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Pollution, hazards, and health inequalities: a
longitudinal exploration of the impact of PM2.5 on
depression among rural older adults with different
incomes in China
Zhenhua Zheng 1✉, Linquan Chen1, Ning Sun 1, Yilin Jin1 & Yuetong Wang1

Air pollution has been increasingly associated with heightened mental health risks. However,

there is a scarcity of nationwide research addressing the mental health issue of rural older

adults, as well as a lack of thorough investigations into the underlying issues of health

inequality. This study leverages data from the 2014–2018 “China Longitudinal Ageing Social

Survey” to conduct a comprehensive longitudinal analysis utilizing latent growth models and

random intercept cross-lagged panel models. The findings reveal a concerning trend of

worsening depressive symptoms among rural Chinese older adults, with an average annual

growth rate of 1.9%. PM2.5 concentrations significantly contribute to depression in this

population. PM2.5 pollution exhibit a indicative association with depressive symptoms in the

lagged periods, with standard influence coefficients of 0.089 and 0.073, respectively.

However, this association is only observed in middle- and low-income groups, with no evi-

dence found in high-income groups. Data suggest that lower income levels heighten vul-

nerability to the adverse effects of PM2.5 on mental health, with low-income rural older

adults being the most severely affected subgroup. This implies that there are health

inequalities related to the impact of air pollution among elderly populations of different

income levels. Consequently, targeted interventions aimed at addressing the disparities in

rural are essential for mitigating these inequalities and improving health outcomes in this

vulnerable population.
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Introduction

Mental health issues are frequently overlooked by the
public, yet their detrimental effects can be significantly
more severe (Wickstead and Furnham, 2017; Carmi-

chael et al. 2019). According to the World Health Organization’s
“World Mental Health Report,” approximately one in eight
individuals globally is affected by mental health disorders (WHO,
2017). Among these, depression stands out as one of the most
prevalent mental health conditions worldwide and has emerged
as a critical concern in the context of global aging. In China,
mental health challenges, particularly depression, have become
pressing public health issues for older adults. This concern is
especially pronounced in rural regions, where older adults often
face more severe manifestations of depression. The report titled
“The Path to Healthy Ageing in China” indicates that 25.2% of
rural older adults frequently experience symptoms of depression,
such as feelings of sadness and loss, which is 5.3% higher than the
rate observed among their urban counterparts (Chen et al. 2022).
This disparity can be attributed to several factors, including sig-
nificant rural depopulation and limited access to healthcare
resources (Wang et al. 2019; Ye et al. 2024). Consequently, it is
crucial to increase awareness and attention to the issue of
depression among the rural elderly population in China.

Over the past two decades, systematic disparities have persisted
among vulnerable social groups concerning social status, eco-
nomic income, and health security (Sabo et al. 2015). From the
standpoint of health equity, these marginalized populations face
significant obstacles in achieving good health and accessing
healthcare services, with the issue of health inequality being
particularly pronounced in developing countries (Chancel et al.
2022; Tam and Chan, 2017). In rural China, relative poverty
continues to be a critical issue, resulting in significant health
disparities among older adults within the same region. Low-
income rural older adults often lack adequate pension support to
cover their basic living expenses, compelling them to remain
engaged in agricultural activities to sustain their livelihoods into
later life. Furthermore, medical coverage for this demographic
remains insufficient, exacerbated by a scarcity of essential medical
resources (Cai et al. 2017). A few scholars have identified
inequalities in mental health among older adults, where the
greater the income inequality is, the more likely low-income
groups are to suffer from depression (Hou et al. 2022; Park and
Seo, 2021; Jun et al. 2021). This phenomenon may be attributed
to the economic burdens borne by low-income older adults,
which can lead to sustained life stress and exacerbate the occur-
rence of depression (Lei et al. 2022; Pan et al. 2021; Wang et al.
2020). Therefore, it is imperative that this research addresses the
social issue of health inequality across different income groups
and prioritizes the investigation of the elevated prevalence of
depression among rural older adults. Such efforts are crucial for
enhancing the mental well-being of rural populations and
ensuring that environmental factors do not inadvertently perpe-
tuate health disparities among specific groups, ultimately con-
tributing to reduced inequalities between diverse populations.

In the field of environmental health research, environmental
perception theory explores how individuals’ emotions are shaped
by their surroundings in specific contexts, which can subse-
quently elicit physiological responses from the immune system
(Xue et al. 2014; Zeng et al. 2020). It is well-documented that
suboptimal environmental conditions can heighten stress and
anxiety among older adults, and the relationship between air
pollution and depression in this demographic has been exten-
sively investigated (Cao et al. 2023; Gu et al. 2019). While air
quality management initiatives in urban areas of China have
yielded positive results, the issue of PM2.5 pollution in rural
regions remains a considerable challenge. The primary sources of

PM2.5 in these rural areas may differ significantly from those
found in urban environments. Notably, reliance on coal for
heating and the incineration of agricultural residues are sig-
nificant contributors to PM2.5 emissions. Moreover, the rapid
pace of development in China has led to a new form of secondary
pollution in certain rural areas, stemming from industrialization
and increased vehicular traffic (Aunan et al. 2019). Investigating
PM2.5 levels in rural settings is crucial for understanding and
analyzing the potential impacts of pollution on mental health,
thereby providing a scientific foundation for the realization of a
Healthy China initiative. As such, this study prioritizes PM2.5 as
a central focus of air pollution research. Among various air pol-
lutants, PM2.5 is recognized as one of the most detrimental types
of particulate matter to human health, significantly impacting
depression rates among older adults. Research indicates that
higher concentrations of PM2.5 correlate with an increased
likelihood of depression within this demographic (Zhang et al.
2020; Chen et al. 2021; Zheng et al. 2019). Furthermore,
environmental psychology underscores that health responses
resulting from environmental interactions necessitate a dual
emotional analysis (Clayton et al. 2016). The first aspect
involves direct responses to simple environmental stimuli, such
as the physical health impacts of PM2.5. The second aspect
encompasses a more profound erosion of well-being, wherein
PM2.5 negatively affects residents’ mental health through both
its physical health repercussions and the accompanying stres-
sors they create.

Scholars have also found that the mechanism through which
PM2.5 pollution impacts depression among older adults is mul-
tifaceted (Zheng et al. 2019; Zijlema et al. 2016; Fan et al. 2020;
Shi et al. 2020). For example, long-term haze and gloomy weather
can affect older adults’ emotions and reduce social activities
(Zheng et al. 2019; Zijlema et al. 2016). Such gloomy weather may
evoke feelings of loss, which can subsequently manifest as
depressive symptoms (Fan et al. 2020; Shi et al. 2020). Moreover,
severe air pollution can deter social interactions and physical
activities, thereby heightening the likelihood of emotional
instability and exacerbating depressive symptoms in individuals
who may already be experiencing marginal psychological issues
(Gu et al. 2019; Zheng et al. 2019). Additionally, PM2.5 pollution
is known to induce oxidative stress and various inflammatory
responses in the body, conditions closely linked to depression
(Bao et al. 2017; Sabeti et al. 2021). Prolonged exposure to ele-
vated PM2.5 concentrations can also lead to chronic health
conditions such as asthma, bronchitis, cardiovascular diseases,
and hypertension (Xing et al. 2016; Yang et al. 2020; Liang et al.
2014; David et al. 2014; Guan et al. 2016). As the physical health
of older adults deteriorates due to long-term exposure to PM2.5,
they may experience a loss of hope regarding their health and
well-being, which can gradually lead to the development of
depressive symptoms (Yao et al. 2022; Hautekiet et al. 2022).
Consequently, the impact of environmental pollution, particularly
PM2.5, on depression among older adults is significant and
warrants serious consideration. It is essential to guide individuals’
perceptions of their environment in ways that promote health.

As the exploration of the relationship between pollution and
depression among older adults continues, some scholars have
noted that older adults with low socioeconomic status are parti-
cularly vulnerable to the effects of PM2.5 pollution (Pun et al.
2017; Xue et al. 2021). This increased susceptibility may be
attributed to their substandard living conditions and lifestyle
habits, which can lead to higher concentrations of PM2.5, thereby
triggering oxidative stress and inflammation that contribute to
depression. Income, a critical component of socioeconomic sta-
tus, has been recognized as an important factor in this research.
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However, current studies have primarily focused on individuals
across varying socioeconomic statuses, often neglecting the
implications of income inequality on health equity among dif-
ferent demographic groups. Notably, there has been insufficient
attention paid to the rural elderly population. Therefore, it is
imperative to further investigate the impact of PM2.5 on
depression among rural older adults across different income
brackets to uncover issues related to social health inequality. This
research will enhance our understanding of the health status of
older adults in low-income rural areas and promote social equity
and health justice.

Currently, the majority of research on the impact of PM2.5 on
depression has predominantly focused on urban older adults,
often overlooking their rural counterparts. Paradoxically, rural
older adults may experience more acute PM2.5 pollution, leading
to heightened levels of depression (Aunan et al. 2019; Yun et al.
2020). Although there has been a notable annual decline in air
pollution levels in China, the PM2.5 concentration remains above
the standards set by the World Health Organization (WHO,
2021; Chan and Yao, 2008; Yao et al. 2020). In rural areas,
industrialization and development inevitably exacerbate resource
constraints, contributing to environmental degradation and pol-
lution (Aunan et al. 2019). Compared to urban settings, the
efforts to control air pollution in rural areas are generally weaker,
resulting in less substantial reductions in pollution levels. Con-
sequently, pollution levels in rural and urban areas are gradually
converging, with certain rural regions exhibiting air quality that is
worse than that of many urban centers (Tilt, 2013; Tian et al.
2015). Some studies even suggest that the risk of deaths attribu-
table to PM2.5 is higher in rural areas than in urban zones (Yun
et al. 2020; Zhao et al. 2021; Liu, 2019; Liu et al. 2021). In light of
these findings, there is an urgent need to examine the impact of
PM2.5 on depression among rural older adults.

Notably, existing studies on the impact of PM2.5 on depression
among Chinese older adults have been mostly cross-sectional
studies (Shi et al. 2020; Yao et al. 2022; Wang et al. 2019).
However, relying solely on cross-sectional studies may not be
accurate to determine the relationships between PM2.5 and
mental health, nor can other potential influencing factors be
excluded, and there is still a problem of sample selection bias. In
the published literature, we found that fewer longitudinal studies
have focused on the impact of PM2.5 on depression among older
adults (Wang et al. 2020; Xue et al. 2021). Wang et al. (2020)
found that depressive symptoms among older adults increased in
conjunction with rising annual PM2.5 concentrations, suggesting
that higher PM2.5 levels could exacerbate depressive symptoms
by diminishing physical activity and social engagement. Xue et al.
(2021) based on the three-year trajectory of PM2.5 pollution and
depression among Chinese older adults, demonstrated a sustained
impact of PM2.5 on depression among older adults. Additionally,
Xue et al. (2021) also indicated that clean air policies could
enhance the mental health of older adults not only in China but
also in other middle- and low-income countries. However, there
is still a lack of relevant longitudinal studies focusing on rural
China, particularly those that integrate issues of health inequality
to investigate the impact of PM2.5 on depression among older
adults across different income groups. This gap in research
underscores the necessity for targeted investigations into the
unique challenges faced by rural older adults in relation to PM2.5
exposure and mental health outcomes.

To address the identified knowledge gaps, this study integrates
rural PM2.5 pollution and social issues related to health
inequality to conduct an in-depth analysis. Utilizing data from
the China Longitudinal Ageing Social Survey (CLASS) spanning
from 2014 to 2018, the study employed latent growth models to
assess the trajectories of depression among rural older adults and

PM2.5 pollution. Specifically, a random intercept cross-lagged
model was used to identify the indicative associations between
PM2.5 pollution and depression among rural older adults, while
also evaluating differences across various income groups to ana-
lyze the impact of pollution on health disparities. This research
contributes to existing theoretical and practical frameworks in
three significant ways. First, it enhances the development of
environmental perception theory and environmental psychology
by providing longitudinal insights into the indicative associations
between PM2.5 pollution and depression among rural older
adults. Second, the study highlights a societal issue of health
inequality stemming from environmental hazards, thereby
offering new avenues for promoting equitable health outcomes.
Third, this research seeks to draw the attention of policymakers to
the persistent health inequalities faced by vulnerable populations.
By deepening the incorporation of humanistic perspectives in the
realms of environmental protection and public health, it aims to
foster the development of truly elder-friendly rural communities
and promote social equity.

Based on a thorough review and analysis, the study system-
atically explores and addresses the following research questions:

1. What are the trajectories of depression and PM2.5 pollution
among rural older adults from 2014 to 2018?

2. Does PM2.5 pollution have significant indicative associa-
tions with depression among rural older adults?

3. Are there health inequalities in the impact of PM2.5
pollution on depression among rural older adults with
different incomes?

Methods
Data and samples. This research utilized data from the “China
Longitudinal Ageing Social Survey” (CLASS), a comprehensive
nationwide longitudinal study conducted entirely by the Renmin
University of China. The respondents included Chinese older
adults aged 60 and above, and the survey encompassed 29 pro-
vinces, autonomous regions, and municipalities across China. The
CLASS project systematically collects data on the health, living
environments, and living conditions of older adults in China,
thereby providing essential theoretical support and empirical
evidence to address the challenges posed by an aging population.
The CLASS project initiated its first nationwide baseline survey in
2014, followed by two tracking surveys in 2016 and 2018. Despite
relatively high sample attrition rates in both baseline and follow-
up surveys, a comparison of the demographic characteristics of
the valid samples indicates a general consistency, as illustrated in
Fig. 1. The mechanism behind sample attrition appears largely
random, ensuring that the rural older adults retained in the two
tracking surveys possess a commendable degree of representa-
tiveness. The study utilized a multi-stage sampling method, using
the map addresses of each village or community as the sampling
frame and randomly selecting households. Within each house-
hold, individuals aged 60 and above were sampled, and one
participant was selected for a face-to-face interview. In the 2014
baseline survey, this research obtained a total of 4603 ques-
tionnaires from rural residents. In the 2016 follow-up survey,
3376 rural older adults participated in the 2014 baseline survey;
while in the 2018 survey, 2103 rural older adults participated in
the 2016 and 2014 surveys. Ultimately, the study focused on the
sample of rural older adults who participated in all three surveys.
After excluding cases with missing income data, we obtained a
final total of 1833 valid samples. Our research examined dis-
parities in income levels based on relative income. The income
levels of rural older adults were classified into three categories
according to their effective annual income: low-income (0–30%
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percentile, <1444 CNY), medium-income (30–70% percentile,
1444–5564 CNY), and high-income (70–100% percentile, >5564
CNY). The final analysis revealed 550 samples of low-income
rural older adults, 733 samples of medium-income rural older
adults, and 550 samples of high-income rural older adults.

Measurement variable selection
Depression among rural older adults. Depression has emerged as a
significant public health concern (Wickstead and Furnham, 2017;
Carmichael et al. 2019). In this study, the dependent variable is
depression, which is measured using the Center for Epidemio-
logic Studies Depression Scale (CES-D) as revised by Cong and
Silverstein (Cong and Silverstein, 2008). Older adults were asked
to report the frequency with which they experienced six negative
emotions over the past week, specifically: (1) Do you feel lonely?
(2) Do you feel sad? (3) Do you have no appetite? (4) Do you
have trouble sleeping? (5) Do you feel worthless? (6) Do you feel
that you have nothing to do? Each item offers three frequency
options to choose from: 1=Rarely or none of the time, 2=Some of
the time, 3=Most of the time, with higher scores indicating
higher levels of depression. The scale demonstrates robust relia-
bility and validity (Vilagut et al. 2016; Lewinsohn et al. 1997). In
this study, the Cronbach’s α coefficients for the CES-D scale at
various time points were 0.989 (2014), 0.972 (2016), and 0.984
(2018), indicating strong reliability and high consistency among
the six items. To streamline the analysis, this study considers the
six items as a single construct. The scores for these items are
summed to produce a total CES-D score, which ranges from 6 to
18. A higher total score signifies greater levels of depression and
poorer mental health status.

Pollution (PM2.5). This study utilized global ground observation
PM2.5 concentration raster data (version V5.GL.02), developed
by the Atmospheric Composition Analysis Group at Washington
University in St. Louis, USA. This dataset features a spatial
resolution of 1 km × 1 km. The specific development method is as
follows: First, the GEOS-Chem chemical transport model simu-
lates the surface PM2.5 concentration, integrating aerosol optical
depth (AOD) data obtained from satellite instruments, including
the moderate-resolution imaging spectroradiometer (MODIS),
the multi-angle imaging spectroRadiometer (MISR), and the sea-
viewing wide field-of-view sensor (SeaWiFS). Subsequently, the
GEOS-Chem simulation values were verified and calibrated using
geographically weighted regression based on ground observation
data from the China Atmospheric Monitoring Network. This

process enhances the rigor and credibility of the resulting data.
The latest version of the dataset not only demonstrates strong
predictive performance for annual average surface PM2.5 esti-
mates but also exhibits high congruence with globally distributed
ground-based monitoring systems. The dataset is available at the
following website: https://sites.wustl.edu/acag/datasets/surface-
pm2-5/. The accuracy of the PM2.5 raster data in V5.GL.02 has
been validated by multiple scholars and has been employed in
various studies examining the long-term health impacts of PM2.5
exposure (Van Donkelaar et al. 2021; Ali et al. 2023).

In the CLASS dataset, 1833 rural older adults participated
across three surveys conducted in 82 counties in China. This
research aggregated monthly PM2.5 exposure concentrations
from a 1 km × 1 km spatial resolution to the county level by
averaging the grid estimates across the 82 county polygons. This
methodological approach enabled us to derive the annual average
PM2.5 exposure at the county level during the study period (2014,
2016, 2018).

Covariates. To account for potential confounding factors, this
research adopted a two-level approach, controlling for variables at
both the individual and county levels. The covariate data were
drawn from baseline measurements collected in 2014. At the
individual level, the control variables included gender (0 = Male;
1 = Female), education level (1 = Illiterate; 2 = Private school/
literacy class; 3 = Primary school; 4 = Junior high school; 5 =
High school/technical school; 6 = College or above), age, number
of cohabitants, chronic illness (0 = No; 1 = Yes), social partici-
pation (assessed via seven items encompassing community
patrolling, caregiving for other elderly individuals, environmental
sanitation efforts, dispute mediation, companionship, technical
volunteer services, and caregiving for children; each item was
scored 0 = not participated, 1 = participated, yielding a total
score range of 0 to 7), and social network (comprising six items:
the number of times meeting with family/relatives, the number of
times having heartfelt conversations with family/relatives, the
number of times receiving help from family/relatives, the number
of times meeting with friends, the number of times having
heartfelt conversations with friends, and the number of times
receiving help from friends; each item was scored as 0 = none, 1
= once, 2 = twice, 3= 3–4times, and 5= 5–8times, with a
cumulative score range of 0 to 30). At the county level, the control
variable was per capita GDP (CNY), measured in hundreds
of yuan.

Fig. 1 Comparison of baseline and tracking surveys.
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Research design and analytical methods
Research design and statistical analysis. The study use the latent
growth model (LGM) and the random intercept cross-lagged
model (RI-CLPM) for longitudinal analysis. The LGM and the
RI-CLPM present significant advantages in longitudinal research.
The LGM is particularly effective in capturing individual changes
over time and in revealing the long-term developmental trends
associated with environmental factors and health outcomes.
Meanwhile, the RI-CLPM incorporates random intercepts to
account for stable individual differences, thereby effectively dis-
tinguishing between individual-level effects and within-person
effects. This approach enables researchers to accurately identify
the dynamic relationships across different time points and to
clarify the influence between independent and dependent vari-
ables (Hamaker et al. 2015).

This study first employed LGM to analyze depression among
rural older adult and the corresponding PM2.5 levels in the
respective counties measured in T1(2014), T2(2016), and
T3(2018). In this model, the intercept represented the initial
level, while the slope indicated change, enabling us to examine the
developmental trajectory of PM2.5 and depression among rural
older adults, as illustrated in Fig. 2.

Secondly, the study constructed a RI-CLPM of PM2.5 pollution
on the depression of rural older adults, the following expressions
are employed (Formula 1):

Xit ¼ μxt þ Ixi þ X�
it

Yjt ¼ μyt þ Iyj þ Y�
jt

ð1Þ

In these equations, Xit, Yit represent the observed values of
PM2.5 for county i and the depression among rural older adults j
at time t (where t= 1,2,3). The parameters μxt,μyt denote the
group means of PM2.5 and depression, respectively, at time t. The
terms Ixi,Iyi correspond to the stable characteristic factors for each
county and older adults, which vary across individuals. All
loadings of the characteristic factors are fixed at 1, functioning as
random intercepts. The terms X*

it Y*
ji signify the specific

deviations for PM2.5 and depression for county i and individual
j at time t, indicating the temporal variability of each subject
concerning these variables.

Subsequent to the separation of group means and stable
characteristic factors, the RI-CLPM employs the time-specific
deviations ðX*

it Y*
iÞ to construct a cross-lagged model, expressed

as follows (Formula 2):

X�
it ¼ βxtX

�
iðt�1Þ þ dxit

Y�
it ¼ βytY

�
iðt�1Þ þ γytX

�
iðt�1Þ þ dyit

ð2Þ

In this model, βxt and βyt represent the autoregressive
coefficients, while γxt and γyt denote the cross-lagged coefficients.
The terms dxit and dyjt are the regression residuals. This cross-
lagged structure typically incorporates both autoregressive paths
and cross-lagged paths, enabling a comprehensive analysis of the
dynamic relationships between the variables over time.

This study utilized SPSS 22.0 and Mplus 8.3 for data analysis.
All models were estimated using the full information maximum
likelihood method (Muthen and Muthen, 2012). To enhance
model simplicity, stability and cross-lagged paths were con-
strained to be equal across all models. In accordance with
recommendations by Hu and Bentler (1999), several model fit
evaluation indices and their respective standards were utilized in
this study. Firstly, the chi-square statistic divided by the degrees
of freedom (χ2/df) was employed, with smaller values indicating
better fit. This ratio reflects the divergence between the
hypothesized relationships among the variables and the actual
relationships captured in the data. However, it is crucial to
acknowledge that χ2/df can be influenced by sample size;
therefore, it should be interpreted alongside other fit indices.
Secondly, the root mean square error of approximation (RMSEA)
was calculated, which represents the average residual sum of
squares between predicted and actual values, normalized by the
square root of the sample size. A smaller RMSEA value indicates
better model fit, with values less than 0.08 generally considered
indicative of good fit. Additionally, the comparative fit index
(CFI) and the Tucker-Lewis index (TLI) were utilized to quantify
model fit by comparing discrepancies between predicted and
observed values. These indices range from 0 to 1, with values
closer to 1 signifying a better fit. Typically, a CFI greater than 0.90
and a TLI exceeding 0.90 suggest a satisfactory model fit. The
study employed multi-group analysis methods to test the
moderating role of income level in this relationship. Finally, the
study uses the maximum likelihood estimation with robust
standard errors to estimate the parameters, increase the control
variables, and bootstrap nonparametric estimation to test the
robustness of the model’s statistical results.

Measurement invariance test. This study analyzed the invariance
of the latent variable of depression among rural older adults over
a four-year period, utilizing three measurement points, as illu-
strated in Table 1. The findings indicate that the configural
invariance model (M1), weak invariance model (M2), and strong
invariance model (M3) all exhibited good fit. Furthermore,
comparative analyses revealed no statistically significant differ-
ences between M1 and M2, indicating successful weak invariance
testing. This outcome demonstrates that the factor loadings for
the depression measurement variables remained consistent acrossFig. 2 Linear unconditional latent growth model.

Table 1 Longitudinal measurement invariance test of depression among rural older adults at three time points.

Model χ2 df CFI TLI RMSEA Comparisons Δχ2 Δdf p

M1 CI 444.135 111 0.945 0.924 0.038
M2 WI 458.083 121 0.944 0.929 0.037 M2-M1 13.948 10 >0.05
M3 SI 475.597 132 0.943 0.933 0.036 M3-M2 19.514 11 >0.05

CI Configural Invariance, WI Weak Invariance, SI Strong Invariance
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different time points, suggesting a stable understanding of the
construct of depression throughout the three surveys. Similarly,
no statistically significant differences were noted between M2 and
M3, implying that the parameters and measurement quality for
rural older adults were relatively stable across different time
points. Consequently, this study concludes that the depression
among rural older adults met the requirements for both weak and
strong measurement invariance across the three evaluations.

Results
Descriptive statistics. The means and standard deviations (SD)
of PM2.5 levels and depression among rural older adults from
three measurements in 2014–2018 are presented in Table 2. Over
the period from T1 to T3, the PM2.5 concentration gradually
decreased, with the average value decreasing from 49.058 μg/m³
to 35.942 μg/m³. Additionally, this study revealed that the dif-
ference in average PM2.5 levels in counties is statistically sig-
nificant, where rural older adults with different incomes resided
at different time points. More specifically, this study found that
older adults in rural areas with higher income levels had higher
PM2.5 levels. Notably, in 2014, the average PM2.5 concentration
in regions inhabited by the high-income group was particularly
high, reaching 52.677 μg/m³. Over the duration from T1 to T3,
the severity of depression among rural older adults progressively
increased. In 2014, a statistically significant difference was
observed between the various income groups, with low-income
rural older adults exhibiting significantly higher levels of
depression compared to their medium-income and high-income
counterparts. This suggests that lower income is associated with
more severe depressive symptoms.

In this study, covariate analyses reveal that the gender ratio
within the overall sample was approximately 1:1 (calculation
formula: male/female), though significant variations were
observed across different income groups. The proportion of
women was notably higher in the low-income group, and as
income levels increased, the proportion of women gradually
declined, with only 29.2% of the high-income group being female
older adults. Regarding age, the overall sample exhibited an
average age of nearly 70 years, yet significant disparities were
noted among different income groups. Specifically, as income
levels increased, the average age tended to decrease, with the

average age of the low-income group approximating 72 years,
while that of the high-income group was around 67 years. In
terms of education, the overall average educational level in the
sample was 2.290, indicating a generally low level of education
among rural older adults, which falls below the threshold of
primary school graduation. Additionally, the study found that
lower income levels among rural older adults were associated with
lower levels of educational attainment. With respect to cohabita-
tion, the overall sample reported an average of 2.744 cohabitants,
close to three individuals, with statistically significant differences
evident among various income groups. Notably, middle-income
older adults reported the fewest cohabitants. Concerning chronic
diseases, the sample exhibited a chronic illness score of 0.791,
suggesting that a considerable proportion of the elderly popula-
tion experiences poor health. The study further identified that
rural older adults with lower income are associated with a higher
probability of chronic diseases. In terms of social participation,
the overall engagement rate among rural older adults proved to be
markedly low. The findings also indicated that younger elderly
individuals were more likely to participate actively in social
activities. Regarding social networks, the average social network
score for rural older adults stood at 17.936. Among the various
income groups, those in the medium-income possessed the most
extensive social networks, while high-income individuals exhib-
ited relatively weaker connectivity within their networks. Finally,
an analysis of regional per capita GDP revealed noticeable
variations among different income groups of rural older adults.
As income levels decreased, so too did the per capita GDP of the
regions in which these older adults resided.

Trajectories of PM2.5 and depression among rural older adults
PM2.5 pollution level. Table 3 presents the fit indices of the linear
unconditional latent growth model for overall samples and dif-
ferent income samples of PM2.5 in the counties. The results
indicate a strong model fit, indicating that the developmental
trajectory of PM2.5 in regions with older adults, both overall and
across different income levels, exhibited a linear growth path
from 2014 to 2018.

Similarly, in the county from which the overall sample was
drawn, the initial PM2.5 intercept was recorded at 49.181 μg/m³
(p < 0.001). PM2.5 pollution displayed a linear downward trend

Table 2 Descriptive statistics of PM2.5 and depression among rural older adults.

Variables Overall sample
(n= 1833)

Low-income
(n= 550)

Medium-income
(n= 733)

High-income
(n= 550)

Income group differences

Mean SD Mean SD Mean SD Mean SD P

Kernel variables
PM2.5 T1 49.058 16.752 47.047 14.768 48.455 15.642 52.677 17.986 <0.001

T2 42.286 15.327 39.861 13.980 41.921 14.482 45.706 15.831 <0.001
T3 35.942 11.971 34.183 11.207 35.869 11.560 38.285 12.146 <0.001

Depression T1 9.313 2.724 9.967 3.036 9.608 2.278 9.283 2.737 <0.001
T2 9.632 1.012 9.915 2.564 9.711 2.735 9.641 2.680 0.715
T3 10.000 0.955 9.972 2.681 10.004 2.826 9.951 2.744 0.507

Covariate
Gender 0.472 0.499 0.608 0.488 0.463 0.499 0.292 0.455 <0.001
Age 69.835 7.716 71.927 7.779 69.869 7.568 67.280 6.849 <0.001
Education 2.290 1.241 1.924 1.112 2.231 1.179 2.855 1.281 <0.001
Number of
cohabitants

2.744 1.303 2.823 1.304 2.614 1.294 2.747 1.311 0.014

Per capita GDP
(hundred yuan)

4.356 1.456 3.994 1.279 4.496 1.495 4.764 1.529 <0.001

Chronic diseases 0.791 0.507 0.852 0.356 0.810 0.393 0.705 0.457
Social participation 0.297 0.649 0.271 0.619 0.296 0.622 0.367 0.773
Social network 17.936 10.969 16.292 10.091 16.743 10.366 11.786 10.871
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on an annual basis, with a slope of −6.438 (p < 0.001), indicating
a reduction of 6.438 μg/m³ every two years. Further calculations
revealed that the average annual decrease rate of PM2.5 is
approximately 6.5%, as calculated by the formula: [(final value -
initial value) / initial value]/number of years. The significant
variability in both the intercept and slope underscores the
statistically meaningful differences in the initial PM2.5 levels and
developmental slopes across different counties. Additionally, a
significant negative correlation between the slope and intercept
was identified, suggesting that counties with lower initial levels of
PM2.5 experienced slower rates of reduction, as illustrated in Fig.
3b.

The observed differences in the unconditional linear growth
model of PM2.5 in regions with older adults of varying income
levels are statistically significant, with both the intercept and slope
showing significant values. As income levels decrease, the
intercept of PM2.5 in these regions demonstrates a downward
trend. Specifically, the intercepts for the low-income, middle-
income, and high-income groups were found to be 47.116 μg/m³,
48.772 μg/m³, and 52.733 μg/m³ respectively (all P < 0.001). This
indicates that regions with lower-income populations had
relatively the lowest pollution levels in 2014. Likewise, the slopes
of the unconditional linear growth model of PM2.5 for regions
with older adults of differing income levels were −5.939, −6.252,
and −7.240 respectively (all p < 0.001). This suggests that as the
income level of the population decreases, the improvement in
PM2.5 pollution levels within their residing areas occurs at a
slower rate.

Depression among rural older adults. The linear unconditional
latent growth model of the overall sample of rural older adults
demonstrates a good fit, which indicates that the development
trajectory of depression among rural older adults from 2014 to
2018 conforms to the linear growth trajectory. The statistical
results of the model are detailed in Table 4 and Fig. 3a. The
intercept indicates that the initial level of depression among rural
older adults is 9.304 (p < 0.001), and the slope is 0.355 (p < 0.001),
meaning that depression among rural older adults gradually
worsened from 2014 to 2018, with a significant increase of 0.355
units every two years, and an average growth rate of 1.9%. In
addition, the variances of the intercept and slope are both sig-
nificant, and there is no significant correlation between the
intercept and slope, as shown in Table 4.

The fitting degree of the linear unconditional latent growth
model varies among different income groups of rural older adults.
Specifically, the model fits well for the middle-income older
adults group, but the fit of the models for the low-income and
high-income older adults groups is not satisfactory. This shows
that only the development trajectory of depression among the
middle-aged older adults conforms to the linear growth trend,
while the development trajectories for low-income and high-

income individuals do not conform to a linear growth trend. For
middle-income rural older adults, the intercept for depression is
9.575 (p < 0.001), with a slope of 0.212 (p < 0.001), and an average
growth rate of 1.1%. In comparison, the intercept for depression
in the low-income older adult group is 9.748, and that in the
high-income older adult group is 8.611. Although the change in
depression in the low-income and high-income groups does not
conform to the linear growth trend, the differences between
depression intercepts of different income groups are relatively
considerable. Therefore, overall, the lower the income, the higher
the intercept. For rural older adults, lower income implies a
greater risk of mental health problems.

Random intercept cross-lagged model analysis of the impact of
PM2.5 on depression among rural older adults
The statistical results of the overall rural older adult sample model.
This study employed a random intercept cross-lagged regression
analysis to investigate the indicative associations between PM2.5
and depression among overall rural older adults from 2014 to

Fig. 3 The overall sample development trajectory of PM2.5 and
depression. a Overall sample development trajectory of depression among
rural older adults in a randomized 50 sample. b Overall sample
development trajectory of PM2.5 pollution in a randomized 50 sample.

Table 3 Fitting indicators of the unconditional latent linear growth model of PM2.5 and depression.

Model χ2/df CFI TLI RMSEA SRMR

Standard >0.9 >0.9 <0.08 <0.08
PM2.5 Overall sample 0.191 1.000 1.000 0.000 0.002

Low-income group 0.151 1.000 1.001 0.000 0.003
Medium-income group 0.910 1.000 1.000 0.000 0.006
High-income group 0.037 1.000 0.999 0.037 0.008

Depression Overall sample 0.063 1.000 1.021 0.000 0.002
Low-income group 4.154 0.789 0.368 0.079 0.035
Medium-income group 0.179 1.000 1.026 0.000 0.005
High-income group 8.511 0.785 0.356 0.117 0.046
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2018 (Martens and Haase, 2006). The model incorporated several
covariates—namely age, education, gender, cohabitation, chronic
diseases, social participation, social network, and the county’s per
capita GDP—to control for potential confounding factors. By
constraining the autoregressive paths (AR Paths) and cross-
lagged paths (CL Paths) to be equal, this research obtained a well-
fitting model. This implies that the autoregressive relationship
and lag effect of PM2.5 and depression among rural older adults
are basically consistent during the T1→ T2 and T2→ T3 periods.
Specific fit indices are provided in Table 5, while Fig. 4 illustrates
the model diagram.

After extracting the individual-level effects, within the
T1→ T2→ T3 time interval, this research observed that PM2.5
at T1 significantly positively predicted depression among rural
older adults at T2 two years later, with a standardized coefficient
of β= 0.089 (p < 0.001). This indicates that for each standard
deviation increase in PM2.5 concentration at T1, depression
among rural older adults at T2 increases by 0.089 standard
deviations, suggesting that higher PM2.5 pollution at T1 will
statistically lead to increased depression among rural older adults
at T2. Similarly, PM2.5 levels at T2 positively predicted
depression among rural older adults at T3, two years later, with
a standardized coefficient of β= 0.073 (p < 0.001). This implies
that for each standard deviation increase in PM2.5 concentration
at T2, depression among rural older adults at T3 rises by
0.073 standard deviations, further indicating that higher PM2.5
pollution at T2 will statistically exacerbate depressive symptoms
at T3. Overall, from 2014 to 2018, higher levels of PM2.5
exposure resulted in exacerbated depression among rural older
adults, and this effect was statistically significant.

In the analysis of covariates, gender, education, and social
networks did not have a statistically significant impact on
depression among rural older adults at the lagged periods (T2 and
T3). Age demonstrated a statistically significant impact on
depression in the first lagged period, with a coefficient of 0.058
(p < 0.05). Additionally, social participation was found to have a
statistically significant negative impact on depression during the
second lagged period (T3), with a coefficient of −0.050 (p < 0.05).
The number of cohabitants and per capita GDP consistently
showed a significant negative impact on depression among rural
older adults across the lagged periods: the coefficients for the first
lagged period were −0.064 (p < 0.01) for cohabitants and −0.054
(p < 0.05) for per capita GDP; in the second lagged period, these
coefficients were −0.065 (p < 0.01) and −0.129 (p < 0.001),
respectively. Chronic illness has a sustained positive effect on
depression among rural older adults, with coefficients of 0.081
(p < 0.001) for the lagged first period and 0.059 (p < 0.05) for the
lagged second period. These findings suggest that chronic
illnesses may exacerbate depressive symptoms among older
adults. Conversely, increasing the number of cohabitants, raising
income levels, and enhancing social participation may potentially

improve their mental health. Detailed results are summarized in
Table 6.

Comparison of groups of rural older adults with different incomes.
The statistical results of the RI-CLPM group comparison of rural
older adults with different income levels show that, after
extracting individual-level effects, the previous period’s PM2.5
cannot significantly predict the depression among high-income
rural older adults in the subsequent period during T1→ T2 and
T2→ T3 (Supplement Fig. 1). This lagged effect is significant
only for low and medium-income rural older adults. Specifically,
PM2.5 measured at T1 significantly predicts depression in rural
low-income older adults at T2, with a standardized effect coeffi-
cient of β= 0.117 (p < 0.01). Similarly, PM2.5 at T2 significantly
predicts depression among rural low-income older adults at T3,
with a standardized effect coefficient of β= 0.113 (p < 0.01). This
suggests that higher PM2.5 levels may contribute to more severe
depressive symptoms in this demographic. Figure 5 provides a
visual representation of low-income model. Similarly, in the
medium-income group, the lagged effect of PM2.5 on depression
is also statistically significant. PM2.5 at T1 significantly predicts
depression among rural medium-income older adults at T2 in a
statistically meaningful way, with a standardized effect coefficient
of β= 0.081 (p < 0.05). Furthermore, PM2.5 at T2 significantly
predicts depression among this group at T3 in a statistically
meaningful way, evidenced by a standardized effect coefficient of
β= 0.072 (p < 0.05). Figure 6 presents the model diagram for the
medium-income older adults. The results from the model group
comparisons reveal statistically significant differences in the
coefficients reflecting the impact of PM2.5 on depression among
rural older adults at different income levels. Specifically, the
impact of PM2.5 on depression is more pronounced in indivi-
duals with lower income levels.

In the analysis of the impact of covariates on depression among
rural older adults at different income levels, both gender and age
demonstrate a statistically significant positive impact on the
depression of high-income seniors in the lagged second period,

Table 5 Fitting indices of the RI-CLPM for the impact of
PM2.5 on depression.

Model χ2/df CFI TLI RMSEA SRMR

Standard >0.9 >0.9 <0.08 <0.05
Overall sample model 8.901 0.955 0.950 0.062 8.901
Low-income group
model

3.728 0.938 0.931 0.071 3.728

Middle-income group
model

4.124 0.950 0.945 0.066 4.124

High-income group
model

1.923 0.978 0.976 0.041 1.923

Table 4 Parameter estimation results of the unconditional latent growth model of PM2.5 and depression.

Model Coefficient Variability Slope of Intercept

Intercept Slope Intercept Slope

PM2.5 Overall sample 49.181*** −6.438*** 298.669*** 24.437*** −58.910***
Low-income group 47.116*** −5.939*** 239.579*** 20.729*** −43.734***
Medium-income group 48.772*** −6.252*** 261.072*** 21.727*** −49.110***
High-income group 52.733*** −7.240*** 330.829*** 25.987*** −68.257***

Depression Overall sample 9.304*** 0.355*** 0.986* 0.815*** −0.134
Low-income group 9.748*** ---- ---- ---- ----
Medium-income group 9.575*** 0.212** 0.743 1.116** 0.153
High-income group 8.611*** ---- ---- ---- ----
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with coefficients of 0.133 and 0.113, respectively. Conversely, the
number of cohabitants has a statistically significant negative
impact on the depression of low-income seniors in the lagged
second period, indicated by a coefficient of −0.125. Moreover, per
capita GDP significantly impacts depression among low-,
medium-, and high-income rural older adults in the lagged
second period, exhibiting coefficients of −0.144, −0.146, and
−0.144, respectively. Chronic illness also significantly impacts the
depression of low- and middle-income seniors in the lagged
second period, with coefficients of 0.093 and 0.083, respectively.
Education level, social participation, and social networks do not
demonstrate statistically significant impacts on depression among
the entire older adult population. These findings are largely
consistent with the overall sample while also revealing some
notable group differences. Among the high-income group, older

age is associated with higher levels of depression. Additionally,
high-income female seniors exhibit greater depressive symptoms
than their male counterparts. The influence of the number of
cohabitants is significant only for low-income seniors, specifically
indicating that a lower number of cohabitants is associated with
elevated levels of depression. Detailed results are provided in
Table 7.

Robustness analysis. To ensure the robustness of the research
conclusions, the study implemented three robustness testing
methods. The findings consistently indicate that the statistical
results and conclusions of the model remain stable across all
approaches, demonstrating substantial robustness:

(1) MLR estimation method: The study utilized maximum
likelihood estimation with robust standard errors (MLR)
through Mplus software. This approach provides robust
standard errors and chi-square statistics, significantly
enhancing the precision and reliability of the model
estimates. Importantly, after applying the MLR method,
the primary findings and conclusions of the model
exhibited no significant alterations, thereby reinforcing
the validity of our research outcomes.

(2) Reduction of control variables: The original model included
a considerable number of control variables to account for
potential confounders influencing depressive symptoms.
For robustness checks, we streamlined the model by
retaining only essential demographic variables, such as
age, gender, education level, and the number of cohabitants.
Results indicated that, even with this reduced set of control
variables, the impact of PM2.5 on depressive symptoms
remained statistically significant, with effect coefficients
closely aligning with those observed in the original model.
This consistency further suggests a high degree of
robustness in our findings.

Fig. 4 The random intercept lagged effect of PM2.5 on the overall sample of depression. To simplify the model, the effects of covariates in the model are
hidden, and the effect values are standardized coefficients. ***p < 0.001,***p < 0.01,*p < 0.05.

Table 6 The results of the RI-CLPM of the impact of PM2.5
on depression among rural older adults.

Depression
(T2)

Depression
(T3)

Core explanatory
variables

PM2.5 (T1) 0.089***
PM2.5 (T2) 0.073***

Covariates Gender 0.017 0.022
Age 0.010 0.058*
Education −0.046 0.0421
Number of
cohabitants

−0.064** −0.065**

Per capita GDP −0.054* −0.129***
Chronic
diseases

0.081*** 0.059*

Social
participation

−0.050* −0.010

Social network −0.024 −0.007
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Fig. 6 The RI-CLPM of the impact of PM2.5 on depression among rural medium-income older adults. To simplify the model, the effects of covariates in
the model are hidden, and the effect values are standardized coefficients. ***p < 0.001,***p < 0.01,*p < 0.05.

Fig. 5 The RI-CLPM of the impact of PM2.5 on depression among rural low-income older adults. To simplify the model, the effects of covariates in the
model are hidden, and the effect values are standardized coefficients. ***p < 0.001,***p < 0.01,*p < 0.05.
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(3) Bootstrap sampling method: The study implemented the
Bootstrap sampling method, conducting 1000 replications
to further evaluate robustness. Through extensive resam-
pling, we obtained the distribution of model parameters,
allowing for the calculation of standard errors and
confidence intervals for these estimates. The results
demonstrated that the estimates derived via the Bootstrap
method were highly consistent with those from the original
model, thereby further validating the reliability of our
conclusions.

In summary, through the application of these three robustness
testing methods, this study has conducted a thorough evaluation
of the lagged effects of PM2.5 on depressive symptoms among
rural older adults across varying income levels. Results from all
testing methods unequivocally affirm the robustness and
reliability of the model’s conclusions.

Discussion
The health hazards of pollution on both physical and mental
health have attracted considerable scholarly attention across
various countries and governmental bodies (Bao and Liu, 2022;
Lu and Wen, 2016). There has been relatively little research on
the impact of pollution on depression among rural older adults,
and most of the existing studies have been based on cross-
sectional research (Shi et al. 2020; Yao et al. 2022). Furthermore,
longitudinal studies on the impact of pollution on the health of
older adults in rural areas are particularly scarce. To fill this gap,
this study used data from the CLASS to analyze the trajectory of
changes in PM2.5 and depression among rural older adults from
2014 to 2018. The study used latent growth models and RI-CLPM
to reveal the indicative associations of PM2.5 and depression
among rural older adults. The RI-CLPM is regarded as a robust

statistical tool for analyzing the interrelationships among vari-
ables, thereby enhancing the reliability and scientific validity of
our research findings. To the best of our knowledge, this study is
the first to utilize longitudinal data to investigate the indicative
associations between air pollution and depression among rural
older adults in China while also addressing health inequalities.
This study found that the depression levels among rural older
adults are becoming increasingly severe, with PM2.5 pollution
identified as a significant factor contributing to this depression.
Furthermore, the research revealed that the lower the income, the
greater the detrimental impact of PM2.5 on the mental health of
rural older adults. Low-income rural older adults represent the
group most severely affected by depression and the group most
impacted by PM2.5 pollution. This means that air pollution
hazards have caused more serious health inequalities among
elderly people with different incomes.

In terms of environmental conditions, PM2.5 pollution in
China’s counties demonstrated a gradual improvement between
2014 and 2018, with an average annual reduction rate of 6.5%,
indicating a positive trend. This decline in pollution levels can be
attributed to the increased emphasis on environmental protection
by the Chinese government during this period. Various envir-
onmental protection policies and initiatives have been imple-
mented, including large-scale afforestation and grassland
restoration projects aimed at mitigating land degradation (Song
et al. 2022). These measures have contributed to reduced pollu-
tion levels, enhanced air and water quality, and the expansion of
green spaces. Additionally, technological advancements have
facilitated improved monitoring, assessment, and management of
environmental conditions, enabling governmental and non-
governmental organizations to more effectively address ecologi-
cal challenges (Lu et al. 2020). However, it was observed that

Table 7 The results of the RI-CLPM of the impact of PM2.5 on depression among rural older adults with different incomes.

Depression (T2) Depression (T3)

Low-income group Core explanatory variables PM2.5 (T1) 0.131***
PM2.5 (T2) 0.107***

Covariates Gender 0.017 0.002
Age 0.010 0.068
Education −0.042 0.013
Number of cohabitants −0.073 −0.125*
Per capita GDP 0,028 −0.144**
Chronic diseases 0.093* −0.052
Social participation −0.034 0.004
Social network 0.094 −0.006

Middle-income group Core explanatory variables PM2.5 (T1) 0.084*
PM2.5 (T2) 0.074*

Covariates Gender 0.007 0.029
Age 0.022 0.076
Education −0.041 −0.023
Number of cohabitants −0.047 −0.049
Per capita GDP −0.007 −0.146***
Chronic diseases 0.083* −0.085
Social participation −0.035 0.005
Social network −0.021 −0.081

High-income group Core explanatory variables PM2.5 (T1) 0.027
PM2.5 (T2) 0.023

Covariates Gender 0.068 0.133*
Age 0.020 0.113**
Education −0.046 0.095
Number of cohabitants −0.035 −0.029
Per capita GDP 0.059 −0.144**
Chronic diseases −0.076 −0.020
Social participation −0.069 −0.022
Social network −0.020 −0.009
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although initial PM2.5 concentrations were lower in regions
populated by low-income older adults compared to those
inhabited by their high-income counterparts, the rate of
improvement in air quality among the low-income population
was significantly slower. This discrepancy can be attributed to the
comparatively less rigorous environmental governance in less
developed regions, resulting in poorer outcomes regarding
environmental improvements.

Depression among rural older adults has exhibited a concerning
upward trend from 2014 to 2018, with the severity of depressive
symptoms increasing by 1.9% annually. This finding underscores
the urgent need for targeted intervention. In addition, China’s rural
socioeconomic conditions are relatively poor, medical resources are
insufficient, social isolation is increasing, the aging population is
rapidly growing, and there is a lack of awareness of mental health
(Hoeft et al. 2018). These interrelated factors collectively heighten
the vulnerability of rural older adults to mental health disorders.
The study also revealed that low-income rural older adults face a
greater risk of depression. The low-income group may encounter
elevated health inequalities, leading to more severe depression. In
fact, this demographic is often considered among the most vul-
nerable in terms of health disparities (Wang et al. 2019; Ye et al.
2024). The mental health challenges faced by low-income rural
older adults warrant special attention and cannot be overlooked.

Our study utilized the RI-CLPM to confirm the indicative
associations of PM2.5 exposure and depression among rural older
adults. An increase in PM2.5 leads to exacerbation of depression
among rural older adults. Previous cross-sectional studies have also
indicated the correlation between PM2.5 and depression among
rural older adults (Zhang et al. 2020; Chen et al. 2021; Zheng et al.
2019). An important contribution of the study is to provide more
scientific evidence regarding the relationship between these vari-
ables. The mechanisms through which PM2.5 exposure adversely
impacts depression among rural older adults can be understood
from multiple perspectives. Firstly, rural older adults exhibit
heightened vulnerability to the neurotoxic effects of PM2.5, with
exposure potentially leading to dysfunction in brain regions
implicated in emotional regulation. This exposure may also increase
the likelihood of inflammation and oxidative stress, compromising
neuronal function and connectivity, which could precipitate
depressive symptoms. Moreover, beyond its direct physiological
effects, PM2.5 exposure may indirectly influence mental health by
intensifying psychological stress and fatigue. Prolonged exposure
compels rural older adults to continually confront the detrimental
effects of pollutants, a situation further exacerbated by substandard
sanitary conditions often present in rural settings. This chronic state
of stress can elevate psychological strain and fatigue, thereby
increasing the likelihood of developing mental health disorders,
including depression. Additionally, the spatial dispersal common in
rural areas may further exacerbate feelings of social isolation among
older adults. High concentrations of PM2.5 can diminish outdoor
activities, contributing to an increased risk of social isolation. Such
isolation is closely linked to depression, particularly among rural
older adults who heavily rely on social support networks (Jie et al.
2022; Henning-Smith et al. 2019).

The study provides compelling evidence of the associations
between PM2.5 exposure and depression among rural older adults.
This significant finding offers new insights for the development of
environmental perception theory and serves as a scientific foun-
dation for policymakers and public health experts to formulate
targeted interventions aimed at improving the mental health of
low-income rural older adults. Firstly, to effectively address these
pressing concerns, policymakers should design air quality
improvement initiatives specifically targeting low-income popula-
tions. It is essential to prioritize the environmental health chal-
lenges faced by low-income rural older adults while simultaneously

providing financial subsidies to facilitate access to air purification
devices that can mitigate the adverse effects of PM2.5. Furthermore,
the implementation of environmental education and outreach
programs is crucial, as these initiatives can enhance environmental
awareness among rural older adults. Additionally, public health
practitioners should actively engage in mental health screening and
intervention efforts, particularly within rural communities, to
ensure that low-income older adults have access to essential psy-
chological counseling and support. Establishing community sup-
port networks and providing health education, alongside protective
measures, can empower these individuals to better manage the
health challenges associated with air pollution. Lastly, fostering
interdepartmental collaboration to conduct research and gather
data focused on low-income elderly populations will create a robust
foundation for future policy development and service delivery. By
enacting these comprehensive measures, it is possible to sig-
nificantly enhance the quality of life and mental health of low-
income rural elderly individuals, thereby alleviating the detrimental
impacts of PM2.5 on their overall well-being.

More importantly, this research found that the impact of PM2.5
on depression is more pronounced among rural older adults with
lower incomes. This research did not find evidence that pollution
significantly harms the mental health of high-income rural older
adults. This indicative association only exists within middle- and
low-income rural older adults. Several factors may contribute to
this disparity. First, low-income individuals generally possess lim-
ited socioeconomic resources to mitigate the effects of environ-
mental pollution, including access to improved living conditions
and air purification equipment. This lack of resources heightens
their vulnerability to the adverse effects of PM2.5, potentially
resulting in more severe depressive symptoms. Additionally, low-
income rural older adults may experience heightened psychological
stress due to economic and social pressures, with PM2.5 pollution
exacerbating their psychological burden and increasing the risk of
depression. In contrast, high-income rural older adults are likely to
have greater resources to cope with these pressures, including
access to a higher quality of life and medical resources, which may
buffer the impact of pollution on their mental health (Park and Seo,
2021; Lei et al. 2022; Pan et al. 2021; Xu et al. 2016).

The findings of our research highlight the presence of social
health inequalities, particularly regarding the impact of PM2.5
pollution on the mental health of rural older adults. Our analysis
indicates that lower income levels among this demographic cor-
relate with more pronounced mental health deterioration due to
pollution exposure. This observation underscores the differential
burdens that individuals from varying socioeconomic back-
grounds face when confronted with environmental risks. Such
conclusions are significant and warrant increased attention to this
vulnerable population. Low-income rural older adults exhibit
heightened susceptibility to the detrimental effects of PM2.5
pollution, a vulnerability exacerbated by their limited socio-
economic resources and elevated psychological stress. It is
imperative for policymakers to recognize the specific needs of
low-income groups and implement measures aimed at mitigating
the environmental health risks they encounter.

However, it is essential to acknowledge the limitations of our
study. Firstly, while the survey data used in this study were col-
lected through three rounds of tracking surveys, which revealed
the indicative associations between pollution and depression
among rural older adults, the number of tracking times were
relatively small. Second, the PM2.5 data utilized in this study were
derived from county-level comparisons of older adult samples,
representing macro-level environmental indicators. Future
research should aim to acquire PM2.5 data at the village level to
yield more localized and precise conclusions. Finally, this study
focused on PM2.5 as the measure of pollution, which
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encompasses various pollution types. Future investigations could
benefit from examining multiple pollution sources to achieve a
more comprehensive understanding of their effects.

Conclusion
The study observed a significant worsening of depression among
older adults in rural China from 2014 to 2018, particularly among
low-income individuals who faced more severe challenges related
to depression. The study also identified indicative associations
between PM2.5 exposure and depression among rural older
adults. However, this association appears to be evident primarily
among middle- and low-income groups, whereas no significant
association was found among high-income rural older adults.
Specifically, low-income rural older adults not only exhibited the
highest levels of depression but also faced the greatest hazard
associated with PM2.5 pollution. Our findings indicate that
enhancing pollution control measures and improving environ-
mental quality could effectively alleviate depressive symptoms
among this demographic. Consequently, it is crucial to prioritize
attention and resources toward low-income rural older adults,
ensuring that investments in environmental pollution control are
directed toward underserved populations and regions. By con-
centrating efforts on these vulnerable groups, this research aims
to enhance the mental health of low-income rural older adults,
thereby promoting health equity and social justice.
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