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A B S T R A C T

Cognitive impairment has become a major challenge to health aging all over the world, and evidence shows that 
transportation infrastructure affects the elderly’s cognitive health. However, little is known about the effects of 
high-speed rail (HSR) on cognitive health. Based on the panel data from 2011 to 2018, this study employs the 
double machine learning (ML) approach to examine the relationship between HSR and cognitive health among 
11,572 middle-aged and aged adults in China. The result shows that the opening of HSR significantly improved 
global cognition, with an estimated treatment effect coefficient of 0.198 (95 % confidence interval, [0.088, 
0.309]). The effect of HSR varies in dimensions of cognitive health, only promoting mental intactness rather than 
episodic memory. The main result remains robust after conducting a series of robustness tests such as introducing 
instrumental variables, replacing the HSR measurements and ML method. Further analysis shows that HSR has 
heterogeneous effects on cognitive health across gender, ages, education levels, rural–urban areas, and 
geographic regions. For instance, HSR has narrowed the cognitive health inequalities between individuals with 
elementary or middle school education and those with higher education, but widened the gap between rural and 
urban residents. Additionally, mediation analysis indicates that HSR may enhance cognitive health by reducing 
PM2.5 exposure, improving individual earnings, and alleviating depressive symptoms. This study provides 
beneficial insights for China and other countries to develop transportation infrastructure and promote healthy 
cognitive aging.

1. Introduction

In recent years, demographic aging has become prevalent in many 
countries (Grinin et al., 2023). This demographic shift has prompted 
increased attention to the health and well-being of the elderly, with a 
particular focus on cognitive abilities (Ruiz et al., 2023; Seblova et al., 
2020; Skirbekk et al., 2012; Yang et al., 2016). Cognitive decline among 
the elderly is a critical concern, as it not only affects the individual’s 
quality of life, but also places a substantial burden on the healthcare 
system (Murman, 2015; Prince et al., 2015). Extensive studies have 
explored individual factors that are protective of cognitive health of 
older adults, such as socioeconomic status (Ruiz et al., 2023; Yang et al., 
2016), access to healthcare (Mullins et al., 2021), employment 

opportunities (Luo et al., 2019), health behaviors, social engagement 
(Hwang et al., 2018), and positive childhood experiences (Lee and 
Schafer, 2021). Additionally, environmental factors like green space 
exposure and traffic-related air pollution have been shown to influence 
cognitive health in later life (Power et al., 2011; L. Zhang et al., 2022). 
However, despite this extensive body of research, the role of trans
portation infrastructure, particularly high-speed rail (HSR), in influ
encing cognitive health has received little attention. HSR was first 
introduced in Japan in 1964 (Takatsu, 2007) and has since expanded to 
other countries such as France (Vickerman, 1997), Spain 
(Sánchez-Borràs et al., 2011), and Germany (Heuermann and 
Schmieder, 2019). In 2010, China began an extensive phase of HSR 
construction (Ke et al., 2017), and its rapid adoption, coupled with the 
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country’s ongoing demographic aging, provides a unique opportunity to 
study the potential effects of transportation infrastructure on the 
cognitive health of middle-aged and older adults.

Given that the impact of HSR on cognitive health, particularly among 
middle-aged and older adults, remains underexplored, this study aims to 
fill this gap by utilizing nationally representative data and a double 
machine learning (DML) approach to examine the effects of HSR on the 
cognitive health of middle-aged and older individuals in China. More
over, this research will analyze the heterogeneity of these effects across 
gender, ages, education levels, rural–urban divides, and geographic re
gions, as well as the underlying mechanisms through which these effects 
operate.

This study makes several key contributions as follows: First, by 
focusing on the relationship between HSR and cognitive health among 
middle-aged and older adults, it addresses a critical but underexplored 
area in both cognitive aging and transportation research. While previous 
studies have emphasized the economic and environmental impacts of 
HSR, limited attention has been paid to its potential health externalities, 
particularly in relation to cognitive aging. Our findings suggest that HSR 
can serve as a structural determinant of cognitive health. Second, this 
study develops an integrative theoretical framework to explain the 
mechanisms through which HSR affects cognitive health. This multi
disciplinary framework draws on insights from social epidemiology, 
transportation, and gerontology studies, offering a comprehensive 
perspective on how infrastructure shapes cognitive health in later life. 
Third, the study uncovers important heterogeneity in the cognitive 
health effects of HSR across subpopulations. For instance, HSR appears 
to narrow cognitive health disparities between individuals with 
elementary or middle school education and those with higher education, 
while widening the gap between rural and urban residents. Fourth, we 
employ a DML approach and instrumental variables to estimate causal 
effects, addressing endogeneity concerns and improving robustness.

The rest of this study is structured as follows: Section 2 proposes the 
theoretical framework and research hypotheses. Section 3 introduces 
the data sources, variables, and empirical strategies. Section 4 presents 
and interprets the main findings. Section 5 summarizes the study and 
discusses the implications of the findings. Section 6 concludes by of
fering policy recommendations based on the results.

2. Research hypotheses

HSR represents a transformative mode of transportation that en
hances connectivity and accessibility, which are crucial for the cognitive 
health of middle-aged and older adults. This study proposes a theoretical 
framework that integrates both individual and environmental protective 
factors of cognitive health with the potential influence of HSR on 
middle-aged and older populations. At the individual level, key de
terminants such as access to healthcare, economic situation and mental 
health have long been established as critical for maintaining cognitive 
health. On the environmental level, reduced exposure to air pollutants is 

recognized as important contributor to cognitive health. Building on 
prior research, we propose that HSR may influence cognitive health 
through four pathways: Environmental improvement, enhanced 
healthcare access, economic advancement, and mental health 
improvement, as illustrated in Fig. 1. First, HSR contributed to improved 
air quality (Guo et al., 2020; Zhao et al., 2021), and this environmental 
benefit is positively associated with the cognitive health of individuals. 
Second, HSR improves access to healthcare facilities (Bu et al., 2022; Liu 
et al., 2021; Song et al., 2021), allowing individuals to reach 
high-quality medical services. Evidence shows that better access to 
healthcare is more likely to engage in preventive care and receive timely 
interventions, which can mitigate cognitive decline (Mullins et al., 
2021). Third, HSR promotes industrial updating and economic growth 
(Fan and Xu, 2023; Huang and Wang, 2020; Liang et al., 2020; Meng 
et al., 2018), creating more employment opportunities and improving 
income. Lastly, reduced travel time as a significant benefit of HSR, not 
only facilitates mobility but also promotes mental health by fostering 
social interaction and engagement (Gong et al., 2021; Liu and Zhang, 
2018), which is essential for supporting cognitive health. Based on the 
discussion above, the following hypothesis is proposed. 

Hypothesis 1. HSR can improve cognitive health of middle-aged 
and older adults.

The effects of HSR on cognitive health are likely to exhibit consid
erable heterogeneity across different groups, influenced by various 
factors such as gender, ages, education levels, rural–urban divides, and 
geographic regions. For instance, studies indicate that women generally 
experience higher rates of cognitive decline compared to men, largely 
due to their longer life expectancy and differing social roles, which may 
lead to greater social isolation in later years (Levine et al., 2021). This 
suggests that the cognitive health benefits of HSR may be particularly 
pronounced for middle-aged and older women, as improved trans
portation options could facilitate social interactions and reduce mental 
disorders. Education level is another significant determinant of cogni
tive health, as higher educational attainment is linked to greater 
cognitive reserves, which can enhance resilience against cognitive 
decline (Avila et al., 2009; Bennett et al., 2003; Seblova et al., 2020). 
Individuals with higher education may be more likely to engage with 
healthcare services and participate in cognitive-stimulating activities, 
thereby maximizing the potential benefits of improved transportation 
access. Moreover, regional differences in infrastructure, healthcare ac
cess, and social services can further compound these effects, leading to 
varied outcomes in cognitive health among different populations. For 
example, urban middle-aged and older adults might benefit from HSR in 
terms of reduced travel time to essential services, while rural pop
ulations might gain more substantial benefits from access to previously 
unreachable healthcare and social opportunities. This gap may further 
contribute to cognitive differences across various groups of middle-aged 
and older adults. Based on these discussions, the following hypothesis is 
proposed. 

Fig. 1. Potential mechanisms of cognitive health effect of HSR
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Hypothesis 2. There is heterogeneity in the impact of HSR on 
cognitive health of middle-aged and older adults.

Prior research has consistently demonstrated that long-term expo
sure to fine particulate matter (PM2.5) is significantly associated with 
cognitive decline, particularly among older adults (Grande et al., 2021; 
Weuve et al., 2012; Ye et al., 2023). Mechanistically, air pollutants 
contribute to systemic inflammation and cerebrovascular dysfunction, 
both of which are implicated in neurodegenerative processes (Peters 
et al., 2019; Power et al., 2011). Recent empirical studies in the context 
of China provide quasi-experimental evidence that the opening of HSR 
lines contributes to reductions in local PM2.5 concentrations (Chang 
et al., 2021; Su and Xie, 2023). These environmental gains are partic
ularly salient in regions with higher industrial density and greater 
market responsiveness. Bridging these two strands of literature, we 
propose that HSR-induced environmental improvements, specifically 
the reduction of air pollutants, may positively influence cognitive 
health. 

Hypothesis 3. HSR can improve cognitive health of middle-aged 
and older adults by reducing air pollutants.

In the context of China’s rapidly expanding intercity transportation 
network, HSR has emerged as a critical enabler of patient mobility, 
particularly for populations in remote or medically underserved regions. 
Recent studies indicate that HSR significantly facilitates access to 
higher-tier hospitals, allowing individuals to bypass local limitations in 
medical infrastructure and seek specialized care in nonlocal areas (Liu 
et al., 2021; Zhang et al., 2023). This improved spatial accessibility helps 
reduce regional disparities in healthcare utilization and enhances the 
overall quality of care received. For middle-aged and older adults, who 
are vulnerable to delayed or inadequate treatment, early and accurate 
diagnosis of cognitive impairment is essential. HSR may indirectly 
support cognitive health by making it easier for individuals to access 
neurological care and diagnostic services. Drawn on these discussions, 
the following hypothesis is proposed. 

Hypothesis 4. HSR can enhance cognitive health of middle-aged 
and older adults by improving access to healthcare.

A growing body of evidence demonstrates that HSR significantly 
enhances individual economic outcomes, including per-capital dispos
able income (Jin et al., 2022) and wage levels (Liu and Yang, 2023; 
Wang et al., 2024). These economic gains are largely attributed to 
improved labor mobility and market access facilitated by HSR. Addi
tionally, previous evidence underscores the importance of socioeco
nomic status, particularly income, as a key determinant of cognitive 
health in older age (Muhammad et al., 2021; Rodriguez et al., 2021). 
The economic benefits brought by HSR may indirectly support healthy 
cognitive aging by increasing income levels. Built on these discussions, 
the following hypothesis is proposed. 

Hypothesis 5. HSR can improve cognitive health of middle-aged 
and older adults by enhancing individuals’ economic situation.

Compared to conventional rails, HSR substantially increases travel 
accessibility and reduces time costs, thereby enabling more frequent and 
meaningful social interactions across spatially distant locations (Chen 
and Chen, 2023; Yang et al., 2025). Enhanced mobility facilitates a 
broader range of leisure and tourism activities, which have been shown 
to promote both mental health and cognitive functioning (Sala et al., 
2019; Sun and Lin, 2018; Wang et al., 2025). A growing literature has 
identified mental health as a key determinant of cognitive performance 
in aging populations (Bunce et al., 2008; Donovan et al., 2017). In 
particular, depression is closely linked to cognitive decline and are 
known to exacerbate age-related memory and executive dysfunction 
(Biringer et al., 2005; Weisenbach et al., 2012). By reducing spatial 
isolation and encouraging intercity visitation and social interaction, 
HSR may mitigate these psychological stressors. Integrating the above 

discussion, we propose the following hypothesis. 

Hypothesis 6. HSR can promote cognitive health of middle-aged 
and older adults by enhancing mental health.

3. Data and method

3.1. Data

3.1.1. Data description
This study used the nationally longitudinal survey data of the China 

Health and Retirement Longitudinal Study (CHARLS) fielded in 2011, 
2013, 2015, and 2018. CHARLS encompasses more than 17,500 par
ticipants aged 45 and above in 150 counties and 450 villages or resident 
committees (Zhao et al., 2014). Its questionnaire includes rich infor
mation about demographics, family structure, health status and func
tioning, and other modules. CHARLS was approved by the Ethics 
Committee of Peking University.

In this study, we created the indicators of cognitive abilities using 
data from CHARLS. To measure the exposure to HSR, we also identified 
the prefecture-level cities where CHARLS participants reside and inte
grated this data with the information on the operational status of HSR. 
The HSR data was manually compiled using information from the Na
tional Railway Administration of the People’s Republic of China and 
China State Railway Group Co., Ltd. We included participants who are 
aged ≥45 years and continuously were interviewed from CHARLS wave 
1 (2011) to wave 4 (2018), and the missing values of dependent vari
ables and independent variables are less than 30 %, as Fig. 2 shows. 
Missing values for continuous variables were imputed using the median, 
and for categorical variables, the mode was used.

3.1.2. Measurements
Following prior studies (Luo et al., 2021; Yang et al., 2020), this 

study measures the global cognition score by summing episodic memory 
score and mental intactness score, with a total score ranging from 0 to 
30. The score of episodic memory is the average of immediate and 
delayed recall scores, ranging from 0 to 20. Immediate recall score in
dicates the number of words that participants can immediately recall 
correctly from ten Chinese words. Delayed recall score reflects the 
number of words that participants can recall correctly from ten Chinese 
words after a delay. The mental intactness score was the sum of four 
tasks including serially subtracting 7 from 100, redrawing a picture, 
naming the day of the week, and naming the current date (day of month, 
month, year, and day of week), with scores ranging from 0 to 10.

We created a set of indicators to measure the operational status of 
HSR. Referring to a previous study (Tang et al., 2021), we constructed a 
binary variable ‘HSR opening’ to reflect whether a city has opened a HSR 
for the first time. This variable is assigned a value of 1 after a city opens 
HSR and a value of 0 before the opening. Additionally, to comprehen
sively measure the accessibility to HSR, we also developed two other 
indicators for robust analysis in this study: ‘HSR service frequency’, 
calculated by the number of HSR services, and ‘HSR network centrality’, 
which reflects the position of a city in the HSR network. Following the 
previous study (Tang et al., 2021), we calculated the metric of ‘HSR 
network centrality’ by CD(Ni) =

∑g
j=1 xij(i∕= j) where i represents the 

HSR node, j indicates the city, and g represents the number of HSR 
nodes. CD(Ni) represents the degree centrality of HSR node i, which 
represents the number of HSR connections between node i and other g −
1 nodes. We selected degree centrality over other centrality indicators 
because it captures the number of direct HSR connections a city has with 
other cities, which is particularly relevant for older adults whose 
mobility often depends on simple and direct travel routes.

Strong evidence has demonstrated that cognitive health in later life is 
associated with a range of life-course factors (Brewster et al., 2014; Lyu 
and Burr, 2016). Therefore, the study included a wide range of 
life-course factors as control variables, including demographics (gender, 
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age, marriage, education, living in a rural area), physical health status 
(self-reported health, difficulty with activities of daily living, difficulty 
with mobility activities), health behaviors (whether ever drank, whether 
ever smoked), family structure (co-residing with children, living near 
children, experiencing child death), social connections (weekly con
tacting with children, social activities in the past month), and childhood 
circumstances (father education level, father occupational type, mother 
occupational type, self-reported health during childhood, family finan
cial status during childhood). Additionally, based on previous studies 
(Song et al., 2021; Yang et al., 2025), we selected city-level control 
variables, including the percentage of foreign direct investment in GDP, 
population density, and the percentage of education expenditure in local 
government fiscal spending. Table S1 in supplementary materials illus
trates the detailed information on the control factors.

To address potential endogeneity, we conducted an instrumental 
variables (IV) analysis. An ideal instrument should be correlated with 
the likelihood of HSR construction in a given city but should not directly 
affect the residents’ cognitive health, hence satisfying the relevance and 
exclusion restriction criteria. In our study, we selected three geographic 
factors and one historical railway variable as instruments. Specially, we 
used topographic relief, average slope and average elevation of each 
city, which has been tested in other studies (Bu et al., 2022; Tang et al., 
2023; Xiong et al., 2023; Yang et al., 2021, 2022). These geographical 
factors will influence the feasibility and cost of rail infrastructure, but 
not directly influence residents’ cognitive health. Additionally, 
following previous studies using historical railway variables as in
struments for HSR (Diao, 2018; Miwa et al., 2022; Wang et al., 2025; 
Xiong et al., 2023; Zheng and Kahn, 2013), we used the opening of 
railway in 1933 as an instrument. This variable captures long-term path 
dependence in transportation planning and is strongly associated with 
modern HSR placement, but it is unlikely to be directly related to current 
residents’ cognitive health.

To investigate the mechanisms through which HSR influences 
cognitive health, we introduced five potential mediators: PM2.5 expo
sure (air pollutants), individual earnings (economic situation), depres
sive symptoms (mental health), and two indicators of healthcare 
access–nonlocal medical treatment and the type of healthcare in
stitutions. PM 2.5 exposure was measured by the natural logarithm of 
the annual total PM 2.5 concentration to reflect air pollution pollutants. 
Depressive symptoms were assessed using the CES-D scale (ranging from 
0 to 30), with lower scores indicating better mental health. Individual 
earnings were measured as the natural logarithm of individual after-tax 
earnings, indicating economic situation. Nonlocal medical treatment 
was defined based on the location of healthcare access, indicating 
whether healthcare was received within the individual’s county or city, 
or outside the individual’s home province, city or county, indicating 
spatial access to healthcare services. The type of healthcare institutions 

was classified into low-tier (e.g., community healthcare centers, town
ship hospitals, health care posts and others) and high-tier institutions (e. 
g., general or specialized hospitals), serving as a proxy for access to 
higher-quality healthcare.

3.2. Method

Double machine learning (DML) is a novel model for causal inference 
analysis, developed by Chernozhukov et al. (2018). The basic idea of the 
model is using machine learning (ML) algorithms to achieve unbiased 
estimates, considering the adjustment of potential confounders and 
complex non-parametric functions (Fuhr et al., 2024). It is challenging 
for traditional statistical models to handle a large number of con
founders, which is known as the ‘curse of dimensionality’ and may cause 
multicollinearity and overfitting. And it may be hard for parametric 
functions to satisfactorily capture the effect of many confounders on a 
dependent variable. By including ML algorithms within DML, these two 
potential problems can be handled, hence estimating the treatment ef
fects more accurately in causal inference analysis.

Several studies from various disciplines have employed DML to 
assess the effect of special supplemental nutrition program, official 
development assistance and issuance of green bonds (Cheng and Wu, 
2024; Guo et al., 2024; Peet et al., 2023). The potential of DML has been 
demonstrated to foster the development of policy evaluation. Hence, 
employing DML in this study will provide further understanding of the 
effect of HSR opening in cognitive health in the context of population 
aging.

In this study, we examined the effect of HSR on cognitive health in 
later life. We faced challenges due to underlying multicollinearity 
among a large number of control variables and potential nonlinear re
lationships between control variables and cognitive health. Unlike 
traditional linear regression, DML can effectively solve the issues, which 
allowed us to obtain more robust and reliable results. Therefore, we used 
DML in this study. To investigate the impact of HSR on the cognitive 
health of middle-aged and older adults in China, a partially linear DML 
model was constructed as Eq. (1) and Eq. (2) shows where i means in
dividuals, t indicates year, CH means cognitive health of middle-aged 
and older adults, HSR means the operational status of HSR service, Xit 
means control variables, g(Xit) and m(Xit) mean the specific form iden
tified by ML, Uit and Vit means error term. In addition, we used 3-fold 
cross-validation to ensure the generalization ability of the model. 
Gradient boosting model was selected as the primary model to conduct 
regression predictions for both the dependent variable (cognitive health 
of middle-aged and older adults) and the treatment variable (whether 
the city opened the HSR service). For robustness check, we also used 
lasso as an alternative to gradient boosting. These ML models can cap
ture nonlinear relationships and hence promote the prediction 

Fig. 2. Flow chart of the analytic sample.
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performance. In addition, we obtained the estimated coefficient by 
performing linear regression on the residuals and the final average 
estimated coefficients were derived after repeating the process across 
the 3 folds. This approach integrates the predictive ability of ML with the 
accurate estimation capability of linear regression. These efforts help 
mitigate biases in evaluating the influence of HSR on cognitive health of 
middle-aged and older adults. The empirical analysis was conducted in 
Stata, version 18.0, with a 95 % confidence interval. 

CHit = θ0HSRit + g(Xit)+Uit,E(Uit |Xit,HSRit)=0 (1) 

HSRit =m(Xit)+Vit, E(Vit |Xit)=0 (2) 

4. Results

4.1. Descriptive statistics

Demographic characteristics of participants in the baseline survey 
(2011) are summarized in Table 1. The mean value of the global 
cognition score is 14.98, with mean scores of 7.20 for episodic memory 
and 7.51 for mental intactness. Participants’ ages range from 45 to 75+
years old, with 61 % being middle-aged individuals (45–60 years) and 
39 % being older adults (60 years and above). The majority of the 
participants are females (54 %), married or partnered (90 %), and have 
an education level of elementary school or below (69 %). Additionally, 
67 % of participants have never drunk alcohol, 61 % have never smoked, 
65 % reside in rural villages, and 71 % live in Eastern and Central China. 
Additionally, HSR coverage steadily increased across the survey period, 
rising from 24.36 % of participants living in cities with HSR access in 
2011 to 73.77 % in 2018, highlighting the rapid expansion of this 
transport infrastructure in China during these years.

4.2. Effects of HSR on cognition

Table 2 shows the DML model estimating the effect of HSR opening 
on the global cognitive. In Table 2, time fixed effects and individual 
fixed effects are added incrementally. The results revealed that the co
efficient of HSR opening was 0.198, which is significantly positive and 
passes the statistical significance test. This indicates that HSR opening 
has a beneficial influence on the cognitive health of the residents in 
cities where HSR services were initiated. Therefore, we confirmed Hy
pothesis 1: HSR can enhance cognitive health of middle-aged and older 
adults.

We further examined the impact of HSR opening on two key com
ponents of global cognition: episodic memory and mental intactness, as 
Table 3 shows. The result shows that HSR opening significantly 
improved the performance of mental intactness. However, the intro
duction of HSR service did not appear to have a significant effect on 
episodic memory.

To examine the lagged effects of HSR on cognitive health, we test the 
one- and two-period lags of HSR opening. As shown in Table S2 in 
supplementary materials, both coefficients remain positive and signifi
cant, indicating robust results. Moreover, the estimated effect of 0.302 
slightly increases from the first lag (95 % CI, [0.162, 0.442]) to the 
second lag (estimated effect = 0.303, 95 % CI, [0.092, 0.514]), sug
gesting that the cognitive benefits of HSR access are not only sustained 
but may also strengthen over time.

4.3. Robust analysis

This study employed several strategies to check the robustness of our 
results, as detailed in Table 4. First, we addressed potential endogeneity 
concerns by using four instrumental variables. The result shows that the 
coefficients of HSR are still significant, suggesting that endogeneity is 
unlikely to bias our findings. Second, we increased the number of cross- 
validation folds from 3 to 5 and 7. In both cases, the estimated 

Table 1 
Demographic characteristics of participants and HSR over time (2011–2018).

Variables N (%)/Mean ± SD (Min-Max)

2011 2013 2015 2018

Cognition
Global cognition 14.98 ±

4.00 
(0–30)

15.15 ±
4.03 
(0–30)

14.59 ±
4.28 
(0–30)

15.61 ±
4.10 
(0–29)

Episodic memory 7.20 ±
3.02 
(0–20)

7.25 ±
3.22 
(0–20)

6.55 ±
3.52 
(0–20)

7.00 ±
3.86 
(0–19)

Mental intactness 7.51 ±
2.18 
(0–10)

7.62 ±
2.02 
(0–10)

7.54 ±
2.07 
(0–10)

7.52 ±
1.79 
(0–10)

Gender
Male 5541 (46 

%)
5541 (46 
%)

5541 (46 
%)

5541 (46 
%)

Female 6447 (54 
%)

6447 (54 
%)

6447 (54 
%)

6447 (54 
%)

Age
45–60 7314 (61 

%)
6309 (53 
%)

5159 (43 
%)

3799 (32 
%)

60–75 4092 (34 
%)

4829 (40 
%)

5639 (47 
%)

6368 (53 
%)

>75 582 (5 %) 850 (7 %) 1154 (10 
%)

1821 (15 
%)

Marriage
Married or partnered 10731 

(90 %)
10575 
(88 %)

10360 
(86 %)

9931 (83 
%)

separated, divorced, 
widowed, never married

1257 (10 
%)

1413 (12) 1628 (14 
%)

2057 (17 
%)

Education
No formal education, 

illiterate
3315 (28 
%)

3315 (28 
%)

3315 (28 
%)

3315 (28 
%)

Did not finish primary 
school but capable of 
reading and/or writing, 
Sishu

2222 (19 
%)

2222 (19 
%)

2222 (19 
%)

2222 (19 
%)

Elementary school 2615 (22 
%)

2615 (22 
%)

2615 (22 
%)

2615 (22 
%)

Middle school 2508 (21 
%)

2508 (21 
%)

2508 (21 
%)

2508 (21 
%)

High school and above 1328 (11 
%)

1328 (11 
%)

1328 (11 
%)

1328 (11 
%)

Drink
Yes 3990 (33 

%)
4146 (35 
%)

4052 (34 
%)

3772 (31 
%)

No 7998 (67 
%)

7842 (65 
%)

7934 (66 
%)

8216 (69 
%)

Smoke
Yes 4636 (39 

%)
5057 (42 
%)

5250 (44 
%)

5098 (43 
%)

No 7352 (61 
%)

6931 (58 
%)

6738 (56 
%)

6890 (57 
%)

Rural–urban areas
Rural village 7840 (65 

%)
7840 (65 
%)

7840 (65 
%)

7840 (65 
%)

Urban community 4148 (35 
%)

4148 (35 
%)

4148 (35 
%)

4148 (35 
%)

Region
Eastern China 4839 (40 

%)
4839 (40 
%)

4839 (40 
%)

4839 (40 
%)

Central China 3747 (31 
%)

3747 (31 
%)

3747 (31 
%)

3747 (31 
%)

Western China 3402 (28 
%)

3402 (28 
%)

3402 (28 
%)

3402 (28 
%)

HSR coverage (%) 24.36 % 40.94 % 60.59 % 73.77 %

Note: Outcome variables are presented as mean ± standard deviation (SD), with 
minimum and maximum values shown in parentheses. For categorical variables, 
frequencies and percentages are reported in the format N (%). Additionally, HSR 
coverage refers to the proportion of participants living in cities that had oper
ational HSR service in a given survey year. Based on the city-level matching of 
the HSR opening year, we calculated the proportion of participants living in 
HSR-covered areas at the time of each survey.

X. Zong et al.                                                                                                                                                                                                                                    Social Science & Medicine 385 (2025) 118624 

5 



coefficients for HSR remained significantly positive, confirming the 
robustness of our findings. Third, we changed the ML methods used in 
our study, from gradient boosting to lasso. The result for lasso was 
consistent with those for gradient boosting. Lastly, we replaced the key 
independent variable HSR opening with HSR service frequency and HSR 
network centrality, which more comprehensively measure the accessi
bility to HSR. The results demonstrated that the coefficients are still 
significantly positive. In sum, after a series of robust analyses, the effects 
of HSR on cognitive health among Chinese middle-aged and old adults 
remain robust.

4.4. Heterogeneous effects

Considering the heterogeneity across different genders, education 
levels, age, rural–urban areas, and regions, we further examined the 
heterogeneous effects of HSR opening, as shown in Fig. 3. There are 
gender-specific impacts of HSR opening on the global cognition of 
middle-aged and older adults in China. The opening of HSR has a pos
itive effect on global cognition for both male and female individuals. 
However, the effect size is larger and only statistically significant for 
female middle-aged and aged adults. When examining the urban-rural 
heterogeneous impacts of HSR opening on global cognition, we found 

that the effect size is larger and significant only for urban residents. 
Considering regional heterogeneity, HSR opening had a positive impact 
across the three regions, with the greatest effect observed in Eastern 
China individuals, followed by those in Central and Western China, 
though the effect is only significant for Eastern China individuals. There 
is distinct heterogeneity across ages as well, with HSR opening signifi
cantly improving the global cognition of young-old individuals (60–74), 
but not significantly influencing the global cognition of the middle-aged 
(age 45–59) and old-old (age 75 and over) individuals. Additionally, 
examining the education heterogeneity, we found that, the individuals 
with elementary and middle school education significantly benefited 
from HSR opening, while the effects for those with either lower or higher 
levels of education were not statistically significant. Therefore, we 
confirmed Hypothesis 2, demonstrating that the impact of HSR on the 
cognitive health of middle-aged and older adults is heterogeneous across 
different groups.

4.5. Mediating effects

Table 5 presents the mediating effects of PM2.5 exposure, individual 
earnings, depressive symptoms, nonlocal medical treatment, and the 
type of medical institutions between HSR opening and cognitive health 
among middle-aged and older adults. A significant mediating effect was 
observed through decreasing PM2.5 exposure, with an indirect effect of 
0.051 (p < 0.001), suggesting that improved air quality following the 
operation of HSR partially accounts for the observed cognitive health 
benefits. This supports Hypothesis 3, demonstrating that HSR improves 
the cognitive health of middle-aged and older adults by mitigating air 
pollution. By contrast, nonlocal medical treatment and the type of 
medical institutions did not exhibit significant mediating effects, despite 
their positive indirect estimates, which does not support Hypothesis 4. 
Individual earnings have a smaller but statistically significant mediating 
effect (indirect effect = 0.009, p < 0.05), implying that enhanced eco
nomic situation may also play a role in promoting cognitive health. It 
supports Hypothesis 5, revealing that HSR can improve the cognitive 
health of middle-aged and older adults by enhancing their economic 
situation. Depressive symptoms also significantly mediated the associ
ation, with an indirect effect of 0.038 (p < 0.001), indicating that alle
viation of depressive symptoms may be one mechanism through which 
HSR supports cognitive functioning. Therefore, we confirmed Hypoth
esis 6, demonstrating that HSR promoted the cognitive health of middle- 
aged and older adults by enhancing psychological well-being. These 
results underscore the importance of environmental, economic, and 
mental health pathways in shaping the cognitive benefits of HSR.

We further tested robustness by estimating lagged mediation models 
(Table S3 in supplementary materials). The main findings that HSR 
improves cognitive health through environmental, economic, and 
mental health remains robust, while the time dynamics of specific 

Table 2 
Impact of HSR opening on global cognition.

Variable (1) (2) (3) (4)

Global 
cognition

Global 
cognition

Global 
cognition

Global 
cognition

HSR opening 0.338*** 

[0.238, 
0.437]

0.163** 

[0.053, 
0.273]

0.371*** 

[0.272,0.471]
0.198*** 

[0.088, 
0.309]

Time Fixed 
Effects

​ Control ​ Control

Individual 
Fixed 
Effects

​ ​ Control Control

Note: Values in brackets indicate 95 % confidence intervals. ***p < 0.001, **p 
< 0.01, *p < 0.05.

Table 3 
Impact of HSR opening on mental intactness and episodic memory.

Variable Mental intactness Episodic memory

HSR opening 0.111*** [0.053,0.170] 0.086 [-0.005, 0.176]
Time Fixed Effects Control Control
Individual Fixed Effects Control Control

Note: Values in brackets indicate 95 % confidence intervals. ***p < 0.001, **p 
< 0.01, *p < 0.05.

Table 4 
Impact of HSR on global cognition.

Variable Global Cognition

Instrumental Variables Change 
Cross-Validation Folds

Change ML 
Model

Replacing HSR Measurements

Topographic 
Relief

Average 
Slope

Average 
Elevation

Opening of the 
Railway in 
1933

5-Folds 7-Fold Lasso HSR 
Frequency

HSR 
Centrality

HSR 3.051*** [1.762, 
4.341]

7.257** 
[2.957, 
11.557]

24.981* 

[0.010, 
49.951]

0.577* [0.087, 
1.067]

0.213*** 

[0.102, 
0.324]

0.195** 

[0.085, 
0.305]

0.105* 

[0.013,0.196]
0.001** 

[0.0003, 
0.0015]

0.0002* 

[0.00003, 
0.00032]

Time Fixed 
Effects

Control Control Control Control Control Control Control Control Control

Individual 
Fixed 
Effects

Control Control Control Control Control Control Control Control Control

Note: Values in brackets indicate 95 % confidence intervals. ***p < 0.001, **p < 0.01, *p < 0.05.
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mediators vary. The mediator PM2.5 exposure shows a clear attenuation 
over time, suggesting that air-quality improvements generate relatively 
immediate cognitive gains that diminish as the post-opening period 
extends. In contrast, the individual earnings channel strengthens with 
delay, which is consistent with cumulative income effects, as resources 
and investments that support cognition accumulate over time. Depres
sive symptoms display a nonlinear pattern, implying short-term psy
chological relief followed by stronger long-term mental health benefits. 
Mediation through nonlocal medical treatment and type of medical in
stitutions remains statistically insignificant across lag structures. These 
results reinforce the main findings while highlighting distinct temporal 
profiles for environmental, economic, and psychological mechanisms.

To further extend our analysis of the mediating mechanisms, we 
included an additional robustness check by examining heterogeneous 
mediation effects across urban and rural subsamples. As shown in 
Table S4 in supplementary materials, the mediating effect of the type of 
medical institutions remains statistically insignificant in both urban and 
rural subsamples. By contrast, the mediating coefficients of nonlocal 
medical treatment exhibit a more differentiated pattern. In both urban 
and rural areas, the indirect effects are positive, indicating that HSR 
expansion may facilitate greater access to nonlocal healthcare resources. 
However, statistical significance is only observed in the rural sample 
(estimated indirect effect = 0.027, 95 % CI [0.002, 0.052]).

5. Discussion

As a large transportation infrastructure, HSR not only improved the 
regional economy and innovation development (Hanley et al., 2022; Ke 
et al., 2017; Liang et al., 2020; Yang et al., 2021), but also enhanced the 
residents’ health levels (Bu et al., 2022; Chen et al., 2021; Yang et al., 
2025). With the population aging increasing in China and other coun
tries, accurately evaluating the effect of HSR on cognitive health aging 
becomes increasingly important. Our study not only contributes to the 
understanding of HSR’s impact on cognitive health among middle-aged 
and older adults, but also exemplifies the application of the advanced 
ML model in health and transportation research.

To the best of our knowledge, our research is the first prospective 
study to estimate the cognitive health effects of HSR using DML that 
combines the predictive ability of ML with the accurate estimation 
capability of linear regression. We provided further understanding of the 
relationship between a large transportation and the cognitive health of 
middle-aged and older adults. First, this study revealed that, on 
population-level, HSR significantly improved global cognition and 
mental intactness of Chinese middle-aged and older adults after 
adjusting for a large number of confounders since cognitive health is 
influenced by various factors. Second, after conducting an array of 
robust analyses including using instrumental variables, changing ML 
method, changing cross-validation folds, and replacing HSR opening 
with HSR frequency and HSR centrality, our results remain robust. 
Third, we uncovered the subgroup-level heterogeneity between HSR and 
cognitive health across gender, ages, education levels, rural–urban 
areas, and geographic regions. Finally, we examined the mechanisms 
through which HSR influences cognitive health and identified key 
mediating pathways. These findings offer robust evidence for under
standing and evaluating the broader health implications of HSR in the 
context of population aging.

By leveraging the longitudinal CHARLS data from wave 1 to wave 4 
between 2011 and 2018, we estimated the effects of HSR in global 
cognition with a coefficient of 0.198. This aligns with existing related 
studies pointing out the positive effect in self-rated, mental and physical 
health (Bu et al., 2022; Chen et al., 2021; Yang et al., 2025). The un
derlying mechanisms were found that HSR had a promoting effect on the 
global cognition of middle-aged and aged individuals by improving the 
air quality, enhancing individual earnings, and decreasing depressive 

Fig. 3. Heterogeneous impacts of HSR opening on global cognition.

Table 5 
Mediation effects of HSR opening on global cognition.

Effect PM2.5 
Exposure

Individual 
Earnings

Depressive 
Symptoms

Nonlocal 
Medical 
Treatment

Type of 
Medical 
Institutions

Total 
effect

0.183*** 
[0.096, 
0.271]

0.183*** 
[0.096, 
0.271]

0.183*** 
[0.096, 
0.271]

0.283* 
[0.022, 
0.545]

0.281* 
[0.027, 
0.535]

Direct 
effect

0.190*** 
[0.100, 
0.280]

0.163*** 
[0.075, 
0.251]

0.143** 
[0.055, 
0.230]

0.293* 
[0.029, 
0.556]

0.277* 
[0.024, 
0.530]

Indirect 
effect

0.051*** 
[0.034, 
0.069]

0.009* 
[0.001, 
0.016]

0.038*** 
[0.026, 
0.050]

0.002 
[-0.014, 
0.018]

0.016 
[-0.013, 
0.045]

Note: Values in brackets indicate 95 % confidence intervals. ***p < 0.001, **p 
< 0.01, *p < 0.05.
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symptoms. We further examined the impact of HSR across different di
mensions of cognitive health. It is found that HSR opening significantly 
improved performance in mental intactness, but not in episodic mem
ory, which may be relatively irreversible. HSR opening may protect 
episodic memory from being worsening but it is hard to improve it by 
increasing social and economic connections. Moreover, robustness 
checks with one- and two-period lag models confirm that these positive 
effects are not only sustained but also exhibit slight strengthening over 
time.

Heterogeneity analyses found that HSR opening has a significant 
effect on women, urban, young-old (60–74 years), and less-educated 
individuals (those with elementary or middle school education). One 
possible explanation is that women are more likely to experience higher 
levels of depressive symptoms (Albert, 2015). As HSR contributes to 
improved mental well-being, these psychological benefits may translate 
into more substantial cognitive health gains for women. Further 
research is needed to fully understand the underlying reasons for this 
gender difference. In contrast, our findings suggest that the cognitive 
health benefits of HSR are not yet evident in rural middle-aged and older 
adults. One possible explanation is that HSR fares are higher than those 
of conventional rail (Dobruszkes et al., 2022), which may pose a 
financial barrier for rural middle-aged and older adults, who typically 
have lower income levels compared to their urban counterparts. As 
previous research has shown, fares play an important role in individuals’ 
decisions between conventional rail and HSR (Ren et al., 2020). We 
found that individuals with elementary and middle school education 
significantly benefit from HSR opening, while the effects for those with 
either no formal schooling or higher (high school and above) education 
are not statistically significant. A potential explanation is the ceiling 
effect (Shaw and Hosseini, 2021): higher-educated individuals may 
already possess higher baseline cognitive functioning, leaving limited 
room for additional improvement attributable to HSR-related channels 
such as enhanced mobility, social interaction, and access to resources. In 
contrast, individuals with elementary or middle school education typi
cally may have lower initial cognitive levels, meaning that HSR-related 
improvements in connectivity and resources translate into more sub
stantial cognitive gains. This finding also aligns with cognitive reserve 
theory (Stern, 2006), which emphasizes that individuals with higher 
education accumulate greater cognitive resilience, making them less 
sensitive to marginal environmental changes. Young-old individuals 
(60–74 years) are more likely to benefit from HSR due to greater 
availability of leisure time and better physical functioning, as retirement 
often brings increased time resources and reduced role strain (Kim and 
Moen, 2002), enabling them to take fuller advantage of the opportu
nities that HSR provides. Regionally, the cognitive health benefits of 
HSR decrease from Eastern to Central and Western China, with signifi
cant effects observed only in the East. This gradient likely reflects un
derlying regional disparities in socioeconomic development and access 
to supportive resources for cognitive health. Residents in less developed 
Western provinces report greater exclusion from HSR (Ren et al., 2020), 
and a study shows that HSR-related mental health gains are more 
evident in the East than in other regions (Yang et al., 2025).

Our findings identified environmental improvement, economic 
gains, and mental health enhancement as significant mediators of the 
relationship between HSR and cognitive health, whereas healthcare 
access does not. In particular, the HSR-induced improvement in air 
quality appears to benefit cognitive health, consistent with prior studies 
that HSR expansion can significantly reduce PM2.5 concentration 
(Chang et al., 2021; Su and Xie, 2023). This environmental benefit aligns 
with recent evidence suggesting cleaner air from HSR contributes to 
healthier aging (Yang et al., 2025). Our findings differ from a previous 
study (Gao et al., 2022), which reported that HSR-related air-quality 
improvements occurred only in core cities and industrial areas. This 
discrepancy is likely due to differences in the study period: Gao et al. 
analyzed 2002–2012, corresponding to the early stage of HSR devel
opment, whereas our study focuses on 2011–2018, when the HSR 

network had expanded more extensively and its broader environmental 
and health impacts became more pronounced. Similarly, the economic 
mechanism of increased earnings is in line with prior findings that HSR 
promotes individual income (Chen et al., 2021; Zhang et al., 2022), and 
that higher income supports better cognitive health (Muhammad et al., 
2021; Rodriguez et al., 2021). Furthermore, we found that reduced 
depressive symptoms partly mediate the relationship between HSR and 
cognitive health, reinforcing the existing evidence linking HSR devel
opment with a lower risk of depression (Yang et al., 2025), and sup
porting the well-established association between late-life depression is 
associated with poorer cognitive functioning (Stafford et al., 2024; 
Weisenbach et al., 2012). In contrast, the healthcare access mechanism 
did not exhibit a significant mediating effect in the overall sample, 
despite prior findings that HSR enhances access to medical services 
(Choi et al., 2019; Liu et al., 2021). A potential explanation lies in 
limited public awareness and understanding of cognitive impairment 
among middle-aged and older adults. Cognitive decline is often 
perceived as a natural part of aging rather than a condition that requires 
medical attention (Cahill et al., 2015), and severe cognitive impairments 
such as dementia are frequently associated with stigma in China (Jia 
et al., 2022). These factors may reduce proactive healthcare-seeking 
behaviors for cognitive concerns, thereby weakening the role of 
healthcare access as a mediating pathway in our study. Furthermore, in 
our heterogeneity analysis, we found the estimated mediating co
efficients of nonlocal medical treatment were positive in both rural and 
urban residents, but statistically significant only among rural residents 
who previously faced higher barriers to reaching high-quality medical 
institutions (Zhang et al., 2017). This finding underscores the role of 
HSR in reducing rural-urban healthcare inequalities by improving con
nectivity for populations that were historically underserved. One 
possible explanation involves cognitive reserve: rural residents, who 
often have lower baseline cognitive reserve due to limited educational 
and socioeconomic opportunities (Chen et al., 2022), may benefit more 
from improved access to high-quality healthcare. HSR reduces trans
portation barriers to nonlocal medical treatment, enabling these resi
dents to receive timely interventions and preventive care that support 
cognitive health. In contrast, urban residents typically have higher 
cognitive reserve and are already in closer proximity to medical facilities 
(Robbins et al., 2019), so additional improvements in access via HSR 
may translate into minimal cognitive gains, resulting in an insignificant 
mediating effect. Additionally, robustness checks using lagged media
tion models confirm the robustness of our main findings, while revealing 
distinct temporal patterns across pathways. The environmental benefits 
of air-quality improvement attenuate over time, the economic effects of 
higher earnings strengthen with delay, and depressive symptoms follow 
a nonlinear trajectory.

This study offers new empirical evidence on the cognitive health 
implications of HSR development. By situating cognitive aging within 
the context of structural mobility infrastructure, we contribute to an 
emerging interdisciplinary understanding of how transportation shapes 
later-life cognitive health. A key contribution of this study lies in its 
identification of heterogeneous effects across subgroups. Our results 
indicate that cognitive gains associated with HSR are more pronounced 
among women, those with elementary or middle school education, and 
the young-old individuals. These patterns are consistent with prior ev
idence suggesting that socially and spatially disadvantaged groups due 
to their lower baseline levels of mobility, are more likely to benefit from 
improved transportation options (Liang et al., 2020; Liu et al., 2021).

There are several strengths in this study. Firstly, this study fills a 
crucial gap in existing research by focusing on the association of HSR 
with the cognitive health of middle-aged and older adults. Despite their 
vulnerability, older adults are frequently underrepresented in research 
on the cognitive health effects of transportation infrastructure. This 
study addresses this gap by examining how HSR may influence cognitive 
health among aging populations. Secondly, this study makes a distinc
tive contribution to the existing literature by employing the DML model 
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to investigate the relationship between HSR and the cognitive health of 
individuals in later life. The utilization of a ML approach allows for a 
more accurate examination of the complex and nonlinear relationship 
that may be difficult for conventional statistical methods to handle. In 
addition, we strengthen the identification strategy by employing 
different instrumental variables, which helps to address potential 
endogeneity and improve the robustness of causal inference. Lastly, the 
empirical evidence generated by this research has the potential to 
inform policymakers, urban planners, and healthcare professionals. By 
systematically exploring the relationship between HSR and cognitive 
health, policymakers can make more informed choices regarding the 
development and implementation of HSR projects, taking into account 
the potential benefits or risks for the aging population’s health.

The study also has some limitations. Cognitive health is a complex 
variable. The cognition indicators in this study, derived from CHARLS, 
may not comprehensively and accurately reflect cognitive health, given 
that the survey data is based on self-reported information, which carries 
a certain degree of subjectivity compared to clinical cognitive tests. 
Moreover, this study relies solely on data from China, which limits the 
generalizability of the findings to other countries where HSR is well- 
established, such as Japan and France. In addition, although social 
interaction is a potentially important mediating mechanism, the 
CHARLS dataset mainly captures local and routine activities (e.g., 
playing Mahjong, attending community club) rather than long-distance 
interactions that HSR may promote. This measurement limitation may 
underestimate the full extent of HSR’s impact through enhanced social 
interaction. Future research should consider incorporating registered 
cognition-related data from hospitals or government records to improve 
accuracy, as well as survey instruments that capture broader dimensions 
of social connectedness, including inter-city and long-distance activities.

6. Conclusion

Our findings suggest that investments in HSR can be viewed not only 
as economic initiatives but also as public health interventions. As such, 
policymakers should consider the broader societal benefits of such 
infrastructure projects. Firstly, the positive impact of HSR on cognitive 
health underscores the need for integrating health objectives into 
transportation and urban planning policies. This study demonstrates 
that HSR can significantly improve cognitive function among middle- 
aged and older adults, particularly in aspects of mental intactness, and 
that such benefits are not only sustained but may also strengthen over 
time.

Moreover, the heterogeneous impacts observed in this study suggest 
that targeted interventions are necessary. For example, the greater 
cognitive benefits for females, young-old adults, and individuals with 
elementary or middle school education indicate that HSR projects could 
be particularly beneficial if designed to address the specific needs of 
these groups. Tailored measures, such as ensuring affordable access to 
HSR services for low-income seniors and developing supportive services 
at HSR stations (e.g., mobility aids, and healthcare kiosks), may enhance 
the positive impact on cognitive health.

Lastly, the findings suggest that HSR can play a role in reducing 
cognitive health disparities between certain demographic groups. Poli
cymakers should ensure equitable access to HSR services across urban 
and rural areas, as well as among different socioeconomic groups. 
Subsidizing HSR tickets for older individuals, especially those from low- 
income or rural backgrounds, could help bridge the gap in access to 
transportation and healthcare services.
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Seblova, D., Berggren, R., Lövdén, M., 2020. Education and age-related decline in 
cognitive performance: systematic review and meta-analysis of longitudinal cohort 
studies. Ageing Res. Rev. https://doi.org/10.1016/j.arr.2019.101005.

Shaw, J.S., Hosseini, S.M.H., 2021. The Effect of Baseline Performance and Age on 
Cognitive Training Improvements in Older Adults: a Qualitative Review. Journal of 
Prevention of Alzheimer’s Disease. https://doi.org/10.14283/jpad.2020.55.

Skirbekk, V., Loichinger, E., Weber, D., 2012. Variation in cognitive functioning as a 
refined approach to comparing aging across countries. Proc. Natl. Acad. Sci. U. S. A. 
109. https://doi.org/10.1073/pnas.1112173109.

Song, C.X., Qiao, C.X., Luo, J., 2021. Does high-speed rail opening affect the health care 
environment?-evidence from China. Front. Public Health 9. https://doi.org/ 
10.3389/fpubh.2021.708527.

Stafford, J., Dekhtyar, S., Welmer, A.K., Vetrano, D.L., Grande, G., Laukka, E.J., 
Marseglia, A., Moulton, V., Mansfield, R., Liu, Y., Ning, K., Wolf-Ostermann, K., 
Brodaty, H., Samtani, S., Ikram, M.A., Melis, R., Rymaszewska, J., Szcześniak, D., Di 
Gessa, G., Richards, M., Davis, D., Patalay, P., Maddock, J., 2024. Social health and 
subsequent cognitive functioning in people aged 50 years and older: examining the 
mediating roles of depressive symptoms and inflammatory biomarkers in two 
European longitudinal studies. Lancet Healthy Longev 5, e356–e369. https://doi. 
org/10.1016/S2666-7568(24)00046-1.

Stern, Y., 2006. Cognitive reserve and Alzheimer disease. Alzheimer Dis. Assoc. Disord. 
https://doi.org/10.1097/00002093-200607001-00010.

Su, W., Xie, C., 2023. High-speed rail, technological improvement, and PM2.5: evidence 
from China. Econ. Anal. Pol. 80, 1349–1362. https://doi.org/10.1016/j. 
eap.2023.10.020.

Sun, Y.Y., Lin, Z.W., 2018. Move fast, travel slow: the influence of high-speed rail on 
tourism in Taiwan. J. Sustain. Tourism 26. https://doi.org/10.1080/ 
09669582.2017.1359279.

Takatsu, T., 2007. The history and future of high-speed railways in Japan. Japan Railway 
& Transport Review 48.

Tang, C., Guan, M., Dou, J., 2021. Understanding the impact of high speed railway on 
urban innovation performance from the perspective of agglomeration externalities 
and network externalities. Technol. Soc. 67. https://doi.org/10.1016/j. 
techsoc.2021.101760.

Tang, Z., Wang, L., Wu, W., 2023. The impact of high-speed rail on urban carbon 
emissions: evidence from the Yangtze River Delta. J. Transport Geogr. 110. https:// 
doi.org/10.1016/j.jtrangeo.2023.103641.

X. Zong et al.                                                                                                                                                                                                                                    Social Science & Medicine 385 (2025) 118624 

10 

https://doi.org/10.1111/ectj.12097
https://doi.org/10.1016/j.jth.2018.11.004
https://doi.org/10.1016/j.tra.2018.04.024
https://doi.org/10.1016/j.tra.2018.04.024
https://doi.org/10.1016/j.tbs.2021.09.009
https://doi.org/10.1002/gps.4495
https://doi.org/10.1016/j.seps.2022.101464
https://doi.org/10.48550/arXiv.2403.143985
https://doi.org/10.48550/arXiv.2403.143985
https://doi.org/10.1016/j.seps.2021.101211
https://doi.org/10.1016/j.seps.2021.101211
https://doi.org/10.1080/10095020.2021.1972771
https://doi.org/10.3233/JAD-200852
https://doi.org/10.1080/02604027.2023.2204791
https://doi.org/10.1016/j.enpol.2024.113999
https://doi.org/10.1016/j.enpol.2024.113999
https://doi.org/10.1016/j.trd.2020.102607
https://doi.org/10.1016/j.regsciurbeco.2021.103717
https://doi.org/10.1093/jeg/lby019
https://doi.org/10.1093/jeg/lby019
https://doi.org/10.1016/j.jclepro.2020.121623
https://doi.org/10.1016/j.jclepro.2020.121623
https://doi.org/10.3390/ijerph15102315
https://doi.org/10.1016/S0140-6736(22)02362-5
https://doi.org/10.1016/S0140-6736(22)02362-5
https://doi.org/10.1016/j.seps.2021.101128
https://doi.org/10.1016/j.chieco.2017.02.008
https://doi.org/10.1093/geronb/57.3.P212
https://doi.org/10.1093/geronb/57.3.P212
https://doi.org/10.1177/0898264320972547
https://doi.org/10.1001/jamanetworkopen.2021.0169
https://doi.org/10.1016/j.jtrangeo.2019.102621
https://doi.org/10.1093/heapol/czab018
https://doi.org/10.1016/j.tra.2023.103767
https://doi.org/10.1016/j.tra.2023.103767
https://doi.org/10.1016/j.jtrangeo.2018.09.013
https://doi.org/10.1016/j.socscimed.2018.09.052
https://doi.org/10.1016/j.scitotenv.2020.142460
https://doi.org/10.1016/j.scitotenv.2020.142460
https://doi.org/10.1177/0898264315585504
https://doi.org/10.1177/0898264315585504
https://doi.org/10.1016/j.tranpol.2018.05.006
https://doi.org/10.1016/j.tra.2022.01.019
https://doi.org/10.1016/j.tra.2022.01.019
https://doi.org/10.1186/s12888-021-03257-4
https://doi.org/10.1186/s12877-021-02545-8
http://doi.org/10.1055/s-0035-1555115
http://doi.org/10.1055/s-0035-1555115
https://doi.org/10.1002/hec.4617
https://doi.org/10.3233/JAD-180631
https://doi.org/10.3233/JAD-180631
https://doi.org/10.1289/ehp.1002767
https://doi.org/10.1016/S0140-6736(14)61347-7
https://doi.org/10.1016/j.tra.2020.05.018
https://doi.org/10.1097/YCO.0000000000000490
https://doi.org/10.1002/gps.5613
https://doi.org/10.1093/geroni/igad064
https://doi.org/10.1371/journal.pone.0225006
https://doi.org/10.3141/2261-05
https://doi.org/10.1016/j.arr.2019.101005
https://doi.org/10.14283/jpad.2020.55
https://doi.org/10.1073/pnas.1112173109
https://doi.org/10.3389/fpubh.2021.708527
https://doi.org/10.3389/fpubh.2021.708527
https://doi.org/10.1016/S2666-7568(24)00046-1
https://doi.org/10.1016/S2666-7568(24)00046-1
https://doi.org/10.1097/00002093-200607001-00010
https://doi.org/10.1016/j.eap.2023.10.020
https://doi.org/10.1016/j.eap.2023.10.020
https://doi.org/10.1080/09669582.2017.1359279
https://doi.org/10.1080/09669582.2017.1359279
http://refhub.elsevier.com/S0277-9536(25)00955-4/sref64
http://refhub.elsevier.com/S0277-9536(25)00955-4/sref64
https://doi.org/10.1016/j.techsoc.2021.101760
https://doi.org/10.1016/j.techsoc.2021.101760
https://doi.org/10.1016/j.jtrangeo.2023.103641
https://doi.org/10.1016/j.jtrangeo.2023.103641


Vickerman, R., 1997. High-speed rail in Europe: experience and issues for future 
development. Ann. Reg. Sci. 31. https://doi.org/10.1007/s001680050037.

Wang, C., Zhang, M., Chen, Z., Zhang, C., 2024. Impact of high-speed rail on wage 
premiums for migrant workers in: china. Transp. Policy 157, 57–73. https://doi.org/ 
10.1016/j.tranpol.2024.08.007.

Wang, Y., Dong, J., Wang, J., 2025. Does high-speed rail promote residents’ subjective 
Well-being? Evidence from China. Sage Open 15. https://doi.org/10.1177/ 
21582440251321979.

Weisenbach, S.L., Boore, L.A., Kales, H.C., 2012. Depression and cognitive impairment in 
older adults. Curr. Psychiatry Rep. 14. https://doi.org/10.1007/s11920-012-0278-7.

Weuve, J., Puett, R.C., Schwartz, J., Yanosky, J.D., Laden, F., Grodstein, F., 2012. 
Exposure to particulate air pollution and cognitive decline in older women. Arch. 
Intern. Med. 172. https://doi.org/10.1001/archinternmed.2011.683.

Xiong, O., Cang, J., Yang, X., 2023. New evidence of high-speed rail promoting green 
economic growth in the Yangtze River Economic Belt: empirical analysis based on 
difference-in-differences. Environ. Sci. Pollut. Control Ser. 30. https://doi.org/ 
10.1007/s11356-023-30161-z.

Yang, H., Zhang, X., Liu, J., Wen, J., 2025. The faster the healthier: china’s high-speed 
rail expansion and mental health. Socioecon Plann Sci 99. https://doi.org/10.1016/ 
j.seps.2025.102199.

Yang, L., Martikainen, P., Silventoinen, K., Konttinen, H., 2016. Association of 
socioeconomic status and cognitive functioning change among elderly Chinese 
people. Age Ageing 45. https://doi.org/10.1093/ageing/afw107.

Yang, X., Pan, A., Gong, J., Wen, Y., Ye, Y., Wu, J.H., Pan, X.F., Yang, C.X., 2020. 
Prospective associations between depressive symptoms and cognitive functions in 
middle-aged and elderly Chinese adults. J. Affect. Disord. 263. https://doi.org/ 
10.1016/j.jad.2019.11.048.

Yang, X., Zhang, H., Li, Y., 2022. High-speed railway, factor flow and enterprise 
innovation efficiency: an empirical analysis on micro data. Socioecon Plann Sci 82. 
https://doi.org/10.1016/j.seps.2022.101305.

Yang, X., Zhang, H., Lin, S., Zhang, J., Zeng, J., 2021. Does high-speed railway promote 
regional innovation growth or innovation convergence? Technol. Soc. 64. https:// 
doi.org/10.1016/j.techsoc.2020.101472.

Ye, Z., Li, X., Lang, H., Fang, Y., 2023. Long-term PM2.5 exposure, lung function, and 
cognitive function among middle-aged and older adults in China. Journals of 
Gerontology - Series A Biological Sciences and Medical Sciences 78, 2333–2341. 
https://doi.org/10.1093/gerona/glad180.

Zhang, H., Zhou, B.B., Liu, S., Hu, G., Meng, X., Liu, X., Shi, H., Gao, Y., Hou, H., Li, X., 
2023. Enhancing intercity transportation will improve the equitable distribution of 
high-quality health care in China. Appl. Geogr. 152. https://doi.org/10.1016/j. 
apgeog.2023.102892.

Zhang, L., Luo, Y., Zhang, Y., Pan, X., Zhao, D., Wang, Q., 2022. Green space, air 
pollution, weather, and cognitive function in middle and old age in China. Front. 
Public Health 10. https://doi.org/10.3389/fpubh.2022.871104.

Zhang, M. ting, Yu, F., Zhong, C.B., Tang, Y. hong, 2022. Influence of high-speed railway 
network on individual income: evidence from China’s microeconomic data. 
Transportation Letters 14. https://doi.org/10.1080/19427867.2021.1952043.

Zhang, T., Xu, Y., Ren, J., Sun, L., Liu, C., 2017. Inequality in the distribution of health 
resources and health services in China: hospitals versus primary care institutions. Int. 
J. Equity Health 16. https://doi.org/10.1186/s12939-017-0543-9.

Zhao, L., Zhang, X., Zhao, F., 2021. The impact of high-speed rail on air quality in 
counties: econometric study with data from southern Beijing-Tianjin-Hebei, China. 
J. Clean. Prod. 278. https://doi.org/10.1016/j.jclepro.2020.123604.

Zhao, Y., Hu, Y., Smith, J.P., Strauss, J., Yang, G., 2014. Cohort profile: the China health 
and retirement longitudinal study (CHARLS). Int. J. Epidemiol. 43. https://doi.org/ 
10.1093/ije/dys203.

Zheng, S., Kahn, M.E., 2013. China’s bullet trains facilitate market integration and 
mitigate the cost of megacity growth. Proc. Natl. Acad. Sci. USA. 110. https://doi. 
org/10.1073/pnas.1209247110.

X. Zong et al.                                                                                                                                                                                                                                    Social Science & Medicine 385 (2025) 118624 

11 

https://doi.org/10.1007/s001680050037
https://doi.org/10.1016/j.tranpol.2024.08.007
https://doi.org/10.1016/j.tranpol.2024.08.007
https://doi.org/10.1177/21582440251321979
https://doi.org/10.1177/21582440251321979
https://doi.org/10.1007/s11920-012-0278-7
https://doi.org/10.1001/archinternmed.2011.683
https://doi.org/10.1007/s11356-023-30161-z
https://doi.org/10.1007/s11356-023-30161-z
https://doi.org/10.1016/j.seps.2025.102199
https://doi.org/10.1016/j.seps.2025.102199
https://doi.org/10.1093/ageing/afw107
https://doi.org/10.1016/j.jad.2019.11.048
https://doi.org/10.1016/j.jad.2019.11.048
https://doi.org/10.1016/j.seps.2022.101305
https://doi.org/10.1016/j.techsoc.2020.101472
https://doi.org/10.1016/j.techsoc.2020.101472
https://doi.org/10.1093/gerona/glad180
https://doi.org/10.1016/j.apgeog.2023.102892
https://doi.org/10.1016/j.apgeog.2023.102892
https://doi.org/10.3389/fpubh.2022.871104
https://doi.org/10.1080/19427867.2021.1952043
https://doi.org/10.1186/s12939-017-0543-9
https://doi.org/10.1016/j.jclepro.2020.123604
https://doi.org/10.1093/ije/dys203
https://doi.org/10.1093/ije/dys203
https://doi.org/10.1073/pnas.1209247110
https://doi.org/10.1073/pnas.1209247110

	Railways to better minds: The influence of high-speed rail on cognitive health inequalities
	1 Introduction
	2 Research hypotheses
	3 Data and method
	3.1 Data
	3.1.1 Data description
	3.1.2 Measurements

	3.2 Method

	4 Results
	4.1 Descriptive statistics
	4.2 Effects of HSR on cognition
	4.3 Robust analysis
	4.4 Heterogeneous effects
	4.5 Mediating effects

	5 Discussion
	6 Conclusion
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	Appendix A Supplementary data
	Data availability
	References


