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Abstract

Background: Critical illness has been suggested as a sentinel event for frailty development in at-risk older adults. Frail critical
illness survivors are affected by increased adverse health outcomes, but monitoring the recovery after intensive care unit (ICU)
discharge is challenging. Clinicians and funders of health care systems envision an increased role of wearable devices in monitoring
clinically relevant measures, as sensor technology is advancing rapidly. The use of wearable devices has also generated great
interest among older patients, and they are the fastest growing group of consumer-grade wearable device users. Recent research
studies indicate that consumer-grade wearable devices offer the possibility of measuring frailty.

Objective: This study aims to examine the data collected from wearable devices for the progression of frailty among critical
illness survivors.

Methods: An observational study was conducted with 12 older survivors of critical illness from Kingston General Hospital in
Canada. Frailty was measured using the Clinical Frailty Scale (CFS) at ICU admission, hospital discharge, and 4-week follow-up.
A wearable device was worn between hospital discharge and 4-week follow-up. The wearable device collected data on step count,
physical activity, sleep, and heart rate (HR). Patient assessments were reviewed, including the severity of illness, cognition level,
delirium, activities of daily living, and comorbidity.

Results: The CFS scores increased significantly following critical illness compared with the pre-ICU frailty level (P=.02;
d=−0.53). Survivors who were frail over the 4-week follow-up period had significantly lower daily step counts than survivors
who were not frail (P=.02; d=1.81). There was no difference in sleep and HR measures. Daily step count was strongly correlated
with the CFS at 4-week follow-up (r=−0.72; P=.04). The average HR was strongly correlated with the CFS at hospital discharge
(r=−0.72; P=.046). The HR SD was strongly correlated (r=0.78; P=.02) with the change in CFS from ICU admission to 4-week
follow-up. No association was found between the CFS and sleep measures. The pattern of increasing step count over the 4-week
follow-up period was correlated with worsening of frailty (r=.62; P=.03).

Conclusions: This study demonstrated an association between frailty and data generated from a consumer-grade wearable
device. Daily step count and HR showed a strong association with the frailty progression of the survivors of critical illness over
time. Understanding this association could unlock a new avenue for clinicians to monitor and identify a vulnerable subset of the
older adult population that might benefit from an early intervention.
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Introduction

Frailty Among Critical Illness Survivors
Frailty is a state of increased vulnerability to adverse health
outcomes due to the loss of physiological and cognitive reserves
[1]. Although frailty often overlaps with terms such as disability
and comorbidity, it has been well described that frailty is an
independent concept that can be quantitatively separated [2].
Frailty is recognized as a dynamic state, and recent studies have
highlighted the need to quantify changes between the stages of
frailty to better inform clinicians with the development of
tailored treatments [3].

Critical illness has been suggested as a sentinel event for the
development of frailty, especially for at-risk older adults [4].
Frailty is frequently evaluated as a prognostic tool in critical
care settings to better guide decision making by clinicians and
to manage the expectations of patients and families on health
outcomes [5]. Critical illness survivors who were frail before
the illness, in comparison with those who were not frail, have
a significantly higher mortality rate [5-7], are more likely to
acquire functional dependence [5,8], have lower quality of life
[5], and are more frequently rehospitalized within 12 months
[7]. However, no studies have examined the progression of
frailty throughout and beyond critical illnesses and how physical
and functional recovery is related to changes in frailty.

Wearable Device Uses in Research
Older adults are the fastest growing group of consumer-grade
wearable device users [9]. The potential uses of these devices
for general wellness and clinical purposes have gathered the
interest of many stakeholders, including patients, care providers,
funders, governments and policy makers, and technology
developers [10-14]. The opportunity to leverage data generated
from such devices for clinical and medical purposes is expected
to increase as these devices are becoming smaller, cheaper, and
ever more accessible in the recent years [15]. Coupled with the
logistic and financial challenges of monitoring critical illness
survivors’ functional recovery outside the hospital setting, many
recent research studies investigated several possible uses,
including wearable devices as a tool to objectively measure the
physical activity level [16,17], sedentary behaviors [18], and
mobility [19] and to screen for frailty [20].

Objectives
We examined the data generated from wearable devices for
their association with the progression of frailty after hospital
discharge and hypothesized significant associations between
frailty and physical activity, sleep quality, and heart rate (HR),
as reported by the wearable devices. In particular, we
hypothesized that survivors who are frail would have lower
physical activity, diminished sleep quality, and impaired HR
control compared with those who are not frail. We also

hypothesized that survivors whose frailty returns to the
precritical illness level would have a higher physical activity
level, better sleep quality, and tighter HR control than those
who have a persistent increase in frailty after hospital discharge.

Methods

Study Design and Settings
This observational study was conducted at Kingston General
Hospital in Kingston, Ontario, Canada. Patients were recruited
from the FORECAST (Frailty, Outcomes, Recovery and Care
Steps of Critically Ill Patients) study, which assessed an array
of clinical measurements and frailty. For this study, patients
were recruited during their admission to the intensive care unit
(ICU) from July 2017 to August 2018. Participants were
followed up at 4 weeks after hospital discharge.

A convenience sampling method was used to recruit patients
aged 55 years and older. They were included in this study if
they lived within the city or close by to ensure feasibility of
attending the 4-week follow-up session. Patients were excluded
if shared decision makers were not available to collect collateral
history. We also excluded patients who had medical conditions
that might have interfered with the proper use of the wearable
devices, including those admitted to the ICU with catastrophic
neurological illness that was not likely to be altered by ICU
care (eg, massive stroke requiring ICU care, spinal cord injury
with neurological deficit), those diagnosed with primary
neuromuscular pathology or atrial fibrillation, or those
dependent on a wheelchair for mobility. Patients with nonsinus
rhythms were excluded. Patients were further excluded if they
had an expected survival of less than 1 month.

Data Collection and Instrumentation

Determination of Frailty
Frailty was assessed using the Clinical Frailty Scale (CFS), a
tool that has been widely used in critical care settings [1]. The
CFS has been shown to outperform other frailty assessment
tools in the geriatric population in correctly differentiating major
health outcomes such as hospital admission and fall incidents
[21]. It is especially suitable for older adults and critically ill
populations who may lack cognitive or physical capabilities to
answer and perform necessary tasks to be assessed for frailty
with other tools [1]. The CFS ranges from 1 to 9, where 1
denotes very fit and 9 represents terminally ill. CFS scores of
1 to 3 are considered not frail, a score of 4 is considered prefrail,
and 5 or higher is considered frail. However, a CFS score of 4
or higher was considered frail in this study. Frailty was assessed
by one of the 3 experienced research coordinators available at
a given time.
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Wearable Device
Fitbit Charge HR (Fitbit; hereafter referred to as Fitbit) is a
commercially available wearable device worn on the wrist. It
uses a triaxial accelerometer to measure motion. These data are
used to estimate physical activity, sedentariness, and sleep
quality. Fitbit also measures the changes in elevation using an
altimeter. Fitbit uses an optical HR sensor (ie,
photoplethysmography) to measure the HR between 30 and 220
beats per minute.

In this study, we collected physical activity levels including
daily step count, active time, and sedentary time. Fitbit
automatically deems the active time when a physical activity
of at least three metabolic equivalents is performed.
Sleep-related information is generated, including total time in
bed, total sleep time (TST), awake time, and awake count. Sleep
efficiency was calculated as the percentage of sleep time over
the TST. Sleep time was determined by subtracting the awake
time from the TST. HR was measured every minute. HR data
were used to assess the average daily HR, SD of average daily
HR, and average nocturnal HR. The average nocturnal HR was
calculated using only the HR recorded during sleep as classified
by the TST.

Other Variables
The research coordinators reviewed the patients’medical charts
and collected demographic information, including age, sex,
height, and weight. The degree of comorbidity and the ability

to perform activities of daily living were calculated using the
Charlson Comorbidity Index [22] and the Katz index [23],
respectively. The severity of illness and delirium were collected
and calculated using the Acute Physiology and Chronic Health
Evaluation II (APACHE II) [24] and the Confusion Assessment
Method-ICU [25], respectively. The major critical care
treatments received during the ICU stay, including invasive
mechanical ventilation, noninvasive ventilation, vasopressor
use, corticosteroid use, continuous renal replacement therapy,
and intermittent hemodialysis, were collected. The ICU length
of stay (ICU LOS) and hospital LOS were calculated from chart
reviews.

Procedure
A total of 3 trained research coordinators interviewed the
patients at 3 different time points: ICU admission (T1), hospital
discharge (T2), and 4-week follow-up (T3). The assessment
conducted at T1 was used to establish the baseline information
(ie, pre-ICU admission). Figure 1 outlines the study procedure
and time points for the assessments and measurement tools. All
participants received a wearable device at ICU discharge and
were trained on its use during the hospital ward stay before
hospital discharge. Participants were encouraged to wear the
device during the ward stay, but only the posthospital discharge
data were used for analyses. The time between T1 and T2 is
referred to as D1, between T2 and T3 as D2, and between T1
and T3 as D3, hereafter.
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Figure 1. Study procedure and time points of assessment and measurement tools. ADL: Activities of Daily Living; APACHE: Acute Physiologic
Assessment and Chronic Health Evaluation; ICU: intensive care unit.

Data Analyses and Interpretation
Descriptive statistics and univariable comparisons of means,
medians, and proportions were performed to describe the
demographic information and patient characteristics according
to frailty status. The Shapiro-Wilk normality test was performed
to check for normality. Student t test, Mann-Whitney U test, or
chi-square test was performed to check for independence
between frail and nonfrail survivors at T3. Cohen d was used

to evaluate the effect size when a statistically significant
difference was found.

The Pearson correlation coefficient and Spearman rank
correlation coefficient were calculated to analyze the correlation
between the data collected from the wearables and the changes
in the CFS score over D1, D2, and D3. Their relationships with
patient demographics and medical data were further examined.
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A linear regression was performed for individual patients’daily
step count, daily TST, daily awake duration, and HR over D2.
The slope of the regression line (hereafter referred to as the
slope) was examined for its relationship with the changes in the
CFS score over D1, D2, and D3 by performing Spearman rank
correlation analysis. Patients with fewer than 5 days of wearable
data were excluded from this analysis.

Statistical significance was set at α=.05 for all statistical results.
Statistical analysis was performed using R Studio (R version
3.6.0, R Studio version 1.2.1335, R Studio Inc).

Ethics, Consent, and Permissions
This study was approved by the office of research ethics at the
University of Waterloo (ORE22219) and the Queen’s University

Health Sciences and Affiliated Teaching Hospitals Research
Ethics (ROMEO/TRAQ 6020644).

Results

Recruitment
A total of 16 patients admitted to the ICU were recruited after
they provided informed consent between July 2017 and August
2018. Overall, 2 patients withdrew from the study, and 2
patients’ data were lost because of technical issues. In total, we
had 12 patients with wearable device data collected successfully
(Table 1).

Table 1. Baseline characteristics, frailty, disability, and comorbidity scores.

P valueNonfrail at T3bFrail at T3aPatient characteristics

Demographics

N/Ac5 (41.67)7 (58.33)Patients, n

.8167.8 (5.07)66 (8.12)Age (years), mean (SD)

.02d1 (20.00)6 (85.71)Sex (female), n (%)

.2126.34 (16.01)30.22 (8.36)BMI, kg m−2

Type of admission

N/Ac10 (83.33)1 (8.33)Medical, n (%)

N/A1 (8.33)0 (0.00)Surgical, n (%)

.6713.40 (9.63)15.29 (5.19)Intensive care unit length of stay (days), mean (SD)

.6220.60 (16.32)24.57 (10.49)Hospital length of stay (days), mean (SD)

.8129.00 (2.45)26.71 (6.63)Acute Physiology and Chronic Health Evaluation II score

.565.20 (2.28)7.43 (4.54)Glasgow Coma Scale score

.211.00 (1.22)1.57 (2.07)Charlson Comorbidity Index score

.595.60 (0.55)5.00 (1.29)Katz at T1a score

.506.00 (0.00)5.71 (0.76)Katz at T3b score

aICU admission.
b4-week follow-up.
cN/A: not applicable, as P value cannot be computed.
dP<.05.

The patients were aged between 55 and 77 years, with a mean
age of 66.75 (SD 6.80) years, and 7 patients were female. There
were significantly more frail female participants than male
participants (P=.02). The mean ICU LOS was 14.50 (SD 7.03)
days and hospital LOS was 22.92 (SD 12.69) days. The mean
APACHE II score at T1 was 27.67 (SD 5.25). Overall, 7 of the
12 patients were classified as frail at T3. There were no other
major differences in baseline characteristics between frail and
nonfrail patients at T3.

Clinical Frailty
Critical illness had a profound effect on the patient’s frailty
level (Figure 2). Compared with the baseline CFS score at T1,
the CFS score at T2 increased significantly (P=.007; d=−1.13).
A general trend of improvement in frailty level was observed
over D2; however, the difference was not statistically significant
(P=.10; d=0.59). At T3, the frailty level returned to that at the
baseline for 6 patients, whereas it worsened for 6 patients.
Overall, the CFS score increased significantly over D3 (P=.02;
d=−0.53). The changes in frailty level at different time points
are summarized in Table 2.
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Figure 2. A boxplot of the Clinical Frailty Scale score at T1: ICU admission, T2: hospital discharge, and T3: 4-week follow-up (n=12). ICU: intensive
care unit.

Table 2. Changes in Clinical Frailty Scale score between ICU admission and 4-week follow-up.

ICU admission to 4-week follow-up, nHospital discharge to 4-week follow-up, nICUa admission to hospital discharge, nFrailty changes

020Improved

645No change

667Worsened

aICU: intensive care unit.

Frailty and Wearables Data
Of the 12 patients, 3 wore the wearable devices for fewer than
5 days over D3 (Table 3). On average, patients wore the
wearables for 26.33 days. Frail patients at T3 had significantly

lower daily step counts than nonfrail patients (1336.40 vs
3781.04 steps; P=.02; d=1.81). They engaged in lesser daily
physical activity than their counterparts (2.02 vs 16.34 minutes
per day; P=.04; d=0.94). There was no difference in sleep and
HR measures between the frail and nonfrail groups.
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Table 3. Data collected from the wearable devices (n=9).

P valueNonfrail at T3bFrail at T3aWearable device measures

N/Ac4 (44)5 (56)Patients, n (%)

.1721.50 (8.27)30.20 (8.73)Days worn, mean (SD)

Physical activity variables

.02d3781.04 (1389.37)1336.40 (1091.07)Daily step count, mean (SD)

.58104.95 (49.78)84.11 (55.75)Sedentary time (min per day), mean (SD)

.04d16.34 (10.66)2.02 (3.83)Active duration (min per day), mean (SD)

Sleep measures

.81336.25 (134.07)419.71 (166.62)Total sleep time (min per night), mean (SD)

.84362.16 (144.88)456.31 (182.49)Total time in bed (min per night), mean (SD)

.6921.30 (11.33)24.427 (11.20)Awake time (min per night), mean (SD)

.851.54 (1.10)1.65 (0.62)Awake count (times per night), mean (SD)

.5392.70 (2.00)91.72 (2.35)Sleep efficiency (%), mean (SD)

HRe measures

.3880.38 (13.18)86.93 (7.10)Average HR (bpmf), mean (SD)

.3210.66 (3.16)8.81 (1.97)Heart rate standard deviation, bpm (SD)

.2774.10 (20.27)86.42 (5.87)Average nocturnal HR, bpm (SD)

aT1: Intensive care unit admission.
bT3: 4-week follow-up.
cN/A: not applicable.
dP<.05.
eHR: heart rate.
fbpm: beats per minute.

The correlations between the wearable device data and frailty
are summarized in Table 4. Daily step count strongly correlated
with the baseline CFS at T1 (r=−0.76; P=.03) and the CFS score
at T3 (r=−0.72; P=.006). Sedentary time strongly correlated
with the CFS score at T1 but did not reach statistical significance
(r=−0.66; P=.07). The average HR strongly correlated (r=−0.72;

P=.046) with the CFS score at T2, and HR SD also strongly
correlated (r=0.78; P=.02) with the CFS change over D3. No
relationship was found between sleep measures and CFS scores.
No patient characteristics had a significant relationship with the
CFS score (see Multimedia Appendix 1 for the exact P values
for each correlation coefficient).
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Table 4. Correlations between the data collected from the wearables and the frailty level and its change overtime (n=9).

Correlation (r)Wearable device measures and patient characteristics

Frailty change

over D3f
Frailty change

over D2e
Frailty change

over D1d
Frailty at

T3c
Frailty at

T2b
Frailty at

T1a

Physical activity data

0.14−0.460.55−0.72g−0.35−0.76gDaily step count

0.18−0.560.63−0.530.03−0.62Active time

0.25−0.240.41−0.53−0.39−0.66Sedentary time

Sleep data

0.450.32−0.010.420.130.10In bed

0.460.310.010.400.130.08Total sleep time

0.500.130.220.07−0.07−0.26Awake time

0.33−0.150.37−0.100.06−0.31Awake count

−0.190.20−0.320.12−0.100.23Sleep efficiency

HRh data

0.130.37−0.28−0.16−0.72g−0.24Average HR

0.78g−0.010.54−0.05−0.05−0.55Heart rate standard deviation

−0.37−0.04−0.22−0.19−0.210.06Average nocturnal HR

Patient characteristics

−0.27−0.450.24<0.010.560.18Age

0.040.15−0.110.470.380.42BMI

0.02−0.170.17<0.010.21−0.01Intensive care unit length of stay

−0.14−0.07−0.030.050.150.15Hospital length of stay

−0.440.19−0.440.290.120.56Charlson Comorbidity Index

−0.160.19−0.270.15−0.060.24Glasgow Coma Scale

−0.02−0.230.200.050.340.06Changes in activities of daily living

−0.47−0.500.17−0.120.470.19Acute Physiology and Chronic Health Evaluation II

aT1: Intensive care unit admission.
bT2: Hospital discharge.
cT3: 4-week follow-up.
dD1: Intensive care unit admission to hospital discharge.
eD2: Hospital discharge to 4-week follow-up.
fD3: Intensive care unit admission to 4-week follow-up.
gP<.05.
hHR: heart rate.

Frailty and Wearable Data Trends Over Time
The slope of the linear regression line for daily step count, TST,
and HR was calculated to investigate the relationship between
frailty and wearable device data trends over time (Figure 3).

The slope of the daily step count demonstrated strong
correlations with the CFS change over D1 (r=0.71; P=.01) and
D3 (r=0.65; P=.03) (Table 5). The slope of HR strongly
correlated with frailty change over D3 (r=0.62; P=.03).
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Figure 3. Example of the slope of linear regression line for daily step count, total sleep time, and heart rate. The slope of linear regression line represents
the changes over over hospital discharge to 4-week follow-up.

Table 5. Correlation between the slope of daily step count, total sleep time, heart rate and the Clinical Frailty Scale (CFS) scores at intensive care unit
admission, hospital discharge, and 4-week follow-up and changes in CFS over intensive care unit admission to hospital discharge, hospital discharge
to 4-week follow-up, and intensive care unit admission to 4-week follow-up.

SlopeTime points and frame

P valueHeart rate (r)P valueTotal sleep time (r)P valueStep count (r)

.32−0.31.070.59c.08−0.55cCFSa score at T1b

.72−0.12.740.12.430.27CFS score at T2d

.750.10.360.32.60−0.18CFS score at T3e

.520.21.15−0.49.010.71gCFS change over D1f

.540.20.560.21.25−0.38CFS change over D2h

.030.62d.13−0.52.030.65gCFS change over D3i

aCFS: Clinical Frailty Scale.
bT1: intensive care unit admission.
cP<.10.
dT2: Hospital discharge.
eT3: 4-week follow-up.
fD1: Intensive care unit admission to hospital discharge.
gP<.05.
hD2: Hospital discharge to 4-week follow-up.
iD3: Intensive care unit admission to 4-week follow-up.

Discussion

Frailty Transitions Following Critical Illness
In this exploratory observational study, we observed 12 older
adult survivors of critical illness from the time of their admission
to the ICU until 4-weeks after their hospital discharge. Physical
recovery was monitored using a wearable device. Frailty was
assessed at multiple time points throughout their ICU and
hospital stay and at 4 weeks after discharge. A total of 6 patients
became frailer after their critical illness, whereas the frailty of
the other 6 returned to their precritical illness levels. No
participant’s frailty improved above their pre-ICU baseline state.
The incidence rate of worsening frailty over 3 years is reported
to be approximately 0.6% and 1.3% for healthy men and women,
respectively [26]. A noticeably higher incidence rate in the study
sample confirms the notion that critical illness is a triggering
event in the transition to a frail state [4].

Patterns of Wearable Measures and Frailty Transitions
We demonstrated the association between a lower physical
activity level and increased frailty level. This was evident from
a significantly lower daily step count and active time by the
frail survivors compared with their nonfrail counterparts. This
finding is consistent with a previous study that used a wearable
device worn on the upper arm and reported a significantly
reduced step count by frail survivors compared with a healthy
control group [16]. Our results suggest that the rate at which an
individual increases daily step count following critical illness
may be an important indicator for the recovery of frailty back
to the precritical illness level. Those whose frailty worsened
showed a significantly higher rate of increase in their daily step
counts (P=.03). We initially suspected that the magnitude of
the positive slope was amplified because of lower step counts
among those whose frailty worsened. However, the average
step count was not significantly different between those whose
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frailty worsened and those whose frailty did not change (P=.63).
We further speculated that the difference in baseline frailty level
may contribute to this finding; however, there was no significant
difference in baseline frailty between the 2 groups (P=.49).
Another possible explanation may be an increase in frailty
because of nonphysical characteristics such as impaired
cognitive function. Future research should confirm this
relationship and investigate possible explanations.
Understanding this relationship may help clinicians to accurately
identify patients who will benefit from strengthened transitional
care.

The pattern of increasing HR and the SD of HR were shown to
be related to the worsening of frailty following critical illness.
These findings are in line with the theoretical understanding of
frailty as a concept of impaired homeostasis [27]. These patterns
may be caused by the inability to evoke dynamic physiological
processes to restore equilibrium. Studies that examined HR
variability have concluded that frailty is associated with
impaired cardiac autonomic control [28,29]. However, empirical
evidence for the relationship between HR and frailty is lacking.
Increased resting HR was found to be associated with functional
decline among older adults [30], increased inflammatory
markers [31], and an increased mortality rate among trauma
patients [32].

To the best of our knowledge, this is the first study to investigate
frailty by collecting and analyzing longitudinal HR data from
a consumer-grade wearable device. The use of consumer-grade
wearable devices to monitor HR has garnered the interest of
many researchers in recent years. Its feasibility and accuracy
have been researched in different populations, including patients
who are critically ill [33]. Many studies have demonstrated its
feasibility and acceptable compliance level, but its capacity to
measure HR accurately has been questioned, especially for the
detection of nonsinus rhythms such as tachycardia and
bradycardia [33,34]. Despite this, our study used longitudinal
HR data to successfully uncover the association among frailty,
HR, and its SD. Future studies should expand on this
relationship and its potential use as a screening and monitoring
tool for frailty and the detection of early signs of clinical
deterioration among critical illness survivors.

Poor sleep quality, particularly nighttime disturbances, was
reported to be associated with an increased risk of frailty among
community-dwelling older adults [35,36]. Frequently perturbed
sleep in hospitals adversely affects patient’s recovery [37].
However, we found no significant association between sleep
measures and changes in frailty. This may be explained by the
inaccurate measures of sleep quality using wearable devices.
The exact model of the device used in this study has been
validated against polysomnography (PSG) for healthy
adolescents and the same device brand among young adults
[38,39]. However, it was noted that the performance of these
devices may be poor in populations with low sleep quality or a
high number of motionless wake episodes. Continued efforts
to use consumer-grade wearable devices for routine sleep
monitoring should be encouraged because the current methods
such as PSG and sleep journals are not feasible because of their
high cost and inaccuracy among patients who are critically ill
[33].

Implications for Consumer-Grade Wearable and
Frailty Research in Critical Care Setting
Survivors of critical illness are uniquely situated as their
physiological and cognitive reserves (ie, frailty) have been
pushed to their limit and beyond. The successful recovery of
frailty back to the precritical illness level is crucial for protection
from subsequent critical illness. Unsuccessful recovery of frailty
places an individual in a vulnerable state in which a lesser illness
may lead to amplified adverse health outcomes, thereby
requiring greater health care resources [40,41]. Our study
demonstrated the possibility of early detection of unsuccessful
frailty recovery in the first 4 weeks of post-ICU discharge using
a wearable device. Identifying such a vulnerable subset of
critical illness survivors warrants the timely delivery of frailty
interventional programs that have been shown to improve frailty
as well as various functional capabilities for
community-dwelling older adults [42]. Furthermore, wearable
devices have the potential to enhance the monitoring of physical
activities in ecological settings, which can guide clinicians and
researchers further by complementing the supervised data
acquired in traditional settings [43].

Limitations
Our study has several limitations. The exploratory nature of the
study resulted in a restrictive sample size from a single ICU
that is not representative of the entire critical ill population. It
limited the generalizability of the findings to other populations.
Other research studies reported significant differences in the
age between frail and nonfrail patients, but our study sample
did not. The small sample size prevented us from stratifying
patients into nonfrail, at-risk, and frail groups. The addition of
another level of frailty may have helped us interpret the slope
of linear regression in more detail for daily step count, sleep
time, and HR. Furthermore, patients who were critically ill were
discharged from the ICU to a hospital ward before being
discharged, which led to varied hospital ward LOS. This may
have affected the assessment of frailty at the 4-week follow-up
session. However, the hospital ward LOS was not significantly
different between patients who are frail and not frail (13.4 vs
7.0 days; P=.20). We chose a 4-week follow-up to investigate
the early recovery process immediately following the critical
illness. A longer observation period of critical illness survivors
will benefit future studies as full functional and physical
recovery is achieved over 6- to 12-month periods for 25% to
50% of older critical illness survivors [44,45].

Conclusions
In this study, we observed the physical recovery of critical
illness survivors using a wearable device. Unsuccessful recovery
of frailty to precritical illness level at 4 weeks after hospital
discharge was related to a significantly lower step count
followed by a high rate of increase in step count. This
unsuccessful recovery was also related to an increase in HR
over the same period. Sleep measures did not correlate with
frailty. Our study demonstrated the possibility of using
consumer-grade wearables as a tool to understand frailty
progression for survivors of critical illness. We also
demonstrated the added value of longitudinal wearable data.
Consumer-grade wearables evolve rapidly, and future research
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should focus on leveraging new features such as
electrocardiogram and more accurate measures of physical

activity, sleep, and HR.

Acknowledgments
This work was supported by a Core Research Project Grant (WP7.3) from the AGE-WELL Network of Centres of Excellence.

Authors' Contributions
BK, DM, and JL formulated and designed the research. MH conducted data collection under the supervision of DM and JM. BK
and JL conducted the analyses, and BK prepared the manuscript under the supervision of JL. DM contributed to the development
and refinement of the manuscript.

Conflicts of Interest
None declared.

Multimedia Appendix 1
Correlations between the data collected from the wearables and the frailty level and its change overtime with exact P values.
[DOCX File , 25 KB-Multimedia Appendix 1]

References

1. Rockwood K, Song X, MacKnight C, Bergman H, Hogan DB, McDowell I, et al. A global clinical measure of fitness and
frailty in elderly people. CMAJ 2005 Aug 30;173(5):489-495 [FREE Full text] [doi: 10.1503/cmaj.050051] [Medline:
16129869]

2. Fried LP, Ferrucci L, Darer J, Williamson JD, Anderson G. Untangling the concepts of disability, frailty, and comorbidity:
implications for improved targeting and care. J Gerontol A Biol Sci Med Sci 2004 Mar;59(3):255-263. [doi:
10.1093/gerona/59.3.m255] [Medline: 15031310]

3. McDermid RC, Stelfox HT, Bagshaw SM. Frailty in the critically ill: a novel concept. Crit Care 2011;15(1):301 [FREE
Full text] [doi: 10.1186/cc9297] [Medline: 21345259]

4. Muscedere J, Andrew MK, Bagshaw SM, Estabrooks C, Hogan D, Holroyd-Leduc J, et al. Screening for Frailty in Canada’s
Health Care System: A Time for Action. Can. J. Aging 2016 May 23;35(3):281-297. [doi: 10.1017/s0714980816000301]

5. Bagshaw SM, Stelfox HT, McDermid RC, Rolfson DB, Tsuyuki RT, Baig N, et al. Association between frailty and short-
and long-term outcomes among critically ill patients: a multicentre prospective cohort study. CMAJ 2014 Feb
04;186(2):95-102 [FREE Full text] [doi: 10.1503/cmaj.130639] [Medline: 24277703]

6. Bagshaw SM, Stelfox HT, Johnson JA, McDermid RC, Rolfson DB, Tsuyuki RT, et al. Long-term association between
frailty and health-related quality of life among survivors of critical illness: a prospective multicenter cohort study. Crit Care
Med 2015 May;43(5):973-982. [doi: 10.1097/CCM.0000000000000860] [Medline: 25668751]

7. Zeng A, Song X, Dong J, Mitnitski A, Liu J, Guo Z, et al. Mortality in Relation to Frailty in Patients Admitted to a Specialized
Geriatric Intensive Care Unit. J Gerontol A Biol Sci Med Sci 2015 Dec;70(12):1586-1594 [FREE Full text] [doi:
10.1093/gerona/glv084] [Medline: 26400736]

8. Ehlenbach WJ, Hough CL, Crane PK, Haneuse SJPA, Carson SS, Curtis JR, et al. Association between acute care and
critical illness hospitalization and cognitive function in older adults. JAMA 2010 Feb 24;303(8):763-770 [FREE Full text]
[doi: 10.1001/jama.2010.167] [Medline: 20179286]

9. eMarketer. Older Americans Drive Growth of Wearables Internet. eMarketer Editors. 2018 Dec 13. URL: https://www.
emarketer.com/content/older-americans-drive-growth-of-wearables [accessed 2021-01-13]

10. Accenture. Silver surfers continue to make waves in ehealth. But are healthcare organizations swimming against the tide?
Insight Driven Health. 2016. URL: https://www.accenture.com/t20160829T222305__w__/us-en/_acnmedia/PDF-29/
Accenture-Silver-Surfers-Continue-to-Make-Waves.pdf [accessed 2017-03-30]

11. Chung AE, Skinner AC, Hasty SE, Perrin EM. Tweeting to Health: A Novel mHealth Intervention Using Fitbits and Twitter
to Foster Healthy Lifestyles. Clin Pediatr (Phila) 2017 Jan;56(1):26-32. [doi: 10.1177/0009922816653385] [Medline:
27317609]

12. Kelsey T, Cavendish W. Personalised health and care 2020: Using data and Technology to Transform Outcomes for Patients
and Citizens. A framework for action. National Information Board. 2014. URL: https://www.gov.uk/government/publications/
personalised-health-and-care-2020/using-data-and-technology-to-transform-outcomes-for-patients-and-citizens [accessed
2020-04-27]

13. Piwek L, Ellis DA, Andrews S, Joinson A. The Rise of Consumer Health Wearables: Promises and Barriers. PLoS Med
2016 Feb;13(2):e1001953 [FREE Full text] [doi: 10.1371/journal.pmed.1001953] [Medline: 26836780]

JMIR Aging 2021 | vol. 4 | iss. 1 | e19859 | p. 11https://aging.jmir.org/2021/1/e19859
(page number not for citation purposes)

Kim et alJMIR AGING

XSL•FO
RenderX

https://jmir.org/api/download?alt_name=aging_v4i1e19859_app1.docx&filename=c66dd80c74c9f0bf3d8f12ea47dad875.docx
https://jmir.org/api/download?alt_name=aging_v4i1e19859_app1.docx&filename=c66dd80c74c9f0bf3d8f12ea47dad875.docx
http://www.cmaj.ca/cgi/pmidlookup?view=long&pmid=16129869
http://dx.doi.org/10.1503/cmaj.050051
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16129869&dopt=Abstract
http://dx.doi.org/10.1093/gerona/59.3.m255
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=15031310&dopt=Abstract
https://ccforum.biomedcentral.com/articles/10.1186/cc9297
https://ccforum.biomedcentral.com/articles/10.1186/cc9297
http://dx.doi.org/10.1186/cc9297
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21345259&dopt=Abstract
http://dx.doi.org/10.1017/s0714980816000301
http://www.cmaj.ca/cgi/pmidlookup?view=long&pmid=24277703
http://dx.doi.org/10.1503/cmaj.130639
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24277703&dopt=Abstract
http://dx.doi.org/10.1097/CCM.0000000000000860
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25668751&dopt=Abstract
http://europepmc.org/abstract/MED/26400736
http://dx.doi.org/10.1093/gerona/glv084
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26400736&dopt=Abstract
http://europepmc.org/abstract/MED/20179286
http://dx.doi.org/10.1001/jama.2010.167
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20179286&dopt=Abstract
https://www.emarketer.com/content/older-americans-drive-growth-of-wearables
https://www.emarketer.com/content/older-americans-drive-growth-of-wearables
https://www.accenture.com/t20160829T222305__w__/us-en/_acnmedia/PDF-29/Accenture-Silver-Surfers-Continue-to-Make-Waves.pdf
https://www.accenture.com/t20160829T222305__w__/us-en/_acnmedia/PDF-29/Accenture-Silver-Surfers-Continue-to-Make-Waves.pdf
http://dx.doi.org/10.1177/0009922816653385
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27317609&dopt=Abstract
https://www.gov.uk/government/publications/personalised-health-and-care-2020/using-data-and-technology-to-transform-outcomes-for-patients-and-citizens
https://www.gov.uk/government/publications/personalised-health-and-care-2020/using-data-and-technology-to-transform-outcomes-for-patients-and-citizens
https://dx.plos.org/10.1371/journal.pmed.1001953
http://dx.doi.org/10.1371/journal.pmed.1001953
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26836780&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/


14. Swan M. Emerging patient-driven health care models: an examination of health social networks, consumer personalized
medicine and quantified self-tracking. Int J Environ Res Public Health 2009 Feb;6(2):492-525 [FREE Full text] [doi:
10.3390/ijerph6020492] [Medline: 19440396]

15. Baig MM, Afifi S, GholamHosseini H, Mirza F. A Systematic Review of Wearable Sensors and IoT-Based Monitoring
Applications for Older Adults - a Focus on Ageing Population and Independent Living. J Med Syst 2019 Jun 15;43(8):233.
[doi: 10.1007/s10916-019-1365-7] [Medline: 31203472]

16. McNelly AS, Rawal J, Shrikrishna D, Hopkinson NS, Moxham J, Harridge SD, et al. An Exploratory Study of Long-Term
Outcome Measures in Critical Illness Survivors: Construct Validity of Physical Activity, Frailty, and Health-Related Quality
of Life Measures. Crit Care Med 2016 Jun;44(6):e362-e369. [doi: 10.1097/CCM.0000000000001645] [Medline: 26974547]

17. Baldwin CE, Johnston KN, Rowlands AV, Williams MT. Physical Activity of ICU Survivors during Acute Admission:
Agreement of the activPAL with Observation. Physiother Can 2018 Feb;70(1):57-63 [FREE Full text] [doi:
10.3138/ptc.2016-61] [Medline: 29434419]

18. Baldwin C, Johnston K, Rowlands A, Fraysse F, Williams M. The Story of Sedentary Behaviour and Physical Activity by
Accelerometry: A Cohort Study of Adults From Awakening to ICU/Hospital Discharge. In: Australian Critical Care.
Amsterdam: Elsevier Ltd; Jan 1, 2019:A.

19. Cook DJ, Thompson JE, Prinsen SK, Dearani JA, Deschamps C. Functional recovery in the elderly after major surgery:
assessment of mobility recovery using wireless technology. Ann Thorac Surg 2013 Sep;96(3):1057-1061. [doi:
10.1016/j.athoracsur.2013.05.092] [Medline: 23992697]

20. Chen S, Honda T, Chen T, Narazaki K, Haeuchi Y, Supartini A, et al. Screening for frailty phenotype with
objectively-measured physical activity in a west Japanese suburban community: evidence from the Sasaguri Genkimon
Study. BMC Geriatr 2015 Apr 02;15:36 [FREE Full text] [doi: 10.1186/s12877-015-0037-9] [Medline: 25887474]

21. Ritt M, Schwarz C, Kronawitter V, Delinic A, Bollheimer LC, Gassmann KG, et al. Analysis of Rockwood et Al's Clinical
Frailty Scale and Fried et Al's Frailty Phenotype as Predictors of Mortality and Other Clinical Outcomes in Older Patients
Who Were Admitted to a Geriatric Ward. J Nutr Health Aging 2015 Dec;19(10):1043-1048. [doi:
10.1007/s12603-015-0667-9] [Medline: 26624218]

22. Charlson ME, Pompei P, Ales KL, MacKenzie CR. A new method of classifying prognostic comorbidity in longitudinal
studies: development and validation. J Chronic Dis 1987;40(5):373-383. [doi: 10.1016/0021-9681(87)90171-8] [Medline:
3558716]

23. Katz S, Ford AB, Moskowitz RW, Jackson BA, Jaffe MW. Studies of Illness in the Aged. The Index of ADL: A Standardized
Measure of Biological and Psychosocial Function. JAMA 1963 Sep 21;185:914-919. [doi:
10.1001/jama.1963.03060120024016] [Medline: 14044222]

24. Knaus WA, Draper EA, Wagner DP, Zimmerman JE. APACHE II: a severity of disease classification system. Crit Care
Med 1985 Oct;13(10):818-829. [Medline: 3928249]

25. Ely EW, Margolin R, Francis J, May L, Truman B, Dittus R, et al. Evaluation of delirium in critically ill patients: validation
of the Confusion Assessment Method for the Intensive Care Unit (CAM-ICU). Crit Care Med 2001 Jul;29(7):1370-1379.
[doi: 10.1097/00003246-200107000-00012] [Medline: 11445689]

26. Peterson MJ, Giuliani C, Morey MC, Pieper CF, Evenson KR, Mercer V, Health‚ AgingBody Composition Study Research
Group. Physical activity as a preventative factor for frailty: the health, aging, and body composition study. J Gerontol A
Biol Sci Med Sci 2009 Jan;64(1):61-68 [FREE Full text] [doi: 10.1093/gerona/gln001] [Medline: 19164276]

27. Rockwood K, Fox RA, Stolee P, Robertson D, Beattie BL. Frailty in elderly people: an evolving concept. CMAJ 1994 Feb
15;150(4):489-495 [FREE Full text] [Medline: 8313261]

28. Varadhan R, Chaves PHM, Lipsitz LA, Stein PK, Tian J, Windham BG, et al. Frailty and impaired cardiac autonomic
control: new insights from principal components aggregation of traditional heart rate variability indices. J Gerontol A Biol
Sci Med Sci 2009 Jun;64(6):682-687 [FREE Full text] [doi: 10.1093/gerona/glp013] [Medline: 19223607]

29. Chaves PHM, Varadhan R, Lipsitz LA, Stein PK, Windham BG, Tian J, et al. Physiological complexity underlying heart
rate dynamics and frailty status in community-dwelling older women. J Am Geriatr Soc 2008 Sep;56(9):1698-1703 [FREE
Full text] [doi: 10.1111/j.1532-5415.2008.01858.x] [Medline: 19166446]

30. Ogliari G, Mahinrad S, Stott DJ, Jukema JW, Mooijaart SP, Macfarlane PW, et al. Resting heart rate, heart rate variability
and functional decline in old age. CMAJ 2015 Oct 20;187(15):E442-E449 [FREE Full text] [doi: 10.1503/cmaj.150462]
[Medline: 26323697]

31. Sajadieh A, Nielsen OW, Rasmussen V, Hein HO, Abedini S, Hansen JF. Increased heart rate and reduced heart-rate
variability are associated with subclinical inflammation in middle-aged and elderly subjects with no apparent heart disease.
Eur Heart J 2004 Mar;25(5):363-370. [doi: 10.1016/j.ehj.2003.12.003] [Medline: 15033247]

32. Curtis E, Romanowski K, Sen S, Hill A, Cocanour C. Frailty score on admission predicts mortality and discharge disposition
in elderly trauma patients over the age of 65 y. J Surg Res 2018 Oct;230:13-19. [doi: 10.1016/j.jss.2018.04.017] [Medline:
30100028]

33. Kroll RR, McKenzie ED, Boyd JG, Sheth P, Howes D, Wood M, WEARable Information Technology for hospital INpatients
(WEARIT-IN) study group. Use of wearable devices for post-discharge monitoring of ICU patients: a feasibility study. J
Intensive Care 2017 Nov 21;5(1):64 [FREE Full text] [doi: 10.1186/s40560-017-0261-9] [Medline: 29201377]

JMIR Aging 2021 | vol. 4 | iss. 1 | e19859 | p. 12https://aging.jmir.org/2021/1/e19859
(page number not for citation purposes)

Kim et alJMIR AGING

XSL•FO
RenderX

https://www.mdpi.com/resolver?pii=ijerph6020492
http://dx.doi.org/10.3390/ijerph6020492
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19440396&dopt=Abstract
http://dx.doi.org/10.1007/s10916-019-1365-7
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31203472&dopt=Abstract
http://dx.doi.org/10.1097/CCM.0000000000001645
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26974547&dopt=Abstract
http://europepmc.org/abstract/MED/29434419
http://dx.doi.org/10.3138/ptc.2016-61
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29434419&dopt=Abstract
http://dx.doi.org/10.1016/j.athoracsur.2013.05.092
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23992697&dopt=Abstract
https://bmcgeriatr.biomedcentral.com/articles/10.1186/s12877-015-0037-9
http://dx.doi.org/10.1186/s12877-015-0037-9
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25887474&dopt=Abstract
http://dx.doi.org/10.1007/s12603-015-0667-9
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26624218&dopt=Abstract
http://dx.doi.org/10.1016/0021-9681(87)90171-8
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=3558716&dopt=Abstract
http://dx.doi.org/10.1001/jama.1963.03060120024016
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=14044222&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=3928249&dopt=Abstract
http://dx.doi.org/10.1097/00003246-200107000-00012
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=11445689&dopt=Abstract
http://europepmc.org/abstract/MED/19164276
http://dx.doi.org/10.1093/gerona/gln001
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19164276&dopt=Abstract
http://www.cmaj.ca/cgi/pmidlookup?view=reprint&pmid=8313261
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=8313261&dopt=Abstract
http://europepmc.org/abstract/MED/19223607
http://dx.doi.org/10.1093/gerona/glp013
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19223607&dopt=Abstract
http://europepmc.org/abstract/MED/19166446
http://europepmc.org/abstract/MED/19166446
http://dx.doi.org/10.1111/j.1532-5415.2008.01858.x
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19166446&dopt=Abstract
http://www.cmaj.ca/cgi/pmidlookup?view=long&pmid=26323697
http://dx.doi.org/10.1503/cmaj.150462
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26323697&dopt=Abstract
http://dx.doi.org/10.1016/j.ehj.2003.12.003
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=15033247&dopt=Abstract
http://dx.doi.org/10.1016/j.jss.2018.04.017
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30100028&dopt=Abstract
https://jintensivecare.biomedcentral.com/articles/10.1186/s40560-017-0261-9
http://dx.doi.org/10.1186/s40560-017-0261-9
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29201377&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/


34. Shcherbina A, Mattsson CM, Waggott D, Salisbury H, Christle JW, Hastie T, et al. Accuracy in Wrist-Worn, Sensor-Based
Measurements of Heart Rate and Energy Expenditure in a Diverse Cohort. J Pers Med 2017 May 24;7(2) [FREE Full text]
[doi: 10.3390/jpm7020003] [Medline: 28538708]

35. Vaz Fragoso CA, Gahbauer EA, Van Ness PH, Gill TM. Sleep-wake disturbances and frailty in community-living older
persons. J Am Geriatr Soc 2009 Nov;57(11):2094-2100 [FREE Full text] [doi: 10.1111/j.1532-5415.2009.02522.x] [Medline:
19793356]

36. Ensrud KE, Blackwell TL, Ancoli-Israel S, Redline S, Cawthon PM, Paudel ML, et al. Sleep disturbances and risk of frailty
and mortality in older men. Sleep Med 2012 Dec 11;13(10):1217-1225 [FREE Full text] [doi: 10.1016/j.sleep.2012.04.010]
[Medline: 22705247]

37. Young JS, Bourgeois JA, Hilty DM, Hardin KA. Sleep in hospitalized medical patients, part 1: factors affecting sleep. J
Hosp Med 2008;3(6):473-482. [doi: 10.1002/jhm.372] [Medline: 19084897]

38. de Zambotti M, Baker FC, Willoughby AR, Godino JG, Wing D, Patrick K, et al. Measures of sleep and cardiac functioning
during sleep using a multi-sensory commercially-available wristband in adolescents. Physiol Behav 2016 May 01;158:143-149
[FREE Full text] [doi: 10.1016/j.physbeh.2016.03.006] [Medline: 26969518]

39. Mantua J, Gravel N, Spencer RMC. Reliability of Sleep Measures from Four Personal Health Monitoring Devices Compared
to Research-Based Actigraphy and Polysomnography. Sensors (Basel) 2016 May 05;16(5) [FREE Full text] [doi:
10.3390/s16050646] [Medline: 27164110]

40. Zampieri FG, Iwashyna TJ, Viglianti EM, Taniguchi LU, Viana WN, Costa R, ORCHESTRA Study Investigators. Association
of frailty with short-term outcomes, organ support and resource use in critically ill patients. Intensive Care Med 2018
Sep;44(9):1512-1520. [doi: 10.1007/s00134-018-5342-2] [Medline: 30105600]

41. McIsaac DI, Beaulé PE, Bryson GL, Van Walraven C. The impact of frailty on outcomes and healthcare resource usage
after total joint arthroplasty. The Bone & Joint Journal 2016 Jun;98-B(6):799-805. [doi: 10.1302/0301-620x.98b6.37124]

42. Puts MTE, Toubasi S, Andrew MK, Ashe MC, Ploeg J, Atkinson E, et al. Interventions to prevent or reduce the level of
frailty in community-dwelling older adults: a scoping review of the literature and international policies. Age Ageing 2017
May 01;46(3):383-392 [FREE Full text] [doi: 10.1093/ageing/afw247] [Medline: 28064173]

43. Fasano A, Mancini M. Wearable-based mobility monitoring: the long road ahead. In: Lancet Neurol. Amsterdam: Elsevier
Ltd; Feb 11, 2020:378-379.

44. Heyland DK, Garland A, Bagshaw SM, Cook D, Rockwood K, Stelfox HT, et al. Recovery after critical illness in patients
aged 80 years or older: a multi-center prospective observational cohort study. Intensive Care Med 2015
Nov;41(11):1911-1920. [doi: 10.1007/s00134-015-4028-2] [Medline: 26306719]

45. Ferrante LE, Pisani MA, Murphy TE, Gahbauer EA, Leo-Summers LS, Gill TM. Factors Associated with Functional
Recovery among Older Intensive Care Unit Survivors. Am J Respir Crit Care Med 2016 Aug 01;194(3):299-307 [FREE
Full text] [doi: 10.1164/rccm.201506-1256OC] [Medline: 26840348]

Abbreviations
APACHE II: Acute Physiology and Chronic Health Evaluation II
CFS: Clinical Frailty Scale
HR: heart rate
ICU: intensive care unit
ICU LOS: intensive care unit length of stay
PSG: polysomnography
TST: total sleep time

Edited by J Wang; submitted 04.05.20; peer-reviewed by S Liu, C Mueller, C Kruse; comments to author 10.09.20; revised version
received 30.11.20; accepted 19.12.20; published 23.02.21

Please cite as:
Kim B, Hunt M, Muscedere J, Maslove DM, Lee J
Using Consumer-Grade Physical Activity Trackers to Measure Frailty Transitions in Older Critical Care Survivors: Exploratory
Observational Study
JMIR Aging 2021;4(1):e19859
URL: https://aging.jmir.org/2021/1/e19859
doi: 10.2196/19859
PMID: 33620323

JMIR Aging 2021 | vol. 4 | iss. 1 | e19859 | p. 13https://aging.jmir.org/2021/1/e19859
(page number not for citation purposes)

Kim et alJMIR AGING

XSL•FO
RenderX

https://www.mdpi.com/resolver?pii=jpm7020003
http://dx.doi.org/10.3390/jpm7020003
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28538708&dopt=Abstract
http://europepmc.org/abstract/MED/19793356
http://dx.doi.org/10.1111/j.1532-5415.2009.02522.x
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19793356&dopt=Abstract
http://europepmc.org/abstract/MED/22705247
http://dx.doi.org/10.1016/j.sleep.2012.04.010
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22705247&dopt=Abstract
http://dx.doi.org/10.1002/jhm.372
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19084897&dopt=Abstract
http://europepmc.org/abstract/MED/26969518
http://dx.doi.org/10.1016/j.physbeh.2016.03.006
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26969518&dopt=Abstract
https://www.mdpi.com/resolver?pii=s16050646
http://dx.doi.org/10.3390/s16050646
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27164110&dopt=Abstract
http://dx.doi.org/10.1007/s00134-018-5342-2
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30105600&dopt=Abstract
http://dx.doi.org/10.1302/0301-620x.98b6.37124
http://europepmc.org/abstract/MED/28064173
http://dx.doi.org/10.1093/ageing/afw247
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28064173&dopt=Abstract
http://dx.doi.org/10.1007/s00134-015-4028-2
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26306719&dopt=Abstract
http://europepmc.org/abstract/MED/26840348
http://europepmc.org/abstract/MED/26840348
http://dx.doi.org/10.1164/rccm.201506-1256OC
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26840348&dopt=Abstract
https://aging.jmir.org/2021/1/e19859
http://dx.doi.org/10.2196/19859
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33620323&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/


©Ben Kim, Miranda Hunt, John Muscedere, David M Maslove, Joon Lee. Originally published in JMIR Aging
(http://aging.jmir.org), 23.02.2021. 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 http://aging.jmir.org, as well as this copyright and license information must be included.

JMIR Aging 2021 | vol. 4 | iss. 1 | e19859 | p. 14https://aging.jmir.org/2021/1/e19859
(page number not for citation purposes)

Kim et alJMIR AGING

XSL•FO
RenderX

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

