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Abstract 

Background/Objective

Previous research has shown an association between socioeconomic status (SES) 

and mortality, particularly in chronic diseases. However, limited studies simultane-

ously examined the relationship between urbanization, SES, exposure to PM
2.5

, and 

cerebrovascular disease (CBD) mortality at a township level from 2011 to 2020 in 

Taiwan.

Methods

Township-level SES data (percentages of low-income and education with college and 

above) and seven levels of urbanization from 2011 to 2020 were obtained from data 

sources in Taiwan’s central government. Age-standardized CBD mortality rates in 358 

townships were calculated using the Geographic Information System (GIS) provided 

by the Research Center for the Humanities and Social Sciences (RCHSS) at Aca-

demia Sinica. Exposure to PM
2.5

 concentration was estimated using a combination of 

land-use regression and Ordinary Kriging to enhance the robustness of PM
2.5

 con-

centration estimates at the township level. Panel regression and structural equation 

modeling (SEM) was employed to analyze the association between urbanization, 

SES, exposure to PM
2.5

, and township-based CBD mortality rates.
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Results

There are significant differences in SES variables and exposure to PM
2.5

 among 

townships with seven levels of urbanization (P < 0.001). Even after controlling for 

other covariates (SES and PM
2.5

 concentration) through multivariate analysis, the 

associations between CBD mortality rates and urbanization areas persisted. SEM 

analysis revealed a negative correlation between age-standardized CBD mortality 

rate and education levels (β = −0.22), but a positive correlation with the proportion 

of low-income individuals (β = 0.41). There was no significant association between 

exposure to PM
2.5

 and CBD mortality. The panel regression analysis revealed that 

socioeconomic variables had different effects on CBD mortality rates across the three 

models (pooled ordinary least squares, fixed-effects, and random-effects) in both 

urban and rural areas. Notably, the level of urbanization was observed to modify the 

relationship between socioeconomic variables and CBD mortality rates.

Conclusion

Our findings suggest that township-based CBD mortality is significantly associated 

with SES variables and levels of urbanization, despite a reduction in CBD mortality 

from 2011 to 2020. Therefore, targeted intervention programs should be implemented 

to reduce CBD mortality in different levels of urbanization, particularly in remote town-

ships. It is necessary to assess the disparities in socioeconomic status to achieve a 

fair allocation of resources at the township level.

Introduction

Cerebrovascular disease (CBD), including stroke, is a leading cause of mortality and 
disability worldwide [1,2]. Numerous studies have investigated the risk factors and 
determinants of CBD, including traditional cardiovascular risk factors such as hyper-
tension, diabetes, and smoking [3,4]. However, there is limited research exploring 
the association between urbanization, socioeconomic status (SES), exposure to 
fine particulate matter (PM

2.5
), and CBD mortality at the regional level. Understand-

ing the impact of urbanization, SES, and PM
2.5

 on CBD mortality is crucial for public 
health planning and interventions. Urbanization is often accompanied by changes in 
lifestyle, pollution levels, and socioeconomic disparities, which can influence health 
outcomes [5]. SES, which encompasses various socioeconomic factors such as 
income, education, and occupation, has been recognized as a determinant of health 
disparities [6,7]. Salonen (1982) linked urban living to a higher risk of cerebral stroke 
in men, and a lower level of education to an increased risk of cancer [8]. Additionally, 
exposure to PM

2.5
, a harmful air pollutant primarily emitted from industrial and vehic-

ular sources, has been linked to adverse cardiovascular outcomes, including stroke 
[9,10]. Cardiovascular and stroke mortality rates were associated with neighborhood 
deprivation, while circulatory disease mortality rates were linked to long-term ambi-
ent pollution (relative risk (RR)=1.06, 1.00 to 1.13) and proximity to traffic (RR = 1.40, 

Platform. https://data.gov.tw/dataset/8409. 
The population data for each township area 
is sourced from the Ministry of the Interior's 
Department of Household Registration. https://
www.ris.gov.tw/app/portal/346. The proportion 
of low-income households in each township on 
the Ministry of Health and Welfare's Statistics 
Department. https://www.mohw.gov.tw/
dl-27852-9984ad06-c621-446e-bbf6-12e1d-
e3ac350.html. The median tax payment data 
for each township on the Ministry of Finance. 
https://www.fia.gov.tw/singlehtml/43?cn-
tId=17dcd598b9fd41939cf98c2e4ae162fd. 
Degree of Urbanization is derived from the 
Taiwan Social Change Survey. https://srda.
sinica.edu.tw/browsingbydatatype_result.
php?category=surveymethod&type=1&csid=2.
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1.08 to 1.81). Therefore, Finkelstein et al. [11] concluded that subjects residing in deprived neighborhoods had higher 
exposure to ambient particulate and gaseous pollutants as well as traffic.

According to the study by Lin et al. [12] in Taiwan, individuals residing in highly urbanized areas (level 1) had the 
highest stroke prevalence (2.49%). However, given the overall declining trend in stroke prevalence, it remains challeng-
ing to determine whether lower urbanization levels directly contribute to a reduction in stroke prevalence. After adjusting 
for other stroke risk factors, the study still identified the level of urbanization as a significant contributing factor to the 
overall prevalence of strokes. Moreover, most previous studies have not comprehensively accounted for multiple socio-
economic variables and PM

2.5
 exposure when examining their association with stroke. One possible explanation is that 

urbanized areas tend to have higher population densities, increased environmental pollution, and greater exposure to 
PM

2.5
, all of which are associated with an increased risk of cerebrovascular diseases. In contrast, rural areas may face 

challenges such as limited healthcare access, lower SES, and lifestyle factors that also contribute to stroke risk. Addition-
ally, prior research has often overlooked the combined effects of multiple socioeconomic factors and PM

2.5
 exposure on 

stroke incidence and mortality. Therefore, by examining the interplay between urbanization, SES, exposure to PM
2.5

, and 
regional-based CBD mortality, this study tries to fill the gap in the literature and provide valuable insights into the complex 
relationship between these factors. Understanding these relationships can help policymakers and public health authorities 
develop targeted strategies to reduce CBD mortality and promote health equity. Moreover, investigating regional variations 
in CBD mortality and its association with urbanization, SES, and PM

2.5
 exposure can identify high-risk areas and vulner-

able populations. This knowledge can guide resource allocation, prioritize interventions, and inform urban planning and 
environmental policies aimed at improving population health and reducing health inequalities [13]. Overall, this study’s 
motivation lies in the need to comprehensively understand the multilevel determinants of CBD mortality and their interplay 
at the township level. By exploring the relationships between urbanization, SES, exposure to PM

2.5
, and CBD mortality, 

we can advance our knowledge of the complex interactions between social, environmental, and health factors and inform 
evidence-based interventions to reduce CBD mortality and health inequality.

Materials and methods

Measurement of socioeconomic status (SES) variables, urbanization, and PM2.5

All of the Education level (Proportion of the population with a university degree or above) is obtained from the Government 
Open Data Platform. The data provided by the Ministry of the Interior contains information on the educational attainment 
of the population aged 15 and above at the township and village levels. In this study, the number of individuals with a 
university degree or above is divided by the total population of each township area to obtain the proportion of individuals 
with a university degree or above in each area. The population data for each township area is sourced from the Ministry 
of the Interior’s Department of Household Registration. The proportion of low-income households in each township area 
is obtained from the Ministry of Health and Welfare’s Statistics Department. The population data for each township area is 
sourced from the Ministry of the Interior’s Department of Household Registration. The number of low-income households 
in each area is divided by the total population of that area to obtain the proportion of low-income households. Lastly, the 
median income tax is derived from the statistical analysis tables of counties, cities, townships, and villages in the Statis-
tical Monograph published by the Fiscal Information Agency, Ministry of Finance. The median income tax for each town-
ship or city area is calculated, and the unit is in thousands of New Taiwan Dollars (NTD). All data from the governmental 
website were retrieved from 2011 to 2020.

Degree of Urbanization is derived from the “Taiwan Social Change Survey,” which was initiated by the Ministry of 
Science and Technology, National Science Council in 1983. This survey follows the principle of conducting surveys every 
five years. In 2001, the “Taiwan Social Change Survey” joined the International Social Survey Program (ISSP) and began 
conducting annual surveys in Taiwan synchronized with other member countries from 2002 onwards. Additionally, since 
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2006, the “Taiwan Social Change Survey” has participated in the East Asia Social Survey (EASS), which includes Taiwan, 
South Korea, Japan, and China. The EASS conducts a joint thematic survey every two years. The survey employs strict 
quality control and comparison measures for interviewer surveys. Based on six categories including the percentage of 
the commercial population, industrial population, population aged 15–64, population aged 65 and above, population with 
tertiary education or higher, and population density, the survey classifies the data. The clustering method used to measure 
the differences within the same variable is Ward’s Minimum Variance Method, with the squared Euclidean distance as the 
measurement distance method. As a result, the 358 townships in Taiwan are divided into seven clusters: Cluster 1: Metro-
politan core; Cluster 2: Industrial and commercial areas Cluster; 3: Emerging towns Cluster; 4: Traditional industry towns 
Cluster; 5: Low-developed townships Cluster; 6: Aging townships Cluster; 7: Remote townships.

The initial model for the annual average PM
2.5

 concentration utilized a Hybrid Kriging/Land-use Regression (LUR) 
approach. This allowed us to simulate the concentration and identify crucial spatial explanatory variables [14,15]. Briefly, 
using ArcGIS Pro 2.6, various land-use characteristics within different-sized circular areas (ranging from 25, 50, 100, 250, 
500, 750, 1000, 1250, 1500, 1750, 2000, 2500, 3000, 4000, to 5000 meters) surrounding the sampling points along the 
flight paths were statistically calculated. These characteristics included the number of restaurants, temples, residential 
areas, industrial zones, road density, vegetation distribution, and more. In addition, three-dimensional spatial parameters 
within three-dimensional circular areas (with radii of 25, 50, 75, 100, 125, and 150 meters) were also considered. These 
land-use variables were used as explanatory variables in the linear model construction, with the concentration informa-
tion at the sampling points as the dependent variable. A stepwise variable selection method was applied, with p-values 
smaller than 0.1 and larger than 0.3 serving as the criteria for the inclusion and removal of variables. The direction of the 
correlation between the selected variables and the predicted target was examined during the model construction (e.g., the 
proportion of artificial surfaces should be positively correlated with air pollution particles, while environmental greenness 
and vegetation coverage should exhibit a negative correlation). To avoid errors in parameter estimation caused by collin-
earity, the variance inflation factor (VIF) was used as a criterion. Variables with VIF values greater than 3 were excluded. 
The LUR model was then used to establish the annual average PM

2.5
 concentration for each township area. The validation 

of the model included overfitting and robustness assessments, which involved (1) holdout validation, (2) 10-fold cross-
validation, and (3) external data validation.

Measurement of outcome

The standardized mortality rate (SMR) for CBD is derived from the Center for GIS, RCHSS, Academia Sinica, and their 
Taiwan SMR Map. The population data on the website is obtained from the population statistics of various counties and 
townships in the Social and Economic Database of the Ministry of the Interior, with the standard population being the 
WHO 2000 World Population. The standardized mortality rate is calculated using direct standardization. The calculation 
method is as follows: First, calculate the mortality rate for each age group. For each year, gender, township area, and 
specific disease, there are 18 age groups (0–4 years, 5–9 years, 10–14 years,..., 80–84 years, and 85 years and above). 
Calculate the crude mortality rate for each age group (number of deaths in that age group/ population in that age group). 
Multiply the crude mortality rate for each age group by the age-specific population ratio of the 2000 world standard pop-
ulation, which gives the SMR for each age group. Finally, sum up the SMR for each age group, multiply by 100,000, and 
obtain the age-standardized SMR for each year, gender, and township area level. All data were retrieved from various 
datasets available on the website. Please review them under ‘Data Availability’ later.

Statistical method

All analyses were performed using SPSS package version 24. Univariate analysis was employed to describe the levels of 
urbanization and age-standardized CBD mortality rates. Multiple regression analysis was conducted, adjusting for socio-
economic variables, to examine the relationship between urbanization levels and age-standardized CBD mortality rates. 
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Panel regression analysis was conducted using three models, pooled ordinary least squares (OLS), fixed effects (FE), 
and random effects (RE), to assess the association between socioeconomic variables and age-standardized CBD mortal-
ity rates in both urban and rural areas. The general form of the regression model was specified as: CBD mortalityit = β₀ +  
β₁Low incomeit +  β₂Educationit + β₃PM

2.5
it + εit, where β represents the regression coefficients and εit is the error term. 

The pooled OLS model used ordinary least squares estimation. The FE and RE models were estimated using maximum 
likelihood (ML) or restricted maximum likelihood (REML), depending on model specification. A structural equation model 
(SEM) was employed to investigate the mediating effect of urbanization on the relationship between low income, educa-
tion, exposure to PM

2.5
, and age-standardized CBD mortality rates.

Results

Table 1 presents the average age-standardized CBD mortality rates, along with socioeconomic variables and PM
2.5

 levels 
across 349 townships in Taiwan from 2011 to 2020. There is significant variation in these variables over the ten-year 
period. The average age-standardized CBD mortality rate was 34.41 per 100,000, with a range from 18.54 to 221.14 per 
100,000. The average percentage of low-income households was 2.08%, and the average percentage of townships with a 
high education level was 19.08%. Similarly, the average PM

2.5
 concentration was 24.09 µg/m³, ranging from 4.80 to 48.03 

µg/m³.
The association between different levels of urbanization and the proportions of low-income households, the proportion 

of individuals with a college degree or above, and exposure to PM
2.5

 concentration are presented in Table 2. The results 
indicate significant differences among regions with varying degrees of urbanization and all variables (P < 0.001). Specifi-
cally, lower levels of urbanization are associated with a higher proportion of low-income households. Conversely, urban-
ization is positively correlated with the proportion of individuals with a college degree or above and annual tax payments. 
This means that as the level of urbanization increases, the proportion of individuals with a college degree or above also 

Table 1.  Average age-standardized mortality rates for CBD, socioeconomic variables, and PM2.5  
levels across 349 townships in Taiwan (2011–2020).

Mean ± S.D. (Min-Max)

Age-Standardized CBD mortality (1/105) 34.41 ± 18.54 (18.54-221.14)

Low-income (%) 2.08 ± 2.02 (0.02-20.04)

Education (%) 19.08 ± 8.24 (4.74-75.80)

PM
2.5

 (μg/m3) 24.09 ± 8.36 (4.80-48.03)

https://doi.org/10.1371/journal.pone.0324070.t001

Table 2.  Urbanization level associated with low income, education, and exposure to PM2.5.

Low income
(%)

Education
(%)

PM2.5

(µg/m3)

Metropolis Core 1.72 ± 1.04 32.67 ± 8.48 27.38 ± 7.59

Industrial and commercial urban 1.41 ± 0.55 28.29 ± 6.56 23.18 ± 8.57

Emerging towns 1.25 ± 0.72 22.40 ± 6.04 26.29 ± 7.54

Traditional industrial towns 1.09 ± 0.47 19.61 ± 4.30 24.20 ± 6.64

Low-level development townships 2.27 ± 1.50 14.56 ± 3.65 23.96 ± 9.23

Aging townships 1.85 ± 1.61 13.04 ± 3.14 24.45 ± 7.75

Remote townships 6.51 ± 3.60 10.06 ± 3.03 17.24 ± 6.66

There are significant differences in all variables across different levels of urbanization.

https://doi.org/10.1371/journal.pone.0324070.t002

https://doi.org/10.1371/journal.pone.0324070.t001
https://doi.org/10.1371/journal.pone.0324070.t002
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tends to increase. However, in the region with the highest level of urbanization, the exposure to PM
2.5

 concentration is the 
highest (27.38 μg/m3), and there is a negative correlation between levels of urbanization and PM

2.5
 concentration.

Table 3 shows the difference between the levels of urbanization in different counties and the age-standardized CBD 
mortality rate. Urbanization levels are divided into seven categories, with the remote townships used as the reference 
value. The results indicate a negative correlation between levels of urbanization and the age-standardized CBD mortality 
rate. In the crude model, it was found that the Metropolis Core area had a higher CBD mortality rate than more remote 
areas by 39.457 deaths per 100,000 people. As the level of urbanization decreases, there is an increasing trend in the 
age-standardized CBD mortality rate. In the adjusted model, controlling for other covariates such as the percentage of 
education with college or above, the percentage of low-income individuals, and exposure to PM

2.5
, the trends of CBD 

mortality rate associated with urbanization areas remain. However, the regression coefficients show a decreasing trend 
compared to the crude model.

Fig 1 presents the results of an SEM analyzing the relationships between levels of urbanization, the proportion of 
individuals with a college degree or above, the proportion of low-income individuals, exposure to PM

2.5
, and the age-

standardized CBD mortality rate at the township level. The results indicate levels of urbanization are positively correlated 
with the proportion of individuals with a college degree or above but negatively correlated with the proportion of low-
income individuals. This indicates that townships with lower levels of urbanization have a higher proportion of low-income 
individuals (β = −0.32), while counties with higher levels of urbanization have a higher proportion of individuals with a 
college degree or above (β = 0.78). The proportion of individuals with a college degree or above is negatively correlated 
with the age-standardized CBD mortality rate (β = −0.22) and the proportion of low-income individuals (β = −0.19). This 
implies that higher proportions of individuals with a college degree or above are associated with lower age-standardized 
CBD mortality rates and lower proportions of low-income individuals. The proportion of low-income individuals is posi-
tively correlated with the age-standardized CBD mortality rate (β = 0.41) but negatively correlated with exposure to PM

2.5
 

(β = −0.27). This indicates that townships with higher proportions of low-income individuals have higher age-standardized 
CBD mortality rates but lower exposure to PM

2.5
. However, there is no significant correlation between exposure to PM

2.5
 

and the age-standardized CBD mortality rate. In summary, urbanization acts as a mediating factor in the relationship 
between socioeconomic variables and CBD mortality, but not in relation to exposure to PM

2.5
. The SEM model has exam-

ined the fitness of the goodness-of-fit criteria.
Table 4 utilizes three models (Pooled OLS, fixed-effect (FE), and random-effect (RE) in Panel regression to examine 

the heterogeneity and temporal variations in age-standardized CBD mortality rates across different townships in Tai-
wan, classified into urban and rural areas based on the level of urbanization. The primary explanatory variables include 
the proportions of low-income households, the proportion of individuals with a college degree or higher education, and 
exposure to PM

2.5
 concentration. In Model 1, OLS, FE, and RE were employed, revealing significant disparities in CBD 

Table 3.  Urbanization level associated with age-standardized CBD Morality.

Area Crude model Adjusted modela

Metropolis Core −39.457** (1.314) −22.354** (1.851)

Industrial and commercial urban −36.260** (1.163) −20.206** (1.647)

Emerging towns −31.993** (1.035) −17.770** (1.483)

Traditional industrial towns −29.546** (1.122) −16.069** (1.514)

Low-level development townships −28.499** (0.992) −19.324** (1.274)

Aging townships −29.537** (1.156) −20.022** (1.439)

Remote townships Reference Reference

aAdjusted for the percentage of education with college above, percentage of low-income, and exposure to PM
2.5

; *p < 0.01; **p < 0.001.

https://doi.org/10.1371/journal.pone.0324070.t003

https://doi.org/10.1371/journal.pone.0324070.t003
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mortality rates attributed to the proportions of low-income households between the OLS and RE models. Specifically, as 
the proportions of low-income households increase, the CBD mortality rate also tends to rise. In Model 2, the proportion of 
individuals with a college degree or above was introduced as an additional variable. The outcomes consistently indicated 
a significant negative correlation between this variable and CBD mortality rates across all three models. Consequently, 
as the proportion of individuals with a college degree or above increases, the CBD mortality rate decreases. Obviously, 
the regression coefficient for the proportions of low-income households diminishes, although it still retains a significant 
impact. In Model 3, the variable of exposure to PM

2.5
 concentration was included. In urban areas, all three models exhibit 

a significant positive correlation with CBD mortality rates. However, in rural areas, only the FE model displays a significant 

Fig 1.  The structural equation model depicted age-standardized cerebrovascular disease (CBD) mortality associated with urbanization, edu-
cation, low income, and exposure to PM2.5; *p < 0.01; **p < 0.001.

https://doi.org/10.1371/journal.pone.0324070.g001

Table 4.  Low income, education and exposure to PM2.5 levels associated with age-standardized cerebrovascular disease mortality using panel 
regression analysis.

Pooled 
OLS

Fixed 
Effects

Random 
Effects

Pooled
OLS

Fixed 
Effects

Random 
Effects

Pooled
OLS

Fixed 
Effects

Random 
Effects

Urban level Low income (%) 2.91** 1.15 2.53** 2.11** 0.93 1.92* 2.20** 0.86 2.04*

Education (%) −0.45** −0.42** −0.45** −0.44** −0.14 −0.41*

PM
2.5

 (ug/m3) 0.10* 0.20** 0.10*

R2 0.16 0.16 0.16 0.25 0.23 0.25 0.25 0.16 0.25

rho 0.36 0.26 0.28 0.20 0.35 0.20

Rural level Low income (%) 4.53** 0.77 3.25* 3.71** 0.40 2.45* 4.46** 1.64* 3.90**

Education (%) −0.60** −0.71** −0.75** −0.44* −0.18 −0.57**

PM
2.5

 (ug/m3) −0.04 0.30* 0.10

R2 0.24 0.24 0.24 0.26 0.19 0.26 0.32 0.18 0.31

rho 0.50 0.35 0.47 0.34 0.50 0.32

Total Low income (%) 4.19** 0.87 3.11** 3.30** 0.59 2.43** 3.80** 1.40* 3.30**

Education (%) −0.54** −0.53** −0.58** −0.50* −0.13 −0.51**

PM
2.5

 (ug/m3) −0.02 0.30** 0.08

R2 0.23 0.23 0.23 0.27 0.21 0.27 0.30 0.17 0.30

rho 0.49 0.35 0.44 0.32 0.49 0.31

*p < 0.01; **p < 0.001.

https://doi.org/10.1371/journal.pone.0324070.t004

https://doi.org/10.1371/journal.pone.0324070.g001
https://doi.org/10.1371/journal.pone.0324070.t004
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positive correlation. Model 3 demonstrates the highest overall explanatory power (R2 = 0.25–0.31). Individuals with 
low income in rural areas exhibited a higher effect (β = 390.1 and β = 163.9) compared to those residing in urban areas 
(β = 203.6 and β = 86.4), as observed in both RE and FE models. Notably, the results indicate that levels of urbanization 
act as a modifier on socioeconomic variables and CBD mortality rates.

Discussion

This study indicated that township-based CBD mortality is significantly associated with SES variables and levels of urban-
ization, despite a reduction in CBD mortality from 2011 to 2020. The correlation between urbanization and SES variables 
found in this study is consistent with previous research. According to van Maarseveen’s study, there is a correlation 
between urbanization and increased educational achievement in children residing in urban regions [16]. This implies that 
urban areas generally provide superior educational prospects, resulting in a greater proportion of individuals with a higher 
socioeconomic status (SES). In addition, the negative correlation between urbanization and the proportion of low-income 
individuals aligns with studies by Jones et al. [17] and Wang et al. [18]. These studies found that urban areas generally 
have lower poverty rates and higher median household incomes compared to rural areas. This socioeconomic disparity is 
an important factor to consider when analyzing health outcomes, including CBD mortality. Obviously, the inverse rela-
tionship between education levels and CBD mortality rates observed in this study is consistent with previous research on 
the impact of education on health outcomes. A study by Cutler and Lleras-Muney [19] demonstrated that higher levels of 
education are associated with lower mortality rates and better overall health outcomes, including a reduced risk of CVD. 
Similarly, township-level per capita Gross Domestic Product (GDP) in China was positively associated with sufficient 
leisure time physical activity for both rural and urban areas and a healthy diet (p < 0.01 for urban areas), while negatively 
associated with none or moderate alcohol use (p < 0.01 for rural areas) [20]. The urban-rural disparity in healthy behaviors 
may contribute to differences in socioeconomic status, which in turn can impact CVD mortality rates. A systematic review 
examines how SES moderates the association between lifestyle factor combinations and adverse health outcomes. There 
are lower SES groups that may be disproportionately vulnerable to the effects of unhealthy lifestyle factors compared with 
higher SES groups via interactions with other factors associated with low SES (e.g., stress) or via accelerated biological 
aging [21]. However, it is challenging to illustrate the mechanisms and causal relationships between urbanization, SES, 
exposure to PM

2.5
, and township-based CBD mortality.

Previous studies have clearly indicated that SES influences mortality rates through access to healthcare, living con-
ditions, education, and lifestyle choices. Individuals with higher SES typically enjoy better healthcare access, healthier 
lifestyles, improved living conditions, and greater social support, including preventive care, early diagnosis, and effective 
treatment for conditions like CVDs. Conversely, lower SES individuals often encounter barriers such as lack of insurance, 
higher out-of-pocket costs, and limited availability of healthcare services, leading to poorer health outcomes and higher 
mortality rates [22,23]. Urbanization often used as an indicator of social and economic development. While urban areas 
generally offer better healthcare infrastructure and opportunities, income disparities still result in significant health differ-
ences. Rural areas, however, face broader systemic challenges due to limited healthcare resources and economic oppor-
tunities, exacerbating the impact of income disparities on health. Addressing these issues requires targeted interventions 
that consider the unique challenges and opportunities in both urban and rural settings. Therefore, the interaction effect of 
SES and urbanization on CBD mortality results from the complex interplay between access to healthcare, environmental 
factors, social determinants, housing conditions, and economic inequality. In highly urbanized areas, lower SES individuals 
face compounded challenges that negatively affect their health and increase mortality rates [24]. Addressing these issues 
requires targeted interventions that consider both urban environmental conditions and socioeconomic disparities on CBD 
mortality. Additionally, PM

2.5
 and SES affect CBD mortality rates by influencing exposure and access to healthcare. Higher 

SES often means better living conditions and healthcare access, reducing PM
2.5

 exposure and improving health outcomes. 
Lower SES typically leads to higher PM

2.5
 exposure and limited healthcare access, increasing CBD mortality rates.
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In our study, we utilized three models (Pooled OLS, Fixed Effects (FE), and Random Effects (RE)) in panel regression 
to investigate the relationship between socioeconomic variables and CBD mortality rates in urban and rural areas. The 
selection of the preferred model depends on the assumption regarding the correlation between the individual, cross-
section error component (εt), and the regressors. If it is assumed that εt and the regressors are uncorrelated, the RE 
model is deemed appropriate. Conversely, if there is believed to be a correlation between εt and the regressors, the FE 
model may be more suitable. To determine the more appropriate model, the Hausman test was conducted [25]. Our 
findings indicated that socioeconomic variables had varying effects on CBD mortality rates across the three models in 
both urban and rural areas. Notably, the level of urbanization was observed to modify the relationship between socioeco-
nomic variables and CBD mortality rates. Further research should aim to highlight the complex interactions and pathways 
between socioeconomic factors and health outcomes. Understanding the causal processes involved in these relationships 
is crucial for improving our knowledge and identifying effective preventive measures. By delving deeper into these interac-
tions, we can gain valuable insights into the underlying mechanisms that link socioeconomic factors to CBD mortality. This 
knowledge can then inform the development of targeted interventions and policies aimed at addressing health disparities 
and promoting better health for all [26].

Although evidence has shown a positive association between the proportion of low-income individuals and CBD 
mortality rates [22,23], limited studies explored the correlation between health outcomes with SES variables and urban-
ization simultaneously. Based on SEM analysis, the study revealed a negative correlation between age-standardized 
CBD mortality rate and education levels (β = −0.22), but a positive correlation with the proportion of low-income individuals 
(β = 0.41). We suggested that the association between urbanization and CBD mortality is mediated by education levels 
and low-income households, indicating that urbanization influences CBD mortality through its impact on these socioeco-
nomic factors. Furthermore, three-panel regression models also exhibited a significant positive correlation between the 
percentages of low-income individuals and education levels with CBD mortality rates. Whereas our findings cannot include 
lifestyles to examine the correlation with CBD mortality. It is well-known that a significant interaction was found between 
lifestyle and deprivation for all-cause and CVD mortality, but not for CVD incidence. The author concludes that wide com-
binations of lifestyle factors are associated with disproportionate harm in deprived populations [27]. The apparent disparity 
in access to and availability of medical resources has been identified as a contributing factor to low health literacy in rural 
or low socioeconomic townships. Overall, there was an increase in the prevalence of obesity, diabetes, and hypertension, 
with higher rates observed among low-income groups for each cardiovascular risk factor. Particularly noteworthy was the 
significant increase in the prevalence of physical inactivity, with the “lowest-income” group experiencing a relative percent 
increase of 71.1% [28]. Indeed, socioeconomic inequality can have a profound impact on health outcomes, leading to 
lower levels of health literacy and poorer health behaviors, which in turn can contribute to higher morbidity and mortal-
ity rates. Individuals with lower SES often face barriers to accessing quality healthcare, preventive services, and health 
education. Limited resources and opportunities can make it challenging to adopt healthy behaviors such as regular exer-
cise, balanced diets, and avoiding harmful habits like smoking or excessive alcohol consumption. In a study conducted 
by Mahajan et al. [29], it was revealed that lacking awareness of symptoms was significantly associated with Hispanic 
ethnicity (OR, 1.89; 95% CI, 1.47–2.43) and lower education level (OR, 1.31; 95% CI, 1.09–1.58). Additionally, the study 
identified various sociodemographic subgroups that exhibited a higher risk of lacking awareness of myocardial infarction 
symptoms. Similarly, individuals with five high-risk characteristics (non-White, non-US born, low income, uninsured, and 
high school education or lower) showed an almost four-fold higher odds ratio (OR, 3.70; 95% CI, 2.43–5.62) of lacking 
awareness of all myocardial infarction symptoms. The study suggested that targeted public health interventions could 
potentially benefit specific sociodemographic subgroups characterized by reduced awareness [30].

Based on SEM findings, there appears to be no significant link found in this study between PM
2.5

 exposure and CBD 
mortality rates. Our findings, presented in Table 3, show that the effect of low-income households on CBD mortality was 
greater than the effect of PM

2.5
, as indicated by both fixed and random effects models. These results are consistent with 
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previous studies suggesting that SES factors are a fundamental cause of health inequality. When SES and PM
2.5

 expo-
sure were simultaneously included in the panel regression model, the positive effect of PM

2.5
 on CBD mortality appeared 

to be influenced by SES. This suggests that while PM
2.5

 is a significant factor, its impact on CBD mortality may be moder-
ated by socioeconomic conditions. Possibly, it is crucial to acknowledge that township-level analyses may not fully capture 
the complex impact of PM

2.5
 on specific health outcomes. It is important to consider that our study assumes uniform PM

2.5
 

exposure within townships, while there may be variations and heterogeneity in exposure levels across different townships. 
Furthermore, it is important to consider that township-level analyses may not account for other significant risk factors that 
contribute to CVD mortality. While this study focused specifically on the association between PM

2.5
 exposure and CBD 

mortality rates, it is essential to recognize that there are additional factors at play within townships that could influence 
CVD outcomes. These factors may include, but are not limited to, socioeconomic status (SES), lifestyle factors (such as 
smoking, alcohol consumption, physical activity, and dietary habits), access to healthcare, comorbidities (including diabe-
tes, hypertension, hyperlipidemia, and heart disease), and genetic predispositions. The study assumes a homogeneous 
distribution of these potential factors across each township from 2010 to 2020. A comprehensive understanding of CVD 
mortality requires a more holistic examination that incorporates these potential confounding variables. Studies conducted 
by Brook et al. [31] and Pope [32] have reported associations between long-term exposure to PM

2.5
 and CVD, but their 

focus was on broader geographic scales or individual-level analyses. Therefore, strategies aimed at reducing the per-
sistent health disparities gap may involve increasing coverage for preventive measures and promoting healthy lifestyle 
behaviors.

This study has several distinctive features that set it apart from previous research. Firstly, it adopts a township-level 
analysis, focusing on small geographical areas rather than individual-level data. By examining CBD mortality rates at 
the township level, this study provides a more comprehensive understanding of the impact of urbanization, SES, and 
exposure to PM

2.5
 on CBD. Unlike previous studies that primarily considered SES as a control variable, this study recog-

nizes the importance of SES as a key determinant of CBD mortality. encompassing various socioeconomic factors such 
as income, education, and occupation, is considered a crucial factor in understanding health inequality. By exploring the 
association between SES and CBD mortality rates, this study contributes to a deeper understanding of the social determi-
nants of health and their implications for CBD. Lastly, this study employs panel data analysis, which allows for the exam-
ination of temporal trends and variations over time. By analyzing data collected longitudinally from multiple time points, 
the study can assess the dynamic relationships between urbanization, SES, PM

2.5
 exposure, and CBD mortality. However, 

it is essential to acknowledge the limitations of this study. Firstly, the study design is based on township-level data and 
observational design, which may not capture individual-level variations and potential confounding factors (lifestyle factors, 
access to healthcare, comorbidities, and genetic predispositions). Also, it may be challenging to establish a causal rela-
tionship between the variables of interest. While panel data analysis can help in exploring temporal associations, it cannot 
definitively prove causality. Secondly, the data used for SES variables, PM

2.5
 exposure, and CBD mortality rates are 

subject to measurement errors and limitations inherent in data sources. Additionally, the study focuses on a specific geo-
graphic area, which may have ecological fallacy and limit the generalizability of the findings to other regions or countries. 
Future research should consider incorporating individual-level data and exploring additional factors that may contribute 
to CBD mortality rates. Longitudinal studies also provide valuable insights into the causal relationships between urban-
ization, SES, PM

2.5
 exposure, and CBD mortality. Moreover, investigating potential mediating or moderating factors could 

further elucidate the mechanisms underlying the observed associations.

Conclusions

While the findings of this study align with existing literature regarding the relationships between urbanization, SES, PM
2.5

 
exposure, and CBD mortality, we discovered a significant moderation effect of urbanization and SES on CBD mortality 
using a panel regression model. Additionally, we found the mediating effect of urbanization on CBD mortality using SEM. 
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However, the absence of a significant association between PM
2.5

 exposure and CBD mortality rates emphasizes the need 
for further research to explore the underlying mechanisms and contextual factors involved. Addressing socioeconomic 
inequality and enhancing health literacy are pivotal in reducing CVD morbidity and mortality rates. It is essential to imple-
ment strategies that promote education, improve access to healthcare services, and foster supportive environments for 
healthy lifestyles. These efforts can help alleviate disparities and enhance overall cardiovascular health. Furthermore, this 
finding advances our understanding of these intricate relationships and establishes a basis for evidence-based interven-
tions and public health policies.
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