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ARTICLE

Spatial analysis of the effects of PM2.5 on hypertension among
the middle-aged and elderly people in China
Yafei Wu a,b, Zirong Yea,b and Ya Fanga,b

aState Key Laboratory of Molecular Vaccine and Molecular Diagnostics, School of Public Health, Xiamen University,
Xiamen, China; bKey Laboratory of Health Technology Assessment of Fujian Province, School of Public Health,
Xiamen University, Xiamen, China

ABSTRACT
Hypertension is currently one of the most common chronic diseases with
high global prevalence associated with a huge social and economic
burden. In recent years, air pollution has become a focus of research,
especially the effects of PM2.5 on hypertension. However, few studies
have considered the spatial properties of the sample; thus, the results
might be unreliable. Based on the China Health and Retirement
Longitudinal Study (CHARLS) and the Environmental Status Bulletin for
each province in China, we used the extended shared component model
(SCM) to fit the spatial variation of hypertension risk and to reveal the
impact of PM2.5 on hypertension in males and females. Our results
revealed that the crude prevalence of hypertension for the whole popula-
tion in China was 32.74% in 2015, with the prevalence in men experien-
cing slightly higher than that in women (32.92% vs. 32.58%). We found
that the distribution of hypertension prevalence exhibited obvious spatial
aggregation for the whole population in China (Moran’s I = 0.39,
P = 0.001), with similar results in both men (Moran’s I = 0.18, P = 0.027)
and women (Moran’s I = 0.52, P = 0.001). Furthermore, the smoothed
results obtained using the SCM indicated that some eastern and central
provinces had relatively higher hypertension risk, while the risk in south-
eastern provinces was much lower. The risk was also relatively lower in
most western provinces, except for some northwestern regions. Notably,
our results showed that PM2.5 was a risk factor for hypertension, and the
impact of PM2.5 on women was slightly greater than that on men, with
odds ratios (OR) of 1.063 (1.041, 1.086) and 1.048 (1.025, 1.071), respec-
tively. Our findings suggest the existence of distinct spatial differences in
the prevalence of hypertension and small sex-related differences in the
risk of hypertension in China.
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Introduction

Hypertension is one of the most common chronic disease worldwide, nearly 17 million deaths due to
cardiovascular diseases and 9.4 million deaths due to complications of hypertension reported by the
World Health Organization (WHO) in 2013. As a middle-income country, the prevalence of hyper-
tension in China is equally high. According to the National Nutrition and Chronic Diseases Status
Reports, the prevalence of hypertension in adults aged 18 and over was 27.9% in 2015, remaining at
a high level in subsequent years. In addition, the prevalence of hypertension also increases with age
(Shengshou and Runlin et al. 2019). Thus, hypertension represents a heavy social and economic
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burden (Zhou et al. 2019). With the deterioration of organs and body functions, the middle-aged and
elderly individuals represent are vulnerable to chronic diseases, especially high blood pressure. Thus,
in the absence of effective prevention and control strategies, the prevalence of hypertension will
continue to rise in the next few decades with the rapid increase in the aging population.

There are many reports on the risk factors of hypertension, although the results are complicated.
Many studies have shown that individual behavior, family history, genetic factors and lifestyle are
all related to the occurrence of hypertension (Yong and Yun et al. 2010; Wheaton et al. 2012; Xia
and Hua 2012). In addition, dyslipidemia, diabetes and hyperuricemia are also risk factors for
hypertension (Howard et al. 2010; Soltani et al. 2013). However, it cannot be overlooked that
approximately 70% of the changes in an individual’s blood pressure are influenced by environ-
mental factors and the interactions between the environment and genes (Bochud and Guessous,
2012). Since 1990, many epidemiological studies have investigated the relationship between hyper-
tension and air pollutants such as carbon monoxide (CO), nitrogen oxides (NOx) and ozone (O3).
Based on cohort data, Tao et al. found that O3 and NO2 significantly increased the risk of
cardiovascular diseases such as hypertension (Tao et al. 2012). Recently, inhalable particulate matter
has become the most prominent environmental pollution problem worldwide, especially in China.
Therefore, studies have increasingly been focused on the effects of inhalable particulate matter on
hypertension. Many epidemiological studies have shown that long-term exposure to inhalable
particulate matter significantly increase the incidence of cardiovascular disease and even death.
Researchers such as Chuang et al. found that PM2.5 was significantly associated with high blood
pressure in Taiwan (Chuang et al., 2010). Furthermore, Cai et al. quantified the effects of PM2.5 on
hypertension (Cai et al. 2016). However, none of these studies considered the spatial autocorrela-
tion or spatial heterogeneity of PM2.5; therefore, the results may be not completely reliable.

With the advantages of flexibility and simplicity, spatial methods based on the Bayesian hierarch-
ical model (BHM) have become a hot topic in disease research. Furthermore, with the development of
the Markov chain Monte Carlo (MCMC) method, multiple methods have been derived from the
BHM, including the shared component model (SCM) which is an advancement of the BHM. The
SCM is based on the concept of the existence of common risk factors among diseases, such that the
potential risk can be further decomposed into common and specific risk. The basic assumption of this
model is that there is a certain correlation between various diseases; that is, the risks between diseases
have common influencing factors and the effects of these factors vary greatly between different
regions. The common and specific components of the model are independent of each other, and the
parameters of the model are uncertain, so the prior distribution must be set in advance. In addition,
SCM is based on the BHM framework and uses full Bayesian methods for risk estimation. Therefore,
the model has higher research value due to its flexibility and extensibility. For example, the types of
diseases included in the model can be expanded from two to multiple, and the common components
can also be expanded; thus, the model can provide more in-depth information for spatial epidemio-
logical analysis. At present, The SCM is widely used to analyze sex differences in disease risk, sparse
data for small regions, the existence of covariates, disease risk estimation from multiple data sources,
estimation of missing data and disability-adjusted life years (DALY) in a small area (Earnest et al.
2010; MacNab 2010; Onicescu et al. 2010; Ancelet and Abellan et al. 2012; Held et al. 2016).

Therefore, we used the SCM to explore the spatial distribution of hypertension risk in middle-
aged and elderly people in China in our study. Simultaneously, the impact of PM2.5 on the
occurrence of hypertension was explored and sex differences were further investigated.

Materials and methods

Data

We obtained data from the China Health and Retirement Longitudinal Survey (CHARLS). CHARLS
was designed to collect high-quality microscopic data representing individuals aged 45 years and older
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to explore the aging problem in China. The response rate and data quality are among the highest of
similar surveys in the world, and have therefore been widely used and recognized in academia. We
selected the most recently published data in 2015 from CHALRS to study the hypertension prevalence
in the middle-aged and elderly people in China. In addition, we obtained the average daily concentra-
tions of PM2.5 for 31 provinces in 2015 in China through the Environmental Status Bulletin for each
province. Blood pressure was measured by professional doctors using a standard mercury sphygmo-
manometer; blood pressure values were based on the mean of three repeated measurements. People
with hypertension were defined as having a systolic blood pressure ≥140 mmHg, a diastolic pressure
≥90 mmHg, or those currently using anti-hypertensive drugs.

Statistical methods

Descriptive analysis
The prevalence of hypertension in Ningxia, Tibet and Hainan Provinces was determined using the
CHALRS database of 28 provinces surveyed in 2015. First, we conducted disease mapping to
describe the spatial distribution of the prevalence of hypertension in China. Spatial mapping of
PM2.5 was also conducted to study the impact of PM2.5 on hypertension.

Spatial autocorrelation analysis
Spatial autocorrelation analysis is performed to evaluate the relationship of a variable between one
region and its surroundings. This process allows quantitative exploration of the types of correlation,
high-aggregation regions and spatial distribution characteristics over time, which provides insights
into the risk factors in specific regions. Here, we present a preliminary understanding the potential
existence of spatial aggregation in the prevalence of hypertension, and Moran’s I values was
calculated to measure spatial autocorrelation according to the following formula:

I ¼ n�n
i¼1�

n
i¼1wijðxi� �xÞðxj� �xÞ

�n
i¼1�

n
i¼1wij�

n
i¼1ðxi� �xÞ2

where n denotes the number of spatial regions; xi and xj represent the observed values of the
variables at the spatial positions i and j; x represents the average of all observations in all regions;
and wij is the spatial weight calculated as follows:

wij ¼ 1;When two areas are close to each other
0;Others

�

Shared component model (SCM)
The SCM was used to study the effects of PM2.5 on hypertension between the sexes. The results
were mapped to explore the spatial distribution characteristics of the hypertension risk. The SCM
model can be written as follows:

Oji,binðpji; njiÞ
log itðpjiÞ ¼ αj þ βjxji þ etaji
eta1i ¼ φi � δ þ ν1i

eta2i ¼ φi
δ
þ ν2i

η1 ¼ νarðφi
�δÞ=ðνarðφi

�δÞ þ νarðν1iÞÞ
η2 ¼ νarðφi=δÞ=ðνarðφi=δÞ þ νarðν2iÞÞ

Here, i denotes all the regions; j denotes the sex (1 for men, 2 for women); Oi represents the
actual number of patients in each region; ni denotes the total population of each region; and pi is the
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potential prevalence of the area. φi is the shared random variation for men and women, and δ and 1/
δ represent the weight of the shared variation of men and women, respectively. ηj represents the
proportion of the shared component contributing to the random effect, and υji denotes the specific
random variation.

It should be emphasized that δ and 1/δ satisfy the condition that the sum of their logarithm
equals 0, ensuring that the model could be identified. Furthermore, the shared and specific
components can be decomposed as follows:

φi ¼ ushi þ sshi
νji ¼ bindji þ bspatji

Here, ush and bind denote spatially unstructured random effects, while ssh and bspat represent
spatially structured random effects. To describe the results more precisely, we calculated the odds
ratio (OR) according to the following formula:

expðetaiÞ ¼ pi
1� pi

� ��
expðαÞ

Here, α represents the baseline risk, and exp(etai) represents the OR for each region compared to
the baseline risk. Furthermore, we calculated index γ, which represents the proportion of the spatial
structured random effects, according to the following formula:

γ ¼ νarðs i½ �Þ=ðνarðs i½ �Þ þ νarðu i½ �Þ
Values of γ > 50% indicates that the spatial structured effect is dominant, revealing the existence

of strong spatial clustering. Otherwise, it shows that the variation is mainly derived from spatial
heterogeneity.

We used theMCMC Simulation method to achieve Bayesian inference for the SCM. Tomake the
results reliable and easy to compare, we selected two independent Markov chains, each with 5,000
pre-iterations, followed by 50,000 iterations and adjusted the number of pre-iterations according to
convergence conditions. The convergence was diagnosed by the classic variance ratio method,
combined with dynamic trajectory maps and autocorrelation figures (ACF). According to Sinharay
(Sinharay and Stern 2003) et al., MCMC algorithm convergence occurs when the different chains
combined in dynamic trajectory maps and there was no correlation between parameters for ACF.
After the model reached convergence, we used the deviation information criterion (DIC) to
evaluate and select the ideal model.

Software

Data extraction, management and descriptive analysis were performed using SAS (version 9.4). The
SCM was built using R calling OpenBugs3.2.2. All weight matrices were created using GeoBUGS.
All maps were generated using GeoDa1.8.16.4.

Results

Statistical descriptions

Overall status of hypertension prevalence
In total, 20,927 were included in our study after excluding missing data. Of the total population,
men accounted for 47.45%, and women accounted for 52.55%. The total prevalence of hypertension
was 32.74%, with a slightly higher prevalence in men (32.92% versus (vs.) 32.58%). The perspective
of the whole population is shown in Figure 1(a). The hypertension prevalence in the northeastern
region (three provinces) was relatively high, especially in Heilongjiang Province (43.41%). The
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hypertension prevalence in the eastern region (10 provinces) was also high, with the highest
prevalence in Shandong province (40.17%). The prevalence in the southeastern coastal provinces
was generally low, especially in Fujian, where the prevalence rate was the lowest in China at only
23.46%. The hypertension prevalence in the central region (six provinces) was generally low. The
prevalence in the western region (12 provinces) was also lower than that in the northeast, while the
prevalence in Qinghai in the northwest was higher, reaching 40.35%. Furthermore, as shown in
Figure 1(b), the spatial distribution of the prevalence in men was similar to that of the whole
population. The regions with the highest hypertension prevalence were concentrated mainly in the
northeastern region, as well as some eastern and northwestern provinces, such as Heilongjiang
(49.72%), Shandong (41.71%) and Qinghai (42.11%) Provinces. The prevalence in the rest of the
provinces was relatively low, fluctuating between 20.73% and 39.60%. Among them, the prevalence
of hypertension in the southeastern coastal provinces and some central provinces was very low. For
example, the prevalence in Hubei, Sichuan and Shaanxi was 27.67%, 29.53% and 29.86%, respec-
tively, and Fujian had the lowest prevalence in China (20.73%). Figure 1(c) shows that the
prevalence in women was slightly lower than that in men. Specifically, the prevalence in the
northeastern region (Heilongjiang), some central provinces (Anhui and Henan) and some eastern
provinces (Hebei and Shandong) as well as Qinghai province was quite high, with the highest in
Hebei Province (42.32%).). In contrast, the prevalence among women was much lower in other
provinces, such as the southeastern provinces (Fujian, Guangdong) and some central provinces
(Hubei, Hunan, Jiangxi, Chongqing, and Guangxi) and western provinces (Gansu). The prevalence
in all these provinces was lower than 29.00%, with the prevalence in Guangdong being the lowest in
China for women (25.17%).

We also conducted a global spatial autocorrelation analysis of the distribution of hypertension
prevalence. Moran’s I values were used to determine the existence of global spatial aggregation.

As shown in Table 1, the spatial aggregation of the overall prevalence of hypertension was
statistically significant, with a Moran’s I value of 0.39 (P = 0.001).

Figure 1. The prevalence of hypertension in China in 2015.
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Global spatial aggregation analysis for both men and women yielded Moran’s I values of 0.18
(P = 0.027) and 0.52 (P = 0.001), respectively, indicating a need for spatial research.

The distribution characteristics of PM2.5 in China
According to the Environmental Status Bulletin for each province in 2015, the daily average PM2.5
concentration ranged from 13 μg/m3 to 86 μg/m3 among the provinces investigated. Furthermore,
we performed spatial mapping to reveal the characteristics of PM2.5 distribution. As shown in
Figure 2, the regions with the highest concentration were located mainly in eastern provinces
(Beijing, Hebei, and Shandong) and some central provinces (e.g. Henan, and Hubei), with the
concentration in Henan Province reaching 86.00 μg/m3. The PM2.5 pollution in Jilin, Liaoning and
Xinjiang Provinces was also very serious (≥53 μg/m3). Light pollution was reported in the remain-
ing provinces, especially in Fujian, Yunnan and Tibet (<30.00 μg/m3), with Fujian found to be the
least polluted province in China (13.30 μg/m3).

Sex differences in hypertension risk

Important parameters and evaluation of the model
First, we established Model 1 without the PM2.5 as a variable, before it was added into Model 2, and
the MCMCmethod was used to estimate the parameters. The important parameters in the SCM are
shown in Table 2.

From the perspective of fitting effects, the DIC only increased slightly and the pD decreased
significantly after adding PM2.5. Furthermore, η1 and η2 were 0.949 and 0.945, respectively, in
Model 1, suggesting that the unobserved common risk factors determined 94.9% and 94.5% of
hypertension prevalence variations for men and women, respectively. After adding PM2.5, the
proportion of shared components decreased significantly (men: 0.521, women: 0.505), suggesting
that PM2.5 was an important risk factor for both men and women. The posterior median of the
shared component weight δ was 1.018, indicating that the unobserved common risk factors affected
men slightly more than women.

Figure 2. The distribution of PM2.5 concentration in China in 2015.

Table 1. Moran’s I values for hypertension prevalence in
China in 2015.

Moran’s I P-value
Total 0.39 0.001
Men 0.18 0.027
Women 0.52 0.001
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Furthermore, the OR was 1.048 for men and 1.063 for women in Model 2, implicating PM2.5 as
a risk factor for hypertension in both men and women. Furthermore, the impact of PM2.5 on
women was slightly greater than that on men.

The results of spatial smoothing of crude prevalence for the different sexes
As described in section 3.1.1, we generated spatial maps to show the distribution characteristics of
crude hypertension prevalence for men and women. However, this process did not take into
consideration the interaction among neighboring regions, and so did not fully reveal the spatial
distribution characteristics of hypertension prevalence. Therefore, we used the SCM to achieve
spatial smoothing of the crude hypertension risk for men (Figure 3(a)) and women (Figure 3(b)).

As shown in Figure 3(a), Heilongjiang Province (OR = 1.52) in the northeast, Hebei and Tianjin
Provinces (OR = 1.26, OR = 1.25, respectively) in the east, and Inner Mongolia (OR = 1.23) in the
west had high risk of hypertension in men. The risks in Liaoning, Jiangsu, and Qinghai Provinces
were also relatively high (OR >1.12). The risks of hypertension in the remaining provinces were
relatively lower, especially in some northeastern and central provinces, such as Jiangxi, Fujian, and
Guangdong (all OR <0.80). As shown in Figure 3(b), the distribution characteristics for hyperten-
sion in women were similar to those in men. The regions with the highest prevalence were mainly
located in Heilongjiang, Hebei, and Shandong Provinces (OR >1.26). Some Provinces in the eastern
(Jiangsu), central (Anhui) and northwest (Qinghai) regions also showed high risk (OR ≥1.10). The
risks in other provinces were relatively lower, ranging from 0.70 to 1.19.

Thus, the prevalence of hypertension in men was slightly higher than that in women after spatial
smoothing in the SCM. However, from the perspective of spatial distribution, the prevalence of
hypertension in men and women was similar.

The results of spatial smoothing of hypertension risk related to PM2.5 for the different
sexesgenders
To facilitate an intuitive understanding of the differences in the impact of PM2.5 on the risk of
hypertension in men and women, we conducted spatial mapping of the SCM results. As shown in
Figure 4, the spatial distribution of hypertension risk in men was slightly lower than that in women,

Table 2. Important parameters of the SCM.

Model 1 Model 2

Parameters Men Women Men Women

OR_PM2.5 – – 1.048(1.025,1.071) 1.063(1.041,1.086)
η 0.949(0.708,0.989) 0.945(0.701,0.988) 0.521(0.159,0.876) 0.504(0.148,0.861)
δ 1.043(0.857,1.274) 1.018(0.460,2.298)
DIC(pD) 444.500(18.180) 569.400(4.325)

Figure 3. The results of spatial smoothing of hypertension prevalence in China in 2015.
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suggesting that the impact of PM2.5 on hypertension was relatively higher for women. For men, the
most seriously affected areas were located mainly in the eastern (Hebei, Beijing, and Shandong) and
some central provinces (e.g. Henan, Hubei), with ORs >1.24, especially in Henan (1.50). In
addition, the risks in northeastern (Jilin, Liaoning) and northwestern (Xinjiang) provinces were
also relatively high (OR = 1.29, OR = 1.29, and OR = 1.28, respectively). The risks in other regions
were relatively low, especially in Fujian and Tibet (OR = 1.06 and OR = 1.13, respectively). For
women, the areas with high risk were located mainly in some eastern provinces, such as Hebei,
Beijing, Tianjin, and Shandong (OR >1.53), and some central provinces, such as Shaanxi, Henan,
Hubei and Hunan (OR >1.44). The risk of Xinjiang in the northwest was also noteworthy
(OR = 1.38). The risks in other areas were relatively low, with the risk in Fujian provinces found
to be the lowest in China (OR = 1.09)

Overall, our findings demonstrated that the impact of PM2.5 on hypertension was relatively
greater for women than men in China. We also observed differences in the spatial distribution
characteristics of hypertension risk for men and women.

Convergence and sensitivity analysis of the SCM
The convergence of OR for men and women are listed in Figure 5 based on the results of Model 2.
According to the Brooks and Gelman statistics, all the key variables (MPSRF) tested fluctuated
around 1. The two Markov chains showed good convergence, indicating that the model reached
convergence and the estimation was relatively stable and reliable.

Furthermore, we performed sensitivity analysis on our model with three kinds of prioris, priori1:
logdelta~dnorm (0.0, 8.0); priori2: logdelta~dnorm (0.0,10.5); and priori 3: delta~dunif (0.0, 0.08).
The results of these models based on our settings are listed in Table 3.

Figure 4. The risk of hypertension related to PM2.5 in 2015 of China.

Figure 5. Convergence of some key parameters.
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In all three models, DIC and pD were close in terms of goodness-of-fit and there were no marked
differences in the OR estimates. The differences in η and δ were almost identical at percentile level.
In short, the key statistics and goodness-of-fit of the model were insensitive to different prioris.

Discussion

The spatial distribution of prevalence of hypertension

From the spatial distribution of crude prevalence of hypertension, the eastern regions, especially the
northeast regions, and some northwestern provinces showed higher prevalence of hypertension
among middle-aged and elderly people in China. It can be speculated that this phenomenon is
related to the high obesity rates and alcohol consumption in these regions or the high daily salt intake
in daily revealed in previous studies(Sailesh and RC C 2009; He and MacGregor 2010). In contrast,
the prevalence of hypertension was much lower in the central and southeastern provinces. Thus, our
findings are consistent with those of previous studies conducted in China(Yin et al. 2016; Lu et al.
2017). Furthermore, the results of spatial smoothing of crude prevalence and distribution character-
istics using the SCM were quite similar for men and women. Both showed that the risk of hyperten-
sion was higher in the north of China and much lower in the south. These results are similar to those
reported previously(Chen X et al., 2014), indicating that some risk factors, such as smoking, lifestyle,
age and obesity play an important role in the occurrence of hypertension (Xu et al. 2016).

Effects of PM2.5 on hypertension

Previous studies, such as that reported by Guo (Guo and Tong et al. 2010) focused mainly on the
short-term effects of PM2.5 on hypertension. The samples in our study were obtained from the
CHARLS, a follow-up study; therefore, the PM2.5 exposure of the population was stable and
continuous due to their relatively stable living environment. Consequently, we were able to explore
the relationship between long-term exposure to PM2.5 and hypertension risk.

Analysis using the SCM showed that the posterior median OR was 1.048 for men and 1.063
for women, suggesting that PM2.5 pollution increases the risk of hypertension. Specifically, the
relationships between PM2.5 levels and hypertension identified in our study are consistent with
those reported previously. The American Cancer Society Cancer Prevention Study (ACSCPS)
showed that every 10 μg/m3 increase in PM2.5 increases the mortality associated with hyper-
tension by 20% (Pope et al. 2014). Another Canadian cohort study showed that PM2.5 levels
were closely related to hypertension (Chen H et al., 2014). Similarly, in a cross-sectional study,
Chen et al. (Chen et al. 2015) also found that PM2.5 pollution increased the risk of hyperten-
sion, with an OR for hypertension of 1.05, which is very similar to that found in our study.
Furthermore, the relationship between PM2.5 and hypertension can also be explained in terms
of physiology. The potential mechanism is based mainly on the indirect effects of PM2.5 on the
regulation of systemic inflammatory and oxidative responses, leading to the excitation of
sympathetic nerves and subsequent arterial reconstruction (Giorgini and Rubenfire et al.
2015). Oxidative responses might also accelerate the circulation of immune cells and inflam-
matory cytokines and induce endothelial dysfunction, resulting in imbalance of blood vessel

Table 3. The results of sensitivity analysis.

Parameters Priori 1 Priori 2 Priori 3

OR_men 1.048 (1.025, 1.072) 1.048 (1.025, 1.072) 1.048 (1.025, 1.071)
OR_women 1.063 (1.041, 1.086) 1.063 (1.041, 1.086) 1.063 (1.041, 1.086)
η_men 0.521 (0.188, 0.846) 0.519 (0.190, 0.842) 0.531 (0.337, 0.718)
η_women 0.505 (0.175, 0.833) 0.505 (0.179, 0.828) 0.492 (0.303, 0.684)
δ 1.016 (0.516, 2.035) 1.013 (0.526, 1.989) 1.041 (1.002, 1.081)
DIC(pD) 569.000 (4.412) 569.900 (4.778) 570.400 (4.514)
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homeostasis. If the process described occurred repeatedly, it would eventually increase the flow
resistance of the vessel, leading to an increase in blood pressure (Fuks et al. 2011). In addition,
PM2.5 would cause an imbalance in the nervous system that leads directly to vasoconstriction
(Coogan et al. 2012). In addition, it has been proposed that PM2.5 reduces the daily sodium
excretion, resulting in impaired blood pressure regulation during the night. Excessive sodium
deposition would also cause renal dysfunction, which would also increase blood pressure (Tsai
et al. 2012). In conclusion, PM2.5 is an important risk factor for hypertension with clear
physiological mechanisms. Furthermore, our studies also showed the existence of differences in
the risk of hypertension in men and women, which might be related to the specific chemical
substances attached to PM2.5, exposure measurement methods and lifestyle (Cai et al. 2016).

Differences in the impact of PM2.5 on hypertension in men and women

The posterior median OR of men and women were 1.048 and 1.063, respectively, suggesting that the
impact of PM2.5 on the risk of hypertension in women was greater than that in men; these findings are
consistent with those of previous studies (Chen H, et al., 2014; Lin and Guo et al. 2017). Although the
men and women included in this study lived in similar places, they may have had quite different
lifestyles. Women tend to exercise frequently outside, resulting more opportunities for exposure to
PM2.5. From another perspective, a far greater proportion of smokers were men, although it is possible
that PM2.5 is more harmful to non-smokers, with a concomitant increase in the OR for women. Thus,
the reasons for the differences in the risks of hypertension in men and women remain to be clarified.

In terms of the distribution of hypertension risk, the effects of PM2.5 were greater in some
eastern and central provinces, but smaller in the southeastern provinces. In some central
provinces, the risk of hypertension was high, as was the level of PM2.5 pollution of PM2.5 in
these provinces. For example, the risk of hypertension was relatively high in Henan, Hebei,
Beijing and Shandong Provinces. These findings revealed that air pollution is an extremely serious
health hazard that should be addressed to improve air quality and promote health. In contrast,
the risk of hypertension was much smaller in Fujian Province for both men and women, which
could be related to the high air quality in this region. However, the prevalence of hypertension
was quite low at baseline level in Fujian Province. Notably, the distribution of hypertension risk
was not completely consistent with the distribution of PM2.5. For instance, PM2.5 was low in the
northeast, while the hypertension risk was relatively high, suggesting that diet, obesity, lifestyle
and other factors deserve attention.

In short, the validity of the SCM could be increased by the surrounding areas, making the
estimation of risk more stable and reliable (Ye et al. 2018). Therefore, the results of our study have
high value for the prevention of hypertension. Based on the consideration of spatial autocorrelation
and spatial heterogeneity, our results also provide epidemiological evidence for further research
from a spatial perspective. However, some limitations of our study should be noted. First, our
analysis was conducted at the level of the province, which precludes the provision of more detailed
spatial scale data in China. Second, the PM2.5 data was derived from the Environmental Status
Bulletin for each province, so differences in the measurement methods cannot be ruled out. Third,
the PM2.5 and hypertension data used in our study were both obtained in 2015, thus limiting
causality inferences. Although it was impossible to obtain PM2.5 data for all provinces in China
before 2015, due to the continuity of air quality in each province, we could also explain the
relationship between PM2.5 and hypertension.

Conclusions

The spatial analysis revealed the existence of distinct spatial differences in the prevalence of
hypertension in China. Furthermore, our study showed that PM2.5 is a risk factor for hypertension
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and there are sex-related differences in the spatial patterns of hypertension risk related to PM2.5;
although, these differences are relatively small.
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