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Abstract

In the context of global aging, promoting the health of the elderly has become a critical
issue. However, whether the development of smart cities can impact the health of older
adults remains to be further validated. In this paper, based on panel data from the China
Health and Retirement Longitudinal Study (CHARLS), a difference in difference model is
used to empirically investigate whether smart city construction improves the health of older
people in the region. The results show that smart city construction enhances the health of
the elderly. Specifically, the construction achieved a significant improvement in the physical
health of the elderly who did not live with their children. The health promotion effect of the
smart city was more significant for the urban elderly than for the rural elderly. The elucidated
mechanisms of influence suggest that smart cities bring about their effects through the pro-
motion of urban leisure infrastructure, enhancement of medical service provision, advance-
ment in urban environmental protection and stimulation of urban information and
communication technology infrastructure development.

1. Introduction

Population aging is a major reality faced by nations worldwide, and China is undergoing the
most extensive and fastest aging process on a global scale. According to the United Nations’
"World Population Prospects 2022" report, the proportion of the global population aged 65
and above is projected to increase from 10% to 16% between 2022 and 2050. Notably in 2020,
China’s population aged 60 and above reached 260 million, accounting for 18.7% of the total
population and projections indicate that by the year 2039, the proportion of the elderly popula-
tion will reach 30% [1]. Therefore, China is anticipated to maintain the world’s largest elderly
population in the coming years [2]. The observable aging trend in China is poised to substan-
tially escalate the demand for healthcare services and living environment among the elderly,
which imposes a more severe test on the capacity, resource allocation, and service quality of
the governance system and the healthcare system. Consequently, it is imperative to elucidate
the influencing factors of elderly health, explore pathways for enhancing the health status of
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the elderly, and establish a theoretical basis for measures aimed at improving elderly well-
being and maintaining the stability of socioeconomic operations.

In the 2016 World Report on Aging and Health, the World Health Organization categorized
the factors affecting "healthy aging" into intrinsic individual capacities and environmental
characteristics. In detail, intrinsic individual capabilities, including income level, educational
attainment, health insurance, social networks, and the state of retirement [3] have a direct
impact on the health status of the elderly [4]. There is a strong correlation between the income
and wealth of the elderly and their access to adequate medical services [5], while relative
income levels have an impact on individual health through psychosocial factors [6,7]. Financial
status also has an indirect impact on health through the provision of health insurance [8] and
living conditions. The provision of health insurance fosters the utilisation of medical services,
increasing total healthcare expenditures for the elderly, enhancing their health status, and miti-
gating family medical burdens [9]. Additionally, higher levels of education render it easier for
the elderly to access health information, respond effectively to problems and choose healthy
lifestyles [10,11]. Environmental characteristics, on the other hand, include all the external fac-
tors that influence an individual’s living environment. From a psychological health standpoint,
social support and feelings of loneliness wield a significant impact on the health of the elderly.
Typically, those with strong social networks and intimacy are generally healthier and happier
[12], with family care complementing health services by reducing barriers to seeking medical
care, enhancing the accessibility of healthcare access and addressing the increasing demand for
medical services [13]. Besides, residential registration (hukou) [14]and the characteristics of
residents’ areas, such as safety, adequate housing conditions and accessibility to community
facilities also influence the health levels of the elderly [15]. In terms of geographic and demo-
graphic distribution, there are linkages between the spatial accessibility of healthcare and the
health status of the elderly [16]. Specifically, high-density development will encroach on a large
amount of natural resources such as arable land and green space and replace them with con-
struction sites, leaving a lack of green space which will seriously harm the physical and mental
health of the residents. This implies that the elderly require a high quality living environment.

With the acceleration of urbanisation, there is a growing concern about the relationship
between the level of urban development and the health of the population. Importantly, In urban
geography, it is emphasized that the level of urban development has a significant impact on
health [17]. Health-promoting behaviours such as healthy diet, physical activity, and social inter-
actions in cities can significantly contribute to elevating residents’ health levels. Spatial distribu-
tion and accessibility of shops and supermarkets have a significant impact on people’s diet and
lifestyle [18-20]. Concurrently, the accessibility of open spaces such as streets, parks, squares, and
green areas influences residents’ engagement in recreational activities [21-23], thereby impacting
their overall health [24-26]. Hence, a robust association exists between urban residential density
and residents’ health levels [24-26]. High-density development often represents relatively short
commuting distances between housing, work, shopping and other destinations, which encour-
ages physical activity such as walking [24,27]. Nevertheless, a high density of living space may
induce a variety of environmental stresses, such as noise, pollution and overcrowding [28].

Health geography has long been concerned with the effects of these environmental factors
on human health [29]. For example, air pollution, including PM2.5 and PM1, can affect the
human nervous, respiratory, and cardiovascular systems, leading to a reduction in individual
cognitive abilities [30]. Prolonged exposure to air pollution can increase psychological stress
[31], depression, anxiety [32] and suicidal tendencies [33]. Noise pollution, comprising road
traffic noise, rail transit noise, commercial and dining noise, and construction noise, negatively
affects residents’ sleep quality, contributing to depression, anxiety, and diminished happiness
[34]. Inadequate access to high-quality, safe drinking water hinders the control of bacterial
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and viral transmission, resulting in increased rates of respiratory and skin diseases, as well as
diarrhea and infectious diseases [35,36]. Therefore, cities with high-quality air and a pedes-
trian-friendly street network are conducive to well-being [37,38]. The elderly population, in
particular, emphasizes a greater need for advancements in urban development. This height-
ened demand is attributed to several factors. Firstly, environmental pollution exerts a more
pronounced and adverse effect on the health of the elderly compared to healthier individuals
and younger generations. Secondly, the unique health needs of the elderly demand a higher
standard of development for urban medical systems to cater to their specific requirements ade-
quately [39]. Lastly, the integration of information technology in geriatric health presents
opportunities for reducing medical costs, enhancing healthcare quality, and boosting the
health of the elderly [40], necessitating corresponding development in the information infra-
structure of cities. The aforementioned viewpoints suggest that the level of urban development
is an important factor in the well-being of the elderly.

Currently, smart cities are improving the living standards of residents by improving health-
care, education, transportation, and agriculture [41]. However, few studies have researched the
health of the elderly in association with China’s ongoing Smart City Construction (SCC) and a
systematic analysis of the impact mechanism of SCC on elderly health is lacking. To address
this gap, this paper will concentrate on the health effects of SCC on the elderly and the under-
lying impact mechanisms and it aims to answer the following questions: First, can the imple-
mentation of SCC influence the health status of the elderly population? Second, what are the
underlying impact mechanisms associated with the influence of smart cities on elderly health?
Specifically, which domains of smart city construction exhibit significant effects in enhancing
the health of the elderly? Third, given the vast regional development disparities in China, is the
impact of SCC on the health of the older population universal? Does it vary due to factors such
as urban-rural dichotomy and family structure? To answer these questions, this study exam-
ined the impact of SCC on the health of the elderly population based on panel data from the
China Health and Retirement Longitudinal Study (CHARLS) from 2011 to 2018, utilizing a
multi-temporal double-difference-in-differences (DID) model, and explores the potential
impact mechanisms and heterogeneity of its effects.

The potential marginal contributions of this paper are as follows: (1) It expands the literature
on the policy effects of smart city development. Previous research has extensively examined the
impact of smart cities on urban efficiency and environmental governance but has not addressed
the health of the elderly. This paper focuses on how smart cities specifically benefit this demo-
graphic. (2) It explores the mechanisms by which smart city development impacts elderly health.
This study not only investigates the effects of smart city development on the health of the elderly
but also comprehensively analyzes the pathways through which smart city development influ-
ences elderly health, including urban leisure infrastructure, healthcare service provision, and
environmental protection. (3) It examines regional and population heterogeneity. The research
considers the heterogeneity in the impact of smart city development on the health of the elderly
across different regions and population groups in China. This includes studying the differences
between urban and rural elderly populations as well as between elderly individuals with children
and those without. This approach provides a deeper understanding of how the benefits of smart
cities vary by location and family structure, which is crucial for decision-making.

2. Empirical research design
2.1 Policy background

The core concept of a smart city is to embed a variety of smart sensors in urban public
resources (e.g. hospitals, oil and gas pipelines, highways, subways and buildings) and integrate
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them into an Internet of Things system that senses key information about the operation of the
core urban system in real time. Through the use of cloud computing, big data and other new
generation information technology, the data generated in the city’s operation will be analyzed
and integrated in order to achieve accurate management and efficient allocation of urban
resources. This concept originated from "Smart Earth" proposed by IBM in 2008, and formally
evolved into "Smart City" in 2010 [42]. The concept of smart cities has attracted widespread
attention around the world, especially in developed countries such as the United States, the
United Kingdom, Japan and South Korea. Over the past decade, smart cities have become a
common trend for cities around the world to pursue and develop in the information technol-
ogy era, with more and more countries and regions joining the ranks of smart city planning
and construction.

Compared with developed countries, China started late in smart city construction, showing
a "point to face" process of innovation and diffusion. 2009, Guangzhou, Guangdong Province,
launched smart city construction, and signed a cooperation program with IBM, marking the
beginning of China’s smart city construction [43]. Subsequently, local governments such as
Kunshan, Jiangsu Province and Wuhan, Hubei Province also signed cooperation agreements
with IBM, creating a precedent for smart city construction.

Smart city construction gradually entered the central government’s policy vision, and
became an important milestone in China’s smart city construction. 2011, the Outline of the
Twelfth Five-Year Plan for the National Economic and Social Development of the People’s
Republic of China put forward the goal of "promoting the construction of digital cities, and
improving the level of informatization and fine management and service". Under the guidance
of the policy, in 2012, the State Council issued Several Opinions on Vigorously Promoting the
Development of Informatization and Effectively Guaranteeing Information, making it clear
that "it is necessary to promote the sharing of urban management information, promote the
grid management model, accelerate the implementation of pilot demonstrations of smart
grids, smart transportation and other pilot projects, and guide the development of the con-
struction of smart cities". In November of the same year, China’s Ministry of Housing and
Urban-Rural Development issued the "Notice on the Pilot Work of Smart Cities", identifying
90 cities such as Shanghai Pudong New Area and Beijing Dongcheng District as the first batch
of national smart city pilots [44] At the same time, the Ministry of Urban-Rural Development
issued the "Interim Management Measures for National Smart City Pilots" and the "National
Smart City (District and Town) Pilot Indicator System (for Trial Implementation)", which
enabled the construction of smart cities in China to move from the conceptual stage to prac-
tice. 2013 May, the second batch of pilots was expanded to 103 districts, and 2015 April, the
third batch of pilots was further expanded to 84 districts. As illustrated in Fig 1, China’s smart
city pilot projects have been implemented across the majority of provinces, reflecting the wide-
spread implementation of China’s strategy to promote SCC. Moreover, the phased implemen-
tation of these projects provides a quasi-natural experiment setting. This enables the
utilization of a difference-in-differences approach to investigate the health impacts of smart
cities, capitalizing on variations in policy implementation across different regions and over
time.

2.2 Data source and study population

The data come from the CHARLS database, and the regional socio-economic variables come
from the China Statistical Yearbook, which can both be freely obtained from their official web-
site.It is a large-scale interdisciplinary survey project hosted by the National Development
Research Institute of Peking University and executed by the China Social Science Research
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Fig 1. Pilot smart city construction in China. Map Audit Number: GS (2023) 2767 produced by Ministry of Natural
Resources of the People’s Republic of China.

https://doi.org/10.1371/journal.pone.0305897.9001

Center. This initiative combines international aging survey methodologies with the specific
requirements of China’s aging population, as well as the needs of public health, socio-eco-
nomic fields, and other multidisciplinary areas when designing interviews and determining
indicators. CHARLS employs a stringent multi-stage random sampling process. Initially, 150
districts and counties are chosen using the Probability Proportional to Size (PPS) method, tak-
ing into account factors such as region, urban-rural classification, and per capita income. Sub-
sequently, three village-level units, totaling 450 units, are selected from each district or county.
CHARLS-GIS facilitates the mapping and labeling of living units within buildings to establish
a sampling frame for households. From each household, an individual aged 45 or older is ran-
domly chosen as the primary respondent, and their spouse is automatically included in the
sample. This approach is widely recognized as the predominant sampling methodology in
developing countries. CHARLS has conducted baseline surveys across 28 provinces, autono-
mous regions, and municipalities directly under central government administration since
2011. Follow-up surveys were completed in 2013, 2015, and 2018, with subsequent follow-ups
planned at 1-2 year intervals. By the end of the 2018 national tracking survey, the sample
encompassed 19,000 respondents from 12,400 households. Given the robustness of the
research, this study combines data from CHARLS for the years 2013, 2015, and 2018, aligned
with the research objectives. In 2013, 10,629 households and 18,264 respondents were included
with an 88.3% tracking rate; in 2015, there were 11,797 households and 20,284 respondents
with an 85.8% response rate; and in 2018, 10,524 households and 17,970 respondents with an
86.46% response rate. (Refer to China Health and Aging Report (pku.edu.cn), P14). Since the
CHARLS database started its survey in 2011 and the latest year is 2018, this paper sets the sam-
ple period as 2011-2018. At the same time, samples with serious missing values are deleted
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and continuous variables are indented by 1% up and down. After excluding samples under 60
years old, the final sample size was 3153.

2.3 Variables

2.3.1 Health level of the elderly. This study drew on the methodology used in the study
by Jie Pan and Xiaoyan Lei [45], the self-assessed health score(Shealth), as a health metric to
explore the association between medical insurance and health, and it generated desirable find-
ings. Another reason for choosing Shealth as the explanatory variable is that it serves as a com-
prehensive and valuable judgment of an individual’s current level of health. Therefore, this
article will focus on the physical health of the elderly. Based on the results of individual choices
in the survey question "What do you think of your health level?", the study assigned a value of
1 to those who choose "very bad", a value of 2 to those who choose "bad", a value of 3 to those
who choose "fair", a value of 1 to those who choose "good" and a value of 5 to "very good",
which is an ordered variable.

2.3.2 Smart city pilots. On December 5, 2012, the Ministry of Housing and Urban-Rural
Development of China officially announced the first batch of 90 smart city pilots. Following
that, the second and third batches of pilot cities were successively unveiled in 2013 and 2015.
Considering that the initial announcement occurred at the end of 2012, and the installation of
information infrastructure and other construction activities for smart cities necessitates a cer-
tain amount of time, this paper establishes the timeline for both the first and second batches of
city pilots as 2013. The core explanatory variable is the dummy variable of SCC. According to
existing studies, DID is assigned a value of 1 if the SCC was piloted in year t in the elderly’s
place of residence, and 0 otherwise [46].

2.4 Analytic approach

2.4.1 Empirical model. Since SCC was piloted in batches and implemented gradually, it
can be viewed as a quasi-natural experiment. In this study, a difference-in-variances model
was used to identify the impact of SCC on the health of the elderly in the pilot policies at both
time and area levels. The empirical model is constructed as follows.

Shealth, = o, + o, DID, + o, Control, + 7, + 1, + €, (1)

In terms of intervention effectiveness evaluation, the DID model effectively combines "pre-
and post- differences" and "whether there are differences", to some extent controlling the influ-
ence of certain factors other than intervention factors; At the same time, adding other covari-
ates that may affect outcome variables to the model further controlled for certain "suspected"
influencing factors in the intervention group and control group, to supplement the defect that
"natural experiments” cannot be completely random in sample allocation [47]. Therefore, this
article employed the DID model for empirical analysis to explore SCC’s impact on the health
of the elderly.

In this model, Shealth was used to measure the health status of the elderly, with subscript i
denoting the elderly, and t denoting the year. DID is a measure of SCC. If the location the
elderly live piloted SCC system in year t, DID is assigned the value of 1, otherwise it is 0, and
this variable is equivalent to the interaction term in the traditional double-difference method.

In addition, given that the selection of SCC pilots may be affected by the city’s economic
status, population size, information technology development and other factors, this non-ran-
domness of pilot selection may cause biased estimation results. Therefore, the study utilized
propensity score matching (PSM) and subsequently employs the PSM-DID method to assess
the pilot effect of smart cities more accurately. To test the applicability of the PSM-DID
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method for policy assessment, the article employs nearest-neighbour matching (1:1) for
matching and utilizes the Logit model to estimate the propensity score value of each city (the
distribution of the propensity score value is depicted in Fig 2). Importantly, the probability dis-
tribution between the treatment group and the control group remains consistent after match-
ing, indicating the effectiveness of PSM. After discarding the unmatched samples, a total of
3100 samples are obtained, with 419 samples in the experimental group and 2681 samples in
the control group.

2.4.2 Control variables. The selection of control variables was grounded on the study by
Woang Yizhen [48]which identified their value in comparable contexts, Control represents the
set of control variables, including a series of individual characteristics of the elderly and
regional macro-socioeconomic variables. Individual characteristics variables of the elderly
include age(age), gender(gender), marital status(married), whether they registered in urban
area(hukou), whether they smoke(smoke), and whether they drink(drink), whether they have a
chronic illness(mxb). On this basis, macroeconomic and social variables were added, including
the economic growth rate (rgdp), financial investment intensity(fiscal), population density
(pop)and level of industrial structure(cyjp). Among them, the economic growth rate, the finan-
cial investment intensity, and the level of industrial structure can affect the income and ser-
vices received by the elderly, thereby influencing their health [49,50], In contrast, population
density is negatively correlated with elderly health [51]. This paper controlled for the regional
fixed effects y; and year fixed effects y,. The coefficient a;; measures the effect of the implemen-
tation of the SCC, reflecting the net effect of the impact of the SCC on the health of the elderly.
The descriptive statistics of the data are shown in Table 1.

3. Results
3.1 Baseline results

This paper examined the impact of SCC on the health of the elderly. The regression results of
the model are presented in Table 2. In Table 2, column (1) gives the estimation results with
control variables, both individual characteristics variables of the elderly and macroeconomic
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Table 1. Descriptive statistics for each of the main variables.

Variable Obs

Shealth 3100
did 3100
age 3100
gender 3100
edu 3100
married 3100
drink 3100
smoke 3100
hukou 3100
mxb 3100
rgdp 3100
fiscal 3100
pop 3100
cyjg 3100

https://doi.org/10.1371/journal.pone.0305897.t001

Mean Std. Dev. Min Max
3.163 0.883 1 5
0.135 0.342 0 1

68.25 6.462 60 97
0.451 0.498 0 1
2.294 1.196 1 5
0.219 0.414 0 1
0.305 0.46 0 1
0.227 0.419 0 1
0.774 0.418 0 1
0.87 0.336 0 1
9.073 1.987 5.54 17.88
4.615 1.683 1.512 10.295

466.816 238.198 56.6 1055.84
0.428 0.054 0.348 0.536

and social variables. The former included age(age), gender(gender), educational attainment
(edu), marital status(married), whether they drink(drink), whether they smoke(smoke),
whether they registered in urban areas(hukou) and whether they have a chronic illness(mxb).
The latter include the economic growth rate (rgdp) financial investment efforts(fiscal), popula-
tion density per square kilometer(pop) and the share of the secondary industry (cyjp). The
coefficient of DID is significantly positive at the 5% level, indicating that SCC improves the
health of the elderly.

3.2 Robustness checks

To test the robustness of the previous empirical results, the study performed the following
robustness tests.

3.2.1 Parallel trend test. The study leveraged the work of Ferrara [52] to assess the valid-
ity of the assumption using a "counterfactual” approach that manipulated the timing of policy
implementation. Due to constraints in data availability, the SCC schedule was synchronized
across all districts one year in advance. If the core variable DID ceases to be statistically signifi-
cant, it implies that the experimental and control groups exhibited a common trend before the
implementation of the check. The results of the "counterfactual” regression in Column (1) of
Table 3 detail that the core explanatory variable didprel was not statistically significant one
year prior to SCC implementation, This means that before the policy implementation, the
experimental group and the control group satisfied the parallel trend assumption, indicating
that the parallel trend test was successful.

3.2.2 Placebo test for exclusion of randomized outcomes. To rule out the effect of ran-
domized results, drawing on Chetty [53] approach, the year and region in which SCC was
implemented were randomized, and this process was iterated 500 times for the placebo test.
The results, as shown in Fig 3, manifest that the randomized simulation yields a distribution of
regression coefficients centered around 0, while the coefficients of the benchmark regression
are entirely independent of this coefficient distribution. This represents that the empirical
results of this paper are not due to randomness or chance occurrences.
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Table 2. Baseline regression results.

1)
Shealth
did 0.096**
(0.046)
age -0.002
(0.002)
gender -0.003
(0.04)
edu 0.01
(0.015)
married 0.069*
(0.039)
drink -0.111%%*
(0.035)
smoke -0.027
(0.044)
hukou 0.243%**
(0.04)
mxb 0.178***
(0.009)
rgdp 0a.009
(0.011)
fiscal -0.038***
(0.012)
pop 0
(0)
cyjg 0.555
(0.581)
_cons 2.731%**
(0.374)
Observations 3100
R-squared 0.146
Note:

dkokk kk
>

robust standard errors clustered by firms, the same below.

,and * denote significant at the 1%, 5%, and 10% levels respectively, and the numbers in parentheses are

https://doi.org/10.1371/journal.pone.0305897.t1002

3.3 Heterogeneity tests

3.3.1 Living with their children and not living with their children. Living with children
is a serious factor affecting the health of the elderly. Elderly people who live with their young
children could have a happier, easier and safer life. In this study, health problems were detected
and treated in a timely manner, and risks such as broken bones were avoided. It was found
that SCC might have a more prominent health impact on the elderly without being accompa-
nied by children. Specifically, columns (1) and (2) of Table 4 show the empirical results of
regressing the samples of the elderly whether living with their children or not. In detail, col-
umn (1) manifests the test results of the elderly living with their children, with a coefficient of
0.128, insignificant at the 10% confidence level, while column (2) reveals the results of the

PLOS ONE | https://doi.org/10.1371/journal.pone.0305897 June 21, 2024

9/24


https://doi.org/10.1371/journal.pone.0305897.t002
https://doi.org/10.1371/journal.pone.0305897

PLOS ONE

Study on the impact of smart city construction on the health of the elderly population

Table 3. Parallel trend test.

didprel

age

gender

edu

married

drink

smoke

hukou

mxb

rgdp

fiscal

pop

cyjg

_cons

Observations

R-squared
https://doi.org/10.1371/journal.pone.0305897.1003

(1
Shealth
-0.031
(0.16)
-0.001
(0.002)
0.002
(0.041)
0.009
(0.015)
0.056
(0.039)
-0.123***
(0.035)
-0.033
(0.044)
0.205%**
(0.045)
0.176***
(0.009)
-0.009
(0.015)
-0.026
(0.024)
-0.001
(0.001)
1.081
(1.759)
2.782%**
(0.987)
3100
0.16

elderly not living with their children, with a coefficient of 0.098, significant at the 10% confi-
dence level. In summary, this means that the SCC has a greater impact on the health of the

elderly not living with their children.

3.3.2 Rural hukou and urban hukou. Given the current household registration system
and prevailing economic and social conditions, the mobility of elderly individuals was limited.
This was primarily observed in the fact that a majority of elderly individuals with rural house-
hold registration reside in rural areas. In this case, the stark differences in urban and rural
infrastructure created distinct living environments for the elderly in cities and rural areas.
Regarding the health status of the elderly, those dwelling in urban areas had less space to
maneuver, and the air quality was poorer—factors inconducive to the amelioration of the
physical health of the elderly. Consequently, there existed potential heterogeneity in the impact
of SCC on rural and urban denizens. Columns (1) and (2) in Table 5 demonstrate the empiri-
cal results of regressing the samples of the elderly people with rural hukou or urban hukou
respectively. Besides, column (1) shows the regression results of elderly people with rural
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Fig 3. Placebo test chart.
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hukou, whose coefficient is insignificant at 10% confidence level, while column (2) showcases
the regression results of elderly people with urban hukou, with a coefficient of 0.105, signifi-
cant at 10% confidence level. In summary, this means that the impacts of SCC on the health of
urban elderly people are more prominent.

3.4 Mechanism tests

In Section 2.1, this paper conducted a theoretical analysis of the impact mechanism of smart
cities on elderly health. Subsequently, the study empirically examined the influence of smart
cities on the construction of urban leisure infrastructure, the level of medical service provision,
urban environmental protection and information and communication technology infrastruc-
ture development.

3.4.1 Analytical framework. The objective of this paper is to investigate the impact of
smart cities on the health of the elderly, recognizing that the influence pathways of smart cities
on elderly health are multidimensional. Based on this perspective, and drawing insights from
policies and existing literature, we aim to preliminarily explore the theoretical framework
through which smart cities affect the health of the elderly. The Chinese government, in its
2014 "Guiding Opinions on Promoting the Healthy Development of Smart Cities," highlighted
that SCC should prioritize efforts in infrastructure, public services, urban governance, and net-
work development. Giffinger was an early proponent who delineated the constitutive elements
from a goal-oriented perspective, incorporating aspects such as smart economy, smart living,
smart people, smart environment, smart mobility, and smart governance into the framework
of SCC [54]. Similarly, Bolivar and Meijer proposed that the goals of smart cities are reflected
in economic growth, citizen-centric service provision, and the enhancement of citizen interac-
tion [55]. Nicolas further refined this perspective by quantifying the dynamic impact of key
factors promoting smart cities on performance goals and identified urban efficiency, environ-
mental sustainability, livability, and economic competitiveness as the primary development
goals of SCC [56]. Thus, it is clear that SCC, viewed from both policy content and urban
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Table 4. Heterogeneity between living with their children and not living with their children.

(1) (2)
Living with children Not living with children
shealth shealth
did 0.128 0.098*
(0.081) (0.056)
age 0.001 -0.003
(0.004) (0.003)
gender -0.104 0.05
(0.068) (0.05)
edu 0.003 0.013
(0.024) (0.018)
married 0.131** -0.004
(0.059) (0.052)
drink -0.046 -0.144%**
(0.06) (0.043)
smoke 0.119 -0.099*
(0.074) (0.055)
hukou 0.275%** 0.212%%*
(0.067) (0.051)
mxb 0.177%** 0.179***
(0.015) (0.011)
rgdp 0.007 0.003
(0.016) (0.015)
fiscal -0.025 -0.051***
(0.02) (0.015)
pop 0*** 0
(0) (0)
cyjg 1.032 0.294
(0.925) (0.766)
_cons 2.16*** 3.352%%*
(0.586) (0.5)
Observations 1209 1891
R-squared 0.152 0.158

https://doi.org/10.1371/journal.pone.0305897.t1004

development goals, is intricately linked to factors influencing the health of the elderly. Signifi-
cantly, existing research highlights that the construction of urban leisure infrastructure [57],
the level of medical service provision [58], urban environmental protection [59] and informa-
tion and communication technology infrastructure [60,61] in cities all play roles in influencing
the elderly’s health status. Drawing from this, the paper will analyze the impact of smart cities
on the health of the elderly across four dimensions: the construction of urban leisure infra-
structure, the level of medical service provision, urban environmental protection and the
development of information and communication technology infrastructure. The impact
mechanism of SCC on elderly health is illustrated in Fig 4.

3.4.2 The mediating mechanism test of the construction of urban leisure infrastruc-
ture. Drawing on existing research, this paper employed per capita urban green space area as
a proxy variable for the level of urban leisure infrastructure construction [62,63]. Table 6 pres-
ents the regression results for the impact of smart cities on the level of leisure infrastructure
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Table 5. Heterogeneity between rural and urban.

(1) (2)
Rural hukou Urban hukou
shealth shealth
did 0.045 0.105*
(0.079) (0.06)
age -0.002 -0.001
(0.005) (0.003)
gender -0.073 0.021
(0.08) (0.047)
edu 0.011 0.004
(0.026) (0.018)
married -0.065 0.104**
(0.079) (0.044)
drink -0.182%* -0.091**
(0.073) (0.04)
smoke 0.053 -0.055
(0.089) (0.051)
mxb 0.167*** 0.18™**
(0.017) (0.011)
rgdp 0.055** -0.002
(0.026) (0.012)
fiscal -0.059** -0.03**
(0.026) (0.014)
pop 0 0***
(0) (0)
cyjg 1.846 135
(1.526) (0.665)
_cons 1.761* 3.477***
(0.899) (0.928)
Observations 701 2399
-squared 0.178 0.132

https://doi.org/10.1371/journal.pone.0305897.t1005

construction. The DID coefficient is 0.762, significant at the 5% level, indicating that smart cit-
ies have increased per capita urban green space area, thereby promoting the construction of
urban leisure infrastructure.

3.4.3 The mediating mechanism test of the level of medical service provision. The
backbone of China’s healthcare system often relies on administrative hierarchies, resulting in
medical and healthcare institutions in cities of the same administrative level showing little dif-
ference in quantity. Nevertheless, there exists a considerable gap in hospital scale, with notable
disparities in bed and physician numbers. Therefore, this paper assessed the level of medical
service provision by employing the number of healthcare technical personnel and beds per
thousand people [64]. Table 7 displays the regression outcomes. In the initial column, the anal-
ysis assesses the influence of smart cities on the number of healthcare technical personnel per
thousand individuals, revealing a DID coefficient of 0.275 significantly significant at the 1%
level. This implies that smart cities have increased the number of healthcare technical person-
nel per thousand people. In the second column, the impact of smart cities on the number of
healthcare technical personnel per thousand people is assessed, revealing a DID coefficient of
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Fig 4. The impact mechanism of SCC on elderly health is illustrated.
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0.099 significant at the 10% level. This indicates that smart cities have significantly elevated the
number of healthcare medical beds per thousand people.

3.4.4 The mediating mechanism test of urban environmental protection. Given the
availability of regional and municipal emissions data, the study selects wastewater discharge
and exhaust emission in each prefecture-level city as mediating variables to explore the impact
of the SCC on the above variables. The regression results, shown in Table 8, indicate that the
SCC significantly reduces industrial wastewater emissions and exhaust emissions, which
reveals that the intensity of regional emissions may be a possible pathway through which SCC
influences the health of the elderly. In detail, in the first column, the influence of smart cities
on wastewater discharge is significant at the 5% level with a DID coefficient of -0.159. Besides,
according to the second column, the effect of smart cities on exhaust emission is also signifi-
cant at the 5% level, yielding a DID coefficient of -0.375. This indicates that smart cities have
significantly suppressed urban pollution emissions and protected the urban environment.

Table 6. Regression results of the impact of the SCC on the construction of urban leisure infrastructure.

(1
Green space per person
did 0.762**
(0.373)
rgdp 0.006
(0.056)
fiscal 0.106
(0.101)
pop -0.002***
(0.001)
cyig 0.031*
(0.018)
_cons 10.408***
(3.021)
Observations 945
R-squared 0.304

https://doi.org/10.1371/journal.pone.0305897.t1006
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Table 7. Regression results of the impact of the SCC on supply of medical resources.

(1) (2)
mbed mmpop
did 0.275*** 0.099*
(0.091) (0.054)
rgdp -0.051%** -0.045%**
(0.012) (0.006)
fiscal 0.03 0.031**
(0.023) (0.014)
pop -0.001%** 0
(0) (0)
cyig 0.009** -0.002
(0.004) (0.002)
_cons -188.099*** 2.674*%*
(41.769) (0.115)
Observations 954 954
R-squared 0.187 0.121

https://doi.org/10.1371/journal.pone.0305897.1007

3.4.5 The mediating mechanism test of information and communication technology
infrastructure development. Existing studies often select the number of Internet broadband
access users and the number of cell phone users at the end of the year to measure the level of

information and communication technology development [65,66], but in 2015, data from Chi-

na’s Ministry of Industry and Information Technology (MIIT) showed that the number of

China’s cell phone users reached 1.306 billion in that year, and the penetration rate of cell
phone users reached 95.5 per 100 people, an increase of 1 per 100 people compared with 2014.
Therefore, this paper selected the number of Internet broadband access users to measure the
level of information and communication technology construction.

The regression results are shown in the Table 9, and the coefficients are significant at the

1% level for evidence and positive, indicating that Internet penetration increases with the con-

struction of smart cities.

Table 8. Regression results of the impact of the SCC on environmental protection.

‘Wastewater emissions Exhaust emissions
did -0.159** -0.4472%%*
(0.074) (0.1559)
rgdp -0.005 -0.1164™**
(0.008) (0.0166)
fiscal 0.092%** 0.2698***
(0.018) (0.0382)
pop 0.001%** 0.0006™**
(0) (0.0002)
cyig 0.027+* 0.0359™**
(0.003) (0.0063)
_cons 6.304*** 11.1169***
(0.158) (0.3068)
Observations 954 954
R-squared 0.266 0.189

https://doi.org/10.1371/journal.pone.0305897.t008
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Table 9. Regression results of the impact of the SCC on internet access.

(1

Internet access

did 16.075***
(4.333)
rgdp -7.206***
(0.491)
fiscal 7.355%%*
(1.122)
pop 0.017***
(0.005)
cyjg -0.695***
(0.185)
_cons 211.782%**
(9.179)
Observations 954
R-squared 0.292

https://doi.org/10.1371/journal.pone.0305897.t009

4. Discussion

This study signified the inaugural assessment utilizing a multi-period DID model to examine
the correlation between SCC and the health status of the elderly. Leveraging CHARLS statisti-
cal data from 2011 to 2018, our study explored the association between SCC and elderly health.
Employing a multi-period DID model, complemented by parallel trends and placebo tests to
mitigate endogeneity concerns between explanatory and dependent variables, this study
proved the significant positive impact of SCC on the health levels of the elderly. Our results in
this study are similar to those of Wang et al., which suggest that urban environmental gover-
nance is beneficial for improving the health of the elderly [67]. Differently, this article is an
extension of Wang et al.’s research. Wang et al. only investigated the health effects of low-car-
bon urban environmental governance, while this article not only explores the impact of SCC
on environmental governance, but also explores other impact effects. Furthermore, this study
explored the impact mechanisms through which smart city development influences the health
levels of the elderly. The findings indicate that SCC facilitates the construction of urban leisure
infrastructure (such as per capita parks and green space areas), enhances urban medical service
provision (such as the number of beds and medical personnel per thousand people), promotes
urban environmental protection (by restraining industrial waste and sulfur dioxide emissions
and improving air quality), and fosters the development of urban information and communi-
cation technology infrastructure. SCC may improve the health levels of the elderly by influenc-
ing the factors mentioned above. The mechanism study in this paper not only clarified the
pathways through which SCC affect the health of the elderly but also expanded the research on
the impact of SCC. Current research extensively investigates the positive impacts of smart city
development on smart healthcare [68,69], support for the disabled [70,71], and urban air qual-
ity [72]. These studies predominantly focus on the application of smart city frameworks in
enhancing public health at a practical application level. However, there is a notable absence of
empirical research exploring the direct health effects of smart cities. In this paper, we leverage
a sample from China to examine the health outcomes associated with smart cities. This
approach is relatively novel, as there has been limited exploration using population data from
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other countries or regions to study the health implications of smart city initiatives. This aspect
represents a unique contribution of our study to the existing body of literature.

In the section on heterogeneity analysis, we found that SCC is more conducive to improv-
ing the physical health of the elderly not living with their children. Several plausible explana-
tions may account for this finding. Firstly, the elderly without direct care from their children
face many obstacles to survival challenges [73,74], and smart cities can provide improved
transportation, delivery and shopping services. This, in turn, reduces the daily life pressures on
the elderly, making it easier for them to acquire essential items like food, medication, and
other necessities. Secondly, the supportive role of smart devices in the lives of the elderly living
alone has long been proven [75,76]. Smart cities can provide a variety of smart assistive
devices, such as smart hearing aids, smart glasses and smart electric wheelchairs. These devices
aid elderly individuals in coping with the challenges of declining physical functions, enhancing
their independence and quality of life. Lastly, remote monitoring systems for collecting infor-
mation about the lives of solitary elderly individuals have been widely used in the field of
elderly health [77,78]. The health monitoring technologies embedded in SCC, encompassing
health sensors, smart medical devices and remote medical services, can help the elderly better
manage their health conditions. They can monitor vital signs at any time and receive timely
medical advice and interventions.

Moreover, the results suggest that the health promotion effects of SCC are more pronounced
among elderly individuals with urban household registrations as compared to those with rural
household registrations. One possible reason is that, before SCC, the urban elderly, in contrast
to their rural counterparts or those on the outskirts of cities, were exposed to higher levels of air
pollution caused by significant vehicular movement and industrial activities [79,80] as indicated
in the mechanism study that smart cities curb polluting emissions, which will benefit the health
of the urban elderly. In addition, smart cities rely on technological infrastructures such as
advanced information and communications technology, Internet of Things devices, big data
analytics, etc., which are usually more developed and widespread in urban areas. Urban seniors
are thus more likely to benefit directly from smart city conveniences, such as telemedicine ser-
vices, smart homes, and online social networking platforms, which can improve their quality of
life and convenience. In contrast, rural areas may be less likely to reap the direct benefits of these
technologies due to inadequate infrastructure. Moreover, appropriate physical activities are ben-
eficial for the health of the elderly [81]. Before smart cities were built, suboptimal urban planning
implied that the urban elderly had limited outdoor spaces for exercise. SCC, with its capacity to
optimize city spatial layouts, can create more exercise facilities as well as parks, which will attract
more older people to participate in outdoor exercises and improve their health.

In terms of the outcome of the mechanism test. Firstly, this paper finds that SCC promotes
the construction of urban leisure infrastructure. Meanwhile, existing studies show that, well-
designed parks and green spaces offer a conducive environment for residents’ physical exercise
[82]. Besides, moderate outdoor activities are beneficial for the health of the elderly both psy-
chologically [83,84] and physically [85,86]. Hence, SCC can improve the health of the elderly by
promoting the development of urban leisure infrastructure. Furthermore, empirical studies
have shown that smart city construction increases the supply of healthcare resources. This is
supported by practice, where SCC emphasises the transformation of community public service
information systems, the establishment of information service systems for home care, elderly
care, community nursing, patient care, and so on, and the use of technologies such as big data
analytics and artificial intelligence to more accurately predict healthcare demand and optimise
the allocation of healthcare resources [87]. A wealth of research indicates that augmenting the
supply of medical resources is significant in promoting health [58,88]. Therefore, SCC may
have improved the health of the elderly by enhancing the availability of healthcare resources for
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them. Additionally, this paper manifested that SCC reduces urban emissions. This is attributed
to the deployment of numerous environmental monitoring sensors in smart cities. Specifically,
by deploying sensors to gather real-time data on air quality indicators such as PM2.5, PM10,
nitrogen dioxide, sulfur dioxide, among others, smart cities can automatically detect and report
environmental violations, thereby enhancing the efficiency and effectiveness of environmental
protection enforcement [89], This ultimately helps the reduction in pollutant emissions, which
is crucial for maintaining a healthy environment for the elderly. Air pollutants, particularly par-
ticulate matter and ozone, can directly irritate the respiratory tract, leading to various respira-
tory diseases such as chronic obstructive pulmonary disease (COPD) [90], asthma [91], and
pneumonia [92]. Furthermore, air pollution may be associated with the development of condi-
tions like dementia [93] and other neurodegenerative diseases [94]. Thus, SCC may have
improved the health of older people by reducing the scale of urban pollution and improving air
quality. Finally, the paper finds that SCC promotes information and communication infrastruc-
ture development. Specifically, information and communication technology facilitates the feasi-
bility of remote healthcare, allowing elderly individuals to access medical consultations and
treatment from their homes. This assumes heightened significance for individuals facing mobil-
ity challenges or residing in geographically isolated regions. Notably, healthcare professionals
can remotely monitor essential physiological parameters, such as heart rate, blood pressure, and
blood glucose levels, providing a thorough assessment of the elderly person’s health [95]. More-
over, information and communication technology empowers the elderly with increased knowl-
edge about disease prevention, care, and coping strategies [96], positively influencing their
health. Additionally, it supports enhanced social connectivity [97] and reduced social isolation
among the elderly [98], contributing to improved mental well-being. Thus, SCC strategically
promotes information and communication technology infrastructure development, presenting
a comprehensive and integrated strategy to improve health outcomes for the elderly.

5. Limitations

The study acknowledged certain limitations that warrant attention. First, despite controlling
for nine variables encompassing the demographic characteristics of the elderly and features of
regional economic development, these variables may not comprehensively cover all funda-
mental confounding factors influencing elderly health. Unobservable control variables may
increase selection bias and affect the regression results. Second, our study’s data covers the
years 2011 to 2018, without exploring the impact of SCC on geriatric health during the covid-
19 epidemic. Future research endeavors are poised to rectify this limitation by assimilating sur-
vey data from the CHARLS database collected during the pandemic. Finally, limited to the
availability of data, this paper only analyzes the impact of SCC on the supply level of healthcare
resources, leaving unexplored the developmental trajectory of smart healthcare—a dimension
not accommodated within our existing analytical framework probing causal mechanisms.

6. Conclusion and policy implication

The results show that smart city construction enhances the health of the elderly. Specifically, the
construction achieved a significant improvement in the physical health of the elderly who did
not live with their children. The health promotion effect of the smart city was more significant
for the urban elderly than for the rural elderly. The elucidated mechanisms of influence suggest
that smart cities bring about their effects through the promotion of urban leisure infrastructure,
enhancement of medical service provision, advancement in urban environmental protection and
stimulation of urban information and communication technology infrastructure development.
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Based on the above research conclusions, this article draws the following insights: First, the
provision of medical care in smart cities needs to be enhanced. Smart cities have the capability to
gather extensive medical and health data from elderly individuals through various means, includ-
ing medical records, health monitoring devices, and healthcare service utilization information.
By employing advanced big data analysis techniques, it can be thoroughly analyzed to identify
the medical needs of different elderly demographics, predict potential health risks, and tailor
medical provisions accordingly; Secondly, advanced information technology should be harnessed
to elevate telemedicine services to a more sophisticated level. Smart cities can offer telemedicine
consultations and diagnostics through internet platforms and mobile communication technolo-
gies. This is especially importatnt for elderly individuals with limited mobility, residing in remote
rural areas, and lacking familial support, enabling them to engage in timely consultations with
healthcare professionals via video calls and health monitoring devices. In cases of health emer-
gencies such as falls or heart attacks, immediate notifications can be automatically relayed to
emergency service centers and family members through smart wearable devices or home emer-
gency buttons; Lastly, there is a pressing need to enhance the efficiency and effectiveness of
urban environmental management. Through the deployment of sensor networks for environ-
mental monitoring, critical indicators such as air quality, water quality, and noise levels can be
monitored in real-time, ensuring prompt detection and resolution of environmental issues. By
implementing smart waste collection and sorting technologies, such as sensor-equipped waste
bins, waste accumulation levels can be monitored effectively, waste collection processes can be
optimized, resource recovery rates can be increased, and the environmental impact of waste dis-
posal can be minimized. Ultimately, these efforts contribute to the creation of a more sustainable
and livable urban environment, beneficial for promoting healthy aging among the elderly.

7. Future research directions

Future research directions may include the following areas: Firstly, an in-depth analysis of the
differential impacts of smart cities on the health of various population groups should be pur-
sued. This research could be expanded to include populations in other countries and regions,
such as adolescents and the working adult population, to analyze the effects of smart cities on
their health and to explore potential urban-rural disparities; Secondly, the cost-effectiveness of
smart city construction should be evaluated, particularly in terms of its economic benefits in
improving the health of the elderly. This includes cost savings (e.g., reduced healthcare expen-
ditures) and enhancements in the quality of life, thereby providing investment decision sup-
port for urban planners and policymakers; Thirdly, case studies and comparative analyses
should be conducted. Through case studies, the implementation process, challenges faced, and
success stories of specific smart city projects can be examined in detail. Cross-national com-
parative studies could analyze the strategies and outcomes of smart city developments in dif-
ferent countries and regions in promoting the health of the elderly, extracting successful
elements and experiences for a more comprehensive understanding of the impact of smart cit-
ies on elderly health; Lastly, the long-term impacts and sustainability assessments of smart cit-
ies on elderly health should be tracked, including continuous improvement in mental health
and enhancements in the quality of life. This would provide a deeper understanding of the
enduring effects of smart city initiatives on public health.
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