
with what would be expected to a random sample across the
entire cohort).

Separate linear and logistic multivariable regression analyses,
depending on outcome variable type, were used to test the
relationship between Super G performance and the dependent
variables, that is, AD risk factors. Specifically, different models
were constructed to identify which Super performance metrics
are related to specific AD risk factors, while controlling for
possible confounding effects of the other AD risk factors and
participant characteristics. Multivariable logistic regression was
used for the dependent variable of APOE ε4 carrier status (where
carriers were coded as “true” and noncarriers as “false”), along
with the primary and secondary measures of Super G
performance (TinT and RT), and control variables of age, sex,
PAL score, hour of day Super G played, level of education, and
svRT. This approach controlled for the other factors and was
repeated with sex as the dependent variable (whereby male was
coded as “true” and female as “false”) while switching APOE
ε4 carrier status to a control variable. Multivariable regression
was used when the dependent variable was PAL score, with a
primary independent variable of mean Super G performance
(TinT, RT, SR, or TR), and control variables of age, sex, APOE
ε4 carrier status, hour of day Super G played, level of education,
and svRT. The same approach was repeated with age as the
dependent variable while switching PAL score to a control
variable. In addition, to control for the potential delay between
initial PAL scores and Super G measurement, PAL-adjusted
scores were also generated and analyzed. Individual PAL scores
were adjusted based on the amount of time between their PAL
and Super G measurement, given previously reported expected
decline in PAL based on age reported by Talboom and
colleagues [26]. This resulted in an expected 0.2-point decline

in PAL for every year between the initial PAL and current Super
G measurement. The formulation of each model can be viewed
in the following equations:

1. APOE ε4 carrier status ~ Super G Performance (TinT or
RT) + age +sex + hour played + education +svRT + PAL
(Logistic regression)

2. Sex ~ Super G Performance (TinT or RT) + age + hour
played + education + svRT + PAL + APOE ε4 carrier status
(Logistic regression)

3. Age ~ Super G Performance (TinT or RT) + sex + hour
played + education + svRT + PAL + APOE ε4 carrier status
(Linear regression)

4. PAL ~ Super G Performance (TinT or RT) + age + sex +
hour played + education + svRT + APOE ε4 carrier status
(Linear regression)

5. PAL adjusted ~ Super G Performance (TinT or RT) + age
+ sex + hour played + education + svRT + APOE ε4 carrier
status (Linear regression)

Participants could play Super G at any time throughout the day,
the variable of hour played (measured with a 24-hour clock
rather than a 12-hour clock) was transformed using a cosine
function to ensure that adjacent hours 0 and 23 were close
together. This is visualized in Figure S2 in Multimedia Appendix
1. All numeric variables were standardized (age, svRT, PAL,
hour played, and Super G Performance) to be centered at their
respective mean and divided by their respective SD. Thus, a
1-unit change in the results of these variables with respect to
all reported odds ratios (ORs) and beta coefficients represents
a 1 SD change in either the outcome or the performance metric.
This allowed for better relative comparison between all
independent variables within each model. To detect
multicollinearity, the variance inflation factor was calculated,
and any variable with a variance inflation factor of >5 was
removed. Outliers were identified using Cook’s distance and
removed if their distance was >1.

Ethical Considerations
The study protocol was reviewed and approved by the office of
Research Integrity and Assurance at Arizona State University
(approval number STUDY00013081). To participate,
participants needed to provide digital informed consent. All
data collected from this experiment were deidentified for privacy
and confidentiality. Participants were not compensated for their
time in this study.

Results

Participant Characteristics
Overall, there were 23 APOE ε4 carriers (20 heterozygotes and
3 homozygotes) and 31 noncarriers. Between-group comparisons
(carriers vs noncarriers) using the Wilcoxon rank sum test
demonstrated that groups did differ by age (W=471; P=.04),
with noncarriers being an average of 4.3 years older than carriers
(carriers=59.9 years, noncarriers=64.2 years). For all other
control variables, there were no observed group differences
(Table 1).
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Table . Genetic, demographic, cognitive, motor, and Super G performance data between APOE ε4 carries and noncarriers.

P valueTest statistic (df)APOE ε4 noncarriersAPOE ε4 carriers

——a3123Participants, n

——APOE alleles (X/X), n

0—2/2

2—2/3

29—3/3

—42/4

—163/4

—34/4

.045bW=471 (—)64.2 (6.9)59.9 (7.4)Age (years), mean (SD)

>.99χ2=0 (1)9/226/17Sex (male/female)

>.99χ2=0 (1)Race

3123White

>.99χ2=0 (1)Ethnicity

3123Not Latinx

.47χ2=2.5 (3)Education, n

01High school diploma

45Some college

129Four-year degree

158Postgraduate degree

.07W=254 (—)19.2 (8.5), 54th percentile23.4 (8.4), 66th percentilePALc score, mean (SD)

.10W=451 (—)418 (79), 65th percentile389.7 (75), 71st percentilemedian svRTd (ms), mean
(SD)

.14W=441 (—)14.9 (4.1)13.1 (4.6)Hour of day played, mean

(SD)e

.49W=394 (—).45 (6)0.52 (0.6)Hour of day played (cosine),
mean (SD)

.18W=279 (—)469.4 (287.9)653.9 (436.6)Super G time in target (ms),
mean (SD)

.01bW=502 (—)1874.5 (307.4)1614.8 (305.9)Super G response time (ms),
mean (SD)

.19W=432 (—)2060.3 (836.4)2000.6 (592.4)Super G time of reversal
(ms), mean (SD)

.82W=343 (—)0.64 (0.3)0.66 (0.3)Super G scaling ratio, mean
(SD)

aN/A: not applicable.
bStatistical significance (P<.05).
cPAL: paired associates learning.
dsvRT: simple visual reaction time.
eBased on 24-hour clock.

Relationship Between Super G Performance and AD
Risk Factors
Within the APOE ε4 carrier status logistic regression (model
1) there was a significant association between APOE ε4 carrier
status with Super G RT (OR 0.12, 95% CI 0.02-0.44; P=.006)

(Figure 2A). Thus, a participant with a Super G RT that was 1
SD below the mean would have an 88% increase in odds of
being an APOE ε4 noncarrier than carrier. Visual comparison
between all Super G performance metrics and APOE ε4 can be
visualized in Figure S3 in Multimedia Appendix 1. All other
control variables, including PAL (P=.62) and svRT (P=.29),
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were not significantly related to APOE ε4 carrier status. Within
the participant age linear regression (model 3), Super G TinT
was significantly associated with age (β −3.97, 95% CI −6.64
to −1.30; P=.005) (Figure 2C) and within the participant sex
logistic regression (model 2), TinT was also associated with
sex (OR 32.03, 95% CI 3.74-1192.61; P=.01) (Figure 2B), with
lower TinT values (poorer performance) associated with being
older and being female, respectively. This is consistent with
our earlier work in other cohorts [27]. Visual comparison
between all Super G performance metrics and sex can be
visualized in Figure S4 in Multimedia Appendix 1.

Given that previous research in MindCrowd has demonstrated
a main effect of sex on verbal learning (as measured with the
PAL test) [26,28], and that TinT is also strongly linked with
participant sex (Figure 2B), within the PAL linear regression
(model 4), a sex-by-TinT interaction was also included to best
model PAL [26]. Results from the PAL model demonstrated
that age was associated with PAL (β −3.37, 95% CI −6.34 to
−0.4; P=.03), indicating that older age was associated with lower

PAL scores. There was also a main effect of participant sex
(βMale −7.73, 95% CI −14.98 to −0.45; P=.04). This result
indicates that male participants scored an average of 7 points
lower on the PAL than females. There was a significant
sex-by-TinT interaction (βMale:TinT 6.77, 95% CI 0.34-13.19;
P=.04). This result indicates that males with a mean TinT 1 SD
greater than the group mean are associated with an increase of
6.77 points on the PAL compared with females with the same
TinT performance (Figure 2D). Furthermore, in the PAL
adjusted regression (model 5), where PAL scores are modified
based on the time between PAL and Super G measures, the
results are nearly identical to the raw scores (βage −3.41, 95%
CI −6.38 to −0.44; P=.03; βMale −7.57, 95% CI −14.81 to −0.33;
P=.04; βMale:TinT 6.72, 95% CI 0.31-13.14; P=.04; Figure S5 in
Multimedia Appendix 1). The results of this adjusted analysis
provide evidence that the delay between PAL and Super G
measures does not significantly impact the observed relationship
between PAL and TinT given participant sex.
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Figure 2. (A) Mean Super G response time (ie, time at which Super G exits the start planet once the blue atmosphere disappears) between APOE ε4
noncarriers and carriers. Y-axis represents the probability a participant is classified as a carrier or noncarrier based on their mean response time. The
blue line represents the binomial relationship between response time and carrier status with faster response time more associated with being a carrier
and slower response time more associated with being a noncarrier. The gray ribbon represents the 95% CI of the estimated probability of binomial
relationship. (B) Mean Super G time in target between female and male participants. Y-axis represents the probability a participant is classified as a
male or female based on their mean time in target. The blue line represents the binomial relationship between time in target and sex with better time in
target associated with being a male and worse time in target associated with being a female. The gray ribbon represents the 95% CI of the estimated
probability of binomial relationship. (C) Linear relationship between participant age in years and their mean Super G time in target. The blue line
represents the least squares line fitted between the variable and the gray ribbon about the line represents the 95% CI. (D)The relationship between mean
Super G time in target to individual PAL total score stratified by sex (male in blue and female in pink). Given known sex differences between males
and females on PAL and observed sex differences on mean Super time in target, such a stratification by sex was necessary to control for potential
confounding of sex on the Super G to PAL relationship. The blue line represents the line of least squares for males and the pink line represents the line
of least squares for females. The gray ribbon about each line represents the 95% CI. PAL: paired associates learning.

Discussion

This study tested whether motor skill acquisition, as assessed
by the Super G task, was sensitive to known risk factors of AD,
namely age, sex, APOE ε4 carrier status, and verbal learning.
Results showed that better Super G performance was directly
and independently associated with each of these risk factors,

suggesting that Super G may be a sensitive digital biomarker
of AD risk that can be remotely collected. Interestingly, TinT
and RT were related to different AD risk factors (sex, age, and
verbal learning vs APOE ε4 carrier status, respectively), likely
reflecting how different aspects of motor skill map onto different
AD risk factors. Our prior work showed that TinT is the product
of optimal execution of SR and TR and best characterizes overall
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skill compared with the other Super G variables [21], and it was
related to age, sex, and verbal learning. However, RT is a
performance characteristic of early skill acquisition, as it
measures an individual’s ability to anticipate when to initialize
movement at the beginning of the trial, which was related to
APOE ε4 carrier status. Although APOE ε4 carriers
unexpectedly outperformed noncarriers in terms of early skill
acquisition (ie, better RT performance), this opens up the
possibility of using Super G as a prognostic enrichment strategy
for enriching AD-focused cohorts with ε4 carriers [29].

The observed APOE ε4 benefit in this study is contrary to
previous work where APOE ε4 carrier status leads to worse
performance on memory tests in carriers compared with
noncarriers [30-32]. However, the role APOE ε4 in aging
independent of AD pathology may be significant [33], as a small
but growing body of evidence in both cognitively unimpaired
humans and rodents shows that visual working memory and
learning is better among APOE ε4 carriers than noncarriers
[34-36]. Although APOE ε4 is the primary genetic risk factor
for AD [13], evidence suggests a possible benefit, or
compensatory behavior [37], of learning at an earlier age while
leading to impairments in later life [38,39]. Previous research
has shown that cognitively unimpaired individuals who are
APOE ε4 carriers have greater gray matter volume in frontal
regions, can better allocate cognitive control, and possess better
visual working memory and learning than APOE ε4 noncarriers
[34,40,41]. Furthermore, task-based neuroimaging studies have
associated better performance on visual working memory tasks
among carriers with greater activation in frontal and parietal
regions [34,36,42]. This leads to the hypothesis that increased
frontal activation is a compensatory mechanism that modifies
behavior in AD, given that frontal brain regions are relatively
spared in AD [43,44]. Although these data do not provide direct
support for the APOE ε4 compensatory mechanisms, it may be
plausible that Super G may be able to measure a suspected
APOE ε4 benefit. This interpretation is further supported by the
fact that in-lab motor skill studies have associated greater skill
with higher white matter integrity of frontoparietal tracts [45,46]
in cognitively unimpaired older adults, which could serve as a
candidate neural substrate for such a compensatory mechanism
as proposed previously, but further study would be needed to
confirm.

Prior research that has investigated sex differences in motor
skill learning and performance has demonstrated a preferential
advantage for males compared with females [47]. Similarly,
this study revealed that males tended to perform better than
females on Super G. The estimated effect size of mean time in
target between males and females was very large, with Cohen
d=1.66. This result is consistent with previous research using
Super G, which also found large sex differences in performance
[27]. Several factors may explain the observed sex differences
in Super G performance. One possible biological explanation
[48] may be due to early tau deposition which has been shown
to be elevated in females compared with males, consistent with
the higher risk for developing AD among females. Thus, a
remote and unsupervised motor skill task that is sensitive to sex
differences may aid in the detection of sex-specific changes in

behavior due to disease in a scalable way. Moreover, there was
an interaction between sex, verbal learning, and Super G
performance, which suggests that motor skill in males (ie, Super
G performance) may be linked to their verbal learning to a
greater degree than in females. Larger sample sizes are needed
to examine the interactions between sex and other behavioral
variables in the context of AD [49,50].

Several limitations to this study should be acknowledged. First,
the mean time between when the PAL and Super G was 5 years.
Although this is a substantial delay between 2 variables of
interest, there was no correlation between PAL score and this
intertest interval. Furthermore, when PAL was adjusted for this
delay, there was no change in the reported relationship between
Super G and PAL regardless of whether raw or adjusted PAL
scores were used as the dependent variable (Figure S5 in
Multimedia Appendix 1). Thus, the reported result between
PAL and Super G appears robust, even with such a delay
between measures. Second, the study sample was all
non-Hispanic White and highly educated (>80% with at least
a college degree), preventing any analysis of interactions
between race or ethnicity and APOE ε4. Analyses that consider
the interaction between race and carrier status are important,
given that the link between the APOE ε4 allele and the AD is
weaker among Black/African American and Hispanic/Latino
individuals despite their increased risk of developing AD overall
[12,51,52]. In addition, the study sample size was relatively
limited due to our required inclusion criteria, particularly the
existence of APOE genotyping data. As such, future Super G
research will recruit larger and more diverse samples. We plan
to expand the size of this work with future collaborations, and
it is important to note that the MindCrowd cohort itself has
increased in size, in racial and ethnic diversity, and in the
number of individuals in the cohort who have APOE genotyping
data, suggesting a path to addressing this limitation in the future.
Third, we did not collect participant data on previous video
game experience, which may be a contributing factor to the
observed relationship between Super G performance and sex
[53]. Fourth, there is no defined minimal clinically important
difference or clinical cutoff score for the PAL, making it difficult
to determine the meaningfulness of the observed relationship
between PAL and Super G performance. For example, it cannot
be determined whether the predicted change in PAL of 6.5 points
among males, in relation to TinT performance, is representative
of a meaningful increase or decrease in verbal learning. Finally,
with only an 8.1% response rate in this study (54 participants
completed all trials of Super G out of the 662 contacted), there
may be limited generalizability to the broader MindCrowd
cohort or the general public. However, this response rate is
similar to other web-based AD-focused cohorts such as the
Alzheimer’s Prevention Trials Webstudy [54], although the
participants in this study were not paid to participate (in contrast
to the Alzheimer’s Prevention Trials Webstudy), were not
actively seeking care, and were emailed only once during the
recruitment process. It is noted that these are the factors that
could influence participation rates. Despite these limitations,
this study establishes the proof of concept that Super G may be
a feasible skill-based digital biomarker of individual AD risk.
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Abstract

Background: People living with dementia are at risk of getting lost and going missing due to memory loss, confusion, and
disorientation. Missing person incidents involving people living with dementia are increasing. Alert systems such as Community
ASAP can promote community engagement in locating missing persons with dementia and aid in search and rescue efforts.
However, the implications of public disclosure of personal information such as name, age, sex, and physical description within
such alert systems have yet to be explored.

Objective: This study aimed to identify and discuss the implications of public disclosure of personal information in Community
ASAP for people living with dementia at risk of going missing.

Methods: This study used a qualitative descriptive research design drawing from naturalistic inquiry. A total of 19 participants
including people living with dementia, care partners, first responders, and service providers were recruited from Ontario, Alberta,
and British Columbia, Canada. Semistructured interviews were used to explore participants’ perspectives on the perceived
implications of the release of personal information when using Community ASAP. NVivo (version 12) was used to manage data,
and conventional content analysis was conducted to identify key themes of the implications of public disclosure of personal
information in Community ASAP.

Results: In total, 10/19 (53%) of the participants were women and 9/19 (47%) were men. Of the 19 participants, 3 (16%) were
people living with dementia, 5 (26%) were care partners, 4 (21%) were first responders, and 7 (37%) were service providers. In
total, 4 key themes were identified as implications of public disclosure of personal information in Community ASAP: right to
autonomy, safety versus privacy, informed and knowledgeable consent, and stigmatization. Participants discussed how the public
disclosure of personal information in Community ASAP could undermine a person’s choice not to be found and contribute to
stigmatization. Participants emphasized a need to balance safety and privacy concerns. Informed and knowledgeable consent is
important when using an alert system to locate missing persons with dementia.

Conclusions: Community ASAP can promote community engagement in locating missing persons with dementia. However,
the public disclosure of personal information in alert systems has implications. Users’ right to autonomy, a balance between safety
and privacy, informed and knowledgeable consent, and risks of stigmatization are perceived impacts of disclosure of personal
information in alert systems.

(JMIR Aging 2025;8:e64847)   doi:10.2196/64847
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Introduction

Background
Dementia is an increasing health problem affecting >55 million
people worldwide [1]. People living with dementia are at risk
of getting lost and going missing due to memory loss, confusion,
and disorientation [2]. Missing person incidents involving people
living with dementia have been increasing [3]. Missing persons
with dementia are at risk of being exposed to injuries and death.
If not found within 24 hours, half of missing persons with
dementia will sustain serious injuries or be found deceased [4].
It is crucial to engage the community in locating missing persons
and not view missing person incidents solely as a family issue
[5]. This inclusive approach provides extra eyes on the ground.
Strategies such as alert systems promote community engagement
by encouraging community members to be on the lookout for
missing persons. This, in turn, aids in search and rescue efforts
and minimizes the risks associated with going missing [6].

Alert systems such as the United States’ publicly funded Silver
Alert program disseminate information about missing persons
with dementia or other cognitive disabilities to the public
through media broadcasts (eg, commercial radio and television
stations) and electronic billboards [6]. The Silver Alert system
has been implemented in all but 5 states [6]. However, there are
limitations to these programs. The process of issuing Silver
Alerts and the duration differ across states, and media broadcasts
may reach fewer people due to an increase in the use of mobile
devices to access information. Furthermore, there are concerns
about declining media sensitivity due to alert fatigue [7].

In Canada, when a person living with dementia goes missing,
police services alert the public about a missing person using
social media such as Facebook and X (formerly Twitter) and
not an emergency alert system such as an Amber alert [8].
Amber alerts notify the public about missing abducted children
using Alert Ready. Alert Ready is Canada’s emergency alert
system that sends critical alerts about hazards or impending
dangers (eg, floods, tornados, chemical spills, and fires) to
Canadians through radio, satellite television, and compatible
wireless devices [9]. As missing person incidents involving
people living with dementia are more frequent than missing
children and not typically related to a crime, the use of the Alert
Ready system would not be appropriate [8]. Furthermore, the
use of the Alert Ready system can desensitize the public to alerts
and cause alert fatigue, which already exists with Amber alerts.

Ideally, programs that mitigate risks of going missing among
people living with dementia would engage local communities
but minimize alert fatigue and be location specific. For example,
the community-led British Columbia Silver Alert program
notifies community subscribers about missing persons with
dementia, cognitive impairment, and autism using channels
such as social media (eg, Facebook and X) and via email or
SMS text message [10]. Interest in community alert systems in
other Canadian provinces is growing, as evidenced by a recent
national petition; amendments to Missing Persons (Silver Alert)
Acts in Alberta, Manitoba, and Ontario [11-13]; and the launch
of Silver Alert pilot projects in Quebec [14].

To date, a localized alert system based on volunteer subscription
does not exist. To this end, our team developed a localized area
alert app called Community ASAP, the first of its kind in
Canada, with representatives of end users, including people
living with dementia, care partners, and community
organizations [3]. Community ASAP allows community
volunteers, local businesses, and police services to work together
to locate missing persons with cognitive impairment and is
available as a mobile app. As a requirement in Canada, a
Community ASAP coordinator from police services would
initiate an alert when a person living with dementia is reported
missing. Community volunteers who register with Community
ASAP receive alerts about missing persons based on their
geographic preferences. The alert includes a link to the missing
individual’s personal information, such as their first and last
names, nickname, age, physical description (eg, height, weight,
eye color, and hair color), mobile number (if any), and locations
they typically visit [3].

Community ASAP and other public alert systems such as Silver
Alerts and Amber alerts are designed to enhance public
awareness of vulnerable missing persons, but they differ in their
scope and approaches. Community ASAP is a
subscription-based alert system that requires community
engagement and provides real-time updates and geofencing
features. For example, volunteers receive missing person alerts
based on their geographic preferences, allowing them to choose
up to 5 locations, such as home and work addresses, and set a
radius (1, 3, 6, 12, or 25 km) for each location [3]. However,
its effectiveness depends on widespread app adoption and access
to mobile devices. In contrast, Silver Alerts and Amber alerts
are government funded or community funded and broadcast
information about missing persons through large-scale public
channels such as highway signs, radio, and television, reaching
a wider audience [6,15]. The activation of Community ASAP
in Canada and public alert systems in the United States rely on
police verification, which means that alerts are not triggered
immediately when a missing person incident occurs [3,6,16].

This study was a part of the development and evaluation of the
accuracy and usability of Community ASAP [3]. During the
development of Community ASAP, we identified the need to
understand how the rights of people living with dementia to
self-determination and privacy are respected while using the
alert system. The use of alert systems has raised ethical concerns
about the privacy of people living with dementia [6,15].
Furthermore, there is limited knowledge about concerns related
to using alert systems to locate missing persons with dementia
[15], particularly how the release of personal information to the
public may impinge on the human rights of vulnerable older
adults [17].

Objectives
The purpose of this study was to identify and discuss the
implications of public disclosure of personal information in an
alert system called Community ASAP for people living with
dementia at risk of going missing.
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Methods

Research Design
This study used a qualitative descriptive research design drawing
from naturalistic inquiry, which allows a phenomenon to be
studied in its natural state [18]. This method is appropriate when
the intent of the study is to provide a basic description and
summary of people’s experiences [19,20].

Recruitment
Purposeful sampling [21] was used to select participants who
had professional and personal experiences on the topic to best
provide insights into concerns that could arise from the release
of information via Community ASAP. Specific strategies
included intensity [21] and snowball [22] sampling. Intensity
sampling was used to sample information-rich cases. In snowball
sampling, participants helped share study information with other
prospective participants whom they believed had knowledge or
experience with the topic of interest. These strategies were
chosen for practical reasons, including the challenges of
selecting potentially difficult-to-access or vulnerable groups,
such as people living with dementia. We aimed to include the
perspectives of people living with dementia, who are often
underrepresented in research. Studies have shown the
importance of involving people living with dementia in research,
highlighting their ability to provide reliable self-report
information, personal perspectives, and valuable insights
[23-25]. Inclusion of people living with dementia in this study
was crucial to understanding their individual experiences with
an alert system and enhancing their safety and well-being while
using this program.

Participants (people living with dementia, care partners, first
responders, and service providers) were recruited and identified
via email or face-to-face conversations through our research
team’s existing professional networks serving people living
with dementia, such as Alzheimer societies, dementia advocacy
organizations, and first responders. Thus, some of the
participants were known to the research team, and others were
not. None of the participants were family members or friends
of or had personal relationships with the researchers. All
prospective participants who were invited to take part in the
study enrolled. Participants had lived or professional experience
with dementia and the use of technologies to manage the risk
of going missing or responding to missing person incidents.
During recruitment, participants were asked to self-identify their
experience and knowledge of technologies. All participants had
some level of familiarity or experience with technology. We
did not inquire about the extent or specific type of their
experience.

We selected participants from across 3 Canadian provinces
(Ontario, Alberta, and British Columbia) where our professional
networks were located and from 4 stakeholder groups: people
living with dementia, care partners, service providers (eg, social
workers, dementia educators, representatives from vulnerable
person registries, and support workers), and first responders
(eg, police and search and rescue managers). Inclusion criteria
were to (1) be aged ≥18 years, (2) speak English, and (3) have
lived or professional experience with or knowledge of the use

of technologies to manage the risk of going missing or
responding to missing person incidents. Exclusion criteria were
having no understanding about technologies to manage the risk
of going missing, inability to articulate perspectives due to
impaired cognitive abilities, and severe visual or hearing
limitations that could not be corrected with the use of an
assistive device.

Ethical Considerations
Ethics approval was received from the University of Alberta
Research Ethics Board (Pro00078537). All participants gave
written informed consent prior to the study, were told that their
participation is voluntary, and were informed of their right to
withdraw at any time. People living with mild cognitive
impairment or mild dementia who had the ability to consent as
identified by our professional networks were invited to
participate in this study. We used the teach-back method [26]
to ensure that these participants had cognitive ability to engage
in one-on-one interviews with research team members. The
person living with dementia was asked an open-ended question
about what they had read in the information letter to ensure that
they understood the procedure, risks, and what to do should
they wish to withdraw from the study. Transcripts were cleaned
for accuracy and deidentified to maintain anonymity.
Participants did not receive an honorarium.

Data Collection
Semistructured interviews [27] were conducted with each
participant in person, via phone, or through Zoom (Zoom Video
Communications) videoconference. The purpose of the
interviews was to understand participant perspectives on the
implications of public disclosure of personal information in
alert systems. Each person selected a preferred mode of
participation based on their geographical location and other
time commitments. In total, we interviewed 19 stakeholders
(n=16, 84% individual interviews and 1 group interview with
n=3, 16% of the participants at their request). No other
individuals (ie, care recipients or care partners) were present
during the interviews with people living with dementia as these
individuals had the ability to consent and respond to questions.
Before the interview began, the researcher introduced herself,
the overarching study [3] in which the current project was
embedded, and the purpose and procedures, and written
informed consent was obtained. An interview guide (Textbox
1) that contained 5 open-ended questions was used to elicit
participants’ perspectives on the possible implications of the
release of information through Community ASAP. Probes were
used to elaborate on participant responses and clarify meaning
[22]. The interviews were conducted by female research team
members (NN and CD) with backgrounds in occupational
therapy, experience with qualitative research methods, and PhDs
in rehabilitation science. Each participant was interviewed once,
and the interviews were approximately 30 to 90 minutes in
length. Interviewers documented their observations and any
interruptions in field notes, and the interviews were digitally
recorded and transcribed verbatim. Transcripts were not returned
to participants as we did not use a member-checking approach
to review the transcripts. NVivo (version 12; Lumivero) was
used to manage the data.
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Textbox 1. Interview guide questions.

Questions

• From your perspective as a (person with dementia or caregiver of a person with dementia, service provider, first responder, expert in ethics, or
the law), what ethical concerns are associated with release of personal information in the C-ASAP system?

• From your perspective as a (person with dementia or caregiver of a person with dementia, service provider, first responder, expert in ethics, or
the law), what legal concerns are associated with release of personal information in the C-ASAP system?

• How does the release of personal information in the proposed C-ASAP system compare with other registries such as MedicAlert Safely Home
and various Vulnerable Persons Registries?

• What are the implications of having a missing person’s name released to the public (and thus a part of the public record)? What is the balance
(or tipping point) between privacy and safety?

• [For group interviews involving representatives from agencies that collect information about vulnerable persons and store them on registries]:
What agreements are in place between the vulnerable person or their family and the agency upon signing on with a particular registry?

Data Analysis
Conventional content analysis [28] guided our analytic approach.
A thematic approach is preferred when there is limited existing
theory or research literature on a phenomenon, allowing for the
identification of specific meanings and determination of
appropriate categories and themes. A female doctoral candidate
in public health sciences (AA) with a background in nursing
and qualitative research methods analyzed the data. She
immersed herself in the data by listening to the recordings while
reading the transcripts and identifying initial reflections. Next,
she coded the transcripts using keywords. Codes were described,
and similar codes were grouped and refined to create categories.
As new codes were generated, they were added to the
framework, and transcripts that had been previously coded were
updated to reflect hierarchy. Category descriptions were
generated to describe their contents, and themes that represented
the categories were created inductively. Analysis continued
until saturation of the data was reached.

Data analysis was an iterative process. The coding hierarchy,
categories, and themes were reviewed, scrutinized, and
confirmed by the analyst and the 2 team members who
conducted the interviews; that is, we used peer debriefing as a
trustworthiness strategy [29]. This helped us improve clarity
and the internal and external homogeneity of codes and

categories [30] and consider alternative interpretations and
explanations. Thus, the coding hierarchy and main themes were
refined repeatedly, thereby enhancing credibility. Our process
is consistent with the approach by Morse et al [31] to verification
in which transcripts, codes, categories, and themes are
rechecked.

Results

Overview
A total of 19 participants (n=10, 53% women and n=9, 47%
men) were interviewed. Of these 19 participants, 3 (16%) were
people living with dementia, 5 (26%) were care partners, 4
(21%) were first responders (search and rescue and police
officers), and 7 (37%) were service providers. Participants were
predominantly White individuals (17/19, 89%), and the
remainder were Asian individuals (Korean and Filipino; 2/19,
11%; Table 1). All participants had some level of familiarity or
experience with technology. In total, 58% (11/19) of the
participants (first responders and service providers) had
professional experience with technology to manage or respond
to missing person incidents, such as alert systems, MedicAlert,
and locator devices (GPS devices and Project Lifesaver). The
remaining participants (people living with dementia and care
partners; 8/19, 42%) had lived experience or familiarity these
technologies.
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Table 1. Study participants.

Service providers
(n=7), n (%)

People living with dementia
(n=3), n (%)

First responders
(n=4), n (%)

Care partners
(n=5), n (%)

Sex

0 (0)1 (33)4 (100)4 (80)Male

7 (100)2 (67)0 (0)1 (20)Female

Ethnicity

1 (14)0 (0)0 (0)0 (0)Filipino

0 (0)0 (0)0 (0)1 (20)Korean

6 (86)3 (100)4 (100)4 (80)White

Province

0 (0)0 (0)1 (25)1 (20)Alberta

2 (29)1 (33)1 (25)1 (20)British Columbia

5 (71)2 (67)2 (50)3 (60)Ontario

Thematic Findings

Overview
Four key themes represent the implications of public disclosure
of personal information in Community ASAP for people living

with dementia who have gone missing: (1) right to autonomy,
(2) safety versus privacy, (3) informed and knowledgeable
consent, and (4) stigmatization (Textbox 2).
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Textbox 2. Themes with participant quotes.

Right to autonomy

• “Depending on where the person is in their journey, what if they just wanted to be alone for a few days and then got this whole thing going on
because someone decided that they’ve disappeared. That’s a legal issue for me.” [Person living with dementia 3, an experienced user of GPS
devices who had previously been lost]

• “We locate a missing person, we let them know you’ve been reported missing, here’s the person who’s reported you missing...However, they do
have a right to be missing so to speak.” [First responder 4, an experienced police officer with expertise in search and rescue]

• “Is that what they wanted when they were in the real self before dementia, there is an ethical issue there because you’re not honoring what the
person wants in the moment.” [Service provider 3, a service provider who worked directly with people living with dementia providing education
and counseling]

Safety versus privacy

• “The more eyes the better. I think if you’re missing, I don’t think privacy should be an issue.” [Person living with dementia 1, who had experience
with MedicAlert]

• “I think that the tipping point is safety, and so that might be it is 30 to 20 degrees Celsius outside. It’s not as extreme situation as it is 30 or minus
25. So, all of these things need to be taken into account.” [Care partner 2, a family member who cared for a person living with dementia]

• “Some people aren’t as open to having other people or the general public know a person with dementia has been missing more around, that they
have the condition, they have dementia.” [Service provider 6, a person with expertise in supporting the safety of vulnerable persons and who had
experience with GPS locator devices for this population]

• “If they are making this phone call it’s urgent enough, it’s important enough that yes, we are willing to give up that right to this in order to find
this person quickly.” [First responder 1, an experienced search and rescue member who also provided education about locator devices]

Stigmatization

• “For a lot of people, I worry about their faces and the local papers, this stuff. And that still makes them very vulnerable, because someone
recognizes them after the fact.” [Person living with dementia 3, an experienced user of GPS devices who had previously been lost]

• “So, with my dad, we didn’t want anybody to know that he had Alzheimer’s. I think it’s because there may be a stigma of Alzheimer’s.” [Care
partner 3, a family member of a person living with dementia who got lost]

• “So, it’s such a stigma, it’s such a huge issue that sometimes you might think that having an alert system would be really useful for the community
to know how to interact or to keep their eye out for somebody with dementia in the community. But is a stigma sort of perpetuating.” [Service
provider 7, a service provider who works directly with people living with dementia providing education and counseling]

• “The one thing we are always cognizant of in our media releases, is our management and our upper management are always cognizant of
the...stigma.” [First responder 3, a police officer with experience with missing persons]

Informed and knowledgeable consent

• “If the person is like me and can give consent, that would be OK...if I’ve already deteriorated, then I think it would be up to my family or my
power of attorney because they know what my wishes are.” [Person living with dementia 2, a person who was previously lost]

• “Whenever possible, that person who is actually living with dementia, I certainly would advocate and support their involvement from the get-go.
No matter what the timeframe, I think you need to be respectful and try to include their voice as much as possible, knowing that cognitively that
could change at any time, and if it does then I would hope that the person has the best interests for that individual.” [Care partner 5, a family
member of a person living with dementia who had experience with locator devices]

• “I think the idea of capacity and the ability to give informed consent is not an on/off button. And to always have that conversation as much as
possible to the extent that it is possible for you and whether that’s through care partners. I think it’s really at the heart of it, really enabling that
person to have the choice. But the challenge with that is that on one day the person might say ‘yeah I’m completely fine with it’ and then the
next day they’re like ‘ugh, I’m not fine with it at all.’” [Service provider 7, a service provider who works directly with people living with dementia
providing education and counseling]

• “Informed consent is the only consent that would certainly help alleviate some problems down the road, and I would think if the person can’t
give consent, because of their mental capacity, hopefully the caregiver would have that Power of Attorney to be able to make that decision for
them, on their behalf.” [First responder 2, an experienced police officer and search and rescue expert]

Right to Autonomy
This theme relates to concerns about how the release of personal
information can compromise a person’s choice not to be found.
Participants discussed the importance of respecting people’s
autonomy and right to go missing without wanting to be found.
People living with dementia also possess the rights of adults
and have the right to be alone or go missing, whereas this does

not apply to children. A participant (first responder 4) with
many years of experience in search and rescue emphasized
adults’ rights to go missing. He expressed the following:

When we locate a missing person, we let them know
you’ve been reported missing, here’s the person who’s
reported you missing...However, they do have a right
to be missing so to speak.
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Labeling intentionally missing persons as missing, especially
those capable of decision-making, may raise ethical and legal
concerns, as noted by some participants. This concern was
further expanded by a participant living with dementia:

Depending on where the person is in their journey,
what if they just wanted to be alone for a few days
and then got this whole thing going on because
someone decided that they’ve disappeared. That’s a
legal issue for me. Like where in the journey it is
decided that someone...I don’t even know how to
explain that because like for me, it’s not uncommon
for me, I mean now I always tell somebody just
because that’s my life. I quite often go “Oh well I’m
going to take off and go here for a couple of days.”
[Person living with dementia 3, an experienced user
of GPS devices who had previously been lost]

Participants pointed out that individuals’ views on risk and
outlook on life may change as their dementia progresses. Hence,
it is crucial that the use of Community ASAP respects the
preferences of those living with dementia. In addition, there
might be a need to re-evaluate personal information disclosure
preferences as dementia progresses. A service provider
highlighted the importance of honoring the current wishes of
people living with dementia when using Community ASAP:

Somebody’s idea about what they consent to and what
they want when they’re first diagnosed might be
different than what they want later on, and what’s the
record of truth. Is that what they wanted when they
were in the real self before dementia, there is an
ethical issue there because you’re not honoring what
the person wants in the moment. [Service provider 3,
a service provider who worked directly with people
living with dementia providing education and
counseling]

Safety Versus Privacy
This theme highlights concerns related to the balance between
safety and privacy, acknowledging the diverse perspectives on
how to maintain this balance for missing persons. While
Community ASAP serves as a safety net, offering peace of mind
to people living with dementia and their care partners, it also
facilitates a sense of independence. However, some participants
expressed concerns about privacy when it comes to sharing their
personal information publicly. For many, safety was the tipping
point as finding the missing person alive and minimizing the
risks of harm is paramount. A care partner emphasized the
urgency of finding missing persons promptly, especially in
severe weather conditions in Canada:

I think that the tipping point is safety, and so that
might be it is 30 to 20 degrees Celsius outside. It’s
not as extreme situation as it is 30 or minus 25. So,
all of these things need to be taken into account. [Care
partner 2, a family member who cared for a person
living with dementia]

Privacy concerns are influenced by culture as cultural beliefs
play a key role in how individuals view privacy, particularly
regarding the disclosure of certain information to the public.

For instance, a Korean participant (care partner 3, a family
member of a person living with dementia who got lost) shared
cultural beliefs about having a “conservative background” and
keeping his father’s dementia diagnosis confidential within the
family and refraining from sharing it with outsiders.

There are concerns regarding the permanence of personal
information on the internet. Details such as a missing person’s
name, age, photo, and physical description shared with the
public might linger on the internet even after the person is
located. Some participants expressed unease about their personal
information being public posthumously.

Participants also emphasized the importance of only sharing
essential information, such as the person’s name, age, photo,
and physical description. While some information is necessary
for community members (volunteers) to identify a missing
individual, disclosing medical information (eg, cognitive
impairment) could heighten the risks of fraud, identity theft,
and abuse. One participant raised concerns about potential
exploitation of people living with dementia when using
Community ASAP:

The risk is that the volunteers would prey upon this
person if he/she is found and returned home, identified
to have dementia. They are already vulnerable to
scammers, to people who would be able to redirect
them and take advantage of them. [Service provider
1, a service provider who worked directly with people
living with dementia providing education and
counseling]

Some participants expressed that a dementia diagnosis could
make individuals vulnerable to exploitation regardless of
whether their personal information is shared via an alert system
such as Community ASAP. One participant (person living with
dementia 1) stressed the significance of not disclosing banking
details to the public:

You’re not going to give out any information
regarding bank accounts. If people want to take
advantage of you, they’re gonna do it anyways.

Stigmatization
This theme discusses concerns about how the use of Community
ASAP could lead to stigma for people living with dementia.
People living with dementia may experience stigma due to their
dementia diagnosis and assumptions about their abilities and
behaviors. People may assume that individuals living with
dementia do not have the capacity to make decisions for
themselves. Therefore, sharing personal information such as a
cognitive impairment or dementia diagnosis publicly could
heighten the existing risk of stigmatization for people living
with dementia. A police officer (first responder 3) with
experience with missing persons expressed the following:

The one thing we are always cognizant of in our media releases,
is our management and our upper management are always
cognizant of the...stigma.

A service provider also explained the stigma associated with
using alert systems:
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So, it’s such a stigma, it’s such a huge issue that
sometimes you might think that having an alert system
would be really useful for the community to know how
to interact or to keep their eye out for somebody with
dementia in the community. But is a stigma sort of
perpetuating. [Service provider 7, a service provider
who works directly with people living with dementia
providing education and counseling]

Participants pointed out that the public may not understand how
to approach people living with dementia or communicate with
them, hence the need to address dementia-related stigma and
misconceptions through public education and awareness
campaigns. It was also noted that service providers and first
responders should receive adequate training on recognizing,
communicating with, and responding to missing persons with
dementia. A service provider discussed the importance of using
nonstigmatizing language when interacting with missing persons
with dementia:

I think one of the issues we may see is how responsive
behaviors are presented. So, if there are triggers,
because I know it is important to communicate that
to the community, like you know do not touch this
person because they might respond in this way. How
can we train coordinators to use language that is
going to be non-stigmatizing but still express the
nature of that behavior. [Service provider 1, a service
provider who worked directly with people living with
dementia providing education and counseling]

Informed and Knowledgeable Consent
This theme focuses on concerns related to ensuring individuals’
informed and knowledgeable consent when using Community
ASAP. Participants highlighted the importance of people living
with dementia having the capacity to understand the implications
of an alert system, its objectives, and the reasons behind
collecting and sharing their personal data. They emphasized the
necessity of providing sufficient information about Community
ASAP to those living with dementia and respecting their
autonomy in decision-making. However, dementia can affect
an individual’s ability to process and understand information
adequately, leading to challenges in decision-making regarding
alert systems, which does not always align with a simple present
or absent perspective. This concern was elaborated on by a
service provider:

I think the idea of capacity and the ability to give
informed consent is not an on/off button. And to
always have that conversation as much as possible
to the extent that it is possible for you and whether
that’s through care partners. I think it’s really at the
heart of it, really enabling that person to have the
choice. But the challenge with that is that on one day
the person might say “yeah I’m completely fine with
it” and then the next day they’re like “ugh, I’m not
fine with it at all.” [Service provider 7, a service
provider who worked directly with people living with
dementia providing education and counseling]

For individuals with limited decision-making capacity, service
providers should seek consent from their proxies or substitute

decision makers (eg, relatives) and make decisions in their best
interests. Participants emphasized the importance of a respectful
decision-making process that considers the evolving wishes and
preferences of individuals with dementia as the condition
advances. A first responder discussed the significance of
informed consent and ensuring that decisions made on behalf
of an individual living with dementia align with their
preferences:

Informed consent is the only consent and that would
certainly help alleviate some problems down the road,
and I would think if the person can’t give consent,
because of their mental capacity, hopefully the
caregiver would have that Power of Attorney to be
able to make that decision for them, on their behalf.
What’s the end goal? The end goal is to try and help
that person the best you can, and if they are in a
position that is maybe not good for them, at least
hopefully we put enough checkmarks in place that
they’ll come out okay, and that’s what you have to
look at. [First responder 2, an experienced police
officer and search and rescue expert]

The need to involve people living with dementia in the
decision-making process regarding the use of Community ASAP
was discussed by participants. It was emphasized that involving
the person with dementia in decisions at an early stage is crucial
as dementia progression can greatly impact decision-making
capacity. Care partner 5, a family member of a person living
with dementia who had experience with locator devices,
expressed the following:

You need to be respectful and try to include their voice
as much as possible, knowing that cognitively that
could change at any time, and if it does...I would hope
that the person has the best interests for that
individual.

Discussion

Principal Findings
Our study aimed to identify the implications of public disclosure
of personal information in an alert system called Community
ASAP for people living with dementia who are at risk of going
missing. The implications were discussed under 4 key themes:
right to autonomy, safety versus privacy, stigmatization, and
informed and knowledgeable consent.

Community ASAP differs from public alert systems for missing
persons with dementia such as Silver Alerts. While Community
ASAP is a subscription-based, localized alert system that
provides real-time updates and geofencing features, Silver Alerts
can be government funded or community funded and use
large-scale channels such as highway signs and media to reach
a wider audience [3,6]. Given the limited research on
subscription-based, localized alert systems for missing persons
with dementia, our references drew primarily from studies on
Silver Alerts.

Participants raised concerns about respecting individuals’ right
to autonomy when using Community ASAP. The literature
emphasizes the importance of honoring the autonomy of people
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living with dementia in alert systems [17,32]. Autonomy, or
self-determination, is a fundamental human right tied to a
person’s capacity to assess options, weigh risks, communicate
choices, and act accordingly [33,34]. Unlike children requiring
guardianship, adults with dementia, even those with appointed
guardians, retain some decision-making capacity [33].

People living with dementia may go missing intentionally to
avoid disclosing their location or unintentionally due to
disorientation or difficulty recognizing familiar places [16,35].
Respecting the right to go missing intentionally is controversial
as risk is often viewed negatively and people living with
dementia are considered a vulnerable group needing protection
[36,37]. The use of technology to locate missing persons raises
ethical concerns about balancing autonomy and privacy with
safety [6,17,34]. For example, dementia-related wandering is
typically seen as “risky” due to potential harm, but it can also
represent autonomy and agency and even provide health benefits
as a form of exercise [38]. In care settings, health care providers
may monitor “wandering” due to ethical responsibilities and
potential litigation fears [39]. However, disclosing personal
information can violate a person’s autonomy [6]. It is crucial
to balance safety with respect for autonomy, necessitating open
discussions between people living with dementia and their care
partners or health care professionals [39]. These conversations
should focus on the person’s values, care preferences, and ways
to support their choices while living with risks.

The public disclosure of personal information in Community
ASAP also raises concerns about balancing safety and privacy.
While safety focuses on locating missing persons and
minimizing risks of harm, privacy emphasizes the right to
choose what information is shared with others [33]. Participants
expressed that disclosing details such as dementia diagnoses
could violate privacy rights. Similarly, Wasser and Fox [32]
found in their analysis of Silver Alerts that such systems can
unintentionally infringe on the privacy rights of individuals with
dementia. In addition, cultural beliefs influence perceptions of
dementia [40] and privacy as some cultures view such diagnoses
as private. Understanding these cultural factors is essential when
using alert systems while ensuring the privacy of people living
with dementia.

For most participants, the safety of missing persons outweighs
privacy rights. The literature shows that care partners often
prioritize safety over privacy concerns [15,16]. Alert systems
can serve as a safety net for people living with dementia,
providing comfort and independence while easing care partners’
worries. Balancing safety and privacy requires understanding
individual preferences and the perceptions of risk. Disclosure
of personal information may be necessary for safety, but
technology can also create a false sense of security if it fails
[8,16,33]. To reduce the risk of individuals going missing,
additional measures such as GPS devices and return home
interviews should be used alongside alert systems [8]. Informed
dialogue among people living with dementia, care partners, and
health care professionals is essential, along with effective
policies to address these concerns [6,16,33].

Public disclosure of personal information in Community ASAP
can contribute to the stigmatization and abuse of people living

with dementia. Stigma can lead to delays in seeking help,
exclusion from social activities, and reduced quality of life
[41,42]. Participants in this study emphasized the need for
dementia education and staff training to address stigma and
improve communication regarding missing persons. Community
education is also crucial to raise awareness about the risks
associated with alert systems [6,8]. Furthermore, a participatory
approach in the design, development, and evaluation of alert
systems is necessary [3].

People living with dementia are at heightened risk of abuse due
to their diagnosis [43,44]. Publicly sharing information such as
dementia diagnoses and home addresses can lead to financial
exploitation and other crimes. For example, the United States’
Silver Alert may broadcast home addresses, license plates, and
photographs of missing persons, unintentionally increasing risks
of victimization or identity theft [7,16,17]. It is vital to limit the
information shared in alert systems to what is necessary and
implement safety measures such as using general locations
instead of specific addresses and ensuring that sensitive data
are controlled and removed promptly [3].

Another concern regarding the public disclosure of personal
information in Community ASAP is informed and
knowledgeable consent. Consent is considered knowledgeable
if “the individual knows the purposes of the collection, use or
disclosure and knows that they have the right to give, withhold
or withdraw consent” [45]. Participants noted that people living
with dementia may face challenges in providing informed
consent for using alert systems, often due to assumptions about
their capacity [6,17]. While dementia can impact
decision-making capacity in some cases, individuals can still
make decisions with support from family, friends, or health care
professionals [33,46]. Assessment of decision-making capacity
can be difficult as dementia-related cognitive fluctuations affect
attention and memory [46,47]. A dementia diagnosis does not
automatically imply incapacity [46], and capacity assessments
should account for the person’s stage of dementia and be
conducted during moments when they are experiencing minimal
confusion [47]. Continuous consent should be sought as the
condition progresses, and early discussions are encouraged to
address future decision-making needs. For those requiring
substitute decision makers, involving them in decisions respects
autonomy and dignity. Regardless of dementia progression,
individuals should be included in conversations about their
health and the use of alert systems, ensuring that their voices
are considered in the design and implementation of these
technologies.

Strengths and Limitations
While there is research on public alert systems such as Silver
Alerts, little is known about the implications of public disclosure
of personal information in subscription-based, localized alert
systems. Our study addressed this gap by examining how
Community ASAP may infringe on the rights of people living
with dementia. Specifically, it highlights the need to understand
and address end users’ concerns about disclosure of personal
information, the right to autonomy, the balance between safety
and privacy, and informed and knowledgeable consent.
Including participants with lived and professional experience
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with dementia and technologies for managing risks of going
missing provided diverse perspectives on a topic with limited
existing research. The qualitative descriptive approach used in
this study enabled an in-depth exploration of concerns associated
with public disclosure of personal information in
subscription-based, localized alert systems.

Community ASAP and this study have limitations. The
subscription-based, localized design of Community ASAP and
the small participant sample size for each category limit its
generalizability. The subscription model may exclude
lower-income users and create a self-selection bias, whereas
the app’s reliance on a high density of community users may
reduce its effectiveness in underengaged or rural areas. These
factors may have influenced participant responses and
perspectives. To enhance broader applicability, addressing
barriers such as cost, accessibility, and adoption in diverse
communities would be essential in future research.

In addition, it was unclear how much experience participants
had with localized alert systems. Thus, the concept of the release
of personal information in such alert systems was hypothetical.
Participants’perspectives may differ with real-world experience,
and the abstract nature of the topic may have led to the
generation of data that are somewhat limited compared to those
that a more concrete topic would yield. Recruitment methods
also presented a limitation, potentially privileging certain voices.
Participants were predominantly White individuals, which does

not represent the demographics of Canada. In addition,
participants were recruited through the researchers’ networks,
likely including individuals who were more vocal, confident,
or willing to participate. This may have excluded
underrepresented perspectives such as those from ethnic
communities where alert systems might be viewed differently
or where stigma around dementia is more significant.

Conclusions
Localized alert systems such as Community ASAP differ from
existing Silver Alert programs that push alerts to the public
through the media. Instead, Community ASAP pushes alerts to
targeted community members who volunteer to be extra eyes
and ears on the lookout for missing persons with dementia. This
can promote community engagement in locating missing persons
with dementia. However, the public disclosure of personal
information in alert systems has significant implications. Such
disclosure can compromise an individual’s right to autonomy
and privacy and lead to stigmatization. The balance of privacy
rights with safety concerns presents a challenge. Informed and
knowledgeable consent should be a fundamental part of using
alert systems. Regardless of the stage of dementia, individuals
living with the condition have a right to be included in
conversations about their health, including the use of alert
systems. An understanding of these implications paves the way
to respecting the rights of people living with dementia at risk
of going missing and improving their safety and well-being.
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Abstract

Background: The rapid advancement of technology has made mobile health (mHealth) a promising tool to mitigate health
problems, particularly among older adults. Despite the numerous benefits of mHealth, assessing individual acceptance is required
to address the specific needs of older people and promote their intention to use mHealth.

Objective: This study aims to adapt and validate the senior technology acceptance model (STAM) questionnaire for assessing
mHealth acceptance in the Thai context.

Methods: In this cross-sectional study, we adapted the original, 38-item, English version of the STAM using a 10-point Likert
scale for mHealth acceptability among the Thai population. We translated the mHealth STAM into Thai using forward and
backward translation. A total of 15 older adults and experts completed the pilot questionnaire and were interviewed to assess its
validity. The pilot items of the Thai mHealth STAM were then reworded and revised for better comprehension and cross-cultural
compatibility. The construct validity of the Thai mHealth STAM was evaluated by a multidimensional approach, including
exploratory and confirmatory factor analysis and nonparametric item response theory analysis. Discriminative indices consisting
of sensitivity, specificity, and area under the receiver operating characteristic (AUROC) were used to determine appropriate
banding and discriminant validity for the intention to use mHealth. Internal consistency was assessed using Cronbach α and
McDonald ω coefficients.

Results: Out of the 1100 participants with a mean age of 62.3 (SD 8.8) years, 360 (32.7%) were adults aged 45-59 years, and
740 (67.3%) were older adults aged 60 years and older. Of the 40-item pilot questionnaire, exploratory factor analysis identified
22 items with factor loadings >0.4 across 7 principal components, explaining 91.45% of the variance. Confirmatory factor analysis
confirmed that 9-dimensional sets of 22 items had satisfactory fit indices (comparative fit index=0.976, Tucker-Lewis index=0.968,

root mean square error of approximation=0.043, standardized root mean squared residual=0.044, and R2 for each item>0.30).
The score banding D (low≤151, moderate 152-180, and high≥181) was preferred as the optimal 22-item Thai mHealth STAM
cutoff score based on the highest sensitivity of 89% (95% CI 86.1%-91.5%) and AUROC of 72.4% (95% CI 70%-74.8%) for
predicting the intention to use mHealth. The final Thai mHealth STAM, consisting of 22 items, exhibited remarkable internal
consistency, as evidenced by a Cronbach α of 0.88 (95% CI 0.87-0.89) and a McDonald ω of 0.85 (95% CI 0.83-0.87). For all
22 items, the corrected item-total correlations ranged between 0.26 and 0.71.
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Conclusions: The 22-item Thai mHealth STAM demonstrated satisfactory psychometric properties in both validity and reliability.
The questionnaire has the potential to serve as a practical questionnaire in assessing the acceptance and intention to use mHealth
among pre-older and older adults.

(JMIR Aging 2025;8:e60156)   doi:10.2196/60156

KEYWORDS

STAM; senior technology acceptance model; validity; reliability; mHealth; older adult; technology acceptance; mobile health;
app; transcultural adaptation; psychometric analysis; geriatrics; cross-sectional study; Thai; theory analysis; Cronbach α; McDonald
ω; quality of life; well-being; social media; telehealth; health informatics; eHealth; mobile phone

Introduction

As the global population ages, the integration of technology
into the lives of older adults becomes increasingly crucial for
enhancing their quality of life, independence, and well-being
[1]. An emerging technology that promotes healthy aging is
mobile health (mHealth). mHealth refers to medical and public
health services facilitated by mobile devices [2]. It can provide
individualized care plans for older adults to sustain functional
ability and enhance quality of life [3]. Examples of mHealth
innovations for older adults include supporting services for
age-friendly health and facilitating the establishment of
behavioral changes [3,4]. However, the adoption of technology,
for example, mHealth, among older adults remains a complex
and multifaceted issue, influenced by various factors such as
individual perception and experience, ease of use, technological
support, and sociocultural contexts [5,6]. To address this
challenge, numerous theoretical frameworks have been proposed
to understand and predict older adults’acceptance of technology.

Assessing technology acceptance is essential for the successful
implementation and use of mHealth technologies, as it directly
influences user engagement, health outcomes, and health care
delivery efficiency. Understanding acceptance helps developers
create user-friendly applications [7,8], improves health outcomes
through better adherence to interventions [9,10], and guides
implementation strategies to address barriers effectively [11,12].
It also informs policy makers and administrators, enabling
evidence-based decisions on mHealth investments [13,14].
Therefore, the lack of validated questionnaires for assessing
technology acceptance could lead to a limited understanding of
user needs and missed opportunities for improvement.
Addressing this gap by developing and validating robust
assessment is critical for maximizing the benefits of mHealth
technologies and ensuring their effective adoption across diverse
populations.

In the field of mHealth, various instruments and frameworks
have been developed to assess adoption, intention to use, and
acceptance. Established instruments like the Health Information
Technology Usability Evaluation Scale (Health-ITUES) [15,16],
System Usability Scale (SUS) [17,18], and mHealth App
Usability Questionnaire (MAUQ) [19,20] provided insights
focusing on user experiences and satisfaction. Broader
frameworks include the unified theory of acceptance and use
of technology (UTAUT) [21,22], which was extended to include
additional factors relevant to mHealth, such as trust and
perceived reliability, and was used in various studies to predict
mHealth acceptance; the Fit between Individuals, Tasks, and

Technology (FITT) Framework [23] is another, which was
introduced to measure acceptance in clinical environments,
emphasizing the alignment between user needs and technology
capabilities. Despite their usability, these instruments and
frameworks often lack specificity when addressing the unique
needs of older adults.

The senior technology acceptance model (STAM) [24] stands
out due to its tailored approach for older adults, which addresses
their unique challenges and enhances the relevance of mHealth
technologies for this population, making it more relevant than
general models like the technology acceptance model (TAM)
[25] or the UTAUT [26]. Furthermore, it emphasizes the role
of social influence and support, which are critical for older
adults who may rely on family and caregivers for technological
adoption and addressing common health conditions in older
adults, such as cognitive load and physical limitations.

The STAM was first proposed by Chen and Chan [24] in 2014
and has gained prominence for its focus on the unique needs
and characteristics of older adults. This model was developed
based on a study of 1012 older adults aged 55 years and older
in Hong Kong, and it specifically targets older adults as its
primary population of interest. The STAM integrates concepts
from established technology acceptance frameworks, such as
the TAM [25] and the UTAUT [26], tailored to address the
specific considerations of older adults and provides a thorough
framework for studying the factors that influence technological
adoption in this age group. The study indicated 8 dimensions
associated with technology acceptance in older adults, which
included gerontechnology self-efficacy, gerontechnology
anxiety, facilitating conditions, self-reported health conditions,
cognitive ability, social relationships, attitude toward life and
satisfaction, and physical functioning. Sociodemographic factors
such as age, gender, education, and economic status are taken
into account [24].

While the STAM has been used in different cultural contexts
in other Asian countries, including Hong Kong [24] and South
Korea [27], its applicability to the Thai population has not been
validated. Thailand, like many other countries, is experiencing
rapid population aging, emphasizing the urgency of
understanding and promoting health technology acceptance
among older adults [28]. However, cultural background, social
norms, and technological infrastructures specific to Thailand
may influence older adults’ perceptions and behaviors toward
technology differently than in other contexts. Therefore, this
study aimed to adapt, validate, and define the interpretation of
the STAM questionnaire for evaluating the acceptance and intent
to use mHealth in Thailand.
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Methods

Study Design and Study Population
The cross-sectional study was conducted from August 2022 to
July 2023 through a nationwide, web-based survey and a
community survey. Eligible criteria for the study were Thai
citizens aged 45 years and older on the date of the survey who
could read and communicate in the Thai language and had no
underlying conditions or diseases that limited their ability to
complete the survey or use mHealth apps (eg, dementia, active
psychological problems, or severe visual problems). The
web-based survey was disseminated through an assortment of
social media platforms, including the department websites,
Facebook, Line, Twitter (rebranded as X in 2023), and
Instagram. The information on community survey setting and
recruitment is described in the section below. For the survey
data collection, the respondents to both the web-based and
community surveys used the Research Electronic Data Capture
(REDCap; Vanderbilt University) survey platform to
self-complete the questionnaires. REDCap [21,22] is a secure,
web-based software platform designed to support data capture
for research studies, providing (1) an intuitive interface for
validated data capture, (2) audit trails for tracking data
manipulation and export procedures, (3) automated export
procedures for seamless data downloads to common statistical
packages, and (4) procedures for data integration and
interoperability with external sources. All study data were
collected and managed using REDCap tools hosted at the
Faculty of Medicine, Chiang Mai University. All respondents
provided their informed consent, which was included in the
screening questionnaire and study information sheet, before
participating in this survey. The study excluded incomplete
respondents or participants who spent less than 2 minutes or
more than 60 minutes on the survey. This study was reported
in accordance with COSMIN (Consensus-Based Standards for
the Selection of Health Status Measurement Instruments)

reporting guidelines for studies on measurement properties of
patient-reported outcome measures [29].

Community Survey Setting and Recruitment
The community survey was distributed by the investigator team,
consisting of medical students and health care personnel at
primary care units from 10 subdistricts in Chiang Mai province.
To identify eligible participants in the target area, officers from
the subdistrict primary care units reviewed periodic health
survey data for community-dwelling adults aged 45 years and
older. Subsequently, patients’ information was verified with
the health-promoting hospital databases to exclude individuals
with health conditions that impeded survey participation or
mHealth use as described above. The subdistrict primary health
care teams invited eligible individuals to participate in the study
through individual contact by community health care volunteers,
community radio announcements, and posters displayed at
primary care units.

Ethical Considerations
The ethical consideration of the human subject research was
approved by the Institutional Review Board of the Faculty of

Medicine, Chiang Mai University (COM-2565-09079). All
respondents provided their informed consent, as outlined in the
screening questionnaire and study information page, before
participating in this survey. For the web-based survey,
respondents remained anonymous, and no identification data
were recorded. In the case of the community survey,
identification data of eligible participants were used solely for
recruitment purposes within each target area and were not
recorded in either the survey form or the study database.
Participants received 100 Thai Baht (US $3) as compensation
for answering the questionnaires.

Translation and Adaptation of the Thai mHealth
STAM
The original, English, 38-item STAM is a 10-point Likert scale
consisting of 10 subscales and 38 items that capture the
acceptance of general technology use for the older adult
population. The total ranges from 38 to 380 points, with a higher
score indicating greater acceptance of technology. The validity
and reliability of 38-item STAM have been established on a
satisfactory scale in 1012 older adults aged 55 years and older
in Hong Kong [24]. The construct validity of the STAM was
also evaluated with the confirmatory factor analysis (CFA) and
revealed a satisfactory model fit with the proposed structure
(comparative fit index [CFI]=0.938, root mean square error of
approximation [RMSEA]=0.054, and standardized root mean
square residual [SRMR]=0.075). The reliability of each subscale
with Cronbach α coefficients ranged from 0.67 to 0.95.

Translation and adaptation of the Thai mHealth STAM was
performed in accordance with the second edition of the
International Test Commission (ITC) Guidelines for Translating
and Adapting Tests [30]. In accordance with the ITC
precondition guidelines, permission from the holder of the
intellectual property rights relating to the 38-item STAM was
obtained before performing any translation and adaptation of
the STAM. The forward and backward translation with an expert
reconciliation design was performed as recommended by the
ITC test development guidelines. Before beginning the forward
translation process, we decided to include a new subscale,
perceived barriers, in the Thai STAM version due to the findings
from the previous scoping review [31] on adopting mobile apps
for health-related interventions among older adults. It revealed
that barriers to adopting mHealth apps among older adults were
the most common topics identified in the included studies.
Insufficient technological skills, perceived lack of capability
and time, concerns regarding personal data privacy, and trust
in mHealth providers were the four items comprising the
perceived barriers subscale. Following the translation protocol,
the original, English, 38-item STAM was adapted to specify
mHealth apps in all items and then forward translated into Thai
by a professional translator to ensure accuracy for the target
audience. The expert panel, which included a digital health
expert (family physician and epidemiologist), 2 gerontology
physicians, and a public health expert in community medicine,
reviewed the forward translation of the Thai STAM
questionnaire to ensure readability and transcultural adaptation.
The backward translation was done by another professional
translator into English. Then, the expert panel reconciled the
backward translation version with the original STAM version.
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The investigator’s team resolved any discrepancies by reaching
a final consensus through discussions with the expert panel. To
ensure the face and content validity of the proposed
questionnaire, a literature review, an expert review, and public
interviews were incorporated into the adaptation of the Thai
mHealth STAM. In total, 15 older adults participated in this
phase to complete the pilot 40-item Thai STAM. Participants
were subsequently interviewed to assess the following: overall
questionnaire readability, clarity of instructions and
items/response options, comprehension of the questionnaire,
and other feedback on each item. Then, the pilot 40-item Thai
STAM was reworded and revised as recommended on input
from both participants and expert interviews. Finally, the pilot
40-item Thai mHealth STAM was given to a group of 40 older
adults to verify its reliability and scale usability.

Sample Size Estimation
The sample size was estimated based on three parameters, which
are as follows: (1) a stable structure for an exploratory factor
analysis (EFA) based on the rule of thumb, which is 10 cases
per question; (2) expected CFI for a CFA based on the structural
equation modeling; and (3) expected Cronbach α for the internal
consistency of the questionnaire. For the first parameter,
according to the rule of thumb, at least 440 respondents,
accounting for 10% of the dropout rate, were required for an
EFA. To achieve the expected CFI of 0.95 for a CFA, at least
459 respondents, accounting for 10% of the dropout rate, were
required based on an average factor loading of 0.60 and an
average factor correlation of .30 to ensure a .05 α (type I) error
and power of 90% [32]. For testing overall reliability, at least
146 total respondents were required based on expected Cronbach
α=0.80 (SD .05), a confidence level of 95%, and a dropout rate
of 10% [33]. All sample size estimation was performed by the
web-based sample size calculator [34]. Finally, the minimal
required sample size for this study was 920, which was divided
into 460 each for the EFA and CFA, respectively.

Statistical Analysis

Descriptive Analysis
All statistical analyses were conducted using Stata (version
17.0; StataCorp). A P value below .05 indicated statistical
significance. Categorical data were presented as frequency and
percentage, while continuous data were described using mean
(SD). Univariable analysis for comparison was performed as
appropriate. The Thai mHealth STAM item scores were
summarized with central estimations, measures of variability,
floor and ceiling effect, skewness, and kurtosis tests. The overall
psychometric properties of the Thai mHealth STAM were
evaluated for validity and reliability as follows:

Dimensionality
To explore and reduce the dimensionality of the proposed
questionnaire, an EFA was performed using a principal
component analysis (PCA). The selection of PCA over common
factor analysis was based on its ability to enhance parsimony
and aid in the selection of factors for CFA [35]. Communalities
were initially evaluated, and then orthogonal rotation with the
varimax criteria and oblique rotation with promax criteria of
the component was conducted. The Kaiser-Meyer-Olkin (KMO)

measure and the Bartlett test of sphericity were conducted to
verify the appropriateness of using factor analysis. A KMO
value greater than 0.8 [36] and a Bartlett test with a P value less
than .05 [37] are suggested for assessing sample adequacy and
the suitability of the data for factor analysis, respectively.
Eigenvalues greater than 1, the cumulative percentage of
variance, and the scree plot with the number of factors that
explained more than 5% of the variance were used to determine
the number of factors to be retained [38,39]. A parallel study
was conducted to validate the optimal threshold for the number
of included factors [40]. Then, we used the following criteria
to evaluate the adequacy of the EFA results. First, each should
be saliently loaded with at least three items to ensure reliability
and stability. In case a factor contains only 2 items, the expert
panel consensus will be reached to ensure that the factor is
meaningful based on the context and theoretical basis. Second,
each item should load saliently on only 1 factor without complex
or cross-loadings. Third, each factor should demonstrate internal
consistency reliability ≥0.70. Fourth, all factors should be
theoretically meaningful [35,41,42].

Construct Validity
For a CFA, structural equation modeling using a maximum
likelihood estimation was performed to assure the factor
structure based on the exploratory factor, as described
previously. To determine the appropriateness of the proposed
model, the specific fit indices were evaluated as follows:
RMSEA<0.100, SRMR<0.100, CFI>0.900, and Tucker-Lewis
Index (TLI)>0.900 [43-45]. To establish acceptance of the final
structure of the final model, the coefficient of determination

(R2) and item-scale correlation (standardized factor loading)
should be at least 0.30 and 0.40, respectively. Finally, a
nonparametric item response theory (IRT) analysis was done
to confirm that the final Thai mHealth STAM had the
unidimensional set for the relationship between the latent trait
and the responses to the items [46]. The IRT analysis was
assessed based on fundamental assumptions, including
unidimensionality, local independence, and monotonicity.

Loevinger H coefficients (Hs) less than 0.3, between 0.3 and
0.4, and greater than 0.4, as determined by the item traces,
correspond to poor, medium, and strong scalability properties,
respectively. The monotonicity assumption criterion was
determined by a critical value of less than 80.

Discriminant Validity
To determine the discriminant validity of the final questionnaire,
the intention to use mHealth, as indicated in the external
question, “If there are available mHealth applications for you,
do you want to use them? (yes/no),” was used as the
anchor-based question. The discriminative indices, including
sensitivity, specificity, and area under the receiver operating
characteristic (AUROC), were used with the intention of
determining the appropriate cutoff scores. The 6 proposed
bandings for the Thai mHealth STAM scores are categorized
into low, moderate, and high acceptance based on score tertiles.
Associations between these bandings and the intention to use
mHealth are presented by adjusted odds ratios (aORs) with 95%
CI from a multivariable logistic regression adjusted for potential
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confounders such as age, gender, education, income, and living
alone.

Reliability
To estimate the correlation statistics for reliability, 95% CI
using 1000 bootstrap resampling was presented alongside the
reported correlation statistics. An internal consistency consisting
of Cronbach α and McDonald ω coefficients was calculated for
each item of the final questionnaire, as well as the entirety of
the final questionnaire, to determine internal consistency,
reliability, and the degree to which every item on a scale
measures the same construct. The values of at least .70 indicated
acceptable reliability of the questionnaire [47]. In addition, the
item-total correlations and the corrected item-total correlations
between .20 and .80 were considerably acceptable. A subgroup
analysis of adults aged 45-59 years and adults aged 60 years
and older was also performed, recognizing the importance of
understanding the unique health needs and challenges faced by
both current older populations and those who will age into this
group in the future.

Results

Findings From the Translation and Adaptation of the
Thai mHealth STAM
After reviewing the forward translation, the panel of experts
decided to remove 2 items from the gerontechnology
self-efficacy subscale, as they were redundant with the
facilitating condition (FC) subscale (FC1 and FC2). Independent

back-translation provided an additional check of the semantic
equivalence of the translation. A total of 4 items, including PU2,
PEOU2, P4, and P8, were modified based on the backward
translation. For face and content validity, we conducted
interviews with 15 older adults similar to the target population.
Based on participants’ feedback, 4 items (FC1, FC2, C4, and
P2) were slightly modified for clarity. In addition, 2 gerontology
experts suggested rephrasing 2 items (A1 and A2) regarding
attitude to aging and life satisfaction due to the sensitive
wording. Finally, the 40-item Thai mHealth STAM in the pilot
group of 40 older adults indicated acceptable internal
consistency (Cronbach α =0.91). The details of the full 40 items
(10 dimensions) of the Thai mHealth STAM are presented in
Table S1 in Multimedia Appendix 1.

Participant Characteristics
From the total of 1100 participants, the mean age was 62.3 (SD
8.8) years. The majority of participants were female (776/1100,
70.5%). Among the 1100 participants, 360 (32.7%) were adults
aged 45-59 years, and 740 (67.3%) were older adults aged 60
years and older. Statistically significant differences in the
characteristics between adults and older adults were observed
in marital status (P=.003), education levels (P<.001), income
(P<.001), underlying diseases (P<.001), and technology
experience (P<.001). The characteristics of the participants of
the study population are presented in Table 1. The derived data
were randomly divided in a 1:1 ratio into 2 datasets in
preparation for the EFA and CFA. The characteristics of the
participants involved in the EFA and CFA are described in
Table S2 in Multimedia Appendix 1.
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Table 1. Participant characteristics of the study population.

P valueOlder adults (n=740)Adults (n=360)Total (N=1100)Characteristics

<.00167 (5.5)52.4 (5.5)62.3 (8.8)Age (year), mean (SD)

.32225 (30.4)99 (27.5)324 (29.5)Male, n (%)

.003Marital status, n (%)

53 (7.2)43 (11.9)96 (8.7)Single

497 (67.2)250 (69.4)747 (67.9)Married

190 (25.7)67 (18.6)257 (23.4)Separated, divorced, or widowed

<.001Education levels, n (%)

17 (2.3)1 (0.3)18 (1.6)No education

565 (76.4)160 (44.4)725 (65.9)Primary school

47 (6.4)50 (13.9)97 (8.8)Secondary school

63 (8.5)99 (27.5)162 (14.7)High school and vocational training

5 (0.7)6 (1.7)11 (1)Pre-university

38 (5.1)41 (11.4)79 (7.2)Bachelor’s degree

5 (0.7)3 (0.8)8 (0.7)Master’s degree

Income (THBa), n (%)

<.001673 (90.9)275 (76.4)948 (86.2)<10,000

59 (8)79 (21.9)138 (12.5)10,001-30,000

8 (1.1)6 (1.7)14 (1.3)>30,001

.91Living status, n (%)

74 (10)34 (9.4)108 (9.8)Alone

663 (89.6)325 (90.3)988 (89.8)With family

3 (0.4)1 (0.3)4 (0.4)With others

.49Living area, n (%)

142 (19.2)78 (21.7)220 (20)Urban

261 (35.3)116 (32.2)377 (34.3)Sub-urban

337 (45.5)166 (46.1)503 (45.7)Rural

<.001537 (72.6)189 (52.5)726 (66)Had any underlying disease, n (%)

<.001380 (51.4)115 (31.9)495 (45)Hypertension, n (%)

<.001288 (38.9)87 (24.2)375 (34.1)Dyslipidemia, n (%)

.37129 (17.4)55 (15.3)184 (16.7)Diabetes mellitus, n (%)

.1814 (1.9)3 (0.8)17 (1.5)Chronic kidney disease, n (%)

.32404 (54.6)208 (57.8)612 (55.6)Vision problems, n (%)

.13255 (63.1)144 (69.2)399 (65.2)Wore glasses or contact lens, n (%)

<.001105 (14.2)15 (4.2)120 (10.9)Hearing problems, n (%)

.444 (3.8)0 (0)4 (3.3)Used hearing aids, n (%)

<.001541 (73.1)332 (92.2)873 (79.4)Had experience using a smartphone or tablet, n (%)

<.001526 (71.1)317 (88.1)843 (76.6)Had own smartphone, n (%)

.0098 (1.1)12 (3.3)20 (1.8)Had own tablet, n (%)

<.001461 (62.3)323 (89.7)784 (71.3)Had experience using the internet, n (%)

<.001234 (43.3)205 (61.7)439 (50.3)Had experience in using mHealthb apps, n (%)

<.001317 (42.8)220 (61.1)537 (48.8)Intention to use mHealth apps, n (%)
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aTHB 1=US $0.0296195.
bmHealth: mobile health.

Dimensionality
According to the item analysis, we excluded 6 items from the
physical function subscale (P2, P3, P4, P5, P7, and P8) due to
a floor effect or ceiling effect of >80% (Table S3 in Multimedia
Appendix 1). An EFA was conducted using PCA with 34
remaining items. The Bartlett test of sphericity obtained P<.001,
indicating that the correlation matrix was not random [37]. The
KMO statistic was 0.875, well above the minimum standard for
conducting factor analysis [36]. Therefore, we determined that
the input data were appropriate for EFA. Subsequently, the
rotation of principal components was performed using both
orthogonal rotation (varimax) and oblique rotation (promax) in
an attempt to achieve a simple structure. Given the fact that an
oblique rotation is generally recommended by measurement
specialists to facilitate the emergence of factor intercorrelations
[48-50], almost all social sciences measurements exhibit some
degree of correlation [51]. In addition, the correlation matrix
for the factors with oblique (promax) rotation indicated that the
highest correlation was 0.445 (Table S3 in Multimedia Appendix
1); we thereby determined that the factors were correlated, and
hence, oblique rotation was an appropriate approach. The results

of parallel analysis (Table S4 in Multimedia Appendix 1) and
PCA with or without oblique (promax) rotation all recommended
the retention of 7 factors. According to the previous criteria,
2-item factors were identified, including factor 4 (PBR1 and
PBR2) and factor 6 (S1 and S2). The internal consistency of
seven factors demonstrated Cronbach α of 0.884 with 95% CI
(0.875-0.894), which met acceptable thresholds. Within the
context and theoretical framework of the STAM [24] and the
UTAUT [11,21,26,52], social factors significantly influence
behavioral intentions to use technology, particularly in the use
of mHealth. Perceived barriers also play a role in determining
intentions to use mHealth, as demonstrated by the
aforementioned scoping review [31]. The inclusion of factor 4
and factor 6, which represented perceived barriers and social
relationships, was considered appropriate. Based on the priori
criteria and consensus of the panel experts, the EFA identified
22 candidate items (ATT1, ATT2, PU1, PU2, PU3, PEOU1,
PEOU2, PB1, PB2, ANX1, ANX2, FC2, FC4, FC5, H1, H2,
H5, C2, C3, C4, S1, and S2) with factor loadings greater than
0.4 that encompassed the 7 factors. The final EFA result is
presented in Table 2.
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Table 2. Exploratory factor analysis of the final 22-item Thai mobile health (mHealth) senior technology acceptance model (STAM).

Communality valueFactor loadingsaItems

Factor 7Factor 6Factor 5Factor 4Factor 3Factor 2Factor 1

0.8240.0600.0570.0400.0270.0570.0960.639bATT1

0.8220.0570.0710.0580.0360.0600.0590.631bATT2

0.8250.0320.0400.0530.0650.0300.0610.899bPU1

0.8780.0990.0540.0360.0810.0270.0310.921bPU2

0.8730.0720.0560.0460.0790.0150.0460.919bPU3

0.6770.1750.0070.0550.2980.0740.1880.473bPEOU1

0.7460.1750.0190.0800.2810.1080.1690.513bPEOU2

0.7950.0380.0000.0250.854b0.0710.2030.115PBR1

0.8110.0690.0090.0180.855b0.0610.2000.141PBR2

0.8060.0320.003–0.0170.1200.0250.880b0.031PBR3

0.8310.0580.023–0.0160.1090.0120.894b0.073PBR4

0.7340.0440.0190.0150.1830.0610.720b0.130ANX1

0.6880.0550.0310.0300.2310.0810.643b0.107ANX2

0.4860.579b0.0540.0340.1030.0320.0880.324FC2

0.6060.449b–0.0090.0640.2370.1470.1710.380FC4

0.5040.563b0.0790.0320.1240.0200.2010.330FC5

0.5730.0170.1000.723b0.0070.172–0.0200.074H1

0.5560.0090.0970.713b0.0420.129–0.0090.092H2

0.4980.0720.1120.505b0.0980.297–0.0370.127H5

0.4970.0260.0660.2210.0810.614b0.0400.009C1

0.5820.0730.1170.1770.1640.611b0.0860.163C2

0.5470.0240.1290.1440.0670.693b0.0540.019C3

0.4970.0240.2370.1060.0680.624b0.0650.043C4

0.5480.0240.669b0.1470.0210.2260.0400.126S1

0.5320.0400.678b0.116–0.0120.1620.0340.142S2

—c6.837.3210.7611.7712.3715.9926.41% of varianceb

—91.4584.6077.3066.5454.7742.4026.41Cumulative % of

varianceb

aThe extraction method was principal component analysis, with the rotation method by oblique, promax rotation.
bItems load on the assigned factor loadings >0.4 are highlighted.
cNot applicable.

Construct Validity
From the EFA, the 22 items of the 7-factor Thai mHealth STAM
explained 91.45% of the variance. The unidimensionality of
each factor (subscale) and the overall models were assessed by
analyzing modification indices in the CFA. Of the 7 factors
from the EFA, the CFA of each factor (subscale) showed that

only 5 factors, consisting of cognitive ability (C2, C3, C4),
perceived barriers (PB1 and PB2), facilitating conditions (FC2,
FC4, and FC5), self-reported health conditions (H1, H2, and
H5), and social relationships (S1 and S2), showed satisfactory
information criteria indices of the CFA, as presented Table 3.
Factor 1, which included items from the attitude toward using
(ATT1 and ATT2), perceived usefulness (PU1, PU2, and PU3),
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and perceived ease of use (PEOU1 and PEOU2), did not meet
the CFA criteria due to over-factoring issues (Table S5 in
Multimedia Appendix 1). Factor 2, combining perceived barriers
(PB3 and PB4) and gerontechnology anxiety (ANX1 and
ANX2), was unfit according to CFA criteria, with a low CFI
(0.799), low TLI (0.698), and high RMSEA (0.306, 90% CI
0.293-0.319). Attempts to combine subscales also did not meet
CFA criteria (Table S5 in Multimedia Appendix 1). However,
when items were separated as in the original STAM, including
attitude toward using (ATT1 and ATT2), perceived usefulness
(PU1, PU2, and PU3), perceived ease of use (PEOU1 and
PEOU2), and gerontechnology anxiety (ANX1 and ANX2),
these separated factors showed a good fit with CFA criteria
(Table S5 in Multimedia Appendix 1). Out of the 9 factors from
the single latent factor analysis, 5 were 2-item factors. These
were kept in the final CFA model because 3 factors (attitude
toward using, perceived ease of use, and gerontechnology
anxiety) were originally designed as 2-item factors, similar to
the original STAM. The perceived barriers and social
relationships were also retained because of their contextual
relevance, as described above. Finally, the CFA confirmed

9-dimensional sets of 22 items with satisfactory fit indices, as
shown in Table 3. The details of the CFAs of evaluated and
reevaluated models are described in Table S4 in Multimedia
Appendix 1.

A nonparametric IRT analysis also affirmed the
unidimensionality, local independence, and monotonicity of the
22-item model with 8 factors (Table S6 in Multimedia Appendix
1). For the scalability, all 22 items of the Thai mHealth STAM

had Hs coefficients over 0.4, which indicates medium to strong
scalability properties (Table S6 in Multimedia Appendix 1).
The correlation among the final 22-item Thai mHealth STAM
subscales ranged from 0.040 to 0.685 (Table S7 in Multimedia
Appendix 1). The final 22-item Thai mHealth STAM questions,
along with the English version and modeling indices, are
described in Table 4.

Each item is scored on a 10-point Likert scale from 1 (very
unsatisfied or strongly disagree) to 10 (very satisfied or strongly
agree), with reverse scaling for perceived barriers and
gerontechnology anxiety.

Table 3. Confirmatory factor analysis of the final Thai mobile health (mHealth) senior technology acceptance model (STAM).

Model fitThreshold for acceptable fitNumber of itemsFactor

R2 (>0.30)SRMRd (<0.10)RMSEAc (<0.10 [90%
CI])

TLIb

(>0.90)
CFIa

(>0.90)

AcceptableAll >0.30<0.001<0.001 (<0.001 to
<0.001)

1.0001.0002 items (ATT1 and
ATT2)

Attitude toward using

AcceptableAll >0.30<0.001<0.001 (<0.001 to
<0.001

1.0001.0003 items (PU1, PU2, and
PU3)

Perceived of benefits

AcceptableAll >0.30<0.001<0.001 (<0.001 to
<0.001)

1.0001.0002 items (PEOU1 and
PEOU2)

Perceived ease of use

AcceptableAll >0.30<0.001<0.001 (<0.001 to
<0.001)

1.0001.0002 items (PB1 and PB2)Perceived of barriers

AcceptableAll >0.30<0.001<0.001 (<0.001 to
<0.001)

1.0001.0002 items (ANX1 and
ANX2)

Gerontechnology anxi-
ety

AcceptableAll >0.30<0.001<0.001 (<0.001 to
<0.001)

1.0001.0003 items (FC2, FC4, and
FC5)

Facilitating conditions

AcceptableAll >0.30<0.001<0.001 (<0.001 to
<0.001)

1.0001.0003 items (H1, H2, and
H5)

Self-reported health
conditions

AcceptableAll >0.30<0.001<0.001 (<0.001 to
<0.001)

1.0001.0003 items (C2, C3, and
C4)

Cognitive ability

AcceptableAll >0.30<0.001<0.001 (<0.001 to
<0.001)

1.0001.0002 items (S1 and S2)Social relationships

AcceptableAll >0.300.0440.043 (0.039 to 0.047)0.9680.97622 itemsFinal Thai mHealth
STAM 9-dimensional
model

aCFI: comparative-fit index.
bTLI: Tucker-Lewis Index.
cRMSEA: root mean square error of approximation.
dSRMR: standardized root mean squared residual.
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Table 4. The final 22-item Thai mobile health (mHealth) senior technology acceptance model (STAM).

R 2Standardized factor
loading (95% CI)

KurtosisSkewnessFloor,
%

Ceiling,
%

Mean
(SD)

Items and questions

Attitude toward use

0.8750.94 (0.92-0.95)3.45–1.112.5048.458.18
(2.30)

Using mobile health applications is a
good idea.

ATT1

0.8620.93 (0.91-0.95)2.250.343.1145.858.02
(2.39)

You like the idea of using mobile health
applications.

ATT2

Perceived usefulness

0.8310.91 (0.90-0.92)2.93–0.924.0940.917.66
(2.59)

Using mobile health applications would
enhance your effectiveness in life.

PU1

0.8970.94 (0.93-0.95)2.93–0.954.0943.087.72
(2.61)

Using mobile health applications would
make your life more convenient.

PU2

0.8910.94 (0.93-0.95)3.03–1.033.9245.427.82
(2.62)

You would find mobile health applica-
tions useful in your life.

PU3

Perceived ease of use

0.6930.83 (0.81-0.86)1.76–0.3411.64286.37
(3.18)

You would find mobile health applica-
tions are easy to use.

PEOU1

0.8030.89 (0.87-0.92)2.10–0.629346.93
(3.06)

You could be skillful at using mobile
health applications.

PEOU2

Gerontechnology anxiety

0.7990.89 (0.86-0.92)1.70–0.0913.223.565.89
(3.16)

You feel apprehensive about using mo-
bile health applications.

ANX1

0.9180.95 (0.93-0.98)1.75–0.3813.9220.665.77
(3.11)

You hesitate to use the technology for
fear of making mistakes you cannot cor-
rect.

ANX2

Perceived barriers

0.7040.89 (0.86-0.92)1.790.3421.4213.274.81
(3.14)

You need to put in a lot of effort to use
mobile health applications?

PB1

0.8190.96 (0.93-0.98)1.700.2620.3514.785.00
(3.19)

You need to spend a lot of time to use
mobile health applications?

PB2

Facilitating conditions

0.4070.63 (0.59-0.68)2.57–0.9610.0644.797.45
(3.09)

A specific person (or group) is available
for assistance with difficulties using
mobile health applications.

FC2

0.6310.79 (0.76-0.83)2.38–0.757.8336.927.20
(2.93)

When you want or need to use mobile
health applications, they are accessible
to you.

FC4

0.4610.68 (0.64-0.72)1.83–0.5514.0436.626.72
(3.33)

Your family and friends think/support
that you should use mobile health appli-
cations.

FC5

Self-reported health conditions

0.6510.80 (0.77-0.84)2.79–0.520.2721.787.73
(1.75)

How are your general health conditions?H1

0.5950.77 (0.73-0.81)2.54–0.690.1833.697.91
(2.03)

How are your health conditions com-
pared with the same-age groups?

H2

0.3700.61 (0.56-0.65)4.24–1.370.3652.858.56
(1.96)

How well are you able to move around?H5

Cognitive ability

0.4320.65 (0.61-0.70)3.27–0.981.1638.387.89
(2.25)

How satisfied are you with your ability
to learn new information?

C2

0.5630.75 (0.71-0.79)4.96–1.510.1854.238.75
(1.72)

How well are you able to concentrate?C3
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R 2Standardized factor
loading (95% CI)

KurtosisSkewnessFloor,
%

Ceiling,
%

Mean
(SD)

Items and questions

0.5780.76 (0.72-0.80)4.64–1.480.0958.158.91
(1.58)

How satisfied are you with your ability
to make decisions?

C4

Social relationships

0.7120.84 (0.80-0.89)8.95–2.360.0970.999.34
(1.29)

How satisfied are you with your personal
relationships?

S1

0.5680.75 (0.71-0.80)10.47–2.590.0974.019.39
(1.27)

How satisfied are you with the support
you get from your friends and family?

S2

0.999—————a164.16
(30.55)

Overall (possible range 22-220)

aNot applicable.

Discriminant Validity
Considering the absence of a reference standard, it is
theoretically reasonable that more participants with higher
STAM scores will result in greater acceptance and adoption of
technology. The discriminative indices, including sensitivity,
specificity, and AUROC, were used to determine the cutoff
scores for the proposed questionnaire, considering the intention
to use mHealth from the external question. The 6 proposed sets
of the final 22-item Thai mHealth STAM bands were classified
into low, moderate, and high acceptance, as presented in Table
5. The set D of the possible banding was preferred as the optimal
22-item Thai mHealth STAM cutoff score based on the highest
sensitivity of 89% (95% CI 86.1%-91.5%) and AUROC of

72.4% (95% CI 70%-74.8%). This finding also confirmed the
discrimination performance of the 22-item Thai mHealth STAM
in identifying persons with and without the intention to use
mHealth. For set D, low, moderate, and high scores are defined
as ≤151, 152-180, and ≥181, respectively. In addition, we
conducted a subgroup analysis based on age groups: pre-older
adults (aged 45-59 years) and older adults (aged 60 years and
older). The result revealed that the set D banding had robust
discriminant validity in older adults (AUROC 73%, 95% CI
70%-76%), but the discriminant validity decreased in the
pre-older adult group (AUROC 67.7%, 95% CI 63.3%-71.9%).
The discriminant validity of the 22-item Thai mHealth STAM
by the subpopulation cohorts is shown in Table S8 in
Multimedia Appendix 1.
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Table 5. Proposed sets of the final 22-item Thai mobile health (mHealth) senior technology acceptance model (STAM) bands.

Discriminant validity (intention to use mHealth)Possible bandingsa

AUROCc (95% CI)Specificity (95% CI)Sensitivity (95% CI)aORb (95% CI)ScoreSet and band

Set A

RefRefRefRefd≤121Low

57.3 (55.6-58.8)16.0 (13.1-19.3)98.5 (97.1-99.4)2.69e (1.21-5.95)122-150Moderate

71.2 (68.8-73.7)53.5 (49.2-57.6)89.0 (86.1-91.5)15.53e (7.31-5.95)≥151High

Set B

RefRefRefRef≤131Low

61.7 (59.7-63.6)26.1 (22.5-29.9)97.2 (95.4-98.4)4.37e (2.42-7.88)132- 160Moderate

71.4 (68.8-74.1)64.8 (60.7-68.8)78.0 (74.3-81.5)15.53e (8.75-27.52)≥161High

Set C

RefRefRefRef≤141Low

67.3 (65.0-69.5)40.9 (36.8-45.0)93.7 (91.3-95.6)4.33e (2.82-6.66)142- 170Moderate

71.0 (68.3-73.6)75.8 (72.1-79.3)66.1 (61.9- 70.1)13.18e (8.-20.26)≥171High

Set D

RefRefRefRef≤151Low

72.4 (70.0-74.8)55.8 (51.6-59.9)89.0 (86.1-91.5)5.73e (4.01–8.19)152-180Moderate

67.3 (64.7-69.9)84.7 (81.5–87.6)49.9 (45.6-54.2)12.49e (8.45-18.47)≥181High

Set E

RefRefRefRef≤161Low

71.1 (68.5-73.4)65.5 (61.5-69.5)76.7 (72.9-80.2)3.55e (2.62-4.83)162-190Moderate

64.2 (61.8-66.6)90.9 (88.3-93.2)37.4 (33.3-41.7)8.46e (5.74-12.47)≥191High

Set F

RefRefRefRef≤171Low

71.1 (68.4-73.8)77.1 (73.4-80.5)65.2 (61.0-69.2)4.24e (3.14-5.74)172-200Moderate

58.7 (56.7-60.6)95.6 (93.5-97.1)21.8 (18.4-25.5)7.59e (4.68-12.29)≥201High

aThe final 22-item Thai mHealth STAM is highlighted.
baOR: adjusted odds ratio.
cAUROC: area under receiver operating characteristic curve.
dRef: reference.
eAll reported aORs were statistically significant with P value<.05. aORs were estimated using a multivariable logistic regression with adjustment for
age, gender, education levels (no, primary, secondary, and university education), income levels (low: <10,000 baht, moderate: 10,000-30,000 baht, and
high: >30,000 bath), and living alone.

Scale Reliability
Out of 1100 overall participants, the final 22-item Thai mHealth
STAM demonstrated an excellent internal consistency in both
the Cronbach α (0.88, 95% CI 0.87-0.89) and the McDonald ω
coefficients (0.85, 95% CI 0.83-0.87), as shown in Table 6. By
subpopulation, the Cronbach α and the McDonald ω coefficients

were 0.88 (95% CI 0.86-0.90) and 0.84 (95% CI 0.81- 0.89) for
adults aged 45-59 years and 0.88 (95% CI 0.86- 0.89) and 0.83
(95% CI 0.81-0.86) for older adults. All 22 items revealed the
corrected item-total correlations ranging from 0.26 to 0.71,
achieving a level of acceptance between 0.20 and 0.80 (Table
6).
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Table 6. Reliability of the final 22-Item Thai mobile health (mHealth) senior technology acceptance model (STAM).

McDonald ωCronbach αAverage interitem
correlation

Corrected item-total cor-
relations

Item-total correla-
tions

nItems

0.8790.8771.6820.6050.6521158ATT1

0.8790.8771.6750.6030.6521156ATT2

0.8780.8751.6450.6340.6841149PU1

0.8760.8741.6310.6730.7201149PU2

0.8770.8741.6320.6670.7131147PU3

0.8780.8731.5850.6640.7211143PEOU1

0.8760.8711.5750.7130.7611144PEOU2

0.8850.8811.6820.4310.5141130PB1

0.8840.8801.6660.4620.5431130PB2

0.8860.8831.7010.3850.4721129ANX1

0.8860.8831.6980.3960.4811128ANX2

0.8840.8801.6710.4690.5461123FC2

0.8790.8741.6130.6490.7031124FC4

0.8830.8791.6400.5070.5861125FC5

0.8880.8851.8050.2630.3161125H1

0.8870.8841.7900.2810.3421125H2

0.8860.8831.7750.3440.4011124H5

0.8830.8801.7250.4650.5221123C2

0.8870.8841.8000.2880.3401123C3

0.8860.8831.7990.3200.3661123C4

0.8860.8841.8140.3050.3431117S1

0.8870.8841.8170.2910.3291116S2

0.85 (0.83-
0.87)

0.884 (0.875-
0.894)

1.701———aTest scale, Cronbach
α (95% CI)

aNot applicable.

Discussion

Principal Findings
The study aimed to adapt and validate the STAM questionnaire
for assessing mHealth technology acceptance among pre-older
and older populations regarding the use of health support. The
results confirmed the scale’s factor structure, supported an
8-factor model with 22 items, and showed good discriminant
validity in predicting mHealth intention. The optimal version
was a 22-item Thai mHealth STAM using the scoring cutoff
(≥152). Subgroup analysis indicated no significant difference
in discriminant validity between pre-older and older adults. The
scale demonstrated strong internal consistency and stability,
with reliability confirmed by Cronbach α and McDonald ω
coefficients. This adapted 22-item version is more relevant for
assessing mHealth intention among older adults and is suitable
for public surveys and routine practice, which take less than 15
minutes to complete.

Our findings are consistent with the previous study conducted
by the owner of the original STAM [53], which was
subsequently developed into a brief form to save administration

time and reduce the burden on respondents. The 14-item brief
version of the STAM questionnaire consisted of a 4-factor
structure: attitudinal beliefs, control beliefs, gerontechnology
anxiety, and health. These findings are consistent with ours,
reflecting the original STAM model constructs and the
age-related health characteristics of older adults. We observed
a decrease in discriminant validity within the pre-older adult
group, indicating a need for additional factors to explain their
behavioral intentions. For example, older adults with different
genders, education levels, income, marital status, and ethnicity
may have different intentions and purposes to use mHealth for
their health [54].

Strengths and Limitations
On the strength side, this is the first Thai version of the STAM
questionnaire suitable for evaluating technology acceptance in
Thai older adults. The 22-item Thai STAM version demonstrates
structural balance, reliability, and validity in assessing
technology acceptance among older individuals. The evaluation
process is time-efficient. In addition, this tool can be used with
both pre-older adults and older adults to prepare them for
engaging with technology in their future lives. Furthermore, the
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evaluation takes into account the influence of Thai cultural
norms on the adoption and acceptance of mHealth.

However, there are some limitations to consider. Although the
psychometric properties of the 22-item Thai mHealth STAM
are satisfied through transcultural adaptation in terms of validity
and reliability in both the pre-older and older populations, this
scale can be applied for use in a broad. However, our study
participants may not be representative of the overall Thai
pre-older and older populations, as almost all of the participants
lived in the northern part of Thailand, particularly in Chiang
Mai province. In order to address this concern, future studies,
including those based on different regions of Thailand and other
specific populations (eg, teenagers, vulnerable groups,
minorities, and specific groups of patients) that could potentially
derive advantages from mHealth usage, are recommended to
expand the generalizability and usability of this scale. Finally,
the 22-item Thai mHealth STAM was evaluated based on the
board’s definition of mHealth. It is possible that the proposed
questionnaire may not be compatible with all of the existing
mHealth technologies due to the diverse range of mHealth
technologies in health care. The patient’s choice may vary
depending on several factors, such as health care providers,
types of services, or the specific application. Hence, we suggest
using this questionnaire to assess their acceptance and intention
to use it in conjunction with the designated mHealth technology.

Practical Implications of the 22-Item Thai mHealth
STAM
The 22-item Thai mHealth STAM offers a practical assessment
of patients’ acceptability—a crucial factor often overlooked, as
evidenced by a recent systematic review of technology
acceptability in health care, which revealed that only 10%
(142/1219) of the reviewed studies examined patient acceptance

[55]. This publicly available questionnaire has the potential to
support health care professionals, policy makers, and developers
in making informed decisions [56,57], particularly regarding
the adoption and acceptance of mHealth within Thai cultural
norms. This questionnaire can be incorporated into the research
and development (R&D) processes of mHealth and used as a
questionnaire to define the target population based on levels of
acceptability, as well as ascertain the factors that encourage or
hinder the adoption of their mHealth technologies [58,59]. This
information is important for informing stakeholders and
developers in advance of the mHealth R&D and implementation
stages, which necessitate user data for resource allocation and
planning in consideration of user requirements and experiences
[60,61].

Conclusion
The increasing number of older people, along with their growing
adoption of technology, indicates that mHealth technologies
might offer a new approach to enhancing the health of older
adults with lower health care expenses. Although there are many
advantages to using mHealth apps, it is important to consider
their acceptance and intention to use them for health-related
objectives. We proposed the 22-item Thai mHealth STAM as
the questionnaire to evaluate the levels of acceptability and
intention to use mHealth in the Thai community of pre-older
and older adults. The 22-item Thai mHealth STAM has
demonstrated satisfactory psychometric properties in terms of
validity and reliability. As a result, it is now feasible to use this
questionnaire in a public survey to support stakeholders in
making informed decisions. Nevertheless, to improve
generalizability and long-term use, further study is needed to
investigate the various demographic groups with the specific
mHealth interventions.
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Abstract

Background: Persons living with dementia and their caregivers experience frequent emotional health challenges. Across the
illness spectrum, engaging in shared pleasant activities is an important feature of well-being for persons living with
dementia–caregiver dyads. Under the umbrella of virtual reality, immersive virtual environment technology (IVET) offers artificial
sensory experiences and shows promise in this population. IVET development benefits from a user-centered design approach,
and as an emerging field, preliminary testing of safety, usability, and engagement for person living with dementia–caregiver
dyads is required.

Objective: We aimed to develop a preliminary IVET intervention for psychosocial health among person living with
dementia–caregiver dyads. In doing so, we highlight design considerations and user preferences to ensure the safety and usability
of technology-based interventions in the context of dementia.

Methods: We engaged 10 clinicians, 8 caregivers, and 3 persons living with dementia in 5 rounds of focus groups to evaluate
the safety and usability of preliminary intervention features. Following prototype development, we engaged caregivers and persons
living with dementia (n=9 dyads) in beta testing workshops to observe real-time user interaction with the intervention and guide
refinements. Rapid data analysis was used to extract themes relevant to intervention development.

Results: The following themes emerged from focus groups to inform prototype development: (1) designing flexibly to allow
users to tailor the intervention experience to their own environmental context and circumstance, (2) designing with the dyad’s
clinical and relational needs in mind, and (3) accounting for illness and aging-related challenges in design. The following themes
emerged from workshops to inform prototype refinements: (1) increasing user support through more feedback and (2) increasing
variety of visual and auditory feedback.

Conclusions: Using user feedback throughout the development process, we developed a prototype of an IVET intervention,
Toolkit for Experiential Well-Being in Dementia (the Isle of TEND), tailored to the needs of persons living with dementia and
their caregivers. Our prototype uses specific design features to promote safety, usability, and engagement in the context of
dementia. Future feasibility testing of the intervention is warranted.
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Introduction

Background
Throughout the course of dementia, emotional health challenges
(eg, depression, negative affect, and worry) are common among
both persons living with a dementia diagnosis and their informal
caregivers (eg, family members and friends) [1,2]. Persons living
with dementia and their caregivers present with different
emotional needs throughout the course of dementia [3,4];
however, maintaining relationship quality within the context of
changing interpersonal dynamics remains an important
component of emotional health for both members of the person
living with dementia–caregiver dyad [5].

Dyadic research is gaining popularity within the fields of
emotional health and dementia care [6,7]. Dyadic research
highlights the impact of interpersonal relationships and the
transmission of emotional states between members of the person
living with dementia–caregiver dyad, which influence the
emotional health of each member [8]. For example, perceived
relationship strain by the persons living with dementia is
associated with increased emotional distress in their caregivers
and vice versa [9,10]. Alternatively, positive affective states
can be shared among dyad members (eg, laughter), increasing
emotional health for both dyad members [11]. Indeed,
relationships and the emotional health needs of persons living
with dementia and caregivers often change throughout the course
of dementia, especially in advanced stages, as cognitive and
communication limitations are more common [4,12]. However,
despite changes, the need for positive experiences shared
between persons living with dementia and caregivers remains
common and relates to fewer behavioral and psychiatric
symptoms among persons living with dementia and less stress
among caregivers [13]. Thus, shared pleasant activities are an
important component of emotional health among person living
with dementia–caregiver dyads that can be targeted at any stage
of illness.

As dementia advances and cognitive impairments become more
pronounced, identifying shared activities that can promote
emotional health for both persons living with dementia and
caregivers may become more challenging [14-16]. Indeed, many
dyadic interventions in the context of dementia are concerned
with systematic approaches to identifying and engaging in
shared activities [17]. For example, the tailored activity program
intervention helps dyads identify and engage in personalized
shared activities to reduce agitation among persons living with
dementia and improve well-being among caregivers [18,19].
However, many of these shared activity interventions rely
heavily on caregivers to plan and initiate activities, which may
reduce shared positive affective states due to the caregiver-care
recipient role, rather than equitable activity engagement [11].
For example, caregivers may find themselves in the role of an
“instructor” or “supervisor,” rather than fully engaging in and
receiving the emotional benefits of an activity. Therefore,

designing interventions that allow both persons living with
dementia and caregivers to fully engage in shared activities may
create a positive emotional experience for each dyad member,
contributing to their emotional health. Technology may aid this
endeavor by creating interactive experiences that minimize the
need for caregiver initiation (ie, using a technology platform
that engages and guides both members of the dyad through an
activity, rather than relying on the caregiver to lead the activity).
Immersive virtual environment technology (IVET) is one such
option for engaging person living with dementia–caregiver
dyads in an intervention together.

IVET exists under the umbrella of virtual and augmented reality
[20] and is defined as an artificial sensory experience that users
actively engage with as if it were a real experience [21]. IVET
promotes active engagement between users and
computer-simulated environments through multisensory
user-driven experiences [13,21,22]. These methods align well
with existing approaches to promoting positive affect among
persons living with dementia (ie, multisensory stimulation and
personalized activities) [23]. IVETs often follow the 3 I’s design
framework [24], which suggests that user engagement is
achieved through (1) immersion (ie, creating a feeling of
presence within the virtual environment), (2) interaction (ie,
creating a sense of agency and control over the virtual
environment), and (3) imagination (ie, the potential to create
new experiences within the virtual environment). In
nondementia populations, IVET interventions have demonstrated
positive effects on emotional health outcomes, such as positive
affect and emotional health (eg, depression and stress) [25].
Importantly, IVET interventions vary in terms of the level of
immersion, categorized as low (ie, screen-based intervention),
medium (ie, cave automatic virtual environments and
surrounding projection screens), or high (ie, head-mounted
displays for isolation from physical reality) [25]. In nondementia
populations, medium immersion produces the greatest results
on emotional health, with little difference observed between
low and high immersion [25]. However, given the potential
safety risks, such as cybersickness, falls, and agitation associated
with higher levels of immersion in the context of dementia
[21,26], IVET with low immersion may be suitable for this
population. Indeed, most IVET interventions tested within the
context of dementia use lower levels of immersion [27].

IVET interventions allow for multiple users to engage jointly
(eg, persons living with dementia and their caregivers participate
in shared activities) [21]. However, existing interventions have
been tested primarily among persons living with dementia and
caregivers individually [27-30]. For persons living with
dementia, IVET interventions have demonstrated feasibility
and usability, primarily targeting cognitive rehabilitation,
exercise, or spatial navigation training [27]. For caregivers,
IVET interventions have demonstrated feasibility and usability,
often focused on caregiver education and skills [31,32]. Fewer
IVET interventions have been developed for person living with
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dementia–caregiver dyads to participate in jointly (ie,
dyadically), with a focus on shared positive experiences for
emotional health. SENSE-GARDEN is an example of a dyadic
IVET intervention, which creates an immersive environment
based on preferred autobiographical experiences, such as music,
images, videos, and personal media (eg, family photos), for
persons living with dementia who have moderate to severe
cognitive limitations, allowing them to navigate along with their
caregivers. The intervention is designed to support reminiscence
between the persons living with dementia and caregivers in the
present moment. Notably, caregivers have an active role in
personalizing the information in SENSE-GARDEN but receive
a lower “active dose” of the intervention (ie, fewer
caregiver-focused experiences). Rather, caregiver benefit is
conceptualized as arising from positive interactions with persons
living with dementia. A clinical trial is currently underway for
this intervention [33].

A major challenge to designing dyadic IVET interventions in
the context of dementia is addressing cognitively mismatched
dyads, which is more common as dementia advances. Promoting
shared engagement among person living with
dementia–caregiver dyads across the illness spectrum must
embrace the 3 I’s of design (ie, immersion, interaction, and
imagination) for dyads with potentially different cognitive ability
levels. While challenging from a design perspective, if achieved,
this type of intervention would be an invaluable opportunity for
dyad members to truly engage in shared activities together (ie,
not initiated by the caregiver), helping them to briefly abandon
the caregiver-care recipient dynamic and, in doing so, derive
relational and emotional benefits. These types of more equitable
interactions may promote positive affect and interpersonal
connection among both persons living with dementia and

caregivers, dignity for the persons living with dementia, and
positive aspects of caregiving for the caregivers [34]. However,
currently, guidelines for designing dyadic IVET interventions
to promote shared engagement among person living with
dementia–caregiver dyads are lacking, especially for dyads with
mismatched cognitive abilities [6,35].

Additional work is needed to guide the development of dyadic
IVET interventions throughout the course of dementia,
especially in more advanced stages. For this endeavor,
user-centered design approaches may be particularly important
to ensure that interventions have the potential to be acceptable
and feasible for both dyad members at various stages of illness.
User-centered design is an iterative approach that centers the
user experience early and often throughout the intervention
development process [36]. The aim of user-centered design is
to maximize the feasibility and acceptability of an intervention
[37]. This study followed a multiphasic conceptual model of
user-centered design rooted in human factors research, as
outlined by Witteman et al [38]; refer to Figure 1. In phase 1,
design teams engaged users and other knowledge holders with
the goal of understanding user needs, goals, and strengths. In
phase 2, design teams iteratively developed and refined an initial
intervention prototype with user feedback. In phase 3, design
teams observed users’ naturalistic interactions with the initial
prototype to inform additional refinements [38]. On the basis
of user-centered design principles in the context of dementia
[39], we prioritized the following factors across each design
phase: understandability (ie, the user understands the
intervention functions), learnability (ie, the user is able to easily
learn the intervention), usability (ie, the user is able to participate
in a task with minimal assistance), and safety (ie, tasks do not
inadvertently lead to negative affect or other adverse outcomes).

Figure 1. User-centered iterative design to develop immersive virtual environment technology. Circles denote activities initiated by the design team,
and rectangles denote activities designed to elicit user feedback. NIH: National Institutes of Health.
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Purpose
This study aimed to develop a dyadic IVET intervention to
support the emotional health of person living with
dementia–caregiver dyads. Our design team represents an
academic-industry partnership. In this study, we highlight our
multiphasic user-centered design process [38], focused on the
early stages of intervention development of a dyadic IVET
intervention (phases 1 and 2 of user-centered design). First, we
present data from focus groups with clinicians, caregivers, and
person living with dementia–caregiver dyads to understand user
needs, goals, strengths, and usability and safety concerns (phase
1). Then, we discuss the process of iteratively developing and
refining an initial intervention prototype based on user feedback
from multiple user workshops with person living with
dementia–caregiver dyads (phase 2). The resulting dyadic IVET
intervention prototype will be ready for pilot testing in a pilot
feasibility trial (phase 3). In this study, by describing phases 1
and 2 of user-centered design, we highlight early design
considerations for future teams focused on developing IVET or
other novel technologies with person living with
dementia–caregiver dyads across stages of dementia.

Methods

Study Design
This study followed a multiphasic user-centered design
framework for the early stages of intervention development, as
outlined by Witteman et al [38] and with the following
dementia-specific considerations incorporated [39]: (1)
understanding user needs, goals, strengths, limitations, and
safety concerns; (2) iteratively developing and refining an initial
prototype with user feedback; and (3) observing users’
naturalistic interactions with the initial prototype. In phase 1,
we conducted 5 focus groups with clinicians, caregivers, and
person living with dementia–caregiver dyads to identify
preferred activity features as well as design considerations for
usability (ie, preferred intervention activities and
accommodations) and safety in the context of dementia. The
study team determined readiness to move to phase 2 after we
believed that we understood major safety risks and could
generate enough content for mock-ups of an intervention
prototype. In phase 2, we conducted 8 beta testing workshops
with person living with dementia–caregiver dyads to inform the
development and refinement of an initial prototype. We
determined readiness to move to phase 3 when usability
concerns were sufficiently addressed, as evidenced by minimal
usability issues reported by workshop participants. At the
conclusion of phase 2, we had a finalized intervention prototype
ready for feasibility testing in phase 3, which is not reported in
this study. Phases 1 and 2 map onto stage 1A of the National
Institutes of Health (NIH) Stage Model of Behavioral
Intervention Development (ie, intervention generation,
refinement, modification, and adaptation), and phase 3 maps
onto stage 1B (ie, pilot testing) [40,41].

Phases 1 and 2 of intervention development were informed by
our intervention conceptual model, as suggested by Rochon et
al [42]. Specifically, we aimed to develop an IVET intervention
that could promote sustained attention, positive emotions, and

active engagement (ie, mechanistic targets) among both persons
living with dementia and caregivers, leading to increased
relationship satisfaction, decreased distress, and reduced
agitation among persons living with dementia, as well as
decreased burden among caregivers (ie, outcomes).

Ethical Considerations
Procedures were approved by the Massachusetts General
Hospital Institutional Review Board (2022P001401). The
information reported in this manuscript follows the Guidance
for the Reporting of Intervention Development standards [43].
Potential clinician participants provided verbal consent before
participating in focus group interviews. Caregivers provided
verbal consent or e-consent during screening phone calls. A
research assistant administered the University of California,
San Diego Brief Assessment of Capacity to Consent
Questionnaire (UBACC [44]) to persons living with dementia
to determine their ability to provide consent. For those unable
to provide consent, the persons living with dementia provided
assent, and their caregivers provided surrogate consent to
participate. All data were deidentified to protect anonymity. In
phase 1, clinicians were compensated US $30, and persons
living with dementia and caregivers were compensated US $50
each. In phase 2, persons living with dementia and caregivers
were compensated US $50 each for their time.

Participant Recruitment
During phases 1 and 2, this study enrolled three categories of
participants: (1) clinicians involved in dementia care, (2)
caregivers of persons living with dementia, and (3) person living
with dementia–caregiver dyads.

Clinicians were recruited via emails to dementia care clinics
within the affiliated health care system. Clinicians were eligible
if they (1) self-identified as dementia care providers and (2)
were able to participate via Zoom (Zoom Communications). Of
the 11 clinicians screened for focus groups, 1 (9%) did not
participate due to a scheduling conflict.

Caregivers and dyads were both recruited via research registries
(eg, study fliers). Recruitment materials were designed to target
caregivers. Interested caregivers responded to the research team
to obtain additional information about the study and review
eligibility. Caregivers were eligible if they (1) aged >18 years,
(2) self-identified as informal caregivers for a person living with
dementia (eg, a family member or friend providing support),
(3) could participate in English, and (4) had access to a
video-enabled device for Zoom participation. Of the 31
caregivers screened for focus groups, 5 (16%) were ineligible
due to not identifying as a caregiver of a person living with
dementia, 13 (42%) had scheduling conflicts, and 5 (16%) could
not be contacted.

For person living with dementia–caregiver dyads, caregivers
were targeted using similar recruitment strategies discussed
above. Interested caregivers identified and contacted their care
recipient with dementia to participate in the study. Then,
caregivers and persons living with dementia participated in a
screening call together. Using the same eligibility criteria stated
in the Participant Recruitment section, caregivers provided
verbal consent or e-consent during screening calls. Eligibility
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criteria for persons living with dementia included (1) having an
informal caregiver participating in the study, (2) a self- or
caregiver-reported dementia diagnosis, and (3) the ability to
participate in an interview conducted in English. The UBACC
uses 2 open-ended questions to assess the understanding of
informed consent information (eg, “Can you briefly tell me
what the purpose of the study is based on what I just read?”);
scores range from 0 to 2, with scores <2 indicating lack of
capacity to provide consent. The UBACC scores show a strong
correlation with global cognition [45], suggesting that lower
scores (ie, the inability to provide consent) are indicative of
more advanced stages of dementia. Across stages, of the 12
persons living with dementia screened for this study, 8 (67%)
scored a 0, a total of 2 (17%) scored 1, and 2 (17%) scored 2
(ie, able to consent independently). Of the 26 caregivers
screened for workshops, 1 (4%) was ineligible due to not
identifying as a caregiver, 4 (15%) had scheduling conflicts, 3
(12%) declined due to the care partner’s worsening medical
status, and 9 (35%) could not be contacted.

Phase 1: Focus Groups

Participants
There were 21 participants across 5 focus groups. A total of 10
clinicians participated across 2 clinician-only focus groups,
representing the following professions: geriatric medicine (n=2,
20%), neurology (n=3, 30%), social work (n=2, 20%),
occupational therapy (n=1, 10%), psychology (n=1, 10%), and
psychiatry (n=1, 10%). Clinician degrees included Occupational
Therapist (1/10, 10%), Licensed Psychologist (1/10, 10%),
Master of Social Work (1/10, 10%), Licensed Clinical Social
Worker (1/10, 10%), Licensed Independent Clinical Social
Worker (1/10, 10%), Doctor of Medicine (6/10, 60%), Doctor
of Science (1/10, 10%), and Doctor of Philosophy (PhD; 3/10,
30%). Participants reported an average of 10.95 (SD 10.20;
range 2-20) years of experience in dementia care. The majority
were women (6/10, 60%) and White (9/10, 90%) individuals.

A total of 4 caregivers participated in a caregiver-only group.
Participants were primarily women (4/4, 100%), and half
identified as White (2/4, 50%) individuals.

A total of 3 person living with dementia–caregiver dyads (n=6)
and 1 solo caregiver (ie, the corresponding person living with
dementia was unable to attend) participated across 2 dyad focus
groups. Persons living with dementia were primarily men (2/3,
67%) and White (2/3, 67%) individuals. Caregivers were
primarily women (4/4, 100%), and half identified as White (2/2,
50%) individuals.

Procedure
The sequence of focus groups was clinicians (n=2), person living
with dementia–caregiver dyads (n=2), and caregiver-only (n=1)
group. A PhD-level clinical psychologist with experience in
dementia care and qualitative research led 4 focus groups with
clinicians and person living with dementia–caregiver dyads.
During dyadic focus groups, the facilitator made every effort
to ensure active participation from persons living with dementia,
including seeking collateral information from dyad members
(eg, confirming caregiver statements with persons living with
dementia), asking binary questions (eg, yes or no), rephrasing

questions when needed, and making behavioral observations
with verbal confirmations (eg, “I noticed you perked up when
I mentioned music, do you enjoy listening to music?”). Two
trained bachelor-level research assistants coled the
caregiver-only group. None of the interviewers had previous
relationships with the participants. Group sessions lasted an
average of 54 (range 51–57) minutes. All focus groups were
completed virtually over secure Zoom, audio recorded, and
transcribed.

During each focus group, participants responded to
semistructured interview questions targeting activity preferences,
technology preferences, usability considerations, and safety
concerns; refer to Multimedia Appendix 1 for example focus
group questions. In addition, participants provided feedback on
a series of mock-up videos (ie, disjointed visuals designed to
elicit conceptual feedback and ideas for intervention modules),
including passive nature views (ie, waves crashing and Northern
lights), guided relaxation with nature background (ie, night sky
with voice-over), and abstract color flow (ie, colorful viscous
swirl). Mock-up videos were previously used by the design
team to inform the development of other IVET platforms
targeting nondementia populations. Videos were chosen to
provide insight into design features that aligned with our
proposed mechanistic targets of sustained attention, positive
emotions, and active engagement [42]. Participant feedback
was designed to elicit preferences, usability considerations, and
safety concerns (eg, “What problems do you see with this
experience?” and “Do you foresee any concerns for safety or
otherwise?”). Consistent with an iterative process of design,
videos and interview questions were updated between each
round of focus groups, such that videos or topics that elicited
concerns for usability (eg, querying about the utility of sensory
kits of household items, such as spices, to accompany videos,
which elicited concern for feasibility) or safety (eg, abstract
color flows, which elicited concern about increasing agitation
or confusion) were omitted, and others were added (eg, new
nature scenes with multiple points of view).

During each focus group, 1 or 2 bachelor-level research
assistants observed the interviews and completed live field notes
using a standardized rapid data analysis (RDA) template created
for use in this study; refer to Multimedia Appendix 1 for the
RDA template. At the conclusion of each focus group, all
facilitators and observers completed reflective field notes using
a standardized form with categories similar to those in the RDA
template.

Phase 2: Beta Testing Workshops

Participants
A total of 9 person living with dementia–caregiver dyad (n=18)
participants were recruited across 8 beta testing workshops.
Dyads were recruited separately for phases 1 and 2; none of the
dyads who participated in phase 1 participated in phase 2.
However, dyads enrolled in phase 2 were allowed to participate
in multiple workshops if desired. Of the 9 dyads, most (6, 67%)
participated in 1 workshop and 3 (33%) participated in 2
workshops; however, none participated in >2 workshops.
Participants ranged from 1 to 4 dyads per workshop, with the
majority consisting of 1 dyad (6/8, 75% workshops).
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Across workshops, 100% (18/18) of participants identified as
White individuals. Most persons living with dementia (7/9,
78%) identified as male, and most caregivers (7/9, 78%)
identified as female. Caregivers provided proxy reports of
dementia diagnoses, per their understanding of the medical
records of the persons living with dementia, which included
Alzheimer disease (2/9, 22%), unspecified dementia (4/9, 44%),
Lewy body dementia (1/9, 11%), primary progressive aphasia
(1/9, 11%), and frontotemporal dementia (1/9, 11%). Given that
this study did not access medical records, caregiver reports were
not confirmed, and the stage of illness was not reported. Multiple
dyad relationship types were noted, including spousal (4/9,
44%), sibling (1/9, 11%), and adult child (1/9, 11%) caregivers.

Procedure
Beta testing workshops were led by members of the industry
partner design team, with 1 to 2 trained research assistants in
attendance to assist dyads in navigating the platform and to
complete live field notes for RDA. All workshops were
completed virtually over secure Zoom and recorded for the
research team to review after session completion (eg, detailed
feedback and behavioral observations). If multiple dyads
engaged in 1 session, breakout rooms were used to enable
private viewing experiences. Beta testing workshops lasted an
average of 63 (range 34-103) minutes.

Workshops were completed via Zoom. At the start of each
workshop, the design team shared a website link to the initial
IVET intervention prototype with participants. Dyad participants
were instructed to share their screen after opening the website.
A workshop facilitator then prompted dyads to navigate the
intervention both freely (eg, “As you explore the area, please
share your thoughts out loud”) and with specific instructions
(eg, “Can you figure out how to navigate back to the home
screen?”). Participants started by freely navigating the prototype,
providing live feedback on usability and acceptability (eg,
confusing instructions and enjoyable features). Then,
participants were presented with 1 to 3 modules to navigate,
guided by facilitator prompts that primarily focused on usability
and acceptability (eg, “Are there specific features on the island
that drew your interest?” “What are your initial thoughts on the
visuals of the activity?” and “Was navigating around the island
intuitive or challenging?”). Dyads could choose the module
they were most interested in navigating. In some situations, the
second or third module was chosen for the dyad to ensure that
feedback was gathered for each module. At the conclusion of
each workshop, caregivers and persons living with dementia
independently responded to quantitative measures assessing the
perceived feasibility and usability of the platform. As workshops
progressed, feedback became more targeted (eg, preference for
specific images) than in earlier workshops (eg, preferred level

of feedback from the platform), moving toward an initial
prototype.

During workshops, research assistants completed observational
field notes using a standardized template created for use in this
study; refer to Multimedia Appendix 1 for the template. Field
notes were used as part of RDA to inform intervention
refinements between each workshop.

Measures
Usability was assessed using the System Usability Scale (SUS)
[46]. The SUS consists of 10 items evaluating the perceived
usability of technological platforms, including websites. The
SUS is the most widely used scale to assess usability for
technology-based interventions in the context of dementia, but
self-report challenges may exist with more advanced cognitive
limitations [47]. However, the SUS is primarily applied to
persons living with dementia with mild cognitive impairments
and lacks psychometric data across the full spectrum of dementia
(ie, limited data available in advanced stages of dementia) [47].
Furthermore, the SUS uses 5-point Likert scale for response
options [48,49]. Therefore, following best practices to reduce
cognitive load and ensure that persons living with dementia
could meaningfully participate, we adapted this scale to reflect
yes or no response categories [47,50]. This decision increased
the likelihood that persons living with dementia in this study
could provide feedback independently.

A total of 3 additional study-specific feasibility questions
targeted entertainment, safety, and control. These items were
adapted from previous technology-based intervention studies
with participants with mild cognitive impairment and their
caregivers [48] and provided feedback salient to our conceptual
model (eg, engagement and positive affect) and design aims
(eg, safety). These items were also asked in a yes or no format
to increase inclusivity for persons living with dementia.

Intervention Prototype
Activities outlined in Phase 1: Focus Groups and Phase 2: Beta
Testing Workshops sections culminated in the development of
an initial prototype of a web-based dyadic IVET intervention,
referred to as the Toolkit for Experiential Well-Being in
Dementia (Isle of TEND). The Isle of TEND website contained
a home page (Figure 2) with the ability to navigate to 8 modules,
which contained different shared activities; refer to Multimedia
Appendix 2 for an overview of modules. Consistent with our
conceptual model [42], each module in the Isle of TEND
featured a shared activity intended to promote sustained
attention, positive emotions, and active engagement with the
intervention. The intervention was designed to be used by both
persons living with dementia and caregivers together in the
home.
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Figure 2. The Toolkit for Experiential Well-Being in Dementia (Isle of TEND) home screen.

Data Analysis
This study used RDA as an analytic framework to identify
themes from focus groups and workshops. RDA is used to
quickly identify themes in qualitative data [51]. Rather than
written transcriptions, this technique relies on live coding
directly from interviews, such as taking observational notes
during interviews or while listening to an audio recording
[52-54]. For this study, RDA was chosen to identify specific
feedback from participants related to preferences, usability, and
safety that could guide prototype development and refinement.
By quickly capturing this information, our research team was
able to communicate findings back to our design team to
iteratively respond to feedback and update the intervention
prototype to gather more feedback from users.

Consistent with previous studies using RDA [55], we compiled
RDA template notes from 2 to 3 team members (ie, 1 PhD-level
clinical psychologist and 2 bachelor-level research assistants)
into a single matrix for each focus group. Data from this matrix
were used to guide discussions with the design team and
informed design decisions toward initial prototype development.

At the conclusion of the study, matrices were combined and
used to facilitate thematic analysis of focus groups and
workshops separately. Focus group data were analyzed as a
single dataset (ie, clinician, caregiver, and dyad focus groups
analyzed together), such that we identified themes that emerged
across groups. We did not compare themes across populations,
as this was not consistent with the aims of this study. Two
research assistants (ER and AT) trained in qualitative RDA
methods independently reviewed matrices to identify codes.
Coders met on multiple occasions during the coding process to
resolve discrepancies. Codes were grouped by content to form
themes. The thematic structure was iteratively developed and
confirmed with a meeting between coders and a clinical

psychologist on the study team with experience in dementia
care (EP). After a thematic structure was agreed upon, the
research assistants (ER and AT) reviewed transcripts to identify
salient quotes for each thematic category. Both focus groups
and workshops followed the same analytic steps. However,
transcripts were only reviewed for focus groups because the
data collected during workshops produced fewer exemplar
quotes (eg, workshops contained more “thinking aloud” methods
or behavioral observation, making data less relevant for
exemplar quotations).

Results

Phase 1: Focus Groups
Three themes emerged from focus groups with clinicians,
caregivers, and dyads: (1) designing flexibly to allow users to
tailor the intervention experience to their own environmental
context and circumstance, (2) designing with the dyad’s clinical
and relational needs in mind, and (3) accounting for illness and
aging-related challenges in the design.

Theme 1: Designing Flexibly to Allow Users to Tailor
the Intervention Experience to Their Own
Environmental Context and Circumstance
The ability for users to individualize their experience emerged
as an important design feature to increase acceptability and
usability as well as to empower choices among users.
Participants noted that the option to individualize or tailor
intervention content could help accommodate a larger range of
users based on their access to and comfort navigating
technology. In addition, participants recommended that the
IVET intervention be accessible via various platforms. For
example, a clinician noted the following:
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[Consider] an app that is free, that can download the
materials into [users] cell phone or their device so it
doesn't depend on the Internet connection...and maybe
having the option of audio only or audio plus visual.

Participants also noted the importance of developing stimuli
that were familiar to and pleasant for participants of various
backgrounds, cohorts, and identities to promote
individualization. Furthermore, participants noted that familiar
stimuli may especially increase comfort, enjoyment,
engagement, and safety for persons living with dementia. A
caregiver highlighted the potential benefits of familiar stimuli:

Having an inspirational waterfall isn’t necessarily
going to put me at ease, but maybe hearing my
family’s familiar voice, or the clattering of my own
kitchen, or having something that individualizes this
to me would.

Similarly, a clinician highlighted the need for inclusivity as
follows:

I just wonder if the salience of some of the images
might be different depending on the cultural groups.
The aurora borealis is beautiful, but for maybe people
who [are] not familiar with that part of the of the
world...what are the scenes, the sounds that are most
salient and comforting to that individual.

Of note, related to the environmental context of an at-home
IVET intervention, caregivers discouraged the use of a proposed
sensory kit of household materials, citing feasibility issues with
the ability for a range of users to locate these materials in their
home (eg, spices).

Theme 2: Designing With the Dyad’s Clinical and
Relational Needs in Mind
Participants noted that designing an intervention with a specific
purpose and orienting users to a rationale for using the
intervention may increase usability. Specifically, participants
suggested recommendations for appropriate times and intended
outcomes of use (eg, using when calm and avoiding when
agitated). For example, a clinician noted the potential clinical
utility of an IVET intervention:

I think that [the calming sounds are] good, and it
appeals to an inherent positive emotional experience
which could also aid caregivers when they’re trying
to prep for redirection or transition. Basically, if we're
trying to get somebody to do something that they may
not necessarily want to do we’re far more likely to
be able to if a person is in a positive emotional state
versus a negative one and so these types of things
could aid in that process of prepping a patient for a
transition.

Caregivers believed that they would likely need to be present
to initiate the intervention as well as to guide the persons living
with dementia through some of the modules. For example, a
caregiver noted the following:

[Caregivers] would have to be there to sort of guide
[Person living with dementia] or kinda help them
figure out what [the intervention] is.

Participants were skeptical that an IVET intervention could be
engaging for both dyad members, noting challenges of achieving
sustained attention and immersion for both persons living with
dementia and caregivers. This is highlighted by a caregiver who
stated the following:

[Person living with dementia] loses interest pretty
quick, and I think sometimes he has trouble following
the storyline. So, it would be hard to find something
that would be suitable for both of us, cause we’re kind
of in very different places now. And that’s one of the
things that’s difficult is we don’t have as many shared
experiences as we used to.

Participants recommended structured stimuli to quickly capture
and sustain the attention of users, which they noted could be
challenging in the context of dementia. For example, a caregiver
stated the following:

Without having a clear beginning or end, [the person
living with dementia] might get bored or discouraged,
it needs to have more structure.

Furthermore, participants emphasized that the IVET intervention
would need to be designed to sustain attention and immersion
without overstimulating or confusing users with cognitive
challenges.

Theme 3: Accounting for Illness and Aging-Related
Challenges in the Design
Participants noted the importance of ensuring the reduction,
rather than an unintentional exacerbation, of behavioral and
psychiatric symptoms of dementia, particularly agitation and
hallucinations. This concern is highlighted by a clinician, who
stated the following:

Dementias with any psychiatric component or
psychotic features, paranoia, delusional thinking...you
always want to be careful about providing stimulation
when we don’t know where that may lead the patient’s
train of thought.

There were specific stimuli that participants recommended
avoiding, such as 1 video with a moving (ie, swirling) bright
color scheme against a black background (Figure 3), which
participants suggested could potentially exacerbate psychiatric
symptoms. For example, a clinician stated the following:

I think patients would not like [the swirling color
video], they have a lot of visual spatial
misperceptions.

Furthermore, participants cautioned against dark backgrounds,
which might increase psychiatric symptoms and confusion or
disorientation. For example, a caregiver noted the following:

My husband is really paranoid, he thinks people are
out to get him. I was thinking of the lighting, if there
is darkness that might increase his paranoia.
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Figure 3. Swirling color scheme video.

Another caregiver noted the following:

The edges of my video were very dark. So, it gives
you almost like that movie theater feel to it, which I
worry, if you're immersed in something too much, do
you have less grasp on here and now where you are.

In addition, as noted across multiple themes, participants relayed
that certain cognitive symptoms, especially attentional deficits
and apathy, could pose a challenge to engagement and usability.
One clinician stated the following:

I wonder if in some instances this [mock-up videos]
may be a little too unstimulating to capture the
patient’s attention, unless they are really already very
calm and wanting to be calm.

Another clinician stated the following:

for images...it might be really, really simple ones, the
less complicated you make it, the better received
because [person living with dementia] cognitive
abilities and processual abilities are impaired.

Participants also noted that visual clarity was an important
design feature and recommended that the IVET intervention
accommodate for age-related changes and pathologies more
common with older age. For example, 1 caregiver stated the
following:

There’s something about lighting that I would pay
attention to for elders...I have another elder in my
life who has glaucoma and she can't see things in
depth of perception and other things.

Phase 2: Beta Testing Workshops

Qualitative Results
Two main themes emerged from beta testing workshops with
dyads that informed intervention refinement: (1) more feedback
to guide using the intervention and (2) more variety of visual
and auditory experiences.

Theme 1: Increasing User Support Through More
Feedback
Participants noted that more purposeful or goal-directed actions
within intervention modules could reduce confusion during use.
When engaging with the intervention, caregivers and persons
living with dementia frequently inquired about the end goal of
modules, especially when feeling “lost” or “stuck.” Relatedly,
participants recommended more instructions, which, per
observation, appeared to be related to participant concerns about
making an error or doing the experience “wrong.” Together, an
open-ended module without clear directions, which was initially
developed to increase exploration and reduce the need for
caregiver instructions, actually increased confusion and
perceived misuse of the intervention by users.

Furthermore, participants voiced the need for continuous
instructions throughout use to understand next steps, which was
particularly relevant in modules that included multistep tasks.
For example, a module that developed a poem based on typed
responses to multiple prompts caused some confusion among
users because dyads were unsure of the task they were being
prompted to complete (eg, not knowing that prompts would
generate a poem) or the end goal of the multistep process (eg,
the need to press next and respond to another prompt to develop
the full poem). In addition to more prompts, participants
suggested having multiple methods of engagement, such as a
speech-to-text function, to promote accessibility and usability.

Theme 2: Increasing the Variety of Visual and Auditory
Feedback
Participants recommended increasing the presence and
variability of responsive sounds, background music, and
interactive visuals. Caregivers and persons living with dementia
both noted that alternating music or background colors might
reduce redundancy after multiple uses and make the intervention
more engaging. In addition to increasing engagement, dyads
noted that sound effects, especially calming nature sounds,
improved their experience by creating a sense of calm while
using the intervention.
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Quantitative Analysis
In general, users rated the intervention positively (Table 1). On
the study-specific feasibility scale, 100% (11/11) of caregivers
and 67% (6/9) of persons living with dementia (n=2, 22% were
unsure or did not respond) felt that the program was safe to use,
82% (9/11) of caregivers and 100% (9/9) of persons living with
dementia felt that the program was entertaining, and 82% (9/11)

of caregivers and 89% (8/9) of persons living with dementia
felt that the program helped them “feel in charge of their own
experience.” On the SUS, 82% (9/11) of caregivers and 89%
(8/9) of persons living with dementia thought that the program
was “easy to use,” and 73% (8/11) of caregivers and 78% (7/9)
of persons living with dementia “felt very confident using the
program” (n=1, 11% were unsure or did not respond).

Table 1. Feasibility and usability results of beta testing workshops.

Persons living with dementia (n=9), n (%)Caregivers, (n=11), n (%)

Unsure or unable
to answer

NoYesUnsure or unable
to answer

NoYes

1 (11)2 (22)6 (67)2 (18)2 (18)7 (64)“I think that I would like to use this program.”

0 (0)8 (89)1 (11)0 (0)10 (91)1 (9)“I found the program unnecessarily complex.”

 0 (0)1 (11)8 (89)0 (0)2 (18)9 (82)“I thought the program was easy to use.”

2 (22)4 (44)3 (33)0 (0)7 (64)4 (36)“I think that I would need the support of a technical person
to be able to use this program.”

0 (0)3 (33)6 (67)0 (0)2 (18)9 (82)“I found the various functions in this program were well
integrated.”

2 (22)5 (56)2 (22)0 (0)9 (82)2 (18)“I thought there was too much inconsistency in this pro-
gram.”

5 (56)0 (0)4 (44)1 (9)3 (27)7 (64)“I would imagine that most people would learn to use this
program very quickly.”

3 (33)5 (56)1 (11)0 (0)11 (100)0 (0)“I found the program very cumbersome to use.”

1 (11)1 (11)7 (78)1 (9)2 (18)8 (73)“I felt very confident using the program.”

3 (33)4 (44)2 (22)0 (0)10 (91)1 (9)“I needed to learn a lot of things before I could get going
with this program.”

0 (0)0 (0)9 (100)0 (0)2 (18)9 (82)“Was this program able to entertain your relative and you?”

2 (22)1 (11)6 (67)0 (0)0 (0)11 (100)“Did you feel that the program was safe to use for your
relative and you?”

0 (0)1 (11)8 (89)0 (0)2 (18)9 (82)“The program helped my relative feel in charge of their
own experience.”

Feedback-Design Integration
Throughout intervention development, our academic-industry
team met weekly to discuss results from focus groups and
workshops and translate findings into pragmatic design
elements. Often, the research team helped provide the context
of findings within the illness context of dementia, as well as
guide a systematic approach to intervention design that would
prepare the team for a future, scientifically rigorous clinical
trial. The industry design team often discussed the possibilities

and limitations of an IVET intervention delivered with minimal
equipment (ie, via a computer or tablet). These perspectives led
to productive discussions about incorporating user feedback
into intervention design. Together, this iterative process led to
the end product of an IVET intervention ready for initial
feasibility testing (NIH stage 1B) that was deemed safe and
usable by end users (ie, person living with dementia–caregiver
dyads). Feedback and design decisions are provided in Table
2.
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Table 2. User feedback and design team responses.

Design featureUser feedback

Focus groups: initial prototyping

The team decided on a web-based IVETa format so that users could guide
themselves through the platform. The intervention was user driven, and users
chose from various modules in the intervention, deciding the type and length
of activity within each module.

Implement choice-based activities when possible.

Developers enabled access to the intervention on the user’s own tablet or
computer so that users could adjust the volume and brightness to their prefer-
ence.

Establish the ability to adjust audio or visuals depending on pref-
erences.

The design team developed 8 different modules, including modules set in a
forest, an ocean, a beach, and a lighthouse.

Include visuals or audio that are appealing and familiar to diverse
populations.

The design team included text instructions on the home screen to orient users
when they logged into the intervention. The instructions reviewed how to
navigate through the home screen and the modules.

Integrate instructions for the intervention.

Modules were “error-free” so that users were unable to “fail” or choose the
“wrong” option, halting the experience; regardless of user choice, the experi-
ence continued.

Intervention can be used among people with and without cognitive
impairment.

Developers created two activities, which accessed the device’s camera to
track and react to hand movement: (1) Sound Garden, which used hand
movement to control the music pitch and volume in a garden scene, and (2)
Art Studio, which used hand movement to create brush strokes on the screen
to reveal an art piece.

Include stimuli that are reactive to touch or hand or arm movement.

The team set the intervention in recognizable locations, such as a waterfall,
a lighthouse, and a beach. The game had a clear beginning with text instruc-
tions when users logged on.

Design modules that are grounded in reality (familiar structure and
clear beginning and ending).

The team removed abstract “swirling colors” stimuli. The team discarded a
video set in a dark forest environment and brightened the colors in the remain-
ing modules.

Avoid abstract images and darkness in visuals.

Beta testing workshop: prototype refinements

The design team added an introduction slide clarifying that the intervention
was designed to create “shared adventures” between the dyad and “engage
the senses and spark imagination.” The team included a “help” button across
all modules to guide users.

Clarify the end goal or purpose of the intervention. Include more
goal-directed aspects to the intervention.

Developers included a speech-to-text function in modules that required users
to type. These activities accessed the device microphone to capture spoken
responses from the dyad and convert them into text. To increase engagement,
developers created custom soundscapes for scenes and changed them based
on the visual stimuli presented.

Implement different methods of engagement, such as a speech-to-
text option instead of typing.

Developers added a module description when users hovered their mouse over
each module location. The team added step-by-step tutorials, which isolated
different interactive aspects of the experience when users clicked on each
module. In addition, the team added voice-over to text as an accessibility
option to all introductions and guides.

Add more instructions and audio-to-text instructions.

The team increased the visual options in modules throughout the experience
by creating more artwork and audio clips. For example, in the Storytelling
module Campfire Cove, the team increased the number of available pictures
to choose from and created an accompanying story.

Increase the visual stimuli throughout use to reduce redundancy.

The design team added nature-based animation and sound on the home screen,
including auditory and visual waves, so that when logging on, users were
greeted with these stimuli. In addition, the design team added nature-based
sounds to the background of module instructions, such as birds chirping and
“calming” music.

Include visual and audio stimuli, such as animation or music, in
modules that lacked sounds or featured static images. Add calming
music or nature audio when possible.

aIVET: immersive virtual environment technology.
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Discussion

Principal Findings
Following a multiphasic user-centered design framework with
dementia-specific considerations [38], this study used focus
groups and user workshops to develop and refine the initial
prototype of a dyadic IVET intervention to support the emotional
health of person living with dementia–caregiver dyads (ie, the
Isle of TEND). The intervention was rooted in our conceptual
model of shared activities that can promote sustained attention,
positive emotions, and active engagement among both dyad
members simultaneously [42]. The Isle of TEND is now ready
for feasibility testing, consistent with NIH stage 1B.

Design Considerations

Overview
Across focus groups and workshops, we identified several key
considerations for designing an IVET intervention for person
living with dementia–caregiver dyads. Importantly, we did not
constrict our intervention to a specific stage of illness. Rather,
we engaged users, including those with cognitive limitations as
evidenced by UBACC scores, and other knowledge holders
who could provide feedback relevant to users with varying
degrees of cognitive ability. This approach allowed us to capture
multiple voices and perspectives to ensure that we are designing
for all persons living with dementia, including those often not
considered during the design stage due to significant cognitive
impairment.

Personalization and Variety of Experiences
Consistent with previous research on technology-based
interventions with persons living with dementia [56,57] and
activity engagement in them [58], personalization and variety
of experiences emerged as key design features for our
intervention. This feedback is not surprising, given the
heterogeneity of identities, preferences, and lived experiences
of dyads managing dementia. Increasing the number of novel
or rotating visuals and sounds in each module allowed for
personalization and helped to reduce boredom with repeated
use. Our design team was cautious to only make slight variations
in activities (eg, sounds or storytelling prompts) to reduce
boredom without increasing confusion. Consistently, participants
noted that nature-based sounds and animation, such as waves
or chirping birds, evoked positive emotions. Therefore, our
design team focused on nature scenes for many of our modules.
Previous research with persons living with dementia supports
that nature sounds introduced through technology, referred to
as a soundscape, are perceived positively with minimal safety
concerns [59,60].

Optimizing Autonomy and Choice While Sustaining
Ease of Use
Feedback related to personalization highlighted an important
component of designing in dementia: optimizing autonomy and
choice while sustaining ease of use. In addition to increasing
acceptability, the ability to tailor interventions to personal
preferences may create an opportunity for persons living with
dementia to have more control over their user experience. This

was important for both members of the dyad to promote a sense
of accomplishment, autonomy, and confidence and, ideally,
allow the dyad to break the care recipient-caregiver script,
enabling both members to feel as though they have ownership
of their own experiences with the intervention. Previous
technology-based interventions developed for persons living
with dementia with mild cognitive impairments also note the
importance of prioritizing user control [48]. Furthermore, in the
context of dyads, increasing autonomy and choice for persons
living with dementia means reducing the need for the caregiver
to “deliver” the intervention. While refinements to our prototype
are still needed to fully achieve this outcome, it is an important
endeavor for dyadic interventionists in the context of dementia,
as allowing for a break in the care recipient-caregiver script
may produce positive emotional benefits for both dyad members
across all stages of illness.

Users consistently provided feedback that some user-driven
choices in our platform were too open ended (eg, coming up
with a poem without prompts), which could lead to confusion
and produce the opposite emotional experience for dyad
members than intended (ie, frustration with being “wrong” and
the perceived need for caregiver-directed behaviors). To address
this balance, our design team attempted to provide ample
instructions and feedback for use while not imposing “rules”
(ie, “error-free” design) and promoting exploration. For
example, several of our modules initially present users with
directions for navigating the activity and then provide
participants with open-ended (ie, pictures of different scenes)
and forced-choice (ie, multiple choices for storytelling) decisions
to guide their experience based on their needs and preferences.
In addition to providing directions throughout the module, as
recommended by users, we developed responsive features to
reduce cognitive load and avoid frustration. For example,
following effective communication strategies in the context of
dementia [61], if a dyad did not respond to a multiple-choice
prompt within a period of time, a forced-choice option appeared
(ie, this or that). Most users with dementia rated that they felt
in control of their own experience and confident in using the
Isle of TEND, which may be a product of these design features.

Maintaining Engagement Among Cognitively
Mismatched Users
We set out to design an IVET intervention that can maintain
sustained attention and engagement among cognitively
mismatched dyad users while at the same time not overwhelming
the persons living with dementia or underwhelming the
caregivers. Participants recommended that to achieve this goal,
we needed to have a clear structure, continuous feedback, and
novel stimuli, which are consistent with theory (eg, flow) [62].
In response to these recommendations, our design team
developed a home screen with an introduction to the IVET
intervention, tutorials and instructions for each module, and a
navigation guide that appears constantly. Furthermore, our
design team developed several modules that are reactive to touch
or movement. For example, 1 module, the Art Garden, accesses
the device camera and uses hand movement as “brushstrokes”
to paint a picture. Despite these features designed to promote
sustained attention and engagement, user feedback in the
workshops was still mixed regarding the ability to capture and
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sustain engagement across cognitively mismatched dyads and
reduce caregiver-directed behaviors (eg, caregiver reiterating
directions). However, it is important to note that 82% (9/11) of
caregivers and 100% (9/9) of persons living with dementia still
found the intervention to be entertaining. The field still needs
to address the important topic of designing for mismatched
cognitive abilities, as there are potential clinical benefits
associated with shared engagement for person living with
dementia–caregiver dyads managing dementia throughout the
course of illness (eg, emotional closeness and relaxation). It is
possible that design teams need to attend to more nuanced
interactions between users and platforms to evaluate common
elements of sustained attention and engagement across users
with varying cognitive abilities (eg, movement).

Not Exacerbating Behavioral and Psychiatric Symptoms
of Dementia
Regarding safety concerns, participants flagged specific stimuli
that could potentially lead to distress or exacerbate behavioral
or psychiatric symptoms that accompany certain types of
dementia. In particular, participants recommended avoiding
abstract stimuli, bright colors, or moving objects against a dark
background, as these could potentially increase adverse events
(eg, agitation) in more advanced stages of dementia. These
images may relate to overstimulation or confusion, which
increases behavioral and psychiatric disturbances in the context
of advanced dementia when persons living with dementia have
increased vulnerability to environmental stressors [63]. Users
suggested that, in general, simpler and easily recognizable
images may be better received by both persons living with
dementia and caregivers. Participants also identified dark or
shaded visuals as potentially problematic (eg, blurriness and
glare) for users with age-related or other visual impairments.
In response to the feedback, the design team removed visuals
and modules that relied on limited lighting and highly abstract
images. Of note, there were no observed exacerbations of
dementia-related behavioral or psychiatric symptoms during
workshops.

Limitations
This initial intervention development study has several
limitations to consider. First, our convenience sample of
caregivers, dyads, and clinicians consisted of a majority of
White participants. In future pilot testing, we will ensure that

participants are more representative of the US population.
Second, we did not administer cognitive assessments to describe
the level of cognitive impairment of our sample. Therefore, we
cannot empirically comment on the cognitive profile of
participants with objective measurement, including the severity
of cognitive impairment. This study used self-reports from
persons living with dementia and caregivers to capture the
presence of dementia, and the UBACC provides additional
insight into the presence of cognitive limitations inhibiting the
ability to provide autonomous consent. Indeed, dementia
research must balance participant burden, the reality of
difficulties obtaining a dementia diagnosis, and study goals. In
line with our broader goal of offering TEND as a free
intervention for individuals in community settings, we included
participants with varying levels of cognitive ability, as reflected
by the fact that only 17% (2/12) of our sample was able to
provide independent consent. To circumvent challenges with
reporting on quantitative surveys for those with more advanced
dementia, our team took multiple steps to support persons living
with dementia in reporting their own outcomes, including using
binary scales and reading questions aloud. However, these
methods may have reduced the validity of our measures, and
we still cannot be sure that all items were fully comprehended.
Finally, we chose RDA over other forms of qualitative analysis.
For this study, prioritizing a quick summary of information and
relaying this to our design team consistent with RDA was
necessary, but this analytic approach may also be more
susceptible to researcher bias.

Conclusions
The result of this multiphasic user-centered design study with
an academic-industry design team was the development of an
initial dyadic IVET intervention for persons living with dementia
and their caregivers to use together at home. On the basis of our
conceptual model, we aimed to promote sustained attention,
positive emotions, and active engagement in both dyad members
to increase relationship satisfaction and reduce psychosocial
distress. In this study, we highlight early intervention
development with a focus on designing for usability and safety.
While some of our design considerations may be helpful for
future investigators and design teams focusing on dyads
managing dementia, we also recognize that there are gaps that
still need to be filled, such as promoting mutual engagement
among cognitively mismatched dyads.
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Abstract

Background: Cognitive impairment in older adults reduces independence and raises health care costs but can be mitigated
through stimulating activities. Based on network theory, intricate relationships within and between clusters of instrumental
activities of daily living (IADLs) and cognitive domains suggest the existence of central IADLs and cognitive domains, as well
as bridge IADLs. Modifying these can significantly enhance daily living activities and cognitive functions holistically.

Objective: This study aims to identify central IADLs (key activities within the IADL network), central cognitive domains (key
domains within the cognitive network), and bridge IADLs (linking IADL and cognitive networks). These insights will inform
targeted interventions to effectively improve IADL and cognitive well-being in older adults.

Methods: A cross-sectional analysis of adults aged 65 years and older in the United States focused on 5 IADLs and 6 cognitive
domains from the National Health and Aging Trends Study (NHATS). Network analysis identified central and bridge variables.
Nonparametric and case-dropping bootstrap methods checked network stability. Network comparison tests assessed sex differences
with Benjamini-Hochberg adjustments.

Results: Of the 2239 participants, 56.4% were female (n=976). We computed and tested 3 networks: IADL, cognition, and
bridge-with correlation stability coefficients of 0.67, 0.75, and 0.44, respectively (all>0.25). Meal preparation was identified as
the central IADL, with a centrality index of 3.87, which was significantly higher than that of other IADLs (all P<.05). Visual
attention emerged as the central cognition domain, with a centrality index of 0.86, which was significantly higher than that of
other cognition domains (all P<.05). Shopping was determined to be the bridge IADL, with a centrality index of 0.41, which was
significantly higher than that of other IADLs (all P<.05). Notably, gender differences emerged in the IADL network, with stronger
associations between laundry and meal preparation in females (1.69 vs males: 0.74; P=.001) and higher centrality in meal
preparation among females (difference=1.99; P=.007).

Conclusions: While broad enhancements in all IADL and cognitive domains are beneficial, targeting meal preparation, visual
attention, and shopping may leverage their within-network influence to yield a more pronounced improvement in holistic IADL,
holistic cognition, and holistic cognition function through IADL interventions among older adults. Notably, meal preparation
interventions may be less effective in males, requiring tailored approaches.

(JMIR Aging 2025;8:e67632)   doi:10.2196/67632

KEYWORDS

cognition function; older adults; intervention targets; elder; elderly; cognitive impairment; stimulating activity; instrumental
activities of daily living; IADL; daily living activity; cognitive domain; non-demented; cognitive network; holistic cognition;
holistic cognition function; network comparison; central variables; bridge variables; network analysis

Introduction

Cognitive function encompasses mental processes such as
acquiring knowledge, manipulating information, and reasoning,
including perception, memory, learning, attention,
decision-making, and language abilities [1]. Globally, cognitive

impairment in older adults has a prevalence ranging from 5.1%
to 41%, with incidence rates around 53.97 per 1000 person-years
[2]. This impairment not only predicts older adults’ future
incidence of dementia, but also significantly reduces functional
independence and quality of life [2]. Beyond the individual
level, economically, cognitive impairment incurs 44% higher
direct medical costs and significantly increases the need for
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informal care [3]. Given these consequences, early detection
and proactive management are essential to mitigate impacts and
prevent progression to more severe conditions and greater health
care burdens.

Instrumental activities of daily living (IADLs) encompass
complex tasks necessary for independent living, such as cooking,
cleaning, transportation, laundry, and financial management
[4]. These activities assessment sometime adjusted by country
or age will include driving or medication management [5,6] and
demand cognitive skills like planning, memory, and
problem-solving, linking their performance closely to cognitive
well-being [4]. In performing these tasks, individuals engage
in practical cognitive training that builds cognitive reserve and
supports overall brain health. Furthermore, regularly performing
IADLs provides ongoing cognitive training that builds
“cognitive reserve,” a concept suggesting that mentally
stimulating tasks strengthen neural connections, thereby
enhancing brain resilience [7]. Although other pursuits, such
as employment or volunteering, also require high-level
cognition, IADLs foster daily independence in older adults, and
their everyday, repetitive occurrence makes them an ideal
approach for continuous cognitive training. However, current
interventions usually target specific IADL domains, such as
shopping or meal preparation, highlighting the challenges and
resource demands of broad IADL interventions [8].

A significant research gap exists in identifying the most
impactful IADL component that can efficiently enhance global
cognitive function, particularly crucial in resource-limited
settings. This need is supported by complex interactions between
IADLs and cognition [9-12], correlations within individual
IADL domains (eg, between laundry and meal preparation due
to similar cognitive and physical demands) [13], and
relationships within cognition domains (between psychomotor
function and visual attention stemming from their joint role in
tasks requiring quick coordination and responses) [14]. Notably,
the cognitive demands of specific IADLs vary; for instance,
shopping necessitates skills in navigation, selection, and
financial transactions, whereas meal preparation involves
planning, execution, and presentation. Such distinctions suggest
the existence of certain IADLs that are more closely linked to
multiple cognitive domains. Traditional analytic methods, which
often isolate relationships or assume predictor independence,
may overlook the nuanced, simultaneous interactions among
nodes. In contrast, network analysis captures these complex
dynamics by representing variables as nodes interconnected by
edges [15]. This approach not only elucidates direct interactions
but also reveals broader network structures, thereby identifying
“central” nodes-those exerting significant within-group
influence-and “bridge” nodes that connect disparate networks
[15]. Specifically, within our framework, a central IADL is
defined as the activity with the highest connectivity within the
IADL network, while central cognition refers to the cognitive
domain with the most extensive links. A bridge IADL, by
linking the IADL and cognitive networks, may have an outsized
impact on overall function when its performance changes. Such
insights can inform target interventions and strategic resource
allocation aimed at enhancing both daily living activities and
cognitive function [15]. Furthermore, gender-specific differences

in cognitive decline and IADL performance further complicate
this landscape. Women generally demonstrate superior executive
function and memory; however, their executive function appears
to decline more rapidly than that of men, while memory
trajectories remain similar between sexes. In contrast, difficulties
in financial management and medication adherence are more
predictive of dementia in men, whereas transportation challenges
serve as stronger indicators in women [16,17]. Consequently,
a nuanced exploration of these differences is critical for
developing targeted intervention strategies.

This study aimed to identify the central IADL and cognition
domains within their respective networks, pinpoint the bridge
IADL most substantially linked to overall cognitive function,
and examine sex differences in these variables. We hypothesized
the existence of central, bridge variables and sex-based
differences affecting them. The findings are expected to reveal
network dynamics, pinpoint key intervention targets for
effectively enhancing holistic IADL and cognitive functions in
the elderly, and indicate the necessity of sex-specific
interventions.

Methods

Study Design and Data Source
This cross-sectional analysis used waves 11 and 12
(2021‐2022) of the National Health and Aging Trends Study
(NHATS), a nationally representative longitudinal database of
Medicare beneficiaries aged 65 years and older. Waves 11 and
12 of NHATS were chosen for their comprehensive 6-domain
cognitive assessment, unlike earlier waves that measured only
episodic memory, executive function, and orientation. Data
were gathered during in-home interviews by NHATS
interviewers. For those included in both waves, only data from
wave 12 were retained to ensure the latest cognitive assessments
were used. The reporting of this study followed the CHERRIES
checklist [18].

Participants and Sample Size Calculation
Eligible participants were cognitively intact individuals aged
65 years and older, not residing in nursing homes, and without
signs of cognitive impairment. Cognitive intactness was
determined by absence of potential or probable dementia.
According to previous NHATS literature, potential dementia
was defined by scores≤1.5SDs below the mean in one cognitive
domain, while probable dementia was indicated by similar scores
in at least two domains, meeting AD8 criteria, or having a
clinical dementia diagnosis [19]. To ensure adequate statistical
power, our network analysis of 11 nodes and 55 edges required
a minimum of 165 participants, adhering to the
3-participants-per-parameter rule [20].

Measures
Cognitive performance was assessed across six domains: (1)
Episodic memory, scored 0‐20 from immediate and delayed
recall of 10 words; (2) executive function, scored 0‐5 by the
clock drawing test; (3) orientation, scored 0‐8 from knowledge
of the current date and names of the president or vice president;
(4) psychomotor function, measured by reaction speed in
log-transformed milliseconds from the cogstate detection task,
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where participants respond when a card turns face up; (5) visual
attention, assessed by reaction speed for correct responses in
log-transformed milliseconds from the cogstate identification
task, where participants decide if a card is red or black; and (6)
working memory, evaluated by accuracy in the cogstate one
card back task, asking participants to remember if they have
seen a card before. Cogstate, a tablet-based test used since wave
11 in NHATS, includes card detection, identification, and one
card back activities, expanding cognitive assessments beyond
traditional tests. This computerized assessment has been
validated against traditional paper-based cognitive tests,
demonstrating adequate reliability and validity in differentiating
adults with cognitive impairment from those without [21].
Further details are available in the NHATS Cogstate user guide
[22].

IADLs were assessed via self-reports on managing medication,
laundry, shopping, meal preparation, and banking. Participants
reported performance over the past month using 5 options: “1”
Did not do by self last month; “2” Did by self last month with
no difficulty; “3” Did by self last month with difficulty; “4”
-Don’t know or refuse, with no difficulty; and “5” Don’t know
or refuse, with difficulty. We dichotomized responses rather
than using a Likert scale because the options do not form a
natural continuum, but instead distinguish independent
performance from any difficulty. Participants with no difficulty
(responses “2” or “4”) were classified as “no difficulty,” while
those with difficulty or inability (responses “1,” “3,” or “5”)
were classified as “difficulty.” This binary approach preserves
the key distinction in functional independence and aligns with
previous research [23].

Sociodemographic variables included age (70‐74, 75‐79,
80‐84, 85‐89, and 90+ years), sex (female or male), living
arrangement (alone, with others), race (Hispanic, non-Hispanic
Black, non-Hispanic White, and other non-Hispanic), income
status (poverty, low income, and normal), and self-rated health
(poor, fair, good, very good, and excellent). Income status was
defined according to federal guidelines from the Office of the
Assistant Secretary for Planning and Evaluation at the US
Department of Health and Human Services (ASPE HHS, 2024
version) as follows:≤100% Federal Poverty Level (FPL), >100%
to≤200% FPL, and>200% FPL, replacing the previous labels
of “poverty,” “low income,” and “normal.” Self-rated health
was measured using a single 5-point Likert-scale item (1=poor,
5=excellent): “Would you say that, in general, your health is
poor, fair, good, very good, or excellent?”

Statistical Analysis
Data were organized in a Microsoft Excel database and subjected
to rigorous quality control checks. The analysis was carried out
using R statistical software (version 4.1.1; R Core Team).
Descriptive statistics summarized participant demographics and
performance in IADLs and cognitive functions. Continuous
variables were checked for normality with P-P plots and
described using mean and SD; categorical variables were
presented as frequencies and percentages. To maintain
consistency across all nodes within the IADL and cognition
networks, necessary reverse coding adjustments were made to
ensure that higher scores consistently indicate diminished

capabilities. Network analysis proceeded through 5 phases:
evaluating topological overlap, estimating the network, assessing
network stability, calculating centrality and bridge centrality
indices, and conducting network comparison tests.

Checking Topological Overlap
We used the R package network tools’ goldbricker function to
identify unique variables and avoid artificial relationships from
symptom similarity in our network analysis. A significance
threshold of 0.25 and a P value<.01 determined statistical
significance [24].

Network Estimation
We developed 3 networks for our study: an IADL network for
all 5 IADL domains, a cognitive network for all 6 cognitive
domains, and a bridge network linking both. Each network
consisted of nodes (items within each domain) and edges
(relationships between items). For the cognition network with
continuous data, we applied the EBICglasso method, which
used the Extended Bayesian Information Criterion (EBIC) with
the least absolute shrinkage and selection operator (LASSO)
for partial correlation analysis, reducing confounding by
shrinking coefficients and zeroing smaller correlations. The
IADL network, based on binary data, was analyzed using the
IsingFit method, which used logistic regression to adjust node
states and determine conditional probabilities. The bridge
network was assessed using the “mgm” method, designed for
mixed data types, using conditional independence tests tailored
to heterogeneous data. Network visualization was performed
using R packages bootnet and qgraph, where edge thickness
represented association strength—blue for positive and red for
negative associations [25].

Network Stability
The bootnet package was used to assess edge and centrality
stability in each network [25]. Edge stability was evaluated
through nonparametric bootstrap, with 95% CIs reflecting
accuracy; narrower CIs indicate higher network reliability [25].
Centrality stability was measured with a case-dropping subset
bootstrap, as reflected by the correlation stability coefficient
(CS-C); values above 0.25, ideally over 0.5, denote optimal
stability [25].

Central Node, Centrality, Bridge Node, and Bridge
Centrality
A central node in a network has substantial influence due to its
extensive connections with other nodes [26]. Bridge nodes
connect different communities or clusters within a network,
facilitating interactions that would otherwise not occur [27].
Centrality measures in network analysis typically include
strength, betweenness, closeness, and expected influence;
however, due to the instability of betweenness and closeness,
and because strength ignores negative edges (summing only
absolute values), we exclusively used expected influence for
central nodes and bridge expected influence for bridge nodes
[28]. The expected influence index, which accounts for both
positive and negative edge values, was calculated using the
qgraph package in R [26,27]. Similarly, the top bridge node
was identified through the highest bridge expected influence
(1-step) index, which sums the edge values connecting the node
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to those outside its community, determined by the networktools
package in R [26,27]. Differences in node centrality were
analyzed using Wilcoxon tests with 1000 bootstrapped indices
from the bootnet package in R, applying Benjamini-Hochberg
corrections for multiple comparisons [29].

Network Comparison Test
To analyze gender differences across 3 networks, we used the
network comparison test package in R. This involved performing
both a network invariance test, which identified significant
variations in edges among subgroup networks, and a global
strength invariance test, which evaluated the total weighted sum
of all edges to measure the connection strength among network
variables. Should the network invariance test yield significant
results, we then conducted an edge invariance test to pinpoint
specific edge pairs that varied between subgroups. In addition,
we compared node centrality between men and women. To
adjust for multiple comparisons at the level of individual edges
and centralities, the Benjamini-Hochberg correction method
was used.

Ethical Considerations
This secondary analysis of the NHATS dataset relies on publicly
available data. The original data collection, which obtained
informed consent from all participants, was approved by the
Johns Hopkins University IRB. As no restricted data were used,
further IRB review was not required.

Results

Sample Characteristics and Descriptions of IADL and
Cognitive Domains
Of the 2239 participants (1194 from wave 12 and 245 from
wave 11), 1263 were female (56.41%), and 1720 (76.82%) were
White. The predominant age group was 75‐79 years,
representing 748 participants (33.41%). Detailed
sociodemographic data, as well as descriptions and abbreviations
of the IADL items and cognitive domains, are provided in Table
1.
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Table . Demographics, descriptions, and abbreviations of instrumental activities of daily living (IADL) and cognitive domain items (N=2239).

RangeResultsVariables

Demographics, n (%)

    Sex

—a1263 (56.41)Female

—976 (43.59)Male

    Age group

—214 (9.56)70‐74 years

—748 (33.41)75‐79 years

—620 (27.69)80‐84 years

—395 (17.64)85‐89 years

—262 (11.70)90+ years

    Self-rated health

—69 (3.08)Poor

—431 (19.25)Fair

—893 (39.88)Good

—676 (30.19)Very good

—169 (7.55)Excellent

—1 (0.04)Missing value

    Race

—41 (1.83)Non-Hispanic others

—375 (16.75)Non-Hispanic Black

—81 (3.62)Hispanic

—1720 (76.82)Non-Hispanic White

—22 (0.98)Missing

    Living arrangement

—809 (36.13)Alone

—1430 (63.87)Living with someone

    Income status

—859 (38.37)Poverty

—413 (18.45)Low income

—967 (43.19)Normal

Description of items (abbreviations in networks), n (%)

    Difficulty in managing medication (I1)

—1798 (80.30)No

—441 (19.70)Yes

    Difficulty in managing laundry (I2)

—1321 (59)No

—918 (41)Yes

    Difficulty in managing shopping (I3)

—1214 (54.22)No

—1025 (45.78)Yes

    Difficulty in managing meal (I4)

—1373 (61.32)No
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RangeResultsVariables

—866 (38.68)Yes

    Difficulty in managing banking (I5)

—1505 (67.22)No

—734 (32.78)Yes

0-910.15 (3.21)Episodic memory (C1), mean (SD)

0-50.84 (0.89)Executive function (C2), mean (SD)

0-80.96 (1.33)Orientation (C3), mean (SD)

2.36-3.262.66 (0.13)Psychomotor function (C4), mean (SD)

2.57-3.412.82 (0.10)Visual attention (C5), mean (SD)

0-1.570.34 (0.25)Working memory (C6)

aNot applicable.

Items Remained After Redundancy Check
The Goldbricker analysis confirmed no redundancy in the IADL
and cognitive domains, thus all items were retained.

Stability of IADLs, Cognition, and the Bridge Networks
The bootstrapped 95% CI analysis revealed narrow CIs across
all 3 networks (IADL, cognition, and bridge), indicating precise
edge-weight estimates (Figures S1, S3, and S5 in Multimedia
Appendix 1). In addition, CS-C values for the IADL, cognition,
and bridge networks were 0.67, 0.75, and 0.44, respectively, all
surpassing the recommended threshold of 0.25, confirming the
networks’ interpretability and reliability (Figures S2, S4, and
S6 in Multimedia Appendix 1).

IADL Network
Figure 1A illustrates the IADL network, with all edges (10/10,
100%) nonzero, indicating strong connectivity among nodes.
The most robust connections were between I3 and I4 (I3:
shopping-I4:meal, edge weight 1.38), I2 and I4 (I2: laundry-
I4:meal, 1.33), and I1 and I5 (I1: medication- I5: banking, 1.08).
Logistic regression coefficients for other edges are detailed in
Table S1 in Multimedia Appendix 1. Figure 2A shows that node
I4 (meal) had the highest expected influence of 3.87. Figure
2B’s centrality bootstrapped difference test highlights I4’s
(meal’s) significantly higher influence (all P<.05 after
Benjamini-Hochberg corrections), underscoring its central role
in the network.
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Figure 1. Network structure of instrumental activities of daily living (IADL) network, cognition network, and the bridge network.
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Figure 2. Expected influence centrality index and centrality bootstrapped difference tests for variables in the IADL network (Pane A and Panel B) and
the cognition network (Panel C and Panel D). Gray boxes indicate variables that do not significantly differ from one-another. Black boxes represent
variables that differ significantly from one another (α=.05). White boxes show the values of bridge expected influence. I1: difficulty in managing
medication; I2: difficulty in managing laundry; I3: difficulty in managing shopping; I4: difficulty in managing meals; I5: difficulty in managing banking;
C1: episodic memory; C2: executive function; C3: orientation; C4: psychomotor function; C5: visual attention; C6: working memory.

Cognition Network
Figure 1B shows the cognition network structure, with 14/15
edges (93.33%) nonzero, reflecting strong connectivity among
nodes. The strongest connections were C4-C5 (C4: psychomotor
function-C5: visual attention; edge weight 0.54), C1-C3 (C1:
episodic memory-C3: orientation, 0.25), and C1-C6 (C1:
episodic memory-C6: working memory, 0.22). The partial
correlation matrix for other edges is in Table S2 in Multimedia
Appendix 1. Figure 2C displays the expected influence index
for all nodes, with C5 (visual attention) having the highest at
0.86. Figure 2D’s centrality bootstrapped difference test
underscores C5’s (visual attention’s) significant influence within
the cognitive domains (all P<.05 after Benjamini-Hochberg
corrections).

Bridge Network
Figure 1C shows the bridge network between IADL and
cognition, with 34/55 edges (61.82%) nonzero, indicating strong
connectivity. Details on all edges are in Table 3 in Multimedia
Appendix 1. Figure 3A highlights the bridge expected influence
index, with I3 (shopping) recording the highest at 0.41, followed
by I5 (banking, 0.24) and I4 (meal, 0.22). Significant bridge
edges include I3-C6 (I3: shopping-C6: working memory, edge
weight: 0.12), I5-C3 (I5: banking-C3: orientation, edge weight:
0.15), and I4-C6 (I4: meal-C6: working memory, edge weight:
0.09). Figure 3B’s centrality bootstrapped difference test
confirms I3’s (shopping’s) prominent role in connecting IADL
and cognitive domains (all P<.05 after Benjamini-Hochberg
corrections).
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Figure 3. Bridge expected influence centrality index (Panel A) and centrality bootstrapped difference tests (Panel B) for variables in the bridge network.
Gray boxes indicate variables that do not significantly differ from one-another. Black boxes represent variables that differ significantly from one another
(α=.05). White boxes show the values of bridge expected influence. I1: difficulty in managing medication; I2: difficulty in managing laundry; I3:
difficulty in managing shopping; I4: difficulty in managing meals; I5: difficulty in managing banking; C1: episodic memory; C2: executive function;
C3: orientation; C4: psychomotor function; C5: visual attention; C6: working memory.

Sex Differences in Networks
Network invariance and global strength tests revealed no
significant sex differences in the cognition network (M=0.07,
P=.64; S=0.10, P=.21). Conversely, significant sex differences
were evident in the IADL and bridge networks, confirmed by
network invariance tests (IADL: M=0.95; P=.005 and bridge:
M=0.49; P=.002) and global strength tests (IADL: S=1.94;
P=.001 and bridge: S=1.79; P=.002). Following these findings,
further edge and centrality invariance tests were conducted for
the IADL and bridge networks between sexes. In the IADL
network, edge invariance tests identified significant sex
disparities between I2 (laundry) and I4 (meal), with females
demonstrating stronger associations (female 1.69, male 0.74;
P=.001) and greater centrality in I4 (meal: difference=1.99;
P=.007). However, in the bridge network, no significant sex
differences were detected through further edge and centrality
invariance tests (all P>.05 after Benjamini–Hochberg
corrections).

Discussion

Principal Findings
Using network analysis, the main findings of this study
elucidates the detailed interactions within and between IADL
and cognitive domains in older adults, identifying 3 key
variables as predictive markers and potential intervention targets
for enhancing global IADL and cognitive function, while also
noting sex differences. First, meal preparation difficulty and
visual attention are central nodes within their respective IADL
and cognition networks, with higher levels predictive of better
functionality; targeted modifications could significantly improve
overall functionality. Secondly, shopping difficulty within the
IADL network has the strongest association with global
cognition. Given the cause-and-effect relationship between
IADL and cognitive function, early interventions targeting

shopping difficulties could effectively boost global cognition.
Finally, a sex difference was observed, with meal preparation
exerting a greater influence in the IADL network among females
than males, suggesting its higher predictive relevance and
intervention efficacy for females.

Within the IADL network, the biggest 3 connections include
those between shopping and meal preparation, laundry and meal
preparation, and medication management and banking. The
strong link between shopping and meal preparation is due to
their shared planning, organization, and physical demands
necessary for food tasks [30-32]. Likewise, laundry and meal
preparation share organizational and physical demands [13].
The link between medication management and banking stems
from their reliance on the same executive functions and working
memory [33,34]. Importantly, meal preparation is central in the
IADL network, perhaps due to impacts on other domains like
medication, shopping, and banking owning to necessary
executive skills such as multitasking and planning [35,36]. Data
from our cross-sectional analysis indicate that meal preparation
is the most central node within the IADL network. This finding
suggests that same unite improvement in meal preparation ability
can yield the largest overall enhancement in IADL performance
relative to other tasks. Therefore, targeted interventions—such
as the integration of assistive kitchen technologies or cognitive
orthoses—may be especially effective in promoting independent
cooking and, by extension, broader functional independence
[37,38].

In the cognition network, the strongest connections are between
psychomotor function and visual attention, and between episodic
memory, orientation, and working memory. The link between
psychomotor and visual attention is due to their roles in
coordinated, rapid response tasks [14]. Significant correlations
also exist between episodic memory and gray matter volume
in the bilateral hippocampus and parahippocampal gyrus, which
are key for orientation [39]. Furthermore, the association
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between episodic memory and working memory is supported
by evidence that working memory capacity and prefrontal cortex
executive functions are essential for episodic memory formation
and retrieval [40]. Importantly, visual attention, the most central
node in the cognitive network, is crucial for selective focus
necessary for advanced cognitive processes like reasoning and
problem-solving [41], and it enhances complex task execution
through interactions with working memory [42]. Studies show
that enhancing visual attention can lead to sustained
improvements in cognitive performance [43,44], supporting its
pivotal role in overall cognition and highlighting the need for
targeted interventions to enhance focus and processing of visual
stimuli. Potential interventions include computer-based training
programs, video games, mindfulness exercises, and virtual
reality applications specifically designed for visual tracking
tasks, all of which may contribute to enhanced cognitive
function [45-48].

In the bridge network, which integrates both IADLs and
cognition, connectivity is notably high, with 61.82% (34/55) of
edges being nonzero. This finding indicates a robust
interconnection among multiple cognitive domains and IADLs,
suggesting that daily tasks rely on a synergy of cognitive
processes rather than on any single discrete skill [49,50]. Such
an observation aligns with mounting evidence that real-life
cognition operates as an integrated set of processes-often termed
functional cognition [51,52]. While traditional
neuropsychological models emphasize isolated cognitive
constructs, functional cognition highlights how domains such
as attention, executive function, and memory converge to
support everyday activities [53]. By adopting this framework,
our findings on the specific links (“edges”) between each
cognitive domain and each IADL can offer theoretical guidance
for real-world functional cognition rehabilitation or training
aimed at improving IADL performance. Importantly, the
prominent bridge edge was identified between shopping and
working memory. When considering the overall impact on
global cognition, shopping ranked first as the bridge IADL,
followed by banking and meal preparation. These latter activities
are also highly demanding cognitively and should be targeted
in interventions. However, if resources are limited, prioritizing
shopping may yield the greatest benefits in enhancing overall
cognitive function. Notably, shopping functions as a bridge
IADL because it draws on a broad range of cognitive skills:
episodic memory for recalling past purchases and layouts;
executive function for planning and budgeting; spatial
orientation for navigation; psychomotor skills for handling
products and carts; visual attention for identifying items; and
working memory for tracking purchases and costs [33,54-57].
To leverage its bridge position, shopping tasks could be
integrated into routine cognitive assessments, and regular
shopping activities could be encouraged to maintain cognitive
function. Virtual reality simulations of shopping tasks, artificial
intelligence-powered service robotics, and the use of audio
recorders as assistive technology to enhance shopping
independence among older adults [58,59], can leverage the
bridge IADL role of shopping to effectively improve global
cognitive function.

Sex differences within the IADL network show females with a
stronger association between laundry and meal preparation and
a higher centrality of meal preparation. These patterns likely
result from societal norms assigning women more IADL
responsibilities, especially laundry and meal preparation
[17,60,61]. The elevated centrality of meal preparation in
women’s IADL networks suggests a ripple effect where
challenges in meal preparation deplete time management, mental
energy, and physical resources, reducing efficiency in other
tasks. This ripple effect also explains the stronger association
between meal preparation and laundry among women compared
with men. Previous studies indicate that IADLs do not measure
equivalently for men and women [61]; our study finds that meal
preparation has a lower predictive value for overall IADL
function in males than in females. Interventions to improve
IADL performance through meal preparation should be tailored
with an awareness that these activities vary in importance and
difficulty between sexes.

Limitations
Several limitations are worth mentioning. First, the assessment
of IADL relied on self-reported data, which, while expedient,
may compromise reliability and necessitate cautious
interpretation of the findings. Future research should use more
objective measures to validate these results. Second, the
cross-sectional design precludes the establishment of causality
and does not capture the temporal dynamics between IADL
capabilities and cognitive function, underscoring the need for
longitudinal approaches. Third, we excluded older adults with
dementia, as dementia-related deficits may mask subtle
variations in both cognition and IADL performance, which is
critical for identifying central or bridge nodes in network
analysis. Consequently, our findings should be interpreted
primarily for community-dwelling older adults with relatively
preserved cognitive function. Future research should incorporate
participants with more severe cognitive impairments to validate
whether our findings remain consistent. Fourth, although we
set eligibility at ≥65 years, all final participants were aged 70+
years, likely because those aged 65‐69 years in earlier waves
either dropped out or turned 70 years old by Waves 11‐12.
This may limit the generalizability of our findings to younger
older adults. Fifth, our study relies on the NHATS dataset, which
limits the assessment to a select set of IADL and cognitive
domains. Sixth, one limitation of our study is that the network
analysis did not adjust for external confounders (eg, age and
cultural background). Network models focus solely on the
relationships among the included nodes and do not account for
factors outside the network. Future research might address this
limitation by residualizing each node on confounders before
constructing the network, or by using subgroup or multigroup
analyses to examine how these factors influence network
structure. While these measures capture key aspects of
functioning, we acknowledge that not including additional, more
nuanced domains may affect the generalizability of our findings.
Finally, the generalizability of our findings is limited to the
American population studied; it remains unclear if these results
can be generalized to populations with differing cultural,
economic, or health system backgrounds. Further studies should
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expand the demographic scope to determine if these findings
hold across diverse populations.

Conclusions
The central IADL, central cognitive domain, and bridge IADL
connecting global cognition were meal preparation, visual
attention, and shopping, respectively, underscoring the need for
targeted interventions to maximize resource efficiency and
effectiveness. Specifically, enhancing meal preparation in older
adults may significantly boost holistic IADL capabilities through
interventions such as cooking classes, nutritional education,
and tailored tools, along with support services such as
interdisciplinary collaboration, caregiver training, and smart
appliances. Similarly, focusing on visual attention training

through methods such as computer-based programs,
neurofeedback, and mindfulness exercises may substantially
improve global cognitive function. Given the link between IADL
performance and cognitive function, interventions centered on
shopping are expected to be highly effective. This can be
achieved by integrating shopping tasks into cognitive
assessments and promoting regular shopping activities.
Technological aids such as GPS, virtual reality simulations, and
caregiver education on the cognitive benefits of shopping can
further support elderly care and quality of life. In addition,
observed sex differences suggest that meal preparation
interventions may vary in effectiveness, with potentially lower
efficacy among males, highlighting the need for tailored
strategies to maximize outcomes.
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Abstract

Background: Cognitive training for older adults is crucial before cognitive impairment emerges. During periods of social
distancing like the COVID-19 pandemic, cognitive stimuli are lacking. Online dual-task training is proposed as a solution to
address these needs.

Objective: We aimed to explore the feasibility, acceptance, and potential effects of online group-based dual-task training as an
intervention for enhancing cognitive function among community-dwelling older adults.

Methods: A randomized controlled feasibility study was conducted with 76 participants in Hong Kong, randomly assigned to
the intervention and attention control groups in a ratio of 2:1 (n=50, 66% and n=26, 34%, respectively). The intervention group
underwent 60-minute online dual-task training sessions twice a week for 12 weeks, incorporating cognitive components (upper
limb and finger movement, arithmetic operation, and verbal fluency) and physical components (chair-based exercises) developed
through a co-design approach. The attention control group received online health talks. Outcomes related to feasibility and
acceptance included class attendance and self-reported satisfaction. Main outcomes related to potential effects included the
Memory Inventory in Chinese and the Montreal Cognitive Assessment 5 Minutes (Hong Kong Version) at baseline, 6 weeks
(midintervention), 12 weeks (postintervention) and 18 weeks (follow-up). Descriptive statistics and linear mixed effects models
were used. Effect size was described with Cohen d. Qualitative feedback was collected from 12 informants and analyzed by
thematic analysis.

Results: About 72% (36/50) of the participants in the intervention group and 62% (16/26) in the control group attended over
75% of the classes. In total, 44 (88%) participants from the intervention group provided acceptance feedback; 82% (36/44) were
satisfied and 84% (37/44) would recommend the training to others. Improvement in the Memory Inventory in Chinese score in
the intervention group was observed at midintervention, postintervention, and follow-up, with a medium-to-large effect size
(d=0.65, 0.43 and 0.85, respectively). Adjusting for baseline values, the between-group differences in the Montreal Cognitive
Assessment 5 Minutes (Hong Kong Version) score attained a small-to-medium effect size at midintervention (d=0.34) and
postintervention (d=0.23). Qualitative feedback highlighted the timesaving and convenient aspects of online dual-task training,
with participants finding the sessions challenging and enjoyable, and reporting benefits across cognitive, physical, and psychosocial
domains. However, a preference for traditional in-person training was noted among the older adults despite the advantages of
online training.

Conclusions: Online dual-task training is a feasible intervention accepted by the older adults, with potential benefits in cognitive
abilities. Online training may complement in-person sessions. Further investigation in a full-scale randomized controlled trial is
warranted to comprehensively explore its effects and address areas for improvement.
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Trial Registration: ClinicalTrials.gov NCT05573646; https://clinicaltrials.gov/study/NCT05573646

(JMIR Aging 2025;8:e67267)   doi:10.2196/67267
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Introduction

Cognitive Decline
The cognitive health of older people is critical to aging in place.
Even among healthy older adults, about one-third may
experience cognitive decline within 18 months [1], impacting
decision-making and daily activities like managing finances,
medications, transportation, and meal preparation [2]. Cognitive
decline is also linked to decreased physical performance and
psychosocial issues, such as loneliness and depression [3]. The
health care burden may thus increase in the long run [3].

Existing Dual-Task Interventions
Interventions to enhance cognitive function or to prevent decline
are essential for healthy aging. When older adults have limited
capacity in performing both functional tasks and cognitive tasks,
they tend to prioritize the former over the latter because of the
lower chance of being injured [4]. Dual-task training, which
involves combining cognitive and physical training components,
has been shown to improve physical and cognitive performance,
including, but not limited to, gait, balance, and memory and
cognitive function [5]. Compared with training with single
components, dual-task training tends to have potentially greater
benefits [6,7]. Dual-task training has been widely applied among
populations with clinical conditions, such as stroke, Parkinson
disease, and cognitive impairment. A systematic review of 13
randomized controlled trials (RCTs) on stroke survivors reported
that dual-task training could improve walking and balance
function [8]. A recent meta-analysis of 14 RCTs estimated a
small-to-moderate effect in improving cognitive function among
stroke survivors [9]. Meanwhile, a meta-analysis of 17 RCTs
on people with Parkinson disease revealed positive effects in
physical performance, such as gait and balance, with effect size
varying from small to large [10], and a narrative review of 3
studies reported potential improvements in cognitive function
among this group, although statistical significance was not
always achieved [11]. A 2022 network meta-analysis concluded
that dual-task training was promising for addressing the
cognitive and motor symptoms of patients with Parkinson
disease [12]. The benefits of dual-task training for cognitive
function were commonly investigated among cognitively
impaired people. A review of 18 RCTs on those with dementia
or mild cognitive impairment reported improvements in overall
cognitive function, attention, and functional mobility [7].
Another meta-analysis of 21 RCTs reported small-to-moderate
effects in global cognitive function, memory, executive function,
and attention in cognitively impaired people [13]. A recent
meta-analysis of 20 RCTs also reported benefits for global
cognition, executive function, and working memory with effect
sizes that were moderate, small to moderate, and moderate to
large, respectively [14]. There is growing literature on studies
targeting cognitively healthy older people. A meta-analysis of

8 controlled trials on cognitively healthy older adults reported
improvement in cognitive functions, such as global cognition,
working memory, and executive function [15]. The same review
also reported no statistically significant difference in efficacy
between cognitively healthy older adults and those with mild
cognitive impairment [15].

Service Gaps
In practice, motivating healthy older adults to engage in
cognitive training can be challenging, especially when they
perceive no immediate risk of decline. Presenting interventions
as recreational and stimulating can enhance participation.
Compared with solely cognitive training, dual-task training may
address this need. Meanwhile, when there was social distancing,
such as during the COVID-19 pandemic, older adults lost their
opportunity to exercise and interact with others. Reductions in
physical activity and social interaction not only challenged their
physical and psychological health but also challenged their
cognitive performance. Although group-based dual-task training
could be beneficial, existing dual-task training programs have
been conducted face-to-face, which limits their application
during times of social distancing, prompting the exploration of
online delivery methods. As the participants could join the
training in their own homes, the training components had to be
specially designed to simultaneously ensure safety, enjoyment,
and efficacy. Hence, as an initial step, the feasibility,
acceptability, and potential effects of the proposed intervention
had to be investigated through a feasibility study.

Aim and Objectives
This study aimed to explore the feasibility, acceptance, and
potential effects of online group-based dual-task training as an
intervention for enhancing cognitive function among
community-dwelling older adults. To accomplish this aim, we
had three objectives: (1) to develop the intervention through a
co-design approach, (2) to explore its feasibility and acceptance
among older adults, and (3) to examine its potential effects in
terms of the cognitive, physical, and psychosocial status of the
intervention group before and after the intervention and in
comparison with the control group. We hypothesized that online
based dual-task training would be feasible for healthy older
adults.

Methods

Study Design
This was a randomized controlled feasibility study with 2
parallel arms. The trial was registered at ClinicalTrials.gov
(NCT05573646).
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Ethical Considerations
Ethics approval was obtained from The University of Hong
Kong/Hospital Authority Hong Kong West Cluster Institutional
Review Board (UW22-038).

Setting
This study was conducted in both online and community settings
across Hong Kong. Data collection was conducted at older adults
community centers, an older adult educational center, and a
university campus, and the intervention was delivered online.

Target Population and Sample
The target population comprised community-dwelling older
adults. The inclusion criteria were (1) age ≥65 years, (2) no
communication problems, and (3) ability to use an online
meeting platform. The exclusion criteria were (1)
contraindications to chair-based exercises and (2) engagement
in any kind of cognitive training 3 months before the study or
during the study period.

According to the literature, for a main trial designed with 80%
power and 2-sided 5% significance to detect a small-to-medium
effect (Cohen d between 0.1 and 0.3), a sample size of at least
20 per treatment arm is needed for a pilot study [16]. Meanwhile,
to allow the sample to detect a medium within-group effect size
in the intervention group (d=0.5) with 80% power and 2-sided
5% significance, a sample size of 34 was required for the

intervention group. Taking both scenarios and 20% attrition
into account, 50 participants in the intervention group and 25
participants in the control group were required.

Intervention: Online Group-Based Dual-Task Training
Participants in the intervention group received a 1-hour online
group-based dual-task training session twice a week for 12
weeks, resulting in a total intervention time of 24 hours. Such
frequency and duration were within the range of 4 to 25 weeks
and 30 to 240 minutes per week, as used in previous dual-task
training programs for healthy older adults [6].

Figure 1 shows the conceptual framework underpinning the
development of the intervention based on the 2020 Report of
the Lancet Commission on dementia prevention, intervention,
and care [17]. The framework proposed that modifiable risk
factors prevent dementia through reduction of neuropathological
damage and increase and maintenance of a cognitive reserve.
Among these factors, maintenance of frequent exercise and
reduction of depression act on both paths, while maintenance
of frequent social contact and education act on the cognitive
reserve path. In our intervention, the physical training
components helped to maintain frequent exercise (at least twice
weekly) and the cognitive training component mimicked the
education effect. The social interaction via group Zoom (Zoom
Communications, Inc) classes maintained frequent social contact
for at least twice a week and thus could help to relieve
depression symptoms.

Figure 1. Conceptual framework.

In the development of the cognitive training component, various
factors were considered, including the lower education level of
the local older adults, the online delivery format of the
intervention, the cultural appeal to the local older population,
and the effectiveness and safety of the training. A diverse set
of training components were incorporated, such as upper limb
and finger movements, arithmetic operations, and verbal fluency
exercises, based on their proven efficacy in previous dual-task
training studies [18,19]. A co-design approach was adopted to
develop the dual-task training components. In total, 9
participants from the target population were invited to a trial
run to provide feedback on their interests, challenges, and

suggestions for tasks they preferred. The suggested tasks were
then reviewed by the project team to assess their intensity and
potential impact on training outcomes. Considering what would
be acceptable and effective, 18 upper limb and finger movement
games, 22 arithmetic operation games, and 6 verbal fluency
training components were finalized (Textbox 1). During the
1-hour training session, participants engaged in different tasks
according to a predefined schedule (Table 1). Specifically,
participants spent 12 minutes on upper limb and finger
movement exercises, 15 minutes on arithmetic operations, and
15 minutes on verbal fluency tasks. Each game started at the
easiest level, with the facilitator adjusting the cognitive demand
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as participants progressed. For each game, the facilitator would
start with the easiest level first. To sustain motivation and
enjoyment, the difficulty level of each component increased

when participants demonstrated mastery, typically indicated by
3 consecutive rounds without losing a game.

Textbox 1. Examples of cognitive training components.

Upper limb and finger movements

• Goal-directed finger movements, such as counting and reverse counting with the fingers and making motions in different directions with different
hands

• Forming patterns in the air

Arithmetic operation

• Counting

• Reverse counting

• Counting or reverse counting with subtraction or addition

• Clapping at specific numbers or multiples

Verbal fluency

• “Jie Long” (a well-known Chinese word chain game)

• Naming games (particularly on Chinese cultural concepts, such as Chinese dim sum and greetings in the Chinese new year)

• Memory games (participants needed to recap the previous terms presented by others and then add their own)

Table 1. Dual-task training schedule for each 60-minute session.

Dual-task trainingTime (minutes)

Cognitive componentsPhysical components (chair-based)

Safety reminder or casual chit-chatWarm-up exercise5

Upper limb and finger movement 1Toes raises3

Upper limb and finger movement 2Heel raises3

Upper limb and finger movement 3Toes raises3

Upper limb and finger movement 4Heel raises3

BreakBreak3

Arithmetic operation 1Stepping3

Arithmetic operation 2Rest3

Arithmetic operation 3Stepping3

Arithmetic operation 4Rest3

Arithmetic operation 5Stepping3

BreakBreak3

Verbal fluency 1Stepping3

Verbal fluency 2Clam exercise3

Verbal fluency 3Stepping3

Verbal fluency 4Clam exercise3

Verbal fluency 5Stepping3

Verbal fluency 6Clam exercise3

Safety reminderCool-down exercise4

For the physical training component, we selected chair-based
exercises, which were chosen due to their suitability for the
limited space available in most local households. Chair-based
exercises offer various benefits, such as improving mood and

well-being, enhancing certain activities of daily living,
promoting social interaction, and increasing muscle strength
[20]. Alongside the cognitive training games, participants
engaged in exercises like toe or heel raises on alternate sides,
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stepping, and clam exercises (Table 1). The exercises were
performed at a low frequency, such as 60 steps per minute. To
ensure safety, participants were permitted to use their hands for
balance support during stepping or clam exercises. Therefore,
when upper limb and finger movement tasks were involved,
only toe or heels raise were performed.

A group-based training approach was adopted as group-based
cognitive training might yield greater interaction and cognitive
benefits than individual-based training [21]. Group-based
exercise was also reported as having the additional advantage
of creating a social support environment that could enhance
psychosocial well-being [22]. Moreover, group-based
interventions tend to have higher adherence rates than general
exercise programs due to the motivational support provided by
group dynamics [23]. To encourage interaction among
participants and enable close monitoring by the facilitator, a
group size of less than 10 people was used.

Zoom was selected as the training platform due to its widespread
use and familiarity among local older adults. Throughout the
session, participants were instructed to sit on a sturdy chair with
a back rest in front of a desktop computer, laptop, tablet, or
mobile phone securely placed on a table. Mobile device users
were provided with stands for better posture (all participants
received the stand as a souvenir). To allow enough space for
movement, the chair and table needed to be positioned 60 cm
apart. Participants were encouraged to turn on their cameras
during the session to facilitate interaction with one another.
They were also asked to keep their audio on to actively
participate in the cognitive tasks by verbalizing their answers.

The sessions were led by a trained facilitator. The facilitator
did not need to be health professional, but they were required
to undergo necessary training to ensure they had the knowledge
and skills to effectively work with older adults [20]. A written
manual with all the rules and regulations of the training was
provided. During the initial sessions of the intervention, the
project lead provided on-site supervision of the facilitator to
ensure that the intervention was delivered according to the
protocol. In addition, random spot checks were conducted by
the project lead to ensure strict adherence to the protocol.

Attention Control: Interactive Health Talks
In line with recommendations for attention control groups [24],
participants in the control group underwent 8 one-hour online
group-based interactive health talks on food label knowledge
and its practical applications. These sessions were led by a
facilitator with nutrition training.

Outcome Measures
The primary outcomes were related to feasibility and acceptance.
Feasibility was reflected by class attendance. Reasons for
absence were documented when available. There was no
consensus on the definition of high attendance [25]. We took
75% attendance as high attendance, as a review reported 3 of
11 studies on exercise interventions adopted this definition [25].
The proportion of participants with high attendance was
calculated using the number of participants randomized to the
group as denominator. A review of group exercise interventions
for older adults reported that in 4 of 6 studies, 65% to 67% of

participants adhered to the program [22]. Hence, our study
considered over 65% of participants completing at least 75%
of the classes as feasible.

Acceptance was reflected by 5-point Likert scale questions on
the level of satisfaction with the intervention (“Are you satisfied
with this training?”) and the level of likeliness of recommending
the intervention to other people (“Would you recommend this
training to friends and family”), with answers collected at the
end of the intervention via instant text messaging. The
proportion of respondents providing a positive response was
calculated. As a conservative estimate, another proportion was
calculated by assuming those who did not provide feedback as
not being satisfied and not likely to recommend the intervention,
with the number of participants randomized to the group as the
denominator.

The secondary outcomes were related to potential effects, which
included subjective memory complaints, cognitive status,
working memory, executive function, physical function,
instrumental activities of daily living, happiness, and social
networks.

Subjective memory complaints were assessed using the Memory
Inventory in Chinese (MIC) [26]. This scale consists of 27 items
on memory concerns related to daily activities in the past month.
Responses are rated on a scale from 0 (none) to 4 (once or more
per day or continuously), with scores totaling between 0 and
108. A higher score indicates a greater frequency of memory
concerns.

Cognitive status was assessed using the validated Montreal
Cognitive Assessment 5 Minutes (Hong Kong Version)
(HK-MoCA 5-Min), which covers 4 domains, namely, attention,
executive functions or language, orientation, and memory [27].
The total score ranges from 0 to 30, with a higher score
indicating better cognitive status.

Working memory was assessed by Digit Span Test [28].
Participants were required to repeat progressively longer series
of digits. The test began with 2 digits and increased in length,
with a maximum of 8 digits for the forward test and 7 digits for
the backward test. The participant’s ability to recall the longest
digit series in forward and backward order was recorded as the
forward and backward scores, respectively. A higher score
indicated a better working memory capacity.

Executive function was assessed by the Chinese version of the
Victoria Stroop Test [29]. The test consisted of 3 parts, each
presenting different stimuli: colored dots, common words
unrelated to color, and color words. Participants were required
to name the color in which the stimuli were printed. Inference
scores were calculated based on the difference in completion
time between the word or color test and the dot test, with a
longer completion time indicating a poorer condition.

Lower-limb muscle strength was assessed by the 5-time chair
stand task [30]. Participants were timed on how long it took
them to complete the task, with a longer time indicating poorer
performance. If participants were unable to finish the task within
1 minute, the test was stopped, and a time of 60 seconds was
imputed for analysis purposes.
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Instrumental activities of daily living were assessed by Lawton’s
8 selected tasks, which include telephone use, shopping, food
preparation, housekeeping, laundry, transportation, medicine
use, and handling finances [31]. Participants rated their level
of dependence in performing each task on a 5-point Likert scale.
The score was the sum of all items, ranging from 0 to 8, with a
higher score indicating greater independence.

Happiness was assessed by the Chinese version of the validated
4-item Subjective Happiness Scale [32]. Participants rated their
responses on a 7-point Likert scale. The score was the average
of the 4 items, ranging from 1 to 7, with a higher score indicating
a higher level of happiness.

Depressive symptoms were assessed by the Patient Health
Questionnaire-9 (PHQ-9) [33]. PHQ-9 was validated as a
reliable tool for evaluating depression among older adults. The
scale ranged from 0 to 27, with a higher score indicating a higher
level of depressive symptoms.

Social networks were assessed by the Chinese version of the
6-item Lubben Social Network Scale [34]. Participants rated
their responses on a 5-point Likert scale. The total score ranged
from 0 to 30, with a higher score indicating a stronger social
network.

All effect-related outcomes were assessed at recruitment (T0,
baseline), 6 weeks after baseline (T1, midintervention
assessment), 12 weeks after baseline (T2, postintervention
assessment), and 18 weeks after baseline (T3, follow-up
assessment). Demographic, medical and lifestyle information,
such as age, gender, education level, exercise habits (measured
by the International Physical Activity Questionnaire-Short
Form), frailty status (measured by the FRAIL scale, which
consists of 5 items, namely, fatigue, resistance, ambulation,
illnesses, and loss of weight) and comorbidity (coexistence of
2 or more chronic illnesses) were collected at baseline. For
participants who could not undergo face-to-face assessment for
reasons such as quarantine or sickness, the 5-time chair stand
task was not administered and was regarded as missing data.

Qualitative feedback was collected from a purposive sample at
the end of the follow-up period through phone interviews. A
semistructured interview guide was used to explore reasons for
participating in the intervention, perceived difficulties
encountered, logistical aspects of the intervention, and strengths
and limitations perceived by participants. Prompts were provided
as appropriate. Participants who exhibited varying degrees of
change in the MIC score were invited to ensure diverse
perspectives. Data saturation was achieved with 12 informants.

Procedure
Participants were recruited through social media and
nongovernmental organizations in Hong Kong. They were
randomly assigned to the intervention or control groups at a
ratio of 2:1. As a strategy to enhance recruitment, a ratio of 2:1
was proposed for the number of people in the intervention and
control groups, such that less participants would be disappointed
with the allocation to the control group. A face-to-face
orientation session was conducted to guide participants on using
the Zoom platform and provide them with mobile device stands.

Furthermore, for intervention group participants, demonstrations
of the chair-based exercises were provided as they were unable
to observe lower-limb movements on Zoom.

Randomization and Concealment
Block randomization with varying block sizes was used to
generate the allocation sequence. An independent research
assistant generated the sequence using an online platform and
prepared sequentially numbered opaque sealed envelopes. These
envelopes were opened in front of the participants immediately
after obtaining informed consent.

Blinding
This was a single-blinded study as participants and
interventionists could not be blinded. Trained research assistants
involved in assessing outcomes related to potential effects were
blinded to the allocation.

Data Analysis
The participants’ characteristics were summarized using
descriptive statistics. Attendance statistics, regarding the
percentage of scheduled classes attended, were calculated. The
percentage of participants satisfied with the intervention and
those who would recommend it to others were also calculated.
Adopting intent-to-treat, linear mixed effects models were used
to analyze effect-related outcomes, adjusting for
sociodemographic characteristics, medical history, and lifestyle
patterns. A significance level of 5% was used. However, given
the small sample size, focus was placed on effect size with the
corresponding 95% CI. A Cohen d of 0.2 was considered
clinically meaningful [35]. Missing outcome measures were
not imputed as the linear mixed effects models could handle
missing data. Statistical analyses were performed using SPSS
version 28.

As for the qualitative interview, the audio recordings were
transcribed verbatim for thematic analysis [36]. First, 2
researchers read the transcripts several times and conducted the
systematic coding independently. They proceeded to generate
the initial codes and the recurrent pattern within the data and
identify and name the themes and subthemes according to the
underlying meaning. Then, a third researcher checked for the
consensus on the themes and subthemes and discussed with the
team accordingly. They also worked together to identify the
common threads that extend across the interviews of the
participants. Analyses were performed manually without the
aid of software.

Results

Overview
In total, 76 participants were recruited from October 2022 to
May 2023 (Figure 2). To manage class sizes, the 50 participants
in the intervention group were divided into 8 subgroups, each
with 24 classes, and the 26 participants in the attention control
group were divided into 2 subgroups, each with 8 classes.
Overall, 48 (96%) participants from the intervention group and
24 (92%) from the control group completed the assigned
intervention.
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Figure 2. CONSORT (Consolidated Standards of Reporting Trials) diagram.

The mean ages of the participants in the intervention and the
control groups were 71.5 (SD 5.2) and 71.1 (SD 6.0) years,
respectively. There were 64% (32/50) female participants in the
intervention group and 88% (23/26) in the control group.
One-fifth (15/76, 20%) of the participants had a primary level
of education or below. About 44% (22/50) of the participants
in the intervention group and 54% (14/26) in the control group

had multimorbidity. Most participants in both groups (30/50,
60% and 16/26, 61%) had low levels of physical activity.
Prefrailty was observed in about 38% (19/50) of
intervention-group participants and 50% (13/26) of
control-group participants. Table 2 shows the characteristics of
the participants.
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Table 2. Baseline characteristics of participants (N=76).

Control (n=26)Intervention (n=50)Characteristics

71.1 (6.0)71.5 (5.2)Age (y), mean (SD)

Sex, n (%)

3 (11)18 (36)Male

23 (89)32 (64)Female

Education level, n (%)

5 (19)10 (20)Primary or below

14 (54)27 (54)Secondary

7 (27)13 (26)Tertiary or above

Multimorbiditya, n (%)

12 (46)28 (56)No

14 (54)22 (44)Yes

Physical activity level (measured by IPAQb), n (%)

16 (61)30 (60)Low

9 (35)15 (30)Moderate

1 (4)5 (10)High

Frailty status (measured by FRAILc scale), n (%)

13 (50)31 (62)Robust

13 (50)19 (38)Prefrail

aMultimorbidity is defined as the co-existence of at least 2 of the following long-term health conditions: hypertension, heart disease, high cholesterol,
cancer, osteoporosis, and other chronic illnesses, as reported by the participants.
bIPAQ: International Physical Activity Questionnaire.
cFRAIL: Fatigue, Resistance, Ambulation, Illnesses, and Loss of weight.

Feasibility
In the intervention group, 36 (72%) participants attended over
75% of the 24 classes. For the attention control group, 16
participants (61%) attended over 75% of the 8 classes. Common
reasons for absence in both groups included time clashes with
medical appointments, illness, or other prior commitments.

Acceptability
Among 44 participants who provided acceptance feedback on
the intervention, 82% (36/44) expressed being very satisfied or
satisfied with the intervention, and 84% (37/44) indicated they
would be very likely or likely to recommend the intervention
to others. Assuming that those who did not provide feedback
were not satisfied and were not likely to recommend the
intervention, the satisfaction rate was 72% (36/50) and the
recommendation rate was 74% (37/50).

Potential Effects
Regarding the effect-related outcomes, owing to the pilot nature
of the trial, statistical significance was not the primary focus,
instead, the effect size was noted. Within-group changes were
explored and are presented in Multimedia Appendix 1. For the
intervention group, the effect size of the MIC improvements at
midintervention, postintervention, and follow-up compared to
baseline were 0.65, 0.43 and 0.85, whereas the estimates for the
control group were 0.51, 0.37 and 0.78, respectively. Similarly,

both groups experienced an increase in HK-MoCA 5-Min score
with moderate to large effect sizes. However, changes in
working memory, as assessed by the Digit Span Test, did not
consistently show the same direction in both groups. The
intervention group showed a moderate improvement in executive
function, as shown by the inference score for color from the
Victoria Stroop Test, while the control group showed a
small-to-large improvement in the inference score for words.
Improvement was not observed for other outcomes in both
groups.

Between-group differences, adjusting for the baseline
differences, were explored and are presented in Multimedia
Appendix 1. The intervention group did not outperform the
control group in the MIC, but it showed better performance in
the HK-MoCA 5-Min at the midintervention and the
postintervention assessments (effect size 0.34 and 0.23,
respectively). Meanwhile, a medium effect size was observed
for between-group difference in the Digit Span Test at the
follow-up. However, the findings for the Victoria Stroop Test
were inconsistent. Details on other outcomes are presented in
Multimedia Appendix 1.

Comparing the effect-related outcomes between participants
with high attendance (≥75% of class) and low attendance in the
intervention group (Multimedia Appendix 1), those with high
attendance had fewer subjective memory complaints than those
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with low attendance at midintervention and postintervention,
with effect sizes of 1.18 and 1.53, respectively. At the follow-up
assessment, the between-group difference was observed to be
in favor of the high-attendance group in the Digit Span Test,
inference score for color, and PHQ-9 score.

Qualitative Feedback
Table 3 shows the demographic characteristics of the 12
informants. Table 4 shows the 5 identified themes and the
corresponding subthemes derived from the qualitative feedback,
along with the significant quotes. The themes are summarized
as presented in Textbox 2.

Table 3. Characteristics of the 12 informants providing qualitative feedback.

Education levelAge group (y)SexInformant

Primary65-74FemaleA

Secondary65-74FemaleB

Primary≥75MaleC

Secondary65-74FemaleD

Secondary65-74FemaleE

Tertiary65-74FemaleF

Secondary≥75FemaleG

Secondary65-74FemaleH

Secondary65-74FemaleI

Tertiary65-74MaleJ

Primary65-74MaleK

Tertiary65-74MaleL
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Table 4. Five identified themes and the corresponding subthemes from the qualitative feedback and the significant quotes.

Significant quotes by informantsThemes and subthemes

Perceived strength of the training (before participation)

Arousing curiosity and motivation to join • “I heard an introduction at the elderly community center, and I want to learn more.” [In-
formant A]

• “Curious about online dual task training.” [Informant B]

Giving them hope to slow down cognitive de-
cline

• “I am taking precautions because I don’t know if I will have cognitive impairment in the
future. I just want to prevent it. Early prevention is better.” [Informant D]

• “I want to maintain, not improve, cognitive ability.” [Informant L]

Offering opportunity for social interaction • “I want to make new friends.” [Informant C]

Save travel time • “No need to spend time going back and forth; you can stay at home. Nowadays, we
mostly go to centers to learn things. In-person is much better, but it takes more time to get
there and back.” [Informant E]

• “But overall, I think online is good for participants, as it saves travel time.” [Informant J]

Positive experience from the training

Comprehensive training • “I think the course is quite good and comprehensive; it does not just focus on those with
cognitive impairment.” [Informant I]

Challenging training • “There is some difficulty; sometimes I forget, like moving a hand or getting distracted and
forgetting to do the stepping. You need to stay focused to complete it.” [Informant B]

• “At the beginning, I feel a bit frustrated when playing. However, it has its benefits. If ev-
erything were easy, there would be no need for training.” [Informant G]

• “If you have to move both your foot and hand, you often end up neglecting one. Sometimes,
you also have to keep track of numbers, so you need to pay attention to what the other
participants are saying.” [Informant K]

Engaging facilitator • “The host guided us with patience.” [Informant A]
• “Overall, I think the team is very dedicated. Sometimes when we can’t hear, she [the facil-

itator] reminds us. Or when we can’t think of an answer, she gives us hints at the right
time. I think the whole process is very smooth.” [Informant I]

Peer support and encouragement during the
training

• “We encourage each other during the training.” [Informant L]

Enjoy the convenience at home environment • “I can start the training right after breakfast. When we have breaks, we can go to the
washroom and drink water at home. After the session ends, we can prepare lunch ourselves.”
[Informant A]

Challenges encountered with online training

Constrained supervision and intensity of training • “At least with Zoom, the camera cannot capture my feet, so you cannot tell if participants
are doing stepping. I think in-person is ultimately more useful because you can see every-
one’s movements.” [Informant B]

• “Because in-person, you can immediately see everyone’s performance.” [Informant D]

Harder to follow the sequence if the training in-
volved taking turns

• “Because it is online and most participants are women, it is hard for me to know that it is
my turn unless there is a man preceding my turn. But after a few sessions, everyone starts
to get familiar with each other, and we build up rapport about the sequence.” [Informant
J]

Less concentrated and less cordial • “During training, some might not be able to concentrate, for example, if there are things
happening at home.” [Informant A]

• “It’s not as easy to get distracted if it is in-person.” [Informant D]

Class atmosphere not comparable to in-person
class

• “But in-person is more enjoyable, with more group interactions, which makes it more
fun.” [Informant G]

Technical issues encountered • “The display is limited in size, and there might be some lag time.” [Informant J]
• “The problem is that some resource-limited families don’t have Wi-Fi at home, so they

have to go to the center to access it, which is less convenient.” [Informant K]
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Significant quotes by informantsThemes and subthemes

Perceived benefits of the training

• “Initially, I felt very unfamiliar with it, but after a few more sessions, I absorbed new
knowledge and it made my mind more agile.” [Informant G]

• “I think I can use my brain more, as I usually don’t use it much.” [Informant H]
• “My memory has been maintained without much decline.” [Informant L]

Improved cognitive ability (including attention
and concentration)

• “After participating, my knowledge has broadened, and both my hands and mind have
become more agile.” [Informant C]

• “I find that after training, the coordination of my hands and feet has become a bit more
agile compared to before.” [Informant L]

Improved coordination and physical flexibility

• “It can train an older person to handle different communication demands.” [Informant J]Improved communication skills

• “Someone accompanies you. I also find it fun and enjoyable.” [Informant F]Promotion of positive mood and social interac-
tions

• “I have not experienced this kind of hand-eye coordination, but now I do. Sometimes,
when I’m alone, I practise the movements.” [Informant E]

• “I’ll go back and practise it myself.” [Informant K]

Learn new skills for self-practice in future

• “My brain is now willing to exercise and let me do calculations.” [Informant F]
• “I actually feel quite happy and it gives a sense of accomplishment because you can achieve

your goals and meet the training requirements, so there is a sense of success.” [Informant
J]

Increased self-efficacy and self-confidence

• “I do not feel like I have gained much. Maybe I prepare the answers in advance. For exam-
ple, knowing that the next lesson will involve ‘clapping on 7,’ I will prepare the answers
beforehand. But if it is in-person, it is harder to cheat.” [Informant I]

Self-explanation of less benefit from “cheating”

Suggestions for improvements

• “I think I need to keep doing it consistently to see improvement. But I understand it is
difficult if resources are lacking. Once the training stops, like now, I have forgotten a lot.”
[Informant K]

Continue the training (beyond 12 weeks)

• “Suggest to add online virtual courses. Each session would be half an hour, allowing stu-
dents to choose their own study times.” [Informant K]

• “If possible, it would be best to have a booster session once a month to refresh what we
have learned.” [Informant L]

Booster training

• “I think in-person sessions are ultimately more useful because you can see everyone’s
movements. In-person sessions could be held once a week, not too frequently, since not
everyone can attend twice a week, and the center might not be able to provide the space
for two days of training.” [Informant B]

Consider in-person mode (but reduced frequency
to accommodate time and venue constraints)

Textbox 2. Summary of the themes and subthemes derived from qualitative feedback.

• Perceived strength of the training (before participation): informants found dual-task training to be a novel approach, which interested them and
motivated them to participate. They expected the training would help to slow down cognitive decline. The online format of the training saved
them travel time but could still offer social interaction.

• Positive experience from the training: informants described the training comprehensive and challenging. The engaging facilitator increased their
adherence. The group training enabled peer support, enhancing their training experience. Informants also found having the training at home very
convenient.

• Challenges encountered with online training: supervision and the intensity of training was limited by the online format. Some informants found
it harder to follow the sequence if the training involved taking turns. Some found the home environment made them less concentrated and the
class atmosphere was not comparable to in-person class. The quality of the experience was also influenced by the display size of their device,
Wi-Fi speed, and more importantly accessibility to a stable internet connection.

• Perceived benefits after the training: informants perceived benefits in cognitive ability, coordination, physical flexibility, communication skills,
positive moods, and social interactions. Some valued acquiring new skills that could enable future self-practice. Some mentioned increased
self-efficacy and self-confidence. Meanwhile, one mentioned the use of a cheat sheet as related to the negligible improvement.

• Suggestions for improvements: informants expressed a desire to continue the training by either extending the training period or offering regular
booster sessions. However, informants generally preferred in-person training, although they acknowledged limitations regarding time and venue.
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Discussion

Principal Findings
This study demonstrated feasibility and explored potential
effects of an online dual-task training for community-dwelling
older adults. The innovative aspects of the online dual-task
training included (1) the delivery mode, allowing for
uninterrupted training even during a pandemic, (2) chair-based
exercises suitable for home-based practice, (3) cognitive training
tailored to the needs of Chinese older adults with lower
education levels, and (4) a co-design approach that considered
the preferences and interests of the participants when designing
the training components.

This study was launched at the end of 2022 when the COVID-19
pandemic was still ongoing. While there was no citywide
quarantine policy in place, there was still a home quarantine
policy for those who were infected and their close contacts.
Older adults tended to limit their outings to reduce the risk of
infection, as well as chance of becoming close contacts. The
older population had experienced a lack of activities for a
prolonged period, potentially leading to a faster decline in
cognitive performance. The group-based online dual-task
training addressed this gap by offering training that the
participants could participate in at home.

The findings of our pilot study showed the intervention was
highly feasible, as 72% (36/50) of the participants in the
intervention group attended over three-quarters of the classes,
which was above the target of 65%. The intervention was also
well received by the participants; 82% (36/44) of the participants
were satisfied with the intervention and 84% (37/44) would
recommend the intervention to others. Even adopting the most
conservative approach, such figures remained high at 72%
(36/50) and 74 (37/50), respectively. The dual-task training
successfully attracted some relatively cognitively healthy
participants to join and could be continued irrespective of the
pandemic situation. This initiative addressed the existing gap
in services by providing online cognitive training for
community-dwelling older adults.

Within-group improvement was observed in subjective memory
complaints and cognitive function in the intervention group.
Such improvements became evident at midintervention and
persisted until the final follow-up, showing a medium-to-large
effect size. Despite the qualitative feedback indicating
self-perceived benefits, other outcomes did not consistently
favor the intervention. Controlled for the baseline outcomes,
small-to-medium effects ranging from 0.23 to 0.34 were
observed in cognitive function for the between-group difference
in midintervention and postintervention assessments. These
findings are consistent with previous literature reporting small
effects of 0.22 to 0.29 for dual-task training over control groups
[37,38]. Nevertheless, inconsistent results were reported for
other outcomes. Moreover, the fluctuation in the magnitude of
the improvement was unexpected. Although possible
self-practicing of the dual-task training after the intervention
period might explain the increase in within-group improvement
at the follow-up, the drop at the postintervention assessment
was unexpected. There were factors that might have affected

the evaluation. For example, engagement in the environment
might influence achievement in relation to the effects of
cognitive training [39], but the social context of the participants
was not assessed. Another possibility might be COVID-19
infection, which might influence the performance of the
participants not only during the infection period but afterward
[40]. Moreover, some assessments could not be performed
face-to-face but were conducted via Zoom; the different modes
of data collection might have also influenced their performance.
After the pandemic, a proper RCT should be conducted.

Meanwhile, within-group improvement was observed for the
attention control group. The attention control condition consisted
of a series of interactive health talks focusing on nutrition and
food labeling. Participants memorized the contents delivered
in each talk so they could answer the instructors’ questions.
Moreover, some participants had to learn to operate the Zoom
platform as it was new to them. The learning process might also
be beneficial to the participants, as some calculation was
involved in comparing food labels using different units. In future
trials, usual care control may be adopted.

Qualitative feedback highlighted the strength of the training
regarding convenience, innovation, and comprehensiveness. In
contrast, participants expressed a preference for in-person
interactions. Hence, online training could be considered as a
potential alternative or complement to traditional in-person
training. Participants engaged in the training before receiving
a cognitive impairment diagnosis, indicating that dual-task
training could motivate early engagement in cognitive training.
The facilitator leading the training does not necessarily be a
health professional [20], and it is the engaging nature of the
training, as revealed from the feedback, that the participants
highly valued. This makes implementation of the intervention
more feasible. Apart from the cognitive training, the participants
also treasured social interactions and peer support during the
class, and these further support the need to organize group-based
training.

Implications
Dual-task training offers sufficient challenges to
community-dwelling older adults; they found it interesting and
reported that it boosted their motivation to participate in
cognitive training. The contents of the training were
comprehensive, covering motion, arithmetic operations, and
verbal fluency. The training was conducted in a stimulating and
recreational atmosphere, which was well received by the
participants.

Online training offers the advantage of saving time and being
convenient. However, it is not intended to replace traditional
in-person training, as older adults generally prefer face-to-face
interactions. Nonetheless, online training can be viewed as an
alternative or complement to in-person sessions. Participants
highlighted that organizing training twice a week in-person
would be challenging, indicating a potential solution of
combining one day of in-person training with one day of online
training to maintain a twice-weekly training frequency. As older
adults become more accustomed to online training, it can serve
as a viable option during situations like a pandemic, enabling
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training to continue even when older adult community centers
are closed or during citywide quarantine measures.

When considering the implementation of in-person or hybrid
mode training, it is essential to conduct research studies to assess
their effectiveness. If in-person dual-task training is to be
provided, incorporating more physical components could be
beneficial. Similarly, any modified training approaches should
undergo evaluation before being integrated into routine services.
Future research studies could involve including a usual care
control group or a waitlist control group to accurately determine
the true impact of the training, building upon the improvement
areas identified in this study. For instance, potential strategies
for future interventions may involve implementing a 6-week
intervention period, as some participants in the outcome
evaluations exhibited positive effects as early as 6 weeks after
the intervention; combining both in-person and online training
modalities; and incorporating booster sessions. The exclusion
criterion regarding engagement in any form of cognitive training
3 months before or during the study period may pose challenges
once activities return to normal after the pandemic. Therefore,
future trials should take a pragmatic approach, ensuring that
any benefits derived from the intervention are in addition to
participants’ existing daily lifestyle routines.

Strengths and Limitations
The strength of this study included the integration of both
quantitative and qualitative outcomes, which would reflect the
feasibility and perceived benefits more holistically. The multiple
outcome domains also helped to examine the potential effects
more comprehensively. The multiple assessment points (4 time

points) would facilitate the exploration of potential effects
relative to the dosage of the intervention. The innovation
components of the interventions were not restricted to the local
context but could largely be applied to other regions.

Nevertheless, there were some limitations. The use of an
attention control group might have limited the examination of
potential effects from the intervention. Moreover, COVID-19
infection among the participants or their family members and
the overall social environment during the study period were not
documented, limiting the ability to control for the influences
from these factors on the study outcomes. The cognitive domains
assessed were limited to attention, verbal fluency, orientation,
working memory, and executive function. Other cognitive
domains, such as perceptual-motor control and social cognition,
that might benefit from the intervention were not evaluated.
User satisfaction was based on a self-developed question, and
a validated scale could be considered in future. Owing to the
nature of the feasibility study, the sample size was small, and
a proper trial is needed in the future involving larger sample
size.

Conclusions
Online dual-task training was shown to be a feasible intervention
and was well received by older adults during the pandemic.
Within-group improvement was observed in subjective memory
complaints and cognitive function, with a medium-to-large
effect size in the intervention group. Further investigation in a
full-scale RCT is required to fully explore the intervention’s
potential effects.
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Abstract

Background: The utility of aging metrics that incorporate cognitive and physical function is not fully understood.

Objective: We aim to compare the predictive capacities of 3 distinct aging metrics—motoric cognitive risk syndrome (MCR),
physio-cognitive decline syndrome (PCDS), and cognitive frailty (CF)—for incident dementia and all-cause mortality among
community-dwelling older adults.

Methods: We used longitudinal data from waves 10-15 of the Health and Retirement Study. Cox proportional hazards regression
analysis was employed to evaluate the effects of MCR, PCDS, and CF on incident all-cause dementia and mortality, controlling
for socioeconomic and lifestyle factors, as well as medical comorbidities. Discrimination analysis was conducted to assess and
compare the predictive accuracy of the 3 aging metrics.

Results: A total of 2367 older individuals aged 65 years and older, with no baseline prevalence of dementia or disability, were
ultimately included. The prevalence rates of MCR, PCDS, and CF were 5.4%, 6.3%, and 1.3%, respectively. Over a decade-long
follow-up period, 341 cases of dementia and 573 deaths were recorded. All 3 metrics were predictive of incident all-cause dementia
and mortality when adjusting for multiple confounders, with variations in the strength of their associations (incident dementia:
MCR odds ratio [OR] 1.90, 95% CI 1.30‐2.78; CF 5.06, 95% CI 2.87‐8.92; PCDS 3.35, 95% CI 2.44‐4.58; mortality: MCR
1.60, 95% CI 1.17‐2.19; CF 3.26, 95% CI 1.99‐5.33; and PCDS 1.58, 95% CI 1.17‐2.13). The C-index indicated that PCDS
and MCR had the highest discriminatory accuracy for all-cause dementia and mortality, respectively.

Conclusions: Despite the inherent differences among the aging metrics that integrate cognitive and physical functions, they
consistently identified risks of dementia and mortality. This underscores the importance of implementing targeted preventive
strategies and intervention programs based on these metrics to enhance the overall quality of life and reduce premature deaths in
aging populations.

(JMIR Aging 2025;8:e66104)   doi:10.2196/66104

KEYWORDS

gerontology; geriatrics; older adults; older people; aging; motoric cognitive risk syndrome; MCR; physio-cognitive decline
syndrome; PCDS; cognitive frailty; CF; frailty; discrimination; risk factors; prediction; dementia risk; mortality risk

Introduction

The aging process encompasses various physiological declines
across multiple systems. As the global population ages, the
prevalence of dementia is rising, expected to reach 131 million
individuals by 2050. This increase poses a significant economic
challenge, potentially equating to 1.1% of the global gross
domestic product by 2030 [1]. The lack of curative treatments
for dementia and its substantial public health impact underscore

the necessity for early detection to mitigate or delay its onset.
Given dementia’s heterogeneous and lengthy preclinical phase,
early screening and diagnosis in at-risk individuals are vital for
disease management and caregiver preparedness [2].

Cognitive and physical declines with age often occur
simultaneously, suggesting shared underlying mechanisms [3].
Researchers have developed metrics across molecular,
phenotypic, and functional areas [4] to reflect the complex
nature of aging accurately. Cognitive deterioration typically
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precedes dementia by several years, with evidence indicating
that motor decline, especially in walking speed, can precede
cognitive decline by over a decade [5,6]. Thus, composite aging
metrics, encompassing both physical and cognitive functions,
offer a promising method to gauge the functional status of the
aging population. A meta-analysis highlighted an increased
dementia risk in individuals with both physical frailty and
cognitive impairment compared to those with cognitive
impairment alone [7]. Therefore, composite aging metrics may
serve as focal points for interventions aimed at preventing or
delaying disability onset and enhancing the healthy lifespan of
the elderly [8,9].

An ideal dementia screening tool for primary care should be
brief, easily administered, acceptable to older individuals, and
exhibit high sensitivity and specificity. Research on aging
metrics that incorporate both cognitive and physical functions
is gaining traction in gerontological studies due to their strong
predictive power for adverse health outcomes. Various metrics
have been introduced, such as cognitive frailty (CF) [10],
motoric cognitive risk syndrome (MCR) [11], and
physio-cognitive decline syndrome (PCDS) [12]. Despite their
conceptual similarities, detailed assessments of their definitions
and attributes are scarce, hindering their application in research
and clinical settings.

Research has shown an increased incidence of concurrent gait
and cognitive impairments in older adults susceptible to
dementia [5]; however, the specific clinical traits of those
experiencing both declines are not well-defined, and direct
comparisons between different aging metrics have not been
made. Additionally, the effectiveness of these metrics in
identifying at-risk individuals and assessing the risk of adverse
health events within the same population is not well understood.
This lack of knowledge is clinically important for effectively
categorizing older adults and identifying potentially reversible
conditions in individuals with concurrent declines, thereby
informing targeted strategies to slow dementia progression or
reduce mortality rates. Consequently, our study seeks to fill
these voids by comparing the risk of future dementia and
all-cause mortality across 3 aging metrics and examining the
predictive abilities of MCR, PCDS, and CF for adverse events

among community-dwelling older adults without dementia at
baseline, employing data from a broad population-based cohort.

Methods

Sample
This study analyzes data from waves 10‐15 of the Health and
Retirement Study (HRS), the most extensive longitudinal study
examining the aging experiences of Americans aged 51 and
older. The HRS uses multi-stage probability sampling of U.S.
households to obtain a nationally representative sample of adults
in this age group [13]. It collects self-reported data on
demographics, chronic health conditions, daily activities,
disability status, and other health determinants at baseline and
every 2 years thereafter. In 2006, the HRS began conducting
enhanced face-to-face interviews that included physical
performance assessments, biomarker collections, and a
leave-behind questionnaire on psychosocial topics. Half of the
households were chosen randomly for the enhanced interview
in 2006, with the remainder selected in 2008, a process that
continues in subsequent waves. Further information on the
HRS’s recruitment strategies and design is detailed in previous
literature [13].

The baseline for this analysis combined data from the
2008‐2009 (wave 9) and 2010‐2011 (wave 10) waves,
marking the initial occasion respondents were asked about
diagnoses of Alzheimer disease or dementia, instead of a
“memory-related disease.” Mortality data has been available
since 2011. A total of 22,034 individuals completed wave 10
and were followed biennially through to 2020‐2021 (wave
15). This study is a secondary analysis of the de-identified HRS
public data, and the original HRS was approved by the
University of Michigan Institutional Review Board. All
participants signed the informed consent at the time of
participation. Our final sample consisted of 2372 individuals
who (1) were 65 years or older, (2) had complete baseline data
on MCR, PCDS, and CF measures, (3) reported no difficulty
with any activities of daily living and instrumental activities of
daily living at baseline, (4) did not have Alzheimer disease or
dementia at baseline, and (5) were alive in 2010 and 2011.
Figure 1 shows the participant flow through each selection stage
according to the inclusion criteria.
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Figure 1. Study flowchart of participant selection. ADL: activity of daily living; IADL: instrumental activity of daily living; CF: cognitive frailty;
MCR: motoric cognitive risk syndrome; PCDS: physio-cognitive decline syndrome.

Measures

Cognitive Function
Biennial cognitive function tests were administered by trained
HRS interviewers either in-person or via telephone using the
Modified Telephone Interview for Cognitive Status (TICS-m),
a global cognition test modeled on the Mini-Mental State
Examination. The TICS-m comprises immediate and delayed
10-noun free recall tests (score range: 0‐10 for each), a serial
7 subtraction test (score range: 0‐5), and a test of counting
backward from 20 (score range: 0‐2). Higher scores denote
better cognitive performance. During each assessment, HRS
participants were categorized into normal cognition, mild
cognitive impairment (MCI), or dementia based on established
thresholds and comprehensive evaluations, including expert
clinician adjudication from the Aging, Demographics, and
Memory Study, a dementia sub-study within the HRS
framework. Cognitive status was categorized into 3 distinct
groups based on continuous scores [14], where scores from 12

to 27 indicated no impairment; scores between 7 and 11 signified
cognitive impairment without dementia or MCI; and scores
from 0 to 6 suggested dementia [15].

Motoric Cognitive Risk Syndrome
MCR was defined by subjective cognitive complaints coupled
with slow gait in older adults who did not have a mobility
disability or dementia [16]. In the HRS, gait speed (measured
in meters per second) was determined from the time taken (in
seconds) to walk a 2.5-meter course at a normal pace within
participants’ homes. A slow gait was defined as performance
≥1 SD below the mean for the participant’s age and sex, a
criterion previously used in HRS to identify MCR [17].

Subjective cognitive complaints were assessed using 2 questions:
1. “How would you rate your memory at the present time?
Would you say it is excellent, very good, good, fair, or poor?”
and 2. “Compared with the previous interview, would you say
your memory is better now, about the same, or worse now than
it was then?” Responses of ‘fair’ or ‘poor’ to the first question,
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or ‘worse’ to the second, were considered indicative of cognitive
complaints.

Cognitive Frailty
CF was defined as the co-occurrence of physical frailty and
MCI [18]. The concept of frailty was identified using the 5
criteria outlined by Fried et al [19] in the Cardiovascular Health
Study: unintended weight loss, physical inactivity, exhaustion,
weakness, and reduced speed. Unintended weight loss is
recognized as either a 10% or greater reduction in BMI since
the last measurement in 2008 or a current BMI less than 18.5

kg/m2. Physical activity levels were quantified by averaging
the frequencies of activities at 3 levels of intensity—mild,
moderate, and vigorous—weighted by the average metabolic
equivalent of task (MET) scores for each intensity level: mild
(1‐3 MET), moderate (4‐6 MET), and vigorous (7‐10
MET). Participants were deemed physically inactive if their
average physical activity fell within the lowest 20%. Exhaustion
was determined based on responses to 2 questions from the
Center for Epidemiologic Studies Depression scale [20],
including, “I could not get going” and “I felt that everything I
did was an effort.” Muscle strength was assessed through the
average of 2 grip strength measurements using a dynamometer
on the dominant hand. Weakness was determined by grip
strength falling below thresholds adjusted for BMI and gender,
as established in the CHS. Reduced speed or slowness was
defined as a speed <0.762 m/s for women taller than 159 cm or
men taller than 173 cm and as <0.653 m/s for women 159 cm
tall or less or men 173 cm tall or less, measured on a 2.5-m
course [19,21]. Participants were considered to have missing
data for physical measures if they were unable to perform the
assessments due to the absence of suitable facilities or equipment
or recent surgery. The diagnosis of frailty was based on the
number of these criteria fulfilled, with those meeting 3-5 criteria
classified as frail.

Physio-Cognitive Decline Syndrome
PCDS was defined as slowness or weakness (using cutoffs from
the 2019 consensus update by the Asian Working Group for
Sarcopenia), accompanied by cognitive performance that is at
least 1.5 standard deviations below the mean for age-, sex-, and
education-matched controls across all cognitive domains [12,22].
This assessment is based on comprehensive objective
neuropsychological tests.

All-Cause Dementia and Mortality
The diagnosis of dementia was based on physician-diagnosed
dementia and TICS scores ranging from 0 to 6. Mortality data
were recorded, including the year and month of death, obtained
from an exit interview or a spouse or partner’s core interview.

Covariates
Covariates included sociodemographic factors, clinical
characteristics, and health-related lifestyle behaviors, all of
which were assessed at baseline. Sociodemographic
characteristics included age (in years), sex (male or female),
educational background (primary school or below, high school
or equivalent, college and above), and marital status (married
vs unmarried). Health-related lifestyle behaviors included

excessive drinking, defined as more than 14 drinks per week
for men and more than 7 drinks per week for women. Alcohol
consumption was calculated by multiplying the number of days
per week that alcohol (drink liquor or beer or wine or rice) was
consumed by the number of drinks (liang or bottles or mugs)
per day. Clinical characteristics included history of hypertension,
diabetes, and heart disease. Hypertension was defined as systolic
blood pressure ≥140 mm Hg, diastolic blood pressure ≥90 mm
Hg, physical diagnosis, or antihypertensive medication use
[23,24]. Diabetes was defined as having a diabetes diagnosis
by a physician, being on treatment for diabetes, and having a
fasting glucose level greater than or equal to 126 mg/dL and
HbA1c >6.5%. The presence of heart disease was determined
via a physician’s diagnosis obtained through an in-person visit
with study personnel via a questionnaire.

Statistical Analysis
The incidence rates of all-cause dementia and mortality were
calculated as the number of incident cases divided by the number
of person-years of follow-up within the observation year (from
2008 to 2021). Differences between the MCR and non-MCR
groups, PCDS and non-PCDS groups, and CF and non-CF
groups were assessed using a 2-sided, independent t-test and

the χ2 test. To evaluate the impact of MCR, PCDS, and CF on
the occurrence of all-cause dementia and mortality, we employed
Cox proportional hazards regression analysis. The observation
period extended from the index date to the earliest of the
following: onset of dementia, death, or the conclusion of the
observation period (December 31, 2018). Adjusted hazard ratios
(AHRs) for MCR, PCDS, and CF in predicting the onset of
dementia and all-cause mortality were calculated, accounting
for covariates in an initially unadjusted model. Subsequent
adjustments for covariates were made in 2 stages: Model 1
adjusted for age and gender; Model 2 further incorporated
socioeconomic (education level and marital status), lifestyle
(excessive drinking), and medical conditions (hypertension,
diabetes, heart disease, and stroke). To assess and compare the
predictive accuracy of all models, discrimination, defined by
the model’s ability to differentiate between individuals who
develop dementia and those who do not, was quantified using
Harrell C-statistic, taking survival into account.

Several sensitivity analyses were conducted to verify the
stability of our findings. First, to focus on new cases and reduce
reverse causation bias, individuals diagnosed with dementia or
who died within 2 years of follow-up (sensitivity analysis I)
were excluded. Second, to address the competing risk of death
for dementia occurrences, Fine and Gray competing risk models
were used [25], comparing these to the results from Cox
proportional hazards regression models (sensitivity analysis II).
The sub-distribution hazard function, defined at time t,
represents the immediate risk of event k among individuals not
previously experiencing event k. Third, to minimize selection
bias, associations within individual samples with complete data
on MCR, PCDS, and CF were analyzed separately (sensitivity
analysis III). Statistical analyses were performed using 2-tailed
tests with a significance level of P<.05 and 95% CIs, employing
Stata (version 17) for all statistical procedures.
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Ethical Considerations
This investigation has been conducted in accordance with the
ethical standards of the Declaration of Helsinki, as well as
national and international guidelines. The study has been
approved by the Institutional Review Board at the University
of Michigan (approval number: HUM00061128). All
participants were provided with detailed information about the
study, including its purpose, procedures, potential risks and
benefits, and their rights to withdraw at any time. Written
informed consent was obtained from all participants prior to
their involvement in the study. To ensure privacy and
confidentiality, all data collected were anonymized and
deidentified. No identifying information was retained or
published. Protective measures were in place to safeguard
participant information, including secure storage of data and
restricted access to study records. Participants were not
compensated for their involvement in this study. The research

was conducted on a voluntary basis, and no financial or other
incentives were provided.

Results

Baseline Characteristics
The study participants’ baseline characteristics are outlined in
Table 1. The initial cohort comprised 2367 individuals, featuring
prevalence rates for MCR, PCDS, and CF at 5.4% (n=121),
6.3% (n=140), and 1.3% (n=31), respectively. Among these,
CF patients were the oldest on average (75.7, SD 6.1 years),
with the distribution of men being 52.89% (64/121) in the MCR
group, 47.14% (66/140) in the PCDS group, and 58.06% (10/31)
in the CF group. During the follow-up, 573 (24.2%) patients
died. The proportions of all-cause dementia for MCR, PCDS,
and CF were 24.8% (30/121), 33.6% (47/140), and 41.9%
(13/31), respectively.

Table . Characteristics of included patients at baseline according to 3 aging metrics.

P valueCF (n=31)Non-CFc

(n=2336)

P valuePCDS
(n=140)

Non-PCDSb

(n=2227)

P valueMCR
(n=121)

Non-MCRa

(n=2246)

Variable

.5275.65 (6.11)73.73 (5.63).0874.29 (6.02)73.72 (5.62).1773.29 (5.54)73.78 (5.65)Age (years),
mean (SD)

.2918 (58.06)1132 (48.46).7366 (47.14)1084
(48.68）

.3364 (52.89)1086 (48.35)Male, n (%)

<.001.80.001Educational
background,
n (%)

12 (38.71)301
(12.89）

16 (11.43)297
(13.34）

27 (22.31)286 (12.73)    Illiterate

16 (51.61)1343 (57.49)83 (59.29)1276
(57.30%)

73 (60.33)1286 (57.26)    Primary or
above

3 (9.68)692 (29.62)41 (29.29)654 (29.37)21 (17.36)674 (30.01)    Secondary
or above

Medical his-
tory, n (%)

.1923 (74.19)1466 (62.76).1197 (69.29)1392 (62.51).00491 (75.21)1398 (62.24)    Hyperten-
sion

.0710 (32.26)446 (19.09)<.00146 (32.86)410 (18.41).6925 (20.66)431 (19.19)    Diabetes

.0314 (45.16)638 (27.31).7637 (26.43)615 (27.62).00447 (38.84)605 (26.94)    Heart dis-
ease

.4622 (70.97)1509 (64.60).02103 (73.57)1428 (64.12).00195 (78.51)1436 (63.94)    Excessive
drink

<.00113 (41.94)328 (14.04)<.00147 (33.57)294 (13.20).00130 (24.79)311 (13.85)    Incident
all-cause de-
mentia

<.00117 (54.84)556
(23.80）

.00847 (33.57)526 (23.62).00343 (35.54)530 (23.60)    Mortality

a MCR: motoric cognitive risk syndrome.
bPCDS: physio-cognitive decline syndrome.
cCF: cognitive frailty.
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Relationships of MCR, PCDS, and CF With Incident
Dementia and All-Cause Mortality
Overall, there were 341 incident dementia cases during
follow-up, for an overall incidence rate of 19.52 (95% CI
17.56-21.71) per 1000 person-years. There were 573 cases that
died during follow-up, for an overall incidence rate of 30.14
(95% CI 27.77-32.71) per 1000 person-years (Table 2). The
incidence rates of all-cause dementia among MCR, CF, and
PCDS patients were 38.04, 108.11, and 55.80 per 1000
person-years, respectively—significantly higher than those
observed in the relatively healthy control group. Similarly, the
incidence rates of all-cause mortality were 47.99, 100.79, and
44.70 per 1000 person-years for MCR, CF, and PCDS patients,
respectively—again, markedly higher than in the healthy
controls. Table 2 also demonstrates significant associations of
the 3 conditions with increased risks of incident dementia and
all-cause mortality in various models (all P values <.001). CF

had the highest AHR for both outcomes (5.06; 95% CI 2.87-8.92
for dementia, and 3.26; 95% CI 1.99‐5.33 for mortality).
Participants with dual decline experienced a two to threefold
increased risk of dementia progression (AHR: 1.90‐2.22 in
the MCR group; 3.21‐3.35 in the PCDS group) compared with
those without dual decline. The AHR for all-cause mortality
ranged from 1.60 to 1.84 in the MCR group and from 1.56 to
1.63 in the PCDS group. The trend was consistent across
models: AHRs for dementia and mortality increased from the
unadjusted model to adjusted model 1, then decreased upon
further adjustment for covariates, including socioeconomic
status, lifestyle factors, and medical comorbidities. Sensitivity
analyses I (Table S1 in Multimedia Appendix 1) and III (Table
S2 in Multimedia Appendix 1) consistently showed an elevated
risk of dementia and mortality for MCR, CF, and PCDS.
However, in sensitivity analysis II, the standardized hazard
ratios for MCR and CF were not statistically significant
post-adjustment (Table S3 in Multimedia Appendix 1).
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Table . Associations between 3 aging metrics, incident all-cause dementia, and all-cause mortality.

PCDScCFbMCRaTotal sample

YesNoYesNoYesNo

All-cause demen-
tia

47/140294/222713/31328/233630/121311/2246341/2367    Events and
sample size, n/N

55.80

(41.93‐74.27)

17.68

(15.77‐19.83)

108.11

(62.77‐186.18)

18.91

(16.97‐21.07)

38.04

(26.59‐54.40)

18.65

(16.69‐20.84)

19.52

(17.56‐21.71)

    Incidence

(95% CI)d

3.21

(2.36‐4.37)

Ref.6.23

(3.57‐10.88)

Ref.2.03

(1.40‐2.95)
Ref.g—f    Unadjusted

HRe (95% CI)

3.29

(2.41‐4.48)

Ref.6.62

(3.79‐11.57)

Ref.2.22

(1.53‐3.24)

Ref.—    Model 1h: ad-
justed HR (95%
CI)

3.35

(2.44‐4.58)

Ref.5.06

(2.87‐8.92)

Ref.1.90

(1.30‐2.78)

Ref.—    Model 2i: ad-
justed HR (95%
CI)

All-cause mortal-
ity

47/140526/222717/31556/233643/121530/2246573/2367    Events and
sample size, n/N

44.70

(33.58‐59.49)

29.29

(26.89‐31.90)

100.79

(62.66‐162.13)

29.51

(27.16‐32.07)

47.99

(35.59‐64.71)

29.26

(26.87‐31.86)

30.14

(27.77‐32.71)

    Incidence
(95% CI)

1.56

(1.16‐2.11)

Ref.3.93

(2.42‐6.38)

Ref.1.68

(1.23‐2.29)

Ref.—    Unadjusted
HR (95% CI)

1.63

(1.21‐2.19)

Ref.4.04

(2.49‐6.57)

Ref.1.84

(1.35‐2.51)

Ref.—    Model 1: ad-
justed HR (95%
CI)

1.58

(1.17‐2.13)

Ref.3.26

(1.99‐5.33)

Ref.1.60

(1.17‐2.19)

Ref.—    Model 2: ad-
justed HR (95%
CI)

aMCR: motoric cognitive risk syndrome.
bCF: cognitive frailty.
cPCDS: physio-cognitive decline syndrome.
dIncidence rates = events per 1000 person-years.
eHR: hazard ratio.
fNot applicable.
gRef: reference.
hModel 1 adjusted for age and gender.
iModel 2 further adjusted for educational background, marital status, excessive drinking, hypertension, diabetes, and heart disease.

Discriminations of MCR, PCDS, and CF for All
Outcomes
The discrimination abilities of MCR, PCDS, and CF regarding
all-cause dementia and mortality are detailed in Table 3. The
C-index for PCDS in identifying all-cause dementia was 0.732
(95% CI 0.703-0.760), outperforming the C-indices for MCR

and CF (PCDS vs MCR: 0.012, 95% CI −0.001 to 0.025; P=.08;
CF vs MCR: 0.005, 95% CI −0.004 to 0.013; P=.35). In contrast,
MCR’s C-index for identifying all-cause mortality was the
highest among the 3, at 0.727 (95% CI 0.706-0.748). Similar
to the case with incident dementia, the differences in
discrimination ability among MCR, PCDS, and CF for all-cause
mortality were not statistically significant.
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Table . Harrell C-index for Cox regression models predicting incident all-cause dementia, and all-cause mortality.

P valueDifferenceP value95% CIC-indexa

Incident all-cause de-
mentia

Reference<.0010.6915 to 0.74720.7194    MCRb

.080.0121 (−0.0009 to
0.0252)

<.0010.7028 to 0.76020.7315    PCDSc

.350.0046 (−0.0038 to
0.0129)

<.0010.6959 to 0.75200.7239    CFd

All-cause mortality

Reference<.0010.7061 to 0.74790.727    MCR

.59−0.0012 (−0.0054 to
0.0030)

<.0010.7048 to 0.74690.7259    PCDS

.41−0.0016 (−0.0054 to
0.0022)

<.0010.7044 to 0.74650.7254    CF

aAll indexes were estimated in models adjusted for age, gender, educational background, marital status, excessive drinking, hypertension, diabetes, and
heart disease
bMCR: motoric cognitive risk syndrome.
cPCDS: physio-cognitive decline syndrome.
dCF: cognitive frailty.

The Kaplan-Meier curve, depicted in Figure 2, shows the
duration to incident dementia or all-cause mortality, stratified
by MCR, PCDS, or CF, and healthy controls, with adjustments

made for all covariates. Both curves demonstrate a decline over
the follow-up period, with a notably pronounced decrease
observed among patients (all P values for log rank <.001).

Figure 2. Kaplan-Meier survival curve depicting the proportion of participants remaining dementia-free or surviving during follow-up, comparing
motoric cognitive risk syndrome (MCR), physio-cognitive decline syndrome (PCDS), and cognitive frailty (CF) patients with their respective healthy
control groups.
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Discussion

Principal Findings
Analyzing data from a large-scale cohort in the United States,
this study is the first to illustrate that MCR, PCDS, and CF have
significant associations with incident dementia and all-cause
mortality within the same population, despite the inherent
heterogeneity of these metrics. Among them, CF emerged as
the highest-risk group for both dementia and mortality, with
markedly elevated incidence rates and the highest AHRs (5.06
for dementia and 3.26 for mortality), identifying CF as the most
vulnerable subgroup. These findings offer valuable insights into
the future health trajectories of frail individuals with cognitive
impairments and highlight the need for targeted interventions
and early health education to mitigate dementia and mortality
risks in later life at lower costs. While PCDS showed the
strongest predictive ability for dementia and MCR for mortality,
the differences in predictive accuracy were not statistically
significant. Implementing appropriate management strategies
can help alleviate the health care burden for individuals with
varying cognitive and physical conditions.

To forestall unhealthy aging, health care systems need to identify
individuals at risk of functional declines that are still preventable
or reversible. Our results are in line with prior studies, indicating
that MCR syndrome is linked with a 90% increased risk of
incident dementia and a 60% higher risk of mortality, even after
adjustments for demographics, SES, and cardiovascular
comorbidities (hypertension, diabetes, and heart disease).
Consistent with research from Chung et al, the prevalence of
hypertension and heart disease was significantly higher in the
MCR group, highlighting the importance of regular screening
to manage cardiovascular risk factors and delay dementia onset
[26,27]. These observations further emphasize the potential
neurodegenerative nature of MCR pathologic changes [28].

CF has been associated with an increased risk of dementia and
mortality, as demonstrated by a meta-analysis revealing that
older adults with CF face higher mortality and dementia risks
than their healthier counterparts [29]. However, the absence of
a standardized assessment tool for CF hampers its use in
widespread epidemiological studies. Using the frailty phenotype
alongside the MMSE, although common, proves to be
time-intensive and presents challenges for deployment in
community and hospital settings [30]. Furthermore, the lower
prevalence of CF compared to other measures (1.31% for CF
vs 5.91% for PCDS vs 5.11% for MCR) in the
community-dwelling older adult cohort indicates difficulties in
identifying a substantial number of at-risk individuals for
interventions in similar groups.

In contrast to CF, PCDS, with its precise definition
encompassing physical decline and cognitive impairment,
provides a more targeted approach. By focusing on the mobility
aspects of frailty linked to worse cognitive outcomes and
increased mortality risk, researchers can more accurately identify
the target population, concentrating on specific causal
mechanisms [31,32]. PCDS serves as an advantageous focus
for multidomain interventions, integrating physical activity,
cognitive training, nutritional counseling, and disease

management education to improve the condition of vulnerable
but potentially reversible older individuals [33]. A recent
Singapore study that used a 12-week dual-task exercise program
to examine the potential reversibility of CF, MCR, and PCDS
also found clinical improvements in PCDS, but the longer-term
effects remain uncertain [34]. Nonetheless, Lee et al [35]
demonstrated that PCDS was related to a 6-year, but not 3-year,
incidence of dementia, even when using inverse probability
weighting analysis to account for bias from missing data. This
finding implies a latency period for the development of
dementia, highlighting this interval as potentially crucial for
preventive interventions.

While PCDS demonstrated the best predictive performance for
incident dementia, MCR emerged as a superior predictor for
all-cause mortality. The choice between these 2 metrics may
depend on practical considerations, with MCR offering several
unique advantages for clinical use. MCR is simpler and more
efficient to assess, unaffected by education levels or learning
effects, which enhances its credibility and reliability as a
screening tool. In contrast, the comprehensive cognitive
assessments required for PCDS diagnosis can be labor-intensive
and require specific skills, which may limit their use in
community or primary care settings. Given MCR’s higher
predictive accuracy for all-cause mortality and its ease of
implementation, it is well-suited for use in routine health care
assessments, particularly in primary health care settings.
Additionally, research suggests that while handgrip strength
declines earlier in aging, walking speed in later life is a stronger
predictor of mortality [36]. This further supports MCR’s higher
predictive accuracy for all-cause mortality.

Despite representing a prodromal phenotype of accelerated
aging, MCR remains an important target for intervention to
prevent poor outcomes in older adults. MCR offers incremental
validity in predicting dementia beyond what is provided by MCI
subtypes [16] and individual components such as subjective
cognitive complaints or slow gait [16,37]. Our findings suggest
that MCR could serve as a simpler, more efficient tool to
identify individuals at higher risk for dementia, especially given
its independence from educational background or learning
effects. The motor components of MCR, such as the
time-up-and-go test or one-leg-standing test, are reliable and
valid methods for quantifying motor function, making MCR an
easily implementable screening tool in various health care
settings. However, one study has shown that the MCR subtype
defined by the 5-times-sit-to-stand test, which also includes a
balance component, was less effective in predicting cognitive
decline compared to MCR defined by slow gait [38]. Further
research is needed to determine how different gait and balance
assessments influence the identification of individuals at risk
for dementia, and whether integrating MCR into routine geriatric
assessments could enhance early intervention strategies in aging
populations.

Early and appropriate intervention might postpone the onset of
dementia or reduce its risk, particularly given the lengthy
incubation period associated with the development of dementia.
Our results could aid clinicians in the early implementation of
screening and prevention strategies and inform government
decisions on community health prevention. The strength of this
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study lies in its extensive, well-delineated cohort, featuring
longitudinal assessments, uniform measures, and verified
outcomes. To our knowledge, this is the first study to assess the
predictive accuracy of MCR, PCDS, and CF regarding dementia
incidence and all-cause mortality within the same cohort. The
reliability and consistency of our findings, supported by
sensitivity analyses, bolster the study’s validity. Nonetheless,
several limitations should be acknowledged. First, the study
lacked objective neuropsychological testing [39] and did not
account for some potential confounding factors, such as APOE
genotype or imaging biomarkers [40,41]. However, our
sensitivity analysis—excluding participants diagnosed with
dementia or those who died within 2 years of the index
date—strengthened the robustness of our conclusions. Second,
while we used data from a large longitudinal cohort, the final
sample size of 2372 individuals may limit the representativeness
of our findings. Additionally, the prevalence rates of MCR
(5.4%), PCDS (6.3%), and CF (1.3%) in our sample may be
higher than those in the general older population, introducing
potential selection bias. To address this, sensitivity analyses
were conducted within individual subgroups with complete data
on MCR, PCDS, and CF. These analyses included larger sample
sizes and showed lower prevalence rates for the 3 conditions,
aligning more closely with those observed in the general
population. The robustness of these results further confirmed
our conclusions, enhancing their validity and generalizability
while mitigating potential selection bias. Future research could
benefit from larger, more diverse, and representative samples
to enhance generalizability. Third, the potential influence of
mortality on dementia risk assessment must be considered.
Individuals who died during follow-up could bias dementia

outcome evaluations. To address this competing risk, we
employed Fine and Gray competing risk models and compared
the results with those from Cox proportional hazards regression
models as part of our sensitivity analysis. This approach ensured
that our findings remained robust and accounted for the impact
of mortality on dementia risk associations. Finally, variations
in syndrome definitions and differences in the prevalence of the
3 aging metrics within the population could affect their
predictive power for adverse outcomes. This variability may
limit the generalizability of our results to other populations. To
mitigate this, sensitivity analyses within subgroups with
complete data on MCR, PCDS, and CF were conducted,
reinforcing the reliability of the associations between these
aging metrics and adverse health outcomes.

Conclusions
The integration of cognitive and physical functions into aging
metrics consistently indicates risks for incident dementia and
all-cause mortality, despite their significant differences,
underscoring their utility for effective risk stratification in
research and clinical settings. Patients with CF represent the
most vulnerable subgroup, highlighting the need for prioritized
preventive strategies and interventions. Meanwhile, MCR
emerged as a particularly efficient and accurate screening tool
for both dementia and mortality. These findings emphasize the
importance of implementing targeted prevention and
intervention programs based on these metrics to enhance quality
of life and reduce premature mortality among aging populations.
Further research on the longitudinal dynamics of these aging
metrics in relation to dementia, mortality, and other outcomes
is essential for a deeper understanding of their long-term impact.
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Abstract

Background: The number of centenarians worldwide is expected to increase dramatically, reaching 3.4 million by 2050 and
>25 million by 2100. Despite these projections, depression remains a prevalent yet underdiagnosed and undertreated condition
among this population that carries significant health risks.

Objective: This study aimed to identify and achieve consensus on the most representative signs and symptoms of depression
in near-centenarians and centenarians (aged ≥95 years) through an e-Delphi study with an international and interdisciplinary
panel of experts. Ultimately, the outcomes of this study might help create a screening instrument that is specifically designed for
this unique population.

Methods: A modified e-Delphi study was carried out to achieve expert consensus on depressive symptoms in near-centenarians
and centenarians. A panel of 28 international experts was recruited. Consensus was defined as 70% agreement on the relevance
of each item. Data were collected through a web-based questionnaire over 3 rounds. Experts rated 104 items that were divided
into 24 dimensions and 80 criteria to identify the most representative signs and symptoms of depression in this age group.

Results: The panel consisted of experts from various countries, including physicians with experience in old age psychiatry or
geriatrics as well as nurses and psychologists. The response rate remained consistent over the rounds (20/28, 71% to 21/28, 75%).
In total, 4 new dimensions and 8 new criteria were proposed by the experts, and consensus was reached on 86% (24/28) of the
dimensions and 80% (70/88) of the criteria. The most consensual potentially relevant dimensions were lack of hope (21/21, 100%),
loss of interest (27/28, 96%), lack of reactivity to pleasant events (27/28, 96%), depressed mood (26/28, 93%), and previous
episodes of depression or diagnosed depression (19/21, 90%). In addition, the most consensual potentially relevant criteria were
despondency, gloom, and despair (25/25, 100%); depressed (27/27, 100%); lack of reactivity to pleasant events or circumstances
(28/28, 100%); suicidal ideation (28/28, 100%); suicide attempt(s) (28/28, 100%); ruminations (27/28, 96%); recurrent thoughts
of death or suicide (27/28, 96%); feelings of worthlessness (25/26, 96%); critical life events (20/21, 95%); anhedonia (20/21,
95%); loss of interest in activities (26/28, 93%); loss of pleasure in activities (26/28, 93%); and sadness (24/26, 92%). Moreover,
when assessing depression in very old age, the duration, number, frequency, and severity of signs and symptoms should also be
considered, as evidenced by the high expert agreement.
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Conclusions: The classification of most elements as relevant highlights the importance of a multidimensional approach for
optimal depression screening among individuals of very old age. This study offers a first step toward improving depression
assessment in near-centenarians and centenarians. The development of a more adapted screening tool could improve early detection
and intervention, enhancing the quality of mental health care for this population.

(JMIR Aging 2025;8:e64352)   doi:10.2196/64352

KEYWORDS

centenarians; near-centenarians; depressive symptoms; depression diagnosis; screening; assessment; e-Delphi technique; web-based
survey

Introduction

Background
The centenarian population is growing significantly and is
projected to increase sharply in the coming decades. As of 2024,
there were approximately 722,000 centenarians worldwide, with
Japan, the United States, and China having the highest numbers
[1]. This figure is expected to rise to 3.4 million by 2050 and
exceed 25 million by 2100 [2,3]. In Europe, notable examples
include France, Italy, and Greece, each with >20 centenarians
per 100,000 inhabitants registered already in 2011. Portugal
also stands out with a density of 14.4 centenarians per 100,000
inhabitants that same year, ranking it among the top 15 in
Europe [4]. In Switzerland, the centenarian population more
than doubled from 787 in 2000 to 1948 in 2022, reaching a
noteworthy prevalence of 22.1 per 100,000 inhabitants [5].

Amid extreme longevity, individuals’ health experiences vary
significantly, from robust health to substantial declines [6-8].
Depression, a prevalent mood disorder among older adults [9],
emerges as a major public health concern [10]. The International
Classification of Diseases, 11th Revision characterizes a
depressive episode as “a period of depressed mood or diminished
interest in activities occurring most of the day, nearly every day
during a period lasting at least two weeks accompanied by other
symptoms such as difficulty concentrating, feelings of
worthlessness or excessive or inappropriate guilt, hopelessness,
recurrent thoughts of death or suicide, changes in appetite or
sleep, psychomotor agitation or retardation, and reduced energy
or fatigue” [6]. However, this definition broadly encompasses
the general population and may not fully address the possible
difference and heterogeneity of depressive symptomatology in
older adults, potentially leading to diagnostic imprecision.

Accurate diagnosis is crucial as depression should not be
misconstrued as an inherent aspect of aging even in very
advanced age [11,12]. A systematic literature review reported
substantial variations in depression prevalence among
near-centenarians and centenarians across countries, such as
12.8% in Italy, 13.5% in Australia, 20% in the United States,
and 29% in Mexico [13]. These differences may reflect cultural,
health care, and socioeconomic influences as well as
methodological variations in study conduct [13,14].
Interestingly, comparisons between centenarian cohorts and
younger groups have shown inconsistent findings, with half of
the studies reporting higher rates of depressive symptoms among
centenarians [13]. This highlights the diversity of aging
experiences and suggests that mental health may not necessarily
worsen with age. Particularly noteworthy are the findings from

Sweden, where near-centenarians and centenarians exhibited
almost double the depression rates of older adults aged 85 years
at 32.3% versus 16.8%, respectively. These statistics highlight
the need not only for careful mental health evaluations among
individuals of very old age but also for prompt discussion on
tailored approaches to support mental well-being in this
population [13,15].

Depression can lead to severe physical, cognitive, and
psychological effects. Physically, it can cause malnutrition,
falls, delirium, functional decline, and increased mortality
[13,16-20]. Cognitively, depression has been connected to
cognitive decline and dementia [21-25]. Psychologically, it has
been associated with anxiety and suicidal ideation [26,27].
Furthermore, depression places a significant burden on
caregivers and health care systems [16-18,28,29], increasing
costs and resource demands. These consequences underscore
the critical need for early detection and intervention. Therefore,
proactive measures such as regular mental health screenings
are essential to prevent the severe impact of depression on
individuals’quality of life and alleviate its wider societal effects
[11]; however, these are not part of the current practice in most
countries worldwide.

Addressing this gap in care is difficult as depression in older
adults frequently remains underdiagnosed and undertreated, in
part because its manifestations are often misinterpreted as
natural aspects of aging [18,19,30,31]. Studies have estimated
that approximately half of depression cases are not identified
by frontline health care providers [16,18], and of those detected,
approximately half do not receive adequate treatment [16]. The
challenge in detecting late-life depression (LLD) stems from
its sometimes subtle, hidden, or atypical signs and symptoms
[30,32]. Physical manifestations such as weight loss,
psychomotor retardation, and exhaustion, as well as emotional
manifestations such as loss of interest in activities, heightened
anxiety, or irritability, might overshadow the typical sadness
often associated with depression [9,18]. This complexity requires
greater clinical vigilance. Moreover, the possible overlap of
symptoms between depression and dementia adds another layer
of diagnostic difficulty as both conditions can present with
symptoms such as memory impairment, psychomotor
retardation, and reduced motivation [9]. Beyond dementia,
several other medical conditions can mimic or exacerbate
depressive symptoms. Chronic pain, thyroid dysfunction,
Parkinson disease, stroke, and medication side
effects—particularly in polymedicated individuals—can
contribute to depression-like symptoms, including fatigue,
apathy, functional dependence, memory impairment, and
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disturbances in mood and sleep [33-38]. These overlapping
symptoms underscore the need for a comprehensive assessment
to distinguish LLD from other conditions, aiming for an accurate
differential diagnosis. The wide range of signs and symptoms
associated with LLD can extend beyond the conventional
diagnostic criteria for depressive disorders. Symptom clusters
not fully meeting the diagnostic criteria for depression may still
carry significant clinical importance due to their link to reduced
quality of life and increased disability [9,18].

Objectives
Given the prevalence of depression among individuals of very
old age, better detection of early signs and symptoms is crucial.
However, despite the availability of various screening tools, to
the best of our knowledge, none have been specifically validated
for near-centenarians and centenarians (aged ≥95 years).
Therefore, our study aimed to compile a comprehensive range
of potentially relevant depressive features that have been
documented in scientific literature. These features were then
submitted to an international panel of experts to achieve
consensus on the most representative signs and symptoms of
depression in individuals of very old age. The outcomes of this
approach are 2-fold. First, by systematically examining and
integrating diverse diagnostic criteria and screening tools, this
study aimed to contribute to the ongoing debate about the
complexities and challenges of effectively diagnosing depression
in individuals of very old age. Second, achieving expert
consensus is central to developing a new screening instrument
specifically tailored to this unique population. This effort might
be an important first step toward early detection and effective
intervention, which might lead to better outcomes and enhanced
general well-being for this age group, and seeks to contribute
to promoting mental health and supporting optimal care for
individuals of very old age.

Methods

Study Design
We conducted a modified e-Delphi study to systematically
combine expert opinions and achieve an informed group
consensus on the symptomatology of depression in very old
age. The Delphi technique is an established approach in which
a panel of experts is asked to provide their opinions on a given
issue over the course of several rounds [39]. In each round, the
questions are informed by the findings of the previous one,
allowing the study to evolve over time based on the collected
data [39].

Given the prevalence of depression among older adults and the
complexities of its diagnosis, the Delphi technique is particularly
useful for gathering expert consensus on this issue. In our study,
we used an e-Delphi approach to involve experts from different
locations and facilitate efficient data collection through
electronic communication methods. To adapt the traditional
Delphi approach to the specific requirements of our study, we
implemented several modifications (referred to as a modified
e-Delphi study). To keep the focus on the items rather than on
the degree of agreement, experts were informed at the start of
each new round about which items had reached consensus
without being given the precise consensus rates. In addition,

for items on which consensus had already been reached, experts
were unable to review their previous responses. This decision
was made to avoid revisiting settled issues and manage the large
number of items efficiently, ensuring the stability of agreed-upon
elements. An additional aspect of our modified methodology
was a final evaluation of open issues by the steering committee.
This last step took place to discuss the items that had not
achieved consensus over the e-Delphi rounds, ensuring a
thorough examination of these elements.

The materials presented to the e-Delphi panel were based on a
comprehensive analysis of the existing literature on depression
in very old age (personal communication by Gomes da Rocha
et al, 2023). This ensured that the expert panel’s input was based
on a thorough understanding of the relevant literature, thereby
enhancing the validity of the final consensus, which may be
seen as a lever to encourage scientific debate and foster new
developments toward an effective diagnosis of depression in
very old age [40].

This study adhered to the Conducting and Reporting Delphi
Studies guidelines [41,42].

Steering Committee
The steering committee for this e-Delphi study based in Western
Switzerland comprised 4 members: 2 physicians who are old
age psychiatrists and senior researchers (AvG and PV), 1 clinical
nurse specialist in geriatric care and a senior researcher skilled
in the e-Delphi technique (HV), and 1 clinical nurse specialist
in geriatric care who is also a junior researcher (CGdR). The
committee was responsible for overseeing the study design,
ensuring ethical compliance, and guiding the iterative process
of questionnaire refinement and consensus building. Meetings
were held monthly, with methodological decisions made based
on discussion. The committee played a crucial role in
maintaining the study’s rigor, managing data collection and
analysis, and addressing any lack of consensus among panelists.

Selection of Experts
In the Delphi approach, nonprobability sampling methods are
used through the purposive selection of an expert panel.
However, clear selection criteria were applied to limit researcher
bias based on a five-step procedure [43]:

1. Identifying the most appropriate categories of experts for
the panel: we identified experts from 3 main professional
categories—physicians, nurses, and psychologists—each
with a minimum of 5 years of professional experience and
competencies in LLD. These professionals were selected
for their specific work experience or contact with
individuals of very old age in clinical, research, or teaching
domains within the fields of old age psychiatry or geriatrics.
In addition, our recruitment strategy aimed for a broad
geographical representation by including experts from
various continents (ie, Asia, Australia, Europe, and North
America) to enrich the panel with diverse perspectives and,
thereby, enhance the global view on depression screening
among individuals of very old age.

2. Identifying experts: names were compiled from various
sources, including previous research involvement,
publications on the subject, professional email lists,
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professional associations or societies, and boards of
professional organizations. This method aimed to create a
list of potential panelists recognized for their expertise and
contributions to the field that was as comprehensive as
possible.

3. Contacting some readily reachable experts from each
professional category to nominate other experts: initial
contact was made with experts who were easily accessible.
These experts were then asked to nominate additional
professionals whom they believed could contribute valuable
insights to the study, thereby using a snowball sampling
technique to ensure a wide and diverse pool of expertise.

4. Creating sublists for each professional category and
ranking experts based on specific criteria: experts were
organized into sublists by professional category and ranked
according to their representation of professional role or
specialty and their field of practice. This was a strategic
approach intended to foster a diverse and balanced panel
that reflects a broad spectrum of experiences and
viewpoints, contributing to the robustness and credibility
of the consensus process.

5. Inviting the experts.

The Delphi method offers no consensus on an ideal sample size
as the focus is on qualitative depth and the use of expert
judgment for a comprehensive exploration of specific topics
rather than on statistical representativeness [44]. Usually, a
panel comprises 7 to 15 experts to facilitate effective information
processing and decision-making; however, some studies may
involve up to 30 experts for broader perspectives [44]. For our
study, we aimed to assemble a convenience sample of at least
20 experts from various countries.

Recruitment Procedure
On the basis of the predefined selection of potential panelists,
we emailed invitation letters to a total of 84 experts. These
letters outlined the study’s objectives, described the e-Delphi
context, detailed the questionnaire (eg, language, type of
questions, and estimated completion time), and clarified what
was expected from the participants, ensuring that they
understood the significance of their contributions to the study.
Interested parties could access the questionnaire through a direct
URL to the survey. Anticipating a 25% to 30% response rate
for the first-round questionnaire, we expected approximately
20 to 25 experts to participate. We aimed to retain these experts
across all subsequent rounds, planning for a maximum of 4
rounds.

Data Collection Procedures
The SurveyMonkey tool (SurveyMonkey Inc) was used as the
survey software as it facilitates secure and efficient data
collection. In accordance with literature recommendations [43],
each e-Delphi round remained open for a minimum of 4 weeks,
during which up to 3 automatic reminder emails were dispatched
to nonrespondents. At the start of each new round, experts were
provided access to the overall results from the previous round,
including a list of items for which consensus was either achieved
(≥70% agreement) or not achieved (<70% agreement) [43]. The
items that did not reach consensus were integrated into the
current round for further deliberation, along with any new items

that emerged from panel suggestions through open-ended
questions.

Measures
The questionnaire was divided into 3 sections.

e-Delphi Section
This section aimed to achieve consensus on the topic under
study and consisted of 104 items. These were divided into 24
dimensions (eg, impaired concentration and lack of hope) and
80 criteria (eg, impaired ability to think or concentrate and
hopelessness), which experts rated according to their relevance
using a Likert scale from 1 (Not relevant) to 4 (Very relevant).
Experts also had the possibility to comment on their answers
and suggest additional items that they considered relevant to
the topic for subsequent rounds.

In addition to rating the relevance of each item, experts were
asked to indicate the most suitable type of assessment for each
criterion: self-assessment, hetero-assessment, or both. This was
intended to identify preferred methods of assessing potential
depressive signs and symptoms. The aim was not to achieve a
stringent consensus of 70% as with the relevance ratings but to
capture a broad spectrum of expert opinions on assessment
approaches.

The initial selection of 104 items was based on a comprehensive
review of existing instruments widely used in research to screen
for and evaluate depressive signs and symptoms among
near-centenarians and centenarians [13] supplemented by
additional insights from recent analysis (personal
communication by Gomes da Rocha et al, 2023). We started
with all items available in these measures to be as
comprehensive as possible. These instruments included
self-assessment tools such as the Geriatric Depression Scale–30
[45], the Center for Epidemiologic Studies Depression Scale
[46], the depression-related items from the Brief Symptom
Inventory [47], and the Hospital Anxiety and Depression Scale
[48], as well as the Montgomery-Åsberg Depression Rating
Scale [49], which is administered by a professional rater.
Furthermore, given the significant prevalence of neurocognitive
disorders in our aging population and the need for reliable
assessment of depressive symptoms in individuals with cognitive
impairments, we also considered instruments specifically
designed for such assessments: the Cornell Scale for Depression
in Dementia [50,51] and the depression section of the
Neuropsychiatric Inventory [52,53]. In addition, we included
the International Classification of Diseases, 11th Revision and
the Diagnostic and Statistical Manual of Mental Disorders,
Fifth Edition diagnostic criteria to anchor our selections in the
gold standards for depression diagnosis [6,54]. To complete the
pool of items, the Depression Rating Scale from the Resident
Assessment Instrument was also retained given its widespread
use among adults of old and very old age in diverse settings,
such as private homes (Resident Assessment Instrument–Home
Care) or long-term care facilities (Resident Assessment
Instrument–Long-Term Care Facilities) [17,55-57]. After
compiling all items from the selected instruments, we checked
for overlap and excluded identical items, which led to the final
selection of 104 items. For instance, items such as “Do you feel
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that your situation is hopeless?” from the Geriatric Depression
Scale–30 and “Feeling hopeless about the future” from the Brief
Symptom Inventory necessitated thematic grouping under a
unified dimension (Lack of Hope in this example). This process
enabled us to construct more general items designated as
dimensions that reflected the essence of the criteria within each
group, thereby streamlining the questionnaire without
compromising the depth of depressive symptom screening. The
list of all selected instruments and original items can be found
in Multimedia Appendix 1.

In summary, this strategic selection of items aimed to cover a
broad spectrum of relevant criteria for the screening of
depressive signs and symptoms, ensuring the questionnaire’s
comprehensive scope and its applicability to adults of very old
age with varying levels of cognitive functioning.

Sociodemographic and Professional Characteristics
This section included questions designed to capture the
sociodemographic and professional characteristics of the
panelists in round 1, including age, gender, nationality,
profession, years of professional experience, and their country
and field of practice. In subsequent rounds, only essential
information (age, gender, nationality, and profession) was
collected to ensure continuity and to accurately link responses
from the same panelists across all rounds.

Contact With Individuals of Very Old Age
Although this could be considered part of professional
characterization, this section specifically gathered information
on the frequency of the panelists’ experiences or interactions
with individuals of very old age (aged ≥85 and ≥95 years). It
was specific to the first round, aiming to inform the context of
their responses. While this study’s target population was defined
as near-centenarians and centenarians (≥95 years), there is only
a limited number of experts focusing on this exact population.
However, most experts working with individuals aged ≥85 years
have regular contact with near-centenarians and centenarians.
Thus, these experts were also invited provided that they felt
confident in drawing on their experiences and perceptions
relevant to the population aged ≥95 years.

Pretest
Before launching round 1, the questionnaire was pretested with
a small purposive sample of 5 professionals (nurses,
psychologists, and a physician) to verify its clarity and
comprehensibility, with only a minor adjustment made based
on 1 expert’s suggestion to include specific examples for certain
items. Despite the positive outcomes of the pretest, experts were
invited to rate the questionnaire at the end of round 1 for
comprehensiveness, readability, and clarity.

Overall, 93% (26/28) of the experts participating in round 1
rated the questionnaire as Comprehensive or Very
comprehensive, and 86% (24/28) found it Easy or Very easy to
read and understand. Due to this positive feedback, no further
structural adjustments were implemented before proceeding to
the subsequent rounds.

Data Analysis
Data collected via SurveyMonkey were transferred to a
Microsoft Excel spreadsheet (Microsoft Corp) and examined
for any potential errors or missing data. They were then imported
into the SPSS Statistics software (version 29.0; IBM Corp) for
analysis [58]. Descriptive statistics were computed to
characterize the panel from a sociodemographic and professional
perspective using means and SDs as well as medians and
interquartile ranges for quantitative variables and frequency
distributions and percentages for qualitative variables. The level
of agreement among experts required to achieve consensus on
a given item was set at 70% for each round. This threshold is
commonly used in Delphi studies [59-61] as it allows for the
inclusion of minority viewpoints in the early rounds, ensuring
that diverse perspectives are considered before achieving final
consensus. This is particularly relevant in the context of
depressive symptom screening given the challenges associated
with detecting LLD, as previously mentioned. Hence, this
consensus rate is considered acceptable for preserving
methodological rigor, as supported by the literature [43], which
indicates that such a threshold aligns with norms for ensuring
reliability and validity in the context of an iterative,
consensus-building approach. The consensus rate for each item
was calculated using a 4-level Likert scale (1=Not relevant,
2=Somewhat relevant, 3=Relevant, and 4=Very relevant). In
the first step, these responses were recoded into 2 levels: values
of 1 and 2 were recoded as “0” (Overall not relevant), and values
of 3 and 4 were recoded as “1” (Overall relevant). Next, we
aggregated the recoded responses for each item to determine
consensus, which was achieved when the percentage of experts
identifying an item as Overall relevant or Overall not relevant
met or exceeded the predefined threshold of 70%.

After the first e-Delphi round, items that did not reach the
consensus level were carried forward to the subsequent round.
At the beginning of each subsequent round, experts were given
the opportunity to review the general outcomes from the
previous round (ie, consensus achieved or consensus not
achieved for each evaluated item). Items that achieved consensus
were not included again in subsequent rounds. After conducting
3 rounds with the participating panel and observing only limited
changes in the consensus rate after the third round, we decided
to proceed with the last round, which involved a final evaluation
of unresolved aspects by the steering committee. This last step
aimed to gain a deeper understanding of the reasoning behind
the outcomes and further refine the consensus process. Items
that still did not achieve consensus after the 3 e-Delphi rounds
were thoroughly examined during this phase.

Ethical Considerations
The Ethics Commission on Human Research of the Canton of
Vaud was consulted and confirmed that this project fell outside
the scope of the Swiss Human Research Act (Req-2023-00844;
Multimedia Appendix 2) as the study did not involve the
collection of health-related personal data or biological material.

All participants received detailed information about the study,
including its aim and relevance, what to expect, a description
of the questionnaire, instructions for participation, and contact
information for the main researcher, along with the invitation
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email. The questionnaires for all rounds (1, 2, and 3) included
an introductory section emphasizing the voluntary nature of
participation in the study, as well as specific information
regarding confidentiality, data protection, risks, and benefits
and a statement on ethical considerations. Participants were
explicitly informed that, by answering the questionnaire, they
were implicitly providing consent to take part in the study. They
did not receive any compensation for their participation. Each
participant received a survey link for accessing the
questionnaire, and their IP addresses were not recorded to ensure
confidentiality. The collected data were deidentified, with no
personal identifiers retained. Responses stored on
SurveyMonkey were deleted after transferring the data to the
Microsoft Excel spreadsheet. All data are securely stored on a
password-protected institutional server to comply with Swiss
data protection regulations and will be definitively deleted after
5 years.

Results

Expert Participation and Sociodemographic and
Professional Characteristics
A total of 84 experts were invited to this modified e-Delphi
study. Of these 84 experts, 28 (33%) participated in the first

round, forming the baseline panel. This group (n=28) was
consequently invited to the second and third rounds, for which
the participation rates were 75% (21/28) and 71% (20/28),
respectively.

The panel exhibited sociodemographic and professional
diversity, including different nationalities, professions, and
fields of practice. The average age ranged slightly between 44.1
(SD 10.6) and 46.7 (SD 11.4) years over the rounds. A majority
of women participated in the first and second rounds (17/28,
61% and 13/21, 62%, respectively), whereas men were more
prevalent in the third round (11/20, 55%). Swiss and Portuguese
nationalities were the most represented (12/20, 60% to 18/28,
64%), with the nursing profession being predominant (9/20,
45% to 12/21, 57%), followed by the medical profession (5/21,
24% to 8/20, 40%). The average professional experience was
19.4 (SD 8-9) years, with nearly 80% (22/28, 79%) of the
experts being engaged in purely clinical activities or a
combination of clinical and academic activities, among others
(eg, service organization). More than 80% (23/28, 82%) reported
having regular or very regular contact (daily, weekly, or
monthly) with individuals aged ≥85 years, and 75% (21/28)
reported having regular or very regular contact with individuals
aged ≥95 years (Table 1).
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Table 1. Sociodemographic and professional characteristics of the experts from the panel.

Round 3 (n=20)Round 2 (n=21)Round 1 (n=28)

Age (y)

46.7 (11.4)45.2 (11.6)44.1 (10.6)Values, mean (SD)

44.0 (22.8)39.0 (22.0)39.5 (18.8)Values, median (IQR)

Gender, n (%)

11 (55)8 (38)11 (39)Men

9 (45)13 (62)17 (61)Women

Nationality, n (%)

4 (20)6 (29)9 (32)Portuguese

8 (40)7 (33)9 (32)Swiss

3 (15)2 (10)3 (11)French

1 (5)2 (10)2 (7)Swiss and Portuguese

1 (5)1 (5)1 (4)Australian

1 (5)1 (5)1 (4)Belgian

0 (0)1 (5)1 (4)German

1 (5)0 (0)1 (4)Italian

1 (5)1 (5)1 (4)Norwegian

Profession, n (%)

9 (45)12 (57)15 (54)Nurse

8 (40)5 (24)8 (29)Physician

3 (15)4 (19)4 (14)Psychologist

0 (0)0 (0)1 (4)Other: gerontologist

Professional experience (y; n=27)

——a19.4 (8.9)Values, mean (SD)

——17.0 (11.0Values, median (IQR)

Country of professional practice, n (%)

——15 (54)Switzerland

——7 (25)Portugal

——3 (11)France

——1 (4)Australia

——1 (4)Norway

——1 (4)Portugal, United Kingdom, Saudi Arabia, and UAEb

Field of professional activity, n (%)

Clinical activity

——6 (21)Inpatient care only

——2 (7)Outpatient care only

——2 (7)Long-term care only

Academic activity

——1 (4)Teaching only

——1 (4)Research only

——3 (11)Teaching and research

——9 (32)Clinical activityc and academic activityd
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Round 3 (n=20)Round 2 (n=21)Round 1 (n=28)

——3 (11)Clinical activityc, academic activityd, and other (eg, quality improve-
ment or service organization)

——1 (4)Management activity

Contact with individuals aged ≥85 years, n (%)

——10 (36)Daily

——9 (32)Weekly

——4 (14)Monthly

——4 (14)Yearly

——1 (4)Previously but not currently

Contact with individuals aged ≥95 years, n (%)

——4 (14)Daily

——8 (29)Weekly

——9 (32)Monthly

——6 (21)Yearly (or lesse)

——1 (4)Previously but not currently

aNot applicable.
bUAE: United Arab Emirates.
cClinical activity includes inpatient, outpatient, or long-term care settings.
dAcademic activity includes teaching or research roles.
eOne expert commented the following: “Not yearly, but once in a while.”

Questionnaire Completion Times
The completion dates and the mean time taken for participants
to complete the questionnaires in each round are summarized

in Table 2. Globally, the e-Delphi rounds took place between
August 2023 and February 2024, with an overall weighted mean
completion time of 16 minutes and 40 seconds (SD 11 min and
27 s).

Table 2. Summary of overall consensus achievements across e-Delphi rounds regarding potential dimensions and criteria for depression screening.

New criteria
proposed

Consensus
not
achieved
(criteria), n
(%)

Consensus
achieved
(criteria), n
(%)

Criteria
ana-
lyzed

New dimen-
sions pro-
posed

Consensus
not achieved
(dimen-
sions), n (%)

Consensus
achieved
(dimen-
sions), n
(%)

Dimen-
sions ana-
lyzed

Questionnaire
completion
time, mean
(SD)

Questionnaire
completion
dates

831 (39)b49 (61)b80411 (46)a13 (54)a2424 min, 51 s
(10 min, 51 s)

August 15,
2023, to Octo-
ber 1, 2023

Round
1

027 (69)d12 (31)d3905 (33)c10 (67)c1515 min, 31 s
(8 min, 18 s)

October 26,
2023, to De-
cember 12,
2023

Round
2

018 (67)f9 (33)f2704 (80)e1 (20)e56 min, 26 s (3
min, 55 s)

January 31,
2024, to
February 29,
2024

Round
3

an=24.
bn=80.
cn=15.
dn=39.
en=5.
fn=27.
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Overall Consensus Achievements
A consensus threshold of ≥70% was established for both
dimensions and criteria, as previously described.

Depression Screening: Potentially Relevant Dimensions
In round 1, experts assessed 24 dimensions, reaching consensus
on 13 (54%). In addition, 4 new dimensions were suggested by
the experts and incorporated in round 2: underlying cognitive
disorder (dimension 25), previous episodes of depression or
diagnosed depression (dimension 26), personal care (eg, poor
hygiene) (dimension 27), and language/speech (eg, poor speech)
(dimension 28). Thus, 15 dimensions (n=11, 73% without
consensus and n=4, 27% new proposals) were reassessed in
round 2, with consensus achieved on 10 (67%). In round 3, a
total of 5 dimensions were revisited, with consensus reached
on only 1 (20%; Table 2).

Table 3 summarizes the consensus rates for the 28 dimensions
assessed across the 3 e-Delphi rounds. A total of 14% (4/28) of

the dimensions failed to reach the ≥70% consensus threshold:
memory problems (dimension 21), mood-congruent delusions
(dimension 22), reduced adaptation capacity (dimension 24),
and language/speech (eg, poor speech) (dimension 28)—the
only newly suggested dimension without consensus. Of the
dimensions on which consensus was achieved, all were
considered relevant for screening for depression in individuals
aged ≥95 years except for increased appetite (dimension 8),
which was deemed not relevant. Notably, several relevant
dimensions reached ≥90% consensus: lack of hope (dimension
20; 21/21, 100%), loss of interest (dimension 4; 27/28, 96%),
lack of reactivity to pleasant events (dimension 5; 27/28, 96%),
depressed mood (dimension 1; 26/28, 93%), and previous
episodes of depression or diagnosed depression (dimension 26;
19/21, 90%).

Figure S1 in Multimedia Appendix 3 provides an overview of
the consensus rates for the potentially relevant dimensions for
depression screening.
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Table 3. Consensus level on potential dimensions for depression screeninga.

Round 3 (n=20)Round 2 (n=21)Round 1 (n=28)

Participants, n
(%)

ResultLevel of
consensus
at ≥70%

Participants, n
(%)

ResultLevel of
consensus
at ≥70%

Participants, n
(%)

ResultLevel of
consensus
at ≥70%

——————c26 (93)bRelevantAchievedDepressed mood

——————24 (86)bRelevantAchievedAnxiety

———17 (81)eRelevantAchievedN/AN/AdNot
achieved

Irritability

——————27 (96)bRelevantAchievedLoss of interest

——————27 (96)bRelevantAchievedLack of reactivity to
pleasant events

———16 (76)eRelevantAchievedN/AN/ANot
achieved

Psychomotor changes

——————19 (70)fRelevantAchievedAppetite loss

———16 (76)eNot rele-
vant

AchievedN/AN/ANot
achieved

Increased appetite

——————19 (73)gRelevantAchievedReduced sleep or in-
somnia

———16 (76)eRelevantAchievedN/AN/ANot
achieved

Hypersomnia

——————21 (78)fRelevantAchievedLack of energy

——————22 (79)bRelevantAchievedDeath wishes

——————24 (86)bRelevantAchievedSuicidal thoughts

——————23 (82)bRelevantAchievedPoor self-esteem

——————20 (74)fRelevantAchievedPessimism

——————20 (71)bRelevantAchievedLow life satisfaction

14 (70)hRelevantAchievedN/AN/ANot
achieved

N/AN/ANot
achieved

Impaired concentra-
tion

———15 (71)eRelevantAchievedN/AN/ANot
achieved

Impaired decision-
making capacity

——————24 (86)bRelevantAchievedNegative feelings

———21 (100)eRelevantAchievedN/AN/ANot
achieved

Lack of hope

N/AN/ANot
achieved

N/AN/ANot
achieved

N/AN/ANot
achieved

Memory problems

N/AN/ANot
achieved

N/AN/ANot
achieved

N/AN/ANot
achieved

Mood-congruent
delusions

———16 (76)eRelevantAchievedN/AN/ANot
achieved

Repercussions of
functional dependence

N/AN/ANot
achieved

N/AN/ANot
achieved

N/AN/ANot
achieved

Reduced adaptation
capacity

———15 (71)eRelevantAchievedN/AN/AN/AUnderlying cognitive
disorder (added in
round 2)

———19 (90)eRelevantAchievedN/AN/AN/APrevious episodes of
depression or diag-
nosed depression
(added in round 2)
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Round 3 (n=20)Round 2 (n=21)Round 1 (n=28)

Participants, n
(%)

ResultLevel of
consensus
at ≥70%

Participants, n
(%)

ResultLevel of
consensus
at ≥70%

Participants, n
(%)

ResultLevel of
consensus
at ≥70%

———16 (76)eRelevantAchievedN/AN/AN/APersonal care (eg,
poor hygiene; added
in round 2)

N/AN/ANot
achieved

N/AN/ANot
achieved

N/AN/AN/ALanguage/speech (eg,
poor speech; added in
round 2)

aThis list includes 4 dimensions suggested by the expert participants in round 1 and incorporated into the subsequent rounds: underlying cognitive
disorder, previous episodes of depression or diagnosed depression, personal care (eg, poor hygiene), and language/speech (eg, poor speech).
bn=28.
cData are not available for the corresponding entries.
dN/A: not applicable.
en=21.
fn=27.
gn=26.
hn=20.

Depression Screening: Potentially Relevant Criteria
In round 1, a total of 80 criteria were assessed, with consensus
reached on 49 (61%). In addition, 8 new criteria emerged from
suggestions by the panel and were incorporated in round 2:
critical life events (eg, loss of a child or another loved one)
(criterion 81), emotional indifference (criterion 82), anhedonia
(criterion 83), afraid of being alone (criterion 84), resurfacing
of “old wounds” (eg, long-standing conflicts with children)
(criterion 85), feeling of accomplishment throughout life
(criterion 86), closeness with family and significant others
(criterion 87), and subjective health (criterion 88). As a result,
39 criteria (n=31, 79% without consensus and n=8, 21% new
proposals) were reassessed in round 2, with consensus achieved
on 12 (31%). In round 3, a total of 27 criteria were revisited,
with consensus reached on 9 (33%; Table 2).

The consensus rates for the 88 criteria assessed across the 3
e-Delphi rounds are presented in Multimedia Appendix 4. In
total, 20% (18/88) of the criteria failed to reach the ≥70%
consensus threshold: easily annoyed (criterion 20);
short-tempered (criterion 21); staying home instead of going
out and doing new things (criterion 26); psychomotor agitation
(criterion 29); significant unintentional weight gain (more than
5% in a month) (criterion 33); restless sleep (criterion 35); full
of energy (criterion 42); feels as good as other people (criterion
51); pessimism (criterion 52); thinks most people are better off
than him/her (criterion 56); finding life exciting, wonderful, and
enjoyable (criterion 58); getting bored often (criterion 62);
feeling fearful (criterion 64); feeling that people are unfriendly
or dislike him/her (criterion 66); memory problems (criterion
69); the mind is as clear as it used to be (criterion 70); having
a sense of direction and purpose in life (criterion 79); and afraid
of being alone (criterion 84)—the only newly suggested criterion
without consensus. Of the criteria on which consensus was
achieved, all were considered relevant for screening for
depression in individuals aged ≥95 years except for hard to get
started on new projects (criterion 28), fear of dying (criterion
75), and sufficient financial resources (criterion 77), which were

considered not relevant. Notably, several relevant criteria
reached a ≥90% consensus: despondency, gloom, and despair
(criterion 5; 25/25, 100%); depressed (criterion 6; 27/27, 100%);
lack of reactivity to pleasant events or circumstances (criterion
25; 28/28, 100%); suicidal ideation (criterion 45; 28/28, 100%);
suicide attempt(s) (criterion 46; 28/28, 100%); ruminations
(criterion 14; 27/28, 96%); recurrent thoughts of death or
suicide (criterion 43; 27/28, 96%); feelings of worthlessness
(criterion 47; 25/26, 96%); critical life events (criterion 81;
20/21, 95%); anhedonia (criterion 83; 20/21, 95%); loss of
interest in activities (criterion 23; 26/28, 93%); loss of pleasure
in activities (criterion 24; 26/28, 93%); and sadness (criterion
4; 24/26, 92%).

Figure S2 in Multimedia Appendix 3 provides an overview of
the consensus rates for the potentially relevant criteria for
depression screening.

Signs and Symptoms of Depression: Duration, Number,
Frequency, and Severity
In round 1, experts (n=28) were asked about the importance of
considering the duration of depressive signs or symptoms in
addition to their presence. It is important to note that, for the
purpose of this assessment, they were instructed not to consider
suicidal thoughts or ideation as these require immediate
attention and, thus, were deliberately excluded from the duration
criteria. All participants (28/28, 100%) agreed on its importance.
When specifically asked about the minimum duration for
considering these signs or symptoms as clinically significant,
25 experts provided their insights—21 (84%) suggested a range
from a few days (1 to 3) to 4 weeks, with 2 weeks being the most
cited (n=9, 36%).

In addition, 7% (2/28) of the experts suggested differentiating
the duration of signs or symptoms between recurrent episodes
in chronic depression and new-onset cases. For this reason, a
question addressing this specificity was introduced in round 2
(n=21), with 62% (13/21) supporting the distinction. For
recurrent episodes, most experts favored a minimum duration
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of 2 weeks (9/13, 69%), whereas for a new onset, opinions
varied, with “4 weeks” (5/13, 38%) being the most cited.

In round 2 (n=21), 62% (13/21) emphasized the importance of
considering the number of signs or symptoms during screening.
Of the 12 experts who specified a threshold, 7 (58%) favored
a minimum of 3 symptoms.

Regarding sign or symptom frequency, all experts who provided
an opinion in round 2 (20/20, 100%) considered it relevant. Of
these 20 experts, 19 (95%) specified a particular frequency, of
whom 9 (47%) suggested a frequency of several times per day,
3 (16%) suggested a frequency of nearly daily, and 6 (32%)
suggested a frequency of several times per week.

For severity, 90% (18/20) considered it an important factor.
Moreover, on a severity scale from 0 to 10 (with 10 being the
most severe), the average threshold for clinical concern was 4.9
(SD 1.4), with a median of 5.0 (IQR 2.0).

Further details regarding the results described previously can
be found in Multimedia Appendix 5.

Steering Committee’s Decision on Dimensions and
Criteria Lacking Consensus After 3 e-Delphi Rounds
The steering committee conducted 2 additional rounds of
discussion to decide on the relevance of the 4 dimensions and

18 criteria that did not reach a consensus of ≥70% among the
panelists during the 3 e-Delphi rounds.

In the first round of discussion, committee members reviewed
the panelists’ comments and agreement levels for each
dimension and criterion, analyzing potential reasons for the lack
of consensus and considering the clinical implications. Each
member shared their perspectives drawing on their clinical
expertise. In the second round, the committee revisited the
dimensions and criteria after reflecting on the insights from the
first round, aiming to resolve any remaining uncertainties and
reach a collective decision. Consensus was prioritized, with
majority voting used when necessary.

A summary of the committee’s final determinations is provided
in Multimedia Appendix 6, where the rationale behind the
inclusion or exclusion of each dimension and criterion is
detailed.

Table 4 presents an overview of the consensus levels reached
in each e-Delphi round and the final decisions made by the
steering committee.
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Table 4. Steering committee’s decision on the dimensions and criteria lacking consensus after 3 e-Delphi rounds.

Steering committee final
decision

Round 3 (n=20), n (%)Round 2 (n=21), n (%)Round 1 (n=28), n (%)

Dimensions

Not relevantMemory problems

9 (45)c11 (52)b15 (56)aNot relevant

11 (55)c10 (48)b12 (44)aRelevant

RelevantMood-congruent delusions

9 (45)c9 (43)b12 (44)aNot relevant

11 (55)c12 (57)b15 (56)aRelevant

RelevantReduced adaptation capacity

8 (40)c7 (33)b12 (43)dNot relevant

12 (60)c14 (67)b16 (57)dRelevant

Not relevantLanguage or speech (eg, poor speech; added in round 2)

12 (60)c8 (38)b—eNot relevant

8 (40)c13 (62)b—Relevant

Criteria

Not relevantEasily annoyed

11 (55)c12 (57)b11 (39)dNot relevant

9 (45)c9 (43)b17 (61)dRelevant

RelevantShort-tempered

10 (50)c11 (58)f11 (41)aNot relevant

10 (50)c8 (42)f16 (59)aRelevant

Not relevantStaying home instead of going out and doing new things

12 (60)c9 (43)b11 (39)dNot relevant

8 (40)c12 (57)b17 (61)dRelevant

Not relevantPsychomotor agitation

9 (45)c8 (38)b11 (41)aNot relevant

11 (55)c13 (62)b16 (59)aRelevant

Not relevantSignificant unintentional weight gain (more than 5% in a month)

11 (55)c14 (67)b18 (67)aNot relevant

9 (45)c7 (33)b9 (33)aRelevant

RelevantRestless sleep

8 (40)c8 (40)c10 (38)gNot relevant

12 (60)c12 (60)c16 (62)gRelevant

Not relevantFull of energy

12 (60)c12 (57)b18 (67)aNot relevant

8 (40)c9 (43)b9 (33)aRelevant

Not relevantFeels as good as other people

8 (40)c13 (65)c14 (52)aNot relevant
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Steering committee final
decision

Round 3 (n=20), n (%)Round 2 (n=21), n (%)Round 1 (n=28), n (%)

12 (60)c7 (35)c13 (48)aRelevant

RelevantPessimism

8 (40)c9 (45)c9 (32)dNot relevant

12 (60)c11 (55)c19 (68)dRelevant

Not relevantThinks most people are better off than him or her

7 (35)c9 (43)b10 (37)aNot relevant

13 (65)c12 (57)b17 (63)aRelevant

Not relevantFinding life exciting, wonderful, and enjoyable

9 (45)c9 (45)c10 (37)aNot relevant

11 (55)c11 (55)c17 (63)aRelevant

Not relevantGetting bored often

7 (37)f12 (57)b11 (41)aNot relevant

12 (63)f9 (43)b16 (59)aRelevant

RelevantFeeling fearful

10 (50)c11 (52)b9 (33)aNot relevant

10 (50)c10 (48)b18 (67)aRelevant

Not relevantFeeling that people are unfriendly or dislike him or her

7 (35)c13 (62)b15 (56)aNot relevant

13 (65)c8 (38)b12 (44)aRelevant

Not relevantMemory problems

9 (45)c12 (57)b14 (50)dNot relevant

11 (55)c9 (43)b14 (50)dRelevant

Not relevantThe mind is as clear as it used to be

10 (50)c11 (52)b14 (52)aNot relevant

10 (50)c10 (48)b13 (48)aRelevant

RelevantHaving a sense of direction and purpose in life

9 (45)c7 (33)b11 (41)aNot relevant

11 (55)c14 (67)b16 (59)aRelevant

RelevantAfraid of being alone (added in round 2)

8 (40)c9 (43)b—Not relevant

12 (60)c12 (57)b—Relevant

an=27.
bn=21.
cn=20.
dn=28.
eNot applicable.
fn=19.
gn=26.
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Types of Assessment for Potential Depression Criteria:
Self-Assessment, Hetero-Assessment, or Both?
In addition to assessing the relevance of each criterion, the panel
provided opinions on the preferred assessment method
(self-assessment, hetero-assessment, or both). Rather than
seeking strict consensus, the goal was to identify general trends.
Using a 50% threshold as an example, 35% (28/80) of the
criteria were deemed suitable for self-assessment only, 4% (3/80)
of the criteria were deemed suitable for hetero-assessment only,
and 40% (32/80) of the criteria were deemed suitable for both
methods. Detailed information is available in Multimedia
Appendix 7, whereas Figure S3 in Multimedia Appendix 3
provides an overview of the consensus rates for these assessment
methods.

Discussion

Principal Findings
This modified e-Delphi study aimed to identify and achieve
consensus on the most representative signs and symptoms of
depression in very old age, focusing on near-centenarians and
centenarians.

Our results revealed that most of the items proposed—86%
(24/28) of the dimensions and 80% (70/88) of the
criteria—which had been assembled based on a literature review,
were considered relevant for depression screening in very old
age. This highlights the importance of a multidimensional
approach and acknowledges the complexity of accurately
diagnosing depression in this population.

Most Consensual Potentially Relevant Depressive Signs
and Symptoms
Focusing on items with the highest consensus rates (≥90%),
some overlap between dimensions and criteria was observed,
which was expected as dimensions grouped related criteria.

For example, the depressed mood dimension was widely
considered relevant, aligning with criteria such as depressed;
sadness; and despondency, gloom, and despair, which reflect
the emotional core of depressive disorders [6,54]. Similarly,
loss of interest in activities, loss of pleasure in activities, lack
of reactivity to pleasant events or circumstances, and anhedonia
also achieved broad consensus as critical indicators of
depression [6,54,62-64]. Collectively, these signs and symptoms
highlight the significant impact of depression on a person’s
capacity for joy and engagement with life, underscoring their
relevance in depression screening.

Criteria such as ruminations and feelings of worthlessness
equally achieved a strong consensus due to their role in the
negative cognitive and emotional patterns of depression.
Previous research has shown that ruminations exacerbate
psychopathology, including depression, by intensifying and
extending negative mood states, thus interfering with
problem-solving and perpetuating physiological stress responses
[65]. Similarly, feelings of worthlessness are strongly linked to
self-blame, lack of hope, and an increased suicide risk even
after depressive episodes remit [66,67]. Building on this, the
lack ofhope dimension achieved unanimous consensus (21/21,

100%) as a relevant element, reflecting its importance as a
significant predictor of psychological well-being [68]. Within
this broader dimension, the hopelessness and hopeful about the
future criteria also showed high consensus (24/27, 89% and
16/21, 76%, respectively), emphasizing their important role in
depression screening in individuals of very old age whether as
a negative indicator or a positive resource.

Furthermore, previous episodes of depression or diagnosed
depression were also identified as relevant, highlighting the
importance of considering an individual’s psychiatric history
as past experiences with depression increase the risk of
recurrence [69]. In addition, critical life events perceived as
negative were recognized for their significant association with
higher levels of depressive symptoms in a recent meta-analysis
[70].

Finally, the strong agreement on severe criteria such as recurrent
thoughts of death or suicide, suicidal ideation, and past suicide
attempt(s) underscores the critical need to address these factors
due to their immediate risk to individuals’ safety [26].

Most Consensual Potentially Relevant Depressive Signs
and Symptoms in the Context of Old Age
Having established the most consensual depressive features, it
is essential to explore how these characteristics manifest
specifically in older adults as unique age-related factors may
shape their expression and impact.

As individuals age, they may face different challenges, some
of which are particularly relevant to LLD. These include agism;
loss of income; the death of loved ones; and the risk of isolation,
functional limitations, multimorbidity, cognitive decline, and
institutionalization [71]. Such multidimensional challenges can
impact well-being and mental health, contributing to reduced
aging satisfaction and increased loneliness, including
near-centenarians and centenarians [71,72]. While the
cumulative effect of these difficulties can increase the risk of
LLD, it is important to note that experiencing them does not
necessarily lead to the development of a depressive state [72].

The dimensions and criteria that achieved high consensus, as
previously discussed, clearly represent central elements in
depression screening across all age groups, aligning with current
diagnostic standards [6,54]. Our findings confirm their
importance for accurate diagnosis in individuals of very old
age, underscoring their transversality across generations and
relevance even in the final stages of life. While depression in
very old age may have unique aspects, some of the core signs
and symptoms of the disorder remain consistent and should not
be overlooked, including in near-centenarians and centenarians.
However, these signs and symptoms may carry additional
significance due to the unique psychosocial and physical
challenges faced by these individuals [72].

For instance, loss of interest in activities, loss of pleasure in
activities, lack of reactivity to pleasant events or circumstances,
and anhedonia may highlight a deeper disengagement from life
that can be difficult to detect in older adults. These symptoms
are often masked by typical aging challenges such as physical
decline, social isolation, or even cognitive issues, complexifying
their identification. In addition, feelings of worthlessness and
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the negative impact of critical life events may be particularly
relevant in late-life contexts, where significant life changes and
losses are common [67,73]. As highlighted in a meta-synthesis
[74], older adults often experience declines in physical and
cognitive abilities, leading to feelings of disconnection and a
perception of being unneeded by their communities. This sense
of being unneeded can foster feelings of isolation and
insignificance, thereby triggering or exacerbating depressive
symptoms. Moreover, societal changes and loss of social roles
further deepen these feelings of worthlessness, underscoring
the importance of addressing these issues in older populations
[74].

While the high consensus on many classic criteria suggests their
continued relevance across the life cycle, our findings also point
to unique aspects of depression in very old age that may not be
fully captured by current approaches. For example, the
unanimous agreement on the relevance of lack ofhope highlights
its particular significance in this age group. Unlike other factors
typically associated with normal aging processes, low levels of
hope have been identified as a significant risk factor in older
adults, reflecting a deeper sense of despair with potentially
serious consequences. A systematic review [75] underscored
that lack of hope is closely linked to negative outcomes in older
populations, including an increased risk of depression and poorer
overall health outcomes.

Moreover, the strong agreement on severe symptoms such as
recurrent thoughts of death or suicide, suicidal ideation, and
past suicide attempt(s) underscores the importance of also
addressing these factors in very old age, where such topics often
remain taboo [76]. Reluctance to discuss or acknowledge these
symptoms may lead to underdiagnosis and inadequate treatment,
emphasizing the need for sensitive and proactive approaches in
this age group. Recent qualitative research [76] has revealed
that suicidal thoughts in later life are often subtly expressed and
normalized in everyday conversations, making them difficult
to detect. However, the extent to which this applies to
centenarians is unclear. Previous research suggests that only a
minority of centenarians express a wish to die [77,78], making
explicit suicidal thoughts likely rare and not always linked to
depressive states. Nonetheless, feelings of life being completed
and no longer worth living reflect a deeper disconnection from
life, characterized by aching loneliness, feelings of not
mattering, and a physical and mental tiredness [79]. Creating
safe spaces for informal—yet meaningful—discussions is
essential, alongside strategies for timely recognition and
management of these symptoms [76].

Potentially Not Relevant Depressive Signs and
Symptoms in the Context of Old Age
The increased appetite dimension may have been considered
not relevant as it can result from situational factors such as
attending a day center or moving to a nursing home, where
tailored meals and social dining often enhance the willingness
to eat, contributing to an increased appetite. Similarly, the
significant unintentional weight gain criterion was likely deemed
not relevant for related reasons as previous research has found
no association between weight gain and incident depressive
symptoms in older adults [80].

Certain cognitive dimensions such as memory problems and
language/speech (eg, poor speech) were also classified as not
relevant, likely due to their overlap with nondepressive
phenomena commonly observed in older adults. This highlights
the need for tailored screening protocols that can effectively
differentiate between depression and cognitive impairment,
conditions that often coexist in individuals of very old age and
require distinct therapeutic strategies [81,82]. The criterion the
mind is as clear as it used to be was likely deemed not relevant
for the same reasons.

Criteria such as hard to get started on new projects; staying
home instead of going out and doing new things; finding life
exciting, wonderful, and enjoyable; easily annoyed; and getting
bored often may be more closely related to motivational factors,
social involvement, social support, or underlying health
conditions rather than directly indicating a depressive state
[83,84]. Similarly, criteria such as thinks most people are better
off than him/her, feeling that people are unfriendly or dislike
him/her, and feels as good as other people may reflect
personality traits, which are relatively stable over the life span
and may not necessarily reflect a change in mental health status
[85].

Symptoms such as psychomotor agitation illustrate the challenge
in differentiating between depression-related symptoms and
those arising from other geriatric conditions such as dementia
or delirium [86], suggesting that certain depressive features may
be less applicable or not sufficient for individuals of very old
age [87]. In addition, the full of energy criterion, typically seen
as a positive indicator, was not deemed relevant, possibly
because it is rare for a near-centenarian or centenarian without
depression to report feeling full of energy. This likely reflects
their overall physical condition rather than a depressive state,
and the absence of this criterion may often be confounded with
physical exhaustion linked to frailty [88].

The fear of dying criterion was also classified as not relevant.
Although it might be assumed that individuals in the final stage
of life would fear death, previous research suggests that death
anxiety is generally low among older adults, who are more often
concerned with the dying process rather than death itself [89].
Similarly, sufficient financial resources was deemed not
relevant. While financial difficulties can impact mental health,
their link to psychological distress in older adults appears to be
more influenced by underlying factors such as mastery and
self-esteem rather than acting as a direct indicator of depression
[90].

The Specificity of Near-Centenarians and Centenarians
Research on near-centenarians and centenarians has
predominantly focused on physical, cognitive, and social health,
with less attention paid to psychiatric aspects [13]. Studies on
depression in this population often rely on overall assessment
scores from standardized instruments rather than detailed
analysis of individual items [72,87,91-94]. This gap, alongside
the variety of existing tools for screening for depression in very
old age, also motivated this study.

Notably, one study conducted a detailed item-level analysis
using a 14-item version of the Geriatric Depression Scale in
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Portuguese centenarians [88] and found that 51.4% reported
feelings of worthlessness, supporting the relevance of this
specific criterion in our e-Delphi study. In addition, only 12.3%
reported having more memory problems, 43.3% expressed a
preference for staying home instead of going out and doing new
things, 39.8% reported getting bored often, and 33.3% agreed
with the statement thinks most people are better off than they
are [88]. Globally, these findings align with our results, where
these criteria were considered not relevant in this age group.

While these findings suggest reduced presence of symptoms
established for younger populations, it remains unclear whether
depression in near-centenarians and centenarians significantly
differs from that in other older individuals, such as
octogenarians; the key features of depression may not vary
meaningfully. Therefore, it is worth questioning whether the
development of a tool specifically designed for very old age,
including the near-centenarian and centenarian population, is
truly necessary. Nevertheless, psychological resources such as
resilience appear to be particularly strong in near-centenarians
and centenarians [77,95]. These protective characteristics may
lead traditional depression screening tools to overlook subtle
signs of depression that are masked by these strengths. A tool
specifically designed for this age group could better capture the
subtle differences and specific needs, enhancing the accuracy
and effectiveness of depression screening.

Duration, Number, Frequency, and Severity of
Depressive Signs and Symptoms and Type of
Assessment
Our findings emphasize the importance of considering the
duration, number, frequency, and severity of depressive signs
and symptoms in near-centenarians and centenarians. Notably,
experts differentiated between chronic and new-onset
depression, advocating for a nuanced approach that may
significantly impact clinical assessments and interventions. This
aligns with existing literature documenting distinct clinical
profiles for persistent and nonchronic depressive disorders in
adults aged 18 to 79 years [96,97], with persistent cases often
involving earlier onset, more severe symptoms, and greater
treatment resistance [96]. While these findings are based on
younger individuals, they reinforce the necessity of a
personalized life span approach that includes rigorous screening
and comprehensive clinical strategies for the oldest age groups.

Furthermore, experts in our study highlighted the potential value
of combining self- and hetero-assessment techniques to screen
for depressive signs and symptoms in very old age. However,
this approach may require further consideration. Cognitive
limitations at this age may affect the reliability of self-reports,
complicating the integration with caregiver observations.
Developing strategies to reconcile these differing
perspectives—such as guidelines for interpreting
discrepancies—could ensure that assessments are accurate and
sensitive to the unique challenges faced by individuals of very
old age. Flexible, combined approaches remain relevant as
research suggests that they enhance diagnostic accuracy and
patient engagement [98].

Further Considerations
Given the findings of our study, a more comprehensive approach
to depression screening in near-centenarians and centenarians
may be advantageous. The high consensus among experts
regarding certain depressive features highlights their relevance
and significance for this particular age group. Importantly, the
diagnosis of LLD in adults of very old age can be particularly
complex due to overlapping symptoms with other mental or
somatic conditions, as previously outlined. This overlap
necessitates a differential diagnostic approach that integrates a
broader perspective. This emphasizes the need for screening
tools that are both comprehensive and sensitive to the unique
experiences and needs of individuals of very old age.
Implementing such tailored screening methods could contribute
to improved mental health outcomes within this population.

Our work extends existing literature by providing a
comprehensive overview of a wider range of depressive features,
including considerations of their duration, number, frequency,
and severity—factors that are less considered in standard
depression screenings. This highlights the complexity of
diagnosing depression in adults of very old age and confirms
the necessity of incorporating these specific aspects into the
screening process.

While the e-Delphi method was valuable for identifying key
elements in detecting depressive signs and symptoms in those
of very old age, a separate validation study is necessary to
confirm whether the extended screening process would be more
effective compared to current tools. Nonetheless, this study
hopefully represents a meaningful step forward in improving
the detection of depressive signs and symptoms in this
population.

Limitations
We acknowledge several limitations. First, despite the
international and professional diversity of the expert panel, it
may not have captured the full spectrum of clinical practices or
cultural perceptions related to aging and depression. The relative
overrepresentation of nurses among the panelists in rounds 1
and 2 may have introduced a bias toward nursing-specific
priorities, such as a stronger focus on the practical applicability
of screening criteria in daily care. However, this also reflects
their pivotal role in direct care for individuals of very old age,
making their insights particularly relevant for developing
pragmatic screening criteria. Given this, a groupthink effect in
which the dominant profession influenced the consensus cannot
be excluded. In addition, our panel lacked experts from Asian
countries despite notable recruitment efforts even though these
regions have some of the highest proportions of centenarians
worldwide. This absence may have introduced a bias toward
Western perspectives. At the same time, the concept of
depression in very old age may be less clearly defined in some
Asian cultures due to cultural background. Second, the selection
of a 70% consensus threshold may have influenced the
interpretation of the results as it reflects a compromise between
inclusivity and stringency, subtly shaping the scope of the
consensus achieved. Third, the structured nature of the e-Delphi
process may have limited the exploration of nuanced symptoms
critical to understanding depression in individuals of very old
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age, a population whose cognitive decline may complicate
symptom presentation. Fourth, some overlap between
dimensions and criteria was observed, which may be perceived
as a limitation to some extent. However, the steering committee
was aware of this overlap and intentionally decided to retain it
to confirm certain trends in consensus on specific items.

Despite these challenges, this study’s insights have the potential
to stimulate discussions on improving mental health strategies
for older populations, especially those of very old age. The
diverse and interdisciplinary composition of the panel further
contributes to the generalizability of the findings, offering
valuable insights to health care professionals and researchers
worldwide.

Future research should aim to develop and validate a screening
tool specifically designed for depressive signs and symptoms
in very old age, including near-centenarians and centenarians.
A validation study comparing the extended method with
established tools or a gold standard diagnostic reference is
crucial to determining its efficacy. In addition, it is important
to assess the tool’s effectiveness across different cultural

contexts to ensure its broad applicability. The incorporation of
Patient-Reported Experience Measures in future developments
would also be beneficial in capturing the lived experiences and
perceptions of this age group.

Conclusions
This expert consensus could significantly contribute to
enhancing early detection and intervention for depression in
individuals of very old age, notably by informing the creation
of a new screening tool. The findings have the potential to
improve diagnostic accuracy and, consequently, allow for the
personalization of treatment plans tailored to the unique needs
of individuals of very old age.

In conclusion, this study used expert consensus to establish a
foundational step toward enhancing the detection and treatment
of depression among individuals of very old age, including
near-centenarians and centenarians. This study emphasizes the
need for cautious, multidimensional, and multidisciplinary
approaches to depression screening in this age group, advocating
for the continuous refinement of screening tools to address the
complex nature of very old age effectively.
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Abstract

Background: Cyberchondria is the compulsive searching for health information online that continues despite harmful effects.
It leads to increased health anxiety and lower health-related quality of life (HRQOL). Older adults face higher risks of cyberchondria
due to their limited digital literacy skills and more frequent health concerns. However, researchers have not thoroughly studied
how cyberchondria affects this age group.

Objective: This study aimed to explore cyberchondria in the older population and investigate its relationship with cognitive
fusion (ie, the tendency to become entangled with thoughts and perceive them as literal truths that dictate behavior), HRQOL,
and mental well-being.

Methods: A web-based, cross-sectional survey was conducted in May 2024 with a sample of 638 participants from China aged
≥60 years recruited through the online panel of a survey company. The participants completed questionnaires assessing
cyberchondria (using the Cyberchondria Severity Scale-12 [CSS-12]), cognitive fusion, HRQOL, and mental well-being. Structural
equation modeling (SEM) was used to assess the hypothesized mediation model, and standardized estimates and their 95% CIs
were calculated for all structural paths.

Results: Participants had a mean CSS-12 score of 40 (SD 8.5), suggesting a fairly high level of cyberchondria in this sample.
Participants with a higher socioeconomic status tended to report lower levels of cyberchondria. The SEM showed that cyberchondria
was positively associated with cognitive fusion (β=0.505, P<.001 for both models) and negatively associated with HRQOL
(β=–0.221, P<.001) and mental well-being (β=–0.212, P<.001). The mediation model showed a good fit and demonstrated that
cognitive fusion fully mediated the total effect of cyberchondria on HRQOL and mental well-being.

Conclusions: Cyberchondria may be more prominent in older Chinese adults, especially those residing in rural areas and with
a lower socioeconomic status. Additionally, cyberchondria can enhance cognitive fusion, contributing to poor HRQOL and mental
well-being. Interventions focused on “defusing” cyberchondria-relevant thoughts may help reduce maladaptive behaviors associated
with cyberchondria and improve the overall well-being of older populations.

(JMIR Aging 2025;8:e70302)   doi:10.2196/70302

KEYWORDS

cyberchondria; cognitive fusion; health-related quality of life; well-being; mediation

JMIR Aging 2025 | vol. 8 | e70302 | p.986https://aging.jmir.org/2025/1/e70302
(page number not for citation purposes)

Xu & StarcevicJMIR AGING

XSL•FO
RenderX

mailto:richard.xu@polyu.edu.hk
http://dx.doi.org/10.2196/70302
http://www.w3.org/Style/XSL
http://www.renderx.com/


Introduction

Background
The internet can amplify health anxiety by creating an
environment in which distinguishing credible online health
information from that derived from unreliable sources may be
difficult, often leading to confusion and fear [1,2].
Cyberchondria refers to excessive or repeated online health
information seeking that persists despite negative consequences
and is associated with increased health anxiety [3] and decreased
health-related quality of life (HRQOL) [4,5], with its toll
including diminished well-being and compromised daily
functioning. Cyberchondria and health anxiety are closely
intertwined, and studying this link is crucial to address the
growing impact of cyberchondria. The rise of cyberchondria is
intimately linked to the digital revolution, and online
misinformation and worst-case scenarios often lead to
catastrophic interpretations that exacerbate anxiety. The internet
also facilitates confirmation bias, allowing individuals to seek
information that aligns with their existing fears, reinforcing
anxiety. Easy access to information facilitates compulsive
checking behaviors, which provide temporary relief but
ultimately perpetuate anxiety. This creates a vicious cycle, in
which increased anxiety leads to more compulsive online health
information seeking [4,6,7].

Cyberchondria in Older Adults
Older adults face heightened vulnerability to cyberchondria.
Their vulnerability stems not only from lower digital literacy
and more frequent health concerns [8,9] but also from their
generation’s unique beliefs and life experiences [10]. Older
adults, particularly those from generations that emphasized
deference to authority figures, may uncritically accept
health-related information presented in an authoritative tone,
even from unreliable online sources [11]. This attitude, coupled
with passive health information-seeking habits developed in an
era of limited access to medical knowledge, heightens
susceptibility to misinformation and catastrophic health
interpretations.

Moreover, older age brings an expectation of decline, a
psychological state shaped by imminent health risks,
accumulated losses, and direct experiences with chronic illness
[12]. These experiences may foster hypervigilance toward bodily
changes, prompting compulsive online searches that reinforce
anxiety through confirmation bias. The interplay of factors,
such as cohort beliefs, anticipatory health anxiety, and
cumulative adversity, may create a unique pathway for
cyberchondria in older adults, distinct from younger populations.
Despite these risks, limited research has focused on
cyberchondria in this age group, even as studies highlight their
frequent use of the internet for health information, which may
increase their anxiety and distress [12-14].

HRQOL and Cyberchondria
HRQOL is a multidimensional construct that encompasses an
individual’s physical health, mental health, social functioning,
and role functioning [15]. HRQOL is particularly affected by
cyberchondria, as the anxiety and stress from constant

health-related searches have a negative impact on emotional
well-being. This anxiety can also manifest as psychosomatic
symptoms, affecting physical health and daily functioning.

Unravelling the mechanisms linking cyberchondria to HRQOL
is essential, as individual differences in coping strategies, digital
literacy, and pre-existing health conditions interact dynamically
with the aforementioned specific vulnerabilities in older adults.
As cyberchondria becomes more prevalent [16], targeted
interventions must address not only the skill gaps but also the
ingrained cognitive and emotional patterns that predispose older
adults to its harms, ultimately safeguarding their well-being in
an increasingly digital health landscape.

Mental Well-Being and Cyberchondria
Mental well-being and HRQOL are distinct concepts that
address different dimensions of human experience. Unlike
HRQOL, which quantifies the impact of health on physical,
social, and role functioning, mental well-being focuses on
emotional and psychological states and encompasses positive
aspects such as happiness, life satisfaction, resilience, and a
sense of purpose [17]. Rooted in frameworks like positive
psychology, mental well-being relates to the presence of
flourishing mental states (eg, optimism, self-acceptance) and
absence of psychological distress (eg, anxiety, depression).
Cyberchondria can jeopardize mental well-being by heightening
anxiety about one’s health [18]. It can also destabilize emotional
health, trigger obsessive thought patterns, and impair resilience,
ultimately eroding the core components of mental well-being
and leaving individuals trapped in a cycle of distress and
hypervigilance [19].

Elucidating the mechanisms connecting cyberchondria to mental
well-being is vital, especially for older adults who face unique
risks due to diminished digital literacy, heightened health
concerns, and reduced adaptability to stress [20]. Factors such
as pre-existing anxiety, limited ability to critically evaluate
online content, and a propensity for catastrophic thinking can
intensify cyberchondria’s impact, making older adults
particularly susceptible to its psychological toll [21]. With the
growing prevalence of digital health-seeking behaviors, research
must prioritize these interactions to inform robust, tailored
interventions, combining enhanced digital education with
cognitive-behavioral strategies, to break the cycle of anxiety
and safeguard mental well-being in this vulnerable population
[22].

Cognitive Fusion and Cyberchondria
Cognitive fusion refers to the tendency for behavior to be overly
regulated and influenced by cognition. Cognitive fusion occurs
when individuals get overly entangled with their thoughts,
treating them as literal truths rather than just mental phenomena
[23]. Although cognitive fusion is primarily a state phenomenon,
some individuals may experience it more persistently, leading
to patterns that resemble a trait. This means that certain people
might be more prone to cognitive fusion across various
situations, making it appear as a stable, trait-like characteristic
[24]. Studies have shown that cognitive fusion is strongly
associated with health care avoidance and weight stigma [25]
and that higher levels of cognitive fusion are associated with
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increased anxiety and depression and poorer HRQOL [26,27].
Cognitive fusion is also related to rumination, shame, and
reduced self-compassion [28]. Cognitive fusion involving
anxious thoughts can exacerbate anxiety-related maladaptive
behaviors, such as avoidance, checking, and reassurance seeking.
The inability to distance oneself from such thoughts perpetuates
the anxiety cycle and strengthens the perceived validity of the
thoughts [29].

Previous studies have shown an association between
cyberchondria and metacognitive beliefs [30,31], a concept
potentially linked to cognitive fusion. Although metacognitive
beliefs refer to ways of appraising one’s thoughts and other
cognitive functions, cognitive fusion is about a strong attachment
to one’s thoughts and their perceived truth. Compared with
cognitive fusion, metacognitive beliefs reflect a broader
construct, can be either positive or negative, and lack an element
of attachment to one’s own thoughts, regardless of the nature
of these thoughts. Both constructs influence how individuals
experience and respond to their thoughts, but considering the
potential role that cognitive fusion can play in psychopathology,
it has not received sufficient attention from researchers in the
context of cyberchondria.

Although cognitive fusion can affect people of all ages, older
adults may be more severely impacted than their younger
counterparts, given their thoughts about numerous life
transitions, including retirement, loss of loved ones, high risks
of social isolation, and declining health [32]. Cognitive fusion
may amplify health-related anxiety of older adults by making
it difficult for them to separate their concerning health-related
thoughts from the reality about their health. However, limited
empirical evidence exists on the relationship between cognitive
fusion and health anxiety among older adults [33]. Studying
cognitive fusion in this demographic may help develop tailored
interventions to enhance coping mechanisms of older adults
and improve their mental health and overall HRQOL [34].

The relationship between cognitive fusion and cyberchondria
can be understood through the lens of cognitive processes and
reinforcement. Cognitive fusion may contribute to negative
perceptions of online health information [35]. In other words,
the threatening thoughts about online health information,
especially if this information is ambiguous or incongruent, are
experienced as real and not a product of one’s own interpretation
or perception. This increases anxiety and makes a person search
compulsively for health information in an effort to alleviate the
sense of threat, thus leading to cyberchondria [29,36]. However,
such behavior only reinforces the sense of threat, especially in
the long run. For older adults whose health-related searches are
often driven by anticipatory anxiety [12], seeking ambiguous
or alarming information may deepen cognitive fusion (“I must
be ill because I keep reading about symptoms”), creating a
feedback loop. This aligns with studies showing that repetitive
behaviors amplify cognitive rigidity in aging populations [33].
Thus, we hypothesized cyberchondria as a behavioral trigger
that intensifies cognitive fusion, which in turn erodes HRQOL.

Research Questions and Hypotheses

Research Questions
Drawing from the theoretical and empirical considerations
outlined earlier, this study proposed 2 research questions to
guide the investigation. First, what are the levels of
cyberchondria and cognitive fusion among older adults, and
which sociodemographic factors correlate with these constructs?
Second, how are cyberchondria, cognitive fusion, HRQOL, and
mental well-being interrelated in older adults? To address the
second question, 5 hypotheses were formulated. The conceptual
framework is presented in Multimedia Appendix 1.

Hypothesis 1
Prior research has demonstrated that cyberchondria contributes
to functional impairment and diminished quality of life [18]. In
older adults, this effect may be amplified due to age-related
vulnerabilities, such as reduced online health literacy and the
presence of chronic illnesses, which heighten susceptibility to
health anxiety and its consequences [37]. Therefore, we
proposed, as hypothesis 1 (H1), that cyberchondria negatively
impacts HRQOL in older adults.

Hypothesis 2
Studies have shown that excessive online health information
seeking is linked to increased psychological distress, including
heightened anxiety and reduced emotional well-being [38,39].
Older adults may be particularly vulnerable to these effects due
to declining physical health, reduced resilience to stress, and
limited digital literacy, which can exacerbate the psychological
toll of cyberchondria. Thus, we hypothesized, as hypothesis 2
(H2), that cyberchondria negatively impacts mental well-being
in older adults.

Hypothesis 3
Research has indicated that cognitive fusion, characterized by
entanglement with thoughts and treating them as literal truths,
is associated with anxiety-driven behaviors [40]. Cyberchondria,
as a behavioral pattern driven by health anxiety, may similarly
foster cognitive fusion by reinforcing rigid and catastrophic
thought patterns about health. Accordingly, we proposed, as
hypothesis 3 (H3), that cyberchondria positively impacts
cognitive fusion in older adults.

Hypothesis 4
The theoretical framework of acceptance and commitment
therapy, supported by studies, suggests that cognitive fusion
amplifies the negative effects of maladaptive thoughts on
well-being, including health-related outcomes [41]. In the
context of cyberchondria, older adults who excessively seek
online health information may develop rigid, catastrophic
cognitions that impair HRQOL through cognitive fusion [42].
Therefore, we hypothesized, as hypothesis 4 (H4), that cognitive
fusion mediates the negative impact of cyberchondria on
HRQOL in older adults.

Hypothesis 5
Evidence from prior research indicates that cognitive fusion
intensifies the emotional impact of anxiety-driven behaviors,
mediating the association between repetitive thought patterns
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and psychological distress [40]. For older adults, cyberchondria
may similarly exacerbate emotional distress through cognitive
fusion, undermining mental well-being [23]. Thus, we proposed,
as hypothesis 5 (H5), that cognitive fusion mediates the negative
impact of cyberchondria on mental well-being in older adults.

Methods

Data and Participants
This study used data from a web-based cross-sectional survey
conducted between April 2024 and May 2024 to examine the
health and social status of China’s older population. The
participants were recruited through Wenjuanxing, a Chinese
survey company with an online panel of over 2.6 million
members. The inclusion criteria were as follows: (1) age ≥60
years, (2) ability to read and speak Mandarin, (3) absence of
cognitive impairments, and (4) ability to provide informed
consent. Eligible participants were invited to complete a series
of questionnaires starting with an informed consent form. Only
those who consented to participate then completed the
questionnaire. Several measures were implemented to ensure
data quality. First, we used CAPTCHA (Completely Automated
Public Turing test to tell Computers and Humans Apart) to
prevent bot submissions, ensuring that only genuine human
respondents participated. We also conducted a time analysis to
exclude implausibly rapid responses, which could indicate a
lack of thoroughness. Additionally, we limited submissions to
one per IP address within a set time frame to prevent duplicate
entries. To further enhance data integrity, we identified and
filtered parallel response patterns, including both consistent and
repetitive patterns, which could suggest inattentive or automated
responses.

Measures
The standard and validated Chinese versions of all instruments
were administered. The English versions are included in
Multimedia Appendix 2 for reference only.

Cyberchondria
The severity of cyberchondria was measured using the
Cyberchondria Severity Scale-12 (CSS-12). It possesses good
psychometric properties, comparable to those of the original
version, and has been validated in the Chinese population [43].
The CSS-12 items were rated on a Likert-type scale ranging
from 1 (never) to 5 (always). The total score ranges from 12 to
60, with higher scores indicating higher levels of cyberchondria.

Cognitive Fusion
The Cognitive Fusion Questionnaire (CFQ) was designed to
measure the extent to which individuals are entangled in their
thoughts [23]. It consists of 7 items, each rated on a 7-point
Likert scale ranging from 1 (never true) to 7 (always true). Total
scores range from 7 to 49, with higher scores reflecting a higher
level of cognitive fusion. The psychometric properties of the
CFQ have been reported to be satisfactory in the Chinese
population [44].

HRQOL
The EQ-5D-5L was used to measure HRQOL in this study. It
comprises 5 health-related items (mobility, self-care, usual
activities, pain or discomfort, and anxiety or depression), each
rated on a 5-point Likert scale ranging from 1 (no problems) to
5 (extreme problems) [45]. To reflect HRQOL, all health states
described by the descriptive system can be converted into a
single utility score using a scoring algorithm based on public
preferences. This study used the EQ-5D-5L China value set and
scoring algorithm [46].

Mental Well-Being
The World Health Organization-5 Well-Being Index (WHO-5)
is a widely recognized and validated tool for assessing subjective
psychological well-being [47]. It consists of 5 questions that
measure positive mood, vitality, and general interest over the
past 2 weeks. Each item is rated on a 6-point Likert scale ranging
from 0 (not present) to 5 (constantly present), allowing for a
maximum score of 25. Higher scores indicate better well-being.
The psychometric properties of the WHO-5 in the Chinese
population have been reported to be satisfactory [48].

Statistical Analysis
Descriptive statistics were used to analyze participants’
sociodemographic characteristics. Continuous variables (eg,
age) were analyzed using means and SDs, whereas categorical
variables (eg, sex) were analyzed using frequencies and
percentages. Pearson correlation coefficients (r) were calculated
to determine associations between variables, with r values ≥0.3
and ≥0.5 indicating moderate and large effects, respectively
[49]. ANOVA was conducted to assess the differences in
CSS-12 scores across different socioeconomic groups.

We used structural equation modeling (SEM) with
full-information likelihood estimation to assess the hypothesized
mediation model. Latent variables for cyberchondria (CSS-12),
HRQOL (EQ-5D-5L), mental well-being (WHO-5), and
cognitive fusion (CFQ) were created based on the sum score of
the 4 instruments. Respondents’ characteristics (ie, sex, age,
education level, and presence of a chronic condition) were
included in the model for adjustment. To assess the direct,
indirect, and total effects, we used 5000 bootstrapped samples,
derived effect estimates, and bias-corrected 95% CIs [50]. We
assessed model fit using a Tucker-Lewis index>0.90,
comparative fit index>0.90, root mean square error of
approximation<0.05, and standardized root mean square
residual<0.05 [51]. We set significance at P<.05 (2-tailed) and
conducted all statistical analyses using R software [52].

Ethical Considerations
This study was performed in line with the principles of the
Declaration of Helsinki. The study protocol and informed
consent were approved by the Institutional Review Board of
Hong Kong Polytechnic University (reference ID:
HSEARS20230502006). Informed consent was obtained from
all the participants. All data were anonymized to protect
participants’ privacy and ensure confidentiality.
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Results

Participants’ Sociodemographic Characteristics
Table 1 presents the sociodemographic characteristics of the
638 survey participants. The majority were men, comprising
64.1% (409/637) of the sample. In terms of educational
background, 51.4% (328/637) had a high school education or
less, 25.9% (165/637) had attended college, and 22.7%

(145/637) held a university degree. Regarding their household
registration, 37.5% (239/637) were from rural areas, while
62.5% (399/637) were from urban areas. When asked about
their perceived socioeconomic status, 11% (70/637) considered
themselves below the local average, 79.1% (505/637) felt they
were equal to it, and 9.9% (63/637) viewed themselves as above
it. Moreover, 60.7% (387/637) were long-term caregivers, and
55.3% (353/537) had chronic conditions.

Table 1. Participants’ demographics and socioeconomic status (n=637).

Results, n (%)Characteristics

Sex

409 (64.1)Male

229 (35.9)Female

Age (years)

533 (81.6)60-65

105 (18.4)66-79

Educational level

328 (51.4)High school or less

165 (25.9)College

145 (22.7)University

Household registration

239 (37.5)Rural

399 (62.5)Urban

Marital status

9 (1.4)Single

578 (90.6)Married

51 (8)Divorced/widow(er)

Perceived socioeconomic status

70 (11)Lower than local average

505 (79.1)Equal to local average

63 (9.9)Higher than local average

Long-term caregiver

387 (60.7)Yes

251 (39.3)No

Chronic conditions

353 (55.3)Yes

285 (44.7)No

Profiles of Cyberchondria, HRQOL, Mental
Well-Being, and Cognitive Fusion and Associations
Between Them
Table 2 presents the participants’ scores on the 4 assessment
instruments, while Table 3 shows the correlations among the
instruments. The average CSS-12 (cyberchondria) score was

40 (SD 8.5) points. The mean WHO-5 (mental well-being) score
was 20.4 (SD 5.0) points, the mean EQ-5D-5L (HRQOL) score
was 0.8 (SD 0.19) points, and the mean CFQ (cognitive fusion)
score was 36.8 (SD 12.3) points. The Cronbach α coefficients
for all 4 instruments were above 0.8, indicating good internal
consistency and reliability.
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Table 2. Measure profiles.

Cronbach αMedian (range)Mean (SD)Measures

0.8742 (12-58)40 (8.5)CSS-12a

0.8721 (5-30)20.4 (5.0)WHO-5b

0.830.88 (0.08-1)0.8 (0.19)EQ-5D-5L

0.9439 (9-63)36.8 (12.3_CFQc

aCSS-12: Cyberchondria Severity Scale-12.
bWHO-5: World Health Organization-5 Well-Being Index.
cCFQ: Cognitive Fusion Questionnaire.

Table 3. Correlations between the measures.

CFQcEQ-5D-5LWHO-5bCSS-12aMeasures

CSS-12

0.50–0.30–0.20—dr

<.001<.001<.001—P value

WHO-5

–0.420.36—–0.20r

<.001<.001—<.001P value

EQ-5D-5L

–0.48—0.36–0.30r

<.001—<.001<.001P value

CFQ

—–0.48–0.420.50r

—<.001<.001<.001P value

aCSS-12: Cyberchondria Severity Scale-12.
bWHO-5: World Health Organization-5 Well-Being Index.
cCFQ: Cognitive Fusion Questionnaire.
dNot applicable.

Mental well-being (WHO-5) was positively correlated with
HRQOL (EQ-5D-5L; r= 0.36, P<.001), suggesting that greater
well-being aligns with better HRQOL. Conversely, mental
well-being was negatively correlated with cognitive fusion
(CFQ; r=–0.42, P<.001), indicating that higher well-being
corresponds with reduced cognitive fusion. Similarly, HRQOL
was negatively correlated with cognitive fusion
(r=–0.48, P<.001), demonstrating that better HRQOL is linked
to lower cognitive fusion. Cyberchondria (CSS-12) had negative
associations with mental well-being (r=–0.2, P<.001) and
HRQOL (r=–0.3, P<.001) and a positive association with
cognitive fusion (r=0.5, P<.001). These results suggest that
elevated cyberchondria is associated with poorer mental

well-being, diminished HRQOL, and heightened cognitive
fusion (Table 3).

Differences in Cyberchondria Across
Sociodemographic Groups
Table 4 illustrates the differences in cyberchondria (CSS-12)
scores across various sociodemographic groups. Although no
statistically significant differences were observed between the
sexes, substantial variations were evident in all other group
comparisons. Notably, individuals with higher educational
levels, who resided in urban areas, who were younger, who had
a higher socioeconomic status, who did not need caregivers,
and who had no chronic conditions had lower cyberchondria
scores.
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Table 4. Participants’ responses on the Cyberchondria Severity Scale-12 (CSS-12) and Cognitive Fusion Questionnaire (CFQ), stratified by demographics.

Cognitive fusion (CFQ)Cyberchondria (CSS-12)Demographic characteristics

P valueMean (SD)P valueMean (SD)

.72.36Sex

37.0 (12.4)39.8 (8.8)Male

36.6 (12.2)40.4 (7.8)Female

<.001<.001Educational level

38.5 (12.2)41.0 (7.8)High school

35.8 (11.8)39.5 (8.3)College

34.5 (12.7)38.3 (9.8)University

<.001<.001Household registration

41.6 (10.0)42.6 (6.4)Rural

34.0 (12.7)38.5 (9.2)Urban

.02.02Age group (years)

34.4(12.5)38.3(9.3)60-65

37.4(12.2)40.3(8.2)66-79

<.001.01Socioeconomic status

43.4 (11.0)42.1 (8.7)Lower than average

36.3 (12.1)39.9 (8.2)Average

34.5 (13.6)38.5 (9.6)Higher than average

<.001.001Do you need a caregiver?

35.6 (12.8)39.1 (8.9)Yes

38.9 (11.3)41.4 (7.5)No

<.001<.001Do you have chronic condition?

40.0 (11.0)41.1 (7.7)Yes

33.0 (12.7)38.6 (9.1)No

Differences in Cognitive Fusion Across
Sociodemographic Groups
The differences in respondents’ cognitive fusion across
socioeconomic groups were similar to those found for levels of
cyberchondria. Participants exhibited significantly higher
cognitive fusion if they had lower educational levels, lived in
rural areas, were older, had a lower socioeconomic status, and
had caregivers or chronic conditions (Table 4).

Results of the Hypothesized Mediation Model
Figure 1 shows the results of the SEM analysis. The mediation
model, adjusted for sex, age, and education level, demonstrated
acceptable model indices (comparative fit index=0.997,

Tucker-Lewis index=0.993, root mean square error of
approximation=0.017), suggesting that unmeasured potential
confounders were relatively unlikely to affect the results.
Outcomes of the SEM analysis showed the lack of statistically
significant direct effects between cyberchondria and HRQOL
(β=–0.067, P=.09; H1 is not supported) and between
cyberchondria and mental well-being (β=0.004, P=.92; H2 is
not supported). The coefficients of the mediation paths were
statistically significant. Cyberchondria was significantly
positively associated with cognitive fusion (β=0.505, P<.001;
H3 is supported) with significant negative indirect associations
with HRQOL (β=–0.221, P<.001; H4 is supported) and mental
well-being (β=–0.212, P<.001; H5 is supported).
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Figure 1. Results of mediation analysis.

Discussion

Principal Findings
This study demonstrates that the levels of cyberchondria in the
sample of older Chinese adults were rather high. Our participants
had an average score of 40 (of the maximum score of 60) on
the CSS-12, which surpassed the mean scores found in earlier
research [53-56]. According to the CSS-12 cutoff value
established by Xu [57], 60% of our participants exhibited
significant features of cyberchondria. These results provide
empirical evidence that internet-related mental health issues
affect older adults, challenging the belief that such problems
are mainly of relevance for younger individuals [58,59].
Additionally, the mediation analysis revealed that associations
between cyberchondria and both HRQOL and mental well-being
were complex, as no significant direct effects were observed in
the model (H1 and H2 were not supported). However,
cyberchondria appeared to have a negative and indirect effect
on HRQOL and mental well-being by enhancing cognitive
fusion among older adults (H3, H4, and H5 were supported).
This highlights the importance of addressing cyberchondria not
just as a mental health issue but also as a broader HRQOL
concern. Interventions that aim to improve overall well-being,
not just reduce anxiety, in this population should be encouraged.
However, since the significant associations disappeared in the
mediation models, the mechanisms relating cyberchondria to
HRQOL and mental well-being might be complex and call for
further research scrutiny.

The factors contributing to the high levels of cyberchondria are
complex. Our study found that older adults with a lower
socioeconomic status reported significantly higher cyberchondria
levels than those with a higher socioeconomic status. This
finding is consistent with results of previous studies conducted
in other populations. For example, a Turkish study revealed a
significant relationship between cyberchondria levels and family
income among adolescents [60]. Several reasons may help
explain this. Older individuals with a lower socioeconomic
status often have limited access to health care resources, poor
internet connectivity, and lower eHealth literacy [61,62]. These
factors may compel them to rely heavily on potentially
unreliable online health information. Moreover, older individuals

with a lower socioeconomic status are more likely to experience
social isolation and have smaller support networks [63,64],
which may exacerbate their health anxiety and lead to higher
levels of cyberchondria. Given these complexities,
cyberchondria should be studied within the broader context of
psychosocial determinants of health rather than as a simple
health-related phenomenon.

A significant difference in CSS-12 scores emerged between
urban and rural residents. Older urban residents exhibited lower
levels of cyberchondria than their rural counterparts. Although
a previous study found that health anxiety is more prevalent
and severe in rural areas than in urban areas [65], the study
empirically confirmed that the variation in cyberchondria levels
was linked to household registration. The reasons for the striking
difference in cyberchondria levels between urban and rural older
adults largely overlap with the aforementioned reasons for the
difference in cyberchondria levels between older individuals
with higher and lower socioeconomic statuses. In addition, the
urban migration of younger generations in China often leaves
older family members in rural areas, which can hinder older
people’s access to direct support for using digital technologies
[66]. Thus, a shift to digital health information, emphasized by
the government, may become a challenge for rural residents
[67,68].

The cognitive fusion scores in our sample of older adults were
slightly higher than those reported in younger populations
[32,69] but lower than those in populations with mental health
problems, such as depression [70] and suicidal intention [71].
Gillanders et al [26] found that cognitive fusion is negatively
associated with HRQOL, which is consistent with our findings.
Additionally, we found a significant association between
cognitive fusion and education; older respondents with higher
educational levels had lower levels of cognitive fusion. Previous
studies indicated that education often enhances cognitive
flexibility [72], improves critical-thinking skills [73], and boosts
problem-solving abilities [74]. These factors may help
better-educated individuals avoid rigid thought patterns, thus
reducing their proneness to cognitive fusion.

The mediation model revealed that cyberchondria may increase
cognitive fusion, leading individuals to become overly entangled
with their thoughts about online health information. Heightened
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cognitive fusion can negatively impact HRQOL and mental
well-being by making it challenging for older individuals to
manage their distressing thoughts and emotions. This finding
provides support to H2 of this study and partially aligns with
the findings of previous studies showing that cognitive fusion
significantly mediates the relationship between individual
well-being and other health-related factors [75-78].

Building on previous research and clinical findings, our study
extends the understanding of how cognitive fusion may serve
as a potential mechanism by which cyberchondria causes
negative health outcomes [79]. These findings provide valuable
insights into how excessive online health information seeking
may affect mental health and other functions. This study has
clinical implications, as it suggests that interventions targeting
cognitive fusion may be effective in mitigating the impact of
cyberchondria on HRQOL and mental well-being.

As populations worldwide age, many countries are experiencing
a surge in internet use among older adults, driven by increased
access to smartphones and online platforms. The rising trend
of cyberchondria among Chinese older adults found in this study
is very relevant for other regions with aging populations, such
as Japan, the United States, and much of Europe, where older
adults increasingly turn to the web for health information [80].
The internet’s role in amplifying anxiety through misinformation
and compulsive online behavior is a universal concern [81].
Other countries can learn from China’s experience to prepare
for similar challenges, particularly where health care systems
might struggle because of the increasing number of older
patients with high levels of health anxiety and cyberchondria.

Strengths and Limitations
This is the first study conducted in China to specifically examine
cyberchondria and its sociodemographic correlates in the older
population. The novelty of this study lies in its examination of
previously overlooked relationships between cyberchondria,
cognitive fusion, HRQOL, and mental well-being in this
population. The findings of this study enhance our understanding
of cyberchondria by linking a specific cognitive construct (ie,
cognitive fusion) with behavioral aspects (ie, excessive online
health information seeking).

However, this study has several limitations that warrant
consideration. First, our web-based sampling method, despite
using various quality assurance techniques, may have introduced
selection bias. Individuals unfamiliar with online surveys or
those not part of the company’s panel may have been excluded,

potentially limiting the generalizability of our findings. Second,
although national census data for the population aged 60 years
and older was unavailable, our sample was representative only
to some extent of the demographic characteristics of China’s
older population, as reported in previous studies. Specifically,
our sample had higher proportions of educated individuals, men,
and urban residents. These sampling differences may introduce
bias in our findings. Third, our reliance on self-reported
measures means that participants’ subjective views may have
influenced their responses. Fourth, the study did not assess some
potentially important variables, such as digital literacy. This
was due to the limited length of the study questionnaire and the
need to reduce the cognitive burden on older respondents.
Variables like digital literacy may affect cyberchondria, and
their direct or moderating effects should be explored in future
studies. Fifth, our decision to model HRQOL using the
EQ-5D-5L single utility score as a manifest variable in the SEM
analysis deviates from conventional SEM practices. An
alternative approach, such as conceptualizing HRQOL as a
latent construct with the five EQ-5D-5L dimensions as formative
indicators, might better capture the multidimensional nature of
HRQOL. Although this alternative does not align with the
standard use of the EQ-5D-5L utility score, it might reflect the
differential contributions of each dimension and adhere more
closely to typical SEM frameworks. Our approach may have
constrained the model’s ability to account for the nuanced
interplay of HRQOL dimensions, and future research should
consider latent variable modeling to address this limitation.
Last, our study used a cross-sectional design. Although SEM
can offer some insights into potential causal relationships
between variables, longitudinal data will be necessary in the
future to establish definitive causal links.

Conclusion
This study shows that almost two-thirds of the older Chinese
online population might exhibit features of cyberchondria.
Higher levels of cyberchondria were observed among older
adults living in rural areas and those with lower socioeconomic
status. Targeted educational programs could be useful for
empowering older adults to better navigate cyberspace and
identify credible online health information. Cyberchondria can
enhance cognitive fusion in older populations, resulting in poorer
HRQOL and mental well-being. Interventions aimed at
“defusing” cyberchondria-relevant thoughts and breaking the
cycle of anxiety-fueled, excessive online health information
seeking can help reduce cyberchondria and improve the overall
well-being of older populations.
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Abstract

Background: As the global population ages, the prevalence of dementia is expected to rise significantly. To alleviate the burden
on health care systems and the economy, it is essential to develop effective strategies to enhance cognitive function in older adults.
Previous studies have shown that combined nonpharmacological interventions can improve cognition across various domains in
older individuals. However, there is no established gold standard for the exact combination and duration of these interventions,
which makes it challenging to assess their overall effectiveness.

Objective: Given the diversity of nonpharmacological multimodal interventions aimed at preventing cognitive decline in older
adults with mild cognitive impairment (MCI), this scoping review sought to identify and summarize the characteristics and
outcomes of these interventions.

Methods: We adhered to the Arksey and O’Malley methodological framework and the PRISMA-ScR (Preferred Reporting
Items for Systematic Reviews and Meta-Analyses Extension for Scoping Reviews) and searched 4 electronic databases (MEDLINE,
PsycINFO, CINAHL, and Web of Science) systematically on July 6, 2023, and updated the search on April 17, 2024, using
specific terms and keywords.

Results: This review included 45 studies from 18 countries with 4705 participants from 2014 to 2024 encompassing different
combinations of physical training (PT), cognitive training (CT), nutrition intervention, psychosocial intervention, social activities,
and electrical stimulation. There is a growing numbers of studies combining PT and CT for MCI treatment, with additional
modalities often added to address various aspects of the condition. Compared to single-modal interventions and usual care,
multimodal approaches demonstrated significantly better improvements in cognition domains such as attention, global cognition,
executive function, memory, processing speed, and verbal fluency. Technology has been instrumental in delivering these
interventions and enhancing the effects of PT and CT. Multimodal interventions also show promise in terms of acceptability and
user experience, which can improve treatment adherence.

Conclusions: Research is limited regarding the cost-effectiveness and optimal dosage of these interventions, making it difficult
to assess the additional benefits of incorporating more modalities. Future research should examine the long-term effects of
incorporating multiple modalities, using standardized MCI criteria and outcome measures.
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Introduction

Overview
Mild cognitive impairment (MCI) represents a transitional stage
between normal aging and dementia, characterized by cognitive
decline greater than expected for age, impacting one or more
domains such as attention, memory, orientation, executive
functioning, language, and visuospatial skills [1,2]. However,
the decline does not significantly interfere with daily activities
[3]. The lifetime prevalence of MCI in individuals aged above
60 years is estimated to be 15% to 20% [4], with this prevalence
increasing with age. The annual transition rate from MCI to
various subtypes of dementia ranges from 10% to 15% and can
reach up to 25.2% for adults aged 80 to 84 years [5,6]. Older
adults with MCI are 46% more likely to develop dementia within
3 years compared to just 3% in the normal-aging population
[7].

The trajectory for individuals with MCI may vary, leading to
dementia, stable cognition, or a return to normal cognition
function [6]. Untreated MCI may progress to dementia, a
neurodegenerative disease that significantly impacts daily
functions and affects one’s physical, psychological, social, and
economic aspects. Dementia also directly affects one’s
caregivers, families, and society [8]. With the global population
of individuals aged 60 years and above projected to double from
1 billion in 2020 to 2 billion by 2050 [9], there is mounting
concern regarding the rising prevalence of dementia and the
urgent need for preventive measures to address the associated
social and economic burdens. Factors, such as modifiable risk
factors, genetics, and interventions, can affect MCI progression
[10]. Therefore, understanding various interventions and their
effectiveness in preventing progression from MCI to dementia
is crucial given the rising prevalence of dementia among older
adults.

Currently, there is no gold standard for treatments or
interventions to manage MCI. The American Academy of
Neurology guidelines indicate insufficient empirical evidence
to support pharmacological treatments for MCI in older adults
[11]. Conversely, numerous studies have advocated
nonpharmacological interventions, such as physical training
(PT) or cognitive training (CT), as effective strategies for
managing MCI [11-13].

Nonpharmacological Interventions
PT, including aerobic, strengthening, and balance exercises, has
been shown to stimulate norepinephrine release in the brain,
promote brain plasticity, increase brain volume, and enhance
cerebral blood flow [14]. These effects are crucial for improving
cognition, mood, and physiological abilities [15]. Combining
aerobic and strengthening exercises has been identified as
particularly effective for cognitive improvement [16].

On the contrary, CT primarily uses cognitive stimulation and
repetitive tasks to enhance various cognitive domains,
particularly memory, attention, and executive function [17].
The effectiveness of CT in improving cognition lies in its
capacity to strengthen the functioning and plasticity of neural
networks and cognitive reserves [17]. Research suggested that
memory-focused CT increased activation and connectivity in
the frontal, temporal, and occipital brain regions [18]. These
areas are crucial for memory, motor function, processing,
attention, language, mood, and problem-solving. Therefore, CT
shows promise for improving overall cognition in older adults
with MCI.

Given that both PT and CT can enhance brain plasticity and
stimulate brain regions responsible for various cognitive
functions, their combined application, whether delivered
separately or through dual tasking, is the most common approach
for managing cognitive impairment in MCI. This multifaceted
approach effectively targets different aspects of cognitive
decline, countering cognitive decay and neurodegeneration.

Growing evidence suggests that engaging in more social
activities (SA) can lower the risk of cognitive decline in
individuals with MCI [5], making SA a potential key modality
for MCI management. SA involves participation in activities
that allow interactions or engagements with others [5]. Karp et
al [19] found that older adults with MCI who participated in a
broader range of activities, including mental stimulation,
physical activities, and social recreation, had a lower risk of
developing dementia than those who participated in fewer or
no such activities. On the other hand, beyond PT, CT, and SA,
emerging evidence suggests that modifiable lifestyle factors,
including diet and nutritional intervention (NI), electrical
stimulation, or psychosocial intervention (PI) may also improve
cognitive functions in this population [10,20].

Multimodal Interventions
A multimodal intervention, integrating various methods such
as PT, CT, SA, NI, electrical stimulation, and PI, either
sequentially or simultaneously, addresses cognitive decline
across different domains of MCI. This approach has been proven
effective in managing MCI in older adults, enhancing cognitive
abilities, mood, sleep, activities of daily living, functional
capacities, and physical abilities, with benefits lasting up to 2
years [14]. A systematic review and meta-analysis [21] showed
that combining 2 or more interventions had small to medium
effects on global cognition, memory, executive function, and
verbal fluency, demonstrating a synergistic effect. Studies also
showed that multimodal interventions outperformed
single-modal interventions in managing MCI [15,16]. Another
systematic review and meta-analysis [22] also supported that
combined PT and CT had a small to medium effect on global
cognition than various types of cognitive-only interventions in
older adults with MCI. However, these reviews solely focused
on the effects of combined PT and CT [22] or compared the
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effectiveness of multimodal interventions only with
single-modal interventions [21], thus lacking direct comparisons
between various types of multimodal interventions to inform
researchers or clinicians regarding which combinations of
multimodal interventions would yield better results. In addition,
previous reviews did not consider the user experience of
multimodal interventions, which limits the clinical applicability
of their findings and important factors to determine the
feasibility of multimodal interventions. Thus, a comprehensive
evaluation of multimodal interventions should include both
feasibility and user experience to optimize benefits.

Optimizing Multimodal Interventions: Technology,
Dosage, and Cost-Effectiveness
The increasing adoption of digital health care technology in
managing MCI [23] could enhance the delivery and reduce the
costs of interventions, especially benefiting those in remote
areas [24]. Given the high prevalence and economic burden of
MCI on communities and health care systems, technology such
as the use of computerized CT (CCT) can help mitigate costs
associated with nonpharmacological interventions, addressing
the shortage of trained professionals. While previous systematic
reviews and meta-analyses have acknowledged the role of
technology in MCI management, they mainly focused on CCT
[24-26] without considering the broader potential of technology
beyond CCT.

Addressing the impact of different dosages of
nonpharmacological interventions for MCI is crucial for
developing effective and sustainable therapeutic strategies. This
involves determining the optimal frequency, intensity, type, and
duration of interventions to maximize cognitive benefits while
balancing time and financial costs [27]. A study [27] highlighted
that CT, PT, NI, and the majority of combined PT and CT
significantly improved cognition in individuals with MCI, with
particularly effective doses being 1 to 2 sessions per week with
60 to 120 minutes per session and interventions lasting over 12
weeks. However, as this study focused on only one type of
multimodal intervention (combined PT and CT), the dosage
effects of other nonpharmacological multimodal interventions
remain uncertain. Therefore, this scoping review aimed to
summarize dosage effects from the literature on multimodal
interventions.

In addition, managing cognitive decline imposes a significant
global economic burden. The cost-effectiveness of multimodal
interventions varies by region because of the differences in
health care resources. Although previous research supported
the effectiveness of multimodal interventions for cognitive
decline, their adoption of multiple modalities often increases
cost. However, no prior review has summarized the
cost-effectiveness of these interventions, so this scoping review
aimed to address this important gap to inform clinical
decision-making.

Rationale for a Scoping Review
Considering the variety of multimodal MCI interventions, both
with and without technology, and the diverse methodologies
and research focus of the existing literature, a scoping review
is warranted to identify the current research gaps to inform

future research and clinical practice. The complexity and
heterogeneity of the interventions, coupled with the rapidly
evolving nature of this field, make a systematic review less
feasible for comprehensively mapping the use of different types
of multimodal interventions and investigating the current
research trends. As such, this scoping review aimed to map and
describe the latest development in MCI interventions and
provide researchers and clinicians with insights into current
trends and limitations of the existing approaches and studies.
Specifically, this review mapped the current landscape of
nonpharmacological multimodal interventions for older adults
with MCI, identified and summarized the components of these
interventions, research trends, and the use of different outcome
measures. It aimed to enhance the understanding of MCI
management and provide future research directions on
multimodal interventions.

Methods

Overview
This review adhered to the Arksey and O’Malley methodological
framework [28] and the PRISMA-ScR (Preferred Reporting
Items for Systematic Reviews and Meta-Analyses Extension
for Scoping Reviews) [29]. The protocol was registered on the
Open Science Framework platform [30]. The review process
involved five key steps: (1) formulating the research questions;
(2) devising the search strategy; (3) identifying and selecting
relevant studies; (4) data charting; and (5) synthesizing and
presenting findings.

Identified Research Questions
This review explored the following research questions:

1. What are the research trends in multimodal interventions
for older adults with MCI?

2. What components were included in these multimodal
interventions? What results have been reported?

3. How cost-effective were the identified multimodal
interventions?

4. What role did technology play in these interventions for
older adults with MCI?

5. What insights were available regarding the acceptability,
user experiences, and dose responses of these interventions?

Identifying and Selecting Relevant Studies
We conducted a search across 4 databases—MEDLINE,
PsycINFO, CINAHL, and Web of Science—on July 6, 2023,
and updated the search on April 17, 2024, using specific Medical
Subject Headings terms and keywords such as “combine,”
“multi,” “dual,” “mix interventions, and “mild cognitive
impairment” (Multimedia Appendix 1). Although quality
assessment is optional for scoping reviews [31], this review
included only randomized controlled trials to enhance study
quality. Two independent reviewers (JHSZ and RCFC) screened
titles, abstracts, and full texts against the eligibility criteria
(Textbox 1). Disagreements were resolved by consensus or by
consulting a third reviewer (AYLW). The interrater reliability
of the screening process as measured by the kappa coefficient
was 0.87.
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Textbox 1. Selection criteria for the scoping review.

Inclusion criteria

• Participants: diagnosed with mild cognitive impairment (MCI) by clinicians or psychologists using well-established criteria

• Intervention: at least one combination of a nonpharmacological multimodal intervention in managing older adults with MCI

• Control: received at least one or multiple forms of an intervention, a placebo or sham training, health education, or treatment as usual

• Outcome: must use at least one well-established measurement for testing cognitive outcomes

• Study design: must be an experimental study (randomized controlled trial or quasi-experimental study)

• Other: full-text and peer-reviewed study written in English

Exclusion criteria

• Participants: diagnosed with dementia or the cognitive impairment resulted from drug use or psychiatric or other neurological disorders (eg,
bipolar disorder, schizophrenia, stroke, Parkinson disease, or epilepsy)

• Intervention: pharmacological interventions or nonpharmacological experimental studies with a single-modal intervention

• Study design: systematic reviews, scoping reviews, opinion letters, conference proceedings, dissertations, and research design protocols

• Other: gray literature

Definition of Types of Intervention and Control Groups
The included studies featured diverse intervention components
and control groups. Detailed operational definitions for these
interventions and control groups are provided in Textbox 2.

Textbox 2. Operational definition of the intervention and control groups in the included studies.

Interventions

• Physical training: activities, exercises, or training that required older adults to do physical activities with or without the guidance or supervision
of a professional trainer or clinician

• Cognitive training: activities or training that used a standardized systematic cognitive stimulation, rehabilitation task, and training to improve
cognitive function

• Nutrition intervention: the use of any type of dietary supplement, including herb extract, or any form of dietary counseling

• Psychosocial intervention: the use of activities, training, counseling, therapy, or education that aimed to improve psychological well-being,
including music therapy and mindfulness

• Social activities: activities that encourage social engagement or facilitate social interaction between older adults

• Electric current stimulation: the use of current stimulation including transcranial alternating current stimulation and transcranial direct current
stimulation

Control groups

• Active control: a group of participants who received at least one form of intervention

• Placebo control: a group of participants who received a placebo or sham training

• Health education control: a group of participants who received health education

• Inactive control: a group of participants who received no additional treatment, treatment as usual, or only health advice

Data Extraction
Relevant data, including authors, publication year, country,
place of recruitment, diagnostic criteria, participants,
intervention types, outcomes, treatment frequency and duration,
follow-up time points, use of measurement tools, control group
characteristics, results, and interpretations of findings, were
extracted by 2 independent reviewers (JHSZ and RCFC). All
extracted findings were compared. Discrepancies were
reconciled by consensus or through consultation with a third
reviewer (AYLW).

Results

Study Selection and Characteristics
The initial search identified 9890 articles. After removing 815
duplicates, 9075 titles and abstracts were screened; 163 out of
9075 titles and abstracts were selected for full-text screening.
Studies based on the same cohort were counted as a single study,
including 4 studies by Hagovská and Nagyova [32], Hagovská
and Olekszyova [33,34], and Hagovská et al [35] and 2 studies
by Liao et al [36,37]. Exclusions were made for reasons
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including incorrect target population (n=33), absence of
multimodal intervention (n=36), lack of a control group (n=4),
different study outcomes (n=12), absence of cognitive outcomes
(n=11), and unavailability of full text (n=18). Ultimately, 45

studies from 49 articles published between 2014 and 2024,
encompassing a total of 4705 participants, were included in this
review. A detailed description of the study selection is presented
in Figure 1.

Figure 1. PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-Analyses) 2020 flow diagram of literature search and screening.

The characteristics of the included studies, including participant
characteristics, intervention tasks, treatment duration and
frequency, and assessment time points, are presented in
Multimedia Appendix 2. These studies used various criteria to
diagnose MCI, such as the Peterson criteria (n=14)
[15,16,38-49], the Albert criteria (n=5) [50-54], and cutoff
scores from established screening tools like the Alzheimer
Disease Assessment Scale–Cognitive subscale (cutoff score not

provided) [38,40], Mini-Mental State Examination between 20
and 27 [55], Montreal Cognitive Assessment with scores up to
28 [15,23,36,37,52,56-65], Clinical Dementia Rating scores
from 0.5 to less than 1 [45,60,66], or direct diagnoses from
professional psychologists. Table 1 provides a detailed
description of the diagnostic criteria used for a comprehensive
reference.

Table 1. Diagnostic criteria used in the included studies.

DefinitionCriteria

Peterson criteria [11] • Self-report cognitive decline
• Objective cognitive impairment compared with age
• No impact on daily functioning
• No dementia

Albert criteria [3] • Cognitive change reported by the patient, informant, or clinician
• Objective evidence of cognitive impairment in one or more domains (typically 1 to 1.5 SDs below the mean when compared

with their peers with matched age and education level)
• Independent in functional abilities
• No dementia
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Publication or Study Trend
There has been a noticeable increase in both the number of
studies and the variety of multimodal intervention combinations
from 2014 to 2024 (Figure 2 [15,16,32-78]). Specifically, studies

incorporating NIs as part of multimodal MCI interventions grew
from 1 in 2016 to 3 in both 2020 and 2023. In addition, the use
of technology in delivering multimodal interventions has
gradually increased from 1 study in 2015 to 5 in 2023.

Figure 2. The number of studies that incorporated multimodal interventions for mild cognitive impairment throughout the years. CS: current stimulation;
CT: cognitive training; NI: nutritional intervention; PI: psychosocial intervention; PT: physical training; SA: social activities.

Types of Multimodal Interventions
The included studies used combinations of 2, 3, and 4 types of
interventions. Although most included studies primarily focused
on combining PT and CT, there is an increasing number of
studies integrating additional interventions to address the
multifaceted nature of MCI. The following section details these
specific combinations, the types of control groups used, and the
overall outcomes across cognitive domains, such as attention,
executive function, global cognition, memory, processing speed,
and verbal fluency. Comprehensive outcomes, measurement
tools, and targeted cognitive domains of the included studies
are summarized in the following sections.

Bimodal Interventions

Overview
Most studies that used combined PT and current stimulation
[45,67], or PT and NI [56,58] reported significantly greater
improvements in various cognition domains compared to active
control groups, while the use of combined CT and PI [61,68,69]
reported significantly greater improvements compared to
inactive control groups. However, studies with combined PT
and CT showed mixed results. Conversely, most studies
comparing combined PT and PI [39,41,48], CT and
electroacupuncture [42], or CT and current stimulation
[44,47,53,60,62] with an active or inactive control intervention
found little to no significant advantage in the intervention groups
(Table 2).
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Table 2. Studies that incorporated a bimodal intervention and outcomes (n=35).

Clinical outcomesMeasured cognitive domainsControl or controlsSample size
(control or
controls
sample size)

Study

PTa+CTb

44 (49)Callisaya et al
[57], 2021

• No significant difference between the
two groups for all tests (P>.05)

• GCd (COWATe, DSCTf, HVLTg,

TMT-Ah, TMT-Bi, and SCWTj)

• INc

36 (36)Fairchild et al
[51], 2024

• No significant difference between the
two groups for all tests (P>.05)

• EFk (DSTl, TMT-B, and SCWT)• IN

• MEm (WMS-LM In and IIo, and

RAVLTp)
• PSq (TMT-A and SCWT)

27 (22; 24;
27)

Fiatarone Singh
et al [38], 2014

• The intervention group did not show
significant differences compared to
other groups across all tests (P>.05)

• ATTs (SDMTt)• CT only
• PT only • GCu (ADAS-Cogv)
• PCr

• EF (Matrices and Similarities subtests

of the WAIS-IIIw)
• ME (ADAS-Cog, BVRTx, and LMy

from WMS-IIIz)
• PS (SDMT)
• VFaa (COWAT and animal naming)

23 (21)Gill et al [59],
2016

• GC (mean difference 0.2, P=.04ae)• GC (composite score)• PT only
• EF (TMT-A and TMT-B) • EF (mean difference 0.11, P=.60)
• ME (AVLTab) • ME (mean difference 0.3, P=.02)

• PS (mean difference −0.06, P=.78)• PS (DSSTac)
• VF (mean difference 0.62, P=.003)• VF (VFTad)

35 (35)Griffiths et al
[52], 2020

• ATT (TMT-A: mean difference
−27.86, P=.36)

• ATT (TMT-A and TMT-B)• IN
• EF (BDaf of the WAIS-IVag)

• EF (mean difference 0.34, P=.58)• ME (DST-Fah, DST-Bai, DSSaj from
• ME (DST-F and DST-B: mean differ-

ence 1.23, P=.60; DSS: mean differ-WAIS-IV, VFT, and WLLak)

ence 1.030, P=.31; VFT-Letteral: mean
difference 4.59, P=.001; VFT-Catego-

ryam: mean difference 2.81, P=.23)

40 (40)Hagovská et al
[35], 2016

• ATT (SCWT: η2=0.0001, P=.97)• ATT (SCWT)• PT only
•• GC (ACE: Cohen d=0.71, P=.002;

MMSE: η2=0.189, P=.001)
GC (ACEan and MMSEao)

• ME (ACE and AVLT)
• ME (ACE: Cohen d=0.64, P=.007;

AVLT: η2=0.173, P=.001)
• PS (DRT-IIap)
• VF (ACE)

• PS (DRT-II: η2=0.033, P=.11)
• VF (Cohen d=0.73, P=.001)

13 (13)Jeong et al [40],
2021

• Group×time interaction• ATT (TMT-A and TMT-B)• HEaq

•• ATT—TMT-A: P<.05; TMT-B: P=.01GC (ADAS-Cog and KMMSEar)
• GC (ADAS-Cog: P=.11); KMMSE

(P=.72)
• PS (DSST)

• PS (P=.02)

21 (21)Kim and Park
[63], 2023

• EF (EFPT-K: η2=0.132, P<.01; FAB:
η2=0.305, P<.001)

• EF (EFPT-Kas and FABat)• CT only

93 (115;
114; 101)

Lam et al [74],
2015

• ATT (VFT-C: χ2=23.38, P<.001)• ATT (VFT-Category)• CT only
••• GC (ADAS-Cog: χ2=3.31, P=.2;

CDR-SOB: χ2=1.82, P=.61; CMMSE:
GC (ADAS-Cog, CDR-SOBau, and

CMMSEav)

PT only
• SA only

χ2=4.28, P=.23)
• ME (list learning delayed recall test)

• ME (χ2=3.31, P=.35)
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Clinical outcomesMeasured cognitive domainsControl or controlsSample size
(control or
controls
sample size)

Study

• ATT, EF, and ME: (AVLT immediate
recall: mean difference 0.46, P>.05;
STT-A: mean difference −0.28, P>.05;
STT-B: mean difference −0.15, P>.05;
CFT: mean difference 0.34, P>.05;
BNT-30: mean difference −1.14,
P>.05)

• GC: ADAS-Cog (mean difference
0.03, P>.05; MMSE: mean difference
0.22, P>.05)

• ATT, EF, ME, language, and spatial

ability (AVLT, STT-Aaw and STT-

Bax, CFTay, SCWT, and BNT-30az)
• GC (ADAS-Cog and CMMSE)

• CT only
• IN

19 (35; 30)Li et al [66],
2023

• Group×time interaction
• GC (P=.18)
• EF (EXIT-25: P=.72; SCWT: number:

P=.84; time: P=.32)
• ME (CVVLT: immediate recall:

P=.15; delayed recall: P=.12)

• GC (MoCAba)
• EF (EXIT-25bb and SCWT)
• ME (CVVLTbc)

• PT and CT16 (18)Liao et al
[36,37], 2019,
2020

• GC (Wald χ2=26.88, P<.001)
• EF (Wald χ2=18.67, P<.001)
• ME (immediate recall: Wald

χ2=16.97, P<.001; delayed recall:
Wald χ2=11.89, P<.003)

• GC (MoCA)
• EF (TMT-B)
• ME (DST)

• HE25 (26)Parial et al [15],
2022

• GC: ADAS-Cog—P<.01; 95% CI −1.9
(−0.9 to −2.3)

• EF: DSST—P<.01; 95% CI −6.3 (−4.2
to −8.4)

• ME: DST—P=.02; 95% CI −0.6 (−0.3
to 1.6)

• GC (ADAS-Cog)
• EF (DSST)
• ME (DST)

• IN25 (24)Park et al [72],
2019

• MoCA (Cohen d=0.15; P=.90)
• Symbol search (Cohen d=0.06; P=.85)
• Semantic fluency (Cohen d=0.01;

P=.28)
• VFT (Cohen d=0.02; P=.67)
• RAVLT (Cohen d=0.11; P=.70)
• TMT-A (Cohen d=0.04; P=.65)

• Overall cognitive performance (Mo-
CA, symbol search and coding test
from WAIS-IV, semantic fluency test,
VFT, RAVLT, and TMT-A)

• PT only43 (42)Rezola-Pardo et
al [70], 2019

• CG (mean difference 0.8, P=.01)
• EF (mean difference −0.4, P=.35)
• ME (WMS-LM II: mean difference

1.0, P=.004; RAVLT: mean difference
0.2, P=.35)

• VF: (mean difference 2.2, P=.002)

• GC (MMSE)
• EF (TMT-A and TMT-B)
• ME (WMS-LM II and RAVLT)
• VF (VFT)

• HE137 (129)Shimada et al
[71], 2018

• The intervention group did not show
significant differences compared to
other groups across all tests (P>.05)

• GC (MMSE)• PT only
• CT only
• HE
• IN

14 (14; 14;
14; 14)

Styliadis et al
[16], 2015

• GC (MoCA: η2=0.442, P=.001;
F=39.550; MMSE: η2=0.33, P<.001;
F=24.614)

• GC (MoCA and MMSE)• IN51 (52)Tao et al [73],
2023

• GC: improvement only in the

NIbe-only group (P=.008)

• GC (HK-MoCAbd)• NI only
• IN

5 (6; 6)Xu et al [65],
2020

PT+PIbf
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Clinical outcomesMeasured cognitive domainsControl or controlsSample size
(control or
controls
sample size)

Study

• ATT: TEA (visual selective ATT: Co-
hen d=0.15, P=.82; F2,70=0.196; sus-
tained ATT: Cohen d=0.127, P=.88;
F2,62=0.125; ATT switching: Cohen
d=0.0487, P=.13; F2,70=2.071)

• ME (Cohen d=0.583, P=.06;
F2,70=2.972)

• PS (Cohen d=0.16, P=.80;
F2,72=0.230)

• ATT (TEAbg)
• ME (RBMTbh)
• PS (digit symbol test)

• PI only22 (18)Fogarty et al
[39], 2016

• GC (F=2.999, P=.09; F1,38=2.999)
• EF (DSST: F=1.165, P=.29; YKSST:

F=0.096, P=.76; F1,38=1.165)

• GC (Five-Cog test)
• EF (DSST and YKSSTbi)

• IN19 (24)Kamegaya et al
[41], 2014

• GC: effect size (r=0.002, P=.81)• GC (FAB)• PT only30 (9)Shimizu et al
[48], 2018

PT+NI

• GC (Cohen d=0.36, P=.03)
• EF (Cohen d=0.4, P=.01)
• ME (PT factor: Cohen d=0.19, P=.24;

NI factor: Cohen d=0.15, P=.35)
• VF (PT factor: Cohen d=0.12, P=.45;

NI factor: Cohen d=0.23, P=.24)

• GC (modified CDR-SOB)
• EF (TMT-A, TMT-B, SCWT, DST-F,

DST-B, DSST, Ruff 2 and 7 Test, and
animal naming)

• ME (HVLT-revised and CFT)
• VF (COWAT and animal naming)

• PT only
• NI only
• HE

40 (41; 41;
38)

Blumenthal et
al [56], 2019

• ATT (DST-F: F=2.921, P=.06; DST-
B: F=5.766, P=.005)

• EF (TMT-A: F=0.837, P=.44; TMT-
B: F=0.677, P=.51)

• ME (F=4.727, P=.01)
• VF (F=3.028, P=.06)

• ATT (DST-F and DST-B)
• EF (TMT-A and TMT-B)
• ME (RAVLT)
• VF (COWAT)

• PT only
• NI only

24 (25; 23)Chobe et al
[58], 2022

CT+electroacupuncture

• GC: (ADAS-Cog-K: Z=−0.38, P=.70;
MoCA-K: Z=−0.72, P=.47)

• GC (ADAS-Cog-Kbi and MoCA-Kbj)• CT only16 (16)Kim et al [42],
2020

CT+PI

• ATT: ACT (η2<0.01, P=.21)
• GC: MMSE (η2=0.05, P=.09)

• ATT (ACT)
• GC (MMSE)

• Reverse sequen-
tial control

26 (24)Stuerz et al
[68], 2022

• ATT (F1,49=11.64; η2=0.19, P=.001)
• GC (F1,49=4.70; η2=0.09, P=.04)
• ME: ACE-R (F1,49=7.01; η2=0.13,

P=.01); WL (F1,49=23.76; η2=0.33,
P<.001); LM (F1,49=10.98; η2=0.18,
P=.002)

• ATT (digit symbol coding of WAIS-
III)

• GC (ACE-Rbk)
• ME (ACE-R; WLbl and LM of WMS-

III)

• IN27 (24)Jesus et al [68],
2023a

• ATT (Cohen d=0.41, P<.001)
• GC (Cohen d=0.33, P<.001)
• ME (immediate recall: Cohen d=0.42,

P<.001; delayed recall: Cohen d=0.35,
P<.001)

• ATT (digit symbol coding of WAIS-
III)

• GC (ACE-R)
• ME (LM of WMS-III)

• IN98 (101)Jesus et al [69],
2023b

CT+current stimulation

JMIR Aging 2025 | vol. 8 | e70291 | p.1008https://aging.jmir.org/2025/1/e70291
(page number not for citation purposes)

Chan et alJMIR AGING

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


Clinical outcomesMeasured cognitive domainsControl or controlsSample size
(control or
controls
sample size)

Study

• ATT: TMT-A (F=0.64, P=.62)
• GC: MoCA (F=0.34, P=.85)
• ME: DST (F=1.99, P=.09); RBMT-3

(F=0.13, P=.96)

• ATT (TMT-A)
• GC (MoCA)
• ME (DST and RBMT, 3rd edition)

• Sham tD-

CSbm+CT
• CT only

22 (24; 21)Gonzalez et al
[60], 2021

• ATT (Cohen d=0.94, P=.047)
• ME (η2=0.05, P=.35)

• ATT (ACE-Xbn)
• ME (ACE-X)

• PC+CT13 (12)Jones et al [62],
2023

• ME: PALT (F=0.26, P=.77); RVIP
(F=0.2, P=.82)

• PS (F=1.39, P=.25)
• Subjective cognitive functioning

(F=1.25, P=.29)

• ME (PALTbo and RVIPbp)
• PS (SDMT)
• Subjective cognitive functioning

(CFQbq)

• CT+PC33 (35)Martin et al
[53], 2019

• GC: MoCA (η2=0.05, P=.35)
• EF: TMT-A (η2=0.18, P=.06); TMT-

B (η2=0.12, P=.13)
• Tower of London (η2=0.03, P=.42);
• ME: N-back (1-back: η2=0.17, P=.07;

2-back: η2=0.16, P=.07); CVVLT
(verbal memory: η2=0.12, P=.07; de-
layed recall: η2=0.02, P=.59)

• GC (MoCA)
• EF (TMT-A, TMT-B, and Tower of

London)
• ME (N-back task and CVVLT)

• CT+PC11 (11)Lau et al [44],
2024

• GC: CANTAB (Swms6: η2=0.042,
P>.05; Palta4: η2=0.019, P=.03; Prm-
pci: η2=0.091, P=.02)

• VF (η2=0.042, P>.05)

• GC (CANTABbr)
• VF (Verbal Fluency FAS test)

• Current stimula-
tion only

• Sham current
stimulation on-
ly

13 (13; 12)Senczyszyn et
al [47], 2023

PT+current stimulation
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Clinical outcomesMeasured cognitive domainsControl or controlsSample size
(control or
controls
sample size)

Study

• GC: F1,18=0.246; η2=0.246, P=.63
• EF: TMT-A (F1,18=1.022; η2=0.054,

P=.33); TMT-B (η2=0.271, P=.02)
• ME: change detection task

(F1,18=1.046; η2=0.058, P=.32);
CVVLT (F1,18=0.024; η2=0.001,
P=.88)

• GC (MoCA)
• EF (TMT-A and TMT-B)
• ME (change detection task and

CVVLT)

• PT+PC10 (10)Liao et al [45],
2021

• ATT (auditory: F=2.66, P=.05; visual:
F=4.536, P=.004; sustained reaction:
F=3.609, P=.02)

• GC (F=7.415, P<.001)
• EF (F=.058, P=.98)
• ME: AVLT (immediate recall:

F=3.207, P=.03; delayed recall:
F=1.13, P=.34); ROCF (copy:
F=2.489, P=.062; recall: F=0.571,
P=.64); MQ (F=3.584, P=.02)

• ATT (TAPbs)
• GC (MoCA)
• EF (SCWT)
• ME (AVLT, ROCF, and Chinese

Wechsler Memory Scale—Revised

MQbt)

• PT+sham cur-
rent stimulation

• Sham PT+cur-
rent stimula-
tion; sham
PT+sham cur-
rent stimulation

44 (49; 44;
43)

Xu et al [67],
2023

aPT: physical training.
bCT: cognitive training.
cIN: inactive control.
dGC: global cognition.
eCOWAT: Controlled Oral Word Association Test.
fDSCT: Digit Symbol Substitution Test.
gHVLT: Hopkins Verbal Learning Test.
hTMT-A: Trail Making Test–A.
iTMT-B: Trail Making Test–B.
jSCWT: Stroop Color-Word Test.
kEF: executive function.
lDST: digit span test.
mME: memory.
nWMS-LM I: Wechsler Memory Scale-Revised–Logical Memory I.
oWMS-LM II: Wechsler Memory Scale-Revised–Logical Memory II.
pRAVLT: Rey Auditory Verbal Learning Test.
qPS: processing speed.
rPC: placebo control.
sATT: attention.
tSDMT: Symbol Digit Modalities Test.
uGC: global cognition.
vADAS-Cog: Alzheimer Disease Assessment Scale–Cognitive.
wWAIS-III: Wechsler Adult Intelligence Scale–III.
xBVRT: Benton Visual Retention Test.
yLM: logical memory.
zWMS-III: Wechsler Memory Scale–III.
aaVF: verbal fluency.
abAVLT: Auditory Verbal Learning Test.
acDSST: Digit Symbol Substitution Test.
adVFT: Verbal Fluency Test.
aeItalicized values indicate statistical significance.
afBD: block design.
agWAIS-IV: Wechsler Adult Intelligence Scale–IV.
ahDST-F: Digit Span Test–Forward.
aiDST-B: Digit Span Test–Backward.
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ajDSS: digit span sequence.
akWLL: Word-List Learning Test.
alVFT-Letter: Verbal Fluency Test–Letter.
amVFT-Category: Verbal Fluency Test–Category.
anACE: Addenbrooke Cognitive Examination.
aoMMSE: Mini-Mental State Examination.
apDRT-II: Disjunctive Reaction Time.
aqHE: health education.
arKMMSE: Korean version of the Mini-Mental State Examination.
asEFPT-K: Executive Function Performance Test.
atFAB: Frontal Assessment Battery.
auCDR-SOB: Clinical Dementia Rating Sum of Boxes.
avCMMSE: Mini-Mental State Examination, Chinese version.
awSTT-A: Shape Trail Test–A.
axSTT-B: Shape Trail Test–B.
ayCFT: Complex Figure Test.
azBNT-30: Boston Naming Test.
baMoCA: Montreal Cognitive Assessment.
bbEXIT-25: Executive Interview-25.
bcCVVLT: Chinese version of the Verbal Learning Test.
bdHK-MoCA: Montreal Cognitive Assessment, Hong Kong version.
beNI: nutritional intervention.
bfPI: psychosocial intervention.
bgTEA: Test of Everyday Attention.
bhRBMT: Rivermead Behavioral Memory Test.
biADAS-Cog-K: Alzheimer Disease Assessment Scale–Cognitive, Korean version.
bjMoCA-K: Montreal Cognitive Assessment, Korean version.
bkACE-R: Addenbrooke Cognitive Examination–Revised.
blWL: waitlist control.
bmtDCS: transcranial direct current stimulation.
bnACE-X: Adaptive Cognitive Evaluation-Explorer
boPALT: Paired Associative Learning Test.
bpRVIP: Rapid Visual Information Processing.
bqCFQ: Cognitive Failures Questionnaire.
brCANTAB: Cambridge Neuropsychological Test Automated Battery.
bsTAP: Test Of Attentional Performance.
btMQ: memory quotient.

The Combination of PT and CT
Among these 18 studies, 4 used a single-modal active control
group [34,59,63,70], 3 compared against a health education
group [15,40,71], and 5 used a passive control group
[51,52,57,72,73]. Two studies used both a single-modal active
control and a passive control group [65,66]. One study compared
results with 2 single-modal active controls and a placebo group
[38], while another used 3 single-modal active control groups
[74]. In addition, 1 study contrasted results with 2 single-modal
active controls, a health education group, and a passive control
group [16]. Another study used a bimodal active control group
[36].

Among these studies, 7 reported significantly greater
improvements in all measured cognitive functions within the
bimodal intervention groups [15,35,40,52,59,63,72]. Three
studies revealed improvements in both bimodal intervention
and control groups [16,37,61,70]. One study found greater

improvements in executive function, global cognition, and verbal
fluency within the PT-only control group, whereas attention
and processing speed improved significantly across all groups
[38]. Another study reported no changes in cognitive function
across any group [57]. In addition, 1 study observed
improvements in attention, episodic memory, and working
memory across all groups but no changes in global cognition
[74]. Finally, 1 study reported greater improvement in global
cognition within the NI-only control group [65].

Three Studies Investigated the Combination of PT and
PI
Among these 3 studies, 2 studies compared results with a
single-modal active control group [39,48], and one compared
with a passive control group [41]. One study found that both
the bimodal intervention and control groups enhanced attention,
memory, and processing speed, but only the intervention group
significantly improved executive function [39]. Another study
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revealed improvements in global cognition only within the
bimodal intervention group, although both groups improved in
executive function [41]. In addition, one study reported
significantly greater improvements in global cognition
exclusively in the bimodal intervention group [48].

Two Studies Investigated the Combination of PT and NI
One study compared the intervention group with 2 single-modal
active control groups and a health education control group [56].
It found that both the bimodal intervention and PT-only groups
showed greater improvements in executive function and global
cognition, although no gains were observed in memory or verbal
fluency across groups [56]. Conversely, another study contrasted
the intervention group with 2 single-modal active control groups
[58] and revealed improvements in global cognition in all groups
[58].

One Study Investigated the Combination of CT and
Electroacupuncture
This study compared the intervention group with a single-modal
active control group. It found that all groups demonstrated
significant improvements in global cognition [42].

Three Studies Investigated the Combination of CT and
PI
One study compared a reverse sequential control group [68],
whereas 2 studies compared results with a passive control group
[61,69]. Results from the latter 2 studies revealed significantly
greater improvements in attention, episodic memory, and global
cognition in the bimodal intervention group [61,69]. Conversely,
the study with a reverse sequential control group found enhanced
global cognition in both groups. Notably, the group starting
with the PI showed more significant attention improvements
after the initial training, while the group beginning with CT
exhibited greater improvements following the second, combined
training phase [68].

Five Studies Investigated the Combination of CT and
Current Stimulation
Two of these studies compared the intervention group with a
bimodal active control group [53,62]. One study contrasted the
intervention group with a single-modal and a bimodal active
control group [60]. Another study used a combination of CT
and sham current stimulation as a control group [44]. One study

included a current stimulation–only group, a sham current
stimulation–only group, and a sham current stimulation control
group [47].

One study observed improvements in everyday memory and
global cognition across all groups, with attention improvements
unique to the bimodal intervention group [60]. However, the
CT-only control group showed greater working memory
improvements than the bimodal intervention group [60].
Notably, transcranial direct current stimulation (tDCS) appeared
to enhance the efficacy of CT in processing speed [60], despite
not being a direct target. Another study showed that the bimodal
intervention group demonstrated more significant attention
improvements than both the placebo and CT groups [62]. In
addition, 1 study found improvements in attention; processing
speed; subjective cognitive functioning; and verbal, visual, and
working memory across all groups [53]. Another study revealed
improvements in episodic memory, executive function, and
visual memory in both bimodal and active control groups [44].

Two Studies Investigated the Combination of PT and
Transcranial Brain Stimulation
One study compared the intervention group with a bimodal
active control group (PT and sham brain stimulation) [45], while
another study used 2 bimodal active controls (PT and sham
stimulation and sham PT with brain stimulation) along with a
passive control group [67].

Results showed improvements in episodic memory, executive
function, global cognition, and visual working memory in both
the bimodal intervention and control groups [45]. However, the
bimodal intervention group displayed greater enhancements
across all cognitive functions compared to the control groups
[67].

Trimodal Interventions

Overview
Studies comparing combined PT, CT, and SA with health
education controls reported significantly better cognitive
improvements, especially in the memory domain [55,75,76].
Similarly, 3 out of 5 studies using combined PT, CT, and NI
[46,49,54] showed significantly greater improvements in global
cognition compared to control groups (Table 3).
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Table 3. Studies that incorporated trimodal intervention and outcomes (k=8).

Clinical outcomesMeasured cognitive domainsControlSample size
(control sam-
ple size)

Study

PTa+CTb+NIc

18 (15; 20;
15; 14)

Bray et al [50],
2023

• The intervention group did not show
significant differences compared to
other groups across all tests (P>.05)

• GCe (ADAS-Cogf)• PT+CT+PCd

•• EFg and MEh (ADAS-Cog,

TMT-Ai, and TMT-Bj)

PT+NI+PC
• PT+PC+PC
• PC only

13 (9)Kobe et al [43],
2016

• No significant difference between the
two groups for all tests (P>.05)

• GC (AVLTl, DSTm, VFTn,

TMT-A, TMT-B, and SCWTo)

• NIk

34 (35; 37;
35)

Montero-Odas-
so et al [54],
2023

• GC (mean difference −2.64, P=.005p,
Cohen d=0.71)

• GC (ADAS-Cog)• PT+CT+sham NI
•• EF (ADAS-Cog Plus variant)PT+sham CT+NI

• PT+sham CT+sham NI • EF (ADAS-Cog Plus variant: no signif-
icant improvement; P>.05)• Sham PT+sham

CT+sham NI

20 (20; 18)Phoem-
sapthawee et al
[46], 2022

• GC (F=13.158; η2=0.328, P<.001)• GC (MMSEq)• PT only
•• EF: TMT-A (F=30.142; η2=0.527,

P<.001); TMT-B (η2=0.376, P<.001)
PC • EF (TMT-A and TMT-B)

• ME (DST-Fr and DST-Bs)
• ME: DST-F (F=17.208; η2=0.389,

P<.001); DST-B (η2=.495, P<.001)

55 (57)Yang et al [49],
2022

• GC: group×time interaction
(χ²3=303.928; P<.001)

• GC (MoCAt)• IN

PT+CT+SA

41 (42)Bae et al [55],
2019

• GC (P=.14)• GC (MMSE)• HEu

•• EF: TMT-A (P=.43); TMT-B (P=.68)EF (TMT-A and TMT-B)
• ME (P=.02)• ME (spatial span task)

140 (140)Lee et al [75],
2023

• ATT and EF: TMT-A (F=0.25); TMT-
B (F=0.00)

• ATTv and EF (TMT-A and
TMT-B)

• HE

• ME (F=5.04, P<.05)• ME (NCGG-FATw)
• PS (F=0.67)

• PSx (DSSTy)

61 (61)Lin et al [76],
2020

• ATT (Wald χ2=50.84, P<.001)• ATT (SLUMSz)• HE
• GC (Wald χ2=252.81, P<.001)• GC (SLUMS)
• EF (Wald χ2=115.99, P<.001)• EF (SLUMS)

aPT: physical training.
bCT: cognitive training.
cIN: inactive control.
dPC: placebo control.
eGC: global cognition.
fADAS-Cog: Alzheimer Disease Assessment Scale–Cognitive.
gEF: executive function.
hME: memory.
iTMT-A: Trail Making Test–A.
jTMT-B: Trail Making Test–B.
kNI: nutritional intervention.
lAVLT: Auditory Verbal Learning Test.
mDST: Digit Span Test.
nVFT: Verbal Fluency Test.
oSCWT: Stroop Color-Word Test.
pItalicized values indicate statistical significance.
qMMSE: Mini-Mental State Examination.
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rDST-F: Digit Span Test–Forward.
sDST-B: Digit Span Test–Backward.
tMoCA: Montreal Cognitive Assessment.
uHE: health education.
vATT: attention.
wNCGG-FAT: National Center for Geriatrics and Gerontology–Functional Assessment Tool.
xPS: processing speed.
yDSST: Digit Symbol Substitution Test.
zSLUMS: Saint Louis University Mental Status Examination.

Five Studies Investigated the Combination of PT, CT,
and NI
One study compared the trimodal intervention group with an
NI-only active control group [43], another compared it with
both a PT-only active control and a placebo group [46], and a
third study used an inactive control group [49]. One study
contrasted outcomes with 4 control groups: combined PT and
CT with placebo NI; combined PT and NI with sham CT;
combined PT with sham CT and sham NI; and an inactive
control group [54]. The fifth study compared the trimodal
intervention with various combinations of PT, CT, and NI
placebos [50].

In the first study, the trimodal intervention group study reported
no substantial changes in cognitive functions across all groups
[43]. Conversely, the second study found the intervention group
showed significantly greater improvements in all cognitive
functions compared with the placebo group, but not when
compared to the PT-only control group [46] and the third study
observed more significant enhancements in global cognition in

the trimodal intervention group [49]. The fourth study also found
greater improvements in global cognition in the trimodal
intervention group, but no significant changes in other measures
[54]. In the last study, the trimodal intervention group showed
no significant difference compared to the controls [50].

Three Studies Investigated the Combination of PT, CT,
and SA
All 3 studies contrasted the intervention group with a health
education control group, revealing significant improvements in
global cognition and memory for the trimodal intervention group
[55,76]. In addition, 1 study found significant enhancements in
memory compared to control groups [55], while another reported
significant improvements in both attention and executive
function during a 12-month follow-up in the intervention group
[76].

Quadrimodal Interventions
Most studies incorporating quadrimodal interventions reported
small to moderate effects across various cognition domains,
especially in global cognition (Table 4).
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Table 4. Studies that incorporated quadrimodal interventions and outcomes (n=3).

Clinical outcomesMeasured cognitive domainsControlSample size (control
sample size)

Study

PTa+CTb+PIc+SAd

INe55 (58)Maffei et al [77], 2017 •• GC (Effect Size=−0.55, P<.001h)GCf (ADAS-Cogg)

IN208 (154)Straubmeier et al [64], 2017 •• GC (Cohen d=0.26, P=.01)GC (MMSEi)

PT+CT+PI+NIj

IN86 (106)Liu et al [78], 2023 •• GC (Hedges g=0.40, P=.03)GC (MMSE and MoCAk)
• ME (P=.05)• ME (AVLTl and PALTm)

aPT: physical training.
bCT: cognitive training.
cPI: psychosocial intervention.
dSA: social activities.
eIN: inactive control.
fGC: global cognition.
gADAS-Cog: Alzheimer Disease Assessment Scale–Cognitive.
hItalicized values indicate statistical significance.
iMMSE: Mini-Mental State Examination.
jNI: nutritional intervention.
kMoCA: Montreal Cognitive Assessment.
lAVLT: Auditory Verbal Learning Test.
mPALT: Paired Associative Learning Test.

Two Studies Investigated the Combination of PT, CT,
PI, and SA
The 2 studies compared a quadrimodal intervention group with
a passive control group [64,77]. One study found significantly
greater improvements in global cognition in the quadrimodal
intervention group [77]. In contrast, the other study reported no
significant improvement in cognitive function within the
intervention group, but the control group experienced
deterioration [64].

One Study Investigated the Combination of PT, CT, PI,
and NI
Compared to a passive control group, the quadrimodal
intervention group showed significantly larger posttreatment
improvements in global cognition and memory. However, these
effects showed no difference between the two groups at the
12-month follow-up [78].

The Use of Technology in MCI Interventions
Between 2015 and 2024, a total of 16 studies incorporated
technology to enhance intervention delivery. The Nintendo Wii
(n=1) was first used as a hardware platform for delivering PT
[16]. Subsequent studies used various technologies, including
virtual reality (VR) technology (n=1) for combined PT and CT
intervention [37]; Nintendo Switch (n=1) [44]; and iPad (n=2)
[50,57] for sensorimotor, visuomotor [54], and CT [50],
respectively.

In addition, 13 studies used a range of computerized programs
for CT targeting functions such as attention, memory, and

executive function. These included AKL-T01 (n=1) [62], Brain
Fitness (n=1) [16], COGPACK (n=2) [53,68], CogniPlus (n=1)
[32], NeuronUP (n=1) [60], Neuropeak (n=1) [54], and
RehaCom (n=3) [42,47,63] and 2 studies with no specified
programs [44,49]. In addition, 1 study used the FitForAll
program [16] for PT. Studies that incorporated CCT alongside
other modalities showed significantly better improvements,
particularly in global cognition, than studies with either active
and inactive control groups. Details on tasks, duration, and
major findings of these programs are presented in Multimedia
Appendix 3.

Five studies incorporated tDCS with CT [44,47,53,60,62], while
2 studies combined tDCS with PT [45,67]. Specifically, they
applied 1.5mA to 2 mA of tDCS to the left dorsolateral
prefrontal cortex (DLPFC) or 1.5 mA of transcranial alternating
current stimulation (tACS) on the prefrontal cortex [62].

Acceptability and User Experience
User compliance is influenced by the acceptability and
experience of treatments. Four studies indicated high
acceptability and positive user experiences regarding multimodal
interventions. Jesus et al [61] reported that 24 out of 27
participants demonstrated a 97% acceptability rate for the
treatment effect and frequency of a combined CT and PI.
Another study on a combined PT, CT, and PI intervention
reported that 78% (39/50) of participants rated the program as
“very good,” 20% (10/50) rated it as “good,” and 2% (1/50)
rated it as “pleasurable” [68]. In addition, a study on a combined
PT, CT, and SA program showed that 86% (35/41) of

JMIR Aging 2025 | vol. 8 | e70291 | p.1015https://aging.jmir.org/2025/1/e70291
(page number not for citation purposes)

Chan et alJMIR AGING

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


participants were satisfied with the intervention duration and
81% (33/41 participants) expressed a desire to continue [55].

Similarly, a study on a combined PT and CT intervention
reported that 39 out of 44 (89%) participants perceived
subjective benefits. In terms of overall satisfaction, 14 out of
44 (32%) participants rated it as “very good,” 24 out of 44 (54%)
participants rated it as “good,” and 6 out of 44 (13%)
participants rated it as “neither good nor bad.” In addition,12
out of 44 (27%) participants considered the user-friendliness of
the intervention as “very good” [57].

Dosage Effect and Health Economics
While treatment dosage may affect clinical outcomes, only 1
study evaluated the dosage effects of a quadrimodal intervention
(combined PT, CT, PI, and SA) [64]. It found that 1 to 2 sessions
per week of the quadrimodal intervention in daycare centers
yielded no significant difference in cognitive outcomes
compared with 3 to 5 sessions per week [64]. As such, the study
suggested that less-frequent sessions (1-2 wk) might be as
effective as more frequent sessions, thus further studies are
warranted to validate these findings and test with other
multimodal interventions.

In addition, while the cost-effectiveness of multimodal cognitive
interventions is important for clinical practice, none of the
included studies examined the cost-effectiveness of the identified
intervention.

Discussion

Overview
This scoping review examines the current research landscape
on nonpharmacological multimodal interventions for MCI,
highlighting publication trends, intervention types, technology
use, user experience, and dosage effects. Over the past decade,
the variety of multimodal intervention combinations has
increased. The most common interventions combine PT and
CT, with additional components, such as NI, electroacupuncture,
PI, and current stimulation. Cognitive outcome measures are
diverse, targeting various domains. Bimodal and trimodal
interventions generally outperform single-modal ones in
improving global cognition, attention, and executive function.
Notably, PT with current stimulation and PT with NI often
demonstrate better cognitive improvements compared to active
controls, while CT with PI shows more improvements compared
to inactive controls. However, most studies on combined PT
and CT report mixed results. Quadrimodal interventions also
show superior improvements, although their long-term effect
remains uncertain. This review, following the Arksey and
O’Malley framework, did not conduct a meta-analysis or risk
of bias assessments. The included studies suggested that trimodal
and quadrimodal interventions, especially those including SA,
might offer better cognitive outcomes, but findings should be
interpreted cautiously due to the limited number of studies.
Technologies, such as VR, gaming, computerized programs,
and transcranial stimulation, are increasingly adopted in MCI
interventions. Although technology-assisted training showed
significant improvements in various cognitive domains
comparable to traditional trainings, results should be interpreted

with care given the limited studies. Future research should
investigate whether technology-assisted training, with or without
additional modalities, offers significantly better cognitive
improvements than traditional training. Although only 4
included studies assessed the acceptability of multimodal
interventions, they were generally well-received by users. Only
1 included study evaluated the dosage effects of a quadrimodal
intervention, suggesting that 3 or more sessions per week may
not be beneficial, although this finding should be interpreted
cautiously. As none of the included studies evaluated the
cost-effectiveness of these interventions, future studies should
address this gap.

Types of Modalities
Aside from traditional PT like aerobic and stretching exercises,
recent research has been expanding to explore various PT types
beyond traditional methods, including mind-body exercises
such as tai chi [66], yoga [58], and dancing [15] as viable
components in multimodal interventions for managing MCI.

Mind-body exercises, which engage the mind to influence bodily
functions, are popular among older adults, partly due to cultural
preferences in certain populations. The effectiveness of such
exercises, such as tai chi, varies between Asian [74,79] and
Western populations [39], highlighting cultural influences. tai
chi, for instance, demands whole-body coordination, rhythmic
movements, dynamic weight shifting, single-limb support,
integrating movement recall (memorization and concentration),
spatial orientation, and cognitive activities such as attention and
executive control. This provides simultaneous PT and CT that
could be beneficial for older adults with MCI [20,66]. In
addition, these mind-body exercises offer relaxation and social
support in group settings, potentially improving mood and
motivation to participate in activities. Given their multifaceted
benefits, mind-body physical activities may be incorporated
into multimodal interventions for MCI.

With the growing interest in multimodal interventions, there is
a noticeable increase in incorporating various interventions in
addition to combined PT and CT. Modifiable lifestyle factors,
including NI, are crucial for cognitive improvements among
older adults with MCI. However, the effectiveness of NI as a
standalone intervention has yielded mixed results for cognitive
outcomes. Different dietary patterns and supplements have been
suggested to promote cognitive health. For instance, the
Mediterranean-Dietary Approaches to Stop Hypertension
Intervention for Neurodegenerative Delay diet is popular.
However, a large-scale study found that the
Mediterranean-Dietary Approaches to Stop Hypertension
Intervention for Neurodegenerative Delay diet was not
significantly superior to a control diet with mild caloric
restriction over 3 years [80]. In addition, systematic reviews
suggest that certain single-nutrient supplements, such as folate,
vitamin E, omega-3 fatty acids, and probiotics, show promising
but preliminary results, often based on weak evidence or
low-quality studies [81-83].

NI has drawn attention to its potential in multimodal
interventions for MCI. All the included studies that incorporated
NI demonstrated promising outcomes when combined with PT
and CT compared to the control groups. However, some studies
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lacked detailed descriptions of their use of dietary guidelines,
limiting the understanding of whether the specific dietary
changes could be contributed to cognitive improvement. The
current findings suggest that while a single NI may offer limited
results, a combination of different modalities can provide a
synergistic protective effect, highlighting the effectiveness of
a multimodal approach over a single intervention.

In addition, there is an increasing use of PI and SA as
supplementary components. Previous studies suggested that
engaging in SA could help delay the development of dementia
and cognitive decline [84,85]. SA and leisure activities not only
have therapeutic benefits but also allow participants to engage
with peers, fostering long-term adherence to interventions. It is
important to note that the number of studies that incorporated
the use of PI and SA is still relatively small; more studies are
warranted to strengthen whether the implementation of
additional PI and SA might provide additional benefits in a
multimodal intervention for MCI.

Collectively, all the aforementioned intervention components
play a role in enhancing mental health and cognitive functions
across various aspects of MCI, suggesting that a larger number
of combined modalities could be beneficial. This aligns with a
previous systematic review that suggested an increased number
of modalities might yield greater improvement in cognition
[21]. Indeed, most of the included studies incorporating 3 or 4
modalities reported notable improvements in various cognitive
domains, especially when additional modalities (including SA,
NI, and PI) were combined with PT and CT. However, there is
no consensus regarding the optimal number or combinations of
modalities for multimodal interventions. Furthermore, it is worth
noting that adopting multiple lifestyle changes may pose
challenges for older adults. As Schneider and Yvon [86]
suggested, such changes are more feasible for older adults in
better health and with higher education levels. In current MCI
management, while health advice is important, it may not
sufficiently inform or motivate individuals with MCI to adopt
new management strategies. Therefore, health education
emerges as a crucial component for the successful
implementation of lifestyle changes because it provides vital
information on lifestyle modifications and guides the execution
of physical or cognitive exercises at home.

Nonetheless, it is noteworthy that most of the included studies
only compared the effectiveness of 3 or more modal
combinations with single-modal interventions, health education,
or passive control groups. It remains unclear whether there are
more modalities or specific combinations that would offer
greater benefit to individuals with MCI.

The Current Use of Technology
Beyond traditional interventions, technology is increasingly
embraced by researchers for its potential as a valuable asset in
delivering multimodal interventions for clinicians and
researchers from 2015 (n=1) [16] to 2023 (n=4) [47,54,62,63].
CCT comprises guided drill-and-practice on standardized tasks
aimed at various cognitive domains that gradually progress with
adjustable difficulty based on user performance. This approach
is both cost-effective and safe for widespread use [87].

This review identified several computer programs that provide
personalized CCT targeting various cognitive domains. Our
findings concur with a previous systematic review, showing
CCT and VR-CT as effective in enhancing attention, executive
function, global cognition, memory, processing speed, verbal
fluency, and visuospatial ability in older adults at risk of
cognitive decline [25]. These outcomes are on par with
traditional in-person PT and CT, suggesting CCT and VR-CT
as promising ways for broad-scale cognitive intervention
delivery.

Interactive video game–like programs offer training across
multiple cognitive domains, including attention, executive
function, processing speed, and visuomotor and visuospatial
abilities, providing more engaging and motivating experiences
for older adults with MCI than traditional face-to-face CT
[26,88-90]. These programs also facilitate PT through diverse
hardware. For instance, one included study used Nintendo Wii,
Wii Remote, and Wii Balance Board for physical exercises (eg,
aerobic exercises) [16]. Advanced technologies such as the latest
Nintendo Switch, which tailored physical exercise games and
hardware (eg, Ring Fit Adventure), adapt challenges to
individual capacities, progressively improving cognitive function
in older adults with MCI.

In addition to the computerized training program, the included
studies that incorporated VR technology in delivering combined
PT and CT demonstrated significant improvement in executive
function and global cognition. These improvements were greater
and consistent with the improvements from the combined PT
and CT control group without the use of VR [36,37]. This
positions VR as a promising tool for integrated therapy. As
suggested by recent systematic reviews, VR could act as an
assistive device to deliver training and help improve executive
function and global cognition in individuals with MCI [25,88].
Compared to traditional PT and CT, VR-PT and VR-CT offer
accessibility, cost-effectiveness, and immersive personalized
experience to facilitate skill transfer to activities of daily living
[36,37,90]. With advancements in technology, VR equipment
has become more user-friendly, affordable, and suitable for
home use and rehabilitation, benefiting older adults with
mobility issues. However, potential side effects such as
stimulator sickness, discomfort, tiredness, mood change induced
by immersive experience, and some health-related issues from
wearing the VR headgear [90] highlight the need for clinician
oversight to adjust treatment as necessary.

Although the development of computerized training programs
can be costly, the potential for widespread deployment can offset
the expenses of hiring numerous qualified assessors or clinicians
and the costs associated with traveling for face-to-face training.
Future research should explore integrating these programs with
multimodal interventions, such as NI, to enhance their
effectiveness and improve the overall well-being of individuals
with MCI.

MCI affects multiple cognitive functions. The DLPFC plays a
crucial role in functional connectivity with other brain regions
and controls various cognitive functions, including attention,
decision-making, planning, and working memory. Research has
found that individuals with MCI exhibit functional disconnection
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in the left DLPFC, leading to attention and working memory
deficits [60]. This review included studies that used noninvasive
brain stimulation techniques (eg, tDCS [45,53,60] targeting the
left DLPFC and tACS targeting the prefrontal cortex); results
from these studies suggested that using tDCS or tACS alongside
PT or CT could enhance the effectiveness of PT or CT by
improving cognitive capacity and reducing the load needed to
perform cognitive tasks, thereby increasing processing speed
and potentially serving as a viable component in future studies.

Taken together, technology stands as a valuable adjunct in
administrating PT and CT, offering standardized, cost-effective,
and assessable personalized experiences. Such technological
integration could help researchers develop comprehensive
management strategies for the widespread treatment of MCI in
older adults.

Acceptability and User Experience
Acceptability and user experience are pivotal for the success of
interventions aimed at managing MCI, which directly influence
its adherence rates. Adherence, in turn, significantly affects the
effectiveness of multimodal interventions. Therefore, the
interplay between user experience, acceptability, and adherence
is vital in developing and implementing MCI interventions.
However, most included studies have not investigated these
factors, which may hinder clinicians or senior management in
choosing or recommending treatment options. One included
study suggested that the low adherence rate in older adults might
be attributed to family responsibilities, health issues, and social
commitments. Leveraging technology, particularly eHealth and
mHealth tools, could improve adherence by alleviating barriers
to adherence [65]. These tools could be used to facilitate easier
implementation and monitoring of interventions, thereby
reducing the time and cost required for broader deployment
across various populations and regions [91]. Although none of
the included studies have implemented such technological
applications, future research should explore the potential of
mobile technology in enhancing adherence in older adults with
MCI.

Limitations and Future Directions
While this scoping review offers a comprehensive overview of
current study directions in multimodal interventions for MCI
management, it has several limitations. First, by focusing solely
on experimental studies with control groups, it may have
overlooked relevant insights from qualitative research and gray
literature. Second, this scoping review only included English
articles, which may introduce cultural bias. Third, this review
concentrated exclusively on the cognitive outcomes, omitting
physical and psychological outcomes that might be crucial
considerations for policy or clinical decisions. Fourth, several
included studies had relatively small sample sizes, ranging from
19 to 27 participants [16,43,45,62,65]. Therefore, results should
be interpreted with caution. Fifth, adhering to the Arksey and
O’Malley framework and PRISMA-ScR guidelines meant no
risk of bias assessments or evidence syntheses were conducted.
Future systematic reviews or network meta-analyses should aim
to summarize evidence regarding the relative effectiveness of
different combinations of various multimodal interventions for
MCI management.

While the current American Academy of Neurology guidelines
for MCI management only recommend PT or CT, recent studies
highlight the potential benefits of NI, PI, and SI for MCI
management. With the annual conversion rate of MCI to
dementia ranging from 10% to 15% per year [7], further research
should explore various multimodal intervention combinations,
focusing on follow-up, treatment duration, and frequency to
potentially reduce or delay conversion rates. Although some
included studies used brain imaging, most relied on self-reported
or assessment scores, which might not accurately reflect
real-world improvements. Future research should incorporate
brain imaging technologies to validate results more robustly
and elucidate the mechanisms underlying clinical improvements
in cognitive function.

Considering the limited research on the cost-effectiveness of
multimodal interventions for older adults with MCI and the
growing aging population, future studies should investigate the
economic viability of these interventions. In addition, the unclear
dosage effects of different multimodal intervention combinations
warrant investigation. Only one included study revealed that
attending 1 or 2 sessions per week of a quadrimodal intervention
was not significantly different from 3 to 5 sessions per week,
suggesting that fewer sessions of quadrimodal intervention (PT,
CT, PI, and SA) might still significantly improve global
cognition [64]. However, this finding from a single study is not
conclusive, further research is needed to determine the optimal
dosage and combination of modalities to optimize the
effectiveness of multimodal interventions for MCI.

Previous studies highlight the potential of lifestyle modifications
such as dietary patterns in managing cognitive decline in older
adults [92-94]. However, these studies used diverse nutrition
supplements or dietary patterns. Similarly, while social
engagement could help manage MCI [5], there is a dearth of
studies on its effectiveness in enhancing physical and emotional
well-being in older adults with MCI.

Finally, the included studies used diverse diagnostic criteria
and cognitive measurements with different cutoff scores,
potentially resulting in heterogeneous participant cohorts that
could affect the results. An international consortium should be
formed to develop standardized outcome measures for consistent
outcome comparisons.

Conclusions
This scoping review provides a comprehensive update on the
use of multimodal interventions for improving cognitive
functions in older adults with MCI. It presents study directions,
multimodal intervention types, respective findings in the
included studies, the role of technology in these interventions,
and potential research directions. The most common multimodal
intervention combines PT and CT. However, various types of
interventions such as NI, PI, SI, and brain stimulation have also
been incorporated into multimodal interventions more recently.
Given the capacity of these interventions to stimulate multiple
cognitive domains, the effectiveness of various combinations
of modalities should be explored. The research gaps highlighted
in this review pave the path for future large-scale clinical trials
to help develop more effective management strategies for
cognitive decline in older adults with MCI.
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Abstract

Background: Using remote monitoring technology in the context of Alzheimer disease (AD) care presents exciting new
opportunities to lessen caregiver stress and improve patient care quality. The application of wearables, environmental sensors,
and smart home systems designed specifically for patients with AD represents a promising interdisciplinary approach that integrates
advanced technology with health care to enhance patient safety, monitor health parameters in real time, and provide comprehensive
support to caregivers.

Objective: The objectives of this study included evaluating the effectiveness of various remote sensing technologies in enhancing
patient outcomes and identifying strategies to alleviate the burden on health care professionals and caregivers. Critical elements
such as regulatory compliance, user-centered design, privacy and security considerations, and the overall efficacy of relevant
technologies were comprehensively examined. Ultimately, this study aimed to propose a comprehensive remote monitoring
framework tailored to the needs of patients with AD and related dementias.

Methods: Guided by the PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-Analyses) framework, we
conducted a systematic review on remote monitoring for patients with AD and related dementias. Our search spanned 4 major
electronic databases—Google Scholar, PubMed, IEEE Xplore, and DBLP on February 20, 2024, with an updated search on May
18, 2024.

Results: A total of 31 publications met the inclusion criteria, highlighting 4 key research areas: existing remote monitoring
technologies, balancing practicality and empathy, security and privacy in monitoring, and technology design for AD care. The
studies revealed a strong focus on various remote monitoring methods for capturing behavioral, physiological, and environmental
data yet showed a gap in evaluating these methods for patient and caregiver needs, privacy, and usability. The findings also
indicated that many studies lacked robust reference standards and did not consistently apply critical appraisal criteria, underlining
the need for comprehensive frameworks that better integrate these essential considerations.

Conclusions: This comprehensive literature review of remote monitoring technologies for patients with AD provides an
understanding of remote monitoring technologies, trends, and gaps in the current research and the significance of novel strategies
for remote monitoring to enhance patient outcomes and reduce the burden among health professionals and caregivers. The proposed
remote monitoring framework aims to inspire the development of new interdisciplinary research models that advance care for
patients with AD.

(JMIR Aging 2025;8:e69175)   doi:10.2196/69175
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Introduction

Background
Alzheimer disease (AD) is the most generic form of dementia,
and significantly affects the brain cells, declines cognitive
abilities, and makes it difficult to perform daily tasks [1]. The
main effects of the disease are loss of memory, inability to use
problem-solving and logical thinking skills, anxiety, depression,
and confusion [2]. AD has remained the leading cause of death
among people aged >60 years. The main cause of AD is the
accumulation of abnormal proteins such as β-amyloid and
microtubule-associated tau protein in the brain; the aggregation
of these proteins causes synaptic disintegration and neural loss,
which characterize AD [3,4]. Disturbingly, it is estimated that
the number of AD cases could grow to 13.8 million by 2060.
The pervasive nature of this disease underscores the pressing
need for continued research, intervention strategies, and support
systems to address the growing challenges posed by AD in an
aging population [5,6].

Caring for individuals with AD is an enduring and demanding
journey, often placing a significant burden on family members
who become primary caregivers or on those who opt to hire
professional caregivers [7]. The responsibilities encompass a
spectrum of care, requiring a deep commitment to providing
the essential support needed for patients with AD to navigate
their daily lives. Caregivers play a crucial role in assisting
individuals with AD in tasks integral to their routine while also
implementing lifestyle adjustments aimed at alleviating stress,
confusion, anxiety, and agitation. The caregiving journey
involves fostering an environment that promotes mental,
physical, and social well-being. This includes implementing
tailored strategies to keep patients with AD mentally engaged,
encouraging physical activities that align with their abilities,
and facilitating social interactions to prevent isolation. However,
continuous monitoring and provision of care for patients with
AD causes a substantial burden on both the family members
and caregivers [8,9]. This responsibility often causes a lot of
stress and depression among those providing care. Family
members and caregivers find themselves dealing with the
progressive loss of individuals with AD. In addition to that,
they must navigate between caregiver responsibilities and
sustaining a work-life balance. Disputes between family
members, financial burdens, and escalating medical expenses
extend the challenges that those undertaking caregiver roles
face [10]. While existing research has identified various scales
to measure the burden on family members, there is a notable
gap in the literature concerning effective strategies to alleviate
this burden. Manzini and do Vale [11] and Liao et al [12]
address this critical gap by exploring remote monitoring methods
facilitated by ITs. By leveraging innovative approaches, the
research seeks to enhance the quality of care provided to patients
with AD and substantially reduce the burden experienced by
family members and caregivers. Through the implementation
of such technological solutions, the aforementioned studies
[11,12] aspired to contribute valuable insights into improving

the overall well-being of both patients with AD and those
entrusted with their care.

Despite the growing body of research on remote monitoring for
AD and related dementias (ADRD), significant gaps remain in
the literature, particularly regarding interdisciplinary integration.
Previous reviews have primarily focused on individual aspects
of remote monitoring, such as wearable devices [13-16], smart
home sensors [17-19], or privacy and security considerations
[20,21], often in isolation. However, the effectiveness of these
technologies depends on a holistic approach that integrates
expertise from health care, computer science, cybersecurity,
and user-centered design. The lack of interdisciplinary research
has led to fragmented solutions that may not fully address the
practical needs of patients and caregivers. This review sought
to bridge these gaps by offering a comprehensive assessment
of remote monitoring technologies while emphasizing their
usability, security, and ethical implications. Therefore, we
formulated four research questions (RQs) to explore existing
remote monitoring technologies and their applications, assess
their needs and advantages, examine privacy concerns related
to remote monitoring, and investigate technology adoption
among older adults:

• RQ 1: What are the primary remote monitoring technologies
to capture different behavioral, physiological, and
environmental data?

• RQ 2: To what extent do these existing remote monitoring
technologies achieve an optimal balance of efficiency,
practicality, and empathy in addressing the needs of both
patients and caregivers?

• RQ 3: What are the critical security and privacy
considerations and concerns involved in these remote
monitoring technologies?

• RQ 4: What are the critical design considerations and
technology components for a comprehensive remote
monitoring framework specifically tailored to patients with
AD?

While this review focused on remote monitoring for individuals
with AD, it is important to acknowledge that many of the
challenges, technologies, and solutions discussed are also
relevant to other dementia subtypes. Conditions such as vascular
dementia [22,23], Lewy body dementia [24], and frontotemporal
dementia [25] share overlapping symptoms [26,27], including
cognitive decline, behavior changes, and mobility issues, which
can similarly benefit from remote monitoring interventions.
However, our decision to center this review on AD was guided
by its high prevalence and the significant body of research
available on remote monitoring solutions tailored specifically
to ADRD. The insights presented in this paper may be broadly
applicable to dementia care, although future research should
further explore technology adaptations for different dementia
subtypes.

The remainder of this paper is divided into 3 key sections.
Section 2 outlines the methodology, comprising 3 subsections
that detail the scoping criteria, literature search strategy, and
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data analysis procedures. Section 3 addresses the RQs in depth.
Finally, section 4 concludes the literature review, summarizing
the key findings and their implications.

Objectives
Our objective with this paper was to critically assess the
effectiveness of various remote sensing technologies in
enhancing patient outcomes, particularly for individuals with
ADRD, while also identifying strategies to reduce the burden
on health care professionals (HCPs) and caregivers. To perform
this assessment, the research comprehensively examined key
factors essential for the successful implementation and adoption
of these technologies. These factors include patient and caregiver
compliance, ensuring that the technologies are used consistently
and effectively; user-centered design, which focuses on creating
accessible and intuitive systems tailored to the specific needs
of end users; privacy and security concerns, addressing the
safeguarding of sensitive patient data and ensuring adherence
to ethical and regulatory standards; and the overall efficacy of
these technologies, evaluating their accuracy, reliability, and
impact on patient care.

Methods

Overview
In the landscape of AD care, this review undertook a
comprehensive examination of the complex dynamics introduced
by remote monitoring technologies. We focused on different
remote monitoring technologies, types of algorithms used to
process the data, issues and concerns related to security and
privacy, caregiver burdens, and specific monitoring frameworks
for patients with AD. We conducted an extensive search to
identify relevant research papers across multiple disciplines
from 2011 to 2024. Our search encompassed a diverse array of
digital libraries, including Google Scholar, IEEE Xplore,
PubMed, and DBLP on February 20, 2024, with an updated
search on May 18, 2024, to ensure coverage across
multidisciplinary domains, including health care, engineering,
and computer science. These databases were selected based on
their relevance to remote monitoring technologies, security and
privacy considerations, and AD care. While Scopus, Embase,
and Cochrane are widely recognized for systematic reviews in
clinical and biomedical research, our focus on technological,
interdisciplinary, and engineering aspects made IEEE Xplore
and DBLP particularly valuable sources. In addition, PubMed
was included to ensure coverage of relevant medical and health
care studies. Google Scholar was used to capture a broader range
of studies, including conference proceedings and gray literature,
which are crucial for emerging technologies. On Google Scholar,
the search string used was “Remote monitoring technologies”
AND “Wearable sensors” AND Alzheimer AND “Privacy
concerns,” ensuring a broad examination of related literature.
PubMed and IEEE Xplore were queried using the search string
(Remote monitoring technologies) AND Alzheimer AND
(“Privacy concerns”) to capture articles with a focus on
technical and medical perspectives. In addition, DBLP was
queried using the search string Alzheimer AND “Remote
monitoring” to include publications emphasizing computer
science and engineering insights. In addition, we

cross-referenced the citations of each article to uncover
additional relevant articles or government reports aligning with
our inclusion criteria. Notably, we imposed some constraints
on the period during which the papers were published, and only
English-language papers were considered. In total, we identified
31 articles that fulfilled our inclusion criteria.

Our search strategy included keywords such as “Remote
monitoring technologies” AND “Wearable sensors” AND
“Alzheimer” AND “Privacy concerns” to ensure the inclusion
of studies addressing security and data protection—critical
challenges in adopting remote monitoring solutions. However,
we acknowledge that this keyword choice may have limited the
retrieval of studies focusing on broader aspects, such as clinical
effectiveness, usability, and caregiver perspectives. While our
selection process incorporated additional screening to identify
studies covering a wider range of topics, future research could
benefit from refining the search terms to ensure a more balanced
representation of different remote monitoring challenges.

Study Identification and Selection
A total of 79 papers were initially identified based on their titles
and abstracts that were deemed to be potentially relevant to the
research topic. Of the 61 records assessed for eligibility, 30
(49%) were excluded for various reasons: 7 (23%) were books,
6 (20%) were partial articles, and 17 (57%) were out-of-context
studies. Finally, 31 papers were identified to extract information
and insights related to the RQs. These papers were thoroughly
analyzed to identify common themes, methodologies, findings,
and gaps in the existing literature. This analysis provided a
deeper understanding of the current research and valuable
insights to guide this review. This systematic approach to
literature review and analysis enhanced the validity and
reliability of the research, contributing to its overall credibility.

In the following sections, the findings from the papers are
presented and discussed. The results are organized based on the
information identified in the literature review with respect to
the RQs.

Results and Discussion

Primary Remote Monitoring Technologies (RQ 1)

Overview
Remote monitoring technologies using wearable and portable
device–based sensors have revolutionized health care by
enabling continuous and real-time tracking of various
physiological and environmental parameters. These sensors,
embedded in devices such as smartwatches, fitness bands, and
portable health monitors, can measure heart rate, blood pressure,
glucose levels, temperature, and physical activity [28,29]. They
offer significant advantages in managing chronic conditions,
detecting early signs of health deterioration, and providing
personalized care. Wearable sensors are particularly beneficial
in monitoring older patients and individuals with chronic
diseases, allowing for prompt interventions and reducing
hospital visits. Furthermore, the integration of these devices
with mobile health (mHealth) apps and cloud-based platforms
facilitates seamless data collection, analysis, and sharing with
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health care providers, enhancing patient engagement and
improving health outcomes. The subsequent subsections provide
a detailed description of the various aspects of remote
monitoring technologies. To ensure a systematic approach, a
thorough review of the literature was conducted following the
PRISMA (Preferred Reporting Items for Systematic Reviews

and Meta-Analyses) framework [30,31] (Multimedia Appendix
1), as shown in Figure 1. Figure 2 illustrates the integration and
synergy of different remote monitoring technologies based on
relevant parameters. These are further elaborated on in the
following subsections and in Multimedia Appendices 2-5
[14,32-52].

Figure 1. PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-Analyses) flow diagram for the study selection in the literature review.
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Figure 2. Integration and synergy of different remote monitoring technologies. AI: artificial intelligence; AR: augmented reality; IoT: Internet of
Things; ML: machine learning; MR: mixed reality; VR: virtual reality.

Wearables
Wearable technologies refer to devices worn on the body either
as an accessory or as clothing. Devices embedded with an
accelerometer and gyroscope, such as wrist or ankle devices,
are used for analyzing gait parameters such as speed, variability,
and stride length [32]. There are also wearable devices that
capture physical activity data, including steps taken, intensity,
and duration, aiding in tracking physical activity, which helps
the patient with AD be physically active and slow down the
progression of the disease [32]. In addition, wrist devices and
smart clothes are equipped with sensors, whereas various
wearables, including wristbands, smartwatches, and chest straps,
collect different data such as physiological signs, posture, gait,
movement, and sleep data, and enable the continuous monitoring
of blood pressure. Devices such as the Basis Health Tracker,
Misfit Shine, Fitbit Flex, Withings Pulse O2, and Actiwatch
Spectrum actigraph are used for sleep detection and monitoring
daily activities [53-57]. These devices enable continuous
monitoring of vulnerable patients, offering medical specialists
a comprehensive view of the patients’ health for more accurate
diagnosis and treatment [33,34]. Moreover, dream headbands
are used to record and store physiological data in real time

during sleep, facilitating the monitoring of daily sleep patterns
and enabling patients and caregivers to access their reports freely
[35]. Further details are provided in Multimedia Appendix 2
[32-35,37-45] and Multimedia Appendix 3
[32-34,36-38,42,45-47].

Environment and Home Sensors
Remote monitoring through advanced environment and sensor
technology provides a promising approach to enhancing care,
monitoring daily activities, and detecting early signs of cognitive
decline. In the context of home-based remote monitoring,
various sensors are used to capture and analyze vital health and
activity data. Infrared sensors strategically placed throughout
the home facilitate gait analysis by detecting individual
movements and providing insights into gait characteristics such
as walking speed, rhythm, and variability [32]. Wireless mattress
sensors and ambient sensors are used to monitor sleep time,
movements, and patterns, aiding in the early detection of mild
cognitive impairment (MCI) and AD. In addition, night
monitoring systems equipped with motion detectors are used
to monitor sleep patterns and alert caregivers to unusual
nighttime behavior [32]. In the case of continuous physical
activity monitoring, infrared sensors are used to collect internal
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movement data, which allows for the assessment of activity
level without the need for active participation of the individual
[32,36]. A multisensory approach, including sound sensors,
video cameras, radio-frequency identification readers, pressure
sensors, light sensors, proximity sensors, temperature sensors,
humidity sensors, and location trackers, has been applied to
many activities and environmental conditions in the home [33].
This rich dataset facilitates the assessment of disease progression
and provides valuable information about changes in daily
activities and environmental factors. Behavior patterns are
tracked using sensors installed in various areas of the home,
including the kitchen, bedroom, and bathroom, along with fall
detection sensors. These sensors help monitor mobility, stability,
frequency, and time spent in different areas, contributing to a
deeper understanding of daily routines and potential risks [32].
Microsoft Kinect cameras are specifically used for gait
monitoring to detect and assess falls among older individuals,
with the collected video data aiding in fall prevention efforts
[37].

Finally, motion sensor–activated light paths and bed pressure
sensors are used for fall prevention and sleep problem detection,
respectively. These sensors provide an additional layer of safety
and monitoring, enhancing the overall effectiveness of the
remote monitoring system [34].

Personal Devices
Personal devices, specifically, smartphones equipped with
advanced sensors such as accelerometers, gyroscopes, and
magnetometers, play a pivotal role in gait analysis and physical
activity monitoring. Apps installed on these smartphones analyze
the sensor data to determine various gait characteristics,
including stride length, walking speed, and rhythm, providing
valuable insights into mobility patterns [32]. Moreover,
waist-worn accelerometers facilitate continuous monitoring of
physical activity parameters such as movements and
acceleration, aiding individuals in maintaining optimal levels
of physical activity and energy use [32]. In addition to physical
activity monitoring, smartphones serve as effective tools for
assessing social behavior. By monitoring calls, SMS text
messages, and internet-browsing activities, these devices offer
insights into an individual’s social activity levels and patterns.
This information is crucial for health care providers and
caregivers to understand the social interactions of individuals,
identify potential signs of isolation, and implement interventions
to promote social engagement and well-being [37].

Machine Learning and Artificial Intelligence
Machine learning and artificial intelligence (AI) play a pivotal
role in health care by leveraging diverse data sources to enhance
diagnostic capabilities, predict disease progression, and support
clinical decision-making. Driving patterns collected through
GPSs are analyzed to detect early signs of preclinical AD. These
patterns are compared with disease progression to identify
behavior changes linked to AD [32]. Activity data from
sensor-embedded devices such as wearables are used for data
mining and predictive modeling, aiding in identifying potential
health issues and informing health care decisions [46]. Sleep
patterns collected from these devices offer valuable insights
into an individual’s health status, providing clinicians with early

warnings of health deteriorations or relapses and enabling timely
interventions to improve patient outcomes [47].

Speech pattern analysis using data from health records, including
calls and SMS text messages, offers diagnostic capabilities for
neurodegenerative diseases such as Parkinson disease and AD,
enabling early detection and intervention [38]. In addition,
AI-powered image and video processing techniques assist in
diagnosing various conditions, such as cancer from x-ray and
computed tomography scans and degenerative diseases from
fundus photography, enhancing diagnostic accuracy and
treatment planning [38]. Furthermore, data collected from
wrist-worn actigraphy devices such as the ActiGraph wGT3X
are analyzed using a variety of machine learning algorithms,
including logistic regression, random forest, gradient-boosting
machine, and support vector machine. These algorithms help
predict the risks and progression of disease, providing valuable
insights for personalized health care management and
intervention strategies [45].

Robots
Robots such as Nao, Pepper, Paro, Stevie, Zoro, Mini, and
Tangy are emerging as valuable tools in health care settings,
particularly for supporting the needs of older adults. These
robotic companions engage older individuals through interactive
activities such as conversations, quizzes, tongue twisters, and
arithmetic calculations, demonstrating promising results in
enhancing social engagement and alleviating feelings of isolation
[46]. AI-powered robots equipped with advanced sensors and
algorithms can access environmental data and user-specific
characteristics to deliver personalized medical prompts and
emotional support. These robots play a crucial role in physical
rehabilitation, reducing feelings of isolation and promoting
overall well-being by providing companionship and interactive
engagement [38,42]. Furthermore, specialized robots such as
Nao, Pepper, and Paro are designed to cater to the unique needs
of patients with dementia with cognitive impairment. These
robots offer a comprehensive range of services, including
behavioral monitoring, physical exercise tutoring, recreational
activities, stress management, and medication reminders. By
providing multifaceted support, these robotic companions
significantly enhance the quality of life of older adults and
contribute to improved health care outcomes [34]. Robots named
Stevie and Zoro are specially tailored to support caregivers and
older adults with memory loss. These robots offer care support,
entertainment options, cognitive engagement activities, and
social connectivity features. Their interactive nature stimulates
older adults through engaging exercise and interaction, fostering
a sense of community and connection [32]. Robots such as Mini
and Tangy enhance cognitive abilities in older adults using
educational games and imitation learning, aiming to improve
memory, cognitive function, and mental agility through
innovative stimulation and support [37].

Internet of Things
The Internet of Things (IoT) has revolutionized health care
monitoring by using novel sensors and wireless communication
methods such as Bluetooth, Wi-Fi, near-field communication,
and Zigbee to access and securely store real-time data on vital
signs, including temperature, blood pressure, heart rate, and
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glucose levels, in the cloud. This advancement facilitates
effective device management and real-time data monitoring and
offers a secure storage solution, enhancing patient care and
treatment outcomes [47]. Furthermore, the integration of
multiple sensors into wearable devices, environment monitoring
systems, and in-home setups provides pervasive and unobtrusive
intelligence to support individuals proactively in their daily
lives. These sensors enable continuous monitoring of various
parameters, including temperature, humidity, and blood pressure,
offering valuable insights for personalized health care
interventions [39,42].

IoT-based tools such as smart pillboxes assist individuals in
medication management by sending reminders according to
prescribed medication plans, ensuring adherence to treatment
regimens, and improving medication compliance [39].
Moreover, the implementation of semantic frameworks and
advanced data processing techniques enables the collection and
analysis of multi-sensor data to determine disease progression
and provide timely alerts through real-time monitoring. This
approach aids in the early detection of health deterioration,
facilitating timely interventions and improved patient outcomes
[40]. In addition, the DCARE model used a computational
approach to process data from monitoring devices, incorporating
content prediction, behavior recognition, and content
recognition. This model serves as a comprehensive solution for
general monitoring, data processing, and sending alerts to
caregivers in case of potential risks or emergencies, enhancing
patient safety and care coordination [41].

Virtual, Augmented, and Mixed Reality
Virtual reality, augmented reality, and mixed reality
technologies, facilitated by devices such as headsets, smart
glasses, and next-generation smartphones, offer an immersive
experience that extends beyond entertainment to include
web-based home shopping, leisure activities, and
communication, enriching both social interaction and
physiological well-being [42]. Smart spectacles equipped with
machine learning algorithms for face and object recognition
enable personalized video and image playback, assisting patients
with dementia and memory loss by stimulating memory recall
and cognitive engagement [43]. In addition, GPS and device
tracking functionalities, combined with medication reminders
via Bluetooth connectivity, empower caregivers to monitor
patient locations and medication adherence, ensuring timely
interventions and enhancing patient safety [44].

Effectiveness of Remote Monitoring Technologies (RQ
2)

Overview
In addressing RQ 2, which investigated the effectiveness of
remote monitoring technologies for individuals with ADRD, a
thorough review of previous research papers was conducted.
The findings are synthesized and summarized in Multimedia
Appendix 4 [14,32,33,36-38,42,45,46,48-52] and Figure 3,
providing a detailed comparison of various monitoring methods,
their advantages, and their limitations. This comprehensive
assessment helps achieve an optimal balance in addressing the
needs of both patients and caregivers. The following subsections
delineate different aspects pertaining to RQ 2.

Figure 3. Key features and considerations of different remote monitoring technologies. IoMT: Internet of Medical Things; mHealth: mobile health.
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Wearable Devices
Wearable devices have emerged as valuable tools for remote
monitoring of various health conditions, including
cerebrovascular diseases, neurodegenerative diseases, and MCI.
Godkin et al [48] investigated the adherence value of wearable
devices focusing on 3 key aspects—adherence based on sensor
location, time of day, and wear location—and participant and
study partner acceptance of continuous multi-sensor wear for
a week-long period. The outcomes of this study demonstrated
the feasibility of a continuous multi-sensor approach to remote
monitoring for individuals living with cerebrovascular diseases
and neurodegenerative diseases, showing high adherence rates
during both day- and nighttime wear throughout the study
period. The aforementioned study also addressed concerns
related to device discomfort, including itchiness, catching on
clothing during dressing or on bed sheets during sleep, device
size, and appearance.

Similarly, a comprehensive investigation conducted by
Stavropoulos et al [14] focused on public involvement activities
to capture the preferences, priorities, and concerns of people
with AD and their caregivers regarding the use of monitoring
wearables. Face-to-face discussions with the patient advisory
board revealed varying levels of acceptance toward new
technologies among older individuals, highlighting concerns
regarding the cost of devices, adaption to modern technologies,
and potential difficulties in operating technology. Furthermore,
Stavropoulos et al [14] used a questionnaire to understand the
specific requirements, preferences, barriers, and daily obstacles
faced by individuals with MCI, their caregivers, and HCPs in
using wearables. The Human Factors and Technology
Requirements Questionnaire collected survey responses to
various types of questions, such as open-ended, multiple-choice,
and closed-ended questions, and the importance of user-centered
design for assistive technologies using wearables and highlighted
the implications for future research. The aforementioned study
provided valuable insights into the perspective of individuals
with MCI, caregivers, and HCPs regarding the use of assistive
technologies with wearable trackers, emphasizing the need to
consider privacy and ethical issues in the technology design
and the disadvantages of traditional record-keeping methods.

Smart Homes (Multiple Sensors)
Smart home technologies equipped with multiple sensors have
shown promising benefits in remote monitoring, particularly
through video monitoring methods. However, there is a growing
interest in exploring novel remote monitoring technologies
beyond traditional video monitoring, emphasizing the need to
diversify research in this area [36]. Despite the potential
advantages, there is limited evidence to conclusively determine
the acceptance of these remote sensing technologies, indicating
a gap in understanding alternative methods [36]. In a
comprehensive systematic review, it was highlighted that smart
home remote monitoring has the potential to support older
persons and caregivers by addressing individual family needs
[49]. Nevertheless, critical barriers need to be addressed for
successful adoption and implementation, including concerns
about the time, training, and technical challenges associated
with smart home technologies [49]. These challenges include

issues with battery life, unstable wireless connectivity, and
incompatibility, which have raised concerns about potential
feelings of loneliness and isolation among older people with
cognitive impairments [49]. Furthermore, there is a need for
more research on alternative remote sensing technologies, such
as vibration and acoustics technologies, to better understand
their potential applications and effectiveness [36].

Addressing stigma and negative associations with disability
through appropriate design and customization of sensing
technologies, such as the use of smart fabric sensors, could help
mitigate privacy concerns and enhance acceptability [36]. Future
research should focus on understanding end-user conditions for
acceptability and addressing various barriers, including usability,
technical issues, cost concerns, and social implications, to
facilitate the broader adoption of smart home technologies in
health care settings [36,49].

Multimode Sensor (Machine Learning Approach)
In addressing the challenges of predicting and managing the
behavioral and psychological symptoms of dementia (BPSD),
multimode sensor technologies coupled with machine learning
approaches have emerged as promising tools [45]. These
approaches leverage diverse data sources to offer valuable
insights into the relative contributions of various factors, such
as caregiver-perceived triggers, cognitive and functional status,
personality traits, and actigraphy-derived parameters, in
predicting BPSD. However, the efficacy of these technologies
can be compromised by challenges related to the improper wear
of devices, leading to limited data availability for accurate
prediction [45]. Despite these obstacles, machine learning
models have demonstrated their capability to effectively predict
different subsyndromes of BPSD. Such predictive capabilities
hold significant potential to inform personalized interventions
tailored to individual symptom profiles, thus facilitating timely
and targeted care.

Nevertheless, it is essential to acknowledge the existing
limitations and gaps in current research [45]. Cho et al [45]
emphasize the need for future studies to address these
challenges. This includes validating findings in larger and more
diverse populations, integrating objective monitoring
technologies, and developing more precise prediction algorithms
to enhance the accuracy and reliability of these predictive
models. Such advancements could significantly contribute to
improving the quality of care and support provided to individuals
living with dementia and their caregivers.

Patient and Public Involvement Survey
Patient and public involvement surveys emphasize the
importance of prioritizing user-friendly design and personalized
approaches when developing mHealth apps tailored for
individuals with cognitive impairment [50]. Survey findings in
the study by Lazarou et al [50] highlighted participants’ keen
interest in brain games aimed at memory enhancement,
showcasing a strong demand for cognitive support tools. In
addition, the participants expressed a desire for medication
reminders and GPS tracking functionalities within mHealth
apps, demonstrating the potential utility of such features in
enhancing daily living and emergency response for individuals
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with cognitive impairment [50]. Despite these valuable insights,
it is important to acknowledge the survey’s limitations. The
research was conducted among a limited population, potentially
introducing self-bias and not capturing the full spectrum of
needs and preferences across diverse groups [50]. To address
these challenges, future research should aim to explore more
diverse populations and incorporate a broader range of user
perspectives. This will help in developing more inclusive and
effective mHealth interventions that cater to the diverse needs
of individuals with cognitive impairment, caregivers, and HCPs.

Internet of Medical Things and Robots
The Internet of Medical Things (IoMT) is revolutionizing the
health care landscape by integrating advanced technologies into
smart health care systems. In the study by Mathkor et al [52],
the authors provided a comprehensive overview of IoMT,
highlighting its role in current and future biomedical systems.
The study emphasized the integration of technologies such as
deep learning, machine learning, blockchain, AI,
radio-frequency identification, and Industry 5.0. These
technologies hold immense potential in enhancing patient care,
improving diagnostic accuracy, and streamlining health care
operations. However, the implementation of IoMT systems
presents several challenges that need to be addressed for
successful adoption. High costs associated with device
development, infrastructure setup, and connectivity solutions
can pose financial barriers. In addition, many IoMT devices
operate on battery power, leading to concerns about battery life
and continuous operation. Data quality issues, including noise,
biases, and inaccuracies, can also arise due to device limitations
or environmental factors. To fully realize the benefits of IoMT,
it is crucial to address these challenges and develop robust,
scalable, and secure solutions. Companion robots have emerged
as potential tools to address the social and emotional needs of
older adults, particularly those with dementia.

In the study by Pou-Prom et al [51], the authors conducted an
experiment involving 19 participants diagnosed with AD to
explore the feasibility of using conversational companion robots.
The study revealed that, while some participants enjoyed
interacting with the robots, others expressed doubtfulness and
reluctance. Technical limitations such as speech recognition
challenges, lack of dialogue context, and keyword matching
were identified as barriers to seamless communication.
Furthermore, the absence of features such as miscommunication
and acoustic features hindered the assessment of
dementia-related symptoms through robot interactions. The
mixed reactions from participants highlighted the importance
of ongoing research to refine companion robot technologies.
Future work should focus on addressing the identified
limitations, exploring the trade-off between autonomous and
semiautonomous approaches, and optimizing the design and
functionality of these robots to better support the well-being of
older adults. Collaborative efforts involving HCPs, engineers,
and end users are essential to develop more effective and
user-friendly companion robot solutions that can have a
meaningful impact on the lives of older adults with dementia.

Cognitive Monitoring for Dementia Care
Advancements in remote monitoring have enabled the
integration of cognitive assessment tools to track disease
progression and evaluate treatment effectiveness in dementia
care. Digital cognitive assessments such as smartphone-based
memory and attention tests offer frequent, scalable evaluations
that provide real-time insights into cognitive changes. In
addition, AI-driven speech and typing analysis can detect subtle
linguistic and motor impairments associated with cognitive
decline, enabling early intervention and treatment adjustments.
Gaze tracking and eye movement analysis further enhance
cognitive monitoring by assessing reading patterns, recognition
abilities, and attention shifts, which may indicate neurological
changes over time. Meanwhile, wearable
electroencephalography devices and neurofeedback tools provide
continuous, objective measurements of brain activity, allowing
researchers and clinicians to assess how therapeutic interventions
impact cognitive function. These emerging technologies hold
great promise for improving personalized treatment strategies,
monitoring drug efficacy, and facilitating early diagnosis,
ultimately enhancing the quality of care for individuals with
dementia.

Privacy and Security in Remote Monitoring (RQ 3)

Overview
When examining the critical security and privacy considerations
involved in remote monitoring technologies, particularly for
patients with AD, it is essential to delve into several layers of
complexity that encompass data security, privacy regulations,
ethical issues, and the unique vulnerabilities of the patient
population. Remote monitoring technologies, including
smartphones, wearables, and environmental sensors, offer
significant benefits for managing AD by enabling continuous
health monitoring and early detection of anomalies and
providing valuable data for research. However, these benefits
come with substantial security and privacy challenges. Different
aspects of privacy and security concerns are summarized in
Multimedia Appendix 5.

Data Types and Associated Risks
First, the nature of the data collected by these devices—ranging
from personal details to medical records, geolocation, and
behavioral patterns—makes them highly sensitive. Ensuring
data security is paramount as it requires robust encryption
methods to protect data both in transit and at rest. Encryption
safeguards the data from unauthorized access during
transmission and storage. Equally important is implementing
strong access control measures, ensuring that only authorized
individuals such as health care providers and approved
caregivers can access the patient data. Regular security audits
and vulnerability assessments are crucial to identifying and
addressing potential security gaps, thereby maintaining the
integrity of the monitoring systems.

Privacy concerns are equally critical, particularly given the
stringent requirements set forth by regulations such as the
General Data Protection Regulation (GDPR) in Europe and
HIPPA (Health Insurance Portability and Accountability Act)
in the United States [58-60]. These regulations mandate that
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patients’ personal health information be protected and that
individuals have control over their data. Adherence to these
regulations involves ensuring that patients (or their legal
guardians) provide informed consent for data collection and
use. This consent process must be clear and comprehensive,
detailing what data will be collected, how they will be used,
who will have access, and how long the data will be retained.
Data minimization principles should be applied, collecting only
the necessary data required for the intended purpose, thus
reducing the risk of unnecessary exposure. Patients with AD
may not fully understand the implications of data collection and
their rights regarding data privacy. Therefore, it is imperative
to involve caregivers or legal guardians in the consent process
to ensure that the patients’ rights and preferences are respected.
Furthermore, patients with AD are particularly vulnerable to
exploitation and abuse. Continuous monitoring can inadvertently
infringe on their privacy and autonomy, raising ethical concerns.
Balancing the need for constant monitoring to ensure safety
with the patients’ rights to privacy and dignity is a delicate task.
Ethical considerations must guide the implementation of these
technologies, ensuring that monitoring practices do not become
overly intrusive.

Device and IoT Security
From a technical perspective, the integration of various
monitoring devices such as smartphones, wearables, and
environmental sensors introduces additional security challenges.
Each device and sensor can be a potential entry point for
cyberattacks. IoT devices are often targeted due to their typically
lower security standards. To counteract these risks, it is crucial
to ensure that all devices are secured against tampering and
hacking. This involves regular firmware updates to patch
vulnerabilities, the use of strong authentication mechanisms to
prevent unauthorized device access, and the use of data
anonymization techniques to protect patient identity in the event
of a data breach [41,61].

Furthermore, the use of advanced technologies such as AI and
machine learning in processing and analyzing the collected data
presents its own set of risks. While these technologies can
enhance the accuracy and efficiency of health monitoring, they
also require access to large datasets, which can exacerbate
privacy concerns if not handled properly. Ensuring that AI and
machine learning models are trained on anonymized data and
that they adhere to strict privacy standards is essential to mitigate
these risks. Potential attackers pose significant threats to the
security of remote monitoring systems. These attackers might
attempt to intercept data transmission, gain unauthorized access
to monitoring devices, or exploit vulnerabilities to extract
sensitive information. Addressing these threats requires a
multilayered security approach, including end-to-end encryption,
secure communication protocols, and robust incident
mechanisms to quickly address and mitigate breaches when
they occur [47].

Balancing Safety and Patient Autonomy
While remote monitoring offers substantial benefits for
managing AD, it also presents critical security and privacy
challenges that must be carefully addressed. Ensuring robust
data security through encryption, access controls, and regular

audits; complying with privacy regulations; obtaining informed
consent; and addressing the unique vulnerabilities of patients
with AD are essential components of a secure and ethical
monitoring system [62,63].

Balancing safety and patient autonomy in remote monitoring
for AD care presents a complex challenge that requires a
nuanced approach. While the technology offers substantial
benefits, such as continuous health monitoring, early anomaly
detection, and timely interventions, it must be implemented
thoughtfully to prevent undue intrusion. The need for constant
observation can infringe on the patients’ sense of independence,
raising ethical questions about dignity and consent. To address
these concerns, remote monitoring systems should integrate
customizable privacy settings that allow caregivers to modify
the monitoring level based on the patients’ current health status
and preferences. Noncritical data anonymization and local data
processing using edge computing can significantly reduce the
sense of surveillance, ensuring that only essential information
is transmitted to central servers [64].

Obtaining informed consent from patients with AD is another
critical aspect due to cognitive impairments that often affect
their decision-making capabilities. In such cases, involving
caregivers or legal guardians becomes essential to uphold the
patients’ rights while ensuring that their best interests are
protected [65,66]. Technologically secure consent management
systems can be used to store and track consent records digitally.
Leveraging blockchain technology for tamper-proof consent
logs can enhance transparency and accountability, making it
clear who has agreed to data collection and how the data will
be used. This approach ensures compliance with regulations
such as the GDPR [60] and HIPAA [58,67], reinforcing trust
among patients, caregivers, and health care providers.

Adaptive monitoring systems that support variable levels of
oversight can help maintain patient autonomy by shifting from
comprehensive tracking to minimal oversight as needed. This
adaptability allows caregivers to balance the safety needs with
the patients’ right to privacy. Moreover, implementing
user-controlled privacy features empowers patients and their
caregivers to configure data sharing preferences, such as
choosing which types of data are collected and how frequently
they are transmitted. This flexibility can significantly improve
user satisfaction and trust in the monitoring system.

AI integration into monitoring systems should prioritize ethical
standards, ensuring that data handling is minimal and
transparent. For instance, using federated learning allows
algorithms to be trained directly on local devices, avoiding the
need to transfer raw data to external servers [68]. This method
safeguards privacy while maintaining the system’s ability to
deliver valuable insights. In addition, explainable AI frameworks
can provide justifications for alerts and decisions, ensuring that
caregivers understand the reasoning behind the system’s actions
[69]. Such transparency bolsters confidence in the technology
and facilitates informed decision-making.

To enhance safety protocols without compromising privacy,
remote monitoring systems should use multilayered privacy
protocols that combine encryption, robust user authentication,
and differential privacy [70]. By injecting noise into datasets,
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differential privacy makes it difficult to trace data back to
individual patients while allowing for meaningful analysis.
Regular security audits and ethical reviews should also be
conducted to ensure that monitoring practices do not become
overly invasive. Independent ethics committees can provide
oversight, ensuring that the technology aligns with
patient-centric values and preserves autonomy.

Maintaining patient dignity is paramount, especially when using
advanced monitoring technology. Nonvisual sensors such as
microradar [71] systems can detect falls and wandering without
capturing images or videos, offering a less invasive alternative
to camera-based surveillance. Moreover, patients and caregivers
should have the option to customize notification settings,
choosing to receive only high-priority alerts to minimize stress.
This selective alert system can enhance quality of life by
allowing patients to maintain a degree of normalcy and
autonomy in their daily lives.

Potential Remote Monitoring Framework for Patients
With AD (RQ 4)

Overview
Critical design considerations for a potential remote monitoring
framework for patients with AD include ensuring privacy and
data security to comply with HIPAA regulations, using
nonintrusive monitoring technologies such as microradar sensors
to maintain patient dignity, and incorporating AI-driven
analytics for accurate detection of falls and wandering. The
system should offer real-time alerts to caregivers, be
user-friendly for both patients and caregivers, and integrate with
existing health care platforms for seamless data sharing. In
addition, providing customizable and scalable features can
accommodate diverse patient needs and facilitate broader
adoption.

The development of our proposed remote monitoring framework
was directly informed by the insights gained from our literature
review. Our findings revealed that existing monitoring solutions
such as wearable sensors and camera-based systems present
significant limitations in terms of user compliance, privacy
concerns, and real-time responsiveness. Wearable devices
require active patient participation, which may not always be
feasible for individuals with ADRD, whereas camera-based
systems raise ethical and privacy concerns. In response, our
framework integrates microradar technology, which allows for
the nonintrusive monitoring of falls and wandering behaviors
without compromising user privacy. In addition, AI-powered
analytics enhance the accuracy of detection by processing
microradar data to identify anomalies in movement patterns.
To support real-time caregiver intervention, our system uses
Web Real-Time Communication (WebRTC) and peer-to-peer
(P2P) communication for seamless alerts. By addressing these
limitations and leveraging interdisciplinary advancements, our
framework offers a comprehensive, privacy-conscious, and
scalable solution for the monitoring of patients with ADRD.
Different aspects pertaining to RQ 4 are discussed in the
following subsections.

Ensuring Patient Safety
Patient safety is the cornerstone of any remote monitoring
system for patients with AD. Wearable devices such as
smartwatches and fitness trackers can monitor crucial health
indicators such as gait, sleep patterns, physical activity, and
falls. Environmental sensors placed in the patient’s home can
track temperature, motion, and other conditions to detect unusual
behavior, such as wandering or falls, ensuring that immediate
action can be taken [72].

Given the sensitivity of health data, robust security measures
are essential. Data from wearable devices and sensors must be
encrypted to prevent unauthorized access. Compliance with
regulations such as the GDPR and HIPAA is necessary to protect
patient privacy. Strong authentication methods and regular
software updates can help maintain data integrity and security.

Ease of Use for Caregivers
The system must be user-friendly, as caregivers for individuals
with ADRD may not be technologically savvy. A simple,
intuitive interface is crucial, allowing for straightforward
navigation and clear, actionable alerts to reduce ambiguity and
stress. Customizable notifications and automated alerts ensure
that caregivers are informed of critical issues without needing
to constantly monitor the system while minimizing false alarms
to avoid unnecessary stress. In addition, providing educational
resources within the system helps caregivers understand how
to best use the monitoring tools and improve their caregiving
skills. This approach empowers caregivers, enhances efficiency,
and improves patient safety by facilitating timely interventions
[73,74].

Ethical Considerations
Ethical considerations for a potential remote monitoring
framework for patients with AD include ensuring informed
consent and respecting patient autonomy. Considering cognitive
impairments, obtaining informed consent must involve patients
as much as possible as well as legal representatives or caregivers
when necessary to ensure understanding and voluntary
participation. Privacy and confidentiality are paramount,
requiring compliance with data protection regulations and secure
data handling practices. The system should be minimally
intrusive, using discreet technologies to balance safety with
patient dignity and avoiding constant visible monitoring that
could lead to a loss of independence. Transparency in
communication about the system’s operation and data use, as
well as providing feedback mechanisms, builds trust and
addresses concerns. Ethical design principles involving
user-centered approaches and bias mitigation in AI, alongside
regular ethical reviews and oversight by ethics committees,
ensure that the system remains respectful and patient centered
while enhancing safety [75,76].

Compatibility With Existing Systems
To be effective, the remote monitoring system for patients with
AD must integrate seamlessly with existing health care
infrastructure, such as electronic health records (EHRs) [77].
This integration ensures that all relevant health data from the
monitoring system are accurately and efficiently captured within
the broader health care framework. Using standardized protocols
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and application programming interfaces is critical for facilitating
data sharing and interoperability [78]. These standards, such as
Health Level Seven Fast Healthcare Interoperability Resources,
ensure that data from the monitoring system can be easily and
securely exchanged with different EHR systems and other health
IT platforms [79]. Seamless integration allows physicians,
specialists, and other clinicians to access comprehensive,
up-to-date information about patients, promoting coordinated
care. For instance, if a remote monitoring system detects a fall
or wandering incident, this information can be automatically
logged in the patient’s EHR, alerting HCPs in real time. This
ensures that primary care physicians, specialists, and hospital
staff have a unified view of the patient’s health status and recent
events, enabling more informed decision-making and timely
interventions.

Moreover, compatibility with existing systems helps in reducing
duplication of efforts and minimizes the risk of errors. HCPs
can avoid manually entering data, which not only saves time
but also reduces the likelihood of transcription errors. By
ensuring that the remote monitoring data are automatically
integrated into EHRs, the system enhances the accuracy and
reliability of patient records. In addition to technical
interoperability, organizational processes and workflows must
be considered to ensure smooth integration. Training for
physicians, nurses, and other HCPs on how to use the new
system and interpret its data within the context of existing EHRs
is essential. Developing clear protocols for how and when data
from the monitoring system should be used in patient care can
help ensure that the system is used effectively. By enabling
seamless data sharing and integration, the system supports a
more coordinated and comprehensive approach to health care,
ultimately improving outcomes for patients with AD and
reducing the burden on caregivers and medical professionals.

Scalability and Flexibility
A scalable system is essential for accommodating the increasing
number of patients with AD who require care. As demand for
remote monitoring solutions grows, the system must expand
without compromising performance or reliability. This need
involves designing the system architecture to support a larger
user base and additional data processing and storage capabilities.
Scalable infrastructure ensures that the system can handle a
surge in the number of patients and caregivers, allowing health
care providers to maintain high standards of care even as the
user population increases. Moreover, incorporating standardized
interfaces and protocols such as application programming
interfaces and interoperability standards ensures that the system
can easily connect with new devices and technologies,
facilitating continuous improvement and innovation [80].

Flexibility in the remote monitoring system is equally important.
The system should have a modular architecture that allows for
the easy integration of new sensors and technologies as they
become available. This modular approach ensures that the
system can adapt to technological advancements and incorporate
innovative solutions without requiring a complete redesign. It
should also be configurable to meet the specific requirements
of various health care settings, such as in-home care, assisted

living facilities, or hospitals, providing tailored solutions that
address the unique challenges of each environment. The
system’s scalability and flexibility ensure that it adapts to
evolving health care needs, enhancing patient care and
supporting the growth of remote monitoring technologies [80].

Technology Components
Wearable technology is essential for health monitoring, allowing
for the real-time tracking of multiple health variables such as
heart rate, physical activity, sleep habits, and location [56,72].
These devices help monitor the patient’s daily routines and
identify emergencies such as falls. Environmental sensors also
enhance the patient’s living environment by monitoring door
activity, motion, and room temperature to detect unusual
activity. For instance, if a patient leaves the house at an unusual
time, an alert can be issued to the caregiver. Smartphone apps
enable caregivers to easily monitor and receive notifications,
enter observations, create personalized alerts, and access
learning materials. Continuous connectivity ensures that
caregivers are always informed about the patient’s status.

Implementing AI and machine learning algorithms to analyze
data collected from wearables and other devices allows for the
identification of trends indicating potential health issues. These
predictive analytics enable caregivers to anticipate problems
and take preventive measures before they become critical, thus
improving patient care and safety. Moreover, an IoT
infrastructure is essential for ensuring seamless data transfer
between all connected devices, with cloud computing offering
scalable processing and storage capacity and edge computing
minimizing delays by processing data locally. Effective data
management is crucial for making sense of the vast amounts of
data generated by the system, allowing for trend analysis and
informed clinical decisions. Advanced analytics techniques can
also provide personalized patient care. In addition, robust
security technologies such as intrusion detection systems,
firewalls, and encryption methods are vital to protect the system
from threats, with frequent maintenance and updates ensuring
ongoing security

Comprehensive Framework

Overview

On the basis of the discussions in the previous subsections and
the findings of previous studies, we propose a comprehensive
remote monitoring framework, as shown in Figure 4, by
incorporating the use of wearable technologies, sensors,
AI-powered analytics, and a safe IoT infrastructure. The
elements in the schematic framework are intricately connected
and together create a comprehensive system for the remote
monitoring of patients with AD. The framework is designed
with a strong focus on health and safety. The use of microradar
technology ensures that monitoring is nonintrusive and safe for
patients, reducing the stress associated with traditional
monitoring systems. This framework not only enhances patient
safety but also alleviates the burden on caregivers by providing
reliable, real-time support and intervention tools. The following
is a detailed discussion of how each point contributes to the
overall monitoring framework.
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Figure 4. Schematic framework for remote monitoring of patients with Alzheimer disease. ADRD: Alzheimer disease and related dementias; AI:
artificial intelligence; CNN: convolutional neural network; MDR: micro-Doppler radar; ML: machine learning; P2P: peer to peer; WebRTC: Web
Real-Time Communication.

Data Collection

The data collection unit is the central component of the
monitoring system and is responsible for gathering and
processing the data required to track the patient’s movements
and health status effectively. At its core, the unit uses
micro-Doppler radar technology to capture raw signal data by
continuously monitoring the patient’s movements in a
nonintrusive manner [81]. This technology is crucial as it does
not require the patient to wear any devices or interact with the
system, thereby preserving the patient’s privacy and minimizing
any stress or discomfort that might arise from traditional
monitoring systems. The raw data collected by the
micro-Doppler radar undergoes a critical preprocessing stage
in which essential gait features are extracted. This step is vital
in filtering out noise and isolating the most relevant aspects of
the patient’s movements that could signal potential risks. Once
preprocessed, the data are fed into advanced AI and machine
learning algorithms, which analyze the extracted features to
identify patterns in the patient’s movements. This sophisticated
processing enables the system to distinguish between normal
daily activities and potentially hazardous situations such as falls
or wandering, thereby enhancing the system’s ability to ensure
the patient’s safety while maintaining their dignity and comfort.

Data Processing

The data processing component plays a critical role in enhancing
the system’s ability to accurately classify various patient
movements, which is fundamental to ensuring effective
monitoring and maintaining the safety of individuals with
ADRD. The process begins with preprocessed data being fed
into a convolutional neural network [82], a powerful AI model
specifically designed to recognize and analyze patterns within
the input data. This network is trained to classify different types
of motions, enabling it to distinguish between normal daily
activities such as walking or sitting and potentially hazardous
incidents that may require immediate intervention, such as falls
or wandering outside a designated safe zone. The convolutional

neural network’s ability to make these distinctions is vital to
the system’s overall accuracy and reliability as it allows for the
early detection of unusual or dangerous behaviors. This, in turn,
facilitates timely alerts and responses, ensuring that caregivers
can intervene quickly and appropriately to protect the patient’s
well-being. Through this advanced data processing approach,
the system not only enhances patient safety but also provides
peace of mind to caregivers through the knowledge that the
system is capable of accurately monitoring and responding to
the specific needs of patients with ADRD.

Fall and Wandering Detection

The fall and wandering detection component is a critical part
of the monitoring system, designed to ensure the continuous
safety of patients by closely tracking their movements and
identifying any signs of falling or wandering outside a
predefined safe area. The system uses a geofencing approach
in which a defined boundary or safe zone is established around
the patient’s environment. This safe zone is carefully configured
based on the patient’s needs and typical movement patterns.
The system continuously monitors the patient’s movements
within this boundary using sophisticated pattern identification
techniques. By analyzing these movement patterns in real time,
the system can quickly detect any deviations from the norm.
For example, if the patient crosses this virtual boundary or
exhibits movements that suggest a fall, such as a sudden loss
of balance or an abrupt change in posture, the system
immediately flags this behavior as an anomaly. This continuous,
vigilant monitoring is essential for identifying potential risks
before they can lead to serious harm.

Once an anomaly is detected, the system’s response should be
both swift and automated. The anomaly detection process should
be finely tuned to recognize specific triggers, such as the patient
moving outside the safe zone or experiencing a fall. When such
an event is identified, the system automatically triggers an alert,
ensuring that caregivers are notified in real time. These alerts
should be designed to reach caregivers through various channels,
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such as mobile notifications or direct messages, providing them
with immediate information about the patient’s situation. This
real-time notification system is crucial for enabling caregivers
to respond promptly and appropriately to any incidents, whether
it involves assisting the patient after a fall or guiding them back
to safety after wandering. The combination of continuous
monitoring and instantaneous alerting forms a robust safety net,
significantly reducing the risks associated with falls and
wandering in patients with ADRD.

Caregiver Notification and Support

The caregiver notification and support component is designed
to empower caregivers with the tools and information they need
to effectively monitor and respond to the needs of patients in
real time. Central to this component are real-time alerts, which
are instantly sent to caregivers’ devices, ensuring that they are
always aware of the patient’s status. These immediate
notifications are particularly crucial in emergency situations,
such as when a fall or wandering event occurs. By receiving
alerts the moment an anomaly is detected, caregivers can
intervene promptly, providing necessary assistance or preventing
further harm to the patient. This real-time communication is
key to maintaining the safety and well-being of patients with
ADRD.

In addition, the system is equipped with a recording command
and rescue feature facilitated by a Raspberry Pi module. This
module plays a vital role by capturing and recording the event
as soon as an anomaly is detected. The recorded data are
automatically sent to caregivers, offering them detailed insights
into the incident. This documentation not only aids in immediate
rescue actions but also serves as a valuable resource for later
analysis. By reviewing recorded incidents, caregivers and
medical professionals can better understand the circumstances
leading up to the event, which is essential for medical
evaluations and refining future care strategies. The ability to
document and analyze these events ensures that care can be
continuously improved, ultimately enhancing the quality of life
of both patients and caregivers.

WebRTC and P2P Communication

The framework integrates advanced communication technologies
to ensure seamless monitoring and interaction between
caregivers and the system, providing a reliable and immediate
connection regardless of location. A key component of this
system is the use of WebRTC technology, which facilitates

real-time P2P communication [83,84]. This technology allows
caregivers to monitor the patient from their smartphones or
other devices with ease and without delay, ensuring that they
remain connected to the patient’s status at all times. The use of
WebRTC ensures that the communication is not only immediate
but also direct, reducing latency and enhancing the
responsiveness of the system.

This capability significantly enhances patient safety as it allows
caregivers to maintain a continuous, real-time connection with
the system, enabling them to respond quickly to any situation
that may arise. Whether it is monitoring routine activities or
responding to alerts triggered by the system, WebRTC ensures
that caregivers can provide timely and effective interventions.
The seamless monitoring facilitated by this technology is crucial
for reinforcing the safety net around patients with ADRD, giving
caregivers the confidence and tools they need to manage their
loved ones’ care effectively, no matter where they are.

Conclusions
This study highlights the revolutionary potential of remote
monitoring technologies in AD care, emphasizing the critical
balance among innovation, practicality, and empathy. The
comprehensive analysis revealed that, while wearable devices
and ambient sensors significantly enhance the ability to track
and support patients with AD, they also introduce challenges
related to privacy, data security, and user acceptance. The
findings stress the necessity of involving patients and caregivers
in the design process to ensure that these technologies meet
their specific needs and regulatory requirements, which is crucial
to the successful implementation of these technologies.

The proposed remote monitoring framework integrates
cutting-edge microradar technology with AI-powered processing
to create a nonintrusive, privacy-conscious solution for
monitoring patients with AD and dementia. By focusing on
real-time data processing, caregiver notification, and seamless
communication, the system not only enhances patient safety
but also provides critical support to caregivers, ultimately
improving the quality of care for individuals with ADRD. Future
research can focus on refining these systems to enhance their
usability, accessibility, and security, thereby improving the
overall caregiving experience and patient well-being. By
advancing remote monitoring practices, we can create a
supportive environment that alleviates caregiver burdens and
promotes a higher quality of life for individuals living with AD.
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Abstract

As the aged care sector undergoes digital transformation, greater attention is needed to development of digital health capability
in its workforce. There are many gaps in our understanding of the current and future impacts of technology on those who perform
paid and unpaid aged care work. Research is needed to understand how to make optimal use of both digital resources and human
resources for better aged care. In this Viewpoint, we reflect on a workshop held during an international conference that identified
shared concepts and concerns to shape further research into workforce capability. Digital technologies and digital data can increase
quality of care in a system that operates through partnerships among service providers, service users, and community members.
To realize this potential, digital health learning and development are needed in the aged care workforce. As digital dimensions
of aged care services expand, the sector needs clearer direction to implement approaches to workforce learning and development.
These must be appropriate to support the safe and ethical performance of care work and to increase the satisfaction of those who
care and those for whom they care.

(JMIR Aging 2025;8:e54143)   doi:10.2196/54143
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Why Focus on a Digitally Capable Aged
Care Workforce?

The aged care sector is in the spotlight around the world due to
the increasing health and well-being needs of aging populations.
Examples are the Australian Royal Commission into Aged Care
Quality and Safety [1], Japan’s Social Welfare for the Elderly
Act [2], and Germany’s national report examining the human
rights of older persons in long-term care [3]. Comparisons of
aged care systems internationally focus on a variety of issues
[4,5].

In such reports, the aged care workforce emerges as an essential
factor. One part of this workforce is paid, structured, and
regulated (eg, registered nurses) and formally counted in the

health and care workforce. Another part of this workforce is
informal—often unpaid and not structured or regulated (eg,
relatives as unpaid caregivers) but contributing in incalculable
ways [6]. Both parts operate under conditions that can be
inequitable, inefficient, uncertain, and unsatisfactory. The
overall situation of the aged care workforce demands widespread
improvements in recruitment and retention, practice standards,
skill levels, recognition, and reward [7].

Digital maturity in aged care service provider organizations lags
behind mainstream health care services; there are differences
between the two also in terms of information needs, technologies
of interest, and administration. The medico-legal record for
aged care services works differently from hospitals and primary
care services, making data and information standardization
problematic [8]. Robotics, sensors, and virtual reality have been
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explored for over a decade in many countries for their potential
to augment human care-giving, but with little opportunity for
uptake due to cost and complexity [9]. Telehealth has been
shown to have a promising place in aged care, especially since
the COVID-19 pandemic, but funding and service supply remain
problematic [10]. Nevertheless, digital transformation of the
aged care sector is underway [11,12].

Despite this, digital skills of any kind rarely appear in aged care
job descriptions or training programs. Further, national
workforce strategies related to digital health capability scarcely
address the digital skill shortages in the aged care sector. On
one hand, there is hope that the sector will find the “right” staff
for digitally enabled aged care and find ways to assure them of
technology’s quality and trustworthiness [13,14]. On the other
hand, there is uneasiness that roles and responsibilities may
become invisible, peripheral, or “care-adjacent” in the process
of moving to technological efficiency and sustainability [15,16].
In short, the introduction of technology has still-unknown
implications for the evolution of work in the aged care sector,
with possible effects ranging from displacing workers to
supporting productivity in current roles or to elevating
responsibilities and recognition. However, much of the research
to date into aged carers’ digital experiences and expectations
has had a short-term focus on technology implementations rather
than consequences and outcomes [17,18].

Working with technology in particular ways can support specific
well-being factors, including positive emotions, self-awareness,

mindfulness, empathy, and compassion—so-called positive
computing [19]—and there are reports that this approach can
benefit aged care organizations and their workers [20]. But there
is no guarantee that this will happen without a deliberate
workforce strategy. This raises questions about how to proceed,
which shape the aims of further research: How can digital
transformation of the aged care sector be optimized through
greater investment in the digital knowledge, skills, attributes,
and attitudes of its workforce? How can such investment in turn
improve working conditions and job satisfaction in the aged
care workforce?

The authors explored these questions during a workshop that
we facilitated at the July 2023 MedInfo conference in Sydney,
Australia. There we presented our view that workforce research
and development is needed to achieve optimal outcomes for
workers in order to achieve these for service users as the aged
care sector moves toward digital maturity. The ensuing
discussions with workshop delegates contributed to refining the
viewpoint we outline here.

What Knowledge and Skill Building Is
Required for Digital Aged Care Work?

Digital aged care work is likely to deliver the greatest benefits
when needs for fundamental, complementary digital knowledge
and skills are met in both paid and unpaid workers. Table 1
summarizes and juxtaposes the capabilities that we propose.

Table 1. Digital capabilities needed in the aged care workforce.

For unpaid workFor paid work

Knowing about the existence of digital systems and tools, and the ways
they can support care users and workers

Knowing about developments in the digital environment in which health
and care operate

Knowing how to use tools to support care closer to home and enhance
care provision

Knowing how to adopt digital tools to help with care coordination and
monitoring

Knowing how to navigate a complex aged care system across multiple
digital platforms

Knowing the importance for care quality of collecting and interpreting
digital data collected during episodes of care

Ability with general digital proficiency and literacyAbility with general digital proficiency and literacy, including information
security

Ability to access and interpret information from multiple online sourcesAbility to evaluate online information critically

Ability to learn to engage with technology and be comfortable with tech-
nology

Ability to consider usability and empathy when using digital tools with
patients and clients

Ability to be connected and share health data between care consumers and
providers

Ability to interpret biometric data and help the patient or client to under-
stand it

Ability to access and use technology to overcome isolationAbility to judge when technology is not needed as well as when it is

There are parallel aspects of capability, with different levels of
sophistication, in the needs of paid and unpaid workers.
Accordingly, paid workers must be cognizant of not only their
own capabilities, but also the capabilities of the unpaid workers
with whom they partner. Aside from the digital capabilities of
direct consumers of aged care services, paid workers must
consider and collaborate with the capabilities of volunteer carers
among family, friends and community members. Thus, to build
the digitally capable human resources that will support healthy
and dignified aging for all, the sector certainly must increase
levels of digital literacy in the paid workforce; digital literacy

being defined as the ability to use technology to communicate,
retrieve, and evaluate information to make decisions [21].
However, the sector also must increase levels of active
engagement in digital citizenship among both paid and unpaid
workers; in the concept of digital citizenship, people are
increasingly expected to use a range of technologies to access
services of all kinds and to participate on all levels in society
[22].

Various approaches are possible to support digital knowledge
building and skill building for the paid workforce. There seem
to be gaps and requirements in terms of both formally accredited
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training programs and less formal continuing professional
development, as well as for both workplace-based learning and
workplace-independent learning. The diverse and differentiated
methods needed to uplift the digital capabilities of the unpaid
workforce are an even broader challenge. Strategy and culture
will have to change in the aged care sector to create an
environment that encourages and supports all those who do the
work to embrace learning and development for positive uses of
technology. Among service providers, technology suppliers,
industry and community associations, and government agencies,
it is not yet clear where roles and responsibilities should sit for
planning, implementing, and evaluating the changes that are
needed to create and support a digitally capable aged care
workforce.

Although these themes are similar to those arising in the
mainstream health care workforce in some respects, they also
recognize that the aged care ecosystem is distinctive and
heterogeneous in terms of the array of partnerships among
service providers, service users, and community members [23].
It may be useful to build a more detailed understanding of the
digital capability gaps and needs in this sector by overlaying
two other system-level concepts onto the idea of the aged care
ecosystem—care ecosystems and workforce ecosystems. A care
ecosystem is defined as an approach to configuring paid and
unpaid workers, ambient assistive technologies, and digital data
sharing as work-arounds for intractable workforce shortages in
care, particularly in situations that do not call for advanced or
intensive clinical services [24,25]. A workforce ecosystem is
characterized by employees and contractors working
interdependently with automated processes to achieve the goals
of an organization and their personal goals; it is considered a
guiding concept for the challenges of human resources
management as artificial intelligence changes industries and
societies [26,27]. A whole-system approach that acknowledges
these concepts could provide a coherent framework to plan,
implement, and evaluate the range of complementary measures
that are needed for digitally enabled aged care work.

Conclusions and Next Steps

Digital technologies and digital data have the potential to
improve many aspects of the experiences of the people who

receive aged care and the people who provide it. The context
in which we seek to develop the digital capabilities of the aged
care workforce is challenging. There are strong sustainability
pressures on service providers. Public policies, strategies, and
sentiments favor innovative, distributed care. Social and
technological services and solutions are not joined up. Workers
across the sector are stretched thin, whether they are highly
trained professionals (eg, registered nurses), minimally trained
caregivers (eg, health and personal care assistants), or informal
caregivers (eg families, friends, and neighbours).

Understanding how to build digital capability in this workforce
is complex and multifaceted, with many unknowns. Inclusion
is one: What learning and development methods are most
efficient and effective to enable digital skills across the entirety
of this workforce? Empowerment is another: How can aged
care workers be enabled to advocate for and implement digital
improvements that bring positive changes to care? Expertise is
another: What career opportunities and leadership roles are
appropriate to motivate digital aged care specialists and sustain
their attention to workforce development?

Next steps for the work in this field include reviewing the
literature to distill evidence from reports of small-scale efforts,
workforce research, and development that engages real-world
settings and stakeholders, as well as trials of scalable learning
and professional and community development programs. To
progress this research requires new collaborations among aged
care workers, service provider organizations, aged care
technology vendors, and digital health workforce researchers.
We can improve the current standing of digital skills in the aged
care workforce only if we first clarify what the workforce needs
from education providers, employers, technology suppliers, and
policy makers to enable and motivate them to use existing and
emerging technologies safely and wisely. This work will provide
important information to design learning and development that
enhances digital capability, and it will establish expectations
that allow us to evaluate changes in workforce status and
performance as an integral part of the digital transformation of
aged care.
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Abstract

Digital twins—dynamic and real-time simulations of systems or environments—represent a paradigm shift in emergency medicine.
We explore their applications across prehospital care, in-hospital management, and recovery. By integrating real-time data,
wearable technology, and predictive analytics, digital twins hold the promise of optimizing resource allocation, advancing precision
medicine, and tailoring rehabilitation strategies. Moreover, we discuss the challenges associated with their implementation,
including data resolution, biological heterogeneity, and ethical considerations, emphasizing the need for actionable frameworks
that balance innovation with data governance and public trust.

(JMIR Aging 2025;8:e71777)   doi:10.2196/71777
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Introduction

The concept of digital twins—dynamic, real-time simulations
of processes, systems, or environments—has garnered increasing
attention across various domains, from urban planning to
medical monitoring [1]. Unlike predictive analytics and artificial
intelligence (AI)–driven simulations, digital twins construct
dynamic mirror models of physical entities through real-time
data synchronization and simulation technologies, emphasizing
virtual to physical mapping and closed-loop feedback to support
full lifecycle management. In contrast, predictive analytics focus
on trend forecasting based on historical data, whereas AI-driven

simulations concentrate on multiscenario modeling of complex
systems. The advantages of digital twins lie in their real-time
capabilities, dynamic optimization, and potential for
cross-system collaboration, enabling a closed-loop process from
monitoring to decision-making, significantly enhancing
efficiency and precision [2]. Emergency care, characterized by
its demand for timeliness, precision, and adaptability, provides
an ideal testing ground for this transformative technology. By
bridging prehospital care, in-hospital management, and recovery,
digital twins promise to reshape emergency medical systems
for the future (Figure 1). Textbox 1 provides an explanation of
the application of digital twins in prehospital first aid, in-hospital
first aid, and rehabilitation.
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Figure 1. The role of digital twins in transforming emergency medicine.
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Textbox 1. The application of digital twins in prehospital first aid, in-hospital first aid, and rehabilitation.

Prehospital emergency care

• Optimized resource allocation: simulation of real-time first-aid scenarios to assess urban emergency needs and spatial distribution of resources,
allowing for evidence-based planning and improved efficiency in resource use

• Reduced response time: minimization of procedural delays through real-time data sharing, enabling seamless communication and critical data
updates across emergency personnel and systems

• Real-time patient monitoring: leveraging of wearable devices and sensors to create dynamic health profiles, facilitating immediate assessments
and predictions of patient conditions (eg, vital signs such as heart rate and blood pressure)

• Risk stratification: aggregation and analysis of patient data to provide superior accuracy in predicting acute events (eg, cardiac arrests), outperforming
traditional clinical risk assessments

• Enhanced training: use of simulation-based training environments to strengthen emergency response protocols, improve decision-making, and
foster team coordination under high-pressure conditions

In-hospital emergency care

• Advanced imaging analysis: integration of multidimensional data to overcome sample limitations in medical imaging, enabling the development
of robust diagnostic models

• Precision medicine: combination of genomic, environmental, and lifestyle data for tailored risk assessments and personalized treatment plans,
empowering informed clinical decision-making

• Human digital models: use of digital replicas of anatomical structures to plan surgeries and minimize risks during procedures by simulating
operations beforehand

• Digital twin–enabled decision-making: facilitation of real-time analysis and expert-guided interventions (eg, cardiopulmonary resuscitation and
drug administration) via remote systems, reducing disparities in emergency care accessibility

• Predictive disease monitoring: use of Internet of Things devices and wearables to continuously monitor patient status, identifying early signs of
complications and supporting timely interventions

• Streamlined resource coordination: ensuring efficient resource distribution and effective communication among health care teams through unified,
up-to-date patient data sharing

Recovery

• Continuous monitoring: use of sensors and wearable devices to track recovery progress and dynamically adjust treatment plans to optimize
outcomes

• Telerehabilitation management: enabling remote monitoring of patients through digital twins, providing clinicians with tools to assess and adjust
rehabilitation remotely, particularly for mobility-impaired individuals

• Patient self-management: sharing digital twin insights with patients to encourage active participation in health management through lifestyle
modifications and adherence to care plans

• Disease progression monitoring systems: integration of real-time monitoring data to predict the risk of disease exacerbations or complications,
thereby intervening in time and triggering early warnings, allowing physicians to adjust treatment during critical windows and improve outcomes.

Prehospital Emergency Care

Current prehospital emergency care systems often struggle with
suboptimal resource allocation due to their reliance on simplified
decision-making models that fail to account for the complex,
dynamic nature of urban environments [3]. Digital twins address
these limitations by unifying diverse data streams into a single,
adaptable model that enables real-time optimization of
emergency resource allocation. These models incorporate
multiple layers of data, from historical emergency call patterns
to real-time traffic conditions, enabling more nuanced and
effective resource deployment decisions.

Digital twins prove particularly valuable in prehospital
emergency care, where time-sensitive decisions directly impact
patient outcomes. By incorporating high-resolution information
about building layouts, land use, population density, and traffic
patterns, digital twins create actionable urban simulations that

allow emergency response teams to plan and execute their
operations with unprecedented efficiency. The integration of
these various data sources enables more sophisticated
approaches to emergency resource management than previously
possible with traditional systems.

This transformation in emergency care delivery demonstrates
the broader potential of digital twin technology to revolutionize
urban health care systems through data-driven, predictive
approaches to resource management. Moreover, wearables in
ambulances provide dynamic health profiles, supporting
real-time monitoring and accurate risk stratification for acute
events. Simulation-based training environments can help
improve emergency team readiness and coordination under
high-pressure conditions.
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In-Hospital Emergency Care

In hospitals, digital twins are redefining precision medicine by
integrating diverse data sources to enable robust diagnostics,
personalized treatments, and streamlined workflows [4]. By
synthesizing real-time patient data with historical health records
and predictive algorithms, digital twins facilitate more accurate
disease modeling, enhancing clinical decision-making and
tailoring interventions to individual patient profiles. This
data-driven approach supports the early detection of
complications, optimization of treatment pathways, and
improvement of patient outcomes.

Preoperative simulations represent a critical application of digital
twins in surgical care. By creating highly accurate digital
replicas of patient anatomy, clinicians can simulate surgical
procedures, anticipate potential challenges, and refine techniques
before making the first incision. These virtual rehearsals
significantly reduce surgical risks, improve procedural
efficiency, and enhance patient safety. Complementing this,
predictive monitoring through Internet of Things (IoT) devices
enables the continuous assessment of patient vital signs, offering
early warnings of complications such as sepsis or cardiac arrest.
These alerts allow medical teams to respond swiftly, averting
adverse outcomes and saving lives.

An emerging and transformative application is the development
of medical device twins (MDTs), which provide virtual
counterparts for critical hospital equipment, including
ventilators, defibrillators, infusion pumps, and imaging devices.
MDTs are created through digital twin technology and are
consistent with the actual medical device in terms of function,
performance, and status. They can be updated in real time to
reflect the actual operation of the medical device. These digital
twins continuously monitor device performance, tracking metrics
such as wear and tear, calibration accuracy, and operational
efficiency. By identifying potential failures before they occur,
MDTs facilitate proactive maintenance, reducing downtime and
ensuring the reliability of life-saving equipment during critical
emergencies.

Beyond maintenance, MDTs contribute to resource optimization.
By analyzing use patterns and forecasting demand surges, these
systems can dynamically allocate equipment to areas of highest
need, such as during mass casualty incidents or seasonal patient
influxes. This predictive capability not only prevents bottlenecks
in care delivery but also enhances hospital operational
efficiency, ensuring that critical resources are always available
when and where they are needed.

Recovery

In recovery, digital twins play a transformative role by enabling
personalized and adaptive rehabilitation processes. These
advanced systems integrate comprehensive patient data,
including clinical records, biometric parameters, and lifestyle
information, to develop dynamic treatment plans tailored to
individual needs. Wearable devices continuously monitor patient
progress in real time, providing crucial data to adjust therapies
dynamically, ensuring that interventions remain effective and

responsive to changes in a patient’s condition [5,6]. This
real-time feedback loop facilitates precision rehabilitation,
minimizing setbacks and promoting steady recovery trajectories.

Telerehabilitation further amplifies these benefits by offering
remote monitoring and therapy-adjustment capabilities. Patients
can receive professional guidance and care modification without
frequent in-person visits, reducing logistical burdens and
enhancing access to rehabilitation services. Moreover, digital
twins empower patients by offering insights into their recovery
progress, encouraging active engagement in health management
and fostering adherence to prescribed care plans.

A significant breakthrough in the recovery phase is disease
relapse prediction and early warning, a feature that underscores
the predictive power of digital twins. By leveraging longitudinal
patient data and advanced predictive analytics, digital twin
systems can detect subtle patterns indicative of potential disease
recurrence. These insights enable the generation of real-time
alerts for health care providers, prompting timely interventions
that can mitigate complications and prevent hospital
readmissions. For instance, changes in respiratory patterns or
biomarkers could signal the early stages of a relapse, allowing
for preemptive adjustments in treatment strategies.

Digital Twins in Real-World Applications

Currently, the application of digital twins in emergency care
remains in its early developmental stages, with significant room
for growth, yet they have already demonstrated potential in
real-world scenarios. For instance, Pfizer and IBM’s
collaborative Project BlueSky focuses on developing remote
patient monitoring systems that use wearable devices and
environmental sensors to track disease symptoms in real time,
capture dynamic data, and automatically identify abnormalities
for timely intervention [7]. Similarly, Digital Orthopaedics and
Dassault Systèmes jointly created a clinical decision support
system capable of generating patient-specific computational
models to reduce trial-and-error risks and achieve precision
treatment [7]. During public health crises like COVID-19, digital
twins have proven effective in enhancing emergency response
capabilities by simulating real-time data collection and
vaccination processes to identify optimal resource allocation
strategies and refine contingency planning. These examples
underscore the transformative role of digital twin technology
in advancing emergency care efficiency and resilience [8].

In the cases mentioned above, digital twins have demonstrated
significant advantages over current public health systems.
Digital public health enables optimized resource allocation,
reduces waste, and enhances emergency response efficiency,
and it allows real-time monitoring of patient anomalies to
accelerate emergency interventions. Centered on data-driven
and intelligent capabilities, these advancements markedly
improve the efficiency of resource allocation, response speed,
and decision-making precision in emergency care.

In summary, digital twins represent a reliable tool in the era of
digital intelligence, becoming increasingly feasible in the current
data-rich context. The emergency response system serves as an
excellent testing ground for digital twin applications, offering
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significant potential across areas such as emergency resource
planning, patient monitoring, and rehabilitation. However, the
implementation of digital twins in the emergency domain is not
a task to be completed overnight. It necessitates advancements
in complementary fields, including urban modeling, wearable
technology, and the IoT, to fully realize its potential. Despite
their promise, the application of digital twins in emergency care
faces substantial challenges. Currently, many medical digital
twins remain confined to visualization, providing static
representations rather than actionable tools for decision-making.
For full realization, these systems must evolve beyond
visualization to actionable frameworks. A second critical hurdle
is data quality and resolution. Biological heterogeneity
significantly influences disease progression and treatment
outcomes, requiring vast, high-resolution datasets to build
robust, accurate models. Lastly, ethical, privacy, and security
concerns pose significant barriers to the adoption of digital twins
in health care [9]. The integration of sensitive patient data with
urban-level modeling raises important questions about data
governance, requiring careful consideration to balance

innovation with public trust. To address the aforementioned
challenges, it is necessary to systematically overcome existing
bottlenecks through technological optimization, privacy
protection, ethical governance, and multiparty collaboration.
On the privacy and security front, full lifecycle data protection
must be strengthened by leveraging differential privacy and
blockchain technology to anonymize sensitive information and
enable traceable storage while implementing dynamic access
controls to restrict unnecessary data access. Ethically and
legally, clear boundaries and transparent guidelines for
technology use must be established. Additionally, collaboration
among governments, medical institutions, and technology
companies is needed to develop unified technical standards and
security evaluation systems alongside public education to build
societal trust and ensure patient consent and data authorization.
Only through parallel advancements in technology, regulatory
frameworks, ethical constraints, and social collaboration can
the safe implementation and sustainable development of digital
twin technology in emergency scenarios be achieved.
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Abstract

Background: The global cancer burden is rapidly increasing, with 20 million new cases estimated in 2022. The world population
aged ≥65 years is also increasing, projected to reach 15.9% by 2050, making cancer control for older patients urgent. Surgical
resection is important for cancer treatment; however, predicting postoperative disability and mortality in older patients is crucial
for surgical decision-making, considering the quality of life and care burden. Currently, no model directly predicts postoperative
functional disability in this population.

Objective: We aimed to develop and validate machine-learning models to predict postoperative functional disability (≥5-point
decrease in the Barthel Index) or in-hospital death in patients with cancer aged ≥ 65 years.

Methods: This retrospective cohort study included patients aged ≥65 years who underwent surgery for major cancers (lung,
stomach, colorectal, liver, pancreatic, breast, or prostate cancer) between April 2016 and March 2023 in 70 Japanese hospitals
across 6 regional groups. One group was randomly selected for external validation, while the remaining 5 groups were randomly
divided into training (70%) and internal validation (30%) sets. Predictor variables were selected from 37 routinely available
preoperative factors through electronic medical records (age, sex, income, comorbidities, laboratory values, and vital signs) using
crude odds ratios (P<.1) and the least absolute shrinkage and selection operator method. We developed 6 machine-learning
models, including category boosting (CatBoost), extreme gradient boosting (XGBoost), logistic regression, neural networks,
random forest, and support vector machine. Model predictive performance was evaluated using the area under the receiver
operating characteristic curve (AUC) with 95% CI. We used the Shapley additive explanations (SHAP) method to evaluate
contribution to the predictive performance for each predictor variable.

Results: This study included 33,355 patients in the training, 14,294 in the internal validation, and 6711 in the external validation
sets. In the training set, 1406/33,355 (4.2%) patients experienced worse discharge. A total of 24 predictor variables were selected
for the final models. CatBoost and XGBoost achieved the largest AUCs among the 6 models: 0.81 (95% CI 0.80-0.82) and 0.81
(95% CI 0.80-0.82), respectively. In the top 15 influential factors based on the mean absolute SHAP value, both models shared
the same 14 factors such as dementia, age ≥85 years, and gastrointestinal cancer. The CatBoost model showed the largest AUCs
in both internal (0.77, 95% CI 0.75-0.79) and external validation (0.72, 95% CI 0.68-0.75).

Conclusions: The CatBoost model demonstrated good performance in predicting postoperative outcomes for older patients
with cancer using routinely available preoperative factors. The robustness of these findings was supported by the identical top
influential factors between the CatBoost and XGBoost models. This model could support surgical decision-making while
considering postoperative quality of life and care burden, with potential for implementation through electronic health records.

(JMIR Aging 2025;8:e65898)   doi:10.2196/65898
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older patients with cancer; postoperative outcomes; functional disability; machine learning; decision-making

Introduction

The global cancer burden is rapidly increasing, with an estimated
20 million new cases and 9.7 million deaths in 2022 [1]. In

Japan, the lifetime risk of being diagnosed with cancer is
approximately 65.5% and 51.2% for men and women,
respectively [2].
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In addition, the global population is aging rapidly, with the
proportion of those aged ≥65 years expected to increase from
9.1% in 2019 to 15.9% by 2050 [3]. Japan faces the most
advanced stage of this demographic shift, with the population
of older adults expected to increase from 28.8% in 2020 to
37.7% by 2050 [4]. Thus, cancer control for older patients has
become an urgent issue worldwide, including in Japan.

Older patients with cancer often face challenges such as frailty
[5], comorbidities [6-8], and socioeconomic status [6], which
affect treatment outcomes and quality of life (QOL). Surgical
resection is a key treatment, which requires careful consideration
in older patients with cancer due to concerns about postoperative
functional disability and its impact on long-term outcomes [9].
Some factors may influence surgical outcomes in older patients,
including age [9], anemia [10], BMI [11,12], dementia [6,7],
frailty [5], low household income [6], malnutrition [13], and
smoking [14].

Considering the postoperative QOL and care burden on patients’
families and society, it is important to predict not only
postoperative mortality but also functional disability [15].
Hospital-associated disability, defined as functional disability
following acute hospitalization, is recognized as a crucial
outcome in older patients with significant impact on health care
costs and long-term prognosis [16,17]. Some models can predict
postoperative mortality [5,13]; however, few have addressed
functional disability. A model after lower-extremity surgery [6]
could predict the risk of in-hospital mortality and discharge to
a nursing home, which is a surrogate for functional disability,
in patients admitted from home. Currently, no model can directly
predict functional disability after cancer surgery.

Therefore, this study aimed to develop a machine learning–based
model for predicting postoperative functional disability and
in-hospital mortality in patients with cancer aged ≥65 years
using data from 70 hospitals across Japan. This approach will
enable patients and their families to make informed decisions
about undergoing cancer surgery, considering their postoperative
QOL and care burden.

Methods

Study Design and Data Source
We conducted a retrospective cohort study to develop
machine-learning models for predicting postoperative functional
disability and in-hospital mortality in older patients with cancer.
This study used data between April 2016 and March 2023 from
70 Japanese hospitals within the National Hospital Organization
(NHO) database across 6 regional groups: Hokkaido-Tohoku
group, Kanto-Shinetsu group, Tokai-Hokuriku group, Kinki
group, Chugoku-Shikoku group, and Kyushu group (Figure 1)
[18].

The NHO maintains 2 databases: (1) an administrative claims
database based on the Diagnosis Procedure Combination–based
Per-Diem Payment System [19] and a clinical information
database based on the standardized structured medical record
information exchange [20]. The administrative claims database
contains patient information, such as age, sex, cost,
comorbidities, complications, diagnosis, medical procedures,
and medications. The clinical information database includes
medical charts, laboratory data, and vital signs on a daily basis.
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Figure 1. A total of 6 National Hospital Organization regional groups across Japan.

Participants
The study included patients aged ≥65 years who were admitted
to NHO hospitals between April 2016 and March 2023 and
underwent surgery for major cancers, including lung, stomach,
colorectal, liver, pancreatic, breast, and prostate cancers. These
cancer sites were selected because of their high incidence [2]
and mortality rates [21] in Japanese and global cancer statistics
[1]. The surgical procedures included both scopic and open
surgeries under general anesthesia.

We excluded patients who had missing Barthel Index data at
admission or discharge, were first included in the database at
admission (no medical history available), underwent surgery
more than 1 week after admission, or had the Barthel Index of
0 at admission. These exclusion criteria were applied because:
(1) patients missing Barthel Index data could not be evaluated
for outcome, (2) most of the predictor variables were missing
if patients had no medical history, (3) we eliminated the effect
of hospitalization on physical function from admission to

surgery, and (4) the Barthel Index change from admission to
discharge was an outcome variable, but patients with a minimum
score of 0 at admission cannot show further decline [22].

Outcome Variables
The primary outcome was worse discharge, defined as either
in-hospital death or postoperative functional disability.
Postoperative functional disability was characterized as
hospital-associated disability [16] (≥5-point decrease in the
Barthel Index between admission and discharge) [17]. The
Barthel Index consists of 10 items, including transfer, bathing,
and stair climbing, used to evaluate activities of daily living on
a scale of 0‐100, with lower scores indicating a decline in
physical function.

The secondary outcomes were health care costs and
postoperative length of stay (LOS) in patients predicted to be
at high risk and low risk for worse discharge. The optimal
cut-off point for high-risk or low-risk classification was
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determined using the Youden index [23] on the receiver
operating characteristic (ROC) curve.

Predictor Variables
We identified the following 37 potential predictors of worse
discharge based on previous studies: age (65‐74, 75‐84, and

≥85 years) [9], sex [24], underweight (BMI <18.5 kg/m2) [12]

and obesity (BMI ≥30 kg/m2) [11], route of admission (home
or nonhome), emergency admission, an estimated household
income in the lowest tertile based on post-code (low income)
[6], smoking (Brinkman Index ≥200) [14], functional
dependence (Barthel Index ≤60) [22], surgical factors (open
surgery, scopic surgery, and combined general and epidural
anesthesia), the presence of gastrointestinal cancer (colorectal,
liver, pancreas, and stomach), the cancer staging (0–II or III–IV)
[25], the presence of recurrent cancer, Charlson Comorbidity
Index (CCI) ≥3 [26,27], Hospital Frailty Risk Score (HFRS)
≥5 [28], comorbidities common in older patients
(cerebrovascular disease, chronic pulmonary disease, congestive
heart failure, dementia [8], diabetes, liver disease, myocardial
infarction, peptic ulcer disease, peripheral vascular disease, and
renal disease), medical history about cancer within 8 weeks
before surgery that allowed the evaluation of preoperative
chemotherapy [29] and radiotherapy [30] (chemotherapy,
radiation, and surgery), vital signs (body temperature ≥38°C
[31], systolic blood pressure >180 mm Hg [32]), and laboratory
test values (albumin <3.5 g/dL [13], total bilirubin ≥2.0 mg/dL

[33], creatinine ≥ 2.0 mg/dL [33], platelet <105/μL [33], and
hemoglobin <11 g/dL [10]).

These predictors were measured as follows: age, sex, BMI, route
of admission, emergency admission, income, cancer staging
evaluated using the Tumor Nodes Metastasis (TNM)
classification system [34], the presence of recurrent cancer,
Brinkman Index, and Barthel Index were assessed at admission.
Surgical factors were assessed during the surgery. The type of
cancer was determined during the surgery using the
International Statistical Classification of Diseases and Related
Health Problems, 10th Revision (ICD-10) coding system [35].
Comorbidities were identified from ICD-10 codes within 8
weeks before surgery (Table S1 in Multimedia Appendix 1).
Notably, dementia was determined if it was either identified
from ICD-10 codes within 8 weeks before surgery or
documented in the clinical summary at admission, as Japanese
hospitals are required to include the dementia status of inpatients
aged ≥65 years at admission [8]. Vital signs were measured
closest to surgery after admission, and laboratory values were
obtained using those measured closest to surgery within 8 weeks
before surgery.

Statistical Analysis
We randomly selected one of the 6 NHO regional groups for
the external validation set [36], while hospital data from the
remaining 5 groups were randomly divided into the training
(70%) and the internal validation (30%) sets [37]. The missing
predictor variables were imputed using the “missRanger” [38],
which is a random forest–based algorithm [39], assuming that
the data are missing at random.

To summarize patient characteristics, continuous variables were
expressed as mean (SD) or median (IQR), depending on the
distribution of variables. The Wilcoxon rank-sum test or the
Welch test was used to assess between-group differences.
Categorical variables were expressed as proportions and

compared using the χ2 test.

In the training set, a double penalty was implemented by
eliminating unnecessary variables to create a more practical
model for clinical use [40]. The first penalty involved selecting
predictor candidates with a crude odds ratio (OR) at P<.1 [41].
The second penalty to further narrow down the predictor
candidates used the least absolute shrinkage and selection
operator (Lasso) method, which allowed for the selection of
clinically relevant variables with consistent relationships [36,42].

The selected factors were incorporated into 6 machine learning
models: category boosting (CatBoost) [36,43], extreme gradient
boosting (XGBoost) [36,42], logistic regression, neural networks
[44], random forest [36], and support vector machine (SVM)
[36]. Model performance was evaluated using the area under
the ROC curve (AUC) with 95% CIs). Similarly, we calculated
the accuracy, sensitivity, specificity, F1-score, and the area
under the precision-recall curve (PRAUC) to assess the
performance of the models [36,37]. The precision-recall curve
of the models was also shown.

We used the synthetic minority oversampling and random
undersampling techniques to avoid overfitting owing to the
imbalance between the positive and negative events [45]. The
minority class was oversampled at 50%, 100%, and 200% of
its original size, followed by random undersampling of the
majority class to achieve equal numbers between classes. The
models were trained using 10-fold cross-validation with grid
search for hyperparameter optimization. Of these sampling
ratios and hyperparameter combinations, those yielding the
largest AUC were selected. We ranked the predictor variable
using the Shapley additive explanations (SHAP) method [46]
to assess the contribution of the predictors to the models.
Moreover, considering higher cancer stages are associated with
poorer postoperative outcomes [25], a multiple logistic
regression was conducted to evaluate the interaction between
cancer staging and other predictor variables using OR (95%
CI). We examined interactions between cancer stage III–IV and
the top 5 features based on the mean absolute SHAP value.

We analyzed the AUC difference between the models using the
DeLong method [47], which was based on the model with the
largest AUC in both internal and external validation. Sensitivity
analyses were used to assess the impact of missing data and
assessing 2 outcomes simultaneously (death or functional
disability) on the models. For missing values, a complete case
analysis was performed to confirm the robustness of the results
obtained from the imputed data set. We also evaluated the AUC
of the models when the models predicted only death in all
patients or functional disability in patients with survival
discharge. We conducted subgroup analyses by LOS, cancer
type (breast, colorectal, liver, lung, pancreas, prostate, or
stomach), and cancer staging (stage 0–I, II, III, or IV). For the
LOS analysis, we calculated the 75th percentile of LOS for each
cancer type separately and divided patients into LOS for each
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cancer type <75th percentile (short-stay) and LOS ≥75th
percentile (long-stay) groups [48].

For the analysis of secondary outcomes, we compared LOS and
health care costs between patients at high and low risk based
on the model with the highest AUC in both internal and external
validation. Health care costs were assessed across various
categories, including total, medical consultation, medication,
medical procedure, surgical procedure, laboratory tests, hospital
stay, and others. The currency conversion rate was 150 JPY to
US $1.

All hypothesis tests had a 2-sided significance level of .05. All
statistical analyses were performed using R version 4.3.1 (R
Foundation for Statistical Computing) .

Ethical Considerations
Our study was approved by the Institutional Review Board of
Showa University (approval number 2023‐129-A). Individual
consent was not required because this was an opt-out study.
This study conforms to the principles outlined in the Transparent
Reporting of a multivariable prediction model for Individual
Prognosis or Diagnosis (TRIPOD) statement.

Results

In total, 54,360 patients from 70 hospitals were included in this
study (Figure 2): 6711 in the external validation set from Kinki
group, 33,355 in the training set, and 14,294 in the internal
validation set from the remaining 5 regional groups. In the
training set, 1406/33,355 (4.2%) patients experienced worse
discharge (Table 1). These patients were older (24.5%
[344/1406] vs 5.8% [1864/31,949] for age ≥85 years), more
likely to be admitted from nonhome (8.1% [114/1406] vs 0.9%
[281/31,949]), and had higher prevalence of dementia (28.7%
[403/1406] vs 5.6% [1783/31,949]), gastrointestinal cancer
(64.3% [904/1406] vs 41.7% [13,326/31,949]), and advanced
cancer stage (32.6% [458/1406] vs 24.2% [7716/31,9] for stage
III–IV).

In the training set, we selected 31 predictor variables for worse
discharge using crude OR (Table S2 in Multimedia Appendix
1). Further selection using the Lasso method resulted in 24

factors: age (75‐84 y and ≥85 y), male sex, BMI <18.5 kg/m2,
nonhome admission, emergency admission, low income, Barthel
Index at admission ≤60, open surgery, gastrointestinal cancer,
cancer stage III–IV, HFRS ≥5, cerebrovascular disease,
congestive heart failure, dementia, diabetes, liver disease,
myocardial infarction, medical history of chemotherapy, systolic
blood pressure ≥180 mm Hg, albumin<3.5 g/dL, creatinine ≥
2.0 mg/dL, platelet <105/μL, and hemoglobin <11 g/dL. All 6
models were developed using these 24 variables.

Furthermore, the AUCs were 0.81 (95% CI 0.80‐0.82) for
CatBoost, 0.81 (95% CI 0.80‐0.82) for XGBoost, 0.79 (95%

CI 0.78‐0.80) for random forest, 0.79 (95% CI 0.78‐0.80)
for neural networks, 0.78 (95% CI 0.77‐0.80) for SVM, and
0.78 (95% CI 0.77‐0.80) for logistic regression (Figure 3).
CatBoost and XGBoost were the 2 models with AUC ≥0.80 and
showed similar values with relatively high accuracy (0.76),
sensitivity (0.72), specificity (0.76), F1-score (0.20), and area
under the precision-recall curve (PRAUC) (0.22). The
performance metrics and precision-recall curves for all models
are shown in Table S3 and Figure S1 in Multimedia Appendix
1, respectively. In the top 15 influential factors based on the
mean absolute SHAP value, the CatBoost and XGBoost models
had the same combination for the 14 features: dementia, age
≥85 years, age 74‐85 years, gastrointestinal cancer, albumin
<3.5 g/dL, open surgery, male sex, hemoglobin <11 g/dL, low
income, nonhome admission, Barthel Index at admission ≤60,

BMI <18.5 kg/m2, diabetes, and stage III–IV (Figure 4). There
were no significant interactions between stage III–IV and the
top 5 influential features that both models shared (Table S4) in
Multimedia Appendix 1.

For both the internal and external validation set, the CatBoost
model had the largest AUCs among the 6 machine- learning
models: 0.77 (95% CI 0.75‐0.79) and 0.72 (95% CI
0.68‐0.75), respectively (Figure 5). In sensitivity analysis, all
6 models maintained comparable performance to the main
analysis (Table S5 in Multimedia Appendix 1). The CatBoost
model achieved relatively high AUCs and showed consistent
performance in complete cases (0.78, 95% CI 0.76‐0.80; 0.72,
0.68‐0.76), death only (0.77, 0.71‐0.82; 0.73, 0.65‐0.81),
and functional disability only (0.77, 0.75‐0.79; 0.71,
0.68‐0.75) for internal and external validation, respectively.

In subgroup analyses, the models maintained consistent
performance for LOS and cancer staging (Table S5 in
Multimedia Appendix 1). However, the performance varied
based on cancer types: the CatBoost model achieved a larger
AUC in patients with stomach cancer (internal: 0.80, 95% CI
0.76‐0.84; external: 0.81, 95% CI 0.69‐0.92) but a smaller
AUC in patients with prostate cancer (0.53, 95% CI 0.40‐0.66;
0.46, 95% CI 0.28‐0.63) than the main analysis.

Based on the CatBoost model, patients at high risk had
significantly longer LOS (internal: median 13, IQR 9‐19 d vs
median 9, IQR 7‐13 d; external: median 13, IQR 10‐19 d vs
median 10.0, IQR 7.0‐14.0 d) and higher total health care costs
(internal: median US $11,048, IQR US $9191‐13,106 d vs
median US $10,092, IQR US $7894‐11,893; external: median
11,069, IQR US $9401‐13,499 vs median US $10,371, IQR
US $8820‐11,936) than patients at low risk (all P<.01).
However, the high-risk group had slightly lower surgical
procedure costs than the low-risk group in internal validation
and was comparable to the low-risk group in external validation
(Table 2).
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Figure 2. Flow diagram of enrollment of study participants.(a) “Missing BI” means patients with missing Barthel Index at admission or discharge. (b)
“No medical history” means patients included in the database within 8 weeks preceding surgery. (c) “More than 1 week” means patients who underwent
surgery more than one week after admission. (d) “BI at admission=0” means patients with BI of 0 at admission. BI: Barthel Index; NHO: National
Hospital Organization.
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Table . Patient background with or without worse discharge in the training set.

P valueWorse discharge

(n=1406)

No worse discharge

(n=31,949)

Variable

<.01Age (years), n (%)

405 (28.8)18,010 (56.4)65‐74

657 (46.7)12,075 (37.8)75‐84

344 (24.5)1864 (5.8)≥85

.05Sex, n (%)

768 (54.6)16,570 (51.9)Male

638 (45.4)15,379 (48.1)Female

BMI (kg/m2), n (%)

<.01212 (15.1)2535 (7.9)    <18.5

.4957 (4.1)1170 (3.7)    ≥30

Route of admission, n (%)

<.011292 (91.9)31,668 (99.1)Home

<.01114 (8.1)281 (0.9)Nonhome

<.0160 (4.3)134 (0.4)Nursing home

<.0154 (3.8)136 (0.4)Other hospital

1.000 (0)11 (0)Others

<.0142 (3)252 (0.8)Emergency admission, n (%)

<.01352 (25)6020 (18.8)Low incomea, n (%)

.07551 (39.2)13,307 (41.7)Brinkman Index ≥200, n (%)

<.01139 (9.9)422 (1.3)Barthel Indexb≤60, n (%)

<.01652 (46.4)12,307 (38.5)Open surgery, n (%)

.01754 (53.6)19,642 (61.5)Scopic surgery, n (%)

<.01769 (54.7)15,742 (49.3)With epidural anesthesiac, n (%)

<.01Type of cancer, n (%)

150 (10.7)6298 (19.7)Breast

493 (35.1)7387 (23.1)Colorectal

91 (6.5)1331 (4.2)Liver

293 (20.8)9386 (29.4)Lung

62 (4.4)786 (2.5)Pancreas

59 (4.2)2939 (9.2)Prostate

258 (18.3)3822 (12)Stomach

<.01904 (64.3)13,326 (41.7)Gastrointestinal cancer

<.01Cancer staging, n (%)

492 (35)14,398 (45.1)0-I

456 (32.4)9835 (30.8)II

316 (22.5)4845 (15.2)III

142 (10.1)2871 (9)IV

<.01458 (32.6)7716 (24.2)Stage III-IV

.1982 (5.8)2161 (6.8)Recurrent cancer, n (%)

Comorbidities, n (%)
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P valueWorse discharge

(n=1406)

No worse discharge

(n=31,949)

Variable

.04227 (16.1)4508 (14.1)CCId ≥3

<.0155 (3.9)270 (0.8)HFRSe ≥5

<.0187 (6.2)853 (2.7)Cerebrovascular disease

.1295 (6.8)1832 (5.7)Chronic pulmonary disease

<.0172 (5.1)823 (2.6)Congestive heart failure

<.01403 (28.7)1783 (5.6)Dementia

<.01232 (16.5)4122 (12.9)Diabetes

<.0166 (4.7)987 (3.1)Liver disease

.0417 (1.2)223 (0.7)Myocardial infarction

.0985 (6)1597 (5)Peptic ulcer disease

.0216 (1.1)195 (0.6)Peripheral vascular disease

<.0127 (1.9)341 (1.1)Renal disease

Medical history within 8 weeks, n
(%)

.0288 (6.3)2573 (8.1)Chemotherapy

.256 (0.4)75 (0.2)Radiation

.03215 (15.3)4220 (13.2)Surgery

.75190 (13.5)4212 (13.2)BTf ≥38˚C, n (%)

<.01126 (9)1898 (5.9)sBPg ≥180 mm Hg, n (%)

<.01543 (38.6)6669 (20.9)Albumin <3.5 g/dL, n (%)

.4814 (1)252 (0.8)T-Bilh ≥2.0 mg/dL, n (%)

<.0165 (4.6)639 (2)Creatinine ≥2.0 mg/dL, n (%)

<.0159 (4.2)641 (2)Platelet <105/μL, n (%)

<.01523 (37.2)5896 (18.5)Hemoglobin <11 g/dL, n (%)

<.01Number of beds, n (%)

70 (5)1298 (4.1)<300

707 (50.3)17,922 (56.1)300‐499

629 (44.7)12,729 (39.8)≥500

aLow income” means an estimated household income in the lowest tertile based on ZIP code.
bBarthel Index ≤ 60” means the Barthel Index ≤ 60 at admission.
cWith epidural anesthesia” means the combination of general and epidural anesthesia.
dCCI: Charlson Comorbidity Index.
eHFRS: Hospital Frailty Risk Score.
fBT: body temperature.
gsBP: systolic blood pressure.
hT-Bil: total bilirubin.
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Figure 3. Receiver operating characteristic curves of 6 machine-learning models in the training set. AUC: area under the receiver operating characteristic
curve; CatBoost: category boosting; Logistic: logistic regression; NN: neural networks; RF: random forest; SVM: support vector machine; XGBoost:
extreme gradient boosting.
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Figure 4. The top 15 features of predictor variables based on mean absolute Shapley additive explanations value. (A) The top 15 features selected by
the category boosting model. (B) The top 15 features selected by the XGBoost: extreme gradient boosting model. (a) “Low income” means an estimated
household income in the lowest tertile based on ZIP code. (b) “Barthel Index ≤60” means the Barthel Index ≤60 at admission. (c) “Chemotherapy”
means that patients underwent chemotherapy within 8 weeks before surgery. (d) “Stage III-IV” means that patients had cancer staging III or IV using
the TNM: Tumor Nodes Metastasis classification system.CatBoost: category boosting; SHAP: Shapley additive explanations; XGBoost: extreme gradient
boosting.
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Figure 5. Receiver operating characteristic curves of 6 machine learning models. (A) Receiver operating characteristic curves in the internal validation
set. (B) Receiver operating characteristic curves in the external validation set. AUC: area under the receiver operating characteristic curve; CatBoost:
category boosting; Logistic: logistic regression; NN: neural networks; RF: random forest; ROC: receiver operating characteristic; SVM: support vector
machine; XGBoost: extreme gradient boosting.
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Table . Adverse outcome between low-risk and high-risk group by category boosting model using the Youden index as cut-off value.

External validation setInternal validation setVariable

P valueHigh risk

(n=1252)

Low risk

(n=5459)

P valueHigh risk

(n=3506)

Low risk

(n=10,788)

<.01113 (9)116 (2.1)<.01386 (11)221 (2)Worse discharge, n
(%)

<.0118 (1.4)16 (0.3)<.0133 (0.9)25 (0.2)Death, n (%)

<.0195 (7.6)100 (1.8)<.01353 (10.1)196 (1.8)Functional disabili-

ty, n (%)a

<.0113 (10-19)10 (7-14)<.0113.0 (9-19)9 (7-13)LOSb, median
(IQR), days

Cost, median (IQR), US $

<.0111,069 (9401-
13,499)

10,371 (8820-
11,936)

<.0111,048 (9191-
13,106)

10,092 (7894-
11,893)

    Total

<.0197 (70-137)75 (48-110)<.0197 (65-141)77 (49-114)    Medical consulta-
tion

<.01146 (76-333)67 (34-139)<.01176 (87-362)68 (33, 139)    Medication

<.0128 (13-57)27 (14-44)<.0140 (24-67)26 (15-42)    Medical proce-
dure

.466924 (5900-8212)7203 (5825-8176).026620 (5513-8116)6645 (5028-8253)    Surgical proce-
dure

<.01526 (371-775)443 (328-610)<.01516 (370-742)449 (328-597)    Laboratory tests

<.013039 (2419-4178)2484 (1940-3078)<.013085 (2362-4073)2404 (1873-3021)    Hospital stays

<.010 (0-177)0 (0-120)<.01100 (0-212)0 (0-137)    Others

aFunctional disability” means a decrease in the Barthel Index by ≥5 points at discharge compared with admission.
bLOS: length of stay.

Discussion

Principal Findings
In this study, we developed and validated machine-learning
models to predict postoperative functional disability and
mortality in older patients with cancer. Our CatBoost model
achieved good performance using routinely available
preoperative factors from electronic health records, indicating
the potential for clinical implementation. Although ethical
training for hospital staff is essential to prevent unauthorized
disclosure of prediction results, implementing this model within
closed electronic health record systems could provide protection
for patient privacy.

The previous model for lower-extremity surgery had an AUC
of 0.72 in external validation [6], similar to our model; however,
our model directly predicted functional disability using the
Barthel Index rather than using nursing home discharge as a
surrogate. The model performance remained consistent across
sensitivity analyses for death and functional disability separately,
and complete cases, indicating the robustness of our findings.
Notably, the model demonstrated higher predictive performance
in patients with stomach or colorectal cancer than the other
cancers, making it especially valuable for surgical
decision-making in these patients.

The CatBoost model identified patients at high risk who had
longer LOS and higher health care costs; however, surgical
procedure costs were comparable between patients at high and
low risk. These findings suggested that the increased cost was
based on the varying postoperative course. Our model can
support decision-making for older patients with cancer and their
families regarding cancer surgery by providing insights into
potential postoperative QOL and care burden. Moreover, if
patients at high risk choose to undergo cancer surgery, our model
may enable health care providers to implement targeted
interventions such as intensive postoperative rehabilitation.
Early identification of patients at high risk, such as those aged
≥85 years with dementia, can help health care providers prepare
support systems, including caregiver education, social work
consultation for home health support, and coordination with
multidisciplinary teams [15]. This proactive approach may help
reduce caregiver burden and improve outcomes for both patients
and their families.

Of the 6 machine-learning models, the CatBoost and XGBoost
models, with AUC ≥0.80, had the same combination of 14
features in the top 15 influential factors. These factors include
established risk factors for poor postoperative outcomes in older
patients as identified in previous studies: dementia [7], older
age [9] (≥85 y and 75‐84 y), male sex [24], anemia [10]
(hemoglobin <11 g/dL), low income [6], underweight [12] (BMI
<18.5 kg/m²), diabetes [49], and cancer staging [25]. In addition,
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several factors serve as proxies for known risk factors. For frailty
[5], the factors include (1) open surgery, which generally results
in a more pronounced postoperative functional disability
compared with scopic surgeries; (2) nonhome admission, likely
indicating that patients are too frail to live independently; and
(3) Barthel Index ≤60 at admission, indicating severe
dependence [22]. For malnutrition [13], the proxies are (1)
albumin <3.5 g/dL, a marker of malnutrition, and (2)
gastrointestinal cancer, which often involves a long time to
restart food intake after surgery, increasing the risk of
malnutrition compared with other cancer types. The consistency
between the 2 models in identifying these factors further
validates their importance in predicting postoperative outcomes.
Although chemotherapy and creatinine ≥2.0 mg/dL were not
common in both models, these factors, identified as influential
factors in previous studies [33,50], might also be included as
predictor variables in future models. Moreover, our models
included several factors associated with social vulnerability,
such as age ≥85 years, dementia, and low income. Without
ensuring model transparency to health care providers, our model
could unconsciously contribute to reduced surgical care access
for vulnerable populations. Therefore, when implementing our
model in clinical practice, health care providers should consider
these model characteristics to ensure fair allocation of health
care resources [51].

Limitations
Our study has some limitations. First, we only validated all
models using Japanese data. While our CatBoost model showed
moderate accuracy (AUC: 0.7‐0.9) [52] in both internal and
external validation, the AUC in the external validation was
lower than that in the internal validation as observed in a
previous study [6]. Further studies using data from other
countries and ethnic groups are necessary to evaluate model

robustness, including potential bias and overfitting [51], and
confirm their applicability to different health care systems.
However, our study used data from 70 hospitals across Japan,
which may enhance generalizability within the country. In
addition, considering the global trend of population aging, our
models may prove valuable for other countries in the future,
particularly when these countries reach levels of demographic
aging similar to Japan’s current situation.

Second, we did not have information on predictor variables
such as marital status [6] because of the retrospective nature of
the study. Despite this limitation, our models had good
predictive performance in the validation sets. While our analysis
showed no significant interactions between stage III–IV cancer
and the top features, future studies incorporating additional
variables may evaluate such interactions to enhance the
predictive performance of models.

Finally, the long-term prognosis of patients classified as
high-risk by our models remains unclear. Further research is
required to determine the extent of functional recovery and
mortality in these patients. At a minimum, postoperative
functional disability in patients at high risk indicates an
increased immediate post-discharge burden on family caregivers
and health care resources.

Conclusions
Our CatBoost model achieved good performance for predicting
postoperative functional disability and mortality in older patients
with cancer. This model could support surgical decision-making
for patients and families while guiding targeted interventions
by health care providers. This model, which is based on
routinely available preoperative factors, has the potential for
implementation in clinical settings through electronic health
records.
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Abstract

Background: Alzheimer disease and related dementias (ADRD) exhibit prominent heterogeneity. Identifying clinically meaningful
ADRD subtypes is essential for tailoring treatments to specific patient phenotypes.

Objective: We aimed to use unsupervised learning techniques on electronic health records (EHRs) from memory clinic patients
to identify ADRD subtypes.

Methods: We used pretrained embeddings of non-ADRD diagnosis codes (International Classification of Diseases, Ninth
Revision) and large language model (LLM)–derived embeddings of clinical notes from patient EHRs. Hierarchical clustering of
these embeddings was used to identify ADRD subtypes. Clusters were characterized regarding their demographic and clinical
features.

Results: We analyzed a cohort of 3454 patients with ADRD from a memory clinic at Massachusetts General Hospital, each
with a specialist diagnosis. Clustering pretrained embeddings of the non-ADRD diagnosis codes in patient EHRs revealed the
following 3 patient subtypes: one with skin conditions, another with psychiatric disorders and an earlier age of onset, and a third
with diabetes complications. Similarly, using LLM-derived embeddings of clinical notes, we identified 3 subtypes of patients as
follows: one with psychiatric manifestations and higher prevalence of female participants (prevalence ratio: 1.59), another with
cardiovascular and motor problems and higher prevalence of male participants (prevalence ratio: 1.75), and a third one with

geriatric health disorders. Notably, we observed significant overlap between clusters from both data modalities (χ2
4=89.4; P<.001).

Conclusions: By integrating International Classification of Diseases, Ninth Revision codes and LLM-derived embeddings, our
analysis delineated 2 distinct ADRD subtypes with sex-specific comorbid and clinical presentations, offering insights for potential
precision medicine approaches.

(JMIR Aging 2025;8:e65178)   doi:10.2196/65178
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Introduction

Background
Alzheimer disease (AD) is a neurodegenerative condition which
affects more than 55 million people globally [1], and it is the
seventh leading cause of death in the United States [2]. Despite
its substantial public health burden, AD remains poorly
understood, with limited treatment options available. AD and
related dementias (ADRD) is an umbrella term that refers to
multiple dementing illnesses, including AD, frontotemporal
dementia (FTD), Lewy body dementia (LBD), and vascular
dementia. AD is the most prevalent, accounting for around 60%
to 80% of all dementia [2]. While these diseases have distinct
clinical and neuropathological criteria, there is substantial
overlap in both clinical presentation and autopsy findings at the
individual patient level. For example, AD is clinically
characterized by an amnestic-predominant dementia and
neuropathologically defined by the build-up of amyloid beta
(Aβ) plaques and neurofibrillary tangles formed by
hyperphosphorylated tau protein [3]; however, these lesions are
frequently accompanied by cerebrovascular disease (CVD) [4]
or Lewy body pathology [5], which can influence clinical
presentation. Likewise, LBD is defined by Lewy bodies but is
also associated with plaques and tangles [6], which may
accelerate the rate of cognitive decline [7]. This clinical and
neuropathological heterogeneity limits our ability to target
disease-modifying drugs to each specific neuropathological
lesion. The so-called amyloid hypothesis has prevailed as the
leading explanation of AD disease etiology, where it is held
that Aβ toxicity leads to tau hyperphosphorylation, synaptic
dysfunction, and neurodegeneration [8]. However, treatments
targeting this hypothesis only show limited efficacy, which may
stem in part from the clinical and neuropathological
comorbidities [9], highlighting the need for a tailored approach
to identify potential subtypes of disease and develop more
effective targeted treatments.

Previous approaches to AD subtyping have focused on RNA
expression, as well as brain imaging and cognitive assessments.
Neff et al [10] identified 5 molecular subtypes of AD using
RNA-sequencing signatures, characterized by different
dysregulated pathways related to tau-mediated
neurodegeneration, Aβ neuroinflammation, synaptic signaling,
immune activity, mitochondria organization, and myelination.
The Subtype and Stage Inference algorithm, applied to magnetic
resonance imaging and positron emission tomography imaging
data, identified distinct AD trajectories based on the rate and
sequence of brain atrophy [11] and tau deposition [12].
Cognitive subtypes have also been identified based on memory,
visuospatial and linguistic capabilities, and executive function
[13-15]. These studies were limited to research cohorts with
specific selection criteria, and it is unclear whether these
subtypes can be extended to larger samples.

In contrast, real-world data, such as, electronic health records
(EHRs), provide readily accessible large observational datasets
and have been used for clustering AD or ADRD subtypes [16].
Unsupervised learning approaches on EHR datasets have
revealed latent structure in conditions, such as autism [17,18]

and Parkinson disease [19]. For AD subtyping, EHR-based
approaches have used the International Classification of
Diseases (ICD) or similar diagnostic codes, showing varying
success depending on the methodology and population. Xu et
al [20] used hierarchical clustering on EHR data from patients
with AD, identifying subtypes related to CVD, mental illness,
age of onset, and sensory problems. Alexander et al [21] found
the following 5 patient subtypes: mental health, nontypical AD,
typical AD, CVD, and men with cancer. They later identified
a consistent subtype with early-onset AD, predominantly female
participants, with a faster rate of progression using various
machine learning methods [22]. Landi et al [23] used
unsupervised deep learning to encode EHRs with temporal
information, identifying early-onset AD, later-onset AD with
mild comorbidities, and typical-onset AD with moderate
symptoms. He et al [24] applied spectral clustering to EHRs of
patients with AD, discerning 4 subtypes with significant
demographic, mortality, and medication use differences. Tang
et al [25] analyzed comorbidity patterns in EHRs of patients
with AD, revealing sex-dependent variations. In another study,
Tang et al [26] used EHRs with knowledge networks to predict
AD onset and identify sex-specific genetic markers. These
studies collectively highlight the varied methodologies and
results in EHR-based research, emphasizing the complexity and
potential of these approaches for a deeper understanding of AD.

However, none of these prior studies leveraged the richer
representation of EHR data by embedding full sequences of
clinical text. Transformers have emerged as state-of-the-art
architecture for language modeling and are broadly characterized
by the concept of attention [27]. Attention, named for its
similarity to cognitive attention, enables the sharing of
contextual information among word representations without
directly encoding their sequence. The transformer used in this
work is a version of the Bidirectional Encoder Representations
from Transformers (BERT) architecture [28]. This architecture
consists of an encoder which can be fine-tuned on downstream
applications and domains. Specifically, we use Clinical BERT
[29], which is pretrained on a large corpus of clinical notes from
the critical care database Medical Information Mart for Intensive
Care (MIMIC) [30].

Objectives
In this work, we used both pretrained embeddings of ICD-9
code diagnostic data and transformer-derived embeddings of
clinical notes. This dual approach addresses the limitations of
previous studies by incorporating structured ICD codes, which
allow us to study subtypes of patients with similar ICD codes
(non-ADRD diagnosis in charts), and unstructured clinical notes,
which capture detailed clinical history and manifestations
provided by specialists. By combining these 2 modalities, we
aimed to enhance the clustering of patient ADRD subtypes.

Methods

Cohort Selection Process
Patients were selected from the Massachusetts General Hospital
(MGH) EHR database. The selection criteria included patients
who had at least 2 MGH memory clinic visits (either an
in-person office visit or a video telemedicine visit) from August
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2015 to June 2022, were aged >50 years at their first visit, and
had progress notes of substantial length (≥512 characters). These
criteria were chosen due to the richness of the notes for the
clustering analysis and the high quality of the ADRD diagnosis
from specialists. From the identified patient cohort, 2 datasets
were extracted as follows: one containing structured diagnostic
ICD code data from the patients’ entire medical history and
another consisting of unstructured clinical notes authored by
memory clinic specialists, limited to the most recent visit. We
chose only the most recent visit note because it typically
consolidates the patient’s prior history, thereby reducing
redundancy and providing a focused, up-to-date clinical
snapshot. In addition, the dataset was filtered to exclude patients
who did not have ADRD diagnoses (Multimedia Appendix 1),
as well as those who lacked non-ADRD ICD codes (ie, patients
who only had ADRD ICD codes were excluded).

Ethical Considerations
This study was approved by the Mass General Brigham
Institutional Review Board (protocol 2015P001915), which
granted a waiver of informed consent for secondary analysis of
electronic health data. No participant compensation was
provided. Electronic health data was queried from Epic and
securely stored on servers within the Mass General Brigham
firewall. Access was restricted to authorized study personnel,
in full compliance with institutional privacy and data security
policies.

Embedding Methodology

ICD Codes
Before clustering, it was necessary to derive a patient-level
representation that encoded information relevant to phenotype
in a single vector. While some prior work has relied on one-hot
encoding (where categorical data are converted into binary
vectors) of clinical data to represent patient phenotype, we
leverage existing pretrained embeddings that capture relevant
biomedical semantics in their latent representations of clinical
concepts. In particular, we use a set of 300-dimensional
embeddings for ICD-9 codes, derived from prior work by Choi
et al [31].

For a count-based encoded representation of m ICD-9 codes

across our cohort, P∈ R3454×m, and an embedding matrix,

E∈Rm×300, our design matrix for clustering, X∈ R3454×300, is
given by the following matrix multiplication: X = P · E.

This matrix multiplication sums the non-ADRD ICD
embeddings across a patient record, and the resultant embedding
is directly affected by the number of times each code appears
in a patient’s history. ADRD codes were dropped from the
matrix P to not confound clustering based on structured ADRD
phenotype. A schematic depicting the ICD representation
pipeline is provided in Figure 1A.

Figure 1. Visualization of the clustering pipeline for (A) International Classification of Diseases (ICD) codes and (B) notes. For each subfigure, the
workflow goes from left to right. BERT: Bidirectional Encoder Representations from Transformers.
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Clinical Notes
Clinical notes were encoded using Clinical BERT before
clustering. To derive patient-level representations of clinic notes,
several preprocessing steps were undertaken. First, unwanted
delimiter characters were stripped from patient notes, and notes
were chunked into contiguous sections of up to 1024 characters.
This resulted in a distribution of token numbers of ∼200 to 300
per note following BERT’s WordPiece encoding of input
sequences. After passing through the transformer encoding, we
took the final layer representation averaged over the 12 attention
heads, such that each note was represented by a matrix of
dimension (768, n), corresponding to each of the n input tokens
having a 768-dimensional contextual vector representing it.
Following this encoding, the representation was averaged over
the token dimension to arrive at a single 768-dimensional vector
for the whole note. This was explored using both simple
averaging (arithmetic mean) over the token dimension, as well
as attention-weighted averaging based on row-wise entropy of
the final layer attention matrix. Attention-weighted averaging
was used in patient representations due to the resultant lower
inertia and increased silhouette score on average. A schematic
depicting the note representation pipeline is provided in Figure
1B.

Attention-Weighted Averaging
For a given input sequence of length n, the final layer
representation in a transformer model has an associated

self-attention matrix, A∈ Rn×n. For BERT-based models, n is
≤512 due to the constraint on the length of the context window.

To provide weights for averaging the embedding, E∈ R768×n,
over the token dimension, we compute the row-wise differential
entropy of the attention matrix, given in equation (1).
Differential entropy is the continuous analog of Shannon
entropy, which is usually only defined for discrete random
variables [32]. In particular, the method described in Ebrahimi
et al [33] is used to approximate the differential entropy,
implemented in the Python (Python Software Foundation) library
SciPy version 1.7.3 [34], as the closed-form expression for the
attention distribution for a given row f (x) is not known
analytically from the values of attention sampled. The
differential entropy for a row i is given by

and the corresponding vector h∈ Rn×1 corresponds to the entropy
across every row. From the row-wise entropy, this vector is

softmaxed to obtain the corresponding weights, w ∈ Rn×1, as
follows:

The resultant embedding for a note sequence, N∈ R768×1, is then
given by the matrix multiplication as follows:

and the final patient-level representation is the simple average
over all note fragments for a given patient, for their most recent
encounter. A visualization of attention matrices with varying

row-wise entropy and thus varying weighting per token is
provided in Figures S1 and S2 in Multimedia Appendix 2.

Hierarchical Clustering
Clustering analysis was performed on ICD-9 embeddings and
clinical text representations to identify ADRD subtypes. We
selected hierarchical agglomerative clustering with Ward linkage
due to its ability to capture the hierarchical structure of clinical
data, as seen in ICD-9 codes (eg, metabolic disorders branching
into type 1 and type 2 diabetes) and clinical notes (eg, cognitive
impairment branching into memory loss and aphasia). Cluster
quality was evaluated using elbow plots and silhouette scores,
with implementation via Scikit-learn v1.0.1 [35].

Optimal Transport
To address provider-specific effects in embeddings of clinical
notes, we first applied Uniform Manifold Approximation and
Projection (UMAP) to reduce the dimensionality of the data
and then applied the earth mover distance transport approach
using the Python Optimal Transport package [36]. Optimal
Transport provides a mathematical framework to minimize the
cost of transforming one distribution into another, which can
address the problem of domain adaptation [37]. Domain
adaptation involves adjusting data from different sources to
make their data distributions more comparable, ensuring that
models trained on these data perform well across various
settings. In this context, the earth mover distance method was
used to align the embeddings from various providers to a
standard reference. This alignment ensured that the subsequent
clustering analysis was less skewed by provider-related
differences, allowing a more accurate interpretation of the
underlying phenotypic variation.

Enrichment Analysis: ICD Clusters
ICD clusters were phenotypically characterized by testing for
enrichment of ICD-9 codes within each cluster. For each cluster,
a 2×2 contingency table was generated for each ICD-9 diagnosis
code, comparing counts of patients with that code within cluster
to counts of patients with that same code in other clusters. A
chi-square test for enrichment was performed; the prevalence
ratio (PR), calculated as the prevalence of each code in one
cluster divided by its prevalence in the rest, was calculated to
measure the strength of the association. A Bonferroni correction
was applied to the resultant P values to correct for multiple
comparisons, and ICD codes in each cluster were ranked by
corrected P value to characterize the most significant
enrichments. All P values in this investigation were two-sided,
with a postcorrected α of 0.05 to determine significance. The
top-10 significant diagnoses with the highest PR were extracted
from each cluster for interpretation. If a cluster lacked significant
diagnoses, the top diagnoses with the highest PR among the
nonsignificant ones were selected. The enrichment analyses
were conducted in Python version 3.8.15.

Topic Modeling: Note Clusters
We used BERTopic [38], using the Python package BERTopic
v0.16.0, to identify representative topics and key terms within
each note cluster. Embeddings obtained through optimal
transport were directly used for clustering and topic assignment,
bypassing the need for additional embedding and dimensionality
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reduction steps. Before conducting cluster-based term
frequency–inverse document frequency (TF-IDF) for topic
assignment, the clinical text was preprocessed using a vectorizer
to remove stop words and exclude common terms that appeared
too frequently across most notes. Furthermore, to fine-tune and
enhance the word representation of topics, we applied the
KeyBERTInspired model, which extracts keywords by
leveraging embeddings and cosine similarity to find the words
with the closest semantic relationship to the note texts, thereby
making them more representative of the topics. Following the
extraction of representative terms within each cluster, we used
GPT-4 (OpenAI) [39], a state-of-the-art large language model
(LLM), to enhance interpretability. GPT-4 summarized the
representative words provided by BERTopic into coherent
themes with greater clinical significance, such as specific
medical conditions, treatments, and medications. The PR,
calculated as the prevalence of each word in one cluster divided
by its prevalence in the rest, was calculated to measure the
strength of the semantic relationship. The BERTopic modeling
and analyses were conducted in Python version 3.9.6.

ADRD Diagnosis Categorization
The categorization of ADRD diagnoses was conducted using
an extensive list of diagnostic names based on disease etiology.
This list was meticulously reviewed for each unique diagnosis
name recorded for the MGH memory clinic patients in the EHR
system. The ADRD diagnoses categories included AD; dementia
unspecified; FTD; LBD; vascular cognitive impairment (VCI);
and others, such as posterior cortical atrophy (PCA), progressive
supranuclear palsy, corticobasal degeneration, and primary
progressive aphasia. An expert behavioral neurologist (JRD)
provided critical input during this process, helping to develop
a comprehensive mapping list that correlates specific diagnosis
names with their corresponding ADRD categories. The
application of this mapping to the data was performed using R
version 4.3.2 (R Foundation for Statistical Computing). The
full list of diagnosis names corresponding to ADRD diagnosis
categories is provided in Multimedia Appendix 1.

Cluster Characterizations
To assess associations between clusters and sex, as well as
ADRD diagnoses, we used the chi-square test. For each cluster,
a 2×2 contingency table was generated for each variable,
comparing the counts of patients with the characteristic within
the cluster to those in other clusters. The PR, defined as the
prevalence of a characteristic in one cluster divided by its
prevalence in the remaining clusters, was calculated to measure
the strength of the association: 1 indicates no difference in
prevalence between the 2 groups, >1 indicates higher prevalence
in the first group, and <1 indicates lower prevalence in the first
group. In addition, to examine variations in the age of onset
across clusters, we initially conducted a Kruskal-Wallis Rank

Sum Test using the stats package from R. η2 (calculated by

subtracting the number of groups from the Kruskal-Wallis H
statistic plus one, and then dividing this result by the total
number of observations minus the number of groups) based on
the H statistic was reported as the effect size: values closer to
0 indicate a smaller effect and values closer to 1 indicate a larger
effect. Following significant findings, further post hoc analyses
using the Dunn test were performed to delineate differences
between groups. The P values were adjusted for multiple
comparisons using the Benjamini-Hochberg method to control
the false discovery rate (FDR). Age-of-onset data were
rigorously annotated by human experts reviewing clinical notes;
where notes did not specify an exact age of onset, the age at the
first clinical visit within the memory clinic was used as an
approximation. Finally, we conducted a chi-square test between
ICD clusters and note clusters to test whether patient cluster
assignment was consistent across note and ICD representations.
If the contingency table was larger than 2×2, Cramér V
(calculated as the square root of the chi-square statistic divided
by the product of the sample size and the minimum dimension
minus one) was reported as the effect size: 0 indicates no
association and 1 indicates a strong association. Standardized
residuals (standardized differences between the observed count
and the expected count) were reported for each cell: values close
to 0 indicate the observed count is close to the expected count,
positive values indicate the observed count is higher than
expected, and negative values indicate the observed count is
lower than expected. All statistical analyses were conducted in
R version 4.3.2.

Results

Study Population
Our final study population consisted of 3454 patients from the
MGH tertiary care memory clinic with clinical notes and ICD
codes in the EHR system. The average age of onset for patients
was 72.1 (SD 9.5) years, with 1678 (48.58%) being female. The
majority were White (n=3059, 88.56%), followed by Asian
(n=90, 2.61%), Black or African American (n=77, 2.23%),
American Indian or Alaska Native (n=4, 0.12%), and Native
Hawaiian or Other Pacific Islander (n=1, 0.03%). In addition,
103 (2.98%) identified as belonging to other races, and race
data were not available for 120 (3.47%) patients. Regarding
ethnicity, 3020 (87.43%) identified as non-Hispanic, 106
(3.07%) as Hispanic, and ethnicity data were not available for
328 (9.5%) patients. AD was the most prevalent diagnosis,
affecting 1317 (38.13%) patients, followed by dementia
unspecified, which accounted for 1101 (31.88%) patients. Each
encounter recorded only one diagnosis name, and only the most
recent encounter was used. The patient selection details are
illustrated in Figure 2. The demographic and ADRD diagnosis
breakdowns are provided in Table 1 and ADRD categorization
details are provided in Multimedia Appendix 1.
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Figure 2. CONSORT (Consolidated Standards of Reporting Trials) diagram illustrating the selection of patients from the Massachusetts General
Hospital (MGH) electronic health record (EHR) system. ADRD: Alzheimer disease and related dementias; Dx: diagnosis; ICD: International Classification
of Diseases.

Table 1. Summary statistics of the final study population.

Othere

(n=489)
VCId (n=96)LBDc

(n=261)
FTDb (n=190)Dementia unspec-

ified (n=1101)
ADa (n=1317)Total (N=3454)Characteristics

65.1 (9.4)76 (7.7)71.4 (7.7)63.8 (8.2)73.3 (9.7)74.6 (7.8)72.1 (9.5)Age of onsetf (y), mean (SD)

Sex, n (%)

240 (49.1)41 (43)64 (24.5)78 (41.1)538 (48.86)717 (54.44)1678 (48.58)Female

249 (50.9)55 (57)197 (75.5)112 (58.9)563 (51.14)600 (45.56)1776 (51.42)Male

Race, n (%)

447 (91.4)80 (83)227 (87.0)168 (88.4)988 (89.74)1149 (87.24)3059 (88.56)White

9 (1.8)9 (9)4 (1.5)6 (3.2)22 (2.00)27 (2.05)77 (2.23)Black or African American

4 (0.8)1 (1)14 (5.4)6 (3.2)31 (2.82)34 (2.58)90 (2.61)Asian

1 (0.2)0 (0)0 (0.0)0 (0.0)1 (0.09)2 (0.15)4 (0.12)American Indian or Alaska
Native

0 (0)0 (0)0 (0)0 (0)0 (0)1 (0.08)1 (0.03)Native Hawaiian or Other
Pacific Islander

12 (2.5)3 (3)2 (0.8)2 (1.1)32 (2.91)52 (3.95)103 (2.98)Other

16 (3.3)3 (3)14 (5.4)8 (4.2)27 (2.45)52 (3.95)120 (3.47)Unavailable

Ethnicity, n (%)

428 (87.5)83 (87)228 (87.4)161 (84.7)987 (89.65)1133 (86.03)3020 (87.43)Not Hispanic or Latino

8 (1.6)3 (3)3 (1.1)2 (1.1)37 (3.36)53 (4.02)106 (3.07)Hispanic or Latino

53 (10.8)10 (10)30 (11.5)27 (14.2)77 (6.99)131 (9.95)328 (9.50)Unavailable

aAD: Alzheimer disease.
bFTD: frontotemporal dementia.
cLBD: Lewy body dementia.
dVCI: vascular cognitive impairment.
eIncludes posterior cortical atrophy, progressive supranuclear palsy, corticobasal degeneration, and primary progressive aphasia.
fAge of onset was manually annotated by experts viewing clinical notes; for notes without age of onset, we approximated with the age of first encounter.
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ICD Clustering
To investigate the clinical heterogeneity within ADRD, we
clustered the embeddings of non-ADRD ICD codes assigned
to this tertiary care sample from the MGH ADRD cohort. We
hypothesized that this approach would reveal distinct clinical
subtypes based on clinical comorbidities, which were associated
with demographics (ie, age of onset and sex). The hierarchical
agglomerative clustering method revealed 3 distinct clusters in

the embeddings of non-ADRD ICD codes, as determined by
the silhouette score. Figure 3A depicts a heatmap of enriched
ICD codes across each cluster, and a 2D UMAP projection of
these ICD code embeddings, colored by cluster, is displayed in
Figure 4A. The distribution of patients across the clusters was
as follows: cluster 1 included 1501 (43.46%) patients, cluster
2 included 1597 (46.24%) patients, and cluster 3 included 356
(10.31%) patients. Detailed summary statistics for these clusters
are presented in Table 2.

Figure 3. Heatmap of enrichment in International Classification of Diseases (ICD) clusters and topics in note clusters. (A) This heatmap displays the
enrichment of ICD-9 codes across ICD embedding clusters. Cluster 1 is primarily dominated by skin-related and certain cardiovascular conditions.
Cluster 2 is marked by its exclusive and high prevalence ratios (PR) in psychiatric and behavioral conditions. Cluster 3 shows a diverse set of conditions
with a significant prevalence of respiratory, pain-related, and complicated diabetic mellitus. (B) This heatmap displays representative words for each
note cluster identified through topic modeling. Cluster 1 is primarily dominated by psychiatric manifestations and medications. Cluster 2 highlights
cardiovascular, motor, and sensory issues. Cluster 3 covers a variety of symptoms and conditions, including autoimmune issues, behavioral and movement
disorders, sleep disturbances, etc. In both (A) and (B), the color intensity of each code or word-cluster pairing reflects the PR (prevalence of code or
word in observed group divided by prevalence in other groups) associated with that code or word. Words colored as exclusive were only present in one
cluster.

JMIR Aging 2025 | vol. 8 | e65178 | p.1079https://aging.jmir.org/2025/1/e65178
(page number not for citation purposes)

West et alJMIR AGING

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


Figure 4. Clustering of International Classification of Diseases (ICD) embeddings and their demographic and diagnostic associations. (A) Uniform
Manifold Approximation and Projection (UMAP) visualization of ICD embeddings were characterized by 3 clusters: cluster 1 includes 1501 (43.5%)
patients, cluster 2 comprises 1597 (46.2%) patients, and cluster 3 contains 356 (10.3%) patients. (B) Bar plot showing prevalence for sex by cluster,
significance based on a chi-square test. Notably, cluster 3 has a significantly higher proportion of female participants compared to male participants
(PFDR=.009). (C) Violin plot illustrating the distribution of age of onset across clusters. Each violin plot shows the kernel density estimate of the data,
with the center line representing the median age of onset. Box plot elements are overlaid, where the box limits indicate the upper and lower quartiles,
and the whiskers extend to 1.5 times the IQR. Individual points are hidden for clarity. Significant differences are observed, with cluster 2 showing the
earliest average age of onset at 69.8 (SD 9.6) years, and cluster 3 the latest at 75.5 (SD 8.1) years (P<.001). (D) Heatmap showing prevalence ratio for
Alzheimer disease and related dementias (ADRD) diagnoses across clusters, significance derived from a chi-squared test. Clinical diagnoses include
Alzheimer disease (AD); dementia unspecified; frontotemporal dementia (FTD); Lewy body dementia (LBD); vascular cognitive impairment (VCI);
and others such as posterior cortical atrophy (PCA), progressive supranuclear palsy (PSP), corticobasal degeneration (CBD), and primary progressive
aphasia (PPA). Significant distribution variations are evident across clusters. The circle size, color, and number indicate the magnitude of the prevalence
ratio. Blue indicates underrepresentation while red indicates overrepresentation. P values were corrected with false discovery rate adjustments.

We examined differences in non-ADRD ICD code frequency
across patient ICD embedding clusters (Figure 3A). In cluster

1, diagnoses, such as seborrheic keratoses (χ2
1=243.15;

PFDR<.001; PR=3.32), actinic keratosis (χ2
1=236.53; PFDR<.001;

PR=3.91), pure hypercholesterolemia (χ2
1=199.13; PFDR<.001;

PR=2.71), history of basal cell cancer (χ2
1=196.22; PFDR<.001;

PR=4.45), and nevus (χ2
1=184.53; PFDR<.001; PR=4.23), show

notably high PRs. These diagnoses largely fall into skin-related
disorders (such as various types of skin cancer and keratoses).
Cluster 2 appears to be unique, with top PRs noted only for

clinical signs, such as disinhibition behavior (χ2
1=1.14;

PFDR=.99; PR=4.65), alexia (χ2
1=0.426; PFDR=.99; PR=3.49),

and orofacial dyskinesia (χ2
1=0.017; PFDR=.99; PR=2.33),

suggesting behavioral and psychiatric manifestations which are
consistent with the FTD enrichment and earlier onset noted
above. Notably, although these diagnoses did not reach

significance in cluster 2, they were absent in the other clusters.
Moreover, many diagnoses in cluster 2 were marked with a lack
of PR, indicating a lower relevance of these diagnoses compared
to clusters 1 or 3. Cluster 3 exhibited significant increases in
diagnoses from a variety of categories, including respiratory

issues (eg, cough: χ2
1=339.47; PFDR<.001; PR=3.77 and

shortness of breath: χ2
1=306.60; PFDR<.001; PR=6.03), chronic

pain (χ2
1=460.55; PFDR<.001; PR=4.80), musculoskeletal

problems (eg, bilateral low back pain without sciatica:

χ2
1=456.91; PFDR<.001; PR=4.80 and foot pain: χ2

1=372.91;
PFDR<.001; PR=3.86), and complications of diabetes mellitus.
Notably, diabetes mellitus (type 2 with autonomic neuropathy:

χ2
1=322.98; PFDR<.001; PR=11.60 and insulin-dependent

diabetes: χ2
1=308.96; PFDR<.001; PR=11.30) had exceptionally

high PRs, suggesting a very strong association with these severe
diabetes conditions in cluster 3.
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Table 2. Summary statistics of International Classification of Diseases clusters.

Cluster 3 (n=356)Cluster 2 (n=1597)Cluster 1 (n=1501)Total (N=3454)Characteristics

75.5 (8.1)69.8 (9.6)73.6 (9.1)72.1 (9.5)Age of onseta (y), mean (SD)

Sex, n (%)

200 (56.2)769 (48.15)709 (47.24)1678 (48.58)Female

156 (43.8)828 (51.85)792 (52.76)1776 (51.42)Male

Race, n (%)

303 (85.1)1421 (88.98)1335 (88.94)3059 (88.56)White

15 (4.2)25 (1.57)37 (2.47)77 (2.23)Black or African American

10 (2.8)40 (2.5)40 (2.66)90 (2.61)Asian

2 (0.6)2 (0.13)0 (0)4 (0.12)American Indian or Alaska Native

0 (0)1 (0.06)0 (0)1 (0.03)Native Hawaiian or Other Pacific Islander

18 (5.1)34 (2.13)51 (3.4)103 (2.98)Other

8 (2.2)74 (4.63)38 (2.53)120 (3.47)Unavailable

Ethnicity, n (%)

336 (94.4)1326 (83.03)1358 (90.47)3020 (87.43)Not Hispanic or Latino

19 (5.3)42 (2.63)45 (3)106 (3.07)Hispanic or Latino

1 (0.3)229 (14.34)98 (6.53)328 (9.5)Unavailable

ADRD Dxb, n (%)

97 (27.2)636 (39.82)584 (38.91)1317 (38.13)ADc

173 (48.6)388 (24.3)540 (35.98)1101 (31.88)Dementia unspecified

5 (1.4)121 (7.58)64 (4.26)190 (5.5)FTDd

23 (6.5)127 (7.95)111 (7.4)261 (7.56)LBDe

19 (5.3)33 (2.07)44 (2.93)96 (2.78)VCIf

39 (11)292 (18.28)158 (10.53)489 (14.16)Otherg

aAge of onset was manually annotated by experts viewing clinical notes; for notes without age of onset, we approximated with the age of first encounter.
bDx: diagnosis.
cAD: Alzheimer disease.
dFTD: frontotemporal dementia.
eLBD: Lewy body dementia.
fVCI: vascular cognitive impairment.
gIncludes posterior cortical atrophy, progressive supranuclear palsy, corticobasal degeneration, and primary progressive aphasia.

Furthermore, statistical analyses revealed significant associations
between ICD cluster membership, demographic variables, and
diagnostic categories. Cluster 3 had an overrepresentation of

female participants relative to clusters 1 and 2 (χ2
1=8.8;

PFDR=.009; PR=1.178); however, clusters 1 and 2 showed no

significant differences in sex distribution (cluster 1: χ2
1=1.8;

PFDR=.26 and cluster 2: χ2
1=0.2; PFDR=.66; Figure 4B). In

addition, the age of onset varied significantly among the ICD

clusters (Kruskal-Wallis χ2
2=182.6; PFDR<.001, η2=0.052).

Cluster 2, with a mean age of onset of 69.8 (SD 9.6) years, had
a significantly earlier age of onset compared with clusters 1
(Z=10.13; PFDR<.001) and 3 (Z=−8.83; PFDR<.001). Moreover,
cluster 1 (mean 73.6, SD 9.1 years) had an earlier onset than
cluster 3 (mean 75.5, SD 8.1 years; Z=−2.61; PFDR=.009; Figure

4C). Cluster 1 was significantly enriched by dementia

unspecified (χ2
1=20.2;   FDR<.001; PR=1.252); cluster 2 was

significantly enriched by FTD (χ2
1=23.9;   FDR<.001; PR=2.039)

and other rare ADRDs (χ2
1=41;   FDR <.001; PR=1.724); and

cluster 3 was significantly enriched by VCI (χ2
1=8.6;   FDR=.007;

PR=2.147) and dementia unspecified (χ2
1=50.2;   FDR<.001;

PR=1.622). In contrast, no cluster was significantly enriched
by AD, though AD was significantly underrepresented in cluster

3 (cluster 1: χ2
1=0.6;   FDR=.53; cluster 2: χ2

1=3.5;   FDR=.09;

and cluster 3: χ2
1=19.4;   FDR<.001; Figure 4D) or LBD (cluster

1: χ2
1=0.1;   FDR=.80; cluster 2: χ2

1=0.5;   FDR=.53; and cluster

3: χ2
1=0.5;   FDR=.53; Figure 4D). Additional visualizations of
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the UMAP projections colored by sex, age of onset, and ADRD
diagnoses are available in Figures S3A, S3B, and S3C,
respectively, in Multimedia Appendix 2.

Note Clustering
Initially, a provider effect was detected in the UMAP projection
of note embeddings from the latest clinical notes of 3454
patients (Figure S4A in Multimedia Appendix 2). To address
this, we used an optimal transport method, aligning the
embeddings from all providers to the 2D embedding of a

selected reference provider (Figure S4B in Multimedia Appendix
2). Following this alignment, hierarchical agglomerative
clustering was applied to the adjusted note embeddings,
revealing 3 distinct clusters, as determined by the silhouette
score. The adjusted UMAP projection, color coded by cluster,
is presented in Figure 5A. The patient distribution within these
clusters was as follows: cluster 1 included 1280 (37.06%)
patients, cluster 2 included 1161 (33.61%) patients, and cluster
3 included 1013 (29.33%) patients. Detailed summary statistics
for each cluster are outlined in Table 3.

Figure 5. Clustering of note embeddings and their demographic and Alzheimer disease and related dementias (ADRD) diagnosis associations. (A)
Uniform Manifold Approximation and Projection (UMAP) visualization of note embeddings characterized by 3 clusters: cluster 1 includes 1280 (37.1%)
patients, cluster 2 includes 1161 (33.6%) patients, and cluster 3 includes 1013 (29.3%) patients. (B) Bar plot showing prevalence for sex by cluster,
with significance based on chi-square tests. Notably, cluster 1 and cluster 3 were both enriched by female participants (P<.001) while cluster 2 was
enriched by male participants (P<.001). (C) Violin plot illustrating the distribution of age of onset across clusters. Each violin plot shows the kernel
density estimate of the data, with the center line representing the median age of onset. Box plot elements are overlaid, where the box limits indicate the
upper and lower quartiles, and the whiskers extend to 1.5 times the IQR. Individual points are hidden for clarity. Significant differences are observed,
with cluster 2 showing the latest average age of onset at 72.8 (SD 9.2) years, and cluster 1 the earliest at 71.5 (SD 9.3) years (P<.001). (D) Heatmap
showing prevalence ratio for ADRD diagnoses across clusters, with significance derived from a chi-square test. Diagnoses include Alzheimer disease
(AD); dementia unspecified; frontotemporal dementia (FTD); Lewy body dementia (LBD); vascular cognitive impairment (VCI); and others such as
posterior cortical atrophy (PCA), progressive supranuclear palsy (PSP), corticobasal degeneration (CBD), and primary progressive aphasia (PPA). No
significant distribution variations are observed across clusters (P>.05). The circle size, color, and number indicate the magnitude of the prevalence ratio.
Blue indicates underrepresentation while red indicates overrepresentation. P values were corrected with false discovery rate (FDR) adjustments.
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Table 3. Summary statistics of note clusters.

Cluster 3 (n=1013)Cluster 2 (n=1161)Cluster 1 (n=1280)Total (N=3454)Characteristics

71.9 (9.8)72.8 (9.2)71.5 (9.3)72.1 (9.5)Age of onseta (y), mean (SD)

Sex, n (%)

539 (53.21)327 (28.17)812 (63.44)1678 (48.58)Female

474 (46.79)834 (71.83)468 (36.56)1776 (51.42)Male

Race, n (%)

898 (88.56)1032 (88.89)1129 (88.20)3059 (88.56)White

21 (2.07)26 (2.24)30 (2.34)77 (2.23)Black or African American

29 (2.86)25 (2.15)36 (2.81)90 (2.61)Asian

2 (0.2)1 (0.09)1 (0.08)4 (0.12)American Indian or Alaska Native

1 (0.1)0 (0)0 (0)1 (0.03)Native Hawaiian or Other Pacific Islander

25 (2.47)44 (3.79)34 (2.66)103 (2.98)Other

37 (3.65)33 (2.84)50 (3.91)120 (3.47)Unavailable

Ethnicity, n (%)

888 (87.66)1004 (86.48)1128 (88.13)3020 (87.43)Not Hispanic or Latino

31 (3.06)39 (3.36)36 (2.81)106 (3.07)Hispanic or Latino

94 (9.28)118 (10.16)116 (9.06)328 (9.5)Unavailable

ADRD Dxb, n (%)

363 (35.83)435 (37.47)519 (40.55)1317 (38.13)ADc

331 (32.68)381 (32.82)389 (30.39)1101 (31.88)Dementia unspecified

56 (5.53)65 (5.6)69 (5.39)190 (5.5)FTDd

76 (7.5)104 (8.96)81 (6.33)261 (7.56)LBDe

20 (1.97)40 (3.45)36 (2.81)96 (2.78)VCIf

167 (16.49)136 (11.71)186 (14.53)489 (14.16)Otherg

aAge of onset was manually annotated by experts viewing clinical notes; for notes without age of onset, we approximated with the age of first encounter.
bDx: diagnosis.
cAD: Alzheimer disease.
dFTD: frontotemporal dementia.
eLBD: Lewy body dementia.
fVCI: vascular cognitive impairment.
gIncludes posterior.

We extracted common topics from each note cluster using topic
modeling and examined the distribution of ADRD diagnoses
across these clusters. In cluster 1, we found more terms related
to psychiatric manifestations (eg, compulsive, indifference, and
anxiety) and medications (eg, clozaril, trazodone, and sertraline),
with a slight but nonsignificant enrichment in AD diagnosis

(χ2
1=4.9; PFDR=.14; PR=1.10). Cluster 2 had more terms related

to cardiovascular issues (eg, pacemaker, hypotension, and
arrhythmia) and motor and sensory issues (eg, slurring, cochlear,
and tremors), with a slight but nonsignificant enrichment in

LBD (χ2
1=4.6; PFDR=.14; PR=1.31) and VCI (χ2

1=2.5;
PFDR=.25; PR=1.41) diagnoses. Cluster 3 encompassed a wide
variety of symptoms and conditions common in geriatric
populations, including autoimmune (eg, scleroderma and

vasculitis), behavioral changes and movement (eg, usual jocular
behavior and imbalance, dysphagia), sleep (eg, insomnia), and
sensory (eg, diplopia) problems, with a slight but not-significant

enrichment in rare ADRD diagnoses (χ2
1=3; PFDR=.12;

PR=1.25). Figure 3B depicts the list of representative words
from each cluster and their PR, and Figure S5D in Multimedia
Appendix 2 illustrates sentence examples from each cluster.

Furthermore, statistical analyses revealed significant associations
of note cluster membership, with demographic variables, but
not with ADRD diagnoses. First, both cluster 1 and 3 were
significantly enriched by female participants (cluster 1:

χ2
1=178.7; PFDR<.001; PR=1.593 and cluster 3: χ2

1=12;
PFDR<.001; PR=1.14) while cluster 2 was enriched by male

participants (χ2
1=290.5; PFDR<.001; PR=1.749; Figure 5B). In
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addition, age of onset varied significantly among the note

clusters (Kruskal-Wallis χ2
2=14.9; P<.001; η2=0.004), with

cluster 2 (mean 72.8, SD 9.2 years) having a significantly later
age of onset compared to cluster 1 (Z=−3.82; PFDR<.001) and
cluster 3 (Z=2.31; PFDR=.03), while cluster 1 (mean 71.5, SD
9.3 years) and cluster 3 (mean 71.9, SD 9.8 years) did not differ
(Z=−1.33; PFDR=.19; Figure 5C). However, no association was
observed between note cluster membership and ADRD

diagnoses (Cluster 1-AD: χ2
1=4.9; PFDR=.14; Cluster 1-dementia

unspecified: χ2
1=1.9; PFDR=.32; Cluster 1-FTD: χ2

1=0.02;

PFDR=.99; Cluster 1-LBD: χ2
1=4.1; PFDR=.15; Cluster 1-other:

χ2
1=0.19; PFDR=.92; Cluster 1-VCI: χ2

1<0.001, PFDR=.99;

Cluster 2-AD: χ2
1=0.3; PFDR=.89; Cluster 2-dementia

unspecified: χ2
1=0.6; PFDR=.76; Cluster 2-FTD: χ2

1=0.01;

PFDR=.99; Cluster 2-LBD: χ2
1=4.6; PFDR=.14; Cluster 2-other:

χ2
1=8.3; PFDR=.07; Cluster 2-VCI: χ2

1=2.5; PFDR=.25; Cluster

3-AD: χ2
1=3.1; PFDR=.21; Cluster 3-dementia unspecified:

χ2
1=0.4; PFDR=.89; Cluster 3-FTD: χ2

1<0.001; PFDR=.99; Cluster

3-LBD: χ2
1<0.001; PFDR=.99; Cluster 3-other: χ2

1=6.1;

PFDR=.12; Cluster 3-VCI: χ2
1=3; PFDR=.21; Figure 5D).

Additional visualizations of the UMAP projections colored by
sex, age of onset, and ADRD diagnoses are provided in Figures
S5A, S5B, and S5C, respectively, in Multimedia Appendix 2.

Comparison Between ICD Clusters and Note Clusters
Statistical analysis demonstrated significant associations

between ICD and note clusters (χ2
4=89.43; P<.001; Cramér

V=0.114). Specifically, note cluster 1, characterized by more
female participants (PR=1.593) and terms related to psychiatric
manifestations and medications, significantly overlapped
(standardized residual=8.42; PFDR<.001) with ICD cluster 2,
which is noted for the earliest onset of disease (mean 69.8, SD
9.6 years) and a higher prevalence of psychiatric disorders and
higher proportion of patients with FTD (PR=2.039). In addition,
note cluster 2, which had higher proportion of male participants
(PR=1.749) and terms related to cardiovascular and motor
issues, overlapped significantly (standardized residual=4.90;
PFDR<.001) with ICD cluster 3, which is marked by the oldest
onset of disease (mean 75.5, SD 8.1 years), a higher occurrence
of VCI (PR=2.147), and dementia unspecified (PR=1.622) and
had high prevalence of diabetes. These findings suggest a
meaningful pattern of cluster correspondence across modalities
(Figure 6).

Figure 6. Heatmap of the association of International Classification of Diseases (ICD) clusters with note clusters. Heatmap of the association of ICD
clusters with note clusters. ICD clusters were significantly associated with note clusters (P<.001). Post hoc analyses revealed that note cluster 1 was
positively associated with ICD cluster 2 (standardized residual=8.42, P<.001) and negatively associated with ICD clusters 1 and 3 (cluster 1: standardized
residual=−4.57, P<.001; cluster 3: standardized residual=−6.36, P<.001). Furthermore, note cluster 2 was positively associated with ICD cluster 3
(standardized residual=4.9, P<.001) and negatively associated with ICD cluster 2 (standardized residual=−5.48, P<.001). Finally, note cluster 3 was
negatively associated with ICD cluster 2 (standardized residual=−3.25, P=.003). Each cell displays standardized residuals (standardized differences
between the observed count and the expected count) along with the count of overlapping patients (n). Color bar represents the value of the standardized
residual. P values were corrected with false discovery rate adjustments.
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Discussion

Principal Findings
This study aimed to characterize the clinical heterogeneity across
ADRD by applying representation learning techniques on patient
EHRs in a tertiary care clinic. We used pretrained ICD code
embeddings, a transformer architecture for encoding clinical
notes, and unsupervised learning to identify distinct ADRD
subtypes. This work represents the first example of clustering
patients with ADRD using embeddings derived directly from
an LLM, without prior rule-based extraction of relevant medical
concepts from the clinical note. The ICD codes allowed us to
investigate subtypes of patients with similar ICD codes
(non-ADRD diagnosis in charts), while the clinical notes
allowed us to capture clinical history and presentation recorded
by memory specialists. Our results demonstrate distinct patterns
of disease manifestation with significant overlap between the
ICD and note clusters. The overlap of clusters between the 2
approaches suggests that the subtypes may reflect common
underlying clinical heterogeneity, as distinct subtypes can be
identified through different data modalities.

Our choice of hierarchical agglomerative clustering was guided
by the hierarchical nature of our data, empirical evidence from
prior dementia subtyping studies, and theoretical limitations of
alternative algorithms. Alternative methods, such as K-means,
Gaussian mixture models [40], and density-based spatial
clustering of applications with noise (DBSCAN) [41], face
theoretical limitations: K-means assumes spherical clusters that
is difficult to satisfy in high-dimensional embeddings; DBSCAN
relies on density thresholds that break down in such spaces; and
Gaussian mixture models can be unstable with overlapping
subtypes. In contrast, hierarchical clustering preserves these
nested relationships, resulting in more homogeneous [42] and
reproducible [43] clusters.

In our study, we identified 3 clusters from ICD embeddings,
each characterized by distinct health conditions. Cluster 1
predominantly featured issues related to skin health, with a
commonality of dementia unspecified diagnoses and an average
age of onset in the early 70s. The association between skin
health and dementia in this cluster may be attributed to age, as
both conditions become more prevalent with advancing age.
This aligns with findings from previous studies, which reported
an increase in the prevalence of actinic keratosis [44] and
seborrheic keratosis [45], as well as AD [46], with age. Cluster
2 is marked by early-onset, psychiatric and behavioral
manifestations; enrichment in FTD and other less common
forms of ADRD; and the earliest age of onset among our
clusters, typically in the late 60s. This cluster extends the
characterization found in previous studies that described a
behavioral symptom subtype in patients [20,21] by
demonstrating similar characteristics in a broader population
of patients with ADRD. Cluster 3 encompasses a broad array
of conditions like respiratory issues and severe diabetes,
affecting older patients, more female participants than male
participants, with a higher incidence of VCI and dementia
unspecified, and an age of onset in the mid-70s. Reflecting the
AD subtype identified by previous researchers, this group was

characterized as being overall older and having more
comorbidities [20]. Landi et al [23] further differentiated patients
with AD by onset timing, which we also observed but across a
more diverse set of ADRD diagnoses. Notably, our ICD-based
clustering did not reveal clearly separated clusters in the 2D
UMAP projections. While UMAP aims to preserve both local
and global relationships when reducing high-dimensional data
to a lower-dimensional space, some distortions may inevitably
occur during dimensionality reduction. Alternatively, the
overlapping clusters could reflect the complexity of comorbid
conditions in ADRD, which may not form clearly
distinguishable subgroups.

In addition, our analysis of clinical notes revealed 3 distinct
subtypes. Cluster 1 featured terms related to psychiatric
manifestations and medications, aligning with findings from
previous studies [20,21]. Cluster 2 included terms related to
cardiovascular and various motor and sensory issues, supported
by previous studies that identified subtypes of CVD [20,21] and
aligning with the predominant diagnoses of VCI and LBD within
this cluster. Cluster 3 covered a wide array of health conditions,
consistent with the higher occurrence of rare ADRD diagnoses,
which tend to involve more heterogeneous health conditions.
Notably, we observed significant overlap between ICD and note
clusters, identifying 2 ADRD subtypes of interest that were
concordant across the 2 data modalities: the first subtype,
“psychiatric manifestations,” and the second subtype, “diabetes
with cardiovascular or motor issues.” Thus, our analysis
delineated 2 distinct ADRD subtypes with specific diagnostic
and symptomatic profiles.

Our study identified sex differences across all clinical note
clusters with substantial effects observed in note clusters 1 and
2. For example, note cluster 1 was significantly overrepresented
in female participants and had a higher prevalence of AD
(PR=1.1). It also overlapped significantly (P<.001) with ICD
cluster 2, which was enriched for psychiatric and behavioral
symptoms (eg, apathy). This aligns with Tang et al [25], who
reported stronger psychiatric associations in female patients
with AD, including greater links to depression. This pattern
may be partially attributed to women’s greater likelihood of
seeking mental health care [47,48]. In contrast, note cluster 2
was overrepresented in male participants, with higher prevalence
of VCI (PR=1.41) and LBD (PR=1.31), consistent with Tang
et al [25], who found vascular dementia was more common in
male participants. The higher prevalence of VCI in male
participants may be related to a greater burden of hypertension,
particularly in early life [49]. In addition, the increased
representation of male participants with LBD may reflect
potential underdiagnosis in female participants [50,51]. Given
the clinical impact of sex disparities in ADRD—particularly in
AD and LBD [52]—future studies integrating longitudinal data
and clinicopathological evidence will be crucial to disentangling
biological influences from health care–seeking behaviors.

Another interesting observation relates to variations in age of
onset, a key indicator of disease severity, across the identified
subtypes in both clinical notes and ICD-based clusters, with
notable differences in the ICD-derived subtypes. For instance,
the early-onset ICD cluster 2 was enriched with psychiatric
disorders and included diseases known with early-onset,
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including FTD [53] and other rare ADRD categories, such as
PCA [54]. In contrast, the late-onset ICD cluster 3, exhibited a
higher prevalence of diverse health conditions, including
respiratory issues (eg, cough and shortness of breath), chronic
pain, musculoskeletal conditions, such as bilateral low back
pain and foot pain, as well as diabetes mellitus. While chronic
pain is not typically associated with ADRD, pain could indicate
the general aging process [55], and relate to osteoporosis and
osteoarthritis, which likely contribute to chronic pain in older
adults. Other symptoms, such as foot pain and shortness of
breath, may reflect comorbidities of diabetes.

Limitations
Our study has a few limitations. First, there are the challenges
associated with using real-world EHR data. Differences in how
health care providers document information, stemming from
variations in training, personal documentation habits, and
clinical judgment, may have contributed to inconsistencies.
Furthermore, health care use patterns, such as visit regularity,
may influence our clustering results. For example, variations
in visit frequency could lead to overrepresentation of certain
symptom clusters or skewed associations. Future studies
adjusting for health care use patterns may help address this
limitation. Second, the inclusion of long-term patient histories
in clinical notes—where recent notes may capture both current
and past symptoms—could introduce extraneous information,
making it difficult to isolate content relevant to the latest
diagnosis. This mixture of historical and recent data may have
diluted the association between documented ADRD diagnoses
and their actual clinical significance, leading to observed trends
rather than clear associations. Furthermore, the repetition of
relevant language across multiple encounters may have
influenced the clustering process, potentially reflecting the
frequency of patient visits to the memory clinic, rather than
clinical characteristics. Third, our study is constrained by the
absence of an independent validation cohort to confirm the
identified clusters. While the relative overlap in clusters
identified through ICD codes and note contents, along with the
alignment with findings from previous research, offers some
validation, the results could be strengthened by applying the
same encoding and clustering techniques to an external
validation cohort. To ensure external validity, these results need

to be validated at other health care institutions. Fourth, another
limitation of this study is that our subtyping characterization
only focused on ADRD diagnoses based on etiology, but did
not address the stage of disease, which clearly affects the
neuropsychological profile. This calls for a focus on the
heterogeneity of disease stage in future research. Moreover,
there may be sex differences in who receives health care at
different stages and ages, adding another layer of complexity
to our findings. Finally, our study is limited by the lack of racial
diversity in the cohort, with 88.6% of participants being White.
Given known racial differences in AD incidence, comorbidities,
and health care access [56-59]—and particularly the heightened
impact of hypertension on AD risk in some minoritized groups
[59,60]—our findings may not fully capture the spectrum of
ADRD subtypes in these populations. Future studies with
broader representation are necessary to improve the
generalizability of our subtyping approach.

Future Directions
In future work, the preprocessing of clinical notes could be
enhanced by implementing multiple methods, such as medspaCy
[61], with a focus on targeting sections most relevant to
diagnoses, such as medical history. To further improve the
extraction and analysis of pertinent data, the use of emerging
LLMs, such as GPT [39], should be explored. In addition,
validating an independent dataset and enriching the patient
population would help increase the robustness and reliability
of the identified ADRD subtypes. To advance this work, we
will use a dual-modality approach that leverages both structured
and unstructured data sources, such as medications and imaging.
A deep autoencoder that uses multiple modalities simultaneously
could offer methodological improvements over our current
practice of conducting parallel clustering analyses and relying
on heuristic averaging of embeddings. Furthermore, explicitly
using the temporal or graph properties of EHRs could yield
more informative representations, enhancing unsupervised
clustering capabilities, as has been shown in prior approaches
in a supervised learning setting [62,63]. Ultimately, our goal is
to develop machine learning models capable of predicting these
ADRD subtypes from real-word health care systems. Such
models may aid in more precise diagnostics, prognostics, and
the formulation of targeted treatment strategies.
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Multimedia Appendix 1
List of diagnosis names to Alzheimer disease and related dementias diagnosis categories. This document provides a list of diagnosis
names from the electronic health records of patients at a memory clinic to various Alzheimer disease and related dementias
diagnosis categories.
[PDF File (Adobe PDF File), 613 KB - aging_v8i1e65178_app1.pdf ]

Multimedia Appendix 2
Visualizations of model attention and embedding representations. This appendix includes attention heatmaps from the final
transformer layer across heads, as well as Uniform Manifold Approximation and Projection projections of International Classification
of Diseases code, and clinical note embeddings, characterized by sex, age of onset, Alzheimer disease and related dementia
diagnosis, and provider information.
[DOCX File , 2067 KB - aging_v8i1e65178_app2.docx ]
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In “Machine Learning Models for Frailty Classification of Older
Adults in Northern Thailand: Model Development and
Validation Study” (JMIR Aging 2025;8:e62942) one error was
noted.

Reference 44 was a duplicate of reference 36, which reads as
follows:

Thinuan P, Siviroj P, Lerttrakarnnon P, Lorga T. Prevalence
and potential predictors of frailty among community-dwelling
older persons in northern Thailand: a cross-sectional study.
Int J Environ Res Public Health. Jun 8, 2020;17(11):4077.

Reference 44 has therefore been removed, and all subsequent
references have been reordered accordingly.

The correction will appear in the online version of the paper on
the JMIR Publications website, together with the publication
of this correction notice. Because this was made after submission
to PubMed, PubMed Central, and other full-text repositories,
the corrected article has also been resubmitted to those
repositories.
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In “Internet-Based Supportive Interventions for Family
Caregivers of People With Dementia: Randomized Controlled
Trial” (JMIR Aging. 2024 Oct 4:7:e50847. doi: 10.2196/50847)
the authors made three corrections.

The following funding information has been added to the end
of the “Acknowledgements” section:

This work was supported by grants from the National
Key Research and Development Program of China
(program number: 2019YFE0113100), the Zhejiang
Provincial Medicine and Health Technology Project
(grant number: 2019KY003), and the Zhejiang
Hospital 3060 Excellent Young Talents Training
Project.

Additionally, the authors would like to specify equal
contribution betweenYanhong Xie and Shanshan Shen as co-first

authors, and Hong Hong and Caixia Liu as co-corresponding
authors. The latter will be specified at the beginning of the
“Acknowledgements” section as follows:

CL is the co-corresponding author on this work, and
can be reached at the following email address:
zjyyhlb2007@126.com.

Finally, the following ORCID has been added to author Hong
Hong:

0009-0001-1372-1670

The corrections will appear in the online version of the paper
on the JMIR Publications website on January 29, 2025, together
with the publication of this correction notice. Because this was
made after submission to PubMed, PubMed Central, and other
full-text repositories, the corrected article has also been
resubmitted to those repositories.
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Abstract

Background: Disturbed sleep patterns are common among older adults and may contribute to cognitive and physical declines.
However, evidence for the relationship between sleep duration and cognitive frailty, a concept combining physical frailty and
cognitive impairment in older adults, is lacking.

Objective: This study aimed to examine the associations of sleep duration and its changes with cognitive frailty.

Methods: We analyzed data from the 2008‐2018 waves of the Chinese Longitudinal Healthy Longevity Survey. Cognitive
frailty was rendered based on the modified Fried frailty phenotype and Mini-Mental State Examination. Sleep duration was
categorized as short (<6 h), moderate (6‐9 h), and long (>9 h). We examined the association of sleep duration with cognitive
frailty status at baseline using logistic regressions and with the future incidence of cognitive frailty using Cox proportional hazards
models. Restricted cubic splines were used to explore potential nonlinear associations.

Results: Among 11,303 participants, 1298 (11.5%) had cognitive frailty at baseline. Compared to participants who had moderate
sleep duration, the odds of having cognitive frailty were higher in those with long sleep duration (odds ratio 1.71, 95% CI
1.48‐1.97; P<.001). A J-shaped association between sleep duration and cognitive frailty was also observed (P<.001). Additionally,
during a mean follow-up of 6.7 (SD 2.6) years among 5201 participants who were not cognitively frail at baseline, 521 (10%)
participants developed cognitive frailty. A higher risk of cognitive frailty was observed in participants with long sleep duration
(hazard ratio 1.32, 95% CI 1.07‐1.62; P=.008).

Conclusions: Long sleep duration was associated with cognitive frailly in older Chinese adults. These findings provide insights
into the relationship between sleep duration and cognitive frailty, with potential implications for public health policies and clinical
practice.

(JMIR Aging 2025;8:e65183)   doi:10.2196/65183
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Introduction

Physical frailty and cognitive impairment are prevalent among
older adults and have individually been associated with adverse
health outcomes [1,2]. They often coincide with aging and can
be bidirectionally linked to each other [3,4], prompting the
introduction of the concept of cognitive frailty—the coexistence
of both physical frailty and cognitive impairment [5]. The
necessity is further justified by the findings that cognitive frailty
poses an even greater risk of adverse outcomes compared to the
isolated effects of the 2 conditions [6,7]. Identifying factors

associated with or contributing to cognitive frailty is important
and will provide a better understanding of the underlying
mechanisms.

Disturbed sleep patterns, such as an increased number of
awakenings, abnormal nighttime sleep duration, and poorer
sleep quality, are common among older adults [8]. Numerous
epidemiological studies identified sleep disturbances as risk
factors for physical frailty and cognitive impairment, such as
shorter or longer sleep duration, insomnia, and sleep apnea
[9,10]. In addition, recent studies have linked long sleep duration
to cognitive frailty, but they are from cross-sectional analyses
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[11,12]. A longitudinal study in Mexican older adults reported
associations between increasing sleep duration trajectory with
greater odds for mild cognitive impairment and frailty separately
[13]. Whether sleep patterns are associated with the development
of cognitive frailty as a unified concept remains to be elucidated.

To address this knowledge gap, this study aimed to assess the
associations of sleep duration with cognitive frailty in a
nationally representative, large cohort of older Chinese adults.
By focusing on an older Chinese adult population, our findings
may offer insights into the relationship between sleep duration
and cognitive frailty within this demographic, with potential
implications for public health policies and clinical practice.

Methods

Study Design and Participants
We used data from the Chinese Longitudinal Healthy Longevity
Survey (CLHLS). As detailed previously, CLHLS is an ongoing,
nationwide representative longitudinal cohort study of Chinese
adults aged 65 years and older from 23 out of 31 provinces or
municipalities or autonomous regions in mainland China [14,15].
The CLHLS started in 1998 with surveys on sociodemographic
characteristics, lifestyle, cognitive function, psychological status,
and physical function conducted every 2‐3 years.

In this study, we used data from 4 waves (2008, 2011, 2014,
and 2018) of the CLHLS. To maximize statistical power and
leverage the large sample size, we first examined cross-sectional
associations between sleep duration and sleep quality, with
cognitive frailty at baseline (ie, the 2008 wave). For this set of
analyses, we included 11,303 participants who had cognition
and physical frailty assessments at baseline. We then examined
whether baseline sleep duration and sleep quality, as well as
change in sleep duration, were associated with the future
development of cognitive frailty. For these longitudinal analyses,
we excluded 1298 participants who had cognitive frailty at
baseline, 4780 participants who had no follow-up cognitive
frailty assessment, and 24 participants who had missing value
in sleep duration in the 2011 wave. As a result, 5201 participants
entered the subsequent longitudinal analysis.

Assessment of Cognitive Frailty
Cognitive frailty was identified as the simultaneous presence
of both physical frailty and cognitive impairment [5].

Physical frailty was assessed by a modified Fried frailty
phenotype, based on 5 components: shrinking, weakness, low
mobility, exhaustion, and inactivity [16,17]. Shrinking was

defined as having a BMI of 18.5 kg/m2 or less. Weakness was
determined if participants self-reported that they were unable
to lift a bag weighing 5 kg or above. Low mobility was identified
if participants self-reported that they were unable to walk 1 km
or longer in a row. Exhaustion was identified if participants
answered “always,” “often,” or “sometimes” to the question
“Do you feel the older you get, the more useless you are?”
Inactivity was defined as participants doing the following
activities 1 time per week or less: housework, outside activity,
garden work, raising domestic animals or pets, playing cards

or mah-jongg, and social activity (organized). Participants were
considered physically frail when meeting ≥3 of the 5 criteria.

Cognitive impairment was assessed by a validated Chinese
version of the Mini-Mental State Examination (C-MMSE)
[15,18]. The C-MMSE includes 24 items regarding orientation,
memory, attention, calculation, and language, ranging from 0
to 30. Based on a prior study, participants were considered
cognitive impairment if the C-MMSE score was ≤22 [15].

Assessment of Sleep Variables
Sleep duration was estimated based on the answers to the
question “How many hours do you sleep normally?” Based on
their answers, participants were further categorized into short
(<6 h), moderate (6‐9 h), and long (>9 h) sleep durations. This
categorization aligned with previous research indicating that
both short and long sleep durations are associated with poorer
health outcomes [19]. The rate of change in sleep duration was
calculated by taking the difference between sleep durations
reported in the 2008 and 2011 waves (ie, sleep duration in the
2011 wave minus sleep duration in the 2008 wave) and dividing
it by the individual follow-up interval in years. Sleep quality
was assessed based on answers to the question “How about the
quality of your sleep?” A score of “poor” was assigned if the
answer was “so-so,” “bad,” or “very bad,” and a score of “good”
was assigned otherwise.

Covariates
We considered the following covariates that have been identified
to be associated with physical or cognitive outcomes in previous
studies [20,21]: age, sex, education, marital status, residence,
economic status, loneliness, smoking status, drinking status,
and multimorbidity. Education was categorized as “Not
Educated” if the participant had not attended any schools and
“With Formal Education” if the participant had attended schools
more than 1 year. Marital status was defined as currently married
and living with a spouse, and others (eg, separated, divorced,
widowed, and never married). Residence was categorized into
living in urban (eg, city or town) or rural areas. Economic status
was categorized into economic dependence or independence
based on their income source. Loneliness was identified if
participants answered “always,” “often,” or “sometimes” to the
question “Do you feel lonely and isolated?” Smoking status
was categorized as “Never smoked,” and “Former or current
smoker.” Drinking status was categorized into “Never drank,”
and “Former or current drinker.” Multimorbidity was defined
from self-reports and categorized as “Yes” if having 2 or more
of the following chronic diseases: hypertension, diabetes, heart
disease, stroke or cerebrovascular disease, respiratory disease,
cancer, and Parkinson disease, or “No” if otherwise.

Statistical Analysis
Listwise deletion was applied to both cross-sectional and
longitudinal analyses to handle missing data on covariates. The
t tests for continuous variables and chi-square tests for
categorical variables were used to compare the differences in
the baseline characteristics.

Multivariate logistic regression models were performed to assess
the associations of sleep duration and sleep quality with
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cognitive frailty at baseline (ie, the 2008 wave). We performed
3 models: model A was unadjusted; model B was adjusted for
age, sex, and education; model C was further adjusted for marital
status, residence, economic status, loneliness, smoking status,
drinking status, and multimorbidity.

Cox proportional hazard (PH) models were used to test the
associations between sleep duration and sleep quality with
incident cognitive frailty during the follow up. Death was treated
as a right-censored event at the time of occurrence. The
follow-up duration was defined as the time interval in years
from baseline to the date of the first occurrence of cognitive
frailty, death, or the latest available data, whichever occurred
first. We rounded the time to the nearest integer year to account
for group-tied events. Similarly, we performed 3 models: model
A was unadjusted; model B was adjusted for age, sex, and
education; model C was further adjusted for marital status,
residence, economic status, loneliness, smoking status, drinking
status, and multimorbidity. The PH assumption of the Cox
models was assessed using Schoenfeld residuals. No major
violations of the PH assumption were detected for exposure
variables.

Restricted cubic spline (RCS) curves were plotted to explore
the nonlinear cross-sectional and longitudinal associations
between sleep duration and cognitive frailty. Additionally,
several sensitivity analyses were conducted to verify the
robustness of our findings. First, we adjusted for each chronic
disease individually and for all chronic diseases simultaneously.
Second, we performed stratified analyses by sex and age.
Furthermore, we performed similar sets of Cox PH models to
investigate the associations of changes in sleep duration and
incident cognitive frailty.

All statistical analyses were performed in R (version 4.1.2; R
Core Team). Statistical significance was considered at a 2-tailed
ɑ level of .05.

Ethical Considerations
The CLHLS was approved by the Duke University Institutional
Review Board (Pro00062871) and the Peking University
Biomedical Ethics Committee (IRB00001052–13074). All
participants provided written informed consent. The data used
in this study were deidentified to protect participant privacy
and confidentiality. No compensation was provided to
participants.

Results

Participant Characteristics
The participant flowchart is presented in Figure 1. Of the 11,303
participants included in the cross-sectional analysis, 6037
(53.4%) participants were female. The mean age at baseline
was 84.7 (SD 11.0) years old. Approximately 11.5% (n=1298)
of all participants had cognitive frailty at baseline. The numbers
of participants who reported short, moderate, or long sleep
duration were 1327 (11.7%), 7207 (63.8%), and 2769 (24.5%),
respectively. Poor sleep quality was found in 3796 (33.6%)
participants. Baseline characteristics stratified by cognitive
frailty status at baseline are summarized in Table 1.
Additionally, baseline characteristics categorized by sleep
duration are presented in Multimedia Appendix 1. Baseline
characteristics of 5201 participants included in the longitudinal
analysis are summarized in Multimedia Appendix 2.
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Figure 1. Flowchart of participants through the study. CLHLS: Chinese Longitudinal Healthy Longevity Survey.
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Table . Baseline characteristics of participants by cognitive frailty status at baseline.

P valueCF (n=1298)Non-CFa (n=10,005)Overall (n=11,303)

<.00195.3 (7.2)83.3 (10.6)84.7 (11.0)Age (years), mean (SD)

<.001Sex, n (%)

300 (23.1)4966 (49.6)5266 (46.6)Male

998 (76.9)5039 (50.4)6037 (53.4)Female

<.001Education, n (%)

1091 (84.1)5457 (54.5)6548 (57.9)Not educated

207 (15.9)4548 (45.5)4755 (42.1)With formal education

<.001Marital status, n (%)

119 (9.2)3979 (39.8)4098 (36.3)Married and living with
spouse

1179 (90.8)6026 (60.2)7205 (63.7)Others

.12Current residence, n (%)

507 (39.1)4140 (41.4)4647 (41.1)Urban

791 (60.9)5865 (58.6)6656 (58.9)Rural

<.001Economic status, n (%)

1213 (93.5)6716 (67.1)7929 (70.2)Dependence

85 (6.5)3289 (32.9)3374 (29.9)Independence

<.001Loneliness, n (%)

638 (49.2)2943 (29.4)3581 (31.7)Yes

660 (50.8)7062 (70.6)7722 (68.3)No

<.001Smoking status, n (%)

1041 (80.2)6230 (62.3)7271 (64.3)Never smoked

257 (19.8)3775 (37.7)4032 (35.7)Former or current smoker

<.001Drinking status, n (%)

1005 (77.4)6665 (66.6)7670 (67.9)Never drank

293 (22.6)3340 (33.4)3633 (32.1)Former or current drinker

.02Multimorbidity, n (%)

99 (7.6)969 (9.7)1068 (9.4)Yes

1199 (92.4)9036 (90.3)10,235 (90.6)No

<.001Sleep quality, n (%)

801 (61.7)6706 (67.0)7507 (66.4)Good

497 (38.3)3299 (33.0)3796 (33.6)Poor

<.001Sleep duration, n (%)

148 (11.4)1179 (11.8)1327 (11.7)Short (<6 h)

650 (50.1)6557 (65.5)7207 (63.8)Moderate (6‐9 h)

500 (38.5)2269 (22.7)2769 (24.5)Long (>9 h)

aCF: cognitive frailty.

Association Between Sleep Duration and Cognitive
Frailty at Baseline
Compared to participants who had moderate sleep duration, the
odds of having cognitive frailty were higher in those who had
long sleep duration (odds ratio [OR] 1.71, 95% CI 1.48‐1.97;

P<.001) in the initial model adjusted for age, sex, and education
Table 2. The association remained statistically significant with
a similar OR in the augmented model after further adjustments
of marital status, residence, economic status, loneliness, smoking
status, drinking status, and multimorbidity (OR 1.69, 95% CI
1.46‐1.95; P<.001). There was no statistically significant
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difference in the odds of having cognitive frailty between
participants with short and modest sleep durations in the initial
model adjusted for age, sex, and education. Compared with
those who had a good sleep quality, participants who had a poor
sleep quality were at a higher risk for cognitive frailty in both
initial and the augmented models with further adjustments
(initial model: OR 1.63, 95% CI 1.40‐1.89; P<.001; augmented
model: OR 1.41, 95% CI 1.21‐1.64; P<.001; Table 2). In
addition, RCS analysis revealed a J-shaped association between
sleep duration and cognitive frailty at baseline (P for
nonlinear<.001; Figure 2).

The results of sensitivity analyses are summarized in Multimedia
Appendices 3 and 4. The associations between long sleep
duration and baseline cognitive frailty remained consistent when
adjusting for each chronic disease individually and when
accounting for all chronic diseases simultaneously (Multimedia
Appendix 3). For individuals younger than 80 years old, the
association of long sleep duration with cognitive frailty became
not statistically significant, whereas for individuals older than
80 years old, the association persisted. The association remained
significant in sex-stratified models (Multimedia Appendix 4).

Table . Association between sleep duration and cognitive frailty at baseline.

Model CcModel BbModel Aa

P valueOR (95% CI)P valueOR (95% CI)P valueORd (95% CI)

<.0011.12 (1.11‐1.13)<.0011.12 (1.12‐1.13)——eAge

<.0011.56 (1.30‐1.87)<.0011.80 (1.54‐2.11)——Sex (female)

<.0011.57 (1.31‐1.90)<.0011.78 (1.49‐2.13)——Not educated

.091.21 (0.97‐1.52)————Married and living
with spouse

.040.86 (0.75‐0.99)————Rural residence

<.0012.24 (1.75‐2.89)————Economic depen-
dence

<.0011.82 (1.60‐2.09)————Loneliness

.330.91 (0.76‐1.10)————Smoker

.731.03 (0.87‐1.22)————Drinker

.0021.47 (1.14‐1.87)————Multimorbidity

<.0011.41 (1.21‐1.64)<.0011.63 (1.40‐1.89)<.0011.62 (1.41‐1.85)Poor sleep quality

Sleep duration (hours)

referencereferencereferencereferencereferencereferenceModerate (6‐9)

.611.06 (0.85‐1.32).751.04 (0.83‐1.29).951.01 (0.82‐1.23)Short (<6)

<.0011.69 (1.46‐1.95)<.0011.71 (1.48‐1.97)<.0012.47 (2.17-2.82)Long (>9)

aModel was unadjusted.
bModel was adjusted for age, sex, and education at baseline.
cModel was adjusted for age, sex, education, marital status, residence, economic status, loneliness, smoking status, drinking status, and multimorbidity
at baseline.
dOR: odds ratio.
eNot applicable.
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Figure 2. Nonlinear association between sleep duration and cognitive frailty at baseline using restricted cubic spline. The logistic regression model
was used to fit the data, with solid lines representing the estimated OR and shaded areas representing the corresponding 95% CIs. OR: odds ratio.

Association Between Sleep Duration and Incident
Cognitive Frailty During Follow-Up
Over a mean of 6.7 (SD 2.6) years of follow up, 521 (10%)
participants out of the 5201 participants developed cognitive
frailty. In the initial model adjusted for age, sex, and education,
as compared with participants who had moderate sleep duration
at baseline, a higher risk of cognitive frailty was observed in
participants who had long sleep duration at baseline (hazard
ratio [HR] 1.32, 95% CI 1.07‐1.62; P=.008; Table 3). The
association persisted after further adjusting for marital status,

residence, economic status, loneliness, smoking status, drinking
status, and multimorbidity (HR 1.30, 95% CI 1.06‐1.59;
P=.01). There was no statistically significant difference in the
hazard of incident cognitive frailty between participants with
short sleep duration and moderate sleep duration in the initial
model. Besides, there was no significant difference in the risk
of incident cognitive frailty between participants with good and
poor sleep quality. Additionally, RCS analysis showed no
significant nonlinear association between sleep duration and
cognitive frailty during follow up (P for nonlinear=.29; Figure
3).
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Table . Association between sleep duration and incident cognitive frailty during follow up.

Model CcModel BbModel Aa

P valueHR (95% CI)P valueHR (95% CI)P valueHRd (95% CI)

<.0011.09 (1.08‐1.10)<.0011.09 (1.08‐1.10)——eAge

<.0011.61 (1.25‐2.08)<.0011.98 (1.60‐2.45)——Sex (female)

<.0011.72 (1.36‐2.17)<.0011.84 (1.47‐2.31)——Not educated

.041.27 (1.01‐1.59)————Married and living
with spouse

.741.03 (0.86‐1.24)————Rural residence

.0031.47 (1.14‐1.91)————Economic depen-
dence

.041.22 (1.01‐1.47)————Loneliness

.851.02 (0.80‐1.30)————Smoker

.030.77 (0.61‐0.97)————Drinker

.081.33 (0.96‐1.83)————Multimorbidity

.221.14 (0.93‐1.39).051.22 (1.00‐1.49).0061.32 (1.08‐1.60)Poor sleep quality

Sleep duration (hours)

referencereferencereferencereferencereferencereferenceModerate (6‐9)

.660.94 (0.70‐1.25).490.90 (0.68‐1.21).760.96 (0.72‐1.27)Short (<6)

.011.30 (1.06‐1.59).0081.32 (1.07‐1.62)<.0011.74 (1.42‐2.14)Long (>9)

aModel was unadjusted.
bModel was adjusted for age, sex, and education at baseline.
cModel was adjusted for age, sex, education, marital status, residence, economic status, loneliness, smoking status, drinking status and multimorbidity
at baseline.
dHR: hazard ratio.
eNot applicable.

The results of sensitivity analyses are summarized in Multimedia
Appendices 5 and 6. The associations between long sleep
duration and baseline cognitive frailty status were consistent
when adjusting for each chronic disease individually, or when
adjusting for all chronic diseases simultaneously (Multimedia
Appendix 5). For individuals younger than 80 years old, the

association of long sleep duration with cognitive frailty became
not statistically significant, whereas for individuals older than
80 years old, the association persisted. The association was not
significant in male participants but remained statistically
significant in female participants (Multimedia Appendix 6).
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Figure 3. Nonlinear association between sleep duration and cognitive frailty during follow up using restricted cubic spline. The Cox proportional model
was used to fit the data, with solid lines representing the estimated HR and shaded areas representing the corresponding 95% CIs. HR: hazard ratio.

Rate of Change in Sleep Duration and Cognitive Frailty
The mean annual rate of change in sleep duration was –0.02
(SD 0.87) hours/year. In the model adjusted for age, sex,
education, sleep quality, and sleep duration at baseline, a faster
increase in sleep duration per year was associated with a higher
risk for cognitive frailty: for 1 hour/year increase in sleep
duration, the HR was 1.14 (95% CI 1.03‐1.27; P=.01). The
association remained significant after further adjusting for
marital status, residence, economic status, loneliness, smoking
status, drinking status, and multimorbidity (HR 1.15, 95% CI
1.03‐1.27; P=.01; Multimedia Appendix 7).

Discussion

Principal Findings
In this large community-based prospective study of over 10,000
Chinese older adults, we found that long sleep duration was
consistently associated with cognitive frailty status at baseline,
as well as an increased risk of cognitive frailty incident during
follow up. We also found that a faster annual increase in sleep
duration was associated with a higher risk of cognitive frailty
during follow up.

The associations of sleep duration with physical frailty or
cognitive decline are complex with mixed findings in prior

research. A study using data from the National Health and
Nutrition Examination Survey demonstrated that prolonged
sleep duration (ie, ≥10 h) was associated with physical frailty
in older adults, while a prospective study of 309 older Mexican
adults showed that participants with either short sleep duration
(ie, ≤5 h) or long sleep duration (ie, ≥9 h) had a higher risk of
physical frailty [22,23]. Likewise, a Japanese cohort study of
623 older adults reported that long sleepers (>8 h) had a higher
risk of cognitive impairment, while a cohort study found that
self-reported short sleepers (<7 h) had an increased risk of
cognitive decline [24,25]. However, few studies explored the
association between sleep duration and cognitive frailty, that
is, the coexistence of physical frailty and cognitive impairment.
Two recent cross-sectional studies reported an association of
long sleep duration with cognitive frailty among
community-dwelling older adults and in older adults with heart
failure [11,12]. In this study, we confirmed such a
cross-sectional association between long sleep duration and
cognitive frailty. More intriguingly, we showed consistent
evidence from longitudinal analyses that participants with long
sleep duration at baseline had an increased risk of developing
cognitive frailty in the future. Of note, we did not find a
significant association between short sleep duration and
cognitive frailty in this study.
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We also used the annual rate of change in sleep duration to
assess the relationship between sleep duration changes and
cognitive frailty. The results showed that a faster annual increase
in sleep duration was associated with a higher risk of cognitive
frailty, independent of the baseline sleep duration category.
Notably, this study accounted for variations in follow-up years
by using the annual rate of sleep duration change instead of the
absolute change in sleep duration, minimizing classification
bias and providing a more accurate representation of the
relationship between sleep duration trajectories and cognitive
frailty.

The mechanisms underlying the association of sleep duration
with incident cognitive frailty remain unclear. However, several
potential pathways can be suggested. First, inappropriate sleep
duration (either shorter or longer than ideal) has been linked to
cardiovascular health [26], which has been reported as a risk
factor for both physical frailty and cognitive decline [27,28].
Second, increased sleep duration has also been linked with
elevations in C-reactive protein, a marker for systemic
inflammation, and interleukin-6, a proinflammatory biomarker
[29,30]. Prior studies have shown that even low-level
inflammation may pose an increased risk for the development
of physical frailty and cognitive impairment [31,32]. Finally,
long sleep duration may also be an indicator of or linked to
disturbances in circadian control, the internal biological clock
that prepares bodily responses to environmental light-dark
changes. Circadian disturbances have been previously reported
to be associated with both physical frailty and cognitive
impairment or decline [33-36].

Several previous studies showed that sleep quality is closely
related to impairments in both physical and cognitive domains
[37,38]. In addition, 2 recent cross-sectional studies reported
that poor sleep quality was associated with cognitive frailty in
older Chinese adults living in nursing homes, and among Thai
community-dwelling older adults during the COVID-19
restrictions [39,40]. Our observed cross-sectional association
between sleep quality and cognitive frailty aligns with these
previous findings. However, we did not find evidence of an
association between sleep quality and the development of
cognitive frailty in this study. It is important to note that the
assessment of sleep quality in this study relied on a single
question, which may be overly simplistic and may not fully
capture the complexity of sleep behaviors. Future studies should

use more comprehensive approaches to assess sleep health,
considering its multidimensional nature, which includes factors
such as duration, timing, efficiency, satisfaction, and alertness
[41].

Strengths and Limitations
To the best of our knowledge, this study was the first to assess
the association between sleep duration and incident cognitive
frailty in a nationally representative sample of older Chinese
adults. Strengths of this study include its longitudinal design
and a large sample size. This study also has several limitations.
First, the sleep duration and sleep quality were from self-reports
and may be subjected to recall biases, especially in older adults
and individuals with cognitive impairment. Future studies,
ideally with an objective sleep monitoring approach (such as
combining actigraphy and sleep diary or polysomnography),
are warranted. Second, a growing body of studies have linked
daytime napping behaviors with physical frailty, cognitive
decline, Alzheimer dementia, or cognitive frailty [40,42,43].
Similarly, sleep disorders, such as sleep apnea, have been
consistently linked with physical frailty, cognitive impairment,
and dementia [10,44]. However, these potential sleep-related
influences were not collected in the CLHLS. Future studies may
consider incorporating these multidimensional structs when
assessing sleep health and its relationships with physical and
cognitive outcomes. Finally, the participants in this study were,
on average, older than 80 years at baseline. In subgroup
analyses, the association between long sleep duration and
cognitive frailty was not statistically significant in participants
younger than 80 years. This may be due to the limited number
of cognitive frailty events in this subgroup, which could have
resulted in insufficient statistical power to detect a significant
association. Therefore, caution should be taken when translating
our findings into younger populations.

Conclusions
In this large cohort study of over 10,000 older Chinese adults,
long sleep duration was consistently associated with an increased
risk of cognitive frailty, both cross-sectionally and
longitudinally. These findings underscore the importance of
sleep monitoring in aging populations. Future research using
objective sleep assessments and investigating the underlying
biological mechanisms is warranted to inform more effective
prevention strategies.
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Abstract

Background: Frailty is defined as a clinical state of increased vulnerability due to the age-associated decline of an individual’s
physical function resulting in increased morbidity and mortality when exposed to acute stressors. Early identification and
management can reverse individuals with frailty to being robust once more. However, we found no integration of machine learning
(ML) tools and frailty screening and surveillance studies in Thailand despite the abundance of evidence of frailty assessment
using ML globally and in Asia.

Objective: We propose an approach for early diagnosis of frailty in community-dwelling older individuals in Thailand using
an ML model generated from individual characteristics and anthropometric data.

Methods: Datasets including 2692 community-dwelling Thai older adults in Lampang from 2016 and 2017 were used for model
development and internal validation. The derived models were externally validated with a dataset of community-dwelling older
adults in Chiang Mai from 2021. The ML algorithms implemented in this study include the k-nearest neighbors algorithm, random
forest ML algorithms, multilayer perceptron artificial neural network, logistic regression models, gradient boosting classifier,
and linear support vector machine classifier.

Results: Logistic regression showed the best overall discrimination performance with a mean area under the receiver operating
characteristic curve of 0.81 (95% CI 0.75‐0.86) in the internal validation dataset and 0.75 (95% CI 0.71‐0.78) in the external
validation dataset. The model was also well-calibrated to the expected probability of the external validation dataset.

Conclusions: Our findings showed that our models have the potential to be utilized as a screening tool using simple, accessible
demographic and explainable clinical variables in Thai community-dwelling older persons to identify individuals with frailty
who require early intervention to become physically robust.

(JMIR Aging 2025;8:e62942)   doi:10.2196/62942

KEYWORDS

aged care; gerontology; geriatric; old; aging; clinical decision support; delivering health information and knowledge to the public;
diagnostic systems; digital health; epidemiology; surveillance; diagnosis; frailty; machine learning; prediction; predictive; AI;
artificial intelligence; Thailand; community dwelling; health care intervention; patient care

Introduction

The world population is moving toward an aging society. As
health care technology improves, people are expected to live

longer and healthier [1]. According to the World Health
Organization, the population aged ≥60 years will increase from
1 billion in 2020 to 2.1 billion in 2050 and the number of people
aged ≥80 years will reach 426 million in 2050 [2]. Researchers
predicted that the proportion of people in Thailand aged ≥60
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years would be more than 20% of the population in 2025 and
more than 30% in 2031 [3,4].

The prevalence of frailty is high among older adults aged ≥60
years [5]. Global frailty prevalence ranges from approximately
10% to 12% [6-11]. The percentage varies by age, gender, and
frailty classification tool. In Thailand, frailty prevalence was
22.1%, which is twice the global frailty prevalence, according
to the Thai National Health Examination Survey cohort in 2018.
Specifically, Thailand’s northern region frailty prevalence was
found to be 15% [12,13]. This creates concerns about the
increasing aging population in Thailand.

Frailty is defined as a clinical state of increased vulnerability
due to the age-associated decline of an individual’s body
resulting in increased morbidity and mortality when exposed
to everyday or acute stressors [14,15]. This clinical syndrome
is associated with decreased quality of life [7], slow gait speed
[16], more depressive symptoms, higher BMI, reduced cognitive
function [17], decreased strength [12], and increased risk of
fall, hospital re-admission, and all-cause mortality in the older
adult population [13,18-20]. Frailty has become a crucial
research topic because this clinical syndrome can be reversed.
Studies have shown that early detection and intervention can
revert individuals from a frail to a fit state [21-23].

However, incorporating frailty evaluation into clinical practice
in a primary care context is challenging due to increased
administrative tasks, time limitations, and a lack of diagnostic
effectiveness [15,24,25]. In the age of technology, health
informatics has become an important role in health care research
[26,27]. Several studies have applied information technology
to frailty detection in primary care settings using machine
learning models and artificial intelligence [28-30]. A study from
Canada showcased an efficient frailty identification tool using
the XGBoost machine learning model. Features used for the
model were medication, medical billing codes, and other primary
care clinical data [31]. Another example showed the
development of a predictive machine learning model for frailty
conditions based on a database of demographic data and clinical
characteristics [32]. In China, a study simplified the Frailty
Index assessment for older individuals using machine learning
techniques and showed that logistic regression was the best
performing and most interpretable model, with a mean area
under the receiver operating characteristic curve (AUC) of 0.974
in the internal validation dataset [33]. Another study in China
also developed and validated models using data from 6997 older
adult participants to predict frailty risk, with random forest (RF)
and logistic regression (LR) achieving AUC values of 0.77 and
0.76, respectively [34].

Despite the abundance of evidence of conducting frailty
assessments using machine learning globally and in Asia, we
have found no integration of data science tools and frailty
screening and surveillance studies in Thailand. Most studies
focused on the risk factors and their association with frailty
syndrome but failed to show application in real-world settings
[12,13,35,36]. This leads to our research question, “Can machine
learning models predict frailty in community-dwelling older
adults in Northern Thailand?” Therefore, we propose an
approach to frailty detection using a machine learning model

in the community-dwelling population from Lampang and
Chiang Mai, Thailand, to effectively screen frailty status among
Thai community-dwelling older adults and to help decrease
clinicians’ burden of work.

Methods

Source of Data

Development and Internal Validation Datasets
The datasets were derived from a cross-sectional study carried
out in Lampang in 2016 and 2017; it is a northern Thai province
with one of the highest aging indexes [37]. This study included
older adults aged ≥60 years. Those with dementia (as determined
by the Thai Mental State Examination), blindness, deafness,
bedridden status, disabilities, or severe acute diseases were
excluded.

To represent urban (8 villages), semiurban (8 villages), and rural
(8 villages) communities, 24 villages in 3 districts were chosen.
The records of the primary care unit were used to compile lists
of community-dwelling older adults. The details of the data
collection in this study are published elsewhere [36]. A total of
2228 older adults from this study were derived for model
development and internal validation.

External Validation Dataset
The datasets used for external validation were derived from a
cross-sectional study in Kuamung (suburban), Sankampang,
Chiang Mai, Thailand, in 2021. The participants were included
and excluded from the study with the same criteria as described
in the internal validation datasets. A total of 464 older adults
from this study were used for external validation of the derived
models.

Predictors

Characteristics and Demographics
Assessments were conducted through a questionnaire at the
participant’s residence. The questionnaire included questions
about sociodemographic information (age, household living
arrangement, gender, and education level), self-reported medical
diagnoses (such as hypertension, diabetes mellitus, and heart
disease), level of physical activity per week, and exhaustion.

Anthropometric Variables
Anthropometric measures included BMI, waist circumference,
and calf circumference (CC). A handheld dynamometer (Takei
TKK5001) was used to assess handgrip strength. Height and
calf circumference were measured with standard tape (Tajima
brand, PIT-20BL model), and weight was measured with a
calibrated weighing scale (Shaper Disney). The CC was
measured over the unclothed area at the maximum diameter on
the left leg. The tape was wrapped snugly around the calf and
measured to the nearest 0.1 cm. All measurements were
administered by 10 qualified field investigators, and the
measurements were standardized by the principal investigator.

Outcome Variable
Frailty was evaluated based on Fried’s phenotype [38], which
includes the following five criteria:
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1. Unintentional weight loss: The participant will be asked
“In the last ten years, have you lost more than 10 pounds
intentionally (not due to diet or exercise)?” If yes, then frail
for weight loss criterion. At follow-up, weight loss was
calculated as: (weight in previous year – current measured
weight)/(weight in previous year)=K. If K≥0.05 and the
subject did not report that he/she was trying to lose weight
(ie, unintentional weight loss of at least 5% of previous
year’s body weight), then frail for weight loss=yes.

2. Exhaustion, assessed with self-report using Fried’s method
of assessment. The participant was first asked to self-assess
whether she/he felt exhausted. If yes, she/he would be asked
to rate the severity of the exhaustion. Ratings of 2-4
suggested a positive assessment.

3. Physical activity, based on the short version of the
Minnesota Leisure time Activity questionnaire, which asked
about walking, chores (moderately strenuous), mowing the
lawn, raking, gardening, hiking, jogging, biking, exercise
cycling, golf, single tennis, doubles tennis, racquetball, and
calisthenics. For men, those with <383 kcals of physical
activity per week were frail. For women, those with <270
kcals of physical activity per week were frail.

4. Walk time, stratified by gender and height (gender-specific
cutoff for medium height).
• Height ≤173 cm and walk time ≥7 seconds for men.
• Height >173 cm and walk time ≥6 seconds for men.
• Height ≤159 cm and walk time ≥7 seconds for women.
• Height >159 cm and walk time ≥6 seconds for women.

5. Grip strength, stratified by gender and BMI quartiles.
a. For men:

• BMI ≤24 and grip strength ≤29 for men
• BMI 24.1‐26 and grip strength ≤30
• BMI 26.1‐28 and grip strength ≤30
• BMI >28 and grip strength ≤32

b. For women:
• BMI ≤23 and grip strength ≤17
• BMI 23.1-26 and grip strength ≤17.3
• BMI 26.1-29 and grip strength ≤18
• BMI <29 and grip strength ≤21

Older adults with 3 or more phenotypes were considered to have
physical frailty, and those who had 1 or 2 phenotypes were
classified as prefrailty. According to the study design of the
derived datasets, the outcome was concurrently measured with
the predictors.

Sample Size Calculation
The sample size for model development was calculated using
the pmsampsize package via STATA (version 16; StataCorp).
A minimum sample size required 16.41 events per predictor,
which was 1519 patients with 263 frailty cases based on a
maximum candidate predictor of 16, frailty prevalence of
17.29% in the dataset for model development, small overfitting
defined as expected shrinkage of predictor effects by 10% or
less, a small difference in the developed model’s apparent and

optimism-adjusted values of 0.15 (R2
Nagelkerke), as suggested by

Riley et al [39]. For the external validation, the sample size was

calculated using the pmvalsampsize package via STATA. From
the available data of 464 patients with 192 frailty cases, it was
able to precisely estimate confidence interval widths of
observed/expected statistic of 0.22, calibration slope of 0.60,
and concordance statistic of 0.10 [40].

Statistical Analysis Methods and Synthesis of the
Results
Data exploration was performed using descriptive statistics to
determine the data quantity, quality, and distribution. A
frequency and a percentage were used to describe categorical
variables. For continuous variables, a mean with SD was used
for parametrically distributed data, and a median with an IQR
was used for nonparametrically distributed data. The comparison
of characteristics between the frail and nonfrail populations was
performed using the chi-square test for categorical variables,
the independent t test for parametric variables, and the rank-sum
test for nonparametric variables. The methods for feature
selection, model development, and validation are described in
the section “Model Development and Validation”. Estimates
of model discrimination and optimism are reported as the mean
AUC with 95% CI across all repetitions of cross-validation for
the internal validation and the AUC with 95% CI from 1000
bootstrapping samples for the external validation. To further
explain model performance, we also created model calibration
plots and calculated secondary metrics of prediction models,
including the confusion matrix and specificity, sensitivity, and
predictive values.

Missing Data and Imputation
There was only missing data in participants' age in the internal
validation dataset (4/2228, 0.18%); therefore, a complete case
analysis was performed on the dataset. The external validation
dataset contained missing data, including age (2/464, 0.43%),
BMI (11/464, 2.37%), waist and calf circumference (3/464,
0.64%), handgrip strength (2/464, 0.43%), and frailty status
(4/464, 0.86%). We performed multiple imputations of missing
data, except for frailty status (the outcome of interest), using
the predictive mean matching imputation with 5 nearest
neighbors via the KNNImputer from the Scikit-Learn library
1.1.2. Four participant records that did not have frailty status
were removed (list-wise deletion).

Model Development and Validation

Feature Selection
The classification models were developed using the variables
from the derived datasets. The variables for model development
were selected using both a data-driven method and domain
expertise. For a data-driven selection, a multivariable logistic
regression with stepwise backward elimination was performed
to determine statistically significant variables (P value less than
.20). For the P value threshold of .20, we used a higher threshold
to give priority to clinical reasoning in selecting variables by
domain expertise and associated factors from the previous
studies, along with statistical significance, which would allow
more important variables to be entered into the model.
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Rebalancing Data Strategy
We resolved unbalanced classification for the dataset’s minority
class by using the Synthetic Minority Oversampling Technique
(SMOTE) to enhance model decision boundaries via the
imblearn.over_sampling.SMOTE package [41,42].

Model Development and Internal Validation
The model development and validation were performed using
Python (version 3.9; Python Software Foundation). The machine
learning algorithms implemented in this study include the
k-nearest neighbors (KNN) algorithm, RF machine learning
algorithms, multilayer perceptron artificial neural network
(MLP), gradient boosting classifier (GBC), linear support vector
machine classifier (SVM), and LR models via the Scikit-Learn
library 1.1.2. The hyperparameters were determined by using
a grid search via the GridSearch CV package with 10-fold
cross-validation on the derived dataset to determine the
parameters of each model that led to the best discriminative
performance. For 10-fold cross-validation, the derived dataset
was divided into 10 folds of data and repeated 10 times to
perform model training and testing. For each iteration, 9 folds
of data were used to train the model and then it was tested with
the remaining fold to ensure that almost all the derived data
were used to train and test the models. The discriminative
performance of the derived models was assessed by computing
a confusion matrix and sensitivity, specificity, and predictive
values, as well as AUC with a 95% CI.

The model calibration was evaluated using the calibration plot,
which indicated the congruence between the observed proportion
of the actual probability of outcome and the mean predicted
probability (MPP) from the derived models.

External Validation
The derived models were validated again with the external
validation dataset to determine the model optimism and
calibration. The discriminative performance and the model
optimism were re-evaluated and presented by discriminative
performance matrices and a 95% CI of AUC from the 1000
bootstrapping samples, respectively. The model calibration

using the external validation dataset was re-evaluated using the
calibration plot.

Ethical Considerations
This study complies with the research with exemption category
and has been certified by the Research Ethics Committee of the
Faculty of Medicine, Chiang Mai University (study code:
COM-2565‐09159, number EXEMPTION 9159/2022). We
requested a waiver of informed consent because this study is a
retrospective analysis that exclusively utilizes anonymized
secondary data from our research database, without collecting
any additional information from medical records or other
sources. All participants have previously provided informed
consent for the primary data collection as described elsewhere
[35,36,43]. All personal patient data were anonymized by
removing citizen ID numbers, hospital numbers, addresses, and
contact information from the dataset. The investigator cannot
trace or identify individuals. The study results were reported in
accordance with the Transparent Reporting of a multivariable
prediction model for Individual Prognosis Or Diagnosis plus
Artificial Intelligence (TRIPOD+AI) statement [44].

Results

Baseline Characteristics of Participants in Each
Dataset
Baseline characteristics of participants in this study are shown
in Table 1. The participants in the internal validation dataset
had a mean age of 71.0 years. Most of the participants were
male and had finished primary school. Among 2228 old adults,
2160 lived with either their spouse, relative, or children while
the others were living alone. The average BMI of the participants

was 32.6 (SD 7.4) kg/m2. The prevalence of hypertension,
dyslipidemia, type 2 diabetes mellitus, and heart disease were
45.26%, 19.67%, 16.21%, and 4.31%, respectively. The
averages of waist circumference, calf circumference, handgrip
strength, and walk time were 83.40 (SD 11.23) cm, 32.40 (SD
4.35) cm, 32.40 (SD 6.68) kg, and 6.42 (SD 2.01) minutes,
respectively. Overall, 9.79% of the participants were exhausted
and 16.3% had physical activity higher than 150 minutes per
week. The prevalence of frailty was 17.3% (n=385).
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Table . The characteristics of participants in the development and internal validation datasets and the external validation dataset.

P valueExternal validation datasets (Chiang
Mai, 2021; N=464)

Development and internal validation
datasets (Lampang, 2016‐2017;
N=2228)

Characteristics

.4570.68 (5.58)70.96 (7.49)Age (years), mean (SD)

Gender, n (%)

<.001193 (41.59)1569 (70.45)    Male

271 (58.41)658 (29.55)    Female

Household living arrangement, n (%)

<.00142 (9.05)160 (7.18)    Living alone

9 (1.94)1177 (52.85)    Living with spouse

283 (60.99)823 (36.96)    Living with children

130 (28.02)67 (3.01)    Living with relatives or others

.00122.73 (3.89)32.64 (7.40)BMI (kg/m2), mean (SD)

Education, n (%)

<.00112 (2.61)192 (8.62)    No education

398 (86.52)1745 (78.36)    Primary school

50 (10.87)290 (13.02)    Secondary school or higher

Underlying diseases, n (%)

.02237 (51.08)1008 (45.26)    Hypertension

.1979 (17.03)438 (19.67)    Dyslipidemia

.7578 (16.81)361 (16.21)    Type 2 diabetes mellitus

.6818 (3.88)96 (4.31)    Heart diseases

Anthropometric variables, mean (SD)

<.00181.16 (10.80)83.40 (11.23)    Waist circumference (cm)

.0432.85 (4.55)32.40 (4.35)    Calf circumference (cm)

<.0018.50 (5.38)6.42 (2.01)Walk time (min), mean (SD)

<.001189 (40.74)218 (9.79)Exhaustion, n (%)

<.001104 (22.42)363 (16.30)Adequate level of physical activity
as defined by the World Health Or-
ganization, n (%)

<.00119.87 (7.29)32.40 (6.68)Grip strength (kg), mean (SD)

<.001192 (41.74)385 (17.29)Frailty, n (%)

In the external validation dataset, the participants had a mean
age of 70.68 years. Most of the participants were male and had
finished primary school. Among 464 persons, 422 lived with
either their spouse, relative, or children, while the others were
living alone. The average BMI of the participants was 22.73

(SD 3.89) kg/m2. The prevalence of hypertension, dyslipidemia,
type 2 diabetes mellitus, and heart disease were 51.08%,
17.03%, 16.81%, and 3.88%, respectively. The averages of
waist circumference, calf circumference, grip strength, and walk
time were 81.16 (SD 10.80) cm, 32.85 (SD 4.55) cm, 19.87 (SD
7.29) kg, and 8.50 (SD 5.38) minutes, respectively. The
prevalence of participants with exhausted state was 40.74%,
and 22.42% of the participants participated in physical activity
more than 150 minutes per week.

Comparing the variables between the 2 datasets, we found that
gender, household living arrangement, BMI, education, waist
circumference, walk time, exhaustion, grip strength, and level
of physical activity were significantly different.

Model Development
We used a dataset from Lampang (2016‐2017; N=2228) for
model development. The association between candidate
predictors and frailty by univariate analysis is reported in Table
2. Feature selection for model development was selected by a
backward elimination approach via a multivariable logistic
regression and expert judgment. We chose the following features
as model predictors: age, gender, status, underlying diseases
(hypertension and dyslipidemia), BMI, waist and calf
circumference, and level of exhaustion. Finally, the derived data
included 385 participants with frailty and 1842 participants
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without frailty, and all candidate predictors, as shown in Table 2, were used in model development.

Table . The comparison of participants’ characteristics and their associations with frailty in the development and internal validation datasets.

P valueAdjusted odds ratio – re-
duced model (95% CI)

P valueAdjusted odds ratio – full
model (95% CI)

Characteristics

<.0011.09 (1.06‐1.11)<.0011.04 (1.02‐1.07)Age (years)

Gender

ReferenceReference    Male

.550.90 (0.63-1.27).0021.93 (1.26‐2.94)    Female

Status

Reference    Living alone

.680.87 (0.45‐1.68).820.92 (0.46‐1.86)    Living with others

<.0010.91 (0.88‐0.93)<.0010.92 (0.90‐0.95)BMI (kg/m2)

Education

Reference    No education

.991.00 (0.59‐1.70)    Primary school

.421.34 (0.65‐2.77)    Secondary school or
higher

Underlying diseases

.151.27 (0.92‐1.75).031.47 (1.03‐2.10)    Hypertension

.071.45 (0.97‐2.17).381.22 (0.78‐1.91)    Dyslipidemia

.440.84 (0.54‐1.31)    Type 2 diabetes mellitus

.951.03 (0.45‐2.34)    Heart disease

Anthropometric variables

.021.02 (1.00‐1.04).0461.02 (1.00‐1.04)    Waist circumference (cm)

.021.04 (1.01‐1.08).011.05 (1.01‐1.09)    Calf circumference (cm)

<.0011.95 (1.78‐2.13)<.0011.89 (1.71‐2.10)Walk time (min)

<.00128.23 (18.22‐43.73)<.00120.39 (12.61‐32.94)Exhaustion

<.0014.49 (3.06‐6.59)Adequate level of physical
activity as defined by the
World Health Organization

<.0010.83 (0.79‐0.85)Grip strength

However, the model appeared to be poor in frailty prediction
performance and imbalanced as the classifiers intended to
classify only the majority class (accuracy paradox). Therefore,
a rebalancing strategy by SMOTE was applied to counter this
problem. The oversampling data were generated and rebalanced
the minority group in a 1:1 ratio. The details of the final model’s
hyperparameters using GridSearch CV are presented in Table
S1 in Multimedia Appendix 1.

Adjusted odds ratios (aORs) of the full model were obtained
from a multivariable logistic regression with all features. aORs
of the reduced model were obtained from a multivariable logistic
regression with stepwise backward elimination (P<.10) and
feature selection based on the domain expertise.

Discrimination Performance of Internal Validated
Models
We evaluated the model’s performance by 10-fold
cross-validation. The discrimination performances of the models
are presented in Table 3 and Figure 1. The overall discrimination
performance was presented by mean AUC 10-fold
cross-validation. The KNN model achieved the highest overall
performance with a mean AUC of 0.85 (95% CI 0.82‐0.88),
followed by MLP (AUC 0.81, 95% CI 0.72‐0.89), LR (AUC
0.81, 95% CI 0.75‐0.86), and SVM (AUC 0.75, 95% CI
0.75‐0.86), respectively. In addition, the KNN model had the
highest sensitivity and specificity (89% and 76%, respectively).
RF had the lowest discrimination performance with almost all
metrics. Other metrics that were not affected by data
rebalancing, like positive predictive value (PPV) and negative
predictive value (NPV), were also used to express the
performance of the models. The best performances for both
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PPV and NPV were found in the KNN model (0.79 and 0.87, respectively).

Table . Discrimination and optimism of internal validated models with 95% CIs.

SpecificitySensitivityPredictive valuesAUCa, mean (95% CI)Models

NegativePositive

0.73 (0.65‐0.81)0.74 (0.69‐0.79)0.74 (0.69‐0.78)0.74 (0.68‐0.80)0.81 (0.75‐0.86)LRb

0.76 (0.71‐0.81)0.89 (0.87‐0.91)0.88 (0.86‐0.90)0.79 (0.76‐0.82)0.85 (0.82‐0.88)KNNc

0.55 (0.39‐0.71)0.79 (0.74‐0.83)0.70 (0.63‐0.76)0.65 (0.58‐0.73)0.70 (0.60‐0.79)RFd

0.69 (0.57‐0.81)0.78 (0.71‐0.84)0.75 (0.68‐0.81)0.73 (0.64‐0.81)0.81 (0.72‐0.89)MLPe

0.58 (0.43‐0.73)0.78 (0.73‐0.83)0.70 (0.63‐0.78)0.66 (0.59‐0.74)0.74 (0.72‐0.89)GBCf

0.73 (0.65‐0.81)0.74 (0.69‐0.79)0.73 (0.69‐0.78)0.74 (0.68‐0.80)0.75 (0.75‐0.86)SVMg

aAUC: area under the receiver operating characteristic curve.
bLR: logistic regression.
cKNN: k-nearest neighbors.
dRF: random forest.
eMLP: multilayer perceptron artificial neural network.
fGBC: gradient boosting classifier.
gSVM: linear support vector machine classifier.
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Figure 1. Receiver operating characteristic curves from 10-fold cross-validation of the rebalanced learning classifiers by SMOTE: (A) logistic regression
model: mean AUC 0.81 (95% CI 0.75‐0.86); (B) k-nearest neighbors model: mean AUC 0.85 (95% CI 0.82‐0.88); (C) random forest model: mean
AUC 0.70 (95% CI 0.60‐0.79); (D) multilayer perceptron model: mean AUC 0.81 (95% CI 0.72‐0.89); (E) gradient boosting classifier model: mean
AUC 0.74 (95% CI 0.66‐0.82); (F) linear support vector machine classifier model: mean AUC 0.75 (95% CI 0.75‐0.86). ROC: receiver operating
characteristic curve; SMOTE: synthetic minority oversampling technique.

Discrimination Performance of External Validated
Models
We validated our trained model with an external validation
dataset to evaluate the bias and variance of our trained models.

SMOTE was not applied to the dataset since it was already
well-balanced between participants with and without frailty.
The performance of machine learning models validated by the
external validation dataset is shown in Table 4.
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Table . Discrimination and optimism of external validated models.

SpecificitySensitivityPredictive valuesAUCa, mean (95% CI)True label
(frailty/non-
frailty)

Models and model prediction

NegativePositive

Logistic regression

0.760.730.800.680.75 (0.71‐0.78)140/65Frailty

52/207Nonfrailty

K-nearest neighbors

0.870.210.610.540.54 (0.51‐0.57)41/35Frailty

151/237Nonfrailty

Random forest

0.770.710.790.690.75 (0.71‐0.78)137/63Frailty

55/209Nonfrailty

Multilayer perceptron artificial neural network

0.860.510.710.720.68 (0.65‐0.72)98/38Frailty

94/234Nonfrailty

Gradient boosting classifier

0.890.460.700.740.69 (0.65‐0.72)89/31Frailty

103/241Nonfrailty

Linear support vector machine classifier

0.780.680.780.690.73 (0.70‐0.77)131/60Frailty

61/212Nonfrailty

aAUC: area under the receiver operating characteristic curve.

The overall discrimination performance was presented by mean
AUC and 95% CI via 1000-fold bootstrapping. The LR and RF
model achieved the highest overall performance with mean
AUC 0.75 (95% CI 0.71‐0.78), followed by SVM (mean AUC
0.73, 95% CI 0.70‐0.77), and GBC (mean AUC 0.69, 95% CI
0.65‐0.72), respectively. The LR model had the highest
sensitivity (73%) and the MLP model had the highest specificity
(86%). KNN had the lowest discrimination performance with
all metrics. Other metrics that were not affected by data
rebalancing, like PPV and NPV, were also used to express the
performance of the models. The best performance for PPV was
found in the GBC model (0.74); for NPV, it was found in the
LR model (0.80).

Model Calibration
The model calibration was visualized with the calibration plot,
which compared the expected probability of frailty, and the
mean 10-fold cross-validation predicted the probability of each
model. In the internal validation dataset (Figure 2), the LR,
SVM, and MLP were well-calibrated with the expected
probability of the data. The distribution of predicted probabilities
of the models was well-balanced between 0.00 and 1.00. The
KNN classifier aligned well with the MPP between 0.00 and
0.40 but it overestimated the high predicted probability. In
contrast, the GBC underestimated MPP between 0.20 and 0.40
but aligned well with the rest of the expected probability. These
results suggest that LR, SVM, and MLP are the most reliable
for balanced predictions, while KNN, GBC, and RF require
careful consideration depending on the probability range of
interest.
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Figure 2. Model calibration of the developed models with internal validation.

In the external validation dataset (Figure 3), the LR, SVM, and
MLP were almost perfectly calibrated to the expected probability
of the data with a slight overestimation in the 0.40‐0.80 MPP
for MLP and an overestimation in the 0.00‐0.40 MPP for LR
and SVM. These 3 models have a similarly balanced distribution
of MPP. RF aligned poorly with an overestimation in the low

and high MPP, and it underestimated in the range between 0.40
and 0.70. The GBC aligned well with the calibration plot after
0.60 but overestimated before 0.40. The KNN classifier was
poorly calibrated to the plot, giving only MPP in the range of
0.30‐0.60.
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Figure 3. Model calibration of the developed models with external validation.

Discussion

Model Performance
The internal validated models all showed remarkable
discrimination performance, with the KNN model having the
highest overall discrimination performance. However, the KNN
model performed poorly in external validation datasets,
indicating overfitting and the inability to generalize its results
to other populations. In terms of model optimism, the LR, SVM,

and MLP models had better discrimination capabilities, despite
a slight decline in the models’ performance during external
validation. The mean AUCs of these models remained in the
range of fair to good performance. When considering all aspects
of model performance, the LR model was the most preferable
because it provided good discrimination (AUC), an optimal
range of predicted probabilities, and good calibration in both
the internal and external validation datasets. On the other hand,
other models had predicted probabilities that were not extreme
enough, resulting in poor to fair calibrations, and they lacked
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consistency between the internal and external validation datasets.
In comparing the performance and validation aspects of previous
frailty prediction models, most studies showed better
performance than our best model (LR with a mean AUC of 0.81
in the internal validation set) [45]. The ELSA cohort study
(2023) [46] reported the best performance from an RF model
with an internal AUC of 0.92. Similarly, Bu et al (2023) [47]
presented a multivariate LR model for predicting frailty in
diabetic patients that had an AUC of 0.88 in the internal
validation set. Additionally, a study on predictive modeling for
frailty in older people using various machine learning methods
found that artificial neural networks and SVM had the best
performance in predicting mortality, with accuracies around
0.78‐0.79 [32]. Although these studies reported high internal
performance metrics, the absence of external validation raises
concerns about their generalizability, especially for our focus
on the community-dwelling older adult population in general.
Our LR showed a mean AUC of 0.75 for the external validation
dataset, which dropped slightly from the internal validated
results, demonstrating a better edge in the community setting
for our focused population. Furthermore, the predictors included
in the previously reported model played an important role in
prediction performance. Particularly, the utilization of handgrip
strength in the study conducted by Bu et al [47] and the
assessment of balance and chair stand in the ELSA cohort study
[46] could potentially explain the high reported performance in
both studies. These predictors either formed part of the frailty
phenotype or served as surrogates for physical performance.
However, incorporating these predictors into the models
necessitated a trade-off between their value added to model
performance and the difficulties of model utilization due to the
time and skill required for the assessments. In our study, we
proposed more parsimonious models using simpler predictions,
which still achieved satisfactory performance for frailty
screening.

Feature Selection and Findings Explanation
This study’s findings suggest that machine learning models can
be effective in classifying frailty status among
community-dwelling older adults in Northern Thailand using
simple predictors including, age, gender, household living
arrangement, underlying diseases (hypertension and
dyslipidemia), BMI, waist and calf circumference, and level of
exhaustion. Age, BMI, waist circumference, and calf
circumference are all potent risk factors for frailty in older
adults. When the human body deviates from the normal
physiologic process of aging, our levels of estrogen and
testosterone gradually decline. These hormones play a vital role
in maintaining muscle and bone mass, enhancing strength, and
promoting optimal nervous system function [48,49]. As a result,
the aging process can accelerate the decline of muscle, bone,
and the nervous system, transforming an individual from fit to
frail. Additionally, the female population is at higher risk of
frailty because the normal bone turnover cycle is disrupted by
estrogen deficiency during menopause, increasing bone
resorption over deposition, and resulting in net bone loss in
women [50]. Household living arrangement was also added to
model features as we found that there were studies that showed
an association of social adversity and support with frailty status

[51,52]. Lastly, we selected level of exhaustion as a predictor
in our models, as it had the highest crude aOR among all other
features, and we found that it is highly feasible and time-efficient
to acquire this data in real clinical settings, compared to other
Fried’s phenotypes, which involve multiple anthropometric and
physical performance tests. These predictors also showed a
significant contribution to the frailty prediction in the previous
studies [46,47]. Most of our features used in the model are easily
collectible, which makes it highly feasible and time-efficient
to acquire all data in real clinical settings without depending on
a high-level professional, making our model highly applicable
for early frailty screening.

Limitations
The most important limitation of this study’s models is the
generalizability of the models. Our internal and external
validation datasets were collected from a community-dwelling
population in Lampang and Chiang Mai, respectively, which
we confidently believe means that our models have high
generalizability to the general population in Thailand. From our
perspective, we assume that the models could also be
implemented in other Asian countries, as studies showed similar
frailty prevalence and population characteristics such as
anthropometric measurements, age, household living
arrangement, and underlying diseases of hypertension and
diabetes [53-58].

However, we encourage conducting validation studies for other
regions and populations before clinical application as frailty
risk factors do vary across countries as well as in regions with
different socioeconomic and health care contexts [59-61].
Another limitation of our study is spectrum bias, as our models
were only able to distinguish between frail and robust older
adults, despite Fried’s criteria having 3 stages of frailty: robust,
prefrail, and frail [62]. Nonetheless, we do not believe this bias
will significantly affect our study’s primary objective, which
is the early detection of frailty in older adults to effectively
prescribe nutrition and exercise interventions.

Implications
Identifying frailty early helps patient gain access to interventions
like nutritional support and exercise programs faster, improving
outcomes for older adults by preventing frailty progression,
reducing falls, hospitalizations, and mortality, and enhancing
quality of life [63,64]. We see 2 possibilities for the practical
application of our developed and validated models. One option
is to develop a web application that serves as a frailty screening
tool that could be self-assessed by individuals or be used in
outpatient clinic settings to screen patients. This would help
health care providers efficiently identify patients with frailty
who require closer monitoring or interventions. We have
implemented the validated models to run on our web application,
which can be accessed at the link in the Data Availability
section.

Another option is to incorporate our machine learning models
into electronic medical record or health surveillance systems.
The machine learning models could be integrated with the
electronic medical record system to provide automated frailty
probability scores for each patient. This would enable health
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care professionals to identify patients who require closer
monitoring or interventions and could help optimize treatment
plans for the community-dwelling population at risk of frailty.
Furthermore, this could help future researchers retrieve and
analyze frailty data from the hospital easier, leading to a better
understanding of the factors that contribute to frailty and the
development of more effective interventions, which also
promotes more efficient use of resources within the health care
system.

Conclusion
Machine learning models were fairly good at classifying frailty
status among Thai community-dwelling older adults using age,
gender, household living arrangement, underlying diseases

(hypertension and dyslipidemia), BMI, waist and calf
circumference, and level of exhaustion as predictors. The LR
and RF models demonstrated the best discrimination
performance and model calibration in both the internal and
external validation datasets.

There are 2 potential practical applications for utilizing the study
findings. These include creating a web application for
self-screening or individual screening and incorporating machine
learning models into electronic medical record or surveillance
systems to provide automated frailty probability scores for
individual patients. We advocate for further research on model
external validation and temporal recalibration to enhance the
model’s practicality and applicability to the specific context in
which it is used.
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Abstract

Background: Frailty syndrome in older adults represents a significant public health concern, characterized by a reduction in
physiological reserves and an increased susceptibility to stressors. This can result in adverse health outcomes, including falls,
hospitalization, disability, and mortality. The early identification and management of frailty are essential for improving quality
of life and reducing health care costs. Conventional assessment techniques, including dual-energy X-ray absorptiometry (DXA),
bioelectrical impedance analysis (BIA), and muscle ultrasound (US), are efficacious but frequently constrained in primary care
settings by financial and accessibility limitations.

Objective: The aim of this study is to analyze the differences in anthropometric characteristics, physical function, nutritional
status, cognitive status, and body composition among older adults identified as frail, prefrail, or robust in primary care services
using the PowerFrail mobile app. Furthermore, the study assesses the predictive capacity of body composition variables (whole-body
phase angle [WBPhA] via BIA, US-measured rectus femoris muscle thickness, and DXA-derived lean mass) in identifying frailty
and evaluates their feasibility for implementation in primary care.

Methods: A descriptive cross-sectional study was conducted with 94 older adult participants aged between 70 and 80 years,
recruited through the Andalusian Health Service in Spain. Frailty status was classified using the PowerFrail App, which integrates
muscle power assessment and provides personalized physical activity recommendations. Body composition was measured using
WBPhA (BIA), muscle US, and DXA. Statistical analyses included 1-way ANOVA for group comparisons, logistic regression
to investigate associations, and receiver operating characteristic curve analysis to evaluate the predictive accuracy of the body
composition measures.

Results: Participants were categorized into frail (n=28), prefrail (n=33), and robust (n=33) groups. All body composition
measures exhibited high specificity in detecting frailty, with varying sensitivity. Unadjusted US showed the highest specificity
but low sensitivity (10.7%). WBPhA and right leg lean mass (LeanM RL) demonstrated significant predictive capabilities,
especially when adjusted for age and sex, with area under the curve values ranging from 0.678 to 0.762. The adjusted LeanM RL
model showed a good balance between sensitivity (35.7%) and specificity (93.9%; P=.045), indicating its potential as a reliable
frailty predictor. These findings are consistent with previous research emphasizing the importance of muscle mass and cellular
health in frailty assessment.

Conclusions: Body composition variables, particularly WBPhA, LeanM RL, and US, are effective predictors of frailty in older
adults. The PowerFrail mobile app, combined with advanced body composition analysis, offers a practical and noninvasive method
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for early frailty detection in primary care settings. Integrating such technological tools can enhance the early identification and
management of frailty, thereby improving health outcomes in the aging population.

(JMIR Aging 2025;8:e67982)   doi:10.2196/67982

KEYWORDS

frailty syndrome; older adults; body composition; bioelectrical impedance analysis; muscle ultrasound, dual-energy X-Ray
absorptiometry; mobile health apps; primary care; PowerFrail App

Introduction

Frailty syndrome in older adults is a multifaceted clinical
condition characterized by decreased physiological reserves
and increased vulnerability to stressors, which elevates the risk
of adverse health outcomes such as falls, hospitalization,
disability, and mortality [1,2]. As the global population ages,
the prevalence of frailty is projected to rise, posing significant
challenges to health care systems worldwide [3]. Early
identification and management of frailty are crucial for
enhancing quality of life, maintaining functional independence,
and reducing health care costs associated with frailty-related
complications [4,5].

Primary care facilities are uniquely positioned to play a pivotal
role in the early detection and management of frailty due to
their accessibility and continuous engagement with the aging
population [6]. Implementing effective screening tools within
primary care can facilitate timely interventions, thereby
mitigating the progression of frailty and its associated adverse
outcomes [7]. However, the integration of comprehensive frailty
assessments into routine primary care practice remains limited,
often due to time constraints, lack of standardized tools, and
insufficient training among primary care providers [8].

Body composition variables, particularly those related to muscle
mass and tissue quality, are essential in identifying and
predicting frailty syndrome [9]. Techniques such as dual-energy
X-ray absorptiometry (DXA), bioelectrical impedance analysis
(BIA), and muscle ultrasound (US) have been extensively used
to assess body composition and muscle status in older adults
[10]. The whole-body phase angle (WBPhA), obtained through
BIA, serves as an indicator of cellular health and nutritional
status, with lower values associated with increased frailty and
poorer clinical outcomes [11,12]. Similarly, muscle US offers
a noninvasive way to assess muscle thickness and quality, aiding
in the detection of sarcopenia and frailty [13]. Although DXA
is considered the gold standard for measuring bone and muscle
mass, its high cost and limited accessibility in primary care
facilities make it necessary to explore alternative assessment
methods [14].

In recent years, the advent of mobile health (mHealth) apps has
introduced innovative solutions for the assessment and
monitoring of complex geriatric syndromes, including frailty.
The PowerFrail app represents a pioneering effort in this
domain, being the first clinical and scientifically validated app
designed to assess muscle power and frailty in older adults in
a user-friendly manner [15,16]. This app not only facilitates the
screening process but also provides individualized
recommendations for improvement and tailored physical activity

regimens, thereby supporting personalized intervention
strategies. The utilization of validated mobile apps and new
trends around artificial intelligence in primary care hold
significant promise for enhancing the early detection and
management of frailty, offering advantages such as accessibility,
ease of use, and the ability to provide real-time feedback and
recommendations [17,18].

Moreover, integrating mHealth tools into primary care can
bridge gaps in health care delivery by enabling continuous
monitoring and follow-up, which are critical for managing
chronic conditions and preventing the escalation of frailty [18].
Previous studies have highlighted the effectiveness of mobile
apps in improving health outcomes among older adults by
facilitating timely interventions and enhancing patient
engagement [19]. These findings underscore the potential of
mHealth solutions to complement traditional assessment
methods, providing a comprehensive approach to frailty
management in primary care settings.

From above, the main objective of this study is to analyze the
differences in variables related to anthropometric characteristics,
physical function, nutritional status, cognitive status, and body
composition in phenotypes of frail, prefrail, and robust older
adults identified in primary care services. Frailty levels will be
classified using the PowerFrail app. Additionally, the second
objective is to assess the predictive capacity of body composition
variables (US, bioimpedance, and DXA) in identifying older
adults with frailty and to evaluate their implementation in
primary care services. We used the technological tools WBPhA,
US for rectus femoris muscle thickness, and DXA for bone
mineral density and lean mass assessment. Our results could
demonstrate that these parameters are useful predictors for the
identification of frailty, in line with previous findings, thus
supporting the potential integration of these tools into primary
care practices for the early detection and management of frailty,
integrating for the first time mHealth technologies with
advanced body composition analysis systems.

Methods

Ethical Considerations
This was a descriptive cross-sectional study that evaluated
clinical, physiological, body composition, and psychometric
variables in a sample of older adult participants. Recruitment
and data collection took place between March and June of 2023.
Participants were recruited through advertisements from the
public Andalusian Health Service system, Spain. Participants
were recruited from primary care centers through referrals by
health care professionals. Recruitment was conducted in
collaboration with general practitioners, who identified potential
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participants meeting the inclusion criteria. The study adhered
to the ethical principles of the Declaration of Helsinki for
medical research involving human subjects. All participants
provided written informed consent. This study was approved
by the Costa del Sol Institutional Ethics Committee, under
protocol number BON22, on December 23, 2022. All
participants provided written informed consent prior to their
inclusion in the study. Participants’ privacy and confidentiality
were ensured throughout the study: all data were anonymized
prior to analysis, and identifying information was stored securely
and separately from the study data. No identifiable images or
information of participants are included in this publication.
Participants did not receive compensation for their participation..

Participants
Inclusion criteria for the study were as follows:

• Individuals aged between 70 and 80 years, inclusive.
• Absence or presence of mild cognitive impairment as

determined by a Barthel index score [20] greater than 95.
• Sit-to-stand test score [21] between 2.5 and 3.6 for men or

between 1.9 and 3 for women.
• Signed informed consent.

Exclusion criteria were the following:

• Individuals younger than 70 years or older than 80 years.
• Individuals with moderate or severe cognitive impairment.
• Sit-to-stand test score [21] less than 2.5 or greater than 3.6

for men or less than 1.9 or greater than 3 for women.
• Individuals living in institutions.
• Individuals with pacemakers or metal prostheses.

Variables and Procedure
The aim of this study was to identify differences in measured
parameters to classify individuals into different states of frailty
within primary care. To identify different states of frailty, the
sit-to-stand test was used, and relative power was calculated
using the equations validated by Losa-Reyna et al [16]. Using
the cutoff points determined by Losa-Reyna et al [22],
participants were classified into 3 groups: frail, prefrail, and
robust. This test was performed in the health center’s office.

After identifying the study subjects, a detailed evaluation of the
remaining variables was carried out in the Functional Testing
Laboratory of the Physical Education and Sports Area of the
University of Málaga. Participants came to the laboratory fasting
(a minimum of 3 hours) and without having done any previous
exercise, wearing comfortable and light clothing without metal
objects. The tests were carried out between 9:30 AM and 2:00
PM. Once in the laboratory, 2 qualified researchers administered
the different tests and assessments; body composition
determinations were performed fasting and in the early morning,
and the rest of the scheduled evaluations were carried out after
breakfast.

Clinical and Demographic Variables
We collected the following clinical and demographic variables:

• Age and sex: Recorded during the initial interview (age in
years; sex as male or female).

• Body mass index: Calculated by dividing weight (measured
in kilograms using a Digital Scale Extra Large Seca Robusta
813) by height (measured in meters using a stadiometer)
squared (m²).

• Number of medications (drugs): Extracted from the clinical
history of the Diraya system (Andalusian Health Service
database), with the participants’ consent.

• Education level: Recorded during the initial interview.

Body Composition Variables
We collected the following body composition variables:

• Muscle architecture: Muscle thickness and pennation angle
of the rectus femoris muscle of the dominant leg were
measured using US (Logiq Book XP Ultrasound System
and 8L linear transducer). The rectus femoris was examined
with the participant in a supine position, with the US
operator standing on the ipsilateral side of the participant.
The evaluation protocol previously described by
Mateos-Angulo et al [23] was used.

• DXA: Lean mass of arms and legs, total lean body mass,
skeletal muscle index, and bone mineral density were
determined using a Hologic Horizon A DXA scanner
(Hologic Inc). Each subject was examined by a certified
technician. The distinction between bone and soft tissue,
the detection of edges, and regional demarcations were
performed using computer algorithms with APEX
Corporation Software (version 5.6.0.7). For each scan,
patients were asked to remove all materials that could
attenuate the X-ray beam, including jewelry. Due to the
sensitivity of the soft tissue analysis, the patient should only
wear a paper gown for the scan. There should be no pillow
on the scan, as the material would affect the soft tissue
measurement. The densitometer calibration was checked
daily with the standard calibration block supplied by the
manufacturer.

• BIA: Total body water, intracellular, extracellular water,
and phase angle (WBPhA) variables were determined by
multifrequency bioimpedance using the Inbody 770 model.
Multifrequency segmental data were obtained that
accurately determined total body water, intracellular and
extracellular water, impedance (Xc and R), and phase angle
(Z) in the 5 body segments (right arm, left arm, trunk, right
leg, and left leg).

Cognitive and Nutritional Status
To assess cognitive and nutritional status, the following
questionnaires were administered digitally using the Google
Forms application.

• Cognitive capacity: Cognitive status was evaluated [24]
using the General Practitioner Assessment of Cognition,
score 0 to 8, a rapid, reliable, and specific test for the
detection of dementia in primary care. This instrument is
considered an efficient alternative to others, such as the
Mini-Mental State Examination, due to its rapid
administration and lack of bias related to gender, education
level, or mental health.

• Nutritional status screening: Nutritional status was assessed
using the Mini Nutritional Assessment (MNA) [25], score
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0 to 14, a widely used scale in the geriatric population. The
first part of this test serves as a screening tool to detect the
risk of malnutrition, with a cutoff value of 10 points or less.
It is a widely used method in older adults and has been
validated in different clinical contexts.

Physical Function Evaluation
To evaluate the physical function of the participants, the Short
Physical Performance Battery (SPPB) was used, score 0 to 12
[26]. This battery includes three tests:

• Walking speed: Measured over a 4-meter distance,
expressed in meters per second. Given that gait speed
measurement is used as a tool for detecting frailty in older
adults from the general population due to its high sensitivity,
simplicity, and feasibility, we also used the cutoff points
for frailty and prefrailty related to gait speed and sarcopenia
in accordance with the consensus document developed by
Cruz-Jentoft et al [27]. In this framework, values below 0.6
m/s are identified as frail, between 0.6 and 1 m/s as prefrail,
and above 1 m/s as robust [27].

• Static balance: Assessed in 3 different positions.

• Sit-to-stand test: Evaluation of the time it takes for
participants to stand up and sit down from a chair 5 times.

In addition to the tests included in the SPPB, two tests were
performed:

• Mobile lower limb relative muscle power (RPOW): To
measure RPOW, participants performed 5 repetitions of
standing up from and sitting down onto a chair with a height
of 0.46 m, following the protocol validated by Alcazar et
al [15]. The test was performed using the PowerFrail app
(Figure 1), developed and validated by Losa-Reyna et al
[16], installed on a stable smartphone.

• Handgrip strength: Isometric handgrip strength, expressed
in kilograms, was measured using a Takei Physical Fitness
Test adjustable dynamometer, following a standardized
protocol, as indicated by Roberts et al [28]. Participants
performed the test in an erect standing position, with
shoulders adducted and arms extended parallel to the body,
without touching their torso. Two attempts were made for
each extremity, and the maximum value was considered,
regardless of hand dominance.
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Figure 1. PowerFrail mobile app screenshots.

Sample Size Calculation
The sample size was estimated using an ANOVA model for 3
independent groups (robust, prefrail, and frail). The calculation
was performed using the G*Power software. For the sample
size calculation, a power of 90% (1–β=.90), a significance level
of 5% (α=.05), and an effect size of 0.4 were used. The result
was a total sample size of 84 participants. This size was obtained
with a noncentrality parameter (λ) of 13.44 and a critical F of
3.11, with 2 degrees of freedom in the numerator and 81 in the
denominator. To avoid losses in the initial calculation, enough
participants were recruited to maintain the robustness of the
study. Finally, 94 subjects participated in the study, distributed
across 3 groups: robust, prefrail, and frail.

Statistical Analysis
To compare the differences on all variables between robust
participants and those with frailty and prefrailty, a 1-way
ANOVA was performed on the total sample. Logistic regression
analysis was performed to investigate the relationship between
body composition and frailty. WBPhA, thickness US, and DXA
lean muscle from the lower limbs were entered into the
regression model as independent variables, as they were found
to have significant differences between the studied groups.
Considering that age and sex may influence the relationship
between body composition and frailty, these factors were
introduced as a confounding variable into an adjusted regression
model, treating age as a continuous covariate and sex as a
categorical factor. The dependent variable was a binary indicator
of frailty, coded as 1 for participants with frailty and 0 for robust
participants and those with prefrailty.
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To extract values for body composition to identify the presence
of prefrailty or frailty, we conducted an analysis using the
receiver operating characteristic (ROC) curve. This analysis
was applied only to body composition that was significant in
the logistic regression analysis. In the ROC analysis, the
outcome variable was the presence or absence of frailty. The
test variable was the body composition that was significantly
associated with frailty. Youden index [29] was calculated with
the following formula: Youden index = sensitivity + specificity
– 1. The area under the curve (AUC), sensitivity, and specificity
were calculated to evaluate the accuracy of the identified
predictive models. The AUC could distinguish between
nonpredictive (AUC<0.5), less predictive (0.5<AUC<0.7),
moderately predictive (0.7<AUC<0.9), and highly predictive

(0.9<AUC<1) values, as well as perfect prediction (AUC=1)
[30].

Results

The background information of the participants is shown in
Table 1. Of the 94 participants in this study, 28 were frail, 33
were prefrail, and 33 had a robust profile. The average age for
each frailty category was 76.5, 75.3, and 74.0 years,
respectively. The percentages of men and women with frailty
and prefrailty were 32% and 52% for men and 68% and 48%
for women, respectively. All investigated variables were
significantly different among the frailty categories, except BMI,
MNA score, skeletal mass index, left arm lean mass, right arm
lean mass, and total body lean mass.
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Table . Descriptive characteristics of the sample (n=94).

Post hocaP valuebRobustPrefrailtyFrailtya

33 (35)33 (35)28 (30)Particpants, n (%)

17 (52); 16 (48)16 (48); 17 (52)19 (68); 9 (32)Sex (female; male), n
(%)

F>R.00473.99 (2.59)75.34 (2.86)76.46 (2.92)Age (years), mean
(SD)

.8228.65 (5.27)27.87 (4.73)28.35 (5.34)BMI (kg/m2), mean
(SD)

F<P<R<.0013.32 (0.46)2.60 (0.32)1.69 (0.54)RPOWc (W/kg), mean
(SD)

.5213.30 (0.98)12.94 (1.71)13.00 (1.28)MNAd (score, 0‐14),
mean (SD)

F<P,R<.0017.15 (1.00)6.60 (1.32)5.46 (1.73)GPCOGe (score, 0‐
8), mean (SD)

F<P<R<.00111.75 (0.43)10.79 (1.24)8.07 (2.26)SPPBf (score, 0‐12),
mean (SD)

F<P<R<.0019.27 (1.31)12.01 (1.40)18.47 (6.44)5STSg (s), mean (SD)

F<P<R<.0013.92 (0.61)4.07 (0.75)5.92 (2.25)WALK4mh (s), mean
(SD)

F<P,R<.0011.04 (0.15)1.01 (0.16)0.74 (0.21)GS4mi (m/s), mean
(SD)

F<P,R<.00126.25 (7.50)25.48 (6.57)19.24 (5.39)Handgrip max (kg),
mean (SD)

F>P>R<.0013.09 (2.20)4.73 (3.13)6.89 (2.81)Number of drugsj,
mean (SD)

F<R.0041.16 (0.26)1.02 (0.25)0.92 (0.32)USk (cm), mean (SD)

F<R<.0014.95 (0.43)4.63 (0.61)4.36 (0.55)WBPhAl (°), mean
(SD)

.077.20 (1.33)7.09 (1.08)6.51 (1.04)SMIm, mean (SD)

.082408.92 (772.28)2485.68 (720.65)2088.24 (624.67)Left arm lean mass (g),
mean (SD)

.122661.02 (915.64)2624.04 (787.75)2274.00 (597.82)Right arm lean mass
(g), mean (SD)

F<P,R.027158.07 (2192.25)7147.72 (1794.43)5975.11 (1494.27)Left leg lean mass (g),
mean (SD)

F<P,R.0067314.78 (2040.34)7368.42 (1823.40)5982.38 (1573.34)Right leg lean mass
(g), mean (SD)

.0647,858.20 (12,130.27)48,123.28 (11,063.12)42,130.41 (8174.96)Total body lean mass
(g), mean (SD)

aF: frailty; P: prefrailty; R: robust.
bP value adjusted for comparing a family of 3.
cRPOW: relative muscle power.
dMNA: Mini Nutritional Assessment.
eGPCOG: General Practitioner Assessment of Cognition.
fSPPB: Short Physical Performance Battery.
g5STS: 5 sit-to-stand time.
hWALK4m: time to walk 4 meters.
iGS4m: gait speed over 4 meters at a normal pace.
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jDrugs: number of daily medications.
kUS: ultrasound on rectus femoris.
lWBPhA: whole-body phase angle.
mSMI: skeletal muscle index.

The correlation analysis is presented through a heat map in
Figures 2-4. Starting with the primary variable identified as a
frailty criterion (RPOW), we initially analyzed the behavior of
this variable in relation to the other studied variables. Additional
correlation analyses were also explored, such as examining the
behavior and relationship of handgrip strength. In this regard,
we conducted a first analysis on the entire sample (Figure 2),
then one each for women (Figure 3) and men (Figure 4). In the
entire sample (Figure 1), we found strong positive and negative
correlations between the RPOW and all the variables, except
MNA score, however, these relationships changed for the
women-only and men-only samples. In the complete sample
(Figure 2), the results identified stronger correlations between
SPPB and RPOW, 5 sit-to-stand time and RPOW, drugs and

RPOW, GS4m and RPOW, and handgrip and RPOW. Regarding
the analysis of the correlations separately for women and men
(Figures 3 and 4), the results were as expected. Specifically, as
observed in the cited figures, there were relationships involving
body composition variables (BIA, DXA, and US) and
expressions of strength, such as lower limb power and, more
markedly, handgrip strength. The observed differences in
correlations between sexes are consistent with expectations,
given the complex biological, hormonal, and social interactions
that affect males and females differently during the aging
process. It is important to consider these factors when
interpreting the results and when designing interventions that
address frailty and functional decline in older adults effectively
and equitably.
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Figure 2. Simple correlation analysis results for the whole sample (n=94). Pearson correlations of all studied variable were carried out on the total
sample. 5STS: 5 sit-to-stand time; DRUGS: number of daily medications; GPCOG: General Practitioner Assessment of Cognition score; GS4m: gait
speed over 4 meters at a normal pace; HG: handgrip; LeanM LA: left arm lean mass; LeanM LL: left leg lean mass; LeanM RA: right arm lean mass;
LeanM RL: right leg lean mass; LeanM TB: total body lean mass; MNA: Mini Nutritional Assessment score; RPOW: relative muscle power; SMI:
skeletal muscle index; SPPB: Short Physical Performance Battery score; US: ultrasound on rectus femoris; WALK4m: time to walk 4 meters; WBPhA:
whole-body phase angle. *P<.05, **P<.01, ***P<.001.
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Figure 3. Simple correlation analysis results for women (n=52). Pearson correlations were conducted for all studied variables on the sample of women.
5STS: 5 sit-to-stand time; DRUGS: number of daily medications; GPCOG: General Practitioner Assessment of Cognition score; GS4m: gait speed over
4 meters at a normal pace; HG: handgrip; LeanM LA: left arm lean mass; LeanM LL: left leg lean mass; LeanM RA: right arm lean mass; LeanM RL:
right leg lean mass; LeanM TB: total body lean mass; MNA: Mini Nutritional Assessment score; RPOW: relative muscle power; SMI: skeletal muscle
index; SPPB: Short Physical Performance Battery score; US: ultrasound on rectus femoris; WALK4m: time to walk 4 meters; WBPhA: whole-body
phase angle. *P<.05, **P<.01, ***P<.001.

JMIR Aging 2025 | vol. 8 | e67982 | p.1134https://aging.jmir.org/2025/1/e67982
(page number not for citation purposes)

Ortiz-Navarro et alJMIR AGING

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


Figure 4. Simple correlation analysis results for men (n=42). Pearson correlations were conducted for all studied variables on the sample of men (n=42).
5STS: 5 sit-to-stand time; DRUGS: number of daily medications; GPCOG: General Practitioner Assessment of Cognition score; GS4m: gait speed over
4 meters at a normal pace; HG: handgrip; LeanM LA: left arm lean mass; LeanM LL: left leg lean mass; LeanM RA: right arm lean mass; LeanM RL:
right leg lean mass; LeanM TB: total body lean mass; MNA: Mini Nutritional Assessment score; RPOW: relative muscle power; SMI: skeletal muscle
index; SPPB: Short Physical Performance Battery score; US: ultrasound on rectus femoris; WALK4m: time to walk 4 meters; WBPhA: whole-body
phase angle. *P<.05, **P<.01, ***P<.001.

The logistic regression analyses presented in Table 2
demonstrate the predictive capacity of various diagnostic factors
for frailty in older adults. The Nagelkerke R² values indicate
the proportion of variance in frailty status explained by each
model, both before and after adjusting for age and sex. The
initial model for US shows that US measurements of the rectus
femoris explained 10.1% of the variance in frailty (Nagelkerke
R²=0.101; P=.009). After adjusting for age and sex, the
explained variance increases to 20.6% (adjusted Nagelkerke
R²=0.206; P=.002), indicating a stronger association when these
factors are considered. WBPhA exhibited a significant

association with frailty, explaining 16.4% of the variance in the
unadjusted model (Nagelkerke R²=0.164; P=.001). The adjusted
model further enhanced the explained variance to 24.5%
(adjusted Nagelkerke R²=0.245; P<.001), underscoring its
robustness as a predictive factor. Both left leg lean mass and
right leg lean mass (LeanM RL) were significant predictors of
frailty. The unadjusted models explained 12.4% (P=.003) and
16.4% (P<.001) of the variance, respectively. After adjustment,
the explained variance increased to 21.5% for the left leg
(P=.001) and 24.6% for the right leg (P<.001).
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Table . Results of the logistic regression analyses (n=94).

P valueAdjusted Nagelkerke R2aP valueNagelkerke R2

.0020.206.0090.101Ultrasound on rectus
femoris

<.0010.245.0010.164WBPhAb

.0010.215.0030.124Lean mass, left leg

<.0010.246<.0010.164Lean mass, right leg

aAdjusted Nagelkerke R2 included age as a covariable and sex as a factor.
bWBPhA: whole-body phase angle.

The ROC analyses indicated that all evaluated measures
demonstrated a high degree of specificity in detecting frailty in
older adults. It is notable that unadjusted muscle US
demonstrated a high level of specificity, although sensitivity
was relatively low. The WBPhA and LeanM RL also exhibited
significant predictive capabilities, with AUC and P values
indicating good discrimination. When adjusting for sex and age,
there was a notable improvement in sensitivity, particularly in
the case of LeanM RL, which maintained statistical significance
(P=.045). These findings suggest that the lean mass of the right
leg, adjusted for demographic factors, may be a promising
indicator for predicting frailty in this population. On the other
hand, it is worth noting that the adjusted WBPhA presented the
highest Youden index value (0.417), which suggests that it may
be the most effective measure in terms of balancing sensitivity
and specificity for predicting frailty. Similarly, the adjusted
LeanM RL also had a high Youden index (0.296), which
establishes it as another promising measure.

Discussion

Principal Findings
This study provides significant evidence on the predictive
capacity of body composition variables and their relationship
with frailty syndrome in older adults. Technology tools such as
BIA, WBPhA, US of the anterior rectus quadriceps muscle
thickness, and DXA, were used in this study. The older adult
frailty status was calculated using the PowerFrail mobile app
[15] (Figure 1). This app is the first scientifically based app that
allows the assessment of the muscle power and frailty of older
adults in a simple way. Our results showed that these parameters
are useful predictors for identifying frailty, in line with previous
findings.

This study found several significant correlations between
variables related to body composition, physical performance,
and cognitive status in female participants, but these were not
the same as the values observed in their male counterparts. This
may be because women experience more functional limitations
than men during the aging process [31]. Women tend to suffer
a greater decline in physical function with age, which has been
attributed to hormonal changes, particularly the decrease in
estrogen levels during menopause [32]. Menopause is associated
with changes in body composition characterized by an increase
in body fat and a progressive decrease in muscle mass and
strength [33]. These alterations can lead to a higher prevalence
of sarcopenia and frailty in older women compared to men.

Based on these postmenopausal changes, muscle and fat
composition might be more closely related to physical
performance in women, which we observed in our correlation
results from Figures 2-4. Specifically, the associations between
body composition measures (evaluated through BIA, DXA, and
US) and expressions of strength, such as lower limb power from
the mobile app and handgrip strength, were more pronounced
in women. This suggests that changes in muscle quality and
quantity may have a greater impact on the physical function of
older women.

Although previous research has indicated that muscle quality
contributes to physical capacity in older adults, the effect of sex
differences on this association has not been thoroughly
investigated [34]. Some studies have suggested that muscle
quality independently predicts physical function in older men
but not in women [35]. However, our findings differ, as we
observed significant correlations in women. Unlike previous
studies, we included analyses of physical function status, which
may explain the different results. The underlying mechanisms
of these sex-specific differences still need to be investigated
and clarified.

Contributing factors may include differences in muscle structure
composition, hormonal influences, and neuromuscular activation
patterns between men and women [36]. Additionally, the
accuracy and sensitivity of measurement techniques, such as
BIA and US, may vary between sexes due to differences in body
fat distribution and hydration status [37]. Further research is
needed to explore these factors and understand how they
influence the relationship between body composition and
physical function in older adults.

The connection between body composition and frailty indicators
has been the focus of extensive research. However, to our
knowledge, no studies have simultaneously compared DXA,
BIA, and US, specifically for the identification of frailty
syndrome in a primary care setting. Our study addresses this
gap by evaluating the predictive capacities of these 3 modalities,
offering a comprehensive analysis that can inform clinical
practice regarding the most suitable and practical tools for frailty
assessment in older adults. Although previous studies have
compared two modalities, our inclusion of a third (US) provides
a broader perspective on body composition assessment tools
available for primary care settings. For instance, research has
demonstrated that muscle US is an emerging tool for diagnosing
sarcopenia, with studies summarizing its diagnostic accuracy
[38]. Additionally, studies have evaluated the reliability and
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validity of sarcopenia diagnosis using BIA compared with the
gold standard, DXA, assessing the predictive accuracy of BIA
for diagnosis [39,40]. However, these studies did not include
US in their comparisons. Rossini-Venturini et al [41] highlighted
that the anthropometric prediction equations developed in their
study provide a reliable, practical, and low-cost instrument to
assess the components that change the most during the aging
process, corroborating our findings. This perspective emphasizes
the significance of considering diverse elements of body
composition in the evaluation of health among older adults.
Although some studies have recognized muscle mass, assessed
via DXA or BIA, as a critical element in forecasting frailty
[42,43], our analysis demonstrated that lower extremity lean
mass (left left lean mass and LeanM RL) did reveal a direct
relationship in the models. The present results are in line with
findings that indicate muscle mass reduction alone does not
suffice to predict frailty without factoring in physical
performance [44]. In fact, physical performance, which can be
measured through functional tests such as gait speed or grip
strength, is vital for evaluating frailty status among older adults
[45].

There has been a growing acknowledgment in recent literature
regarding the significance of assessing both the quantity and
quality of muscle. Xu et al [46] demonstrated that body
composition, encompassing both muscle mass and quality, is
significantly associated with frailty in older adult inpatients.
The current literature suggests that it is not enough to analyze
the quantity of muscle mass in absolute terms; quality is equally
important. Quality can be assessed through methods such as
US and BIA, which provide insights into muscle integrity and
performance in terms of its functional capacity. In this context,
analyzing muscle quality through US could effectively

complement DXA, which has traditionally been considered the
gold standard in the assessment of body composition. Although
DXA provides valuable information on lean mass and fat mass,
it does not provide details on muscle distribution and quality,
critical for understanding frailty in older adults [47].

Moreover, our findings indicated that muscle strength and gait
speed are important indicators of frailty, corroborating the work
of Tsukasaki et al [48], who found a strong association between
muscle strength, gait speed, and cross-sectional muscle area
determined by midthigh computed tomography. These findings
reinforce the idea that comprehensive evaluations of muscle
function should be integrated into frailty assessments. Therefore,
muscle composition emerges as a potential public health
assessment by enabling the clinical quantification of muscle
mass and an estimation of physical function in the older adult
population [49].

Our findings demonstrated that all measures exhibited high
specificity but varying sensitivity in detecting frailty (Table 3).
Our ROC analysis showed moderate predictive ability for
WBPhA, US thickness, and lean mass of legs from DXA, with
an AUC between 0.678 and 0.749. This aligns with the results
from previous studies [50,51], which emphasized that models
combining body composition measurements with physical
performance tests can improve the predictive ability of frailty.
Unadjusted US showed perfect specificity but low sensitivity
(10.7%), indicating it is highly effective at correctly identifying
nonfrail individuals but less capable of detecting those who are
frail. This aligns with previous studies suggesting that muscle
US, while precise in measuring muscle thickness, may have
limitations in sensitivity due to operator dependency and
variability [52].

Table . Results of receiver operating characteristic analysis (n=94)

P valueAUCbYouden indexaSpecificitySensitivity

.020.6780.1071.0000.107USc

.240.7320.2600.9390.321US (adjusted)d

.0030.7040.1920.9520.240WBPhAe

.090.7620.4170.9370.480WBPhA (adjusted)d

.0090.6830.0920.9850.107LeanM LLf

.170.7410.1740.9240.250LeanM LL (adjusted)d

.0030.7030.2250.9390.286LeanM RLg

.0450.7490.2960.9390.357LeanM RL (adjusted)d

aYouden index = sensitivity + specificity – 1.
bAUC: area under the curve.
cUS: ultrasound on rectus femoris.
dModel adjusted by sex and age.
eWBPhA: whole-body phase angle.
fLeanM LL: left leg lean mass.
gLeanM RL: right leg lean mass.

Adjusting the US measure for age and sex increased sensitivity
to 32.1% but reduced specificity to 93.9%, and the adjusted

model did not reach statistical significance (P=.24). This
suggests that while adjustments improve sensitivity, they may
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not be sufficient to make US a standalone diagnostic tool for
frailty in primary care settings. The WBPhA showed an
unadjusted sensitivity of 24% and specificity of 95.2%, with an
AUC of 0.704 (P=.003). After adjusting for age and sex,
sensitivity improved to 48%, specificity slightly decreased to
93.7%, and AUC increased to 0.762, although the P value was
nonsignificant (P=.09). These results suggest that WBPhA,
particularly when adjusted for sex and age factors, has potential
as a screening tool for frailty. Previous research has shown that
lower phase angle values are associated with decreased muscle
function, poor nutritional status, and higher frailty risk [12,53].
The noninvasive nature and ease of use of BIA make WBPhA
a practical option for primary care, although standardization of
measurement protocols is necessary.

LeanM RL emerged as a significant predictor when adjusted
for age and sex (P=.045), with sensitivity and specificity of
35.7% and 93.9%, respectively, and an AUC of 0.749. This
indicates that the adjusted LeanM RL model had a good balance
between sensitivity and specificity and may be valuable in
predicting frailty. The importance of lower limb muscle mass
in frailty assessment is well-documented. For instance, [54]
reported that decreased appendicular lean mass is associated
with physical disability and increased risk of adverse outcomes
in older adults. However, the use of DXA in primary care is
limited due to cost, accessibility, and exposure to low-dose
radiation.

In comparison, the unadjusted left leg lean mass showed similar
specificity (98.5%) but low sensitivity (10.7%), and the adjusted
model did not achieve statistical significance. This suggests that
while lean mass measurements are informative, the right leg
may provide more predictive value than the left in this context,
possibly due to dominance or functional differences, although
further research is needed to confirm this observation. Overall,
our results indicated that LeanM RL, adjusted for age and sex,
may be the most effective measure among those studied for
predicting frailty. This is significant because identifying reliable,
accessible markers for frailty is crucial for early intervention.
Given the limitations of DXA in primary care, exploring
alternative methods to estimate lean mass, such as predictive
equations or portable devices, could enhance feasibility. The
high specificity observed across all measures suggests they are
effective in ruling out frailty in individuals without frailty.
However, the variable sensitivity underscores the need for
multicomponent assessment tools. The Comprehensive Geriatric
Assessment remains the gold standard for frailty evaluation but
is resource-intensive [55]. Incorporating measures like WBPhA
and simplified lean mass assessments could enhance screening
efficiency in primary care.

Limitations, Clinical Implications, and Future
Directions
Limitations of the study include the sample size and
homogeneity in some variables, such as BMI and arm lean mass
(left arm and right arm), which could have affected the accuracy
of the predictive results. Heterogeneity in these measurements
has been reported in previous research [56], suggesting that
variability in body composition could influence frailty
prediction. There is potential for the integration of advanced
body composition analysis tools and mobile technology into
primary care services for the early identification and
management of frailty syndrome in older adults. Methods such
as WBPhA, US of the rectus femoris muscle, and DXA analysis
proved to be effective predictors of frailty, offering high
specificity in detection. The implementation of the PowerFrail
mobile app enables rapid and personalized assessments,
optimizing preventive interventions. These tools not only
improve the accuracy of clinical evaluations but also reduce
costs associated with frailty-related complications, promoting
healthier aging and alleviating the burden on public health care
systems. In addition, while this study incorporated a range of
assessment tools, it is essential for future research to concentrate
on validating these measures in larger and more diverse cohorts
to ensure their wider applicability. The cross-sectional design
of this study further restricts the ability to infer causal
relationships between body composition variables and frailty.
Longitudinal investigations could provide valuable information
on how variations in body composition affect the progression
of frailty over time. Understanding these dynamics could
facilitate developing more effective and personalized
interventions for the older adult population. Finally, future
studies should explore the integration of these mHealth
technologies with advanced body composition analysis systems
to optimize early detection and management of frailty.

Conclusions
The findings of this study reinforce the utility of various body
composition evaluations, such as WBPhA, LeanM RL measured
by DXA, and quadriceps thickness assessed by US, as effective
indicators for predicting frailty in older adults, aligning with
previous research. However, our results highlight the necessity
of not relying exclusively on muscle mass as a predictor of
frailty. It is essential to incorporate assessments of muscle
function and physical performance into clinical evaluations to
enhance the accuracy of identifying individuals susceptible to
frailty. The combination of tools such as WBPhA,
bioimpedance, and US, along with the PowerFrail app, could
provide a more complete and accurate assessment of the health
status of older adults, allowing effective preventive interventions
to be implemented in primary care services.
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Abstract

Background: Sarcopenia (loss of muscle mass and strength) increases adverse outcomes risk and contributes to cognitive
decline in older adults. Accurate methods to quantify muscle mass and predict adverse outcomes, particularly in older persons
with dementia, are still lacking.

Objective: This study’s main objective was to assess the feasibility of using deep learning techniques for segmentation and
quantification of musculoskeletal tissues in magnetic resonance imaging (MRI) scans of the head in patients with neurocognitive
disorders. This study aimed to pave the way for using automated techniques for opportunistic detection of sarcopenia in patients
with neurocognitive disorder.

Methods: In a cross-sectional analysis of 53 participants, we used 7 U-Net-like deep learning models to segment 5 different
tissues in head MRI images and used the Dice similarity coefficient and average symmetric surface distance as main assessment
techniques to compare results. We also analyzed the relationship between BMI and muscle and fat volumes.

Results: Our framework accurately quantified masseter and subcutaneous fat on the left and right sides of the head and tongue
muscle (mean Dice similarity coefficient 92.4%). A significant correlation exists between the area and volume of tongue muscle,
left masseter muscle, and BMI.

Conclusions: Our study demonstrates the successful application of a deep learning model to quantify muscle volumes in head
MRI in patients with neurocognitive disorders. This is a promising first step toward clinically applicable artificial intelligence
and deep learning methods for estimating masseter and tongue muscle and predicting adverse outcomes in this population.

(JMIR Aging 2025;8:e63686)   doi:10.2196/63686

KEYWORDS

artificial intelligence; machine learning; sarcopenia; dementia; masseter muscle; tongue muscle; deep learning; head; tongue;
face; magnetic resonance imaging; MRI; image; imaging; muscle; muscles; neural network; aging; gerontology; older adults;
geriatrics; older adult health

Introduction

Age-related muscle wasting and neurodegeneration, clinically
presented as sarcopenia and dementia, respectively, are the
major drivers of frailty, falls, and disability in older adults
worldwide [1]. Sarcopenia is characterized by loss of muscle
mass, strength, and function in older adults. Aging is the leading

risk factor, but conditions such as chronic diseases,
inflammation, sedentarism, and malnutrition promote sarcopenia
onset and progression [2]. Sarcopenia has a 10% overall
prevalence globally in older persons, 29% in the community,
14%-33% in long-term care settings, and up to 50% in the very
old (>80) [3,4]. Despite being a common and relevant
health-related condition, it is unseen and underdiagnosed,
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particularly in older persons with cognitive disorders. To
diagnose sarcopenia, measurement of muscle mass, muscle
performance, and strength is necessary [2]. Estimating muscle
performance and strength is accessible and cheap with traditional
methods, such as gait speed and grip strength, respectively [5].
However, techniques such as dual X-ray absorptiometry or body
magnetic resonance imaging (MRI) are necessary to accurately
assess lean or muscle mass. These methods can increase costs
and time and are impractical in settings such as dementia clinics
[6].

Dementia patients are highly affected by sarcopenia, with a
prevalence of around 60%‐70% [7,8]. People living with
neurodegenerative diseases are more prone to experience
difficulties due to malnutrition, being sedentary, and falling;
therefore, having sarcopenia increases the risk of adverse
outcomes. Sarcopenia is not only a risk factor for adverse
outcomes for those with dementia but also promotes cognitive
loss in healthy older adults [9]. Therefore, diagnosing sarcopenia
in people with neurodegenerative diseases is relevant and
necessary.

Head MRI is a widely used diagnostic method for assessing
dementia and Alzheimer disease (AD), as it offers intricate
representations of the brain’s anatomy and physiology. In
clinical practice, MRI is often combined with other imaging
techniques and cognitive assessments to support the diagnosis
of these conditions. The utilization of MRI has seen an upward
trend in recent times, as it has become an instrumental tool for
the early detection and tracking of the evolution of dementia
and AD. According to estimates, 60%‐80% of patients
diagnosed with dementia or AD undergo MRI as part of their
diagnostic evaluation [6].

Mastication and deglutition muscles such as the masseter and
tongue are visible in brain MRI scans [10,11]. These muscles
can reflect not only age-associated general muscle decline but
also systemic processes due to highly complex interactions with
the immune system and the inflammatory response, the nervous
system, and the crossroads of several components of the frailty
syndrome [12,13]. Indeed, in a previous publication, we have
reported that manually segmented masseter predicts mortality
and clinical short-term and long-term outcomes in several
contexts [14]. Moreover, head muscles such as the tongue and
masseter could be cost-effective alternatives to estimate muscle
mass in dementia and other common conditions such as head
cancer, stroke, or cranioencephalic trauma [14,15]. However,
manual and semi-automatic techniques are labor-intensive and
time-consuming, making the image processing task for large
studies difficult, expensive, and, most importantly, impractical
to apply in a clinical setting. Therefore, in the present study,
we aimed to use MRI scans of the head opportunistically to
develop an automated deep learning method to evaluate
sarcopenia.

Methods

Population and Data Source
The “Dementia Study of Western Norway” (DemVest) is a
long-term study between 2005 and 2013, with ongoing follow-up

assessments. Participants were referred from dementia clinics
in Hordaland and Rogaland and were insured by the same
national insurance scheme. The study’s methodology is
described elsewhere [15]. Those with moderate or severe
dementia, delirium, past bipolar or psychotic conditions,
terminal illness, or newly diagnosed somatic diseases impacting
cognition, function, or participation were excluded.

For this study, subjects with dementia with Lewy bodies (DLB)
or mild AD who had baseline MRI scans were included. Out
of 111 participants (85 AD and 26 DLB), 33 AD and 20 DLB
participants with MRI images for brain and muscle measurement
were selected based on the quality of the images and clear
delineation of the regions of interest. The diagnosis of dementia
was made in accordance with the Diagnostic and Statistical
Manual of Mental Disorders, Fourth Edition (DSM-IV) criteria,
and patients were classified as AD or DLB [16]. A mini-mental
state examination score of ≥20 or a clinical dementia rating
global score of 1 was chosen as the definition for mild dementia.
The diagnosis was based on inclusion but could be modified
with clinical evolution, consensus, and autopsy [15]. Participants
were evaluated through structured assessments, and medical
records were used to gather complete medical history and
comorbidity data. In total, 56 participants had pathological
diagnoses with 80% accuracy compared to clinical criteria,
which reflects a reliable initial clinical diagnosis [17].

Ethical Considerations
This study was approved by the regional ethics committee
(approval code: 2010/633) and the Norwegian authorities for
the collection of medical data. All data were handled and kept
following national data privacy protocols. All participants signed
an informed consent form before inclusion in the study.

Imaging
All images were acquired at baseline. A 1.5-T Philips
Intera-scanner was used to obtain MRI images. The acquisition
protocol for 3D T1-weighted sequence was as follows: flip angle
of 30°, repetition time/echo time of 10.0/4.6 ms, number of
excitations of 2, 2-mm slice thickness with 1-mm spacing
between the slices (1-mm slices with no gap), matrix of 256×256
pixels, and field of view of 26 cm. Those with movement
artifacts and inadequate image quality were removed from the
data using visual quality checks. A standardized preprocessing
method for harmonizing multiple collections of MRIs was
applied, which consisted of movement correction and intensity
normalization following previously validated techniques [15].

Ground Truth Image Segmentation
Ground truth (GT) images were segmented using interactive
pixel techniques made available by SliceOmatic software
(TomoVision) following a manual method previously reported
[18]. The size of the masseter muscle was used as a reference
for the selection criteria of the slices. In total, 5 slices were
selected from the ones with both right and left masseter muscles
at their largest. For each slice, 5 tissues were segmented: left
and right masseter muscles, left and right subcutaneous fat, and
tongue muscle (Figure 1). The masseter muscle on each side
was used as a reference to segment subcutaneous fat.
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Figure 1. Example of segmented tissues overlaid on the original MRI. (A) Right masseter muscle, (B) left masseter muscle, (C) right subcutaneous
fat, (D) left subcutaneous fat, and (E) tongue muscle.

Network Architecture
We studied and compared 6 different U-Net-like architectures.
The original U-Net architecture [19] was first designed to
segment medical images, and many other researchers have tried
to improve its performance by integrating additional techniques
into its architecture [20]. U-Net consists of a contracting path
(encoder) and an expansive path (decoder) with skip connections
between these 2 paths. The network learns features from the
provided image and the mask at increasingly higher spatial
scales by gradually down-sampling to lower resolutions through
the encoding path. The expansive path then gradually increases
the resolution of the output from the encoding path to the
original image size, resulting in a probability map as an output,
indicating the chance of each pixel belonging to a specific tissue.
One important feature of U-Net is its skip connections, which

concatenate feature maps from the encoding path to the
corresponding block in the expansive path, making it possible
to maintain small details crucial in medical image segmentation.

We have included 5 variants of U-Net in this study, including
Attention U-Net, Dense U-Net, Residual U-Net, Inception
U-Net, and U-Net++. Attention U-Net is desirable since it allows
the model to focus on specific objects and ignore unnecessary
areas [21]. In Dense U-Net, the traditional U-Net blocks are
replaced with a dense block, enabling the model to segment
objects with greater distinction. This feature is important in
medical practice since tissues are often very close and sometimes
overlap [22]. Residual U-Net architecture tries to tackle the
vanishing gradient issue, a common problem in designing deep
neural networks [23]. In most cases, the same organ’s size can
vary between patients, which can cause limitations on the
segmentation capability of the model. By using filters with
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different sizes, Inception U-Net attempts to overcome this
problem [24]. Lastly, U-Net++ aids the classic U-Net model to
more accurately segment images by providing semantic
information from a dense network of skip connections as an
intermediary grid between the encoding and decoding paths
[25]. We also included a Wide U-Net architecture to eliminate

the effect of increased trainable parameters. This model has the
same architecture as U-Net but with more feature maps per layer
(30, 60, 120, 240, and 480) compared to the original U-Net (16,
32, 64, 128, and 256). Hence, it will serve as a control to
compare the models with larger numbers of trainable parameters
with the base U-Net (Table 1).

Table . Number of trainable parameters for each model.

Trainable parametersModel

2,164,390U-Net

2,233,270Attention U-Net

2,555,702U-Net++

5,529,526Inception U-Net

6,877,110Residual U-Net

7,666,320Dense U-Net

7,596,306Wide U-Net

Training Procedure
All models were trained with the mini-batch stochastic gradient
descent algorithm using the Adam optimizer. A batch size of 8
was selected. The learning rate was 0.0001. The training was
done for 200 epochs. The values of hyperparameters were
empirically tuned for best performance. Categorical
cross-entropy (CSE) was selected as the loss function for this
study [26]. The CSE loss function minimizes the distance
between 2 distributions (the predicted labels and the GT labels).
CSE is one of the most popular loss functions for image
segmentation and has shown excellent performance in muscle
segmentation [27,28]. All experiments were implemented with
open-source software: Python (version 3.7.13), TensorFlow
(version 2.8.2), and Keras (version 2.8.0).

Model Evaluation
The results of the experiments were evaluated using 2 main
measures: Dice similarity coefficient (DSC) and average
symmetric surface distance (ASSD). The DSC represents the
agreement between the GT labels and predicted labels that
models generate:

DSCP,G=2(P∩G)(P+G)

where ∩ is the intersection and P and G are the 2 labels. DSC
ranges between 0 and 1, where 0 indicates no agreement and 1
indicates perfect agreement. In our study, DSC is presented as
a percentage.

The ASSD measures the average distance from pixels on the
boundary of predicted labels to corresponding pixels on the
boundary of the GT labels:

where BP and BG are the boundaries of predicted labels and
corresponding reference labels, respectively. d(v,B) is the
shortest Euclidean distance between voxel v and boundary B.
An ASSD of 0 indicates a perfect match between predicted and
reference labels. The ASSD was measured in mm.

We used k-fold cross-validation in evaluating the models. This
technique splits the data set into k subsets (folds). The deep
learning models are trained on all but one of the subsets (k–1),
and then the models are evaluated on the subset that was not
used for training. This process is repeated k times, and the
average of the results is reported. We used k=10.

Additional metrics, including Jaccard coefficient, precision,
recall, sensitivity, specificity, and F1-score, are presented in
Multimedia Appendix 1. The results are shown as mean and
standard deviation and median and interquartile range across
k-fold (k=10) cross-validation.

Statistical Methods
We explored the association between the BMI and the muscle
and fat areas and volumes in the MRI images using individual
linear regression models adjusted by sex and age. No
adjustments for multiple testing were made. All assumptions
were checked. All P-values were evaluated at a 5% level. The
analysis and graphs were carried out using R (version 4.2.2).

Results

Segmentation
DSC and ASSD were used to quantitatively analyze the
segmentation results (Figure 2 and Table 2). The Dense U-Net
model has a higher average DSC and lower ASSD than other
models. In contrast, Attention U-Net has the lowest average
DSC score compared to other models. This result is confirmed
by the higher ASSD for Attention U-Net for all tissues. Other
models have shown almost similar results for all areas.
Additional metrics have been presented in Multimedia Appendix
1. The results from these metrics confirm the findings of the
study mentioned in this section; hence, they were omitted from
the main manuscript.
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Figure 2. Box plot of k-fold (k=10) cross-validation results for attention U-Net, dense U-Net, inception U-Net, residual U-Net, U-Net, U-Net++, and
wide U-Net. Top: DSC in percentage. Bottom: ASSD in mm.
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Table . Mean DSC and ASSD for test and validation results for k-fold (k=10) cross-validation. Standard deviation for the measurements in this table
is presented in Multimedia Appendix 1.

Validation setTest setModel

RSFLSFRMLMTRSFeLSFdRMcLMbTa

91.4391.0593.2393.3893.4391.2690.993.1993.493.57Attention
U-Net

DSCf

(%)
92.4291.8994.4994.794.0792.2291.7694.494.6694.12Dense U-

Net

91.8191.4593.7394.2793.8591.5991.3693.6994.1294.07Inception
U-Net

91.6891.3593.6794.193.7491.4691.0593.5394.0393.71Residual
U-Net

91.6791.1893.5293.9393.8891.4990.9793.4693.9493.83U-Net

92.0191.5993.9994.394.0391.6891.3593.9394.2994Wide U-
Net

0.590.60.650.671.530.620.590.660.631.47Attention
U-Net

ASSDg

(mm)
0.540.520.530.511.370.540.530.530.521.3Dense U-

Net

0.590.60.630.561.440.610.590.610.571.33Inception
U-Net

0.60.580.630.581.380.610.610.620.581.39Residual
U-Net

0.590.610.640.61.450.610.620.650.61.41U-Net

0.570.560.580.551.340.60.560.580.551.35Wide U-
Net

aT: tongue muscle.
bLM: left masseter muscle.
cRM: right masseter muscle.
dLSF: left subcutaneous fat.
eRSF: right subcutaneous fat.
fDSC: Dice similarity coefficient.
gASSD: average symmetric surface distance.

Clinical Validation
To prove the clinical validity of the measurements, we evaluated
the association between the segmented muscles and
subcutaneous fat and BMI. We found a significant positive

association between tongue muscle, left masseter muscle, and
left and right subcutaneous fat and BMI (Figure 3). The area of
a single slice as well as the volume of 5 slices per patient was
calculated for this experiment. The results were adjusted by age
and sex with P<.05 (Multimedia Appendix 2).
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Figure 3. Individual linear regression repressing the relationship between quantitative results (area of a single slice and volume of 5 slices) from the
Dense U-Net model and BMI.

Discussion

In this study, we evaluated the performance of six deep learning
models for segmentation of the masseter muscles, subcutaneous
fat, and tongue muscle in MRI images of the head. Several
variations of the U-Net architecture were trained and tested
using k-fold cross-validation. The use of deep neural networks
for segmenting musculoskeletal tissues in patients with AD and

LBD is a novel experimental contribution to the deep
learning-based segmentation literature as well as the clinical
literature.

Our study demonstrated that the Dense U-Net model performed
superiorly to the other models in all evaluated regions by
achieving an overall DSC of 93.43% and ASSD of 0.68 mm on
the test data. The remaining models demonstrated comparable
outcomes, except the Attention U-Net, which achieved slightly
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less accurate results in all regions with an overall DSC of
92.46% and ASSD of 0.79 mm on the test data. Notably, despite
having a comparable number of trainable parameters, the Dense
U-Net model demonstrated a higher DSC and lower ASSD than
the Wide U-Net model. The Dense U-Net model achieves
superior performance with a similar number of parameters,
suggesting that its architectural efficiency, rather than parameter
quantity alone, drives this improvement.

The validation set produced similar results to the training set,
indicating that the trained models did not suffer from overfitting.
Although we applied data augmentation to the training data set
(results not shown), it did not significantly improve the accuracy
of the segmentation models.

Furthermore, we observed a significant correlation between the
results and BMI, a well-established measure of nutrition and
body composition. This underscores the validity and clinical
relevance of this method. If these localized muscle
measurements correlate with BMI, it suggests that they may
reflect broader nutritional and body composition states.

Sarcopenia is a relatively newly recognized condition for which
neuromuscular degeneration, central nervous system alpha motor
unit loss, and fat infiltration into muscle are the most distinctive
proven and observed pathogenic features, leading to loss of
muscle mass and strength and predisposing to physical frailty
[2]. We have proposed that non-invasive assessment of
intermuscular adipose tissue and muscle mass by image analysis
could constitute a viable method to diagnose sarcopenia and
predict its associated outcomes, the clinical impact of which is
also under study by our group [29].

The validity and clinical implications of measuring the masseter
muscle have been shown in previous studies [30,31]. In recent
work by our group, we compared the diagnostic capacity for
sarcopenia between the gold-standard dual X-ray absorptiometry
and our measurements of head muscles. The results showed
that both methods had equivalent accuracy [32]. In older adults
with glioblastoma, a decreased masseter diameter on
preoperative imaging was associated with shorter overall
survival and 90-day mortality after surgical resection [33]. In
addition, low masseter muscle was significantly associated with
worse overall survival in patients aged 65 years or older,
diagnosed with squamous cell carcinoma of the head and neck
and treated with curative intent [34]. Another study evaluated
post-operative results after carotid endarterectomy; low masseter
mass was associated with a prolonged hospital stay and recurrent
stroke within 5 years [35]. In another study, preoperative
masseter mass was a predictor of postoperative pneumonia in
patients with esophageal cancer [36]. Additionally, other studies
have shown that the masseter muscle can be used as a nutritional
biomarker. The masseter muscle, analyzed via computed
tomography (CT) anthropometry, showed a statistically
significant association with systemic nutritional biomarkers
[37]. On the other hand, the tongue has shown to be a good
marker of prognosis, as tongue strength has shown to be helpful
in diagnosing sarcopenia [38]. Previous studies from our group
also report that tongue muscle volume is correlated with
malnutrition and even brain structures in patients with dementia
[18,29].

Therefore, the approach we present in this paper can be
opportunistically used to quantify muscle volumes and
investigate the implications of having low muscle mass in the
masseter or the tongue in people with brain, head, and neck
diseases. Thus, it is an important first step toward developing
a more efficient method to estimate masseter and tongue muscle
with a better capacity to be implemented in clinical practice.
Manual and semi-automatic techniques have been employed in
several studies for masseter muscle segmentation in MRI [39].
A recent study used shape determination to segment the masseter
muscle in MRI images [40]. In this approach, a manual contour
for 8 slices must be defined by the user, and the model then
determines the shape for the remaining scans, reducing the time
and labor required for segmentation. However, this technique
still requires manual segmentation, which can be
time-consuming and prone to user error compared to our
approach.

Model-based techniques have also been explored for the
segmentation of the mastication muscle [41,42]. Although these
techniques have shown high accuracy (>90%), there must be a
distinct boundary between the masseter muscle and surrounding
tissues to ensure accuracy. This distinct boundary refers to
visible differences in intensity, texture, or anatomical structure
on imaging, which enable the models to accurately separate the
muscle from adjacent tissues, such as fat or bone.

Machine and deep learning approaches have been widely used
to segment muscles in various body parts. CT scans and cone
beam CT scans have primarily been investigated for measuring
the head organs, including masseter muscle using these
techniques [43-45]. In a previous study, a basic U-Net model
was applied to segment the masseter muscle in head CT scans
to investigate hemifacial microsomia [46]. The mean DSC
reported in that study was 79.4% for the experimental group
and 82.4% for the group with mandible deformities, which are
lower compared to the results obtained in our study. In a study
using CT scan of the head for segmentation of masticatory
muscles, deep learning techniques were superior to atlas-based
techniques, achieving a mean DSC of 83% [47]. To the best of
our knowledge, the techniques considered in our study have not
yet been used to segment musculoskeletal tissues in MRI images
of the head.

Our study had some limitations. The Attention U-Net model
demonstrated the lowest DSC values and the highest ASSD
values among the evaluated models, indicating suboptimal
segmentation accuracy across tissues. This underperformance
may be attributed to the Attention mechanism’s inability to
effectively focus on the target tissue, leading to dispersed
attention, particularly in smaller structures or regions with
indistinct boundaries. To address this limitation, future work
could involve refining the Attention mechanism to enhance its
specificity and focus on regions of interest. Alternatively,
exploring models that prioritize multi-scale feature extraction
and detail preservation may provide improved segmentation
performance, particularly for small or complex anatomical
regions.

The DemVest study had some limitations that may have
impacted the results. Selection bias might have been present if
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patients with more complex health conditions were included,
as primary care referrals were used. The study was not
specifically designed for the paper’s purpose, which could limit
the data analysis and interaction control. For example, the
absence of a healthy control group prevents us from determining
whether the observed muscle volume characteristics are specific
to individuals with AD or neurocognitive disorders, or if they
represent normal variations associated with aging. However,
the primary objective of this study was to demonstrate the
feasibility and accuracy of our deep learning model in
quantifying muscle volumes using head MRI, rather than to
establish definitive differences between diseased and healthy
populations. In addition, the sample size is relatively small, and
there is a risk that our results may not generalize to larger
populations. Additionally, the MRI scans were obtained from
a single center using a single MRI machine, which may affect
the model’s generalizability. Longitudinal analyses were not
conducted because imaging was only performed at baseline, in
line with the initial primary objectives of the DemVest study
and the resources allocated for image acquisition.

These limitations should be considered when interpreting this
study’s results and addressed in future studies seeking broader

application of the proposed approach. Whether masseter and
tongue volumes in these muscles correlate with lean body mass
and inflammaging and could be predictors of neurocognitive
conditions and their associated outcomes remains unknown.

On the other hand, this study has several strengths, including
well-characterized data, detailed and exhaustive diagnosis to
correctly identify people with dementia, and an automated
quality control and analysis pipeline. Additionally, the results
fill a gap in the literature and provide insights into a possible
method to efficiently diagnose sarcopenia in context when a
head MRI is already available.

In summary, to our knowledge, this is the first study that
validates deep learning methods that could be easily
implemented in clinical practice to measure masseter and tongue
muscle volumes with a solid potential to become biomarkers
with strong predictive value for adverse outcomes in older
persons with dementia. Since imaging is widely used in memory
clinics worldwide, this opportunistic approach to image analyses
could become standard practice in those settings. However,
further large longitudinal studies are still required.
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Abstract

Background: Artificial intelligence (AI) is increasingly being applied in various health care services due to its enhanced
efficiency and accuracy. As the population ages, AI-based health technologies could be a potent tool in older adults’ health care
to address growing, complex, and challenging health needs. This study aimed to investigate perspectives on and acceptability of
the use of AI-led health technologies among older adults and the potential challenges that they face in adopting them. The findings
from this inquiry could inform the designing of more acceptable and user-friendly AI-based health technologies.

Objective: The objectives of the study were (1) to investigate the attitudes and perceptions of older adults toward the use of
AI-based health technologies; (2) to identify potential facilitators, barriers, and challenges influencing older adults’ preferences
toward AI-based health technologies; and (3) to inform strategies that can promote and facilitate the use of AI-based health
technologies among older adults.

Methods: This study adopted a qualitative descriptive design. A total of 27 community-dwelling older adults were recruited
from a local community center. Three sessions of semistructured interviews were conducted, each lasting 1 hour. The sessions
covered five key areas: (1) general impressions of AI-based health technologies; (2) previous experiences with AI-based health
technologies; (3) perceptions and attitudes toward AI-based health technologies; (4) anticipated difficulties in using AI-based
health technologies and underlying reasons; and (5) willingness, preferences, and motivations for accepting AI-based health
technologies. Thematic analysis was applied for data analysis. The Theoretical Domains Framework and the Capability, Opportunity,
Motivation, and Behavior (COM-B) model behavior change wheel were integrated into the analysis. Identified theoretical domains
were mapped directly to the COM-B model to determine corresponding strategies for enhancing the acceptability of AI-based
health technologies among older adults.

Results: The analysis identified 9 of the 14 Theoretical Domains Framework domains—knowledge, skills, social influences,
environmental context and resources, beliefs about capabilities, beliefs about consequences, intentions, goals, and emotion. These
domains were mapped to 6 components of the COM-B model. While most participants acknowledged the potential benefits of
AI-based health technologies, they emphasized the irreplaceable role of human expertise and interaction. Participants expressed
concerns about the usability of AI technologies, highlighting the need for user-friendly and tailored AI solutions. Privacy concerns
and the importance of robust security measures were also emphasized as critical factors affecting their willingness to adopt
AI-based health technologies.

Conclusions: Integrating AI as a supportive tool alongside health care providers, rather than regarding it as a replacement, was
highlighted as a key strategy for promoting acceptance. Government support and clear guidelines are needed to promote ethical
AI implementation in health care. These measures can improve health outcomes in the older adult population by encouraging the
adoption of AI-driven health technologies.

(JMIR Aging 2025;8:e66778)   doi:10.2196/66778

KEYWORDS

artificial intelligence–based health technologies; health technology; AI-based health technology; machine learning; ML; artificial
intelligence; AI; algorithm; model; analytics; perceptions; acceptability; gerontology; geriatrics; older adult; elderly; older person;
older people; aging; mobile phone
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Introduction

Background
Artificial intelligence (AI) refers to a computerized system that
is capable of executing a wide range of tasks that typically
involve human intelligence—ranging from physical tasks,
cognitive functions, and problem-solving to
decision-making—and can be performed without explicit
instructions from humans [1]. AI can be classified into 4 main
subsets—machine learning, natural language processing (NLP),
physical robots, and robotic process automation. The field of
AI is rapidly advancing, and AI technologies have been widely
applied in different aspects of health care services, including
diagnostic assistance, health screening, and imaging
interpretations [2]. It has been described as a “second set of
eyes” for medical practitioners [3]. Furthermore, over the past
decade, the application of AI systems has increasingly centered
on empowering patients to actively manage their health and
boost their participation in the shared decision-making process,
giving rise to diverse AI-driven products such as robots, smart
assistants, virtual or augmented reality, wearable devices, and
mobile apps [4]. Particularly notable is the emergence of
AI-powered chatbot services, which permit patients to seek
medical advice and receive triage for their conditions in a
prompt and cost-effective manner [5]. With the debut of
ChatGPT by OpenAI in November 2022 and the popularity it
has gained, it is envisioned that AI-based conversational large
language models with NLP abilities could conceivably
revolutionize health care practice and education, contributing
to substantial transformative shifts [6,7].

The world is currently encountering a significant expansion in
the aging population, with the number of people aged 60 years
or above anticipated to rise to 1.4 billion by 2030 and 2.1 billion
by 2050 [8]. Conventional older adult health care has relied
heavily on in-person monitoring; however, the further
intensification of the shortage of health care workers could in
the long run present a global challenge to the sustainability of
delivering quality medical care [9]. In recent years, digital
technologies, such as smart older adult health care products,
which involve the deep integration of AI, have been used in
older adult health care sectors [10]. Evidence has shown that
AI-based technologies can play a constructive role in improving
the physical and psychological well-being, quality of life, and
independent living of older adults [11]. However, there is a
great digital divide between the older and younger generations,
with the former being the age group that is the least likely to
have access to computers and the internet, due to physical

obstacles such as physical disabilities and to psychological
factors such as a lack confidence in using technology as well
as ethical concerns [12,13].

While AI-based health technologies have rapidly evolved, and
some studies have comprehensively discussed the advantages
of applying them in the field of geriatrics, insufficient academic
attention has been paid to acquiring a clear understanding of
the attitudes, perceptions, and experiences of seniors toward
these technologies [10]. This gap may implicitly influence the
acceptance of, and motivation to use, these technologies in the
future. In addition, while studies have primarily focused on the
perceptions of medical practitioners and patients regarding AI
health technologies, the perspectives of older adults—a key
user group—have received limited attention [14-16]. For
instance, although some research has explored older adults’
views on general AI-powered technologies, their relevance to
AI health technologies remains uncertain [17]. Concerns about
accuracy, reliability, and trust in AI tools compared with
in-person medical advice further underscore the need for
targeted investigation. This study addresses this gap by exploring
older adults’ perceptions of and acceptability toward AI-based
health technologies, with a specific focus on practical strategies
to enhance adoption. By identifying barriers, facilitators, and
preferences, the findings have clear clinical implications,
offering actionable insights for health care providers, policy
makers, and AI developers. These insights can inform the design
of tailored, user-friendly AI tools and guide their ethical
implementation in health care, ultimately improving older
adults’ health outcomes.

Theoretical Framework
The interview guide for this study was developed using the
Theoretical Domains Framework (TDF) and the Capability,
Opportunity, Motivation, and Behavior (COM-B) model
behavior change wheel to comprehensively explore factors
influencing the acceptability of AI-based health technologies
among older adults. The TDF consists of 14 domains that
integrate behavioral determinants derived from over 30
psychological theories [18]. To ensure comprehensive coverage
of these domains, the interview guide focused on five key areas:
(1) general impressions of AI, (2) previous experiences with
AI-based technologies, (3) perceptions and attitudes toward
AI-based health technologies, (4) expected difficulties and
underlying reasons, and (5) willingness. These focus areas were
aligned with the study objectives and systematically mapped to
the relevant TDF domains, as summarized in Table 1. This
approach ensured that all 14 domains were addressed, either
directly or indirectly, during the interviews.
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Table . The interview questions guided by the Theoretical Domains Framework (TDF).

Example questionAligned TDF domainsFocus area

“What comes to mind when you think about arti-
ficial intelligence and its role in health technolo-
gies?”

Knowledge, emotion, and optimismGeneral impressions of AIa

“Have you used any AI-based technologies be-
fore? Can you describe your experience?”

Memory, attention, and decision processes;
knowledge; and skills

Previous experiences with AI-based technologies

“What are your thoughts about using AI-based
technologies for managing your health?”

Social or professional role and identity; beliefs
about capabilities; beliefs about consequences;
emotion; and optimism

Perceptions and attitudes toward AI-based health
technologies

“What challenges do you think you might face
when using AI-based health technologies? Why
do you think these occur?”

Environmental context and resources; skills; so-
cial influences; behavioral regulation; and
memory, attention, and decision processes

Expected difficulties and underlying reasons

“Would you be willing to use AI-based health
technologies? Why or why not?”

Intentions; goals; beliefs about capabilities; and
reinforcement

Willingness

aAI: artificial intelligence.

To further enhance the applicability of findings, the identified
TDF domains were mapped to the COM-B behavior change
wheel (Table 2). The COM-B model summarizes 6 sources of
behavior—social or physical opportunity, automatic or reflective
motivation, and physical or psychological capability. This model

provided a practical framework for identifying specific behavior
change factors and strategies to improve the acceptance and
adoption of AI-based health technologies among older adults
[19].

Table . Capability, Opportunity, Motivation, and Behavior (COM-B) model components and its relation to Theoretical Domains Framework (TDF)
domains.

TDF domainsCOM-B components

Capability

Psychological capability • Knowledge
• Skills
• Memory, attention, and decision processes

Physical capability • Behavioral regulation
• Skills

Opportunity

Social opportunity • Social influences

Physical opportunity • Environmental context and resources

Motivation

Reflective motivation • Social or professional role and identity
• Beliefs about capabilities
• Optimism
• Beliefs about consequences
• Intentions
• Goals

Automatic motivation • Social or professional role and identity
• Optimism
• Reinforcement
• Emotion

The interview guide included open-ended questions designed
to elicit rich, detailed responses.

This structured mapping ensured that the interview guide
covered all 14 TDF domains comprehensively, while tailoring
the questions to elicit insights into factors influencing the
acceptability of AI-based health technologies among older

adults. While alternative models, such as the technology
acceptance model and the unified theory of acceptance and use
of technology are commonly used in technology adoption
studies, these models primarily focus on individual perceptions,
such as perceived usefulness and ease of use (technology
acceptance model) or performance expectancy and effort
expectancy (unified theory of acceptance and use of technology).
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These constructs, while valuable, may not fully capture the
complex interplay of factors influencing older adults’ adoption
of AI technologies.

The systematic alignment between the interview guide and the
TDF framework facilitated the identification of theoretical
mediators and behavioral determinants. This mapping
subsequently informed the integration of the findings with the
COM-B behavior change wheel, allowing for the development
of tailored strategies to promote the use of AI-based health
technologies in this population.

Objectives
The objectives of the study were (1) to investigate the attitudes
and perceptions of older adults toward the use of AI-based health
technologies; (2) to identify potential facilitators, barriers, and
challenges influencing older adults’preferences toward AI-based
health technologies; and (3) to inform strategies that can promote
and facilitate the use of AI-based health technologies among
older adults.

Methods

Study Design
A qualitative descriptive design was adopted for this study [20].
This approach helps in the effort to uncover and understand the
experiences, attitudes, and perceptions of people, making it
appropriate for this study. The findings from a qualitative
descriptive study are able to inform strategies that promote and
facilitate the use of AI-based health technologies, which makes
it particularly useful for this research. To explore perceptions
on and acceptability of the use of AI-based technologies in
health maintenance among older adults, and to provide insights
into their subjective views, in-depth semistructured interviews
guided by an interview guide were conducted.

Participants and Recruitment
Community-dwelling older adults aged 60 years or above were
recruited from a local community center using a convenience
sampling method. Eligible participants included those with or
without previous exposure to AI tools who were willing to
participate and share their experiences. Exclusion criteria
included underlying physical, psychological, or
neurodevelopmental problems that impaired interaction, mental
instability, cognitive impairments such as traumatic brain injury,
substance abuse, dementia, severe psychiatric disorders,
intellectual disability, or being bedridden.

Sampling and Sample Size
Convenience sampling approach was employed, guided by the
principle of data saturation. The target sample size was 25
participants, which is commonly regarded as sufficient for
qualitative descriptive studies to achieve thematic depth and
richness [21]. Ultimately, 27 older adults were recruited,
providing adequate data to explore the study’s focus areas.

Data Collection
Data collection involved 3 sessions of semistructured interviews
with each participant, each lasting 1 hour. To minimize
ambiguity, AI was classified into 4 categories: machine learning,

NLP, physical robots, and robotic process automation.
Interviews covered five focus areas: (1) general impressions of
AI; (2) previous experiences with AI-based technologies; (3)
perceptions and attitudes toward AI-based health technologies;
(4) anticipated difficulties in using AI-based health technologies
and their underlying reasons; and (5) willingness, preferences,
and motivations in accepting AI-based health technologies.

In the first focus area, examples of AI tools were not initially
provided to elicit spontaneous responses. However, recognizing
that participants might not be fully aware of everyday
interactions with AI, the second focus area included real-life
examples to clarify potential misconceptions. Examples of
machine learning technologies included fitness tracking devices,
such as Google Fitbit and Apple Watch, which monitor physical
activity and provide insights into health trends. For NLP, the
interviewer referenced virtual assistants like Siri (Apple Inc)
and Alexa (Amazon Inc), as well as health care chatbots that
answer patient inquiries. Computer vision was illustrated with
examples of AI systems that analyze medical images, such as
detecting abnormalities in x-rays or CT scans. This approach
enabled a nuanced exploration of participants’ experiences with
general AI technologies versus their attitudes toward AI for
health purposes. The data were securely stored in Cloud storage,
accessible only to the research team.

Data Analysis
Thematic analysis was used in this study [22]. The interview
recordings were first translated into English, transcribed, read,
and reread to gain a sense of the participants’experiences. Initial
ideas were noted down. Next, the data were coded to extract
key insights from the transcript. The codes were reviewed in a
weekly discussion with the supervisor to obtain agreement on
the interpretations. The underlying subthemes that emerged
from the codes were identified and the subthemes were further
clustered into themes. The themes, subthemes, and
representative quotes were used to present the findings. Data
were mapped to TDF to identify underlying theoretical
mediators that influenced the perceptions and acceptability to
the older adults of the use of AI-based health technologies. Once
these theoretical domains were identified, they were mapped to
components of the COM-B behavior change wheel that matched
theoretical mediators with corresponding key strategies.

Ethical Considerations
The study protocol and procedures were approved by the Ethical
Committee of the Hong Kong Polytechnic University (approval
HSEARS20230810006) on August 29, 2023, and adhered to
the ethical standards of the Declaration of Helsinki. Before
starting the study, all participants provided informed consent
during a face-to-face interview with the researcher. All the
participants were fully informed about the nature and purpose
of the study. They were guaranteed the right to withdraw from
the study at any time without adverse consequences. The
collected data were encrypted and stored in a password-protected
database. Although the researchers did not foresee any
significant risks associated with the proposed study, the
researchers recognized that older adults might experience
discomfort or fatigue from sitting through the interviews. To
address this, the researchers ensured that participants were given
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scheduled breaks throughout the interview. In addition,
participants were encouraged to request breaks as needed to
ensure that they were comfortable during the entire interview
process. Participants who completed the interviews received an
HK $100 (US $12.80) supermarket gift voucher to compensate
for transportation costs.

Results

Participant Characteristics
The study included 27 participants, with 18 females (66.7%)
and 9 males (33.3%). The mean age was 69.44 (SD 6.7) years.
Most participants were married (19/27, 70.4%) and had a high
school education (14/27, 51.9%). A majority lived with family

(19/27, 70.4%) and rated their health as good (14/27, 58.3%).
In addition, 66.7% (18/27) reported having chronic diseases.
Regarding technology, 51.9% (14/27) felt somewhat comfortable
using smartphones or tablets, and 59.3% (16/27) were somewhat
familiar with tech products. Over 80% (23/27, 85.2%) of
participants had heard of AI health technology, though their
familiarity was limited. AI product usage varied, with
approximately half of the participants reporting they used AI
products often or occasionally, while the other half reported
they used them seldom or were unfamiliar with them. Most
participants (21/27, 77.8%) believed AI was to some extent
helpful in health management, and 66.7% (18/27) had a positive
overall impression of AI. Further details about the characteristics
of the participants are provided in Table 3.
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Table . Participant characteristics.

Total (N=27)Characteristic

Gender, n (%)

9 (33.3)Men

18 (66.7)Women

Age (y)

69.44 (6.17)Mean (SD)

70 (66-74)Median (IQR)

Marital status, n (%)

1 (3.7)Single

19 (70.4)Married

1 (3.7)Divorced

6 (22.2)Widowed

Education level, n (%)

4 (14.8)Primary school and below

7 (25.9)Junior high school

14 (51.9)High school

2 (7.4)College or university

0 (0)Postgraduate degree

Living status, n (%)

19 (70.4)Live with family

7 (25.9)Live alone

1 (3.7)Did not complete

Self-rated health status, n (%)

1 (3.7)Poor

12 (44.4)Fair

14 (58.3)Good

Any chronic diseases, n (%)

18 (66.7)Yes

9 (33.3)No

Comfort level with using smartphone or tablet, n (%)

10 (37.0)Very comfortable

14 (51.9)Somewhat comfortable

2 (7.4)Not very comfortable

0 (0)Completely uncomfortable

1 (3.7)Did not complete

Familiarity with technology products, n (%)

0 (0)Very familiar

16 (59.3)Somewhat familiar

8 (29.6)Not very familiar

2 (7.4)Completely unfamiliar

1 (3.7)Did not complete

Have heard of AI a health technology, n (%)

0 (0)Yes, very familiar
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Total (N=27)Characteristic

11 (40.7)Yes, somewhat familiar

12 (44.4)Yes, not very familiar

3 (11.1)No, completely unfamiliar

1 (3.7)Did not complete

Frequency of AI product usage, n (%)

6 (22.2)Often used

6 (22.2)Occasionally used

5 (18.5)Seldom used

7 (25.9)Never used

3 (11.1)Did not complete

Attitude toward AI’s helpfulness in health management, n (%)

2 (7.4)Very helpful

21 (77.8)To some extent helpful

0 (0)Not helpful

2 (7.4)Uncertain

2 (7.4)Did not complete

Overall impression about AI technology, n (%)

18 (66.7)Positive

6 (22.2)Neutral

0 (0)Negative

1 (3.7)Uncertain

2 (7.4)Did not complete

aAI: artificial intelligence.

Objective 1: Investigate Older Adults’ Attitudes and
Perceptions Related to the Use of AI-Based Health
Technologies

General Impressions of AI-Based Health Technologies
Most participants had positive views of AI-based health
technologies, recognizing their potential to improve health
outcomes by enhancing health monitoring, providing
personalized recommendations, and assisting in
decision-making. However, there was also limited awareness
and understanding of specific AI-based health technologies,
with some participants confusing them with general technologies
such as smartphones. In addition, concerns were raised about
fraud and scams associated with AI-based health technologies.

Attitudes and Perceptions Toward AI-Based Health
Technologies
Privacy and data security were recurring themes in participants’
discussions of AI-based health technologies. Many participants
expressed concerns about the potential misuse of personal data
and highlighted the importance of robust security measures.
These concerns were particularly pronounced among participants
with limited experience using technology or those influenced
by media reports of data breaches. However, a subset of
participants viewed privacy as a societal issue rather than a

specific risk associated with AI-based technologies. For instance,
one participant remarked:

Yes, it’s acceptable….Uh, what privacy do you have?
There is no privacy in the whole world. Everyone’s
mobile phone is being monitored. [Participant 3]

Another noted:

Not to mention privacy nowadays, from where we sit
now there is completely no privacy…even if you listen
to this song now, then this song will automatically
appear (on your phone). When you are viewing
clothes, then you will see the clothes later on (on your
phone). [Participant 5]

These contrasting perspectives highlight the varying levels of
concern about privacy among older adults and underscore the
need for transparent communication about data security in the
development and deployment of AI-based health technologies.

Trustworthiness and Accuracy
Trust in AI-based health technologies varied among participants,
influenced by previous experiences, information sources, and
perceptions of accuracy. While some acknowledged the utility
of AI in self-monitoring, others expressed reservations about
its accuracy and trustworthiness, stressing the irreplaceable
value of human judgment and expertise in health care.
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Objective 2: Identify Potential Facilitators, Barriers,
and Challenges That Influence Older Adults’
Preferences Toward AI-Based Health Technologies

Technological Barriers
Participants identified multiple technological challenges that
hindered their ability to use AI-based health technologies
effectively. These challenges included operational difficulties,
limited digital literacy, and lack of access to required resources,
such as hardware or stable internet connectivity. These barriers
were particularly evident among participants with physical or
cognitive impairments due to age-related degeneration.

For instance, 1 participant described how physical limitations
affected their interaction with technology:

I have degeneration, too. I could remember a lot of
things before. But now I can’t. My body movements
are slow now, so it’s difficult for me to use AI-based
health technologies. [Participant 3]

Another significant barrier was self-perceived incompetence in
using digital tools, often leading to frustration or feelings of
inadequacy:

“I feel like I am stupid after learning something....”
[Participant 7]

In addition, resource-related challenges, such as a lack of access
to necessary hardware (eg, smartphones) and stable internet
connections, were raised, further limiting participants’ ability
to engage with AI technologies.

Emotional and Psychological Barriers
Emotional and psychological factors emerged as significant
barriers to the adoption of AI-based health technologies. These
included fear of technology, skepticism regarding its reliability,
and concerns about losing human connection in health care
interactions. The prevalence of scams and fraudulent activities
in the digital age further compounded participants’ fears, making
them hesitant to trust digital tools.

For example, 1 participant expressed a deep apprehension about
interacting with technology:

I don’t feel comfortable with these technologies
because they seem complicated, and I worry about
making mistakes. [Participant 6]

Concerns about scams were also prevalent, with another
participant noting:

Nowadays, you hear so much about fraud. It makes
me scared to trust anything online, even if it looks
helpful. [Participant 4]

These findings illustrate that emotional and psychological
barriers are not only about individual fears but also reflect
broader societal concerns regarding trust and safety in the digital
world.

Perceived Usefulness and Relevance
Participants perceived AI-based health technologies as useful,
particularly those that addressed specific health needs such as
the monitoring of blood pressure, blood sugar, and cholesterol.

They also appreciated technologies that could assist with health
monitoring, reminders, and personalized care.

I hope that these three things could be more mature,
help to reduce blood pressure, blood sugar, or blood
cholesterol, whatever. At least I know whether my
blood sugar is good or not; if it is not good, I will eat
something and exercise to increase my physical
capacity. [Participant 3]

Yeah, like an alarm. As a reminder to alert you. Well,
high blood pressure, high blood sugar, high
cholesterol level, those we get when are older. If AI
can help with these three things, it is definitely good.
[Participant 2]

Acknowledgment by Authorities
The endorsement of AI-based health technologies by official
authorities or regulatory bodies significantly facilitated their
acceptance and adoption. Participants felt more confident and
trusting when these technologies were validated by reputable
sources, such as health care agencies or government bodies.

If it is something organized by the Hospital Authority
or the government, it will be more trustworthy.
Because sometimes, if it is made by pharmaceutical
companies, it may not necessarily be that clear.
[Participant 2]

Well, if you talk about it being official, like the doctors
and government, I will assume that this AI is reliable,
you will basically feel at ease. [Participant 1]

I have to see if the AI comes from a large or a small
company. For example, Hong Kong Polytechnic
University, Baptist University — they are more
reliable then. [Participant 4]

Objective 3: Inform Strategies That Promote and
Facilitate the Use of AI-Based Health Technologies
Among Older Adults

Integration of Human Expertise
While recognizing the potential benefits of AI, participants
emphasized the need for AI technologies to complement rather
than replace human expertise in health care. They suggested
that AI could be useful as an auxiliary tool for making
preliminary medical suggestions, but that the final
decision-making should involve consultations with a human
being.

I just ask the AI, but I can ignore its answers or I will
think about it again. It is just a reference and I won’t
believe it completely. Well, when you see a doctor,
you won’t just see one doctor, you will see many many
right?...AI is just the first contact point. [Participant
2]

User-Friendly Design
To enhance the acceptability of AI-based health technologies,
it is crucial to develop solutions that are user-friendly and
tailored to the specific needs of older adults. A user-friendly
design should include simplified and intuitive interfaces that
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minimize cognitive load, with features such as large,
high-contrast text and icons for better visibility and ease of use.
Voice command functionality can further improve accessibility
for users with limited dexterity or vision impairments. In
addition, providing step-by-step tutorials, user manuals in
multiple formats (eg, videos and print), and accessible customer
support can address challenges related to digital literacy. These
features collectively ensure that the technology is not only easy
to use but also aligns with the physical and cognitive capabilities
of older adults, thereby fostering greater adoption and
satisfaction.

Addressing Privacy and Security Concerns
Given the concerns around privacy and data security, the
development of AI-based health technologies should include
robust security measures to protect the personal information of
users. Addressing these concerns is essential to building trust
and encouraging adoption among older adults.

Government and Regulatory Support
Participants highlighted the importance of government and
regulatory support in promoting the ethical implementation of
AI in health care. Clear guidelines and endorsements from
authoritative bodies can foster trust and enhance the
acceptability of AI-based health technologies among older
adults.

Table 4 provides a detailed description of how the identified
barriers and facilitators toward the use of AI-based health
technologies were mapped to the TDF domains and
corresponding COM-B components. These mappings were
derived from participants’ responses during the interviews. The
barriers and facilitators were categorized based on their
alignment with the TDF domains and subsequently mapped to
the COM-B components to identify actionable strategies for
behavior change.

Table . Identified Theoretical Domains Framework (TDF) domains and Capability, Opportunity, Motivation, and Behavior (COM-B) components
related to the adoption of artificial intelligence (AI)–based health technologies.

Illustrative participant quoteTDF domainsCOM-B componentsBarrier or facilitator

“I find it difficult to use these tech-
nologies because my body move-
ments are slow, and I don’t know
how to start.” [P3]

Knowledge and skillsCapabilityBarrier: limited technological skills

“If AI can help monitor my blood
pressure or remind me, it would be
very helpful.” [P2]

Beliefs about consequences, inten-
tions, and goals

MotivationFacilitator: perceived usefulness and
relevance

“If it’s recognized by the govern-
ment or hospitals, I would trust it
more.” [P1]

Social influencesOpportunityBarrier: lack of official recognition
or endorsement

“If the results are accurate, I can re-
ly on it for some guidance.” [P4]

Beliefs about capabilitiesMotivationFacilitator: confidence in trustwor-
thiness and accuracy

“I worry about my personal informa-
tion being stolen if I use this technol-
ogy.” [P5]

EmotionMotivationBarrier: privacy and data security
concerns

“I can use AI for some advice, but
I still prefer to consult a doctor for
the final decision.” [P2]

Beliefs about consequences and in-
tentions

MotivationFacilitator: AI as an auxiliary tool
for initial suggestions

Discussion

Principal Findings
The aim of the study was to provide insights into the perceptions
and acceptability of AI-based health technologies among older
adults, using the TDF and the COM-B behavior change wheel
as theoretical frameworks. These frameworks were instrumental
in identifying key behavioral determinants and mapping them
to actionable strategies for enhancing AI adoption. In total, 9
of the 14 TDF domains (knowledge, skills, social influences,
environmental context and resources, beliefs about capabilities,
beliefs about consequences, intentions, goals, and emotion)
were identified and mapped to 6 COM-B components
(psychological capability, physical capability, social opportunity,
physical opportunity, reflective motivation, and automatic
motivation). By applying these frameworks, the study provided
a structured approach to understanding the factors influencing

older adults’ behavior toward AI adoption. The responses of
the participants shed light on various aspects of the adoption
and utilization of AI-based health technologies among older
adults. First, the participants expressed a range of attitudes and
perceptions toward AI-based health technologies, including
curiosity, skepticism, and enthusiasm toward the use of AI in
the management and maintenance of health. These perceptions
align with the TDF domains of knowledge and beliefs about
consequences, which underscore the need to enhance
understanding of AI and clearly communicate its benefits to
older adults. The interviews provided a deeper understanding
of the factors influencing these attitudes and the potential
benefits and concerns associated with AI adoption in the context
of the participants’ health. They shared their perceptions of AI
technologies, addressing aspects such as reliability,
trustworthiness, and their perception of the impacts on health
care outcomes. These insights informed the reflective motivation
component of the COM-B framework, highlighting the
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importance of fostering trust and reliability in AI-based
technologies to enhance adoption.

In addition, the study revealed an interesting finding regarding
older adults’ preferences for using AI in asking for advice and
self-health maintenance. Contrary to expectations, participants
expressed a higher level of trust and reliability in real persons,
particularly physicians, when making decisions about
pharmacological interventions such as changing drug dosages.
Participants believed that AI could play a valuable role in
providing information and acting as a reference tool for
self-health maintenance. However, they expressed reservations
about relying solely on AI for decisions related to medication
management. This finding is linked to the TDF domain of social
influences and the social opportunity component of the COM-B
framework, as participants emphasized the irreplaceable role
of human expertise and interpersonal trust in health care
decision-making. They viewed AI as a useful source of
information but considered the expertise and experience of
physicians and other health care professionals to be more reliable
and crucial in making decisions regarding medical interventions
and treatment. The emotion domain of TDF also played a role,
as participants’ skepticism and emotional barriers highlighted
the importance of addressing concerns through education and
reassurance. The findings were also in line with a mixed
methods study indicating that the lack of empathy and a
professional human approach made AI chatbots less acceptable
to some users [15]. This insight has significant implications for
the development of AI-based health technologies. It might
indicate that older adults desire a collaborative approach that
combines the benefits of AI with the guidance and expertise of
real-person health care providers [23-25]. Developers could
focus on creating AI systems that could provide accurate and
evidence-based information, acting as a reference tool to support
older adults’ self-health maintenance efforts. In this context, AI
could assist older adults in accessing reliable and up-to-date
information about medications, potential side effects, and
alternative treatment options. AI-based systems could also offer
personalized recommendations for lifestyle modifications,
nonpharmacological interventions, and self-care strategies that
align with the preferences and needs of older adults.

While privacy and confidentiality are often considered to be
potential concerns when using AI in health care, surprisingly,
many expressed a relaxed and relatively pessimistic attitude
toward privacy. One of the reasons for this was that the
perceived benefits outweighed the concerns. Most expressed
the view that the potential benefits of AI-based health
technologies have overshadowed any concerns about privacy
or confidentiality. They may have viewed the potential
improvement in their health outcomes or access to personalized
care as more significant than the potential risks to their privacy.
Another underlying reason may be that the participants may
have had other concerns that they considered more important
than privacy and confidentiality in the context of AI-based
health technologies. For example, they may have been more
focused on the usability, effectiveness, or reliability of the
technology. Regardless, the absence of expressed concerns does
not necessarily indicate the lack of importance of privacy and
confidentiality. Rather, it highlights the need for researchers

and developers to proactively address these concerns and ensure
that robust privacy and security measures are in place when
designing and implementing AI-based health technologies. It
is crucial for future research and development efforts to
emphasize the importance of privacy and confidentiality in
AI-based health technologies, which involves implementing
strong data protection measures, obtaining informed consent
from users, and transparently communicating how their data
will be used and safeguarded.

To enhance older adults’ acceptance of AI-based health
technologies, strategies should focus on improving technological
skills through tailored training programs, securing official
recognition and endorsement from health care authorities,
addressing concerns over privacy and data security with robust
protocols, emphasizing the trustworthiness and accuracy of AI
tools, positioning AI as auxiliary aids for medical suggestions,
highlighting the usefulness and relevance of AI applications,
and providing emotional support to mitigate psychological
barriers. These strategies are directly informed by the COM-B
framework, targeting capability, opportunity, and motivation
as the key drivers of behavior change. By implementing these
targeted strategies, older adults might be encouraged to embrace
AI technologies, leading to improved health care outcomes and
increased engagement with innovative health care solutions.
Meanwhile, government endorsements could also contribute to
the establishment of guidelines, standards, and regulations that
ensure the ethical use of AI in health care, addressing concerns
related to privacy, data security, and quality assurance.

Limitations
The limitations of this study were the sample size and
representativeness of participants. While we recognize that this
sample size may not fully capture the diversity of the population,
the study aimed to offer initial, in-depth insights into older
adults’ perceptions of AI-based health technologies. Future
studies could address subgroup comparisons by incorporating
stratified sampling to examine variations across different
demographic or socioeconomic groups. In addition, while
quantitative comparisons were not a focus of this study, future
research could include mixed method approaches to statistically
assess participant perceptions and examine their relationships
with demographic and contextual factors by using validated
survey tools. Last but not the least, many participants had limited
before knowledge or experience with AI-driven health
technologies. Some participants conflated AI technologies with
general digital tools, such as mobile apps, due to a lack of
familiarity with the distinction. To address this, the interviewer
provided concise explanations and real-life examples of AI
subsets, including machine learning, NLP, computer vision,
and expert systems. While this approach helped participants
better understand the discussion, their responses were still
shaped by their interpretations and familiarity with technology.
Consequently, the findings reflect older adults’ perceptions and
acceptance of health technologies they associate with AI, rather
than definitive perspectives on AI-driven health technologies.

Conclusion
While the majority of participants recognized the potential
advantages of AI-based health technologies, they underscored
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the indispensable role of human expertise and interaction. Vital
strategies for improving acceptability include crafting
user-friendly and customized AI solutions, addressing privacy
concerns, ensuring robust security measures, and integrating
AI as a complementary tool alongside health care providers.

Government backing and guidelines can play a pivotal role in
advancing ethical AI integration in health care, fostering trust,
and enhancing personalized care for older adults, ultimately
leading to improved health outcomes in this population.
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Abstract

Background: Depression, characterized by persistent sadness and loss of interest in daily activities, greatly reduces quality of
life. Early detection is vital for effective treatment and intervention. While many studies use wearable devices to classify depression
based on physical activity, these often rely on intrusive methods. Additionally, most depression classification studies involve
large participant groups and use single-stage classifiers without explainability.

Objective: This study aims to assess the feasibility of classifying depression using nonintrusive Wi-Fi–based motion sensor
data using a novel machine learning model on a limited number of participants. We also conduct an explainability analysis to
interpret the model’s predictions and identify key features associated with depression classification.

Methods: In this study, we recruited adults aged 65 years and older through web-based and in-person methods, supported by
a McGill University health care facility directory. Participants provided consent, and we collected 6 months of activity and sleep
data via nonintrusive Wi-Fi–based sensors, along with Edmonton Frailty Scale and Geriatric Depression Scale data. For depression
classification, we proposed a HOPE (Home-Based Older Adults’ Depression Prediction) machine learning model with feature
selection, dimensionality reduction, and classification stages, evaluating various model combinations using accuracy, sensitivity,
precision, and F1-score. Shapely addictive explanations and local interpretable model-agnostic explanations were used to explain
the model’s predictions.

Results: A total of 6 participants were enrolled in this study; however, 2 participants withdrew later due to internet connectivity
issues. Among the 4 remaining participants, 3 participants were classified as not having depression, while 1 participant was
identified as having depression. The most accurate classification model, which combined sequential forward selection for feature
selection, principal component analysis for dimensionality reduction, and a decision tree for classification, achieved an accuracy
of 87.5%, sensitivity of 90%, and precision of 88.3%, effectively distinguishing individuals with and those without depression.
The explainability analysis revealed that the most influential features in depression classification, in order of importance, were
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“average sleep duration,” “total number of sleep interruptions,” “percentage of nights with sleep interruptions,” “average duration
of sleep interruptions,” and “Edmonton Frailty Scale.”

Conclusions: The findings from this preliminary study demonstrate the feasibility of using Wi-Fi–based motion sensors for
depression classification and highlight the effectiveness of our proposed HOPE machine learning model, even with a small sample
size. These results suggest the potential for further research with a larger cohort for more comprehensive validation. Additionally,
the nonintrusive data collection method and model architecture proposed in this study offer promising applications in remote
health monitoring, particularly for older adults who may face challenges in using wearable devices. Furthermore, the importance
of sleep patterns identified in our explainability analysis aligns with findings from previous research, emphasizing the need for
more in-depth studies on the role of sleep in mental health, as suggested in the explainable machine learning study.

(JMIR Aging 2025;8:e67715)   doi:10.2196/67715

KEYWORDS

depression; classification; machine learning; artificial intelligence; older adults

Introduction

Depression is a prevalent mental health disorder characterized
by emotional dysregulation, leading to persistent sadness, loss
of interest, and anhedonia [1-3]. The rising incidence of
depression among older adults has become a significant public
health issue [4-6]. Early detection of depression and
corresponding intervention are vital for improving mental health
outcomes and reducing the overall burden on individuals and
health care systems [7-9]. Traditional methods for assessing
depression include various approaches that typically require
in-person evaluations, specialized training in comprehensive
geriatric assessments, and reliance on clinical judgment and
questionnaires, which can be challenging and resource-intensive
[10-12]. These methods require older adults to visit clinical
settings frequently, increasing strain on health care facilities
and reducing data collection opportunities. Additionally, many
older adults prefer to remain in their homes and be remotely
monitored in that environment, highlighting the need for remote
care solutions in this demographic [13,14].

Physical activity and mobility are among the important factors
in evaluating depression, with strong correlations established
between these parameters and depression assessments [1,15].
The advent of the Internet of Things has enabled continuous
and remote monitoring of physical activity. Several studies have
used statistical methods to analyze the relationship between
physical activity, as measured by wearable devices, and
depression [16-21]. As the field of artificial intelligence (AI)
advances, machine learning models have emerged as promising
tools for depression classification using physical activity data
[22]. For instance, Adamczyk and Malawski [23] used data
from wearable actigraph watches in 3 classification models:
logistic regression (LR), support vector machine (SVM), and
random forest (RF) comparing automatic and manual feature
engineering for depression classification. Bai et al [24] used
phone use, sleep data, and step counts from 334 participants,
using 2 feature selection methods (L1-based feature selection)
and 6 machine learning models (decision tree [DT], k-nearest
neighbors, naive Bayes, LR, SVM, and RF) for mood
classification. Chikersal et al [25] analyzed data from
smartphones and fitness trackers of 138 college students to
identify those experiencing depressive symptoms, using nested
randomized LR for feature selection and AdaBoost with gradient

boosting classifier. Dai et al [26] used heart rate, energy
expenditure, sleep, and other activity data from wearable Fitbit
devices for depression remission detection in 106 participants
within 2 intervention and control groups, using a multitask
learning algorithm comprising 2 dense layers with shared
parameters. Similarly, Griffiths et al [27] classified depression
using activity and sleep data from Fitbit devices of 24
participants through an RF model. Espino-Salinas et al [28]
used wrist-worn accelerometers to measure physical activity in
55 participants, applying a 2D-convolutional neural network
(CNN) and a deep neural network for depression classification.
Jakobsen et al [29] used RF, deep neural network, and CNN
algorithms for depression classification with wrist-worn
actigraph data from 55 participants. Jung et al [30] used gait
accelerometry data and a bidirectional long short-term memory
network–based classifier to assess depression in 45 older adults.
Other studies have also explored the use of wearable device
data combined with various classification methods, such as
1D-CNN [31], deep convolutional neuro-fuzzy [32], Ensemble
models [33], and extreme gradient boosting [34].

These recent studies highlight the integration of wearable
devices with machine learning algorithms as a promising
approach for continuous, remote, home-based monitoring and
early detection of depression. However, wearable device-based
approaches face challenges due to their intrusive nature [35].
Participants are required to wear sensors or devices, which may
lead to issues with compliance, comfort, and data accuracy,
especially over extended periods [36], particularly among older
adults [37]. These challenges can result in inaccurate data
collection [38]. Nonwearable methods, such as remote
monitoring through ambient sensors, offer potential solutions
to these issues [37,39,40]. These approaches can alleviate
concerns related to device adherence and physical discomfort,
providing a more seamless integration into daily life.
Additionally, our literature review indicates that most studies
on depression classification use a relatively large number of
participants and primarily use single-stage classifiers. Many
studies also focus on detailed aspects of physical activity data
(eg, body displacement, acceleration) using intrusive wearable
sensors, which, while effective, present challenges related to
user comfort and compliance. This reliance on wearable
technology underscores the need for exploring alternative, less
intrusive methods.
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Recently, Wi-Fi–based sensing in smart homes has emerged as
an alternative method for detecting and monitoring contextual
human activity and movement [41]. Wi-Fi–based technologies
are increasingly adopted due to their existing infrastructure in
homes and minimal additional setup costs [42]. These
technologies use signal metrics such as received signal strength
indicator (RSSI) and channel state information (CSI) to analyze
Wi-Fi signal characteristics, offering human activity
identification compared to invasive wearable sensors, image
analysis, or video-based systems [43]. Leveraging Wi-Fi–based
activity data with machine learning presents a viable approach
for different diseases, specifically depression classification,
which is the focus of this study.

Technological and AI-based methods for depression
classification predominantly rely on wearable sensors and are
often conducted on large participant groups and typically use
statistical techniques or single-stage machine learning classifiers.

Furthermore, these approaches often overlook the explainability
analysis of the models, which causes a lack of understanding
of the underlying decision-making processes and the
contribution of individual features to the model’s predictions.
To address these challenges, this feasibility study introduces a
novel 3-stage machine learning model that incorporates feature
selection, dimensionality reduction, and classification for
depression classification. This model is specifically designed
for a limited number of participants using low cost, easily
installable Wi-Fi data, which provides continuous insights into
human indoor activities. In addition to creating a model that
functions effectively with small sample sizes, this study
integrates explainable AI techniques to enhance the
interpretability of the model’s predictions. This approach ensures
that the insights derived from the model are transparent and
comprehensible, providing clarity on how specific features
contribute to the classification outcomes. Figure 1 illustrates a
schematic overview of our proposed framework.
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Figure 1. Structure of the automatic Wi-Fi–based depression classification framework. CSI: channel state information; DT: decision tree; EFS: Edmonton
Frailty Scale; GDS: Geriatric Depression Scale; LIME: local interpretable model-agnostic explanations; PCA: principal component analysis; RSSI:
received signal strength indicator; SFS: sequential forward selection; SHAP: Shapely addictive explanations.

Methods

Data Acquisition
We begin by outlining the data acquisition process for the
participants, followed by an in-depth explanation of our
proposed HOPE model.

Study Cohort
Our recruitment approach used both digital and in-person
strategies. Digital outreach was conducted through email
campaigns, social media platforms, and digital posters.
Prospective participants were provided with detailed information
about the study, and those who expressed interest received a
consent form. A member of the research team then coordinated
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the setup of the monitoring equipment. Participants were
compensated for their time and involvement with an e-gift card.

Participants in this study were required to be aged 65 years or
older, capable of communicating in English or French, and have
access to an internet connection at home. Exclusion criteria
were as follows: (1) individuals with mental or physical
conditions that would impede their ability to participate in the
study and its 6-month follow-up, such as gait or balance
disorders, active mental health issues, or the use of mobility
aids such as canes; and (2) individuals with current substance
use disorder, including alcohol or drugs, due to their potential
impact on physical mobility. However, individuals with a history
of substance use disorder who were no longer consuming were
considered eligible.

Experimental Protocol
This study used a nonintrusive Wi-Fi–based motion sensor
system to facilitate remote monitoring of human activity.
Initially, we collected demographic information (ie, age and
gender) from the participants. Subsequently, Wi-Fi data were
acquired through our remote monitoring technology [44]. This
device, installed at the network access point, detects Wi-Fi
signals in environments conducive to passive sensing, including
private residences and public spaces where Wi-Fi is prevalent
[45]. In such indoor settings, Wi-Fi signals exhibit stability in
the absence of individuals but fluctuate significantly with the
presence and movement of people [45]. These signal variations
correspond to distinct patterns associated with human
movements and activities, thus providing valuable data for
activity monitoring [46]. The collected data were subsequently
transferred to secure cloud storage via an internet connection.
Our team has developed advanced signal processing and
AI-based algorithms to process raw Wi-Fi RSSI and CSI
measurements. These algorithms standardize signal variations
and translate RSSI and CSI fluctuations into a detailed set of
contextual information related to human activity [45]. This
information encompasses daily activity duration, bedtime,
wake-up time, total sleep duration, and sleep interruption
information. In addition to using Wi-Fi–based activity data,
frailty and depression statuses were also assessed using validated
assessment tools. The Edmonton Frailty Scale (EFS), which
measures multiple dimensions of frailty [47-49], and the 15-item
Geriatric Depression Scale (GDS) [50] were administered at
the end of the experiment.

Analytical Framework
The methodical steps of our proposed model are detailed in the
following subsections. During the development, implementation,

and reporting, we adhered to the Minimum Information About
Clinical Artificial Intelligence Modeling (MI-CLAIM)
guidelines [51], following best practices designed to promote
transparency and reproducibility of our AI model.

Data Preparation and Feature Extraction
To prepare the contextual human activity data as input for
depression classification, obtained from our Wi-Fi signal
analysis software, we designed a preprocessing stage. This
process involves handling missing values and outliers to ensure
the integrity of the data [52,53]. To enhance analytical depth
and improve model performance, we implemented feature
engineering on contextual human activity data. This process
involves extracting a variety of new features, such as the mean
and SD of bedtime and wake-up times, mean and SD of sleep
duration (in hours), total count and mean of sleep interruptions,
total duration and mean duration of sleep interruptions (in
hours), longest continuous sleep duration (in hours), percentage
of nights with sleep disturbances, and metrics related to daily
activity, including the mean and SD of total daily activity and
hourly activity durations, as well as peak activity hour. These
derived features, combined with EFS data, were incorporated
into our 3-stage machine learning classification model. The
depression status, determined using the GDS, was used to label
the samples for classification purposes.

HOPE Model Development
The proposed HOPE Model was designed for depression
classification in older adults using nonintrusive Wi-Fi–based
motion sensor data. Due to the limited number of participants,
it is necessary to provide an efficient pipeline for preprocessing,
feature extraction, and classification. The limited number of
participants and high dimensionality of features required a
tailored multistage machine learning pipeline to maximize
classification accuracy. Furthermore, ensuring that our
depression classification model is explainable to clinicians is
important, as highlighted in our previous works [54,55]. To
address this, we incorporated explainable machine learning
techniques such as Shapley additive explanations (SHAP) and
local interpretable model-agnostic explanations (LIME). To
achieve these goals, our proposed HOPE model was structured
into 3 stages of machine learning architecture: feature selection,
dimensionality reduction, and classification followed by post
hoc explainability analysis using SHAP and LIME. Each stage
plays a critical role in refining the data and ensuring that the
final classification is both accurate and interpretable. Table 1
provides details on the various techniques used and evaluated
at each stage.
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Table 1. Methods used at each phase of our 3-stage architecture.

Explainability analysisClassificationDimensionality reductionFeature selection

SHAPd [59]NBc [58]PCAb [57]CFSa [56]

LIMEh [63]LRg [62]FAf [61]SFSe [60]

—lkNNk [66]LDAj [65]MIi [64]

—SVMn [69]kPCAm [68]SelectKBest [67]

—Decision tree [71]—RFEo [70]

—RFp [72]——

—GBMq [73]——

—XGboost [74]——

—LightGBM [75]——

—Voting classifier [76]——

—Bagging classifier [77]——

—AdaBoost [78]——

aCFS: correlation-based selection.
bPCA: principal component analysis.
cNB: naive Bayes.
dSHAP: Shapley addictive explanations.
eSFS: sequential forward selection.
fFA: factor analysis.
gLR: logistic regression.
hLIME: local interpretable model-agnostic explanations.
iMI: mutual information.
jLDA: linear discriminant analysis.
kkNN: k-nearest neighbor.
lNot applicable.
mkPCA: kernel principal component analysis.
nSVM: support vector machine.
oRFE: recursive feature elimination.
pRF: random forest.
qGBM: gradient boosting machine.

Feature selection is performed to reduce the dimensionality of
the dataset by identifying the most relevant features for
depression classification, enhancing both the speed and accuracy
of the classification model [79]. The reduced subset of features
serves as input for the subsequent dimensionality reduction
stage. The validity of the chosen selected features is investigated
using correlation analysis in the Results section. Dimensionality
reduction techniques are applied to further refine the feature set
compared to the initial feature selection stage [80] and to
minimize overfitting. The dimensionally reduced features from
the second stage were then processed in the third stage, which
focused on classification. In this stage, the classification model
processes the features derived from the earlier stages to
categorize samples into 2 target classes: “participants with
depression” and “participants without depression.” The
classification algorithm leverages the patterns identified in the
features, such as sleep duration and interruptions, to make
predictions. The classification task involved assigning a
probability score to each sample, determining the likelihood of

belonging to either class based on the relationships in the feature
set. A decision boundary was then established to assign the final
class label for each sample. The classification process was
systematically evaluated to ensure robustness and reliability,
focusing on separating the 2 groups effectively even with the
small dataset. The machine learning classification pipeline was
designed to minimize the risk of overfitting by using techniques
such as feature selection and dimensionality reduction, ensuring
that the most informative and relevant features were used for
prediction. To conclude, we used explainable AI techniques to
interpret the model’s predictions, focusing on identifying the
most influential features and their impact on classification
outcomes.

Following the training and evaluation of all potential
combinations for each stage, the architecture using sequential
forward selection (SFS) for feature selection, principal
component analysis (PCA) for dimensionality reduction, and
DT for classification emerged as the most effective
configuration. This SFS-PCA-DT framework (Figure 1)
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demonstrated superior performance compared to other
combinations.

Our proposed model is supported by different considerations.
The SFS algorithm incrementally selects features to improve
classification performance and is particularly suited for datasets
with a smaller number of participants [81]. Unlike filter
methods, SFS acts as a wrapper technique that pairs with a
machine learning classification algorithm, providing greater
stability in performance [81]. The method starts with no selected
features and progressively adds them based on their ability to
enhance cross-validation outcomes. In the second stage, PCA
serves as a highly effective tool for reducing the dimensionality
of data in an unsupervised manner [82]. It converts the initial
set of features into a reduced number of uncorrelated
components, maintaining the bulk of the data’s variance. This
reduction is important for preventing overfitting, especially with
limited sample sizes. As a classification algorithm, DT
algorithm, known for its strength in binary classification tasks,
effectively uses the streamlined feature set generated in earlier
stages. It models data by learning simple decision rules inferred
from the input features, creating a tree-like structure. Each
internal node in the tree represents a decision based on a feature,
each branch represents an outcome of the decision, and each
leaf node represents a class label [83]. The integration of SFS,
PCA, and DT results in an efficient model that aligns with
established methodologies and theoretical principles in the field.
In this study, comprising only 4 participants, the training and
validation procedure were carefully designed to minimize
overfitting and to achieve reliable model generalization. To this
end, we used a 4-fold cross-validation strategy. Each fold
consisted of 3 participants for training and 1 participant for
testing, ensuring that every participant contributed to both
training and testing in separate iterations. This approach was
repeated 10 times with different random seeds to account for
variations in the training process, further enhancing the
robustness of the performance metrics. During the training
phase, a range of hyperparameter optimization techniques,
including random search [84], Bayesian optimization [85], and
Hyperband [86] was performed for each component of the
3-stage pipeline. For example, the DT classifier’s maximum
depth, minimum sample split, and criterion parameters are tuned
using Bayesian optimization within predefined search spaces.
Similarly, for PCA, the optimal number of components is
optimized to maximize variance retention while preventing
overfitting. The SFS algorithm was guided by internal
cross-validation within the training set to identify the most
predictive subset of features.

Evaluation Metrics
To validate the effectiveness of our depression classification
method, we used 4 evaluation metrics: accuracy [87], sensitivity
[87], precision [87], and F1-score. Accuracy provides a
comprehensive measure of the model’s overall performance.
Sensitivity helps ensure that the model accurately identifies as
many true cases of depression as possible, minimizing the risk
of missing individuals who actually have the condition [88]. To
further validate the stability of the model, we present the training
and test accuracies against the hyperparameter variations,
demonstrating the model convergence.

Ethical Considerations
The study received approval from McGill University’s
Institutional Ethics Committee (A06-B18-21A), allowing data
collection and analysis for this project. Written informed consent
was collected from all participants prior to their involvement
in the study. All collected data were anonymized immediately
after collection, with no personally identifiable information
retained to ensure participant confidentiality. Participants
received a $20 e-gift card as compensation for their time. At
every stage of the research, we adhered to the ethical principles
outlined in the Declaration of Helsinki [89] and the Tri-Council
Policy Statement [90].

Results

Clinical Study Insights
Six community-dwelling older adults residing in Montreal,
Canada, were recruited for this study between May 2022 and
September 2022. However, 2 participants withdrew due to
internet connectivity issues, resulting in the use of data from
the remaining 4 participants for the analysis. The EFS results
indicated that 2 participants exhibited moderate frailty (scores
ranging from 6 to 11), while the other 2 participants were
classified as nonfrail (scores of 5 or below). GDS results
suggested that 1 participant had depressive symptoms
(score=10), while the other 3 participants did not (score
range=0-4).

Some of the participants’ demographic and clinical
characteristics are detailed in Table 2. Over a 6-month period,
the activities of each participant were continuously monitored
at 15-minute intervals using Wi-Fi motion sensors. Following
the identification of potential input features derived from Wi-Fi
signals and questionnaire data, we designed and developed a
3-stage architecture as outlined in the methodology section. To
support future research and ensure the reproducibility of our
findings, the code for our model is openly accessible on our
lab’s GitHub repository [91].

Table 2. Demographic and clinical characteristics of the participants of this study.

Participant with depression (n=1)Participant without depression (n=3)

1/01/2Sex (female/male), n/n

65.50 (0.00)67.05 (3.70)Age (years), mean (SD)

7.00 (0.00)3.34 (3.21)Edmonton frailty scale, mean (SD)

10.00 (0.00)4.00 (1.00)Geriatric depression scale, mean (SD)
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We assessed a total of 240 model configurations, which resulted
from the combination of 5 feature selection methods, 4
dimensionality reduction techniques, and 12 classifiers. Each
configuration was trained 10 times to account for variations in
performance metrics, ensuring the robustness of our findings.
To mitigate the overfitting risk, we used k-fold cross-validation
[92]. We experimented with different initial feature sets to
optimize model performance, and among the various
hyperparameter tuning methods, Bayesian optimization
consistently yielded superior results.

Model Performance and Validation
This section presents the outcomes of our classification model
evaluation. Table 3 summarizes the top-performing
configurations among the 240 model variations that we tested.

The SFS-PCA-DT model, which integrates SFS, PCA, and DT,
emerged as the leading performer across multiple metrics. Its
relatively high accuracy indicates the model’s ability to
distinguish between individuals with and without depression.
The model’s high sensitivity ensures that individuals with
depression are correctly identified. This is critical in clinical
settings, where depression, particularly among older adults,
often goes unrecognized despite its severe impact on cognitive
function [93-96], quality of life [97,98], and mortality risk
[99,100]. Ensuring high sensitivity reduces the likelihood of
missed diagnoses, which is important for timely and effective
treatment. However, the relatively high standard deviation in
both accuracy and sensitivity suggests that the model’s
performance may vary, indicating occasional instances of less
reliable predictions.

Table 3. Average classification performance of the top 5 architectures.

F1-score (%)Precision (%)Sensitivity (%)Accuracy (%)Model

86.00 (14.74)88.34 (18.34)90.00 (20.00)87.50 (12.50)SFSa – PCAb – DTc

81.67 (18.93)90.00 (20.00)83.34 (25.82)85.00 (16.58)SFS + FAd + DT

80.00 (20.82)83.34 (25.82)85.00 (22.91)82.50 (19.53)SFS + PCA + LRe

80.00 (20.82)75.00 (22.42)90.00 (20.00)82.50 (19.53)SFS + PCA + SVMf

76.00 (13.06)78.34 (22.42)85.00 (22.91)80.00 (10.00)MIg + PCA + LR

aSFS: sequential forward selection.
bPCA: principal component analysis.
cDT: decision tree.
dFA: factor analysis.
eLR: logistic regression.
fSVM: support vector machine.
gMI: mutual information.

Table 3 illustrates that SFS is frequently featured among the
highest-performing models, including the top model with
87.50% accuracy, and 3 other strong contenders. Mutual
information also proves effective, appearing in 1 model with
80.00% accuracy, indicating that both SFS and mutual
information are potent feature selection techniques for
depression classification with limited samples. PCA seems to
be the preferred method for dimensionality reduction, being
used in 4 of the top 5 models. Among classifiers, DT stands
out, featuring in the top 2 models with 87.50% and 85.00%
accuracy. Other classifiers, such as LR and SVM, also perform
well, each appearing in models with an accuracy exceeding
80%. The results highlight interesting tradeoffs, such as the SFS
+ PCA + SVM model, which, while slightly lower in accuracy
(82.50%), maintains a high sensitivity (90.00%). This supports

the practice of evaluating models using multiple metrics,
especially in situations where the application involves clinical
diagnoses, where accurately identifying true positives is crucial.

Figure 2 displays the averaged confusion matrix for the
top-performing SFS – PCA – DT model used to classify
depression status. Due to the constraint of having only 4
samples, we used a 4-fold cross-validation strategy, with each
fold being tested 10 times to ensure a thorough evaluation. The
model showed promising results, accurately classifying 86%
of individuals without depression as not having depression and
89% of individuals with depression as having depression. The
average false positive rate, where individuals without depression
were incorrectly classified as having it, was 14%, while the
average false negative rate, where individuals with depression
were incorrectly classified as not having it, was 11%.
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Figure 2. Confusion matrix for the top-performing model (SFS – PCA – DT). DT: decision tree; PCA: principal component analysis; SFS: sequential
forward selection.

To validate the convergence of the proposed algorithm, we
analyzed the relationship between tree depth and accuracy on
both the training and test datasets. Figure 3 demonstrates the
training and test accuracy of the best performing model (SFS
– PCA – DT) as a function of tree depth. The training accuracy
increases consistently with tree depth, stabilizing at its

maximum, reflecting that the model can fully capture the
training data as depth increases. The test accuracy improves
initially with increasing tree depth but stabilizes beyond a depth
of 3. These observations confirm that the proposed algorithm
achieves convergence in terms of performance tradeoffs between
model complexity and generalization.

Figure 3. Training and test accuracy as a function of tree depth, demonstrating convergence of our proposed model.

Feature Selection and Analysis
In our 3-stage classification model, we implement a combination
of feature selection and dimensionality reduction techniques to
improve the efficacy of our machine learning approach [80].
The features selected by SFS included “average sleep duration,”
“total number of sleep interruptions,” “percentage of nights
with sleep interruptions,” “average duration of sleep

interruptions,” and “EFS.” Correlation analysis of these features
revealed notable associations with depression status. Such
analysis helps identify how variations in these features might
be related to changes in depression, providing valuable insights
for clinicians and researchers to develop more effective
diagnostic tools and treatments.
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Figure 4 illustrates a strong negative correlation between
depression and average sleep duration. Conversely, depression
was positively correlated with the total number of sleep
interruptions, percentage of nights with sleep interruptions,
average duration of sleep interruptions, and EFS. Blue cells
indicate negative correlation values, while red cells represent
positive correlations. Darker colors signify stronger correlations.
The high correlation values highlight the significance of these
factors in understanding and potentially classifying older adults

with depression, aligning with findings from previous studies
[101-105]. For example, Vallance et al [106] demonstrated that
engaging in daily activities can alleviate the adverse effects of
depression among older adults. Furthermore, several studies
have highlighted a connection between depression and frailty
[107,108]. Vaughan et al [109] showed that the prevalence of
both depression and frailty among individuals aged 55 years
and older exceeds 10%. These findings confirm the association
between depression and the features incorporated in our model.

Figure 4. Correlation matrix heatmap between depression and selected features by sequential forward selection.

Comparative Analysis With Baseline Models
In this section, we evaluate the performance of our proposed
3-stage architecture for depression classification, which
leverages Wi-Fi–based contextual human activity data, against
baseline models previously outlined in the introduction.
Although direct comparisons are inherently difficult due to
differences in data acquisition methods (wearable devices),
feature sets, and sample sizes, this analysis serves to

contextualize the effectiveness of our approach for our case
study with a limited number of participants.

For the baseline models, we selected the most current
classification architectures used in the literature for depression
classification. To ensure a fair comparison, each baseline model
was trained and tested using the same feature set applied in our
experiment. The resulting performance metrics for each baseline
model are presented in Table 4. Despite the challenges
associated with our smaller sample size, the comparison offers
valuable insights into the relative efficacy of our method.
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Table 4. Average performance across different baseline machine learning models.

F1-score (%)Precision (%)Sensitivity (%)Accuracy (%)Model architecture

N/Ab5.005.0012.50RFa [23,27]

N/A10.0010.0015.00SVMc [23]

N/A13.3415.0022.50LRd [23]

N/A10.0010.0025.00XGBoost [34]

N/A18.3435.0032.50L1-based feature selection + DTe [24]

N/A13.3415.0022.50L1-based feature selection + RF [24]

N/A13.3415.0022.50L1-based feature selection + kNNf [24]

N/A15.0025.0030.00L1-based feature selection + NBg [24]

N/A25.0045.0037.50L1-based feature selection + LR [24]

N/A10.0010.0025.00L1-based feature selection + SVM [24]

N/A55.0073.3355.00Randomized LR + AdaBoost [25]

86.0088.3490.0087.50HOPE modelh

aRF: random forest.
bN/A: data not applicable.
cSVM: support vector machine.
dLR: logistic regression.
eDT: decision tree.
fkNN: k-nearest neighbor.
gNB: naive Bayes.
hBest performed proposed model.

As shown in Table 4, traditional single-stage machine learning
classifiers such as RF, LR, and SVM demonstrate relatively
lower performance, with accuracy ranging from 12.50% to
22.50%. Among these, LR achieves relatively higher accuracy.
XGBoost exhibits better performance than the traditional
models. Incorporating feature selection techniques further
improves the performance of these models. Specifically,
combining L1-based feature selection with various classifiers
results in modest performance gains, while the randomized LR
combined with AdaBoost achieves a significant improvement,
reaching 55.00% accuracy and 73.33% sensitivity. Our proposed
3-stage architectures significantly surpass all other baseline
models across all metrics. While most baseline models struggle
with sensitivity and precision, often scoring below 15%, our
best proposed model demonstrates substantial enhancements in
these metrics with 90.00% sensitivity and 88.34% precision,
indicating a superior capability to correctly identify positive
cases and reduce false positives.

Model Explainability
To enhance our understanding of the decision-making processes
within our proposed model, we used SHAP [50] and LIME [54]
for model interpretability analysis. These model-agnostic
methods can be applied across various machine learning models,
providing valuable insights into our model’s predictive behavior.

By integrating these interpretability techniques, we aim to
improve the transparency and potential clinical relevance of our
depression classification framework. These methods help us
identify which features most significantly influence the model’s
predictions, particularly in the context of depression
classification.

SHAP Analysis
The SHAP waterfall plot (Figure 5) illustrates the relative
importance of features for depression classification, with red
and blue colors representing positive and negative contributions,
respectively. Among the features, “the percentage of nights with
sleep interruptions” is the most impactful, positively correlating
with depression risk, indicating that frequent sleep disturbances
are a strong predictor of depression. Conversely, the average
sleep duration exhibits a substantial negative impact on
depression prediction, suggesting that longer sleep durations
are associated with a reduced likelihood of depression.
Sleep-related variables continue to play a pivotal role in the
model’s predictions; both the total number of sleep interruptions
and the average duration of these interruptions contribute
positively to depression risk, further underscoring the
importance of uninterrupted sleep in depression diagnosis.
Although the frailty scale is included in the model, its influence
is relatively minor compared to sleep-related features.
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Figure 5. SHAP analysis. SHAP: Shapley additive explanations.

LIME Analysis
The LIME plot (Figure 6) provides a complementary view of
feature importance, with green and red colors indicating positive
and negative influences, respectively. Consistent with the SHAP
results, LIME identifies “the percentage of nights with sleep
interruptions” as the most critical feature in the classification
of depression of our proposed model. Similarly, the average

sleep duration is shown to have a significant negative impact
on depression classification, in line with SHAP findings. The
total number of sleep interruptions also ranks highly with a
positive influence on depression risk, again aligning with SHAP
results. A notable difference between the 2 methods is the
relatively lower impact of the frailty scale in the LIME analysis,
which requires further investigations.

Figure 6. LIME analysis. LIME: local interpretable model-agnostic explanations.

Discussion

Our research uses Wi-Fi–based motion sensors to extract daily
activities, which are then used in our proposed machine learning
method for depression classification.

Our study findings confirm the feasibility of using Wi-Fi–based
motion sensors for depression classification among older adults.
Our proposed HOPE (Home-Based Older Adults’ Depression
Prediction) model achieved an accuracy of 87.5%, sensitivity
of 90%, and precision of 88.3%. The most influential features
identified were sleep-related metrics, such as average sleep
duration and sleep interruptions, highlighting the importance
of sleep patterns in depression classification. These findings

suggest that Wi-Fi–based monitoring offers a nonintrusive and
effective alternative to conventional wearable technologies for
depression assessment. These conventional methods, while
effective, often present challenges in terms of participant
compliance, particularly among older adults, due to their
burdensome and sometimes uncomfortable nature. In contrast,
our Wi-Fi–based approach is nonintrusive and allows for
continuous monitoring without requiring participants to wear
or interact with any devices. This can significantly enhance
participant compliance and the integrity of the data collected
over extended periods. Compared to other nonintrusive
monitoring technologies, such as camera-based methods, our
Wi-Fi–based approach has distinct advantages. Wi-Fi
infrastructure is prevalent in most homes and does not pose
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privacy risks, making it a cost-effective and scalable solution
for continuous health monitoring. Furthermore, unlike previous
studies that rely on microlevel body displacement and
accelerometer data, our study emphasizes macrolevel physical
activity features like sleep patterns and overall activity levels
shift is crucial as it highlights the potential of using broader,
more easily obtainable metrics to assess depression status. Our
findings demonstrate that these macrolevel features are not only
feasible but also effective measures for depression classification,
broadening the scope of nonintrusive monitoring technologies
in mental health research. The next steps can be extracting more
detailed types of human activity using nonintrusive Wi-Fi data
and expanding more on using this type of data acquisition for
depression classification.

Additionally, our proposed model demonstrates relatively high
performance compared to other classification models presented
in existing depression classification studies, even with a limited
sample size. Many studies using physical activity data from
wearable devices often benefit from larger datasets and
frequently use single-stage classifiers or deep neural networks.
These models generally show strong performance with abundant
data; however, their effectiveness diminishes when applied to
smaller datasets, such as the one in this feasibility study. To
address the limitations imposed by our smaller sample size, we
designed a 3-stage machine learning classification architecture,
which combines feature selection, dimensionality reduction,
and classification into a multistep process. This approach allows
for the extraction of the most relevant features while minimizing
noise, thereby improving classification performance. Despite
the small sample size, our model consistently outperformed
conventional single-stage classifiers, highlighting the strength
of both the machine learning architecture and the selected human
activity features—particularly sleep patterns and activity
levels—used for depression classification. This also underscores
the adaptability of our model to different data scales, making
it a more versatile option for future research where data
availability might be limited. While this model shows promising
results, however, caution is needed in interpreting these results.
Future work should aim to enhance its robustness and
generalizability by expanding the dataset. Collecting
Wi-Fi–based physical activity data from a larger and more
diverse sample would not only improve the model’s statistical
power but also allow for a more comprehensive evaluation of
its performance across different population groups, such as
varying age ranges and health conditions. This would be

particularly valuable in developing a scalable solution for
real-world applications. Additionally, the integration of
advanced machine learning techniques, such as deep neural
networks or hybrid models combining traditional classifiers
with deep learning components, could further enhance
classification accuracy.

Our study is distinctive not only in its methodological approach
but also in its emphasis on model explainability, a crucial aspect
often overlooked in prior research on depression classification.
Explainability is essential in health care applications, where
understanding the factors driving a model’s decision is critical
for clinical adoption and trust. By using SHAP and LIME, we
were able to dissect the decision-making process of our model
and pinpoint the most influential features for classifying
depression. Both explainability analyses converge on the
identification of sleep interruption features as key predictors in
the depression classification of our proposed model. Among
these, the “percentage of nights with sleep interruptions,”
“average sleep duration,” and “total number of sleep
interruptions” emerged as the primary driving factors. These
findings align with existing literature that highlights the strong
correlation between sleep disturbances and depression. However,
our approach goes a step further by quantifying the impact of
these features on the classification outcomes, providing a more
nuanced understanding of their role. These findings suggest that
future tools for depression assessment may benefit from a
stronger focus on sleep quality and patterns and further
investigations are required in this regard.

The integration of sensors and AI is transforming health care,
yet the application of these technologies in depression
classification remains underdeveloped and lacks extensive
investigation. This study aimed to create an automated machine
learning system for the continuous, remote monitoring and
assessment of daily physical activity among older adults in a
home setting, with the goal of distinguishing between individuals
with and without depression.

In summary, although there were some challenges, our results
suggest that using Wi-Fi–based data to capture contextual human
activities is a promising and efficient method for classifying
depression. The model we developed, leveraging data from
Wi-Fi motion sensors, showed strong potential in accurately
identifying early signs of depression and paving the way for
more advanced and accessible mental health monitoring
technologies among community dwelling older adults..

 

Acknowledgments
This study was funded by the Ministry of Innovation of Quebec, McGill University, Aerial Tech, and Mila—Quebec AI Institute.
The authors acknowledge support from these institutions. SAR is Canada Research Chair (Tier II) in Artificial Intelligence and
Advanced Digital Primary Health Care, received salary support from a Research Scholar Junior 1 Career Development Award
from the Fonds de Recherche du Québec-Santé during part of this project, and her research program is supported by the Natural
Sciences Research Council Discovery (grant 2020-05246).

Data Availability
The data analyzed during this study are not publicly available due to restrictions placed by the McGill University Institutional
Ethics Committee, but the deidentified data are available from the corresponding author on reasonable request.

JMIR Aging 2025 | vol. 8 | e67715 | p.1179https://aging.jmir.org/2025/1/e67715
(page number not for citation purposes)

Nejadshamsi et alJMIR AGING

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


Authors' Contributions
Conceptualization was led by SAR, who established the study’s goals, design, and research questions and obtained the funding
for the project. The methodology was developed by SAR, and SN. The data collection was done by SAR and VK. Data curation
was managed by SAR, SN, and VK. Formal analysis was conducted by SAR and SN. The original draft was written by SAR,
and SN. Reviewing and editing were a collaborative effort with all authors. Supervision and overall project leadership were
provided by SAR.

Conflicts of Interest
None declared.

References
1. Abd-Alrazaq A, AlSaad R, Shuweihdi F, Ahmed A, Aziz S, Sheikh J. Systematic review and meta-analysis of performance

of wearable artificial intelligence in detecting and predicting depression. NPJ Digit Med 2023;6(1):84 [FREE Full text]
[doi: 10.1038/s41746-023-00828-5] [Medline: 37147384]

2. Su YA, Si T. Progress and challenges in research of the mechanisms of anhedonia in major depressive disorder. Gen
Psychiatr 2022;35(1):e100724 [FREE Full text] [doi: 10.1136/gpsych-2021-100724] [Medline: 35309242]

3. Parra F, Benezeth Y, Yang F. Automatic assessment of emotion dysregulation in American, French, and Tunisian adults
and new developments in deep multimodal fusion: cross-sectional study. JMIR Ment Health 2022;9(1):e34333 [FREE Full
text] [doi: 10.2196/34333] [Medline: 35072643]

4. Choi J, Lee S, Kim S, Kim D, Kim H. Depressed mood prediction of elderly people with a wearable band. Sensors
2022;22(11):4174 [FREE Full text] [doi: 10.3390/s22114174] [Medline: 35684797]

5. Gao Y, Jia Z, Zhao L, Han S. The effect of activity participation in middle-aged and older people on the trajectory of
depression in later life: national cohort study. JMIR Public Health Surveill 2023;9:e44682 [FREE Full text] [doi:
10.2196/44682] [Medline: 36951932]

6. Song S, Seo Y, Hwang S, Kim HY, Kim J. Digital phenotyping of geriatric depression using a community-based digital
mental health monitoring platform for socially vulnerable older adults and their community caregivers: 6-week living lab
single-arm pilot study. JMIR Mhealth Uhealth 2024;12:e55842 [FREE Full text] [doi: 10.2196/55842] [Medline: 38885033]

7. Colizzi M, Lasalvia A, Ruggeri M. Prevention and early intervention in youth mental health: Is it time for a multidisciplinary
and trans-diagnostic model for care? Int J Ment Health Syst 2020;14(1):23 [FREE Full text] [doi:
10.1186/s13033-020-00356-9] [Medline: 32226481]

8. Owen D, Antypas D, Hassoulas A, Pardiñas AF, Espinosa-Anke L, Collados JC. Enabling early health care intervention
by detecting depression in users of web-based forums using language models: longitudinal analysis and evaluation. JMIR
AI 2023;2:e41205 [FREE Full text] [doi: 10.2196/41205] [Medline: 37525646]

9. Huang S, Wang Y, Li G, Hall BJ, Nyman TJ. Digital mental health interventions for alleviating depression and anxiety
during psychotherapy waiting lists: systematic review. JMIR Ment Health 2024;11:e56650 [FREE Full text] [doi:
10.2196/56650] [Medline: 39255015]

10. Smith KM, Renshaw PF, Bilello J. The diagnosis of depression: current and emerging methods. Compr Psychiatry
2013;54(1):1-6 [FREE Full text] [doi: 10.1016/j.comppsych.2012.06.006] [Medline: 22901834]

11. Minaeva O, Riese H, Lamers F, Antypa N, Wichers M, Booij SH. Screening for depression in daily life: development and
external validation of a prediction model based on actigraphy and experience sampling method. J Med Internet Res
2020;22(12):e22634 [FREE Full text] [doi: 10.2196/22634] [Medline: 33258783]

12. Glavin D, Grua EM, Nakamura CA, Scazufca M, Ribeiro Dos Santos E, Wong GHY, et al. Patient health questionnaire-9
item pairing predictiveness for prescreening depressive symptomatology: machine learning analysis. JMIR Ment Health
2023;10:e48444 [FREE Full text] [doi: 10.2196/48444] [Medline: 37856186]

13. Camp N, Johnston J, Lewis MGC, Zecca M, Di Nuovo A, Hunter K, et al. Perceptions of in-home monitoring technology
for activities of daily living: semistructured interview study with community-dwelling older adults. JMIR Aging
2022;5(2):e33714 [FREE Full text] [doi: 10.2196/33714] [Medline: 35511248]

14. Chan A, Cai J, Qian L, Coutts B, Phan S, Gregson G, et al. In-home positioning for remote home health monitoring in older
adults: systematic review. JMIR Aging 2024;7:e57320 [FREE Full text] [doi: 10.2196/57320] [Medline: 39622026]

15. Gianfredi V, Blandi L, Cacitti S, Minelli M, Signorelli C, Amerio A, et al. Depression and objectively measured physical
activity: a systematic review and meta-analysis. Int J Environ Res Public Health 2020;17(10):3738 [FREE Full text] [doi:
10.3390/ijerph17103738] [Medline: 32466242]

16. Arrieta H, Rezola-Pardo C, Echeverria I, Iturburu M, Gil SM, Yanguas JJ, et al. Physical activity and fitness are associated
with verbal memory, quality of life and depression among nursing home residents: preliminary data of a randomized
controlled trial. BMC Geriatr 2018;18(1):80. [doi: 10.1186/s12877-018-0770-y] [Medline: 29580209]

17. Dillon CB, McMahon E, O'Regan G, Perry IJ. Associations between physical behaviour patterns and levels of depressive
symptoms, anxiety and well-being in middle-aged adults: a cross-sectional study using isotemporal substitution models.
BMJ Open 2018;8(1):e018978 [FREE Full text] [doi: 10.1136/bmjopen-2017-018978] [Medline: 29358436]

JMIR Aging 2025 | vol. 8 | e67715 | p.1180https://aging.jmir.org/2025/1/e67715
(page number not for citation purposes)

Nejadshamsi et alJMIR AGING

XSL•FO
RenderX

https://doi.org/10.1038/s41746-023-00828-5
http://dx.doi.org/10.1038/s41746-023-00828-5
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=37147384&dopt=Abstract
https://europepmc.org/abstract/MED/35309242
http://dx.doi.org/10.1136/gpsych-2021-100724
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=35309242&dopt=Abstract
https://mental.jmir.org/2022/1/e34333/
https://mental.jmir.org/2022/1/e34333/
http://dx.doi.org/10.2196/34333
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=35072643&dopt=Abstract
https://www.mdpi.com/resolver?pii=s22114174
http://dx.doi.org/10.3390/s22114174
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=35684797&dopt=Abstract
https://publichealth.jmir.org/2023//e44682/
http://dx.doi.org/10.2196/44682
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=36951932&dopt=Abstract
https://mhealth.jmir.org/2024//e55842/
http://dx.doi.org/10.2196/55842
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=38885033&dopt=Abstract
https://ijmhs.biomedcentral.com/articles/10.1186/s13033-020-00356-9
http://dx.doi.org/10.1186/s13033-020-00356-9
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32226481&dopt=Abstract
https://ai.jmir.org/2023//e41205/
http://dx.doi.org/10.2196/41205
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=37525646&dopt=Abstract
https://mental.jmir.org/2024//e56650/
http://dx.doi.org/10.2196/56650
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=39255015&dopt=Abstract
https://europepmc.org/abstract/MED/22901834
http://dx.doi.org/10.1016/j.comppsych.2012.06.006
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22901834&dopt=Abstract
https://www.jmir.org/2020/12/e22634/
http://dx.doi.org/10.2196/22634
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33258783&dopt=Abstract
https://mental.jmir.org/2023//e48444/
http://dx.doi.org/10.2196/48444
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=37856186&dopt=Abstract
https://aging.jmir.org/2022/2/e33714/
http://dx.doi.org/10.2196/33714
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=35511248&dopt=Abstract
https://aging.jmir.org/2024//e57320/
http://dx.doi.org/10.2196/57320
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=39622026&dopt=Abstract
https://air.unimi.it/handle/2434/911997
http://dx.doi.org/10.3390/ijerph17103738
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32466242&dopt=Abstract
http://dx.doi.org/10.1186/s12877-018-0770-y
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29580209&dopt=Abstract
https://bmjopen.bmj.com/lookup/pmidlookup?view=long&pmid=29358436
http://dx.doi.org/10.1136/bmjopen-2017-018978
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29358436&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/


18. Jung S, Lee S, Lee S, Bae S, Imaoka M, Harada K, et al. Relationship between physical activity levels and depressive
symptoms in community-dwelling older Japanese adults. Geriatr Gerontol Int 2018;18(3):421-427. [doi: 10.1111/ggi.13195]
[Medline: 29052928]

19. Ludwig VM, Bayley A, Cook DG, Stahl D, Treasure JL, Asthworth M, et al. Association between depressive symptoms
and objectively measured daily step count in individuals at high risk of cardiovascular disease in South London, UK: a
cross-sectional study. BMJ Open 2018;8(4):e020942 [FREE Full text] [doi: 10.1136/bmjopen-2017-020942] [Medline:
29654044]

20. Ku PW, Steptoe A, Liao Y, Sun WJ, Chen LJ. Prospective relationship between objectively measured light physical activity
and depressive symptoms in later life. Int J Geriatr Psychiatry 2018;33(1):58-65. [doi: 10.1002/gps.4672] [Medline:
28181713]

21. Raudsepp L, Riso EM. Longitudinal association between objectively measured walking and depressive symptoms among
Estonian older adults. J Aging Phys Act 2017;25(4):639-645. [doi: 10.1123/japa.2016-0303] [Medline: 28338399]

22. Kumar P, Garg S, Garg A. Assessment of anxiety, depression and stress using machine learning models. Procedia Comput
Sci 2020;171:1989-1998. [doi: 10.1016/j.procs.2020.04.213]

23. Adamczyk J, Malawski F. Comparison of manual and automated feature engineering for daily activity classification in
mental disorder diagnosis. Comput Inf 2021;40(4):850-879. [doi: 10.31577/cai_2021_4_850]

24. Bai R, Xiao L, Guo Y, Zhu X, Li N, Wang Y, et al. Tracking and monitoring mood stability of patients with major depressive
disorder by machine learning models using passive digital data: prospective naturalistic multicenter study. JMIR Mhealth
Uhealth 2021;9(3):e24365 [FREE Full text] [doi: 10.2196/24365] [Medline: 33683207]

25. Chikersal P, Doryab A, Tumminia M, Villalba DK, Dutcher JM, Liu X, et al. Detecting depression and predicting its onset
using longitudinal symptoms captured by passive sensing. ACM Trans Comput Hum Interact 2021;28(1):1-41. [doi:
10.1145/3422821]

26. Dai R, Kannampallil T, Zhang J, Lv N, Ma J, Lu C. Multi-task learning for randomized controlled trials. Proc ACM Interact
Mob Wearable Ubiquitous Technol 2022;6(2):1-23. [doi: 10.1145/3534591]

27. Griffiths C, da Silva KM, Leathlean C, Jiang H, Ang CS, Searle R. Investigation of physical activity, sleep, and mental
health recovery in treatment resistant depression (TRD) patients receiving repetitive transcranial magnetic stimulation
(rTMS) treatment. J Affect Disord Rep 2022;8:100337 [FREE Full text] [doi: 10.1016/j.jadr.2022.100337] [Medline:
35619990]

28. Espino-Salinas CH, Galván-Tejada CE, Luna-García H, Gamboa-Rosales H, Celaya-Padilla JM, Zanella-Calzada LA, et
al. Two-dimensional convolutional neural network for depression episodes detection in real time using motor activity time
series of depresjon dataset. Bioengineering 2022;9(9):458 [FREE Full text] [doi: 10.3390/bioengineering9090458] [Medline:
36135004]

29. Jakobsen P, Garcia-Ceja E, Riegler M, Stabell LA, Nordgreen T, Torresen J, et al. Applying machine learning in motor
activity time series of depressed bipolar and unipolar patients compared to healthy controls. PLoS One 2020;15(8):e0231995
[FREE Full text] [doi: 10.1371/journal.pone.0231995] [Medline: 32833958]

30. Jung D, Kim J, Mun KR. Identifying depression in the elderly using gait accelerometry. Annu Int Conf IEEE Eng Med
Biol Soc 2022;2022:4946-4949. [doi: 10.1109/EMBC48229.2022.9871877] [Medline: 36086152]

31. Kulam S. Time-series classification with uni-dimensional convolutional neural networks: An experimental comparison
with long short-term memory networks [dissertation].: University of Oslo; 2019. URL: https://www.duo.uio.no/handle/
10852/73250 [accessed 2024-12-07]

32. Kumar A, Sangwan SR, Arora A, Menon VG. Depress-DCNF: A deep convolutional neuro-fuzzy model for detection of
depression episodes using IoMT. Appl Soft Comput 2022;122:108863. [doi: 10.1016/j.asoc.2022.108863]

33. Nguyen DK, Chan CL, Adams Li AH, Phan DV. Deep stacked generalization ensemble learning models in early diagnosis
of depression illness from wearable devices data. 2021 Presented at: ICMHI 2021: 2021 5th International Conference on
Medical and Health Informatics; May 14-16, 2021; Kyoto, Japan. [doi: 10.1145/3472813.3472815]

34. Opoku Asare K, Moshe I, Terhorst Y, Vega J, Hosio S, Baumeister H, et al. Mood ratings and digital biomarkers from
smartphone and wearable data differentiates and predicts depression status: a longitudinal data analysis. Pervasive Mobile
Comput 2022;83:101621. [doi: 10.1016/j.pmcj.2022.101621]

35. Park C, Mishra R, Golledge J, Najafi B. Digital biomarkers of physical frailty and frailty phenotypes using sensor-based
physical activity and machine learning. Sensors 2021;21(16):5289 [FREE Full text] [doi: 10.3390/s21165289] [Medline:
34450734]

36. Akbari G, Nikkhoo M, Wang L, Chen CPC, Han DS, Lin YH, et al. Frailty level classification of the community elderly
using Microsoft Kinect–based skeleton pose: a machine learning approach. Sensors (Basel) 2021;21(12):4017 [FREE Full
text] [doi: 10.3390/s21124017] [Medline: 34200838]

37. Utsumi T, Hashimoto M. A development of an early detection system of pre-frailty in senior citizens living inside. 2023
Presented at: 17th International Conference on Ubiquitous Information Management and Communication (IMCOM); Seoul,
Korea; January 03-05, 2023. [doi: 10.1109/imcom56909.2023.10035612]

JMIR Aging 2025 | vol. 8 | e67715 | p.1181https://aging.jmir.org/2025/1/e67715
(page number not for citation purposes)

Nejadshamsi et alJMIR AGING

XSL•FO
RenderX

http://dx.doi.org/10.1111/ggi.13195
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29052928&dopt=Abstract
https://bmjopen.bmj.com/lookup/pmidlookup?view=long&pmid=29654044
http://dx.doi.org/10.1136/bmjopen-2017-020942
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29654044&dopt=Abstract
http://dx.doi.org/10.1002/gps.4672
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28181713&dopt=Abstract
http://dx.doi.org/10.1123/japa.2016-0303
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28338399&dopt=Abstract
http://dx.doi.org/10.1016/j.procs.2020.04.213
http://dx.doi.org/10.31577/cai_2021_4_850
https://mhealth.jmir.org/2021/3/e24365/
http://dx.doi.org/10.2196/24365
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33683207&dopt=Abstract
http://dx.doi.org/10.1145/3422821
http://dx.doi.org/10.1145/3534591
https://linkinghub.elsevier.com/retrieve/pii/S2666-9153(22)00030-0
http://dx.doi.org/10.1016/j.jadr.2022.100337
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=35619990&dopt=Abstract
https://www.mdpi.com/resolver?pii=bioengineering9090458
http://dx.doi.org/10.3390/bioengineering9090458
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=36135004&dopt=Abstract
https://dx.plos.org/10.1371/journal.pone.0231995
http://dx.doi.org/10.1371/journal.pone.0231995
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32833958&dopt=Abstract
http://dx.doi.org/10.1109/EMBC48229.2022.9871877
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=36086152&dopt=Abstract
https://www.duo.uio.no/handle/10852/73250
https://www.duo.uio.no/handle/10852/73250
http://dx.doi.org/10.1016/j.asoc.2022.108863
http://dx.doi.org/10.1145/3472813.3472815
http://dx.doi.org/10.1016/j.pmcj.2022.101621
https://www.mdpi.com/resolver?pii=s21165289
http://dx.doi.org/10.3390/s21165289
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=34450734&dopt=Abstract
https://www.mdpi.com/resolver?pii=s21124017
https://www.mdpi.com/resolver?pii=s21124017
http://dx.doi.org/10.3390/s21124017
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=34200838&dopt=Abstract
http://dx.doi.org/10.1109/imcom56909.2023.10035612
http://www.w3.org/Style/XSL
http://www.renderx.com/


38. Piau A, Wild K, Mattek N, Kaye J. Current state of digital biomarker technologies for real-life, home-based monitoring of
cognitive function for mild cognitive impairment to mild Alzheimer disease and implications for clinical care: systematic
review. J Med Internet Res 2019;21(8):e12785 [FREE Full text] [doi: 10.2196/12785] [Medline: 31471958]

39. Tegou T, Kalamaras I, Tsipouras M, Giannakeas N, Votis K, Tzovaras D. A low-cost indoor activity monitoring system
for detecting frailty in older adults. Sensors 2019;19(3):452 [FREE Full text] [doi: 10.3390/s19030452] [Medline: 30678280]

40. Goonawardene N, Tan HP, Tan LB. Unobtrusive detection of frailty in older adults. In: Zhou J, Salvendy G, editors. Human
Aspects of IT for the Aged Population Applications in Health, Assistance, and Entertainment. Cham, Switzerland: Springer
International Publishing; 2018.

41. Mohtadifar M, Cheffena M, Pourafzal A. Acoustic- and radio-frequency–based human activity recognition. Sensors
2022;22(9):3125 [FREE Full text] [doi: 10.3390/s22093125] [Medline: 35590815]

42. Wang S, Zhou G. A review on radio based activity recognition. Digit Commun Netw 2015;1(1):20-29. [doi:
10.1016/j.dcan.2015.02.006]

43. Showmik IA, Sanam TF, Imtiaz H. Human activity recognition from Wi-Fi CSI data using principal component-based
wavelet CNN. Digit Signal Process 2023;138:104056. [doi: 10.1016/j.dsp.2023.104056]

44. Pulle V, Rozon M, Zandifar A, Yadavalli SH, Asghari VR, Minayi Jalil A, et al. Systems and methods for remote monitoring
care using wireless sensing technologies. Justia. URL: https://patents.justia.com/patent/20240027564 [accessed 2024-10-29]

45. Allegue M, Ghourchian N, Rozon M, Carignan E, Hopper M, Gonzalez JF, et al. WiFi motion intelligence: The fundamentals.
Aerial Technologies Inc. URL: https://aerial.ai/files/common/The_fundamentals_Aerial_Telefonica_PCP-final_aligned.
pdf [accessed 2025-01-14]

46. Vitkovic J, Le C, Lee SL, Clark RA. The contribution of hearing and hearing loss to balance control. Audiol Neurootol
2016;21(4):195-202. [doi: 10.1159/000445100] [Medline: 27251708]

47. Dent E, Kowal P, Hoogendijk EO. Frailty measurement in research and clinical practice: a review. Eur J Intern Med
2016;31:3-10. [doi: 10.1016/j.ejim.2016.03.007] [Medline: 27039014]

48. Rolfson DB, Majumdar SR, Tsuyuki RT, Tahir A, Rockwood K. Validity and reliability of the Edmonton Frail Scale. Age
Ageing 2006;35(5):526-529 [FREE Full text] [doi: 10.1093/ageing/afl041] [Medline: 16757522]

49. Perna S, Francis MD, Bologna C, Moncaglieri F, Riva A, Morazzoni P, et al. Performance of Edmonton Frail Scale on
frailty assessment: its association with multi-dimensional geriatric conditions assessed with specific screening tools. BMC
Geriatr 2017;17(1):2 [FREE Full text] [doi: 10.1186/s12877-016-0382-3] [Medline: 28049443]

50. Yesavage JA. The use of self-rating depression scales in the elderly. In: Poon LW, Crook T, Davis KL, Eisdorfer C, Gurland
BJ, Kaszniak AW, et al, editors. Handbook for Clinical Memory Assessment of Older Adults. Washington, DC: American
Psychological Association; 1986.

51. Norgeot B, Quer G, Beaulieu-Jones BK, Torkamani A, Dias R, Gianfrancesco M, et al. Minimum information about clinical
artificial intelligence modeling: the MI-CLAIM checklist. Nat Med 2020;26(9):1320-1324 [FREE Full text] [doi:
10.1038/s41591-020-1041-y] [Medline: 32908275]

52. Heo YJ. Population aging and house prices: Who are we calling old? J Econ Ageing 2022;23:100417 [FREE Full text]
[doi: 10.1016/j.jeoa.2022.100417]

53. Sarawagi S, Bhamidipaty A. Interactive deduplication using active learning. 2002 Presented at: KDD02: The Eighth ACM
SIGKDD International Conference on Knowledge Discovery and Data Mining; July 23-26, 2002; Edmonton, Canada. [doi:
10.1145/775047.775087]

54. Ghadiri P, Yaffe MJ, Adams AM, Abbasgholizadeh-Rahimi S. Primary care physicians' perceptions of artificial intelligence
systems in the care of adolescents' mental health. BMC Prim Care 2024;25(1):215 [FREE Full text] [doi:
10.1186/s12875-024-02417-1] [Medline: 38872128]

55. Rahimi SA, Légaré F, Sharma G, Archambault P, Zomahoun HTV, Chandavong S, et al. Application of artificial intelligence
in community-based primary health care: systematic scoping review and critical appraisal. J Med Internet Res
2021;23(9):e29839 [FREE Full text] [doi: 10.2196/29839] [Medline: 34477556]

56. Hall MA. Correlation-Based Feature Selection for Machine Learning [dissertation]. Hamilton, New Zealand: University
of Waikato; 1999. URL: https://www.lri.fr/~pierres/donn%E9es/save/these/articles/lpr-queue/hall99correlationbased.pdf
[accessed 2025-01-14]

57. Abdi H, Williams LJ. Principal component analysis. WIREs Computational Stats 2010;2(4):433-459. [doi: 10.1002/wics.101]
58. Rish I. An empirical study of the naive Bayes classifier. 2001 Presented at: IJCAI 2001 Workshop on Empirical Methods

in Artificial Intelligence; August 4, 2001; Seattle, WA URL: https://www.semanticscholar.org/paper/
An-empirical-study-of-the-naive-Bayes-classifier-Watson/2825733f97124013e8841b3f8a0f5bd4ee4af88a

59. Lundberg SM, Lee SI. A unified approach to interpreting model predictions. 2017 Presented at: NIPS'17: Proceedings of
the 31st International Conference on Neural Information Processing Systems; December 4-9, 2017; Long Beach, CA URL:
https://papers.nips.cc/paper_files/paper/2017/hash/8a20a8621978632d76c43dfd28b67767-Abstract.html

60. Marcano-Cedeño A, Quintanilla-Domínguez J, Cortina-Januchs MG, Andina D. Feature selection using sequential forward
selection and classification applying artificial metaplasticity neural network. 2010 Presented at: IECON 2010—36th Annual
Conference on IEEE Industrial Electronics Society; November 7-10, 2010; Glendale, AZ. [doi: 10.1109/iecon.2010.5675075]

JMIR Aging 2025 | vol. 8 | e67715 | p.1182https://aging.jmir.org/2025/1/e67715
(page number not for citation purposes)

Nejadshamsi et alJMIR AGING

XSL•FO
RenderX

https://www.jmir.org/2019/8/e12785/
http://dx.doi.org/10.2196/12785
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31471958&dopt=Abstract
https://www.mdpi.com/resolver?pii=s19030452
http://dx.doi.org/10.3390/s19030452
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30678280&dopt=Abstract
https://www.mdpi.com/resolver?pii=s22093125
http://dx.doi.org/10.3390/s22093125
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=35590815&dopt=Abstract
http://dx.doi.org/10.1016/j.dcan.2015.02.006
http://dx.doi.org/10.1016/j.dsp.2023.104056
https://patents.justia.com/patent/20240027564
https://aerial.ai/files/common/The_fundamentals_Aerial_Telefonica_PCP-final_aligned.pdf
https://aerial.ai/files/common/The_fundamentals_Aerial_Telefonica_PCP-final_aligned.pdf
http://dx.doi.org/10.1159/000445100
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27251708&dopt=Abstract
http://dx.doi.org/10.1016/j.ejim.2016.03.007
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27039014&dopt=Abstract
https://europepmc.org/abstract/MED/16757522
http://dx.doi.org/10.1093/ageing/afl041
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16757522&dopt=Abstract
https://air.unimi.it/handle/2434/956062
http://dx.doi.org/10.1186/s12877-016-0382-3
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28049443&dopt=Abstract
https://europepmc.org/abstract/MED/32908275
http://dx.doi.org/10.1038/s41591-020-1041-y
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32908275&dopt=Abstract
https://ideas.repec.org//a/eee/joecag/v23y2022ics2212828x22000494.html
http://dx.doi.org/10.1016/j.jeoa.2022.100417
http://dx.doi.org/10.1145/775047.775087
https://europepmc.org/abstract/MED/38872128
http://dx.doi.org/10.1186/s12875-024-02417-1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=38872128&dopt=Abstract
https://www.jmir.org/2021/9/e29839/
http://dx.doi.org/10.2196/29839
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=34477556&dopt=Abstract
https://www.lri.fr/~pierres/donn%E9es/save/these/articles/lpr-queue/hall99correlationbased.pdf
http://dx.doi.org/10.1002/wics.101
https://www.semanticscholar.org/paper/An-empirical-study-of-the-naive-Bayes-classifier-Watson/2825733f97124013e8841b3f8a0f5bd4ee4af88a
https://www.semanticscholar.org/paper/An-empirical-study-of-the-naive-Bayes-classifier-Watson/2825733f97124013e8841b3f8a0f5bd4ee4af88a
https://papers.nips.cc/paper_files/paper/2017/hash/8a20a8621978632d76c43dfd28b67767-Abstract.html
http://dx.doi.org/10.1109/iecon.2010.5675075
http://www.w3.org/Style/XSL
http://www.renderx.com/


61. Fodor IK. A survey of dimension reduction techniques. Office of Scientific and Technical Information. 2002. URL: https:/
/www.osti.gov/biblio/15002155 [accessed 2022-05-09]

62. Jr DWH, Lemeshow S. Applied Logistic Regression. Hoboken, NJ: John Wiley & Sons; 2004.
63. Peltola T. Local interpretable model-agnostic explanations of Bayesian predictive models via Kullback-Leibler projections.

ArXiv. Preprint posted online on October 5, 2018 2018. [doi: 10.48550/arXiv.1810.02678]
64. Vergara JR, Estévez PA. A review of feature selection methods based on mutual information. Neural Comput Appl

2013;24(1):175-186. [doi: 10.1007/s00521-013-1368-0]
65. Balakrishnama S, Ganapathiraju A. Linear Discriminant Analysis—A Brief Tutorial [dissertation].: Mississippi State

University; 1995. URL: https://www.semanticscholar.org/paper/
LINEAR-DISCRIMINANT-ANALYSIS-A-BRIEF-TUTORIAL-Balakrishnama-Ganapathiraju/
163bb761cd7c5ca8c786bf4816a10308f1396ffb [accessed 2024-10-29]

66. Peterson LE. K-nearest neighbor. Scholarpedia 2009;10(2):1883. [doi: 10.4249/scholarpedia.1883]
67. Tariq MA. A study on comparative analysis of feature selection algorithms for students grades prediction. J Inf Organ Sci

2024;48(1):133-147. [doi: 10.31341/jios.48.1.7]
68. Cao LJ, Chua KS, Chong WK, Lee HP, Gu QM. A comparison of PCA, KPCA and ICA for dimensionality reduction in

support vector machine. Neurocomputing 2003;55(1-2):321-336. [doi: 10.1016/s0925-2312(03)00433-8]
69. Hearst MA, Dumais ST, Osuna E, Platt J, Scholkopf B. Support vector machines. IEEE Intell Syst Appl 1998;13(4):18-28.

[doi: 10.1016/j.aca.2011.07.027] [Medline: 21889629]
70. Granitto PM, Furlanello C, Biasioli F, Gasperi F. Recursive feature elimination with random forest for PTR-MS analysis

of agroindustrial products. Chemometrics Intell Lab Syst 2006;83(2):83-90. [doi: 10.1016/j.chemolab.2006.01.007]
71. Song Y, Lu Y. Decision tree methods: applications for classification and prediction. Shanghai Arch Psychiatry

2015;27(2):130-135 [FREE Full text] [doi: 10.11919/j.issn.1002-0829.215044] [Medline: 26120265]
72. Breiman L. Random forests. Machine Learning 2001;45(1):5-32. [doi: 10.1023/A:1010933404324]
73. Friedman JH. Greedy function approximation: A gradient boosting machine. Ann. Statist 2001;29(5):1189-1232. [doi:

10.1214/aos/1013203451]
74. Chen T, He T, Benesty M, Khotilovich V, Tang Y, Cho H, et al. xgboost: Extreme Gradient Boosting. R Foundation for

Statistical Computing. 2014. URL: https://cran.r-project.org/web/packages/xgboost/index.html [accessed 2024-07-24]
75. Ke G, Meng Q, Finley T, Wang T, Chen W, Ma W, et al. LightGBM: A highly efficient gradient boosting decision tree.

2017 Presented at: NIPS'17: Proceedings of the 31st International Conference on Neural Information Processing Systems;
December 4-9, 2017; Long Beach, CA.

76. Ruta D, Gabrys B. Classifier selection for majority voting. Inf Fusion 2005;6(1):63-81. [doi: 10.1016/j.inffus.2004.04.008]
77. Zareapoor M, Shamsolmoali P. Application of credit card fraud detection: based on bagging ensemble classifier. Procedia

Comput Sci 2015;48:679-685. [doi: 10.1016/j.procs.2015.04.201]
78. Hastie T, Rosset S, Zhu J, Zou H. Multi-class AdaBoost. Stat Interface 2009;2(3):349-360. [doi: 10.4310/sii.2009.v2.n3.a8]
79. Khalid S, Khalil T, Nasreen S. A survey of feature selection and feature extraction techniques in machine learning. Sci Inf

Conf 2014:024-032 [FREE Full text] [doi: 10.14308/ite000494]
80. Tsai CF, Sung YT. Ensemble feature selection in high dimension, low sample size datasets: parallel and serial combination

approaches. Knowl Based Syst 2020;203:106097. [doi: 10.1016/j.knosys.2020.106097]
81. Soares I, Dias J, Rocha H, Do Carmo Lopes M, Ferreira B. Feature selection in small databases: a medical-case study. 2016

Presented at: XIV Mediterranean Conference on Medical and Biological Engineering and Computing 2016; March 31-April
2, 2016; Paphos, Cyprus. [doi: 10.1007/978-3-319-32703-7_158]

82. Lever J, Krzywinski M, Altman N. Principal component analysis. Nature Methods 2017;14(7):641-642. [doi:
10.1038/nmeth.4346]

83. Saed AAA, Jaharadak AA. Implementation with performance evaluation of decision tree classifier for uncertain data. Lit
Rev 2022;5(5):125-132. [doi: 10.1017/cbo9780511810114.020]

84. Bergstra J, Bengio Y. Random search for hyper-parameter optimization. J Mach Learn Res 2012;13(1):281-305 [FREE
Full text]

85. Frazier P. A tutorial on Bayesian optimization. ArXiv. Preprint posted online July 8, 2018 2018 [FREE Full text] [doi:
10.1287/educ.2018.0188]

86. Li L, Jamieson KG, DeSalvo G, Rostamizadeh A, Talwalkar A. Hyperband: A novel bandit-based approach to hyperparameter
optimization. J Mach Learn Res 2016:6765-6816 [FREE Full text]

87. Shreffler J, Huecker MR. Diagnostic Testing Accuracy: Sensitivity, Specificity, Predictive Values and Likelihood Ratios.
Treasure Island, FL: StatPearls Publishing; 2024.

88. Liu W, Jiang Y, Zhang J, Ma Z. RFARN: Retinal vessel segmentation based on reverse fusion attention residual network.
PLoS One 2021;16(12):e0257256 [FREE Full text] [doi: 10.1371/journal.pone.0257256] [Medline: 34860847]

89. Goodyear MDE, Krleza-Jeric K, Lemmens T. The Declaration of Helsinki. BMJ 2007;335(7621):624-625 [FREE Full text]
[doi: 10.1136/bmj.39339.610000.BE] [Medline: 17901471]

90. Tri-Council policy statement: ethical conduct for research involving humans—TCPS 2 (2022). Government of Canada.
URL: https://ethics.gc.ca/eng/policy-politique_tcps2-eptc2_2022.html [accessed 2024-10-29]

JMIR Aging 2025 | vol. 8 | e67715 | p.1183https://aging.jmir.org/2025/1/e67715
(page number not for citation purposes)

Nejadshamsi et alJMIR AGING

XSL•FO
RenderX

https://www.osti.gov/biblio/15002155
https://www.osti.gov/biblio/15002155
http://dx.doi.org/10.48550/arXiv.1810.02678
http://dx.doi.org/10.1007/s00521-013-1368-0
https://www.semanticscholar.org/paper/LINEAR-DISCRIMINANT-ANALYSIS-A-BRIEF-TUTORIAL-Balakrishnama-Ganapathiraju/163bb761cd7c5ca8c786bf4816a10308f1396ffb
https://www.semanticscholar.org/paper/LINEAR-DISCRIMINANT-ANALYSIS-A-BRIEF-TUTORIAL-Balakrishnama-Ganapathiraju/163bb761cd7c5ca8c786bf4816a10308f1396ffb
https://www.semanticscholar.org/paper/LINEAR-DISCRIMINANT-ANALYSIS-A-BRIEF-TUTORIAL-Balakrishnama-Ganapathiraju/163bb761cd7c5ca8c786bf4816a10308f1396ffb
http://dx.doi.org/10.4249/scholarpedia.1883
http://dx.doi.org/10.31341/jios.48.1.7
http://dx.doi.org/10.1016/s0925-2312(03)00433-8
http://dx.doi.org/10.1016/j.aca.2011.07.027
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21889629&dopt=Abstract
http://dx.doi.org/10.1016/j.chemolab.2006.01.007
https://europepmc.org/abstract/MED/26120265
http://dx.doi.org/10.11919/j.issn.1002-0829.215044
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26120265&dopt=Abstract
http://dx.doi.org/10.1023/A:1010933404324
http://dx.doi.org/10.1214/aos/1013203451
https://cran.r-project.org/web/packages/xgboost/index.html
http://dx.doi.org/10.1016/j.inffus.2004.04.008
http://dx.doi.org/10.1016/j.procs.2015.04.201
http://dx.doi.org/10.4310/sii.2009.v2.n3.a8
https://www.zotero.org/google-docs/?xaqdIf
http://dx.doi.org/10.14308/ite000494
http://dx.doi.org/10.1016/j.knosys.2020.106097
http://dx.doi.org/10.1007/978-3-319-32703-7_158
http://dx.doi.org/10.1038/nmeth.4346
http://dx.doi.org/10.1017/cbo9780511810114.020
https://www.jmlr.org/papers/volume13/bergstra12a/bergstra12a.pdf
https://www.jmlr.org/papers/volume13/bergstra12a/bergstra12a.pdf
https://www.semanticscholar.org/paper/A-Tutorial-on-Bayesian-Optimization-Frazier/c27078d60737ea10e8ca4f05acd114fef29c8276
http://dx.doi.org/10.1287/educ.2018.0188
https://www.semanticscholar.org/paper/Hyperband%3A-A-Novel-Bandit-Based-Approach-to-Li-Jamieson/892f9a2f69241feec647856cd26bed37e04fd747
https://dx.plos.org/10.1371/journal.pone.0257256
http://dx.doi.org/10.1371/journal.pone.0257256
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=34860847&dopt=Abstract
https://europepmc.org/abstract/MED/17901471
http://dx.doi.org/10.1136/bmj.39339.610000.BE
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17901471&dopt=Abstract
https://ethics.gc.ca/eng/policy-politique_tcps2-eptc2_2022.html
http://www.w3.org/Style/XSL
http://www.renderx.com/


91. Shayan Nejadshamsi. AID project - Depression Github Repository. URL: https://github.com/rahimi-s-lab/HOPE-model
[accessed 2025-02-07]

92. Pedregosa F, Varoquaux G, Gramfort A, Michel V, Thirion B, Grisel O, et al. Scikit-learn: machine learning in python. J
Mach Learn Res 2015;12(85):2825-2830. [doi: 10.1145/2786984.2786995]

93. Akyol Y, Durmus D, Dogan C, Bek Y, Canturk F. Quality of life and level of depressive symptoms in the geriatric population.
Turk J Rheumatol 2010;25(4):165-173. [doi: 10.5152/tjr.2010.23]

94. de Jonge P, Ormel J, Slaets JPJ, Kempen GIJM, Ranchor AV, van Jaarsveld CHM, et al. Depressive symptoms in elderly
patients predict poor adjustment after somatic events. Am J Geriatr Psychiatry 2004;12(1):57-64. [Medline: 14729560]

95. Helvik AS, Engedal K, Krokstad S, Stordal E, Selbæk G. A comparison of depressive symptoms in elderly medical inpatients
and the elderly in a population-based health study (the Nord-Trøndelag Health Study 3). Nord J Psychiatry
2012;66(3):189-197. [doi: 10.3109/08039488.2011.614958] [Medline: 21958367]

96. Ordu Gokkaya NK, Gokce-Kutsal Y, Borman P, Ceceli E, Dogan A, Eyigor S, et al. Pain and quality of life (QoL) in
elderly: the Turkish experience. Arch Gerontol Geriatr 2012;55(2):357-362. [doi: 10.1016/j.archger.2011.10.019] [Medline:
22104759]

97. Hsu HC. Physical function trajectories, depressive symptoms, and life satisfaction among the elderly in Taiwan. Aging
Ment Health 2009;13(2):202-212. [doi: 10.1080/13607860802342201] [Medline: 19347687]

98. Lue BH, Chen LJ, Wu SC. Health, financial stresses, and life satisfaction affecting late-life depression among older adults:
a nationwide, longitudinal survey in taiwan. Arch Gerontol Geriatr 2010;50:S34-S38. [doi: 10.1016/S0167-4943(10)70010-8]
[Medline: 20171454]

99. Feng L, Yap KB, Ng TP. Depressive symptoms in older adults with chronic kidney disease: mortality, quality of life
outcomes, and correlates. Am J Geriatr Psychiatry 2013;21(6):570-579. [doi: 10.1016/j.jagp.2012.12.020] [Medline:
23567405]

100. Van der Weele GM, Gussekloo J, De Waal MWM, De Craen AJM, Van der Mast RC. Co-occurrence of depression and
anxiety in elderly subjects aged 90 years and its relationship with functional status, quality of life and mortality. Int J Geriatr
Psychiatry 2009;24(6):595-601. [doi: 10.1002/gps.2162] [Medline: 19031476]

101. Ben-Zeev D, Scherer EA, Wang R, Xie H, Campbell AT. Next-generation psychiatric assessment: using smartphone sensors
to monitor behavior and mental health. Psychiatr Rehabil J 2015;38(3):218-226 [FREE Full text] [doi: 10.1037/prj0000130]
[Medline: 25844912]

102. Byrne JEM, Bullock B, Brydon A, Murray G. A psychometric investigation of the sleep, circadian rhythms, and mood
(SCRAM) questionnaire. Chronobiol Int 2019;36(2):265-275. [doi: 10.1080/07420528.2018.1533850] [Medline: 30395721]

103. Difrancesco S, Lamers F, Riese H, Merikangas KR, Beekman ATF, van Hemert AM, et al. Sleep, circadian rhythm, and
physical activity patterns in depressive and anxiety disorders: a 2-week ambulatory assessment study. Depress Anxiety
2019;36(10):975-986 [FREE Full text] [doi: 10.1002/da.22949] [Medline: 31348850]

104. Ghandeharioun A, Fedor S, Sangermano L, Ionescu D, Alpert J, Dale C, et al. Objective assessment of depressive symptoms
with machine learning and wearable sensors data. 2017 Presented at: 2017 Seventh International Conference on Affective
Computing and Intelligent Interaction (ACII); October 23-26, 2017; San Antonio, TX. [doi: 10.1109/acii.2017.8273620]

105. Jacobson NC, Weingarden H, Wilhelm S. Using digital phenotyping to accurately detect depression severity. J Nerv Ment
Dis 2019;207(10):893-896. [doi: 10.1097/NMD.0000000000001042] [Medline: 31596769]

106. Vallance JK, Eurich D, Lavallee C, Johnson ST. Daily pedometer steps among older men: associations with health-related
quality of life and psychosocial health. Am J Health Promot 2013;27(5):294-298. [doi: 10.4278/ajhp.120316-QUAN-145]
[Medline: 23402230]

107. Aprahamian I, Borges MK, Hanssen DJC, Jeuring HW, Oude Voshaar RC. The frail depressed patient: a narrative review
on treatment challenges. Clin Interv Aging 2022;17:979-990 [FREE Full text] [doi: 10.2147/CIA.S328432] [Medline:
35770239]

108. Lohman MC, Mezuk B. Frailty and depression: comorbidity in the context of imperfect measurement. J Am Geriatr Soc
2013;61(3):474 [FREE Full text] [doi: 10.1111/jgs.12138] [Medline: 23496193]

109. Vaughan L, Corbin AL, Goveas JS. Depression and frailty in later life: a systematic review. Clin Interv Aging
2015;10:1947-1958 [FREE Full text] [doi: 10.2147/CIA.S69632] [Medline: 26719681]

Abbreviations
AI: artificial intelligence
CNN: convolutional neural network
CSI: channel state information
DT: decision tree
EFS: Edmonton Frailty Scale
GDS: Geriatric Depression Scale
LIME: local interpretable model-agnostic explanations
LR: logistic regression

JMIR Aging 2025 | vol. 8 | e67715 | p.1184https://aging.jmir.org/2025/1/e67715
(page number not for citation purposes)

Nejadshamsi et alJMIR AGING

XSL•FO
RenderX

https://github.com/rahimi-s-lab/HOPE-model
http://dx.doi.org/10.1145/2786984.2786995
http://dx.doi.org/10.5152/tjr.2010.23
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=14729560&dopt=Abstract
http://dx.doi.org/10.3109/08039488.2011.614958
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21958367&dopt=Abstract
http://dx.doi.org/10.1016/j.archger.2011.10.019
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22104759&dopt=Abstract
http://dx.doi.org/10.1080/13607860802342201
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19347687&dopt=Abstract
http://dx.doi.org/10.1016/S0167-4943(10)70010-8
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20171454&dopt=Abstract
http://dx.doi.org/10.1016/j.jagp.2012.12.020
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23567405&dopt=Abstract
http://dx.doi.org/10.1002/gps.2162
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19031476&dopt=Abstract
https://europepmc.org/abstract/MED/25844912
http://dx.doi.org/10.1037/prj0000130
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25844912&dopt=Abstract
http://dx.doi.org/10.1080/07420528.2018.1533850
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30395721&dopt=Abstract
https://europepmc.org/abstract/MED/31348850
http://dx.doi.org/10.1002/da.22949
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31348850&dopt=Abstract
http://dx.doi.org/10.1109/acii.2017.8273620
http://dx.doi.org/10.1097/NMD.0000000000001042
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31596769&dopt=Abstract
http://dx.doi.org/10.4278/ajhp.120316-QUAN-145
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23402230&dopt=Abstract
https://www.tandfonline.com/doi/abs/10.2147/CIA.S328432?url_ver=Z39.88-2003&rfr_id=ori:rid:crossref.org&rfr_dat=cr_pub  0pubmed
http://dx.doi.org/10.2147/CIA.S328432
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=35770239&dopt=Abstract
https://europepmc.org/abstract/MED/23496193
http://dx.doi.org/10.1111/jgs.12138
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23496193&dopt=Abstract
https://www.tandfonline.com/doi/abs/10.2147/CIA.S69632?url_ver=Z39.88-2003&rfr_id=ori:rid:crossref.org&rfr_dat=cr_pub  0pubmed
http://dx.doi.org/10.2147/CIA.S69632
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26719681&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/


MI-CLAIM: Minimum Information About Clinical Artificial Intelligence Modeling
PCA: principal component analysis
RF: random forest
RSSI: received signal strength indicator
SFS: sequential forward selection
SHAP: Shapely addictive explanations
SVM: support vector machine

Edited by Y Du; submitted 18.10.24; peer-reviewed by PH Liao, C Silva; comments to author 05.12.24; revised version received
12.12.24; accepted 19.12.24; published 03.03.25.

Please cite as:
Nejadshamsi S, Karami V, Ghourchian N, Armanfard N, Bergman H, Grad R, Wilchesky M, Khanassov V, Vedel I, Abbasgholizadeh
Rahimi S
Development and Feasibility Study of HOPE Model for Prediction of Depression Among Older Adults Using Wi-Fi-based Motion
Sensor Data: Machine Learning Study
JMIR Aging 2025;8:e67715
URL: https://aging.jmir.org/2025/1/e67715 
doi:10.2196/67715
PMID:40053734

©Shayan Nejadshamsi, Vania Karami, Negar Ghourchian, Narges Armanfard, Howard Bergman, Roland Grad, Machelle
Wilchesky, Vladimir Khanassov, Isabelle Vedel, Samira Abbasgholizadeh Rahimi. Originally published in JMIR Aging
(https://aging.jmir.org), 03.03.2025. This is an open-access article distributed under the terms of the Creative Commons Attribution
License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any
medium, provided the original work, first published in JMIR Aging, is properly cited. The complete bibliographic information,
a link to the original publication on https://aging.jmir.org, as well as this copyright and license information must be included.

JMIR Aging 2025 | vol. 8 | e67715 | p.1185https://aging.jmir.org/2025/1/e67715
(page number not for citation purposes)

Nejadshamsi et alJMIR AGING

XSL•FO
RenderX

https://aging.jmir.org/2025/1/e67715
http://dx.doi.org/10.2196/67715
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=40053734&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/


Original Paper

Model-Based Feature Extraction and Classification for Parkinson
Disease Screening Using Gait Analysis: Development and
Validation Study

Ming De Lim1, BCS; Tee Connie1, PhD; Michael Kah Ong Goh1, PhD; Nor ‘Izzati Saedon2, MBBS
1Faculty of Information Science and Technology, Multimedia University, Melaka, Malaysia
2Department of Medicine, Faculty of Medicine, Universiti Malaya, Kuala Lumpur, Malaysia

Corresponding Author:
Tee Connie, PhD
Faculty of Information Science and Technology
Multimedia University
Jalan Ayer Keroh Lama
Melaka, 75450
Malaysia
Phone: 60 62523592
Fax: 60 62318840
Email: tee.connie@mmu.edu.my

Abstract

Background: Parkinson disease (PD) is a progressive neurodegenerative disorder that affects motor coordination, leading to
gait abnormalities. Early detection of PD is crucial for effective management and treatment. Traditional diagnostic methods often
require invasive procedures or are performed when the disease has significantly progressed. Therefore, there is a need for
noninvasive techniques that can identify early motor symptoms, particularly those related to gait.

Objective: The study aimed to develop a noninvasive approach for the early detection of PD by analyzing model-based gait
features. The primary focus is on identifying subtle gait abnormalities associated with PD using kinematic characteristics.

Methods: Data were collected through controlled video recordings of participants performing the timed up and go (TUG)
assessment, with particular emphasis on the turning phase. The kinematic features analyzed include shoulder distance, step length,
stride length, knee and hip angles, leg and arm symmetry, and trunk angles. These features were processed using advanced filtering
techniques and analyzed through machine learning methods to distinguish between normal and PD-affected gait patterns.

Results: The analysis of kinematic features during the turning phase of the TUG assessment revealed that individuals with PD
exhibited subtle gait abnormalities, such as freezing of gait, reduced step length, and asymmetrical movements. The model-based
features proved effective in differentiating between normal and PD-affected gait, demonstrating the potential of this approach in
early detection.

Conclusions: This study presents a promising noninvasive method for the early detection of PD by analyzing specific gait
features during the turning phase of the TUG assessment. The findings suggest that this approach could serve as a sensitive and
accurate tool for diagnosing and monitoring PD, potentially leading to earlier intervention and improved patient outcomes.

(JMIR Aging 2025;8:e65629)   doi:10.2196/65629

KEYWORDS

model-based features; gait analysis; Parkinson disease; computer vision; support vector machine

Introduction

Background
Parkinson disease (PD) is a common neurological disease that
affects millions of individuals worldwide. This disorder
gradually impairs a person’s ability to move their body, resulting

in a variety of crippling symptoms, including tremors, stiff
muscles, and sluggish motions. To effectively manage PD and
provide timely measures, accurate and early diagnosis is
essential.

Traditionally, clinical evaluations conducted by medical
professionals, which can be arbitrary and inconsistent, have
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been used to diagnose PD. In distant or underdeveloped areas,
access to specialized PD care may be restricted, delaying
diagnosis and therapy. The prevalence of PD is predicted to rise
as the world’s population ages, placing additional demand on
health care resources and highlighting the need for easily
available and effective diagnostic methods.

In this regard, current technology has shown promise in
addressing the difficulties associated with PD diagnosis,
especially in the areas of machine learning and deep learning.
The limits of conventional clinical procedures can be overcome
with the promise of early and objective identification provided
by machine learning techniques.

This study investigated the use of machine learning for PD
identification with a focus on gait characteristics. The goal was
to develop a simple and noninvasive method for screening PD
symptoms early through analyzing gait patterns.

In this study, kinematic features during the turning phase of the
timed up and go (TUG) assessment were extracted and analyzed.
Gait variabilities occurring during body turning are more easily
identified, as turning involves complex motor coordination and
balance adjustments, making it a challenging movement. This
increased complexity can accentuate subtle abnormalities in
gait patterns that might not be as apparent during straight
walking. Turning is particularly difficult for individuals with
PD, as it requires precise control and stability, often revealing
difficulties such as freezing of gait (FoG), reduced step length,
and asymmetrical movements. Therefore, analyzing the turning
phase allows for a more sensitive and accurate detection of PD
symptoms, providing a reliable indicator of whether a participant
exhibits PD-related gait abnormalities. This focus enhances the
effectiveness of the diagnostic tool, which contributes to the
facilitation of early and accurate identification of PD.

Conventional Methods
Challa et al [1] proposed an advanced predictive model for PD
by using machine learning algorithms, such as multilayer
perceptron, boosted logistic regression, random forest, and
BayesNet. Their investigation applied the Parkinson Progression
Markers Initiative dataset, an extensive dataset containing data
from patients with PD and healthy participants. The
experimental results showcased remarkable performance
improvements over existing methods, boasting accuracy rates
of 96.09% for training and 95.45% for testing in the multilayer
perceptron algorithm, 96.5854% for training and 96.02% for
testing in the BayesNet algorithm, 95.45% for training and
94.87% for testing in the random forest algorithm, and the
highest accuracy achieved by the boosted logistic regression
algorithm with 97.159% for training and 96.97% for testing.
The area under the curve (AUC) of the receiver operating
characteristic curve reached an impressive 98.9% for the boosted
logistic regression algorithm, emphasizing its robust predictive
capabilities. This research represents a significant stride in health
care, providing a reliable model for early PD prediction, crucial
for timely diagnosis and intervention in addressing this global
public health challenge.

In 2019, Polat [2] investigated the recognition of FoG cases in
individuals with PD, using a logistic regression classifier trained

and tested on a dataset comprising 16 samples. The study
meticulously assessed the classifier’s performance using a
comprehensive set of 10 performance measures, such as
accuracy, miss rate, false discovery rate, false positive rate, false
omission rate, sensitivity, specificity, precision, and negative
predictive value. Impressively, the logistic regression classifier
exhibited a noteworthy accuracy of 81.3% in accurately
classifying FoG cases. The research further compared the
performance of linear regression with 4 alternative models:
linear support vector machine (SVM), quadratic SVM, cubic
SVM, and k-nearest neighbors (KNN), revealing that the
proposed logistic regression model surpassed its counterparts
with the highest accuracy of 81.3% in classifying FoG datasets
for individuals with PD. This outcome underscores the superior
performance of the logistic regression model in the context of
FoG classification.

Vidya and Sasikumar [3] conducted a comprehensive study on
the application of multiclass SVM in using gait analysis to
identify and grade the severity of PD. The researchers used a
publicly accessible dataset containing Vertical Ground Reaction
Force Sensors and implemented kinematic analysis to extract
spatiotemporal features crucial for the diagnostic process. Their
suggested framework included a multiregression strategy to
normalize gait time series data and a correlation-based feature
selection method. A total of 4 distinct SVM kernel functions
such as linear, Gaussian, quadratic, and cubic were rigorously
evaluated across 3 different walking tests to gauge their
performance. Impressively, the quadratic SVM classifier
emerged as the most effective, achieving an outstanding average
accuracy of 98.65%. This result surpassed existing
state-of-the-art methods, showcasing the robustness and efficacy
of the proposed SVM-based approach for PD diagnosis and
severity rating.

Moreover, Fang [4] performed a study focusing on predicting
PD through the application of machine learning techniques. The
research extensively compared the accuracy and recall of 3
distinct algorithms: KNN, random forest, and naive Bayesian.
Addressing the inherent limitations of equal weighting in
traditional KNN, the study introduced an entropy weight method
to enhance KNN’s performance, specifically mitigating
equal-weighting issues. In addition, the research delved into a
voice-based Unified Parkinson Disease Rating Scale (UPDRS)
prediction scheme, leveraging algorithms to effectively predict
UPDRS scores from voice data of patients with PD. Notably,
the study used the University of California Irvine dataset,
showcasing that the refined KNN algorithm surpassed its
traditional counterpart, achieving a notable accuracy rate
increase from 91.8% to 93.8%. This research contributes
significantly to the advancement of PD prediction
methodologies, particularly emphasizing the pivotal role of
improved weighting mechanisms in enhancing algorithmic
accuracy.

In addition, Gundala et al [5] conducted a comprehensive study
using the random forest algorithm for the recognition of PD
using the spiral handwritten dataset. The machine learning
technique, widely recognized for its efficacy in processing
handwritten designs, was applied by partitioning the dataset
into subgroups on the basis of features and constructing decision

JMIR Aging 2025 | vol. 8 | e65629 | p.1187https://aging.jmir.org/2025/1/e65629
(page number not for citation purposes)

Lim et alJMIR AGING

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


trees for each feature. The dataset, sourced from the Kaggle
website, provided the foundation for training the random forest
model. Notably, the algorithm’s strength lies in its ability to
combine outputs from multiple decision trees through majority
voting, resulting in a remarkable accuracy rate of 91%. The
study emphasizes the robustness of the random forest algorithm
in accurately identifying PD on the basis of the features
extracted from handwritten drawings. The results underscore
the algorithm’s effectiveness in leveraging the diversity of
decision trees for enhanced predictive accuracy in the context
of PD diagnosis.

Moreover, Govindu and Palwe [6] analyzed Multidimensional
Voice Program audio data collected from both patients with PD
and healthy individuals. Among the machine learning models
evaluated, the random forest classifier emerged as the most
effective, achieving a detection accuracy of 91.83% and a
sensitivity of 0.95. This model outperformed other techniques,
such as SVM, KNN and logistic regression, which were also
assessed for their classification capabilities. The superior
performance of the random forest classifier highlights its
robustness and reliability for detecting PD in its early stages,
demonstrating the promise of machine learning in enhancing
diagnostic accuracy.

Deep Learning Methods
Pereira et al [7] proposed an innovative method for early
identification of PD using a convolutional neural network (CNN)
trained on handwritten dynamics data obtained by a smart pen.
The CNN effectively learned relevant features from the signals
generated during individual exams, enabling discrimination
between individuals with and without PD on the basis of these
learned features. Experimental results showcased the superiority
of the CNN over raw data, with the ImageNet architecture, using
128 times 128 images and a 75% training dataset split, yielding
the best overall accuracy of 83.77%. Despite these promising
results, the study acknowledged challenges in achieving
consistent recognition rates over control individuals,
emphasizing the need for further refinement in the proposed
approach.

Later, Grover et al [8] introduced a deep learning methodology
using a deep neural network (DNN) constructed with
TensorFlow and Keras, containing 3 hidden layers with 10, 20,
and 10 neurons each and an input layer with 16 units, concluding
with an output layer representing the classes severe and
nonsevere. The DNN was trained on the Parkinson
telemonitoring voice dataset from the University of California
Irvine machine learning repository, comprising biomedical voice
measurements from 42 participants. The experiments focused
on predicting the severity of PD based on total UPDRS and
motor UPDRS scores. The DNN exhibited substantial accuracy
improvements over previous research, achieving a classification
accuracy of 94.4422% for total UPDRS and 83.367% for motor
UPDRS on the training dataset. While test dataset results were
comparatively lower, with 62.7335% accuracy for total UPDRS
and 81.6667% for motor UPDRS, the proposed DNN classifier
showcased enhanced performance compared to previous studies,
emphasizing its potential for accurate severity prediction in PD.

Aal et al [9] conducted an optimized approach for early PD
detection, using speech features extracted from 2 datasets,
dataset 1 and dataset 2, containing recordings from both healthy
individuals and patients with PD. Using Mel-frequency cepstral
coefficients and delta Mel-frequency cepstral coefficients, the
authors proposed a deep learning model combining a recurrent
neural network (RNN) with a long short-term memory (LSTM)
layer. Comparative evaluation of alternative ML techniques,
including SVM, KNN and RNN with stochastic gradient
descent, revealed superior performance of the proposed
RNN-LSTM model, optimized with the adaptive moment
estimation optimizer. The model exhibited remarkable testing
accuracy rates of 95.8% on dataset 1 and 90.24% on DS2,
accompanied by high recall, precision, and F1-score on both
datasets. Aal et al [9] further demonstrated the model’s
superiority over existing methods for PD detection, solidifying
its potential as an effective tool for early diagnosis.

Apart from that, Ouhmida et al [10] delved into the early
recognition of voice-based PD through the application of CNN
and artificial neural network (ANN). Using 2 distinct datasets,
the study showcased the superior accuracy of CNN over ANN
in their experiments. Dataset 1 encompassed 195 voice
recordings from 31 individuals, while dataset 2 featured 240
recordings from 80 participants, with a balanced distribution of
40 patients with PD and 40 healthy individuals. The deep
learning models, specifically CNN and ANN, underwent training
and testing on both datasets, revealing CNN’s accuracy rates
of 93.10% and 88.89% for datasets 1 and 2, respectively. In
contrast, the ANN model achieved slightly lower accuracies,
with 82.76% for dataset 1 and 72.22% for dataset 2. Ouhmida
et al [10] also highlighted the intricate layers comprising each
model, with the ANN model featuring 2 hidden layers and the
CNN model incorporating convolution, normalization,
activation, softmax, and classification layers. The paper
expressed an intent to extend the research by exploring
additional deep learning methods and implementing a hybrid
system integrating diverse techniques and datasets.

Biswas et al [11] proposed an approach for the early recognition
of PD by proposing 2 distinct deep learning models tailored for
hand-drawn graphics. The first model, a 2D CNN, processed
preprocessed images of spirals, circles, and meanders as input,
achieving notable accuracies of 83.6% on circles, 61.5% on
spirals, and 67.8% on meanders. Another model, an innovative
LSTM model, operated on timeline-series signals and
demonstrated an overall accuracy of 0.78. Leveraging the
NewHandPD dataset for training and testing, the authors
conducted 4 comprehensive experiments, presenting the results.
The study posited that early PD detection through these
advanced models could potentially enhance treatment outcomes
and elevate the overall quality of life for affected individuals.

Apart from that, Khaskhoussy and Ayed [12] evaluate the
effectiveness of SVM CNN for classifying data obtained from
speech tasks. Total 2 types of input data were analyzed: the raw
speech signal values and i-vector features of dimensions 100,
200, and 300. The classification performance was assessed using
5 evaluation metrics: accuracy, precision, recall or sensitivity,
specificity, and F1-score. For a test dataset of 28 participants,
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the approach achieved outstanding results, including 100%
accuracy, a precision of 0.99, a recall of 0.98, a specificity of

0.96, and an F1-score of 0.98. A table summarizing the
state-of-the-art methods is presented in Table 1.

Table 1. A summary of the state-of-the-art methods.

PerformanceDatasetInput typeMethodsStudy

Best overall accuracy: 96.97%PPMIc datasetNonmotor symp-
toms

MLPa, BayesNet,

RFb, and boosted lo-
gistic regression

Challa et al [1]

81.3%FoG dataset (Parkinson disease)FoGdLogistic regressionPolat [2]

98.65%Gait analysis datasetGait featuresSVMeVidya and Sasikumar [3]

93.8%UCIg datasetVoice recordsKNNfFang [4]

91%Kaggle handwritten drawings
dataset

Handwritten draw-
ings

RFGundala et al [5]

Best overall accuracy: 83.77%Public dataset of handwritten dynam-
ics extracted by a smart pen

Handwritten dynam-
ics

CNNhPereira et al [7]

Total UPDRSj: train 94.44%, test
62.73% and motor UPDRS: train
83.37%, test 81.67%

Parkinson telemonitoring voice
dataset

Voice datasetDNNiGrover et al [8]

Dataset 1: 95.8% and dataset 12:
90.24%

Dataset 1 and dataset 12Speech featuresRNNk-LSTMlAal et al [9]

Dataset 1: 93.10% and dataset 2:
88.89%

Dataset 1, dataset 2VoiceCNN ANNmOuhmida et al [10]

78.7%NewHandPDHand drawingsLSTMBiswas et al [11]

aMLP: multilayer perceptron.
bRF: random forest.
cPPMI: Parkinson Progression Markers Initiative.
dFoG: freezing of gait.
eSVM: support vector machine.
fKNN: k-nearest neighbors.
gUCI: University of California Irvine
hCNN: convolutional neural network.
iDNN: deep neural network.
jUPDRS: Unified Parkinson Disease Rating Scale.
kRNN-: recurrent neural network.
lLSTM: long short-term memory.
mANN: artificial neural network.

Methods

Overview
The study used a methodical approach that started with data
collection from young adults, older adults, and patients with
PD, followed by obtaining consent, particularly from those
diagnosed with the disease. The TUG assessment was a key
part of the data collection process. Video enhancements and
preprocessing were performed to enhance the quality of the
videos. After that, the key points on the human body were
obtained using a human pose estimation technique. Next,
features such as shoulder distance, step and stride lengths,
cadence, and speed were extracted to analyze the gait patterns.
The Butterworth filter was applied to refine the data, and peaks
were identified to calculate steps and turning durations. Finally,
SVM [2] was used to distinguish between the different groups

based on the extracted features, aiming to improve the prediction
and analysis of PD symptoms.

Dataset
The self-collected dataset comprised video recordings of 28
individuals performing the TUG assessment, a standard test
used to evaluate mobility and balance. The dataset comprised
3 distinct cohorts: young adults aged between 21 and 33 years,
older individuals aged >60 years, and older individuals
diagnosed with PD. Consents were obtained from the
participants before data collection. The videos captured various
gait patterns, providing a comprehensive set of data for
analyzing kinematic features, such as step length, stride length,
and joint angles. This dataset allowed for controlled conditions
and detailed annotations, ensuring high-quality data for feature
extraction and analysis.
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TUG Assessment
Figure 1 shows a TUG workflow, outlining the sequential steps
involved in the activity. The process began with the individual
seated at the designated starting point. Upon initiating the
recording, the participant stood up and proceeded to walk a
distance of 3 meters in a typical manner. Upon reaching the

3-meter mark, the individual executed a turn, walking back to
the starting point, where they concluded the TUG process by
returning to a seated position. This comprehensive description
encapsulated the entire TUG procedure, providing a clear
understanding of the task’s progression. To enhance data
capture, 2 phones were used, one on the front and the other on
the side.

Figure 1. Timed up and go (TUG) assessment shooting site configuration plan.

Video Enhancement
The presence of background clutter in the original video
introduces noise, which significantly affects the accuracy of
letter pose extraction. Applying human pose estimation
technique directly to unprocessed video may result in inaccurate
keypoint coordinates, affecting the reliability of analysis results.

To alleviate this problem, a preprocessing step was crucial.
Specifically, the video was subjected to a customized processing
method in which a black block was used to mask certain areas
susceptible to noise. This strategic approach ensured that no
noise interferes with the subsequent process, resulting in more
precise and reliable coordination extraction. Figure 2 shows an
example of enhancement performed on the video images.

Figure 2. Video enhancement.
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Human Pose Estimation
In this study, AlphaPose was used to identify 17 key points
from the human body, each corresponding to a specific
anatomical location. The process yielded a JSON file containing
coefficients for 17 key points. It is important to note that the
JSON file, at this stage, has not undergone data processing. The
raw file was populated with various elements, including

image_id, category_id, key points, and scores within each set.
The image_id represented the frame of the video, while the
category_id served to identify the object (set as 1 for a person).
The key points section contains coordinates for body part
locations and corresponding detection confidence, formatted as
x1, y1, c1, x2, y2, c2, and so forth, with “c” denoting the
confidence score (Figure 3).

Figure 3. Gait analysis using AlphaPose.

Data Extraction
In the data preprocessing phase, the first step involved loading
the JSON file and carefully filtering key points and image IDs.
In addition, confidence scores were eliminated. The next focus
was to mark the 17 identified body key points, including nose,
left eye (LEye), right eye (REye), left ear (LEar), right ear
(REar), left shoulder (LShoulder), right shoulder (RShoulder),
left elbow (LElbow), right elbow (RElbow), left wrist (LWrist),
right wrist (RWrist), left hip (LHip), right hip (RHip), left knee
(LKnee), right knee (Rknee), left ankle (LAnkle), and right
ankle (RAnkle). Next, according to the specific video file name,
key point coordinates for each image ID (frame) were marked,
ranging from Nose_x and Nose_y to RAnkle_x and RAnkle_y.

The results from the data preprocessing stage boasted a
comprehensive structure, encompassing 36 columns that capture
key information. Each column was curated to provide a detailed
representation of the dataset. Starting with the file_name, which
specified the associated video file, and the image_id indicating

the frame or image ID corresponding to each set of key points,
the subsequent 34 columns focus on the x and y coordinates of
17 distinct body key points.

Frame Segmentation
Frame segmentation is a process to assign a time interval to
each frame in the video which helps to determine the occurrence
of a turning event. The total duration of the video is divided by
the total number of frames (rows). This calculation yields the
time interval per frame, assuming a constant frame rate
throughout the video. With this interval calculated, a new
column named “time_duration” is added to the DataFrame.
Each row in the “time_duration” column is populated with the
cumulative time, calculated as the frame’s index in the
DataFrame multiplied by the time interval. This method
provided a time stamp for each frame, which is essential for
synchronizing the data with the video and analyzing the timing
of the detected body turning events. The pseudocode presented
in Figure 4 describes the step-by-step procedure for frame
segmentation.
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Figure 4. Pseudocode describing the step-by-step procedure for frame segmentation.

Noise Filtering
The Butterworth filter was used as the noise filtering tool in
this study. The Butterworth filter is a type of signal processing
filter that plays a pivotal role in enhancing the clarity of
movement coordinate data extracted from videos. By applying
the Butterworth filter to the raw coordinates, high-frequency
noise is effectively attenuated, resulting in a smoother trajectory
on the graph. This smoothed representation provides a clearer
visualization of the participant’s movements, reducing
interference from irrelevant fluctuations.

Combined with the Butterworth filter, a peak detection algorithm
was used to identify important points on the graph. These peaks
correspond to key events in motion, such as steps taken by the
participant. The peak identification process helped in extracting
basic features such as the number of steps throughout the video.
This kind of feature extraction is particularly valuable for

specific PD aspects of analysis and quantification. The
Butterworth filter is expressed using equation 1:

where y(t) is the filtered signal; x(t) is the input signal; fc is the
cutoff frequency; f is the frequency of the signal; and n is the
order of the filter.

In this study, an order of 4 was used for the Butterworth filters
because it provides a smooth yet sufficiently steep roll-off in
the transition band. While higher-order filters provide sharper
roll-offs, they also require more computational resources.
Therefore, a fourth-order filter appeared to be a reasonable
compromise, being computationally efficient while providing
adequate filtering. On the other hand, the peak detection
equation is given by equation 2:
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where y(t) is the filtered signal; T is the set of all time points in
the signal y(t); ti represents the time point where a peak occurs;
and height is the threshold height for peak detection.

Only peaks that have an amplitude greater than or equal to the
threshold, h, are detected and included in the output. In this
study, the value for the height parameter was set to 100. An
example of the graph for noise filtering with peaks is illustrated
in Figure 5. This example demonstrates that the application of
the Butterworth filter smooths the signal and yields an accurate
step count during body turning.

Figure 5. An example of a graph processed with a Butterworth filter, showing peaks.

PD Recognition Using Model-Based Features
Certain gait features can help identify abnormalities or changes
in walking patterns, which are particularly useful for diagnosing
and monitoring conditions such as PD. By focusing on the body
turning period, we aimed to capture the most challenging part
of the gait cycle, where gait variabilities for PD are more easily
observed. Turning involves complex motor coordination and

balance adjustments, making it a difficult movement. This
complexity can accentuate subtle abnormalities in gait patterns
that might not be as apparent during straight walking. Therefore,
analyzing gait features during turns provides a more sensitive
and accurate assessment of PD-related gait abnormalities,
enhancing the effectiveness of early diagnosis and monitoring.
The gait features used in this study are summarized in Table 2.
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Table 2. Gait analysis feature definitions and formulas.

FormulaDefinitionFeature

mean(Shoulder_Distance(LShoulderx,LShouldery,RShoul-
derx,LShouldery))

Average horizontal distance between the left and
right shoulders

Shoulder distance

mean(Step_Length(LAnklex,LAnkley,RAnklex,RAnkley))Average distance between the left ankle and right
ankle

Step length

mean(Stride_Length(RAnklex,RAnkley))Average distance covered in 1 full stride, which
consists of 2 steps (1 by each foot)

Stride length

ΘKnee(Hipx,Hipy,Kneex,Kneey,Anklex,Ankley)Degrees at the knee joint by considering the vectors
formed by the knee to hip and knee to ankle points

Angle of both knees

ΘHip (Shouldermid ,Shouldermidy, Hipx. Hipy, Kneex,
Kneey)

Degrees at the hip joint by considering the vectors
formed by the hip to knee and hip to shoulder mid-
point

Angle of both hips

ΘLeg(Kneemid ,Kneemidy, Hipmid . Hipmidy, Kneex, Kneey)Degrees for each ankle by considering the vectors
formed by the knee to hip midpoint and knee mid-
point to hip midpoint

Symmetrical leg

ΘArm(Shouldermid ,Shouldermidy, Elbowmid . Elbowmidy)Degrees for each arm by considering the vectors
formed by the arm to shoulder midpoint and arm
midpoint to shoulder midpoint

Symmetrical arm

ΘTrunk1(Hipmid ,Hipmidy, Nosex. Nosey)Degrees by considering the vertical reference vector
and the vector from the hip midpoint to the nose

Trunk Angle 1 (vertical)

ΘTrunk2(Shouldermid ,Shouldermidy, Hipmid ,Hipmidy)Degrees by considering the vector from the hip
midpoint to the shoulder midpoint and a horizontal
reference vector

Trunk angle 2 (horizontal)

ΘShank(Anklex,Ankley,Shouldermid ,Shouldermidy)Degrees at the hip joint by considering the vectors
formed by the left ankle to knee midpoint and right
ankle to knee midpoint

Shank angle

Body Turning Duration Calculation
Figure 6 presents 2 graphs related to the analysis of shoulder
distance during a body turn. The left graph (Figure 6A) displays
the original, unprocessed data, illustrating the raw measurements
of shoulder distance over time. The fluctuations observed may
correspond to the natural movement variations during a turn.
In contrast, the right graph (Figure 6B) exhibits data that have
been smoothed using a Butterworth filter, a technique that
mitigates short-term fluctuations and reveals the underlying
pattern of movement more clearly.

The smoothed data enables effective determination of the peaks
of the signal, which identifies the significant turning points.
These peaks are highlighted by the red “X” marks in the figure
and represent moments where the shoulder distance reaches its
maximum, indicating a complete turn or a change in direction.
By focusing on the 2 highest peaks, the graph underscores the
most substantial turning events, thereby minimizing the potential
for misinterpreting minor variations as significant movements.

In the context of shoulder distance, LShoulder and RShoulder
would correspond to the left and right shoulders, with their
respective x and y coordinates. The shoulder distance,
Shoulder_Distance, which is a measure of how far apart the
shoulders are, is calculated as follows (equation 3):

The indexes between these 2 peaks are then taken to determine
the exact time the turn occurred. The difference between these
peak times is calculated to find the duration between consecutive
turning points. Let Tpeak,i be the time of the ith peak and n is the
total number of peaks detected. Equation 4 calculates the total
time duration between the first and the last peak by adding up
the durations between each pair of consecutive peaks,
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Figure 6. Shoulder distance analysis with peak detection: (A) graph before smoothing and (B) graph after smoothing.

Ethical Considerations
Ethical approval was granted by the Research Ethics Committee
Multimedia University (approval number EA0422022).
Informed consent was obtained from all the participants. A
statement about this is given in the Methods section. Identifiable
features of research participants are not visible in the manuscript.
No compensation was provided to the participants.

Results

Overview
This section presents the experiment results and discussion for
the gait features extracted from the self-collected dataset,
focusing on the effectiveness of these features in distinguishing
between normal and PD-affected gait patterns using a SVM
classifier.

For the experiments, principal component analysis was applied
to reduce the dimension of the dataset. The number of
components for principal component analysis was set to 8,

corresponding to the number of participants with PD. This step
helps in capturing the most significant features while reducing
computational complexity.

The dataset was additionally divided into a 70:30 ratio. This
indicates that the model was trained using 70% of the data, with
the remaining 30% set aside for testing and performance
evaluation. By splitting the data this way, a significant portion
of the data were used to train the model while maintaining
enough for a thorough assessment. In total, 10 trials of the
experiments were performed, and the average results were
recorded.

Participant Details
There were 3 groups of participants in the self-collected dataset,
namely, patients with PD, older adults, and adolescents. A
significant portion of the participants (8/28, 29%) were
diagnosed with PD, while the remaining participants were
healthy (20/28, 71%). Most of the participants were Chinese
(24/28, 85%), with a smaller representation of Indian (3/28,
11%) and Malay (1/28, 4%) individuals. There was a higher
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proportion of male participants (21/28, 75%) compared to female
participants (7/28, 25%). Finally, most participants fell within
the age range of 60 to 69 years (14/28, 50%), followed by the
age range of 20 to 29 years (9/28, 32%), and smaller proportions
in other age ranges. These results collectively illustrate the
diversity and focus of the study population.

Total Steps During Body Turning
Figure 7 presents 3-line graphs that correspond to the step
lengths for different demographic groups: younger individuals,
older individuals, and individuals with PD. The step lengths are
measured during a turning sequence.

Figure 7. A comparative step analysis by step length between different groups: (A) younger individuals, (B) older individuals, and (C) individuals with
Parkinson disease.

The graph of younger individuals (Figure 7A) demonstrates a
more variable stepping pattern with pronounced peaks,
suggesting agility and a higher range of motion (ROM) during
turns. The steps are uneven in length, but the peaks return to
baseline quickly, indicating swift changes in direction and a
potentially more dynamic gait.

In contrast, the graph of older individuals (Figure 7B) has fewer,
more rounded peaks, indicative of a more cautious or steady
turning strategy. The step lengths are generally more uniform,
with smoother transitions between steps. This could reflect a
more deliberate and potentially less stable gait, as is often seen
with aging.

The graph of individuals with PD (Figure 7C) demonstrates a
significantly different pattern, with smaller step lengths and a
higher frequency of steps, which may point to the short,
shuffling steps often associated with PD. The peaks are less
pronounced and more erratic, highlighting the challenges

individuals with PD may face in maintaining a regular stepping
pattern.

Step Length
Step length refers to the distance between the left and right ankle
for each step. It is determined by the coordinates of the left
ankle (LAnklex, LAnkley) and the right ankle (RAnklex, RAnkley)
at a particular instance in time. The formula to calculate step
length is provided in equation 5. This formula gives the
straight-line distance between 2 points in a 2D space, such as
a video frame or a motion capture system’s coordinate plane.

In Figure 8, the graphs illustrate the differences in gait patterns
across 3 demographic groups during a TUG test. Each graph
plots the variation in step lengths, which reflect the distance
between the left and right ankle during individual steps.

Figure 8. A comparative step length analysis between different groups: (A) younger individuals, (B) older individuals, and (C) individuals with
Parkinson disease.

The graph of younger individuals (Figure 8A) is characterized
by high peaks and deep valleys, indicating significant variability
in step lengths. This could suggest a dynamic and robust gait,

with the ability to take both long and short steps, perhaps
adjusting speed or direction more frequently.

In contrast, the graph of older individuals (Figure 8B) shows a
moderate level of variability with somewhat rounded peaks.
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The reduced height of the peaks compared to the young group
suggests shorter steps on average, which may be a sign of a
more cautious approach to movement, possibly due to decreased
mobility or balance concerns that come with age.

The graph of individuals with PD (Figure 8C) differs markedly
from the other 2. It has a much higher frequency of smaller
fluctuations, and the overall range of step lengths is noticeably
lower. This pattern indicates the short, shuffling steps that are
often observed in individuals with PD, reflecting the challenges
they face with gait initiation and continuation.

Stride Length
Stride length is typically defined as the distance covered in one
full stride, consisting of 2 steps (one by each foot). The equation

to calculate the stride length for each frame is presented in
equation 6. It calculates the stride length as the Euclidean
distance from a point (possibly the origin) to the coordinates of
the right ankle for each frame.

Figure 9 shows the stride length of the right ankle throughout
a single TUG video. The graph exhibits the dynamic nature of
stride lengths, with the vertical axis representing the stride length
and the horizontal axis corresponding to data points that likely
represent sequential frames of the video.

Figure 9. A comparative stride length analysis between different groups: (A) younger individuals, (B) older individuals, and (C) individuals with
Parkinson disease.

It is noteworthy that this graph clearly distinguishes between 2
types of motion: the rising and falling edges indicate the leg in
motion, not in contact with the ground, and the flat regions
signify the stance phase where the leg is stationary on the floor,
awaiting the next step. The consistency in the flat regions
indicates moments when the leg is at rest between strides.

It is evident that the graphs of younger and older individuals
(Figures 9A and 9B) display similar frequencies in stride
patterns, whereas the graph of the individuals with PD (Figure
9C) significantly diverges. It illustrates a strikingly different
frequency in stride lengths, standing out from the more
consistent rhythmic patterns observed in the younger- and
older-individual groups.

Moreover, from these charts, it is obvious that when younger
and older people complete a stride, their feet leave the ground
to a greater extent, because a normal stride will take a relatively
large range. On the contrary, when patients with PD complete
a stride, their feet leave the ground to a relatively smaller extent.
The amplitude of the ground is relatively short, which can be
considered a symptom of PD.

Angle of Both Knees
Analyzing the positions of the hip, knee, and ankle for each leg
to determine the angles at both knees can assist in recognizing
PD (Figure 10).

Figure 10. An illustration of the knee angle position.

The knee angles provide crucial insights into the degree of
bending or extension at the knee joints, which are essential for
understanding gait patterns. PD often affects movement and
posture, leading to distinctive gait abnormalities. By quantifying
these knee angles, the calculation helps in detecting and

assessing these gait characteristics, aiding in the identification
and monitoring of PD symptoms.

Given the knee, hip, and ankle joint positions, the knee angle
and the Θknee can be computed as follows (equation 7):
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Figure 11 presents 3-line graphs comparing the knee joint angles
of the 3 groups: younger individuals, older individuals, and
individuals with PD. The graph of the younger individuals group
(Figure 11A) illustrates smooth and regular oscillations in knee

joint angles for both the left and right legs. As they turn their
body, the angles show significant flexion and extension,
reflecting the youthful ability to execute the turn in a single,
fluid step. The peaks and troughs are well-defined, indicating
robust and agile movements typical of healthy, young
individuals. This pattern highlights their efficient and
coordinated gait.

Figure 11. A comparative analysis of the knee angle between different groups: (A) younger individuals, (B) older individuals, and (C) individuals with
Parkinson disease.
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In the older-individual group graph (Figure 11B), the knee joint
angles are more subdued, with 2 distinct curves for each turn.
This indicates that older individuals take 2 steps to complete
the body turn, reflecting a more cautious and segmented
approach. The movement patterns are slower and less dynamic
compared to the younger individual group, with a reduced ROM.

The graph for the group of individuals with PD (Figure 11C)
shows highly irregular and erratic knee joint angles. The curves
exhibit frequent sharp peaks and drops, indicating inconsistent
and disrupted movement as individuals with PD attempt to turn
their bodies. These fluctuations reflect the challenges faced by
patients with PD, including tremors, rigidity, and difficulty
maintaining smooth and coordinated movements. The graph
captures their struggle to control knee flexion and extension,
leading to a more disordered and interrupted gait pattern during
the turning motion.

These graphs highlight clear differences in turning movements:
young individuals exhibit fluid, single step turns; older
individuals use a careful 2-step approach; and patients with PD
show irregular, disrupted turning patterns.

Angle of Both Hips
The ROM angle while turning the body is used to determine
the angle of both hips (Figure 12). The positions of the hip,
knee, and shoulder are used to find the angle formed at the hip
joint. This measurement is crucial for assessing how the hip
moves during turns, providing insights into the flexibility and
coordination of the lower body. Understanding the hip ROM is
especially valuable for identifying movement patterns in
different populations, such as detecting mobility issues or
assessing gait in individuals with PD.

Figure 12. An illustration of the hip angle position.

The hip angle is calculated as follows (equation 8):

The graphs showing the cosine of the hip angle are shown in
Figure 12. The figure shows 3-line graphs comparing hip angles
during body turns for the 3 groups. Each graph represents the
hip angles for both the left and right sides, with lines depicting
both the original and smoothed data.

The graph of the younger individuals group (Figure 12A)
indicates relatively stable and moderate fluctuations in hip
angles during body turns. Both hips show consistent movement
with shallow peaks and troughs, reflecting balanced and
controlled motion. Younger individuals maintain a steady range
of hip angles, suggesting efficient and coordinated hip
movement when turning.

In the older-individual group graph (Figure 12B), the hip angles
display more pronounced and variable fluctuations compared
to the young group. The curves reveal that older individuals
experience larger and more variable hip movements during

turns. This increased variability suggests that older people adjust
their hip movements significantly to maintain balance and
stability, resulting in less smooth and more fluctuating hip
angles.

The group of individuals with PD (Figure 12C) shows significant
irregularity and instability in hip angles. The curves exhibit
erratic and sharp changes, highlighting the difficulty individuals
with PD face in maintaining consistent hip movement during
turns. The frequent and abrupt fluctuations in hip angles are
characteristic of the disease, where symptoms such as rigidity
and tremors disrupt smooth and coordinated movements.

Figure 13 illustrates clear differences in hip angle dynamics
during turns among the 3 groups. Younger individuals (Figure
13A) have controlled and consistent hip movements, older
individuals (Figure 13B) show more variability and larger
fluctuations in hip angles, and those with PD (Figure 13C)
experience erratic and unstable hip movements. These patterns
reflect how age and neurological conditions affect the
coordination and efficiency of hip movement during body turns.
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Figure 13. A comparative analysis of the hip angle between different groups: (A) younger individuals, (B) older individuals, and (C) individuals with
Parkinson disease.

Leg Symmetry
The symmetry of leg movements is calculated using the angles
at the knee joints (Figure 14). The goal was to measure and
evaluate the balance and symmetry in the leg movements, which

is crucial for understanding gait and stability, especially during
turning motions. This information is particularly useful for
analyzing the movement patterns in different populations, such
as detecting gait irregularities in individuals with conditions
such as PD.
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Figure 14. An illustration of the symmetrical leg position.

The leg angle is computed as follows (equations 9-11):

Next, the angles of the left and right legs are compared:

The leg symmetry is then assessed as:

Figure 15 displays 3-line graphs comparing the leg symmetry
during body turns for the 3 participant groups. Each graph plots
the symmetrical leg movements, showing the original and
smoothed angles of the left and right legs as they turn.

The graph of the younger-individual group (Figure 15A) shows
closely aligned curves for the left and right leg angles, indicating
high symmetry in their leg movements during turns. Both legs

exhibit similar patterns with minimal deviation between them.
This close alignment reflects the balanced and coordinated
movements typical of young, healthy individuals, suggesting
that they maintain a consistent and symmetrical gait.

The older-individual group graph (Figure 15B) reveals more
noticeable fluctuations between the left and right leg angles.
While the overall patterns still follow a similar trajectory.

On the other hand, the graph of individuals with PD (Figure
15C) shows significant irregularities and less alignment between
the left and right leg angles. The curves are erratic and display
frequent sharp deviations, reflecting low symmetry in their leg
movements. This lack of alignment is characteristic of PD,
where symptoms such as tremors and rigidity cause disrupted
and uncoordinated movements.

This comparison highlights how age, neurological conditions,
and health status impact the ability to maintain balanced and
symmetrical gait during turning motions.
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Figure 15. A comparative analysis of the symmetrical leg between different groups: (A) younger individuals, (B) older individuals, and (C) individuals
with Parkinson disease.

Arm Symmetry
The symmetry of arm movements was analyzed using the angles
at the elbows to the shoulders (Figure 16). The purpose was to
measure how balanced and coordinated the arm movements are,

especially during activities such as turning the body. This
assessment was important for understanding the ROM and the
symmetry in arm movements, which can provide insights into
overall body coordination and detect possible imbalances or
movement disorders.
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Figure 16. An illustration of the symmetrical arm position.

The calculation for arm symmetry was similar to that of finding
the symmetry in legs (equation 12):

Figure 17 presents 3-line graphs comparing the arm symmetry
during body movements for 3 groups. Each graph plots the
angles of the left and right arms over time, showing both the
original and smoothed data.

The graph of the younger-individual group (Figure 17A)
displays closely aligned curves for the left and right arm angles.
Both arms move in a highly synchronized manner, with minimal
differences between the left and right angles throughout the
motion.

The older-individual group graph (Figure 17B) shows a slightly
more varied pattern compared with the young group. While the

overall movements of the left and right arms remain relatively
synchronized, there are noticeable differences in the magnitude
and timing of the angles.

The graph of individuals with PD (Figure 17C) exhibits
significant irregularities and discrepancies between the left and
right arm angles. The curves are erratic and often diverge
sharply, indicating substantial asymmetry in arm movements.

We observed that younger individuals demonstrate highly
synchronized and symmetrical arm movements, older individuals
show moderate symmetry with some variability, and those with
PD experience significant asymmetry and irregularity in their
arm movements. These patterns underscore how age and
neurological conditions impact the coordination and balance of
arm movements during body turns.
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Figure 17. A comparative analysis of the symmetrical arms between different groups: (A) younger individuals, (B) older individuals, and (C) individuals
with Parkinson disease.

Trunk Angle 1 (Vertical)
The relative positions of the hips and nose are used to calculate
the trunk angle (Figure 18). The trunk angle helps to understand
how much the upper body tilts or bends relative to the lower
body, especially during activities such as turning. This angle

helps in assessing posture and balance, providing insights into
the coordination and alignment of the trunk with the hips during
movement. It is particularly useful in evaluating movement
patterns and detecting postural deviations in various populations,
including those with movement disorders such as PD.
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Figure 18. An illustration of the trunk angle 1 vertical position.

The calculation of the trunk angle 1 is given as follows (equation
13):

Figure 19 displays 3 graphs comparing trunk angles relative to
the vertical axis for 3 groups. Each graph shows the trunk angle
over a series of data points during body movements, with both
original and smoothed data represented. The trunk angle is used
to observe the severity of hunchback, providing insights into
the degree of forward bending or curvature of the upper body.

The graph of the younger-individual group (Figure 19A) exhibits
a consistent and smooth progression of trunk angles. The trunk
angle gradually increases and decreases within a narrow range,
reflecting a well-coordinated and balanced posture with minimal
forward bending. Younger individuals maintain a steady
alignment with minimal deviations, indicating a lack of
significant hunchback severity.

The older-individual group graph (Figure 19B) shows more
variability in trunk angles compared to the young group. The

curves display noticeable fluctuations and less consistency, with
several abrupt changes in angle. These variations suggest that
older individuals experience more difficulty in maintaining a
stable trunk posture, leading to less smooth and more erratic
movements. The increased trunk angles and variability may
indicate a greater tendency toward forward bending, suggesting
a moderate severity of hunchback as they struggle to maintain
an upright posture.

The graph of individuals with PD (Figure 19C) reveals
significant irregularities and instability in trunk angles. The
curves are highly erratic, with frequent sharp changes and a
wide range of deviations from the vertical alignment. These
abrupt shifts indicate substantial difficulties in maintaining
consistent trunk posture. Individuals with PD struggle with
controlling their trunk movements, leading to frequent tilting
and misalignment relative to the vertical axis. The pronounced
forward bending and high variability in trunk angles reflect
severe hunchback, characteristic of the disease’s impact on
posture and movement control.
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Figure 19. A comparative analysis of the trunk angle 1 between different groups: (A) younger individuals, (B) older individuals, and (C) individuals
with Parkinson disease.

Trunk Angle 2 (Horizontal)
Trunk angle 2 analyzes the positions of the shoulders and hips
(Figure 20). This angle is crucial for understanding the
alignment of the trunk relative to the lower body, particularly

during movements such as turning. By evaluating the trunk
angle, we can assess the severity of hunchback or forward
bending, which provides valuable insights into posture and
stability.
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Figure 20. An illustration of the trunk angle 2 horizontal position.

The calculation for trunk angle 2 is similar to that for trunk
angle 1. The only difference is that as trunk angle 2 is horizontal,
the default value must be set at the x coordinate instead of the
keypoint. The formula to calculate trunk angle 2 is given as
follows (equation 14):

Figure 21 shows graphs comparing trunk angles relative to the
horizontal axis for 3 groups. These angles help assess the
severity of forward bending or misalignment.

The graph of the younger-individual group (Figure 21A) exhibits
stable and controlled trunk angles with minimal deviations,
indicating well-balanced posture and low severity of hunchback.

The graph of the older individuals’ group (Figure 21B) showed
more variability and sudden changes in trunk angle, reflecting
moderate forward lean and greater difficulty maintaining stable
horizontal alignment, indicating moderate kyphosis severity.

The graph of the individuals with PD (Figure 21C) shows
significant instability and frequent sharp changes in trunk angles,
indicating severe difficulties in maintaining consistent trunk
posture and severe hunchback severity due to the disease’s
impact on movement control.

Overall, younger individuals maintain a low severity of
hunchback, older individuals exhibit moderate severity, and
those with PD show severe hunchback, reflecting their
challenges in maintaining horizontal alignment.
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Figure 21. A comparative analysis of the trunk angle 2 horizontal between different groups: (A) younger individuals, (B) older individuals, and (C)
individuals with Parkinson disease.

Shank Angle
The shank angle computes the positions of the knees and ankles
(Figure 22). This angle is useful to understand the alignment
and movement of the lower leg, especially during activities such

as turning. By evaluating the shank angle, we can assess the
coordination and stability of the lower leg movements, providing
valuable insights into gait patterns and detecting any
abnormalities in movement, which is particularly useful for
analyzing conditions such as PD.
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Figure 22. An illustration of the shank angle position.

The formula to calculate shank angle is provided in equation
15:

Figure 23 presents the graphs comparing shank angles during
body movements for 3 groups. Each graph shows the shank
angle over a series of data points, with both original and
smoothed data represented.

The graph of the younger-individual group (Figure 23A)
demonstrates relatively stable and consistent shank angles. Both
the original and smoothed curves align closely, indicating
smooth and coordinated movements. The angles show moderate
fluctuations within a narrow range, reflecting balanced and
controlled lower leg movements typical of healthy young
individuals.

The older-individual group graph (Figure 23B) shows shank
angles that are stable and consistent, such as the younger
individuals group. Both the original and smoothed curves align
closely, indicating smooth and coordinated lower leg
movements. The angles show moderate fluctuations within a

narrow range, reflecting balanced and controlled movements.
This suggests that older individuals perform nicely, maintaining
stable shank angles comparable to the younger individuals
group.

The graph of individuals with PD (Figure 23C) reveals
significant irregularities and instability in shank angles. The
curves are highly erratic, with frequent sharp changes and a
wide range of deviations. These abrupt shifts indicate substantial
difficulties in maintaining consistent lower leg movements.
Individuals with PD struggle with controlling their shank angles,
leading to frequent misalignment and instability. This pattern
is characteristic of the disease, where symptoms such as rigidity
and tremors disrupt smooth and coordinated movements.

Figure 23 highlights the differences in shank angle behavior
among the 3 groups. Younger and older individuals exhibit
stable and coordinated shank movements with minimal
variability, indicating balanced and controlled lower leg
movements. In contrast, those with PD display significant
instability and erratic shank movements, underscoring the impact
of the condition on lower leg control and stability.
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Figure 23. A comparative analysis of the shank angle between different groups: (A) younger individuals, (B) older individuals, and (C) individuals
with Parkinson disease.

Classification Report
A comprehensive evaluation of the SVM model is provided by
the classification report for the test set, as shown in Table 3.
The report includes the overall accuracy of the model, as well
as each class’s recall, precision, and F1-score. Although the

training accuracy was 0.95, the test accuracy was 0.89,
indicating that the model fit the training data well with minimal
overfitting. The classification report shows that class 0 (normal
class) had high precision and recall, while class 1 (PD class)
has lower recall. This disparity in recall may be due to the
smaller sample size of class 1.
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Table 3. Classification report for distinguishing normal and PDa classes using gait features (test accuracy: 0.89 and train accuracy: 0.95).

SupportF1-scoreRecallPrecisionClasses or metrics

7.000.931.000.880 (normal)

2.000.670.501.001 (PD)

9.000.89——bAccuracy

9.000.800.750.94Macroaverage

9.000.870.890.90Weighted average

aPD: Parkinson disease.
bNot available.

AUC and Loss Curve
Figure 24 provides specifics regarding the model’s capacity to
distinguish between the 2 classes. Moderate discrimination
capability is indicated by the test set’s AUC of 0.6429. An
indicator of how well the model performs across various training

data subsets is provided by the cross-validation scores. With a
mean cross-validation score of 0.9, the model’s cross-validation
scores are (0.75, 1.00, 1.00, 0.75, 1.00). This shows that the
model continues to work well when the data are folded in
different ways.

Figure 24. The receiver operating characteristic (ROC) curve.

Figure 25 shows the training and validation loss curve,
illustrating the log loss for both training and validation sets
across various folds of cross-validation. The blue curve indicates
the training loss, which stays relatively stable with minor
fluctuations. In contrast, the red curve, representing the
validation loss, exhibits significant fluctuations, peaking notably
at fold 3. This implies that while the model fits the training data
well, it experiences considerable variability in performance on

unseen data, suggesting possible overfitting or sensitivity to
specific data subsets. The difference between the training and
validation loss also underscores the model’s difficulty in
generalizing from the training set to the validation set,
highlighting the need for potential adjustments in model
complexity or training strategy to achieve more consistent
performance.
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Figure 25. The training and validation loss curve for support vector machine (SVM) with combined data.

Confusion Matrix
The confusion matrix depicted in Figure 26 provides a thorough
analysis of the predictions of the model on the test set. It reveals
that while the model correctly predicted 7 out of 7 occurrences

of class 0 (non-PD), it incorrectly classified 1 out of 2 instances
of class 1 (PD). This suggests that although the model is highly
accurate in predicting class 0, it faces challenges with class 1,
likely due to class imbalance in the dataset.

Figure 26. The testing set confusion matrix for model-based features.

Discussion

This study presents a noninvasive approach for early detection
of PD through the analysis of model-based gait features. Using
kinematic characteristics, such as shoulder distance, step length,
stride length, knee and hip angles, leg and arm symmetry, and

trunk angles, we aimed to identify subtle gait abnormalities
associated with PD. Data were collected through controlled
video recordings of the TUG assessment, and the extracted
features were processed using advanced filtering techniques
and analyzed using SVM classifier.
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The results demonstrate that the model-based features were
highly effective in distinguishing between normal and
PD-affected gait patterns, achieving high accuracy, precision,
recall, and F1-score. These findings support the potential of
model-based gait analysis as a noninvasive, accessible tool for
early diagnosis and monitoring of PD. The study also highlights
the importance of addressing class imbalance and refining the
feature extraction process to further enhance the performance
of the classifier.

Future research should focus on validating these findings with
larger datasets, exploring other machine learning models, and
integrating additional features to improve the robustness and
accuracy of PD detection systems. This approach could
significantly benefit clinical settings, providing a reliable,
noninvasive method for early diagnosis and improved patient
outcomes.
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Abstract

Background: Polypharmacy, the concurrent use of multiple medications, is prevalent among older adults and associated with
increased risks for adverse drug events including falls. Deprescribing, the systematic process of discontinuing potentially
inappropriate medications, aims to mitigate these risks. However, the practical application of deprescribing criteria in emergency
settings remains limited due to time constraints and criteria complexity.

Objective: This study aims to evaluate the performance of a large language model (LLM)–based pipeline in identifying
deprescribing opportunities for older emergency department (ED) patients with polypharmacy, using 3 different sets of criteria:
Beers, Screening Tool of Older People’s Prescriptions, and Geriatric Emergency Medication Safety Recommendations. The study
further evaluates LLM confidence calibration and its ability to improve recommendation performance.

Methods: We conducted a retrospective cohort study of older adults presenting to an ED in a large academic medical center in
the Northeast United States from January 2022 to March 2022. A random sample of 100 patients (712 total oral medications)
was selected for detailed analysis. The LLM pipeline consisted of two steps: (1) filtering high-yield deprescribing criteria based
on patients’ medication lists, and (2) applying these criteria using both structured and unstructured patient data to recommend
deprescribing. Model performance was assessed by comparing model recommendations to those of trained medical students, with
discrepancies adjudicated by board-certified ED physicians. Selective prediction, a method that allows a model to abstain from
low-confidence predictions to improve overall reliability, was applied to assess the model’s confidence and decision-making
thresholds.
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Results: The LLM was significantly more effective in identifying deprescribing criteria (positive predictive value: 0.83; negative

predictive value: 0.93; McNemar test for paired proportions: χ2
1=5.985; P=.02) relative to medical students, but showed limitations

in making specific deprescribing recommendations (positive predictive value=0.47; negative predictive value=0.93). Adjudication
revealed that while the model excelled at identifying when there was a deprescribing criterion related to one of the patient’s
medications, it often struggled with determining whether that criterion applied to the specific case due to complex inclusion and
exclusion criteria (54.5% of errors) and ambiguous clinical contexts (eg, missing information; 39.3% of errors). Selective prediction
only marginally improved LLM performance due to poorly calibrated confidence estimates.

Conclusions: This study highlights the potential of LLMs to support deprescribing decisions in the ED by effectively filtering
relevant criteria. However, challenges remain in applying these criteria to complex clinical scenarios, as the LLM demonstrated
poor performance on more intricate decision-making tasks, with its reported confidence often failing to align with its actual
success in these cases. The findings underscore the need for clearer deprescribing guidelines, improved LLM calibration for
real-world use, and better integration of human–artificial intelligence workflows to balance artificial intelligence recommendations
with clinician judgment.

(JMIR Aging 2025;8:e69504)   doi:10.2196/69504
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Introduction

Polypharmacy, widely defined as the regular use of at least 5
medications, is common in older adults and at-risk populations
[1]. In fact, approximately 30% of patients aged 65 years or
older have polypharmacy [2], and nearly half of older emergency
department (ED) patients are discharged with one or more new
medications [3]. Although necessary and beneficial for some
patients, polypharmacy can increase the risk of negative
consequences for patients, including ED visits, adverse drug
events, falls, disability, and inappropriate medication use [1].
While definitions differ, deprescribing is generally defined as
a structured process by which potentially inappropriate
medications (PIMs) are identified and withdrawn under the
supervision of a health care provider. In some definitions, the
process is described as evaluating the risk-benefit tradeoff,
focusing on situations where the potential or actual harms of a
medication outweigh its benefits, considering the patient’s
individual care goals and quality of life [2,4,5].

Deprescribing tools, such as the Screening Tool of Older
People’s Prescriptions (STOPP) [6] and Beers criteria [7], have
been developed to help providers assess and identify PIMs based
on a patient’s medication list [7-9]. These explicit assessments
are criterion-based with clear standards but are often impractical
to implement in time-constrained clinical settings, such as ED,
due to the need to evaluate multiple clinical indications and
specialist-prescribed medications [10]. Attempts to digitize
these criteria into electronic clinical decision support (CDS)
have raised difficulties, typically requiring a labor-intensive
coding process and unstructured information such as free text
from patient records to contextualize certain criteria [11,12].

Large language models (LLMs) have been shown to interpret
complex clinical situations and offer recommendations, from
differential diagnoses to care management, leading to growing
interest in their application in the medical field [13-16].
Moreover, they have been shown to extract medication-related
data such as medication name, dosage, and frequency, necessary

for the application of deprescribing criteria [17]. Finally, LLMs
are excellent in-context learners, requiring very little labeled
data to make predictions [18]. This reduces the annotation
burden for time-constrained ED physicians while improving
the use of unstructured patient records to contextualize patient
medication lists. However, the majority of clinical reasoning
evaluations on LLMs have been conducted using standardized
exams (the United States Medical Licensing Examination) or
digital case reports [14,19]. Their ability to perform clinical
reasoning and calibrate responses over physician-generated text
remains understudied.

Here, we propose to evaluate the performance of an LLM-based
data pipeline in recommending deprescribing options for older
adult ED patients at discharge based on 2 leading deprescribing
criteria, Beers and STOPP. We have also included a recently
developed list of criteria, Geriatric Emergency Medication
Safety Recommendations (GEMS-Rx), intended to prevent the
initiation of inappropriate medications in the acute care setting,
as similar deprescribing lists specific to this care environment
are not available [3]. Through this work, we hope to evaluate
whether an LLM-based CDS system can effectively triage
medications eligible for electronic deprescribing in older adults.
Successful implementation of such a system would help address
gaps in electronic deprescribing by using an LLM to
contextualize recommendations within individual patient records
and reduce manual development in CDS tools.

Methods

Ethical Considerations
This study was conducted with approval from the Institutional
Review Board (IRB) at Yale University, under protocol number
2000035077. The IRB determined that this research qualifies
for exemption as it involves secondary analysis of existing
electronic health record (EHR) data, with no additional patient
contact or data collection. The original data were collected with
patient consent, and the current analysis adheres to the
conditions of that consent and IRB approval, permitting
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secondary analysis without the need for additional consent. All
data were de-identified prior to analysis to ensure patient
confidentiality. This study complies with ethical standards and
guidelines for research involving human subjects.

Patient Cohort
All older adults (aged 65 years and older) with polypharmacy
(5 or more active outpatient medications) presenting to an ED
in a large academic medical center in the Northeast United States
between January 2022 and March 2022 were identified. Due to
budgetary constraints and a lack of prior evidence regarding the
performance of LLMs in this task to guide a power calculation,
we selected a random sample of 100 unique patients for
evaluation.

Identification of Consensus-Based High-Yield Criteria
We conducted a consensus-based evaluation to filter three
preexisting deprescribing lists (ie, STOPP [6], Beers [7], and
GEMS-Rx [3]) into a focused set of high-yield deprescribing
criteria for the LLM to use in its recommendations. High-yield
criteria were defined as those posing a significant clinical risk
to the patient and being identifiable within the electronic health
records (EHRs). To identify these criteria, we evaluated 180
recommendations across 2 key dimensions: clinical risk and
EHR computability. The consensus panel consisted of 6
board-certified physicians (in Emergency Medicine, Internal
Medicine, and Clinical Informatics) and 1 ED pharmacist. Each
member of the group individually reviewed each of the criteria
and rated them on a 5-point Likert scale. We selected the top
50% of criteria with an average score greater than 3 on both
dimensions, calculated across all experts, as high-yield criteria.
We further elaborate on this consensus process and the final set
of criteria in the Results section.

The need to filter the criteria before proceeding with the study
was identified in our preliminary research [20], which revealed
that one of the main causes of discrepancies between physicians
and LLMs arose from ambiguous inclusion or exclusion
conditions in deprescribing criteria. For example, criteria like
“Statins for primary cardiovascular prevention in persons aged
≥85 with established frailty with expected life expectancy likely
less than 3 years” include elements—such as “established
frailty” and “expected life expectancy”—that are challenging
to quantify and therefore difficult to implement computationally.

The dimensions used to filter criteria were chosen to ensure that
an LLM-enabled CDS tool prioritizes meaningful
recommendations from high-quality EHR data, enabling
accurate, actionable deprescribing recommendations and
reduction of alert fatigue. We present the final set of high-yield
criteria based on the average results of the consensus study.

Deprescribing Recommendations by GPT-4o
The study was approved under an exemption by the Yale
University institutional review board prior to commencement
(HIC# 2000035077). All patient-level data were deidentified
prior to use with the LLM. We leveraged Microsoft’s Azure
OpenAI GPT-4o (GPT-4o model version: 2024-08-06 and
OpenAI API version: 2024-02-15-preview) to produce
deprescribing recommendations through a 2-stage process, as
shown in Figure 1. In stage 1, GPT-4o was prompted to filter
the full list of high-yield criteria solely based on the patient’s
medication list, ignoring inclusion or exclusion conditions. In
stage 2, GPT-4o was prompted to use its previously filtered
criteria list, along with structured (eg, demographics, lab values,
vitals, and past medical history) and unstructured (most recent
progress note and discharge summary) information, to determine
if the patient satisfied any deprescribing criteria and the
medication should be recommended for deprescribing. Each
medication was evaluated individually to prevent errors from
simultaneous processing, such as misattribution of criteria or
medication omissions. To ensure optimal performance, we
engineered prompts in an iterative fashion [21], using 1 patient
at a time from a set of patients (up to 10% of the cohort) not
used in the subsequent evaluation. After each evaluation,
prompts were adjusted to correct any systematic errors (eg,
instances where no relevant criteria in step 1 led to
noncriteria-based deprescribing recommendations in step 2) by
the LLM. After our third prompt yielded an output without any
identifiable errors, we stopped the iterative prompt development
process. Consequently, the final 2 patients initially reserved for
this purpose were included in the final cohort evaluation (n=92
patients, 626 medications). Aside from the consistency-based
method described later, all LLM calls were performed with a
fixed temperature (temperature=0; low randomness in generated
responses) and seed to ensure reproducibility and deterministic
outputs.

Figure 1. Overview of the evaluation pipeline, consisting of a 2-step GPT-4o process, performance comparison with junior annotators (medical students),
and final adjudication by senior annotators (board-certified physicians). ED: emergency department; EHR: electronic health record; FN: false negative;
FP: false positive; IRR: interrater reliability; TN: true negative; TP: true positive; YNHH: Yale New Haven Hospital.

This 2-stage process was developed to correct errors identified
when both stages were accomplished at once. Our initial testing

revealed that providing the LLM with the full set of criteria and
medications led to simple reasoning errors. The large number
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of criteria, combined with the simultaneous processing of the
complete patient medication list, resulted in inaccuracies in
applying individual criteria to specific medications. Separating
the process of criteria filtering and application both reduces
confusion due to large input context sizes [22] and ensures that
extraneous context does not distract the LLM [23]. The full
prompts for step 1 and step 2 are included in Figures S5 and S6
in Multimedia Appendix 1.

Selective Prediction Methods
In addition to evaluating an LLM’s ability to make deprescribing
recommendations, we assessed whether its confidence estimates
were well-calibrated and examined their impact on predictive
performance. To do so, we collected GPT-4o’s decision
confidence for both steps using 2 validated confidence elicitation
methods: chain-of-thought verbalized confidence and
self-random sampling with average-confidence aggregation,
referred to as consistency-based confidence [24]. In verbalized
confidence, we asked the LLM to explicitly estimate its
confidence for each step following its decision. For the
consistency-based approach, we followed the best practices
established in prior work [24] by sampling the LLM multiple
times (number of samples=5) with high temperature (T=0.8;
high randomness in generated responses) and used a majority
vote weighted by the confidence of each response to determine
the final deprescribing recommendation.

In a human-in-the-loop decision-making system, the LLM’s
confidence would be used to determine if the model should
abstain due to low certainty regarding its own decision. In
practice, this case would be considered too difficult for the LLM
and forwarded to an expert reviewer. This human-in-the-loop
decision-making pipeline is known as selective prediction and

has been commonly found to improve performance in
non–text-based applications [25,26]. We evaluated both selective
prediction methods using risk-coverage curves [27,28],
substituting risk for the F1-score (a measure of the predictive
performance of a model balancing precision and recall) to
capture the full range of predictive performance. Coverage was
also expressed inversely as the deferring fraction, representing
the proportion of instances where the LLM abstained from
making a decision. We conducted a more in-depth analysis of
the method that proved to be more effective.

Comparison and Adjudication With Clinical Experts
In this study, we used a rigorous human review and adjudication
process to assess model performance. Two trained senior
medical students (M4) classified all medications in the test
cohort using a 2-stage pipeline, after first computing interrater
reliability (IRR) on an adjudication set of 75 medications from
5 patients. Similar to the LLM pipeline, for each medication, a
medical student determined (1) if there exists a relevant
high-yield criteria based on the medication list, and (2) whether
the medication should be recommended for deprescribing.
Discrepancies between the students (junior annotators) and the
LLM across both stages were adjudicated by 2 board-certified
ED physicians (senior annotators). Similarly to the junior
annotators, we measured the IRR between the 2 senior ED
physicians, prior to adjudication on the full set of discrepancies.
Finally, we classified the errors leading to incorrect
recommendations by the LLM, leveraging a prior evaluation
framework [29]. We classified each error as 1 of 4 error types:
incorrect reading comprehension, incorrect recall of knowledge,
incorrect reasoning step, and not enough information, as
described in Table 1.

Table 1. Definitions of GPT-4o error types inspired by framework from Lièven et al [29] relevant to deprescribing recommendations.

ExampleDefinitionGPT-4o error types

GPT failed to recognize acetaminophen by name from

the list of STOPPa criteria in a patient at risk for mal-
nutrition or liver disease.

Includes misunderstanding of order of text, such as
when a medication is dependent on another medica-
tion in a specific arrangement. Also includes ignoring
information provided in the input text, such as miss-
ing a relevant category explicitly stated in the recom-
mendations.

Incorrect reading comprehension

GPT correctly recognized amlodipine was a calcium
channel blocker but failed to recognize it was more
broadly an antihypertensive.

Includes failure to recognize classes of medications
or other medical facts necessary to perform the task.

Incorrect recall of knowledge

GPT recommended discontinuing warfarin in a patient

with a therapeutically elevated INRb after assuming
that this elevated INR was due to a bleeding disorder.

Faulty reasoning, such as inappropriate assumptions
or leads of logic unsupported by the clinical data.

Incorrect reasoning step

GPT recommended discontinuing a QTc prolonging
antidepressant based on the possibility of QT prolon-

gation without any ECGd data or history of abnormal
QT interval.

Inappropriate application of missing data leading to
potentially unreliable conclusions, such as assuming
abnormality of a missing laboratory study.

Not enough information

aSTOPP: Screening Tool of Older People’s Prescriptions.
bINR: International normalized ratio.
cQT: QT interval.
dECG: electrocardiogram.
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Data Analysis
We evaluated whether the LLM or the medical student was
correct, using a gold standard derived from senior annotator
(board-certified ED physicians) adjudication of discrepancies.
To compare their proportions of correct responses, we applied
the McNemar test, a statistical method commonly used to
analyze paired nominal data, such as diagnostic accuracy from
different assessments applied to the same cases [30]. All analysis
was performed using Python (version 3.9; Python Software
Foundation). Statistical testing was carried out using statsmodels
(version 0.14.4) [31] and all visualizations were generated using
seaborn (version 0.13.2) [32] and matplotlib (version 3.8.2)
[33].

Results

Patient Cohort
In total, we identified 10,977 unique patients across 15,161
emergency department encounters from January 2022 to March

2022 meeting our selection criteria, from which 100 patients
were randomly selected (Table 2). As our criteria only pertain
to oral medication, nonoral medications were subsequently
filtered out, resulting in 712 total oral medications across the
cohort and a median of 6 oral medications per patient (Figure
2). From our initial study cohort of 100 patients, 10 patients
were set aside for both prompt engineering and calculation of
IRR between junior annotators. Fewer iterations were needed
to refine the prompt than initially anticipated, so the remaining
2 patients were included in the final study cohort. This resulted
in a final evaluation cohort of 92 patients, encompassing a total
of 626 medications. Based on the mechanism of action, statins
were the most common medication class (atorvastatin and
rosuvastatin; 6.8% combined), followed by proton pump
inhibitors (pantoprazole, esomeprazole, and omeprazole; 4.6%
combined). When classified by therapeutic effect,
antihypertensive agents were most prevalent (amlodipine,
lisinopril, losartan, and valsartan; 10.6% combined).

Table 2. Demographic overview of the 100 patients included in the evaluation (N=100).

ValuesCharacteristics

75.8 (7.6)Age, mean (SD)

Sex, n (%)

63 (63)Female

37 (37)Male

Race, n (%)

1 (1)Asian

16 (16)Black or African American

69 (69)White or Caucasian

13 (13)Other or not listed

1 (1)None

Ethnicity, n (%)

10 (10)Hispanic or Latino

90 (90)Non-Hispanic

Smoking status, n (%)

47 (47)Former smoker

43 (43)Never smoker

8 (8)Current every day smoker

1 (1)Passive smoke exposure—never smoker

1 (1)Light tobacco smoker

6.0 (5.0-8.2)Number of medications, median (IQR)
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Figure 2. Medication information about baseline cohort. (A) The top 20 most commonly prescribed medications represented as a percentage of the
total medication set. (B) Distribution of medications across different age groups.

Evaluation of Consensus-Based High-Yield Criteria
To streamline evaluation by the LLM, we filtered criteria using
the average scores from an expert consensus panel. All criteria
(n=180) were evaluated based on their scores for clinical risk
(Q1) and EHR computability (Q2-Q5), as assessed by an expert
panel; average scores by deprescribing list are shown in Figure
3. Any criteria scoring less than 3 on both clinical applicability
and EHR computability were excluded resulting in 161 criteria.
From the remaining set, the top 50% were selected, resulting
in 81 high-yield criteria across all 3 deprescribing lists.

On average, STOPP criteria had the lowest clinical risk and
EHR computability ratings, while the Beers criteria had the

highest, contributing to their respective adoption rates of 45.9%
and 62.5% among high-yield criteria. Reduced inclusion of
STOPP criteria was primarily attributed to panelists’ concerns
that the information required was not readily accessible within
the EHR and would necessitate additional data at the point of
care. We also present the results of feasibility in various clinical
settings by criteria list in Figure S1 in Multimedia Appendix 1,
showing more likelihood for deprescribing in both outpatient
and inpatient contexts, compared to the ED, across all 3 criteria
lists. A scatter plot of risk versus EHR computability of
high-yield criteria is presented in Figure S2 in Multimedia
Appendix 1.
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Figure 3. Average distribution of results used to filter high-yield criteria on a 5-point Likert scale from a consensus study by an expert panel (n=7)
split by 3 criteria lists: Beers, GEMS-Rx, and STOPP. EHR: electronic health record; GEMS-Rx: Geriatric Emergency Medication Safety
Recommendations; STOPP: Screening Tool of Older People’s Prescriptions.

Deprescribing Recommendations by GPT-4o
We next evaluated the LLM’s deprescribing recommendations
by comparing them to those of medical students, resolving any
discrepancies through adjudication by board-certified EM
physicians. As shown in Figure 4, 315 medications (50.3% of
the total) lacked relevant high-yield deprescribing criteria. The
LLM effectively identified these cases, achieving an F1-score
of 0.86 (precision=0.83, recall=0.90). Among those medications
with relevant criteria, 64 (10.2% of the total) were cases where
either GPT-4o or the medical student recommended
deprescribing. In this second step, which involved applying
relevant criteria to make a recommendation, the LLM performed
less effectively, with an F1-score of 0.58 (precision=0.47,
recall=0.76).

For cases where the LLM and the medical students differed, 2
senior annotators (board-certified Emergency Medicine
physicians) adjudicated 126 discrepancies after standardizing

the codebook and verifying IRR (Cohen k: eligibility=0.795,
deprescribing=0.745). Notably, the confusion matrix (Figure
4) revealed that a major source of discrepancy was the
significantly higher likelihood of the LLM to recommend
deprescribing (11.6%) compared to the medical students
(1.91%). The confusion matrix describes all possible outcomes
when comparing the LLM with the medical students (eg, the
medical student recommended deprescribing with eligible
criteria and the LLM found no eligible criteria). The adjudication
yielded similar results to those observed in comparison with
medical students (Figure 5A). Across all discrepancies, GPT-4o
was significantly more effective in criteria filtering compared
to the medical student (McNemar test for paired proportions

[30]: χ2
1=5.985; P=.015). However, in applying relevant criteria,

GPT-4o performed worse than the medical students, though the
difference was not statistically significant (McNemar test:

χ2
1=1.818; P=.178). Adjudication was chosen as the gold

standard for resolving discrepancies because preliminary
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research showed low IRR among medical students for both
steps of the process (Cohen k: step 1=0.68, step 2=0.33) across
75 medications.

In cases where GPT-4o was incorrect, error analysis highlighted
key patterns across the 2 steps. For criteria filtering, senior

annotators observed that errors often stemmed from incorrect
reasoning or reading comprehension issues (Figure 5B).
Similarly, in making recommendations, the most common error
was incorrect reasoning, followed by cases where the LLM
lacked sufficient information to make an accurate determination
and subsequently made inappropriate assumptions.

Figure 4. Confusion matrix (n=626 medications). The joint confusion matrix across both steps showing alignment and discrepancies between the
GPT-4o model and medical students.
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Figure 5. (A) Expert adjudication (n=126). Adjudication by senior clinical expert comparing junior annotators and GPT-4o in both criteria filtering
and deprescribing recommendation tasks. (B) GPT-4o error modes. Types of errors by GPT-4o in the adjudication set (n=126) for both criteria filtering
and deprescribing recommendation tasks.

Selective Prediction Methods
Finally, we investigated the impact of incorporating confidence
estimates from the LLM to guide selective prediction, allowing
the model to abstain from making predictions in cases of low
confidence. We compared 2 approaches: verbalized confidence
and consistency-based confidence. Verbalized confidence
demonstrated a narrower range of F1-scores overall, with step
1 (eligibility) ranging from 0.860 to 0.863 and step 2
(deprescribing) from 0.58 to 0.69, as shown in Figure S3 in
Multimedia Appendix 1. In contrast, consistency-based
confidence exhibited broader and higher F1-score ranges, with
step 1 spanning 0.85 to 0.88 and step 2 ranging from 0.62 to

0.73 (Figure 6A). These results suggest that consistency-based
confidence provides more flexibility and improved performance
compared to verbalized confidence across both steps.

In particular, consistency-based selective prediction
demonstrates a positive linear relationship between accuracy in
deprescribing recommendations and deferring fractions.
However, despite some minor improvements, we find that the
LLM is poorly calibrated, as shown in Figure 6B. Despite
consistency-based weighting, the confidence distribution is
severely left-skewed with the minimum confidence being 58.5%
in eligibility filtering and 54.5% in deprescribing
recommendations.
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Figure 6. Consistency-based selective prediction. (A) Range of F1-scores resulting from the application of consistency-based selective prediction in
both steps of the deprescribing pipeline. The dotted line shows ideal performance as a function of deferring fraction. (B) Distribution of confidences
for deprescribing recommendations from GPT-4o on a log scale.

Discussion

Principal Findings
In this retrospective cohort study evaluating deprescribing
opportunities for PIMs among older adults with polypharmacy
in the ED, we found that LLMs effectively identify relevant
criteria from verified lists but are less adept at applying these
criteria to individual patient cases. GPT-4o’s performance was
compared to that of medical students in a 2-step pipeline:
filtering for criteria-eligible medications and making specific
deprescribing recommendations. Adjudication by senior
clinicians was used to resolve discrepancies, and selective
prediction methods were tested to improve the model’s
reliability. The results offer insights into both the capabilities
and limitations of LLMs in a real-world clinical context,
highlighting key areas for improvement in both LLM
frameworks and deprescribing guidelines.

Effectiveness of the 2-Step LLM Pipeline
The LLM demonstrated strengths in the initial filtering step,
accurately identifying a high proportion of medications that

matched deprescribing criteria, thus offering the potential to
support clinicians in rapidly screening complex medication lists.
In fact, the LLM outperformed medical students by a significant
margin (80.1% vs 59.5% correct, McNemar test: P=.02). The
adjudication, combined with strong overall performance
(maximum F1-score: 87.8%) using selective prediction methods,
suggests that the LLM can effectively minimize the number of
criteria requiring final review for deprescribing
recommendations. Cases of misclassification were relatively
uncommon and primarily related to nonstandard drug class
names or overly broad groups, which could be improved with
refined deprescribing criteria. However, in the second
step—making specific deprescribing recommendations—the
LLM encountered considerable difficulty, particularly when
dealing with ambiguous criteria, missing information, and
nuanced clinical scenarios. For example, thiazide diuretics are
recommended for deprescribing in cases of significant
hypokalemia, hyponatremia, hypercalcemia, or a history of gout.
However, GPT-4o recommended deprescribing without access
to current electrolyte values, instead basing its suggestion on a
history of chronic kidney disease, a condition associated with
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potential electrolyte imbalances but not meeting the relevant
inclusion criteria. If implemented in clinical decision support,
these inaccuracies might contribute to increased alert fatigue
and extend the time required to interpret LLM-generated
recommendations, potentially offsetting the intended efficiency
gains in identifying deprescribing opportunities.

Our findings on the LLM’s performance in identifying
medications with relevant deprescribing criteria based on
eligibility guidelines align with evidence from clinical trial
matching literature [34], where LLMs have shown performance
comparable to physicians in applying such criteria to identify
eligible patients. One study used a similar “filter-and-apply”
pipeline, in which trials were first filtered and then matched to
patients, showcasing the effectiveness of this approach [35].
However, despite successes in eligibility filtering, challenges
remain when applying complex criteria to specific patient cases.
Similar errors to those observed in our work have been reported,
such as incorrectly identifying patients who meet partial criteria,
or assuming a patient with breast cancer does not have lung
cancer simply because it is not explicitly mentioned [36,37].
Overall, while LLMs hold promise for reducing the time burden
in determining deprescribing eligibility, their application
requires careful consideration, particularly in tasks involving
complex clinical reasoning.

Role of Selective Prediction in Clinical Decision-Making
To address the model’s limitations in clinical decision-making,
we implemented selective prediction methods, which allowed
the LLM to “abstain” from making a recommendation in cases
of low confidence. Selective prediction marginally improved
the LLM’s filtering accuracy by enabling it to defer uncertain
cases to human reviewers. However, the effectiveness of this
approach was limited by the poorly calibrated confidence levels
assigned by the LLM to its decisions. Specifically, the LLM
displayed a minimum confidence level of 54%, even in cases
where its recommendations were incorrect. This indicates a
tendency toward overconfidence, particularly in its deprescribing
recommendations. While verbalized confidence is known to be
overconfident in clinical question answering [38], our results
contradict recent work that suggests that consistency-based
methods alleviate some of these concerns [39]. This discrepancy
underscores the importance of task-specific confidence
thresholds and suggests that selective prediction, while useful,
is not a one-size-fits-all solution in complex clinical applications.

Improved uncertainty calibration in LLMs could enhance
selective prediction methods, optimizing physician-artificial
intelligence (AI) workflows in clinical settings. Future
applications of a well-calibrated deprescribing CDS tool could
flag cases where critical information is missing (eg,
antipsychotics at unchanged doses for more than 3 months
without a documented medication review). This approach could
streamline medication filtering while preserving human
oversight, allowing clinicians to focus on complex cases where
LLM reliability is limited.

Need for Clearer Deprescribing Guidelines
A notable finding from this study is the need for clearer and
more consistent deprescribing guidelines. Ambiguities in criteria

definitions, such as those related to medication administration
routes and drug classes, present substantial barriers to
automation and contribute to discrepancies between human and
model interpretations. Additionally, the model often
recommended deprescribing medications that, while potentially
inappropriate, required specific contextual qualifiers (eg,
patient’s life expectancy, nutritional status, frailty status) to
justify deprescribing—criteria that the LLM misapplied due to
lack of explicit context or ambiguous language in the guidelines.
It is important to note that current deprescribing criteria were
not originally designed for direct implementation in CDS
systems, but rather as general recommendations for prescribing
physicians. Reorganizing these criteria into a structured, explicit
framework tailored for CDS use could reduce ambiguity,
improve the model’s performance, and support more consistent
application in clinical practice. In general, streamlining
deprescribing criteria to ensure consistent application across
clinical contexts could improve model reliability and help
standardize deprescribing practices.

Implications for LLM Use in Clinical Practice and
Future Directions
The results of this study underscore the promise of LLMs in
enhancing deprescribing workflows by providing rapid filtering
of PIMs, which could alleviate some of the burdens on health
care providers. However, this work also highlights the
limitations of current LLMs in complex, context-sensitive
clinical decision-making tasks. The LLM’s frequent tendency
to overrecommend deprescribing, as compared to medical
students, indicates that clear boundaries for medication
eligibility and exclusion are critical for reducing false positives
in automated recommendations. Cases with the potential for
human harm were observed, such as suggesting deprescribing
anticoagulation in a patient with recent thromboembolism.
Additionally, cases were seen in which the LLM recommended
deprescribing without citing a specific criterion. These behaviors
suggest that strong guardrails on the LLM are needed to ensure
safe, high-quality recommendations. Enhancing guideline
specificity, particularly for complex inclusion or exclusion
criteria, could reduce both human and model error rates and
may foster greater acceptance of AI-assisted deprescribing tools
among clinicians. Our findings highlight the potential value of
human-AI collaboration frameworks. For example, a
human-in-the-loop framework (a model in which humans review
difficult cases the LLM cannot resolve) could involve LLMs
assisting in the identification of deprescribing opportunities
while deferring final recommendations to clinicians [40].
Alternatively, the LLM could focus on the initial filtering of
relevant deprescribing criteria for specific medications, leaving
the recommendation task entirely to the clinician, thereby
leveraging the LLM’s strength in mapping medications or
medication classes to appropriate criteria efficiently [41]. These
approaches not only leverage the model’s efficiency in data
processing but also mitigate risks associated with erroneous
recommendations, particularly in this high-risk clinical context.
Future research should focus on refining LLM architectures to
better handle the nuances of clinical reasoning and context
interpretation, perhaps by incorporating more advanced natural
language processing techniques and domain-specific training.
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Additionally, efforts to standardize deprescribing guidelines
would greatly benefit the development of automated tools in
this area, making them more reliable and broadly applicable.

Limitations
This study has several limitations that warrant consideration.
First, the retrospective nature of our analysis, relying on
historical data from EHRs, may not fully capture the complexity
of real-time clinical decision-making in emergency settings.
The study’s focus on a single large academic medical center
limits the generalizability of our findings to other settings with
different patient populations, documentation patterns, and health
care practices. Second, the selective prediction methods, while
providing insights into the LLM’s confidence, were not
universally effective, particularly in the nuanced task of
deprescribing recommendations. The model’s performance in
these recommendations highlights the challenge of translating
structured criteria into actionable clinical decisions, especially
when faced with ambiguous inclusion or exclusion conditions.
Additionally, the model’s reliance on textual prompts and
structured EHR data may not fully account for nuanced clinical
contexts that influence deprescribing decisions. Third, the small
sample size for detailed analysis (100 patients) limits the
statistical power and may not reflect broader patterns of
medication use and deprescribing needs. Cost may be a barrier
to larger sample sizes in the future, as the total application
programming interface utilization fees were approximately US
$300-$400 over these 100 patients and the cost to both evaluate
and implement the system in the real world would scale linearly
with the study population. Additionally, the study relied on
medical students for initial annotation. While these annotations
were reviewed and adjudicated by board-certified physicians,

this process may introduce variability, potentially affecting the
reliability of their use as a gold standard in selective prediction
methods. Our process for selecting these criteria also did not
explicitly include any geriatricians, though did include a range
of individuals who regularly care for older adults. Finally, the
criteria used (STOPP, Beers, and GEMS-Rx) were selected
based on their perceived clinical risk and EHR computability,
which may not encompass all relevant deprescribing scenarios.
The lack of standardized guidelines for implementing
deprescribing criteria in LLMs also poses a challenge to
consistency and accuracy.

Conclusions
This study demonstrates the potential of LLMs to augment
clinical decision support by effectively filtering deprescribing
criteria for older adults with polypharmacy in ED. While the
LLM showed promise in identifying medications eligible for
deprescribing, it faced challenges in making nuanced
deprescribing recommendations, underscoring the need for
human oversight in AI-driven processes. Future research should
prioritize refining the model by addressing ambiguities in
deprescribing criteria and integrating broader clinical context,
such as longitudinal data from prior progress notes and discharge
summaries, to enable the detection of relevant clinical trends.
Expanding the dataset and exploring more effective strategies
for integrating human judgment with AI capabilities will help
overcome limitations in generalizability, helping optimize
patient care. The findings underscore the potential of LLMs in
AI-enabled automated CDS tools for deprescribing while
emphasizing the need to refine deprescribing criteria and
establish clearer guidelines to support the integration of AI into
clinical practice.
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Abstract

Background: The World Health Organization’s (WHO) publication on age-friendly environments (AFEs) imagines future cities
to become more age-friendly to harness the latent potential of older adults, especially those who have restricted mobility. AFE
has important implications for older adults in maintaining social connections, independence, and successful aging-in-place.
However, technology is notably absent in the 8 intersecting domains of AFEs that the WHO imagines improve older adult
well-being, and we investigated whether technology should form a ninth domain. While mobility was severely restricted, the
COVID-19 pandemic provided an opportunity to test how older adults’perceptions of their AFE changed and what role technology
was playing.

Objective: This study examined how life-space mobility (LSM), a concept for assessing patterns of functional mobility over
time, and loneliness impacted perceived AFEs and the moderating effect of technology. It also explores whether technology
should play a greater role as the ninth domain of the WHO’s imagination of the AFE of the future.

Methods: In this cross-sectional quantitative observation study, data from 92 older adults aged 65-89 years were collected in
England from March 2020 to June 2021 during the COVID-19 pandemic. The Life-space Questionnaire, Technology Experience
Questionnaire, UCLA (University of California, Los Angeles) Loneliness Scale, and age-friendly environment assessment tool
were used. Correlation and moderation analyses were used to investigate relationships between variables.

Results: Most participants (86/92, 93%) had not left their immediate town in the previous 4 weeks before the interview. Restricted
LSM was positively correlated to the age-friendly environment assessment tool, that is, rising physical isolation was linked to a
better perception of AFEs; however, we discovered this result was due to the moderating impact of increased use of technology,
and that restricted LSM actually had a negative effect on AFEs. Loneliness was correlated negatively with the perception of
AFEs, but technology use was found to moderate the impact of loneliness.

Conclusions: Pandemic-related LSM restrictions impacted perceived AFEs and loneliness negatively, but technology played
a moderating role. The findings demonstrate that technology could be considered as a ninth domain in the WHO’s assessment of
AFEs for older adults and that there is a need for its explicit acknowledgment.

(JMIR Aging 2025;8:e67242)   doi:10.2196/67242
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connections; aging in place; life-space mobility; LSE; functional mobility; UCLA loneliness scale; age-friendly environment
assessment tool; AFEAT

Introduction

Background
Enabling the development of age-friendly environments (AFEs),
defined as a physical and social setting that helps people age
well and participate in their communities to promote
“aging-in-place” for the mental and physical well-being of older
adults, has become an increasingly important policy issue. This
is in part a response to an aging population dynamic,
urbanization, intensification of housing concerns, and
community preferences, causing an increase in the deterioration
of mental wellness, anxiety, stress, and depression among other
disorders [1]. Older adults’ perception of AFEs directly affects
their quality of life (QOL) and known predictors of depression,
including loneliness [2,3]. In urban environments, older adults
tend to spend much of their time in their local neighborhoods
and are therefore sensitive to change [4,5]. Environmental
degradation, such as lack of resources, restricted access to health
care, or crime, brings additional challenges.

Previous studies have demonstrated that the perception of AFEs
affects the action space of older people, affecting their social
participation [6]. It is known to positively moderate the
relationship between frailty, mental well-being, and depression,
particularly in older adults with poor health, limited mobility,
and cognitive decline [1,7,8]. Moreover, a lack of social
opportunities can result in loneliness, social isolation, and
worsened depression, all of which exacerbate cognitive decline,
QOL, and frailty [8-14]. Aboderin et al [15] and Ng et al [16]
also noted a reduction in older adults’ psychological resilience
due to sustained stress and anxiety resulting from crowding,
lack of space, and other issues that revolve around a poor
age-centered environment. Other research has demonstrated a
correlation between loneliness and AFEs [17-21], and identified
factors linking the psychological health of economically
disadvantaged older adults with their perception of AFE.
Rantakokko et al [22] described the impact of
person-environment interaction on mental well-being,
demonstrating a mechanism by which older adults who
experienced loneliness perceived obstacles with their
environment. Stafford [23] demonstrated that older age insularity
and the accompanying withdrawal from social interaction can
result in deteriorating relationships, loneliness, poorer mental
health, and a diminished perception of AFEs. If the environment
is not conducive to aging-in-place, it causes difficulties in
accessing services [24] and an increased risk of physical and
mental health care needs [25]. As such, the perception of AFEs
must be considered carefully to improve understanding of older
adults aging-in-place and mental well-being.

Life-space mobility (LSM) describes the physical environment
a person inhabits daily, structured into various zones (called
life-space zones), centered on an anchor (eg, bedroom), and
expanding outward into the rest of the house, house perimeter,
local community, neighborhood, or town [26,27]. This concept
corresponds to individuals’ functional mobility enabling
meaningful participation in community activities. It reflects

how older adults move across life-space zones over a given
period while incorporating frequency and independence.

According to the United Nations Development Program report
“The Sustainable Development Goals and COVID-19” [28],
there are unprecedented ongoing burdens on mental health for
older adults. Social distancing orders during the COVID-19
pandemic were conceived as advantageous to protect potentially
vulnerable populations, such as older adults [29], from disease
transmission; however, it has led to long-lasting effects on
mental well-being.

Restricted LSM impedes older adults’ access to their [30-32]
choice of environments and is associated with potential adverse
mental health outcomes [27]. In addition, previous research has
demonstrated that LSM restrictions reduce participation in
out-of-home [33] activities and negatively affect QOL [9,34],
which is in turn associated with loneliness [35].

Although pandemics create restricted mobility [36], older adults
with knowledge of technology can capitalize on a digitally
enabled AFE to avoid loneliness and LSM restrictions that create
a strain on mental well-being. It enables older adults to engage
in internet-based activities they may have enjoyed in person
and gain access to health care, civic services, therapy, counseling
[37], and resources that help with mental well-being [38,39].
We therefore expected both variables (LSM and loneliness) to
impact AFEs negatively and for technology to moderate their
impact.

Feldman and Oberlink [40] pioneered the concept of AFEs,
identifying important components such as social engagement,
enhancing independence, and optimizing mental functioning
and well-being. Age-friendliness is derived from an ecological
model of aging, in which a person’s mental well-being results
from the interaction between their functional and cognitive
capacity (competencies) and the environmental characteristics
that exert pressure on these competencies (environmental stress)
[41].

The age-friendly environment assessment tool (AFEAT) was
designed to assess older adults’perception of their environment
and focuses on individual-oriented age-friendliness and
individual-environment interaction, providing a more holistic
picture [11,42,43]. Self-perceived AFEs are associated with
improved QOL and mental health regardless of older adult
frailty or abilities [8].

Although there is currently no universally accepted definition
of an AFE, the World Health Organization (WHO) tentatively
defines such communities as those where “policies, services,
settings and structures support and enable people to age
actively.” The WHO [1] publication imagines future cities to
become more age-friendly to harness the latent potential of older
adults through 8 intersecting domains addressing obstacles to
older adults’ mental well-being: respect or social inclusion,
outdoor spaces and buildings, housing, social participation,
transportation, communication and information, civic
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participation and employment, and community support and
health services. Explicit mention of technology is notably absent.

The WHO framework has been criticized for the exiguous
technology element in the domains, prompting a reexamination
[44]. Incorporating technology into AFEs in its broadest sense
has become an increasingly important area for aging
independence and mental well-being [45] in recent years.

Marston and van Hoof [44] discussed the incorporation and use
of technology within the AFE assessment agenda, and a recent
systematic umbrella review elaborated on the advantages of
technology interventions for social connectedness [46]. Their
call for the inclusion of digital technology as a domain in AFE
evaluations is beginning to resonate.

For example, Pedell et al [47,48] advocated for digital elements
to encompass all aspects of environmental age-friendliness, in
addition to mental and physical aspects, to realize benefits for
older adults. Moreover, Reuter et al [49] acknowledged the
WHO’s age-friendly city initiative, considering an aging
population amid increasing urbanization. However, they
determined that such initiatives overlooked technology as a
critical component of global digitalization.

Research Objectives
Our study aimed to examine the potentially complex relationship
between internal (loneliness) and external (LSM) factors that
influence older people’s perception of AFEs and to determine
whether technology moderates their impact. We aimed to answer
a question with an important implication: should technology be
included as a ninth domain in the WHO’s global age-friendly
cities guide in the assessment of AFEs in cities and communities
for older adult mental well-being?

We set out to test the following hypotheses:

• Hypothesis (H1): LSM restriction is negatively correlated
with perception of AFEs.

• H2: Increased feelings of loneliness are correlated with
poor perception of AFEs.

• H3: Technology use moderates the impact of LSM
restrictions on the perception of AFEs.

• H4: Technology use moderates the impact of loneliness on
the perception of AFEs after considering the LSM
restriction effect.

Methods

Study Design
This was a cross-sectional quantitative observational design.
This report follows the STROBE (Strengthening Reporting of
Observational Studies in Epidemiology) guidelines [50]
(STROBE checklist mentioned in Multimedia Appendix 1).

Setting
Participants were recruited from the United Kingdom. Data
were collected from January 16, 2020, to June 21, 2021, a period
when social distancing mandates were enforced and social
engagement outside the home was restricted.

Participants
Eligible participants were required to be living in their own
home, be proficient in English, and be 65 years or older. Older
people who lived in nursing or care homes or those with
cognitive decline or mental health issues were excluded.
Volunteers were recruited via advertisements posted in resource
centers for older adults, housing associations, third-sector
organizations, social activity clubs, local senior groups, direct
human interaction, and word-of-mouth recommendations.
Volunteers were instructed to either call and leave a voicemail
or send an email indicating their willingness to participate; a
return call confirmed their eligibility.

G*Power software (Version 3.1; Erdfelder, Faul, and Buchner)
was used to calculate the minimum sample size required for the
empirical validation of the tested moderation model. Multiple

regression was used, with effect size f2 of 0.15, power of 0.80,
and 3 predictors. The recommended sample size was determined
to be 87. A total of 110 participants enrolled; however, 18 did
not complete all questionnaires and were excluded. The sample
achieved included 92 people between the ages of 65 and 92
years (mean age 74.6, SD 7.23 years). All participants identified
as either male or female, with more females (55/92, 60%) than
males. More than 89% of the participants were White, with less
than 11% of minority ethnicities (7 British Asian, 3 British
Black). Having collated various demographic information such
as age, gender, ethnicity, and education level, we were able to
ascertain that participants emanated from diverse
sociodemographic backgrounds.

Variables and Measures
All participants filled out a health history questionnaire based
on the Scientific Advisory Group for Emergencies (SAGE)
Encyclopedia of Communication Research Methods [51].

Loneliness was measured using the 20-item UCLA (University
of California, Los Angeles) Loneliness Scale [52], with scores
ranging from 20 to 80. Higher scores reflected higher loneliness
(Cronbach α=0.88).

Utilization of technology was evaluated using the Technology
Experience Questionnaire [53]. The participants were given a
list of technologies (communication, computer, daily, health,
recreational, and transportation technology) and asked to rate
their familiarity with and use of each on a 5-point scale. Scores
ranged from 0 to 180, with higher scores indicating greater use
and familiarity with technology (Cronbach α=0.84).

The perception of the AFE was assessed by the AFEAT. This
is a 10-item measure that uses a 5-point Likert scale, scoring
items from (1) strongly disagree to (5) strongly agree and
gauging participants’ perceptions of their home, their local
communities, the resources within the environment, and their
appropriateness for meeting their daily needs. The scores ranged
from 0 to 50, with higher scores representing a more positive
perception of the age-friendliness of the environment (Cronbach
α=0.75).

LSM was measured using the Life-Space Questionnaire [26].
Participants were asked yes or no questions about specific places
they visited in the last 4 weeks, starting with another room in
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their current residence and increasing the distance to a location
outside England. The scores ranged from 9 to 18, with higher
scores demonstrating greater restriction of LSM (Cronbach
α=0.90).

Procedure
Telephone surveys collected information on loneliness,
technology use, LSM, and perceptions of AFEs, in addition to
basic demographic information (eg, age, education, gender, and
ethnicity). Google Analytics was used to collect and tabulate
the data. Participants completed the assessments across 14
months.

Statistical Analysis
Analyses were performed using IBM SPSS version 28, using a
minimum significance level of 95% probability. There were no
missing data, and participants completed all questions. The
variables of AFEAT, loneliness, technology use, and LSM were
inspected for kurtosis and skewness to assess their distribution
deviations from normality via a histogram with simulated
overlapping normal curves. Moreover, the homoscedasticity of
the residuals was checked using a standardized residual versus
a standardized predicted plot. Using the Mahalanobis (P<.001)
and Cook distances, we determined whether high leverage
points, significant outliers, or highly influential points exist by
examining a scatterplot matrix of the dependent and continuous
independent variables. A linear regression was performed to
check the included variance caused by the data point and if it
needed to be removed from the dataset. The criterion for
discarding observations was the inability to meet 2 of the
distance measures’ 3 gauges. However, no outliers were found
that would significantly impact the findings, and thus, none
were removed. The confirmation of the independence of the
observations and the assumption of no autocorrelation in the
residuals was checked using the Durbin-Watson d-statistic.

The initial descriptive analyses contained means, frequencies,
and SD. Pearson product-moment correlation coefficients (r)
were calculated to determine whether associations exist between
the variables. The same correlational analysis was used to

determine whether the perception of AFE is correlated with
LSM during the pandemic (H1) and whether loneliness is
correlated with the perception of AFEs (H2).

Hayes’ [54] PROCESS macro for SPSS with model 1 was
applied to investigate the moderating effects of technology use
on the relationship between LSM and AFE (H3) and technology
use on the relationship between loneliness and AFEs. If the
standardized coefficients of the interaction terms were
significant (P<.05) or marginally significant (P<.09), we
conducted a simple slope test to examine the interaction effect
at different levels to reveal the nature of significant interactions
to further explain the moderating effect.

Ethical Considerations
Participants accessed an information sheet either via email or
read on the phone and were allowed to ask questions before
giving their consent. Before completing the questionnaires, each
participant gave informed consent to volunteer without
compensation and participate in the study. All participants were
fully anonymized.

All participants were informed of their rights to withdraw at
any point in the research and informed about anonymity. The
ethical procedures were aligned with the guidelines of the British
Psychological Society, and the study received ethical approval
from the Lancaster University Faculty of Health and Research
Ethics Committee (reference number FHMREC19121). Data
captured via telephone first confirmed the participant’s identity
and was recorded in spreadsheets and anonymized thereafter.

Results

Overview
Table 1 shows mean, SD, kurtosis, and skewness values and
Shapiro Wilk test results. Kurtosis and skewness values had a
relatively small range of ±1; we determined that the normal
distribution deviation was insignificant. The distributions of the
variables of loneliness, AFE, technology experience, and LSM
were close to normal.

Table 1. Descriptive statistics for loneliness, life-space, age-friendly environment assessment tool, and technology experience (N=92).

Scores

Shapiro Wilk testKurtosisSkewnessMean (SD)MaximumMinimum

0.192b−1.6300.20447.49 (17.814)8021UCLAa loneliness
score

0.201b0.0350.51513.70 (1.595)1810Life-space mobility

0.168b−1.3990.01919.51 (9.687)350Age-friendliness of
environment

0.204b−1.624−0.260116.87 (40.951)17548Technology experi-
ence

aUCLA: University of California, Los Angeles.
bP<.001 under moderate.

Participants demonstrated high levels of loneliness, with 44%
of older adults demonstrating loneliness scores greater than 50,
with scores above 40-50 considered moderate loneliness and
scores greater than 50 considered high [55]. LSM scores were

high, with more than 93% of the participants scoring >11,
showing that they had not been outside their immediate town.
Previous prepandemic studies with similar sample sizes and
methodology reported almost half that score [26]. The
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perceptions of AFEs were mixed, with a mean score of 19.51
(SD 9.69), demonstrating both positive and negative perceptions.

Prepandemic data from Garner and Holland’s [8,56] studies
provided a mean of 42.2, taken from 132 participants based in
England, indicating a more positive perception of AFEs before
the pandemic. Most participants scored above 125 (56%) for

technology, demonstrating frequent use and familiarity with
technology in general [53].

Next, we calculated the Pearson correlation coefficients to
establish the relationships between loneliness, technology, LSM,
and AFE perception to test H1 and H2. A correlation matrix of
the variables was examined and is presented in Table 2.

Table 2. Correlational analysis between variables (N=92).

Technology experienceAge-friendliness of envi-
ronment

Life-space mobilityUCLAa Loneliness ScaleVariables

UCLA Loneliness Scale

−0.631b−0.698b−0.483b1r

.003.006.002—P value

Life-space mobility

0.430b0.461b1−0.483br

.004.003—.003P value

Age-friendliness of environment

0.667b10.461b−0.698br

.003—.004.003P value

Technology experience

10.667b0.430b−0.631br

—.002.004.003P value

aUCLA: University of California Los Angeles.
bP<.01.
cNot applicable.

LSM is Negatively Correlated With the Perception of
AFE During the Pandemic (H1)
The correlation between LSM and AFE perception was
statistically significant (r=0.461, P<.001) but positively
correlated, which was contrary to the hypothesis (Table 2). This
meant that higher LSM scores associated with restricted mobility
were correlated with a greater positive perception of AFEs.
Although this rejected H1, it was a notable result.

Loneliness Is Negatively Correlated to a Perception of
AFEs (H2)
The correlation between loneliness and AFE perception was
statistically significant (r=−0.698, P<.001) and negatively
correlated. This meant that greater loneliness was correlated
with more negative perceptions of AFEs, thus confirming H2.

Technology Use Moderates the Impact of LSM
Restriction on the Perception of AFEs (H3)
Model 1 was used in the PROCESS 4.0 macro for SPSS to
examine the moderation effect proposed in H3 [54], as shown
in Figure 1, which shows the moderation role played by
technology use in the relationship between LSM and AFE
perception.

Here, all continuous variables were converted to z scores for
use in the model as suggested by Frazier et al [57] and Hayes
[54] (ie, via z scoring, expressed as the deviation from their

sample means in SD units). The unconditional interaction of
LSM and technology use was insignificant (β=0.1921, t1=1.963;
P=.06; Table 3).

All variables in the model are standardized and brought into the
regression equation.

Using the Aiken and West [58] method, a simple slope test was
used to analyze the conditional effect of technology use between
LSM and AFEs (ie, whether technology use moderates the
relationship between LSM and AFEs). As illustrated in Figure
2, when technology experience was high, LSM and AFEs were
significantly positively correlated (β simple: mean 1, SD 2.2037,
t=3.2216; P=.003), indicating that older adults’ perception of
their environment was more positive when they used technology
more.

In contrast, the relationship between LSM and AFEs was not
obvious when the technology experience was low (β simple:
mean −1, SD −0.3429, t=−0.3510; P=.73). Thus, there appears
to be a positive relationship between LSM restriction and
perception of AFEs when technology use was high but not when
it was low (explaining the unexpected direction of H1).
Furthermore, note the slight downward slope indicating the
negative impact of LSM restrictions on the perception of AFEs
when technology experience was low. This hints that in the
absence of technology use, LSM restrictions had a detrimental
impact on the perception of AFEs. This confirms H3 and
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explains the initial rejection of the unconditional (overall)
moderation impact of technology experience on LSM by a small

margin (P=.06).

Figure 1. Moderating role of technology experience on the relationship between life-space mobility and age-friendliness of environments.

Table 3. Interaction between life-space mobility and technology experience.

Significance of standardized coefficientOverall fit indicators

t test (df)βF test (df)R 2R

29.7962 (1,90)0.500.71Variables

2.1002a (90)0.1787Life-space mobility (ZLS1)

7.1839a (90)0.6155Technology experience (ZTE1)

1.9628 (90)0.1921ZLS1*ZTE1

aP<.001.

Figure 2. Moderating role of technology experience on the relationship between life-space mobility and age-friendly environment (simple slope test).
AFEAT: age-friendly environment assessment tool.

Technology Use Moderates the Impact of Loneliness
on the Perception of AFEs After Considering the
Impact of LSM (H4)
Model 1 was used in the PROCESS 4.0 macro for SPSS to
examine the moderation effect of technology use on the
relationship between loneliness and perception of AFEs, as
proposed in H4 [54] and shown in Figure 3, which shows the

moderating effect of technology experience on the relationship
between loneliness and the perception of AFEs while controlling
for LSM.

All continuous variables were converted to z scores. As shown
in Table 4, the relationship between loneliness and technology
experience was significant (β=−0.3829, t90=−5.1518; P<.001),
but the impact of LSM when added to the regression model was
not significant (β=0.7151, t90=1.665; P=.07), showing that
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although technology use had a moderating impact on the
relationship between loneliness and AFE perception, the
contribution of LSM was not significant on the model once
these other variables had been taken into account.

All variables in the model are standardized and brought into the
regression equation.

We then used the simple slope test to analyze the conditional
effect of technology on the impact of loneliness on the

perception of AFEs to further understand the impact. As
evidenced in Figure 4, the link between loneliness and AFEs
was not as obvious when technology was low (β simple: mean
−1, SD −0.0819, t1=−1.5394; P=.13). Conversely, when
technology was high, the impact of moderation was apparent
more clearly (β simple: mean 1, SD −0.4983, t90=−7.2636;
P<.001). Thus, we can conclude that technology moderates the
impact of loneliness on the perception of AFEs when the
technology experience is high, confirming H4.

Figure 3. Moderating effect of technology experience in the relationship between loneliness and age-friendliness of environments after controlling for
life-space mobility.

Table 4. The relationship between loneliness and technology experience and the impact of life-space mobility.

Significance of standardized coefficientOverall fit indicators

t testβF test (df)R 2R

45.8722 (1,90)0.680.82Variables

−6.2794b−0.5335———aLoneliness (ZL1)

3.5746b0.288834.78 (1,90)——Technology experience (ZTE1)

−5.1518b−0.3829———ZL1*ZTE1

1.6650.1177———Life-space mobility (ZLS1)

aNot applicable.
bP<.001.
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Figure 4. Moderating effect of technology experience in the relationship between loneliness and age-friendliness of environments after controlling for
life-space mobility (simple slope test).

Discussion

Principal Findings
This study found higher levels of loneliness during the height
of the COVID-19 pandemic among the older adult sample
compared with the commonly available prepandemic data. For
instance, Victor and Bowling [59] reported an average loneliness
level of 30%, whereas Hawkley and Cacioppo [60] found the
prevalence of loneliness in older adults to be approximately
25%, compared with the 44% found in this study. Numerous
studies have found an increase in loneliness during the pandemic
[61-63].

Higher loneliness was found to be correlated with a more
negative perception of AFE, confirming H2 and in line with
what has been theorized by the prevailing literature [18-20,22].
Shortfalls in emotional and social fulfillment have been
highlighted as a predictor of loneliness, and the lack of
opportunities for older adults to socialize, access important key
services, and ability to engage with the community may have
worsened perceptions. When older adults perceive that their
desired quantity or quality of social engagements is met, they
are less likely to experience loneliness and may also have
favorable attitudes toward AFEs. Previous research has
suggested that this relationship is likely to be complex [19] and
bidirectional. AFE perception can be an indicator of a
mechanism for aging-in-place, preserving older adults’physical
setting of choice, providing a sense of community attachment,
and allowing them to engage with a developed social network,
with associated familiarity and better mental well-being.

This study found that greater use of technology clearly
moderated the relationship between loneliness and the perception
of AFEs. It also moderated the LSM-AFE relationship.
Furthermore, the ability to use technology successfully to adapt
to challenging experiences during lockdown emerged as a
potential buffer against the impact of loneliness on AFE
perception. Other studies that examined technology use during

the pandemic revealed an increase, indicating adaptation to
LSM restrictions via alternative pathways [37,64]. An increase
in LSM restriction was linked to a positive perception of AFEs,
rejecting H1, which at first seemed counterintuitive. However,
the moderation effect of technology, such that this relationship
existed only when technology use was high, explained the
unexpected direction of the relationship. Older adults were
overcoming physical restrictions barriers, where the ability to
replace previously in-person activities with those online may
have impacted perceptions. Other studies that examined AFEs
also noted an increase in positive perception of AFEs as the
pandemic progressed, but these could also have been linked to
the easing of restrictions [56]. Overall, technology use may
have improved the negative impacts of loneliness on the
perception of AFEs helping with older adult mental health.

In testing H4, we determined that when technology experience
was high, it had a moderation effect on the loneliness-AFE
relationship. Ng et al [16] attempted to explain the relationship
between internet use and loneliness through a
moderation-mediation mechanism between internet use,
perception of AFE, and loneliness, and depression. Their
findings were consistent with those of Park et al [24] and
Domènech-Abella et al [65], who confirmed the moderating
e f f e c t  o f  t h e  i n t e r n e t  o n  t h e
age-friendliness-loneliness-depression mechanism, which may
also explain our results. For example, Booth et al [66]
discovered a partial mediation effect of feelings of helplessness,
social isolation, depression, and distrust between psychological
distress and perceived AFE (especially concerning security).
Social isolation is a well-established predictor of loneliness and
depression, and loneliness has also been linked in the literature.
Taken together, these hint at a causal route between loneliness
and perception of AFEs. Increased anxiety can lead to increased
loneliness and mental health issues, potentially leading to a
reduced fit between the older adult and the environment [67,68].
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Despite studies highlighting the potential moderating role of
technology between loneliness and AFE perception, previous
results were always unclear about a direct link between these 3
variables. Our study found a clear moderating role for
technology in the relationship between loneliness and AFEs,
which is a notable finding.

When using the simple slope test, where technology use was
low, we found that LSM negatively affected perceived AFEs
when technology use was low. This explained our initial
counterintuitive result and supported earlier findings [24]. To
substitute or overcome confinement, older adults may have
developed alternative routes of access to AFE domains, such
as social, civic engagement, and access to services through
technology.

Access to the internet may have helped reduce older people’s
boredom, and there have been examples from recent studies
where older adults were able to access informal help networks,
reading, or online game groups, as well as participate in
community-based activities like attending virtual church
gatherings [69,70]. Alternative social and emotional outlets to
combat loneliness through access via the internet, to previously
in-person services (eg, primary care, counseling) may have
contributed to network socialization, allowing older adults to
continue feeling like they are a part of their environment and
reducing loneliness.

The implications of our study can be applied to situations outside
of the pandemic context. Studies have highlighted that older
adults prefer to live in their own homes and interact with their
local community, where they have developed relationships over
time and do so as long as possible [71,72]. A negative perception
of AFEs can be viewed as a barometer indicating poor
person-environment fit [72], associated with poorer mental
health outcomes [25,71]. Therefore, technology could be a
solution for those who ordinarily have limited LSM, are at risk
for social isolation, and have a negative perception of AFEs.

Our study confirmed the link between LSM, loneliness, and
perception of AFEs, as well as the moderating role technology
played during the COVID-19 pandemic, advancing the findings
of previous studies in this rapidly evolving body of literature.
We also strengthened the argument that the WHO’s Global
Age-Friendly Cities framework would benefit older adults more
by including technology use as an additional ninth domain.

Study Limitations
This study had several limitations. For example, the sampling
could have been predisposed to participants literate in digital
resources and more socially connected. Generally, such
participants may have experienced less loneliness [73].
Furthermore, a cross-sectional design cannot establish causality
[74]. Although the sample size was small, the statistical power,
effect size, precision, type, complexity of analysis, study
population variability, and homogeneity overcame this
shortcoming. The results are an important contribution to the
discourse on the role being played by AFEs in the mental
well-being of older adults and the role of technology.

Although it is unlikely that participants will experience the same
level of LSM restrictions after the pandemic, this allowed us to
examine the studied measures in a normally inaccessible
environment. However, we cannot conclude with certainty that
the pandemic caused the observations because we did not have
a prepandemic assessment for the same participants.
Nevertheless, other prepandemic studies supported our
hypothesis of mobility restrictions’ impact on loneliness.

Conclusion
Despite the limitations, the results suggest that the vulnerability
of older adults during the pandemic and their exposure to
loneliness and negative perceptions of AFEs increased, and
technology played an important role in moderating these
influences. Given the advancements in technology, the WHO’s
8 domains of AFEs may be obsolete with their narrow implicit
recognition of technology. Our study demonstrates the
significance of an explicit recognition of technology in the
evaluation of AFEs as an integral component of all aspects of
older adults’ daily lives. Future studies may also wish to look
further into the impact of demographics and differences between
genders.

Community and mental health service access could be improved
by providing online access. Older adults need cheap access to
internet infrastructure, and health community centers should
provide technology training, attend online meetings, or use
mental health applications.

Researchers in the field of loneliness in older adults are
encouraged to use our results to inform initiatives to reduce the
mental health risks for older adults in vulnerable crises, such
as the pandemic and civil insurrections [75,76]. Appropriate
consideration of these factors will aid decision makers in
developing robust and effective strategies during times of crisis,
as well as in assisting an aging population with aging-in-place.
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