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Abstract

Background: With the rise of digital technology, infrastructure development has become vital for social welfare and public
health. However, evidence on its effects on depressive symptoms among middle-aged and older adults remains limited.

Objective: This study evaluates the impact of digital infrastructure development on depressive symptoms among middle-aged
and older adults, focusing on underlying mechanisms, heterogeneous effects, and health inequalities.

Methods. We uselongitudina datafrom the ChinaHealth and Retirement Longitudinal Study (CHARLS), 2011-2020 (N=56,211).
Exploiting the quasi-natural experiment of the “Broadband China’ pilot policy, we apply a difference-in-differences approach
to estimate the effect on depressive symptoms. Mediation analysis follows the Baron-Kenny 3-step procedure, with bootstrap
tests (95% ClI) for robustness, and causal interpretation relies on standard assumptions for observational data. Subgroup analyses
explore heterogeneity across age, education, and sex groups.

Results: Our findingsindicate that the “ Broadband China” pilot significantly reduces depressive symptoms among middle-aged
and older adults (—0.33, P<.01). The positive effect is primarily mediated through strengthened social networks, including increased
family connection, close social interactions, and greater social participation. Heterogeneity analysis shows that the benefits for
depression reduction are more pronounced among women (—0.38, P<.01), middle-aged adults (-0.41, P<.01), and those with
lower levels of education (—0.33, P<.01). Moreover, the results suggest that digital infrastructure plays a compensatory role in
mitigating health disparities, thereby reducing inequalities in depression outcomes (—-0.01, P<.01).

Conclusions: Digital infrastructure reduces depressive symptoms among aging populations mainly by strengthening social
networks. Embedding infrastructure into long-term strategies, enhancing digital literacy, and integrating digital health services
are key to promoting healthy aging and reducing inequalities.

(IMIR Aging 2025;8:€79260) doi: 10.2196/79260
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: 21st century, the global population aged 65 years and older is
Introduction expected to reach 2.2 hillion, surpassing the population of
Background children younger than 18 years, and this proportion will continue

i . o to rise. Chind's aging process is particularly rapid, with the
Population aging has become a significant challengeto global 1y 1 atjon aged 65 years and ol der accounting for 15.6% of the

soci_oeconomic development_[l]. According to the United {54 in 2024, and this share is expected to accelerate in the
Nations' 2024 World Population Prospects, by the end of the  ¢oming decades. In this context, the health—particularly the
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mental health dimension, such as depression—of middle-aged
and older adults is not only crucia for individual well-being
but also profoundly impacts health care resource allocation, the
stability of social security systems, and sustainable economic
development.

In recent years, improvements in social security systems and
advancementsin medical technol ogies have somewhat enhanced
the physical health of middle-aged and older adults, but
depression has till not received adequate attention [2].
Depression isone of the most common psychological disorders
among older adults. Studies show that the global prevalence of
major depression is as high as 9.7% [3], while the depression
rate for middle-aged and older adults in China is 24.1% [4],
with severe depression accounting for 2.3% [5]. Depressive
symptoms not only increase individual medical expenditures
and social health care burdens[6] but may also impair the social
functioning of middle-aged and older adults, reducetheir quality
of life, and further affect social welfare systems and
macroeconomic development [7]. However, current health
evaluation systems often underestimate the long-term
socioeconomic impacts of depression, leading to its neglect in
public policy and resource allocation [8]. In this context, how
to effectively reduce depressive symptoms among middle-aged
and older adults has become a key issue for advancing healthy

aging.

Sacial networks are considered one of the most important factors
affecting the depression status of middle-aged and older adults.
Asretirement, children’s migration for work, and the increased
mobility of social networks take place, interactions with the
outside world may decrease, leading to an increased sense of
social isolation, which exacerbates depressive symptoms [9].
Social networksnot only include direct face-to-face interactions
but al so extend to remote social connectionsfacilitated by digital
technology [10]. Existing studies show that middle-aged and
older adultswith lower levels of social networks are more prone
to anxiety and depression, while actively maintaining social
relationships helps reduce depressive symptoms [11]. The
promotion of digital infrastructure development and the
widespread availability of the internet have provided
middle-aged and older adults with new social channels,
alleviating social isolation to some extent. The application of
digital technology can help reduce depression by enhancing
socia networks and increasing social support [12]. On the one
hand, the internet allows middle-aged and older adults to
maintain closer contact with their children and friends, reducing
socia alienation and thus lowering feelings of loneliness and
risk of depression [13]. On the other hand, the use of social
mediaand web-based interaction platforms expandstheir social
networks, enhancing their sense of socia participation and
helping to alleviate depressive symptoms [14].

However, there is still controversy regarding the impact of
digital technology on depression among middle-aged and older
adults. One view holds that digital technology can compensate
for the social interaction and participation deficits of
middle-aged and older adults, thus reducing depressive
symptoms[15]. Another view, based on the “ substitution effect
of presence,” arguesthat excessivereliance on digital technology
may reduce real-world socia interactions, weakening the
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emotional support provided by face-to-face communication,
and thus negatively affecting depression outcomes [16].
Moreover, excessive use of social mediamay also lead to issues
such as information overload and internet fraud, increasing
anxiety and psychological stress [17]. Although these studies
provide valuable insights into the relationship between digital
technology and depression, there is still no consensus in the
academic community regarding how digital infrastructure
impacts the depressive symptoms of middle-aged and older
adults. Current research mainly focuses on internet use at the
individual level, with less attention paid to the systemic impact
of digital infrastructure development as an exogenous variable.
Additionally, therole of social networksin thisprocessremains
underexplored. Therefore, examining how digital infrastructure
development influences the depressive symptoms of
middle-aged and older adults through the enhancement of social
networksis not only of significant academic value but also has
practical implications for policy-making on healthy aging.

Based on this, this paper uses the quasi-natural experiment of
the “Broadband China” pilot policy to systematically examine
the effect of digital infrastructure development on depressive
symptoms among middle-aged and older adults and explorethe
mechanisms through social networks. Compared with existing
studies, the main contributions of this paper are asfollows: First,
rigorous identification leveraging policy shocks. Existing
research has focused on the correlation between individual
internet use and depression, making it difficult to overcome
endogeneity issues. This paper uses the “Broadband China’
pilot, applying the difference-in-differences (DID) method to
estimate the effect of digital infrastructure development on
depressive symptoms, providing more externally valid empirical
evidence for policy optimization. Second, it reveals the role of
socia networks. Although socia networks are considered an
important factor influencing depression, few studies have
focused on how digital infrastructure reshapesthe social patterns
of middle-aged and older adults and their implications for
depressive symptoms. This paper focuses on how digital
infrastructure enhances family connection, close social
interactions, and social participation, improving social
interaction levels, thereby aleviating loneliness and reducing
depressive symptoms, filling a gap in the literature. Third,
expanding the perspective of health inequality. This paper
further examines the heterogeneous effects of digita
infrastructure development across different sexes, ages, and
socioeconomic groups and, by combining the Kakwani relative
deprivation index, reveals how the digital divide affects
inequality in depression outcomes among middle-aged and ol der
adults. Thisanalysis not only deepens the understanding of the
socia effects of digital infrastructure development but also
provides empirical support for the government to develop
targeted healthy aging policies.

Policy Background and Theoretical Framework

Policy Background

Asan essential component of digital infrastructure, broadband
networks are not only the cornerstone of information technology
development but also have a profound impact on residents
psychological well-being and risk of depression. To accelerate
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the spread of broadband networks, the State Council released
the “Broadband China Strategy and Implementation Plan” in
August 2013, which emphasized promoting the nationwide
construction of high-speed, secure, and green digital
infrastructure through regiona pilot projects. From 2014 to
2016, pilot citieswere selected in 3 batches, gradually expanding
the scope of broadband access services[18]. The core abjective
of this strategy was to improve network coverage and
transmission speed to meet the demands of socioeconomic
entitiesfor high-quality internet services, while aso promoting
theintegration of broadband networkswith other infrastructure
and public services through increased fiscal investment,
government guidance, interdepartmental collaboration, and
technological innovation [19].

In the field of depression and psychological well-being, the
popularization of broadband networks has provided essential
support for the social connections and emotional health of
middle-aged and older adults. High-quality internet access not
only enables them to maintain closer contact with family and
friends, reducing feelings of social isolation, but also lays the
foundation for the widespread use of web-based socia platforms,
community interaction, and remote psychological services.
Through the application of digital technologies, older adults
can more easily participate in community activities, social
organizations, and volunteer programs, enhancing their sense
of socia participation and belonging, which in turn helpsreduce
depressive symptoms [20]. Therefore, the “ Broadband China’
strategy is not only an important initiative in advancing the
nation’sinformatization construction but a so provides anatural
quasi-experiment for researching how digita infrastructure
influences depression among middle-aged and older adults.

Theoretical Framework

The theory of resocialization suggests that individuals must
continually adapt to new social environments, roles, and norms
throughout their lives to maintain physical and psychological
health, particularly in preventing depression, and redize
self-worth. However, traditional social structure changes,
adjustments in intergenerational relationships, and role
transitions after retirement present challenges for middle-aged
and older adults, such as shrinking social networks and reduced
social participation, which may exacerbate feelingsof loneliness
and psychological imbalance [21]. In this context, digital
infrastructure construction, as an essential support for social
modernization, provides middle-aged and older adultswith new
pathways for socidization [22], enabling them to access
information more conveniently and expand their social
interactions, thus reducing depression risk [23]. Existing studies
have shown that internet use can effectively alleviate social
i solation among middle-aged and older adultsand improvetheir
socia adaptability and health [24]. By optimizing information
accessibility and the convenience of social interactions, digital
infrastructure offers middle-aged and ol der adults broader social
channels, enhancing their adaptability to social changes. This
not only reduces loneliness but also increases a sense of
belonging and self-efficacy, thereby lowering depressive
symptoms[25].
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The theory of social support further elucidates the mechanism
through which digital infrastructure construction affects
depression outcomes of middle-aged and older adults. Social
support includes emotional support, belonging, being valued,
practical help, aswell asinformation and guidance, all of which
are vital external resources affecting mental health [26]. The
improvement of digital infrastructure has facilitated efficient
interactions among family members, allowing middle-aged and
older adults to communicate more smoothly with children and
friends, thus alleviating emotional loneliness dueto generational
gaps or physical separation [27]. The development of digital
services, such as smart payment, web-based government
services, and telemedicine, has reduced the uncertainty in daily
life, enabling middle-aged and older adults to gain greater
autonomy and security in social activities, health care, and
financia transactions, helping individual s better understand and
adjust their psychological states and enhancing their ability to
cope with psychological stress. Based on this, the following
hypothesisis proposed:

- H1: Digital infrastructure development reduces depressive
symptoms among middle-aged and older adults.

Social networksrefer to stablerelational systemsformed during
individuals' social interactions[28], typically consisting of both
strong and weak ties. Strong ties are primarily found among
close family members and intimate friends, characterized by
strong emotional connections and stability [29], whileweak ties
include neighbors, community members, or interest groupswith
lower interaction frequencies. Although emotional bonds are
weaker, weak ties offer greater information heterogeneity and
facilitate resource acquisition and socia integration [30]. An
individua’s social network isnot only aplatform for exchanging
information and resources but also a significant source of
emotional support and socia recognition. However, as people
age, the socia networks of middle-aged and older adults
gradually shrink, leading to fewer social opportunities and
increased loneliness, which negatively affects their depression
outcomes [31]. Research indicates that emotional support has
asignificant impact on depressive symptoms among older adults
[32], and the widespread adoption of digital infrastructure
provides middle-aged and older adults with low-cost and
convenient social channels, allowing them to reconstruct social
connections through digital platforms such as social mediaand
web-based communities, expanding their socia circles and
maintaining interactions within their existing social networks.
On the one hand, this strengthens the strong-tie network between
middle-aged and older adults and their families and friends,
enabling them to maintain more frequent emotional connections
despite geographical and temporal limitations[13]. On the other
hand, it expands weak-tie networks, allowing them to connect
with like-minded peers through web-based communities and
interest forums, enhancing social interaction and social support
[33]. This dua optimization mechanism not only improves
emotional support but also increases social participation,
effectively alleviating loneliness and psychological stress,
thereby reducing depressive symptoms. Based on this, the
following hypotheses are proposed:
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-« H2: Digital infrastructure development improves the
depression outcomes of middle-aged and older adults by
enhancing their socia networks.

- H2a Digitad infrastructure development alleviates
depressive symptoms among middle-aged and older adults
by strengthening their family connections.

- HZ2b: Digita infrastructure development alleviates
depressive symptoms among middle-aged and older adults
by enhancing their close social interactions.

- H2c: Digital infrastructure development alleviates
depressive symptoms among middle-aged and older adults
by promoting their social participation.

As digital technologies continue to develop, the digital divide
has become an important manifestation of socia inequality,
exacerbating economic inequality [34], knowledge inequality
[35], and educationa inequality [36], as well as having a
profound impact on depression among different groups.
Particularly in rural areas with underdeveloped digital
infrastructure and among middle-aged and older adults with
low incomes and educationa levels, inadequate access to
information often prevents them from obtaining necessary
resourcesfor depression prevention and intervention in atimely
manner. Numerous studies have shown that information
asymmetry is a key factor in the deterioration of depressive
symptoms [37], especially regarding knowledge about
depression, intervention measures, and access to medical
resources [38]. The construction of digital infrastructure, by
providing more convenient internet access and information
channels, can help these disadvantaged groups break through
information barriersand gain timely knowledge and web-based

Li

support related to depression, thus effectively narrowing the
inequalities in depression outcomes caused by information
asymmetry and regional differences.

The construction of digital infrastructure is not only atool for
the flow of information but also provides new avenues for the
accumulation of social capital. Social capital theory posits that
anindividual’sdepression statusis closely related to the breadth
and depth of their social support network [39]. For middlie-aged
and older adults, alack of socia support and feelings of isolation
are magor factors contributing to depressive symptoms,
especialy for economically disadvantaged groups. Traditional
social support networks, constrained by geographical, cultural,
and generational differences, often fail to meet the needs of
these groups. The widespread use of digital technologies,
particularly the internet and social media, offers middle-aged
and older adults more social platformsand interaction channels,
enabling them to break the limitations of traditional social
networks and establish digital connections with other groups,
gaining more emotiona support and psychological guidance
[40]. Through these digital platforms, older adults can form
new social support networks, significantly reducing the
inequalitiesin depression caused by differencesin social capital.
Based on this, the following hypothesisis proposed:

- H3: Digita infrastructure development helps reduce

inequalities in depressive symptoms among middle-aged
and older adults.

In summary, the research framework for this study isillustrated
in Figure 1.

Figure 1. Research framework. Thisfigure presents the conceptual framework of the study. All variables are measured in each wave of the panel data

(2011, 2013, 2015, 2018, and 2020).

B  Family Connection
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Health Dicital Infrastructure Close Social Depressive
Inequality © Interaction : Symptoms
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|
|
|
|
_______________________ I
Methods representative survey conducted by the National School of
Development at Peking University. Since 2011, CHARLS has
Data Source carried out follow-up surveys every 2 to 3 years, covering 150

The data for this study are drawn from the China Health and
Retirement Longitudinal Study (CHARLS), a nationaly
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districts and counties nationwide through a multi-stage,
probability-proportional-to-size sampling design [41,42]. The
survey repeatedly collects extensive information on
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respondents—including demographic
socioeconomic  conditions, health status,
structure—ensuring comparability across waves.

This study uses 5 survey waves (2011, 2013, 2015, 2018, and
2020). The dependent variable, depressive symptoms (measured
by the Center for Epidemiologic Studies Depression Scale
[CES-D] 10 scale), is consistently available across all waves.
Time-varying individual-level covariates—such as age, sex,
marital status, education, family size, pension status, insurance
coverage, and chronic disease status—are also updated in each
wave. The key explanatory variable, digital infrastructure
development, is constructed by linking city-level “Broadband
Chind’ pilot policy data to respondents based on their place of
residence in each survey year.

characteristics,
and family

The original pooled dataset contained more than 60,000
person-wave observations. To handle missing data, we applied
listwise deletion, excluding respondents with incomplete
information on the dependent variable or any covariates. The
final analytic sample comprises 56,211 person-wave
observations of adults aged 45 years and older. Because the
proportion of missing cases was modest and not systematically
patterned, the resulting sample remains broadly representative,
and the risk of bias due to missing datais minimal.

Ethical Consider ations

The CHARLS project was reviewed and approved by the
Ingtitutional Review Board of Peking University
(IRB00001052-11015). All participants, including middle-aged
and older adults, provided written informed consent prior to
participation. This study used deidentified, publicly available
data, and all procedures complied with the ethical standards of
the Declaration of Helsinki. Participants' privacy and
confidentiality were maintained throughout the study. No further
ethics approval was required for this secondary data analysis.

Variable Definitions

The core explanatory variable of this study is digita
infrastructure development. According to the “Broadband
Ching’ Strategy and Implementation Plan issued by the State
Council in 2013, the core goal s of the strategy include enhancing
broadband network coverage, optimizing network service
quality, and promoting the development of digital applications
to improve regional digital infrastructure. The implementation
of the “Broadband China’ strategy not only represents the
government’s systematic investment in digital infrastructure
but a so has created significant regional infrastructure disparities,
providing a suitable policy experiment environment for this
study. Therefore, following the approaches of Peng et al [43],
Heet al [44], and Jiaand Li [45], thisstudy usesthe“ Broadband
Chingd’ pilot policy as a proxy for digital infrastructure
development. If middle-aged and older adult individual i in city
c wasincluded in the “Broadband China’ pilot program in year
t, the binary variable did is assigned a value of 1; otherwise, it
isassigned avalue of 0. For individualswho changed residence
during the observation period, the assignment of did was based
on the policy status of their current city in each survey wave,
thereby dynamically capturing the actual local policy
environment experienced by each respondent. Since the
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proportion of cross-city movers in the sample was very small,
the potential influence of such cases on the estimation results
isnegligible.

The dependent variable in this study is depressive symptoms
among middle-aged and older adults. Based on the work of Ma
et a [46], depressive symptoms were measured using the
CES-D. This scae includes 10 questions related to core
symptoms and common manifestations of depression, such as:
“1 get upset over little things,” “1 have trouble concentrating,”
“1 feel downhearted,” “1 feel that things are an effort,” “1 am
hopeful about the future,” “I feel frightened,” “I have trouble
deeping,” “I feel happy,” “1 feel lonely,” and “1 feel like | can’t
continue my life” CHARLS asks respondents about their
feelings and behaviors during the previous week, with response
options ranging from “Rarely or none of the time (<1 day)” to
“Most of thetime (5-7 days).” Each itemis scored from O to 3,
with 2 items, “1 am hopeful about the future” and “1 feel happy,”
being reverse-coded to align with the other items. The total
score for these 10 items is the CES-D score, which serves as
the depression outcome variablein this study, with arangefrom
0 to 30. A higher score indicates worse depressive symptoms.
The CES-D has been widely applied in studies of middle-aged
and older adults, and previous research has demonstrated its
good reliability and validity [47,48].

The mechanism variable in this study is the social network of
middle-aged and older adults, which includes family
connections, close social interactions, and social participation.
According to socia network theory, the network is not only
characterized by the breadth of relationships but also by their
intimacy [30]. Therefore, the 3 dimensions sel ected in this study
reflect varying degrees of intimacy in socia relationships.
Family connection, as the most intimate dimension of socia
contact, is measured by the frequency of contact with children.
This frequency is based on the response to the question “How
often do you see your children when you don’t live with them?’
The response scale covers multiple time frames, ranging from
“amost every day,” “two to three times per week,” “once a
week,” “once every two weeks,” “once a month,” *once every
three months,” “once every six months,” and “once ayear,” to
“amost never” Thus, the measure captures the regularity of
parent-child contact across daily, weekly, monthly, and annual
intervals. Values range from 1 to 9, where a higher score
indicates less frequent contact and reflects weaker family
connections. For middle-aged and older adults with multiple
children, the mean frequency across al children is used. Close
social interactions represent looser social relationships and are
measured by the response to “Have you visited friends or
sociaized in the past month?’ A response of “Yes” isassigned
avalue of 1, and “No” is assigned a value of 0. Close social
interactions reflect the frequency of interaction with nonfamily
members, which typically offers emotiona support and
psychological relief, while indicating interaction with a more
distant social circle. Socia participation reflects broader social
connections and indicates the extent of involvement in public
and external social arenas. Social participation is measured by
responses to whether, in the past month, the individual
participated in activities such as* playing mahjong, chess, cards,

or attending community events,” “joining social or volunteer

” o
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activities,” or “attending educational or training courses.” A
response of “Yes’ is scored as 1, otherwise 0. The social
participation scoreisthe sum of these 4 activities, ranging from
0 to 4, indicating the individua’s involvement in social
interaction and public affairs.

This study aso controls for other factors that may affect the
depressive symptoms of middle-aged and older adults, including
individual characteristics (such asresidence, sex, age, education

Table 1. Variable definitions and descriptive statistics.

Li

level, ethnicity, pension insurance, health insurance, and chronic
diseases) and family characteristics (such as marital status and
household size). Furthermore, the study controls for time fixed
effectsand city fixed effects. All datamanagement and statistical
analyseswere performed using Stata (version 18.0; Stata Corp).
Descriptive statistics for the relevant variables are shown in
Table 1, with additional descriptive statistics by survey wave
reported in Multimedia Appendix 1.

Variable type and variable name Variable definition and assignment Mean (SD) Min Max
Dependent variable
Depressive symptoms A continuous variable is constructed based on the CES-D® 8223 (6.221) 0 30
(higher score indicates more severe depressive symptoms)
Coreexplanatory variable
Did “Broadband Chind’ pilot policy x year 0.208 (0.406) 0 1
Control variables
Residence Respondent’s residence (Urban = 0, Rurd = 1) 0.597 (0.491) 0 1
Sex Respondent’s sex (Female =0, Male=1) 0.483 (0.5) 0 1
Age (years) Respondent’s actual age at the time of the survey 61.41 (10.008) 46 120
Education Respondent’s education (Below Primary = 1, Primary =2, 2.018 (1.062) 1 4
Secondary = 3, High School and Above = 4)
Ethnicity Ethnicity of Respondents (Non-Han = 0, Han = 1) 0.924 (0.266) 0 1
Pension Respondent’s pension insurance status (No pension insur-  0.59 (0.492) 0 1
ance = 0, Any pension insurance = 1)
Health insurance Respondent’s health insurance status (No health insurance  0.948 (0.222) 0 1
=0, Any health insurance = 1)
Chronic disease Wh)ether the respondent has chronic diseases (No =0, Yes 0.764 (0.425) 0 1
=1
Marital status R)espondent’s marital status (Not married =0, Married=  0.856 (0.351) 0 1
1
Household size Number of family members of the respondent 3.176 (1.639) 1 16

8CES-D: Center for Epidemiologic Studies Depression Scale.

Model Specification

In economic and social research, the DID method iscommonly
used to assess policy effects. Thefundamental approach involves
treating the policy pilot as an exogenous “quasi-natural
experiment.” Theimplementation of the Broadband Chinapilot
policy may generate pre- and postimplementation differences
within the pilot regions, as well as differences between pilot
and nonpilot regions at the same point in time. By performing
regression analysison these 2 types of differences, the net effect
of the policy on the depressive symptoms of middle-aged and
older adults can be effectively identified. Therefore, this study
treats the Broadband Chinapolicy asaquasi-natural experiment
and uses the DID method to examine its impact. The baseline
regression model is specified as follows:

Depression;=0g+B,DIDg+B,Controlget Yetdteiq

@
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Where the subscripts i, ¢, and t represent individual, city, and
time, respectively. Depression,y is the dependent variable,
indicating thelevel of depressive symptoms of middle-aged and
older adult individua i in city c at year t. DID is the core
explanatory variable, representing whether city ¢ implemented
the “Broadband China’ pilot in year t. It isthe interaction term
between the city-level trestment group indicator and the preand
postpilot implementation dummy variablesfor the “ Broadband
China’ initiative. Controls,, represents the individual and
household-level control variables. y, and &, are the city fixed
effects and time fixed effects, respectively. g is the random
error term.

Thevalidity of the estimation in equation 1 relieson the parallel
trend assumption, which asserts that, in the absence of policy
intervention, the dependent variable trends of the treatment and
control groups should exhibit similar patterns. To test this
assumption and explore the dynamic effects of the policy, the
study adopts an event study approach, following the
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methodology of Beck et al [49]. The model for the dynamic
effect analysisis asfollows:
2020
Depression;., = ay + Z B.:DID., + B,Controls;.; + v, + 6; + €ice  (2)
t=2011
Where [3; represents the estimated val ues corresponding to the

years 2011-2020. The definitions of other variables are
consistent with those in equation 1.

The Kakwani relative deprivation index [50] effectively
quantifiesdisparitiesin depressive symptoms. According to the
theory of relative deprivation, individuals with poorer health
experience greater health deprivation and higher level s of health
inequality. Thisstudy followsthe methodologiesof Li et al [41]
and Turguttopbas [51] and uses the Kakwani index to measure
inequality in depressive symptoms. Specifically, since our data
arepanel in nature, theindex was computed on awave-by-wave
basis (2011, 2013, 2015, 2018, and 2020). In each wave, the
depressive symptom levels of middle-aged and older adults
were ranked, and the relative deprivation value of each
individual was calculated within that year's reference group.
As a result, every respondent has a time-varying relative
deprivation value, reflecting their relative health position in
each survey year. Formally, let Y represent the reference group
in year t, with a sample size of n, and depressive symptom
distribution vector y=(y1, Y2, Y3, Yna, Yn), Wherey; <y, <y, <
Yn-1 < Yo Therefore, the relative deprivation index RD (y;, ;)
of middle-aged and older adult individual i compared with
individual j is defined as:

if yi>w

4
if Yi Sy @

N
RD (¥, ;) ={ Lo

Based on equation 4, the average relative deprivation index of
depressive symptoms for individual i in year t is calculated as
follows:
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1
RD(y,y;) = —(n;i X ,u;i + n;i X y;) (5)
nply

Where 1, is the average depression score of al samplesin the

reference group Y, nyi+ isthe number of middie-aged and older
adultsinthereference group Y whose health exceedsthe health
level of individual i (denoted asy;), and ;" isthe average health

score of middle-aged and older adultsin the reference group Y
whose health exceeds y;.

To address potential multicollinearity, we calculated variance
inflation factors (VIF) for all explanatory variables. All VIF
valueswere well below the conventional threshold of 10 (mean
VIF=1.17), suggesting that multicollinearity is not a concern.
Model fit is evaluated using adjusted R? (within), reported in
each regression table.

Results

Baseline Regression

Table 2 presents the baseline regression results on the impact
of digita infrastructure development on the depressive
symptoms of middle-aged and older adults. In Model 1, which
includes only the core explanatory variables, the coefficient of
the interaction term is negative and statistically significant.
Models 2 and 3 includeindividual and household characteristics,
respectively, and the coefficient of theinteraction term remains
significant, indicating the robustness of the results. Model 4
further incorporates time and regiona fixed effects. The
coefficient of theinteraction termis—0.3349 and is statistically
significant at the 1% significance level. These results suggest
that digital infrastructure development is associated with a
significant reduction in depressive symptoms among
middle-aged and older adults, thus supporting Hypothesis 1.
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Table 2. Baseline regression results.
Variable Model 1 Model 2 Model 3 Model 4
Did
B (95% CI) -0.6073 (-0.7288 to -0.4647 (-0.5824 to ~0.4799 (—0.5976 to -0.3349 (-0.5055 to
-0.4858) -0.3469) -0.3622) -0.1644)
P value <.001 <.001 <.001 <.001
Sex
B (95% Cl) _a —1.7454 (—1.8462 to -1.6422 (-1.7435 to —1.7217 (-1.8661 to
—1.6445) -1.5410) -15772)
P value — <.001 <.001 <.001
Residence
3 (95% CI) — 12259 (1.1219t01.3299)  1.2385(1.1347t0 1.3422)  0.8625 (0.6738 to 1.0513)
P vaue — <.001 <.001 <.001
Age (years)
B (95% Cl) — 0.0219 (0.0154 t0 0.0283)  0.0068 (0.0002 to 0.0135)  0.0130 (0.0045 to 0.0215)
P value — <.001 .05 .003
Education
3 (95% CI) — —0.7438 (-0.7942 to —0.7327 (-0.7830 to —0.6442 (-0.7184 to
-0.6933) -0.6823) -0.5701)
P value — <.001 <.001 <.001
Ethnicity
B (95% Cl) — —0.4684 (-0.6942 to —0.4512 (-0.6764 to -0.2496 (~0.7019t0 0.2026)
—0.2426) -0.2261)
P vaue — <.001 <.001 .28
Pension
B (95% CI) — -0.2344 (-0.3517 to -0.2155 (-0.3326 to —0.3700 (-0.4959 to
-0.1172) -0.0984) -0.2441)
P vaue — <.001 <.001 <.001
Health insurance
B (95% CI) — —0.7111 (-0.9560 to -0.6147 (-0.8592 to -0.5423 (-0.8237 to
-0.4661) -0.3702) -0.2609)
P vaue — <.001 <.001 <.001
Chronic disease
B (95% CI) — 22477 (2.132910 2.3624)  2.2626 (2.1481t02.3771)  2.0488 (1.9152 t0 2.1824)
P vaue — <.001 <.001 <.001
Marital status
B (95% Cl) — — -1.3494 (—1.5068 to —1.2600 (~1.4946 to
~1.1921) ~1.0255)
P value — — <.001 <.001
Household size
B (95% Cl) — — -0.0339 (—0.0645 to -0.0669 (-0.1041 to
-0.0032) -0.0296)
P value — — .03 <.001
_cons
B (95% Cl) 8.1897 (8.132510 8.2470)  7.9973 (7.4786t0 8.5160)  10.0024(9.4298t010.5750) 9.7019 (8.8907 to 10.5132)
P vaue <.001 <.001 <.001 <.001
Time-fixed effects No No No Yes
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Variable Model 1 Model 2 Model 3 Model 4

Regional-fixed effects No No No Yes

N 56,211 56,211 56,211 56,211

Adjusted R? 0.0017 0.0952 0.1001 0.1421
ot available.

and control groups are similar prior to policy implementation.

Robustness Check To examine this, we use an event study approach using the
Overview prepolicy period immediately beforeimplementation (event=—1)

To ensure the robustness of the research findings, multiple
methods were used for robustness checks, including the parallel
trend test, placebo test, propensity score matching
difference-in-differences (PSM-DID), substitution of the
dependent variable, and sample period adjustment.

Parallel Trend Test

The DID method relies on the parallel trend assumption, which
requires that the depressive symptom trends of the treatment

Figure 2. Parallel trend test.

asthereference. Asaresult, no coefficient or Cl isreported for
this baseline period. Figure 2 plots the estimated coefficients
and their 95% Cls, showing that the prepolicy coefficients
fluctuate around zero and are not statistically significant,
suggesting no systematic differences in depressive symptom
trajectories between the 2 groups.

— —
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The corresponding regression results are reported in Table 3.
Furthermore, ajoint F test of the prepolicy coefficients (event
—4, event -3, and event —2) yields F3 1595, Of 1.81 with a P

https://aging.jmir.org/2025/1/€79260

RenderX

value of .143, indicating that they are not jointly significant.
Taken together, these results support the validity of the parallel
trend assumption.
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Table 3. Event study estimates for the parallel trends test.

Li

Variables Coefficient SE T P value 95% ClI
Event 4 0.010 0.188 0.06 .96 -0.358100.379
Event -3 0.189 0.130 1.45 .15 —0.066 to 0.444
Event —2 0.354 0.212 1.67 .09 -0.061t0 0.769
Event —1 _a — — — —
Event 0 0.035 0.213 0.16 .87 —0.382t0 0.452
Event 1 -0.376 0.146 —2.58 .01 —0.662 to —0.090
Event 2 —0.455 0.181 -2.51 .01 —0.809 to -0.100
Event 3 -0.493 0.206 —2.40 .02 —0.897 to -0.090
Event 4 -0.124 0.123 -1.01 31 -0.366t0 0.117
Control variables Yes Yes Yes Yes Yes
_cons 9.744 0.428 22.77 <.001 8.905 to 10.583
&0mitted.
Placebo Test density distribution of the 500 random regression coefficients

To further verify the robustness of the policy effect and
eliminate the interference of unobservable factors, this study
randomly selected the experimental group and the policy pilot
period to generate a simulated interaction term. A placebo test
was conducted by randomly sampling the “Broadband China”
policy interaction term 500 times. Figure 3 presents the kernel

Figure 3. Placebo test.
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and the scatter plot of the P values. The results show that the
mean of the simulated interaction term coefficients is close to
zero, with a distribution that approximates normality. Most P
values are greater than 0.1 and do not reach dtatistical
significance. This indicates that the effect of the “Broadband
Chind’ policy is not influenced by sample selection bias,
supporting the robustness of the baseline regression results.
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estimated coefficient

PSM-DID

To control for sel ection bias between pilot and nonpilot regions,
this study uses the PSM-DID method for robustness checks.
Using nearest neighbor matching (1:4) and loca linear
regression matching, samplesfrom nonpilot regionswith smilar
socioeconomic characteristics are sel ected as the control group.
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DID regression is then implemented on the matched samples.
The results from Models 1-2 in Table 4 show that the DID
estimate coefficient for the Broadband China pilot policy
remains significantly negative, further confirming the beneficial
effect of digital infrastructure development on depressive
symptoms among middle-aged and older adults.
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Table4. Robustness checks: propensity score matching difference-in-differences (PSM-DID), substitution of the dependent variable, and sample period

adjustment.
Variable Model 1 (PSM-DID) Model 2 (PSM-DID) Model 3 (substitution of the Model 4 (sample period ad-
dependent variable) justment)
Did
B (95% CI) -0.3713(-0.5480t0-0.194) —0.4219 (-0.6010 to 0.0266 (0.0028 t0 0.0504)  —0.4312 (—0.6136 to
-0.2429) -0.2488)
P value <.001 <.001 .03 <.001
Control variables Yes Yes Yes Yes
_cons
B (95% CI) 9.6373 (8.6974 t0 10.5770) 9.7868 (8.6852 t0 10.8885) 3.3162 (3.2140t03.4184)  9.9433 (9.0575 to 10.8290)
P value <.001 <.001 <.001 <.001
Time-fixed effects Yes Yes Yes Yes
Regional-fixed effects Yes Yes Yes Yes
N 50,852 48,048 55,405 42,933
Adjusted R2 0.1425 0.1428 0.0548 0.1358

Substitution of the Dependent Variable

Although life satisfaction and depression symptoms are
conceptually distinct, prior studies have shown that life
satisfaction is strongly correlated with mental health outcomes
and is often treated as an important dimension of psychological
well-being [52,53]. To verify the robustness of the results, this
study substitutes|life satisfaction indicatorsfor the CES-D scale
to measure the mental health status of middle-aged and older
adults. The range of this indicator is from 1 to 5, with higher
vauesindicating higher life satisfaction. The resultsfrom Model
3 in Table 4 show that after replacing the CES-D with life
satisfaction, digital infrastructure development remains
significantly associated with better psychological outcomes
among middle-aged and older adults. While this substitution
should be interpreted with caution, the consistency of results
across different indicators enhances confidence in the robustness
of our findings.

Sample Period Adjustment

The COVID-19 pandemic has had a profound impact on global
public health systems and individua health conditions,
potentially interfering with the identification of policy effects.
To exclude this potential impact, this study excludes datafrom
2020 and resssesses the effect of digital infrastructure
development on the depressive symptoms of middle-aged and
older adults. The regression results from Model 4 in Table 4
show that after excluding the 2020 sample, the estimated

https://aging.jmir.org/2025/1/€79260

coefficient of the “Broadband China” pilot policy is—0.4312,
and it remains significant at the 1% level, further confirming
the positive association between digital infrastructure
development and reduced depressive symptoms among
middle-aged and older adults.

M echanism Testing

To explore the mechani smsthrough which digital infrastructure
development affects the depressive symptoms of middle-aged
and older adults, this study introduces social network as a
mediator, dividing it into 3 dimensions: family connection, close
socia interactions, and social participation. The regression
resultsin Table 5 show that digital infrastructure development
significantly promotesthese 3 dimensions of the social network,
thereby further reducing depressive symptoms among
middle-aged and older adults, confirming the mediating effect.

To test the significance of the mediation effect, this study uses
the Bootstrap method. If the CI of the indirect effect does not
contain zero, it indicates that the effect is significant. Table 6
shows that the indirect effects of family connection (95% CI
—0.0256 t0—0.0038), close social interactions (95% CI —0.0162
to —0.0030), and social participation (95% CI —0.0290 to
—0.0029) are al significant. These results are consistent with
the previous regression analysis, indicating that digital
infrastructure devel opment effectively improves psychological
well-being by mitigating depressive symptoms through
strengthened social networks in various dimensions.
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Table5. Mechanism test.
Variable Model 1 (family Model 2 (men- Model 3(close Model 4 (men- Model 5 (social Model 6 (men-
connection) tal health) social interac-  tal health) participation) tal health)
tion)
Did
3 (95% CI) -0.1004 -0.3644 0.0235 (0.0078 -0.3259 0.0209 (0.0052 -0.4158
(-0.1718to (-0.5765 to 10 0.0392) (-0.4963 to 10 0.0366) (-0.5981 to
—-0.0290) —-0.1523) —0.1554) —0.2335)

P vaue .006 .001 .003 <.001 .009 <.001
Family connection

B (95% CI) _a 0.1466 (0.1120 — — — —

t0 0.1811)

P value — <.001 — — — —
Close social interactions

B (95% Cl) — — — -0.4090 — —

(-0.5179to
-0.3000)

P vaue — — — <.001 — —
Social participation

B (95% CI) — — — — — -0.7632

(-0.8843 0
-0.6422)

P value — — — — — <.001
Control variables Yes Yes Yes Yes Yes Yes
_cons

3 (95% CI) 7.1214 (6.7989 8.6123(7.6721 0.5679 (0.5102 9.9346 (9.1209 0.2741 (0.2023 10.1532

10 7.4439) 10 9.5525) 10 0.6255) t0 10.7484) 10 0.3458) (9.2701 to
11.0363)

P vaue <.001 <.001 <.001 <.001 <.001 <.001
Time-fixed effects Yes Yes Yes Yes Yes Yes
Regional-fixed effects Yes Yes Yes Yes Yes Yes
N 42,364 42,364 56,209 56,209 42,931 42,931
Adjusted R2 0.1960 0.1390 0.0393 0.1431 0.0779 0.1392

ot available.

Table 6. Mediation effect test based on the bootstrap method.
Mediator variable and effect type Coefficient SE 95% ClI
Family connections

Indirect effect -0.0147 0.0056 —0.0256 to -0.0038

Direct effect -0.3644 0.1237 —0.6069 to -0.1219
Intimate social interaction

Indirect effect —0.0096 0.0034 —0.0162 to —0.0030

Direct effect -0.3259 0.0880 —0.4984 to —-0.1534
Social participation

Indirect effect -0.0159 0.0067 —0.0290 to -0.0029

Direct effect -0.4158 0.1048 -0.6212 t0 -0.2104
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Heterogeneity Analysis

Given the considerable differences in socioeconomic
characteristics, health conditions, and levels of digital
technology acceptance among middle-aged and older adults,
the impact of digital infrastructure development on depressive
symptoms is likely to vary across subgroups. Table 7 reports
the heterogeneous effects. The results indicate that the policy
significantly reduces depressive symptoms among the

Table 7. Heterogeneity analysis.

Li

middle-aged (Model 1) and individuals with lower levels of
education (Model 3), with coefficients of —0.4084 (P<.01) and
—0.3300 (P<.01), respectively. In contrast, the effects for older
adults (Model 2) and those with higher education (Model 4) are
weaker and datistically insignificant, with coefficients of
—0.2599 (P>.1) and—0.3769 (P>.05), suggesting that the policy’s
benefits for depressive symptom reduction are not robust in
these groups.

Variable Model 1 Model 2 Model 3(low  Model 4 (high  Model 5 (fe- Model 6 (male)
(age<65 years) (age>65years) education) education) male)
Did
3 (95% CI) -0.4084 -0.2599 —-0.3300 -0.3769 -0.3794 -0.2931
(-0.6175t0 (-0.6059 to (-0.5156 to (-0.7894 to (-0.6341 to (-0.5189to
-0.1993) 0.0860) —-0.1443) 0.0355) —-0.1247) -0.0673)

P vaue <.001 14 <.001 .07 .004 .01
Control variables Yes Yes Yes Yes Yes Yes
_cons

BB (95% ClI) 8.6117 (7.5430 11.5659 9.8586 (8.9596 6.6861 (4.8701 10.4365 7.4745 (6.3568

t0 9.6805) (9.7401 to to 10.7576) to 8.5021) (9.2335t0 to 8.5922)
13.3917) 11.6395)

P value <.001 <.001 <.001 <.001 <.001 <.001
Time-fixed effects Yes Yes Yes Yes Yes Yes
Regional-fixed effects Yes Yes Yes Yes Yes Yes
N 38,331 17,880 49,216 6995 28,436 27,775
Adjusted R2 0.1501 0.1355 0.1334 0.0937 0.1304 0.1028

Turning to sex, digital infrastructure development significantly
reduces depressive symptoms among both women and men,
though the effect is stronger for women (—0.3794, P<.01) than
for men (-0.2931, P<.05). Taken together, these findings
highlight the differentiated impacts of the “Broadband China”
policy, showing that middle-aged adults, less-educated
individuals, and women derive relatively greater reductionsin
depressive symptoms, thereby underscoring the policy’s
potential to mitigate health inequalities.

Further Analysis

Table 8 presentstheimpact of digital infrastructure devel opment
on health inequality among ol der adults. Based on the Kakwani
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relative deprivation index, this study first reversely encodesthe
depressive symptoms variable, where higher scores indicate
better health. Regression analysis is then conducted. Model 1
does not include control variables, while Models 2 and 3
introduce individual and family characteristics, respectively.
Model 4 further considers time and regional fixed effects. In
Model 4, the coefficient for the core explanatory variable did
is —0.0089 (P<.01), indicating that digital infrastructure
development significantly reduces inequalities in depressive
symptoms among middle-aged and older adults. This finding
confirms the role of digital infrastructure development in
aleviating health inequality among middle-aged and older
adults.
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Table 8. Theimpact of digital infrastructure development on health inequality.
Variable Model 1 Model 2 Model 3 Model 4
Did
B (95% CI) -0.0119 (-0.0154 to -0.0095 (-0.0130 to -0.0103 (-0.0138 to -0.0089 (-0.0140 to
-0.0083) -0.0061) -0.0068) -0.0039)
P vaue <.001 <.001 <.001 .001
Sex
B (95% Cl) _a -0.0513 (-0.0543 to -0.0482 (-0.0512 to —0.0488 (-0.0531 to
-0.0483) -0.0452) -0.0446)
P value — <.001 <.001 <.001
Residence
3 (95% CI) — 0.0240 (0.0209t0 0.0270)  0.0243 (0.0212t0 0.0273)  0.0242 (0.0187 to 0.0297)
P vaue — <.001 <.001 <.001
Age (years)
B (95% Cl) — 0.0006 (0.0004 to 0.0008)  0.0001 (~0.0001 to 0.0003)  0.0003 (0.0000 to 0.0005)
P value — <.001 A5 .03
Education
B (95% CI) — -0.0181 (-0.0196 to -0.0179 (-0.0194 to -0.0177 (-0.0198 to
-0.0166) -0.0164) -0.0156)
P value — <.001 <.001 <.001
Ethnicity
B (95% CI) — -0.0126 (-0.0193 to -0.0120 (-0.0187 to -0.0097 (~0.0235t0 0.0041)
-0.0059) -0.0054)
P value — <.001 <.001 a7
Pension
3 (95% CI) — —0.0054 (-0.0088 to —0.0050 (-0.0085 to —0.0088 (-0.0125 to
-0.0019) -0.0016) -0.0050)
P vaue — .002 <.001 <.001
Health insurance
B (95% CI) — -0.0220 (-0.0292 to ~0.0190 (-0.0262 to -0.0170 (-0.0258 to
-0.0147) -0.0118) -0.0082)
P vaue — <.001 <.001 <.001
Chronic disease
B (95% Cl) — 0.0590 (0.0557 t0 0.0624)  0.0594 (0.0560t0 0.0628)  0.0557 (0.0519 to 0.0594)
P vaue — <.001 <.001 <.001
Marital status
B (95% Cl) — — -0.0396 (—0.0443 to -0.0397 (-0.0471 to
-0.0350) -0.0323)
P value — — <.001 <.001
Household size
B (95% Cl) — — -0.0021 (—0.0030 to -0.0020 (-0.0032 to
-0.0012) -0.0009)
P value — — <.001 <.001
_cons
B (95% Cl) 0.1429 (0.14131t00.1446)  0.1432 (0.1279t00.1585)  0.2080 (0.1911t0 0.2249)  0.2003 (0.1757 to 0.2248)
P vaue <.001 <.001 <.001 <.001
Time-fixed effects No No No Yes
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Variable Model 1 Model 2 Mode 3 Model 4

Regional-fixed effects No No No Yes

N 56,211 56,211 56,211 56,211

Adjusted R? 0.0008 0.0750 0.0804 0.0946
3Not available.

. . The strengthening of these pathways effectively reinforces the

Discussion gthening patway Y

Principal Findings

Thisstudy uses pand datafrom CHARL S2011-2020 and adopts
the DID method, based on the “Broadband China” pilot policy,
to assess the impact of digital infrastructure development on
the depressive symptoms of middle-aged and older adults,
analyze its mechanisms, and explore its effects on health
inequality in this group. The findings are as follows:

Firgt, digital infrastructure development has been shown to
reduce depressive symptoms of middle-aged and older adults.
The findings of this study remain robust even after controlling
for selection bias and unobserved factors, providing further
evidence of the association effect of digital infrastructure
development on the depressive symptoms of older adults. This
result is consistent with existing literature, which highlightsthat
digital technologies can effectively alleviate depression [54], a
conclusion that appliesto various populations, such as children
[55], adolescents [56], and older adults [24]. However, the
innovation of thisstudy liesin its departure from the traditional
focus on individual or household-level perspectives, instead
examining the impact of digital infrastructure development on
depressive symptoms from a macro policy perspective. This
approach reveals the positive role of government-driven policy
interventions aimed at expanding digital technology accessin
enhancing the well-being of the older adult population, further
emphasizing the critical role of policy orientation inimproving
health outcomes.

Second, digital infrastructure development helps to aleviate
depressive symptoms among middle-aged and older adults by
promoting the improvement of their social networks. This
finding is consistent with social network theory, which
highlights the critical role of social connections in individual
psychologica health [57]. Existing research has confirmed that
social networks provide emotional support, reduce feelings of
loneliness, and enhance socia identity [58]. However, while
many studies focus on the impact of socia networks on
psychologica health, few explore how digital infrastructure
development can promote the formation and enhancement of
social networks at a macro level. This study fills this gap by
revealing the role of digital infrastructure development in
strengthening the social networks of middle-aged and older
adults, thereby mitigating depressive symptoms. It further
underscores the systematic effect of policy interventions on
promoting psychological well-being.

Further analysis shows that improvements in depressive
symptoms among middle-aged and older adults are primarily
achieved through 3 socia network pathways: enhancing family
connection, close social interactions, and social participation.

https://aging.jmir.org/2025/1/€79260

social support system, ultimately leading to reduced depressive
symptoms. Strengthening family connections is likely due to
the reduction in communication costs provided by digital
technologies, enabling more frequent and intimate interactions
between middle-aged and older adults and their children or
relatives [59]. Regarding close social interactions, the
proliferation of digital platforms, especially social media,
provides a more convenient channel for older adults to stay in
touch with friends and expand their social circles, thereby
alleviating feelings of loneliness and enhancing social support
[60]. Digital technologies have also significantly promoted the
social participation of middle-aged and older adults, particularly
in community activities, web-based learning, and public affairs,
which not only increases their sense of socia role but also
strengthenstheir sense of belonging [33]. Thesefindingsindicate
that digital infrastructure development not only represents an
investment in material resources but also has a profound
influence on social relationships, highlighting the critical role
of digital policies in reducing depressive symptoms among
middle-aged and older adults.

Third, the effects of digital infrastructure development on
depressive symptoms vary significantly across different
subgroups. Specifically, the positive association between digital
infrastructure development and improved psychological
well-being is more pronounced among women, middle-aged
adults, and those with lower education levels. Consistent with
existing research, the health improvementsin these groups may
stem from the promotion of social welfare and individual
lifestyle changesfacilitated by digital infrastructure devel opment
[61,62]. However, this study further reveals the underlying
reasons why these groups benefit more.

The significant benefits observed in middle-aged adults suggest
that the impact of digital infrastructure development on this
group is closely related to the awakening of their health
awareness and changes in behavior. Middle-aged adults are
typicaly at acritical transitional stagein life, facing pressures
related to health management and the dual burdens of work and
family. Digital infrastructure can provide this group with more
convenient access to health information and services, which
helps mitigate depressive symptoms. Therefore, health
interventions targeted at middle-aged adults should focus more
on the application of digital tools to enhance health awvareness
and promote behavior change.

The significant benefits observed among individual swith lower
education levels reveal the key role of education in digital
technology acceptance and use. Lower-educated groups often
face higher health risks, and the simple and user-friendly health
tools and educational content provided by digital technologies
can effectively reduce cognitive and technological barriers[63].
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These groups' ability to access health information and manage
their health isenhanced through digital infrastructure. Therefore,
digital health interventions targeted at lower-educated groups
should focus more on designing health tool sthat align with their
cognitive abilities and technical skills to ensure effective
participation and benefit.

At the same time, this study also identifies significant sex
differences. Digita infrastructure development has a positive
impact on reducing depressive symptoms for both men and
women, but the effect is more pronounced among women. This
finding may be linked to the multiple responsibilities and
pressures that women often bear in both family and social roles
[64]. Theimprovement of digital infrastructure not only provides
more opportunities for socia interaction but also facilitates
access to health resources and psychological support, thereby
helping to alleviate women's emotional distress and mental
burden to some extent. Therefore, in advancing digital
infrastructure devel opment, greater attention should be directed
toward addressing the specific needs of women, making use of
digital toolsto enhance their health and psychological support,
and ultimately promoting sex equity in health outcomes.

In contrast, the effects on older adults and those with higher
education levels are relatively weaker, which may be closely
related to their existing health resources and methods of
accessing information. Older adults often face multiple
challenges with their health, but they may have higher barriers
to adapting to new technologies[65]. Therefore, although digital
infrastructure can provide convenience for older adults, issues
such as technological adaptability and the learning curve may
affect their health benefits. Additionally, urban residents and
those with higher education levels are generally more easily
ableto accessmedical servicesand health information, meaning
the marginal benefits of digital infrastructure development are
lower in these groups.

Fourth, digital infrastructure devel opment has alleviated health
inequality in depressive symptoms among middle-aged and
older adults to some extent. Previous studies have shown that
health inequality is influenced by various factors, including
education level [66] and geographic location [67]. However,
most existing literature focuses on how traditional
socioeconomic factors exacerbate health inequality, with less
emphasis on how digital infrastructure can bridge gaps among
different social groups by optimizing the alocation of public
resources and improving the accessihility of servicesrelated to
depression. This study finds that digital infrastructure
development has had a significant positive effect on
disadvantaged groups, demonstrating a certain “ compensatory
effect.” A possible explanation isthat traditional health services
are often limited by spatial, temporal, and financial constraints,
whereas digital infrastructure can provide remote medical care,
health education, and information access, significantly reducing
the geographical and economic barriersfaced by disadvantaged
groups and improving their accessto health services. Moreover,
the ease of use of digital technologies and the convenience of
information delivery help reduce the cognitive burden faced by
groupswith lower health literacy during health decision-making,
thereby enhancing their ability to manage depressive symptoms
independently. This“compensatory effect” suggests that under
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the promotion of digital infrastructure development, traditionally
disadvantaged groups can better access health services and
improvetheir health outcomes. Thisnot only hel psreduce health
disparities among groups but also demonstrates the enormous
potential of digital technology in promoting health equity.

This study has several strengths. First, it innovatively identifies
the associations between digital technology and depressive
symptoms. Based on the natural experiment of the “ Broadband
Chind’ pilot policy, the study uses the DID method to address
endogeneity issues and provides external validity evidence of
the effects of digital infrastructure development on the
depressive symptoms of middle-aged and older adults, filling
the gap in existing research regarding the impact of macro digital
policy interventions on depression. Second, it exploresthe socia
network mechanism in depth. The study reveals how digital
infrastructure promotes family connections, close social
interactions, and social participation to mitigate depressive
symptoms among middle-aged and older adults, enriching the
theoretical framework of the interaction between digital
infrastructure and social networks. It provides empirical
evidence for policymakers to improve the well-being of
middle-aged and older adults while promoting social network
development. Third, it expands the perspective of health
inequality. By measuring disparities in depressive symptoms
and conducting heterogeneity analysis from multiple
perspectives, the study explores the “compensatory effect” of
digital infrastructure development on low-resource groups,
providing strong empirical support for healthy aging policies
and emphasizing the tremendous potential of digital technology
in reducing health disparities.

However, the study has some limitations. First, the data used
in this study were primarily collected and assessed through
self-reports or proxy reports, which may introduce recall bias
and subjectivity, especially concerning depressive symptoms
and socia network-related issues. Nevertheless, the CHARLS
survey follows standardized protocols, ensuring the reliability
and comparability of cross-wave data, thus effectively reducing
potential biases. Second, dueto limitationsin data updates, this
study was unable to obtain the CHARLS database after 2020.
Therefore, future research could extend the time frame and
further explorethelong-term effects of digital infrastructure on
depressive symptoms among middle-aged and older adults.
Third, thisstudy did not analyze other potential factorsthat may
affect depression, such asthe expansion of long-term care pilot
projects and the improvement of health literacy. These factors
may influence depressive symptoms to some extent. Future
research should incorporate more diversified data sources to
further assess the associations between these factors and
depression among middle-aged and older adults.

Conclusions

Thisstudy, based on panel datafrom CHARL S 2011-2020, uses
a quasi-natural experiment based on the “Broadband China’
pilot policy to evaluate the impact of digital infrastructure
development on the depressive symptoms of middle-aged and
older adults. It also explores the role of social networks and
subgroup heterogeneity. The key conclusions are as follows:
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First, digital infrastructure development significantly improves
the depressive symptoms of middle-aged and older adults,
confirming the effectiveness of digital technology in reducing
depression. The study analyzes the positive role of
government-driven digital infrastructure development from a
macro policy perspective, emphasizing the critical role of policy
guidance in promoting reductions in depressive symptoms and
improving psychological well-being. Second, digital
infrastructure development alleviates depressive symptoms by
strengthening the social networks of middle-aged and older
adults. The study finds that digital infrastructure effectively
promotes family connection, close socia interactions, and social
participation, thereby enhancing social support systems. This
indicates that digital infrastructure not only impacts material
aspects but also has profound effects at the social relationship
level. Third, the impact of digital infrastructure development
on depressive symptoms across different subgroups exhibits
significant heterogeneity, particularly for women, middle-aged
adults, and low-education groups. This suggests that digital
infrastructure devel opment hel psthese groups overcome barriers
to health information access and health management, thereby
reducing depression levels. Fourth, digital infrastructure
development plays an important role in aleviating health
inequality. By increasing the accessibility of health services, it
significantly reduces depressive symptoms among | ow-resource
groups, thereby improving their psychological well-being,

Li

demonstrating  the

infrastructure.

“compensatory  effect” of digital
Based on these conclusions, the study proposes the following
policy recommendations. First, digital infrastructure should be
embedded in long-term national strategies, with coordinated
governance and financial investment to reduce regional
disparities. Such efforts resonate with the World Health
Organization’s Global Strategy on Digital Health and highlight
the importance of aligning national initiatives with global
frameworks. Second, improving digital literacy across the life
courseisequally crucia. Lifelong, tailored training—especially

for women, middle-aged adults, and low-education
groups—should combine web-based platforms  with
community-based programs, drawing on international

experiences such as the EU’s Active and Healthy Ageing
initiatives. Third, strengthening socia networksthrough digital
platforms can further aleviate depressive symptoms.
Public-private partnerships that encourage family interaction,
community participation, and intergenerational support have
proven effective in other contexts, such as Japan and Europe,
and can be adapted locally. Finally, digital health services should
be fully integrated into primary care systems. Expanding
reimbursement for telemedicine, embedding digital
depression-related servicesinto community health centers, and
prioritizing underserved regions, asdemonstrated in Australia’s
telehealth reforms, can promote inclusivity and reduce health
inequalities.
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