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Abstract

Hypertension poses a major health challenge for the rural elderly in China, but evidence on its spatial patterns and key influencing
factors is still limited. This study examined the spatial distribution of hypertension prevalence among rural older adults assessing its
associations with dietary, behavioural, socioeconomic and environmental variables. Pearson correlation and maximum entropy
(MaxEnt) were used to analyze correlations and identify spatial risk levels. The results showed that hypertension prevalence was
negatively correlated with grain intake (=-0.600, p=0.002) and poultry consumption (r=-0.504,p=0.010) and alcohol use showed the
highest contribution among behavioural variables (39.2%) in the MaxEnt model. Climate zones were also associated with prevalence
(r=-0.260,p=0.010), with higher risk in temperate and some subtropical regions. The MaxEnt model showed good discriminatory
ability (area under the curve (AUC)=0.871) in identifying hypertension high-risk areas mainly in northern and north-eastern rural
China. This study provides spatial epidemiological evidence on hypertension among the rural elderly, suggesting that dietary pat-
terns, alcohol consumption and climate conditions may be associated with spatial risk variation. These findings support the use of
MaxEnt as an exploratory tool for chronic disease spatial analysis and may provide spatial reference for public health strategies and

resource allocation.
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Introduction

In recent years, the prevalence of hypertension among the rural
elderly in China has continued to rise, showing significant spatial
variation across regions. Notably, clear high-risk clusters have
emerged in the eastern coastal areas, the middle and lower reaches
of the Yangtze River, and parts of south and southwest China (Lu
etal.,2017; Wei et al., 2025). Globally, the burden of hypertension
in rural areas of Low- and Middle-Income Countries (LMICs) is
also increasing. A systematic review and meta-analysis covering
66 LMICs showed that between 1990 and 2020, the prevalence of
hypertension in rural areas rose from approximately 23.8% to
29.3%, with a faster growth rate than in urban areas and a gradual-
ly narrowing urban—rural gap, suggesting that rural regions have
become an emerging focus for hypertension prevention and control
(Ranzani et al., 2022). According to statistics from the World
Health Organization, around 46% of hypertensive patients world-
wide remain undiagnosed and only 8% achieve effective control,
with rural areas being particularly affected (Schutte et al., 2021).

In China, the situation of hypertension in rural areas is equally
severe. A retrospective analysis based on national data from 2004
to 2018 showed that the prevalence of hypertension among adults
increased from 24.9% to 38.1%, with a particularly notable rise in
rural areas (Zhang et al., 2023). Taking northeast China as an
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example, the prevalence of hypertension in rural areas has reached
25.9%, which is higher than the urban rate of 22.7%. However, the
hypertension control rate in rural areas is only 5.0%, i.e. signifi-
cantly lower than the 13.7% observed in cities, which reflects clear
gaps in hypertension prevention, treatment and management
capacity in rural communities (Wang et al., 2018). The disparity in
hypertension management between urban and rural middle-aged
and elderly populations in China remains significant. Data from
2015 show that the awareness, treatment and control rates of
hypertension in rural areas were 5.2%, 5.2% and 4.9% lower,
respectively, than those in urban areas, differences that remained
statistically significant even after adjusting for age and other con-
founders (Wang et al., 2018; Cheng et al., 2022). Between 2011
and 2021, the prevalence of hypertension in rural areas increased
from 28.4% to 35.6% and socioeconomic disparities strongly
influenced inequalities in hypertension management (Fan et al.,
2023). Although awareness and treatment rates improved during
this period, the control rate remained low, and the economic bur-
den caused by hypertension continued to grow. A cross-sectional
study of rural residents aged 40 years and above in northeast China
further confirmed this gap; even when applying the less stringent
criteria of the Chinese guidelines, the hypertension control rate in
rural areas was only 3.7%, i.e. far lower than the urban rate of
11.4%, which highlights the persistently low and uneven level of
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hypertension control in rural communities (Xing et al., 2019).
Research has shown that social behaviours, dietary patterns, and
natural environmental factors all play important roles in the devel-
opment and progression of hypertension. Multiple international
reviews and meta-analyses indicate that high salt intake, alcohol
consumption, obesity and physical inactivity are the main
behavioural risk factors for hypertension (Mills et al., 2020; Nan et
al., 2021). A large cross-sectional study of over 430,000 Chinese
adults (excluding those already diagnosed) found that a higher fre-
quency of coarse grain intake was significantly associated with a
lower risk of undiagnosed hypertension; specifically, individuals
who consumed coarse grains daily had about a 22% lower risk than
non-consumers, and their mean blood pressure levels were signif-
icantly reduced, suggesting that incorporating coarse grains as sta-
ple foods may have important protective effects for hypertension
prevention (Liu ez al., 2020). In addition, a study conducted in five
rural counties in China reported that for every 0.1 increase in the
Normalized Difference Vegetation Index (NDVI) of residential
areas, the prevalence of hypertension among rural residents
decreased by approximately 8%, while the mean systolic and dias-
tolic blood pressure levels dropped by 0.88 and 0.64 mm Hg,
respectively, thereby providing further evidence of the positive
impact of a favourable natural environment on hypertension pre-
vention and control (Jiang et al., 2021).

In recent years, the MaxEnt model has been widely applied in
spatial prediction studies of infectious diseases and environmental
exposure risks due to its low dependence on complete geographic
coordinates for cases, strong generalization ability and straightfor-
ward interpretability of results. For example, a study based on
H7N9 avian influenza cases in China from 2013 to 2017 success-
fully used this model based on climate, NDVI, population density
and other variables (Yang et al., 2025). They identified potential
high-risk areas and the predicted risk closely matched the actual
epidemic distribution, thereby verifying the applicability of
MaxEnt in spatial epidemiology (Yang et al., 2025). In the field of
chronic diseases, the application of MaxEnt is still in its early
exploratory stage. For instance, a study using Geographically and
Temporally Weighted Regression (GTWR) based on outpatient
follow-up data of rural hypertension patients in Fujian Province
found significant spatial disparities in follow-up frequency and
healthcare utilization among elderly and low-income groups (Fu et
al., 2024). In addition, the China Health and Retirement
Longitudinal Study (CHARLS), a nationally representative strati-
fied survey that includes demographic characteristics, health status
and behavioural information, has shown that air pollution of par-
ticulate matter of <2.5 pm (PM,) is an important environmental
risk factor for hypertension (Huang et al., 2019). These authors
also showed that this kind of pollution has a clear spatial distribu-
tion pattern, with every 10pg/m* increase in PM, 5 concentration
associated with an approximately 11% higher risk of hypertension
in adults (Hazard Ratio (HR)=1.11).

This study focused on the spatial distribution patterns of hyper-
tension among the rural elderly in China by integrating social and
behavioural factors such as alcohol consumption, grain and poultry
intake as well as natural environmental variables including climate
zones and green space coverage. We aimed at identification of the
potential driving factors of high-risk hypertension, since this
would support targeted interventions and optimize regional health
resource allocation in the context of the age structure of the rural
population.
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Materials and Methods

The dependent variable in the research approach was hyperten-
sion defined as self-reported or physician-diagnosed systolic blood
pressure and/or diastolic blood pressure We followed the guide-
lines issued by the Chinese Society of Cardiology; the Chinese
Medical Association; the Hypertension Committee of Cross-Straits
Medicine Exchange Association; the Cardiovascular Disease
Prevention and Rehabilitation Committee; and the Chinese
Association of Rehabilitation Medicine (2024).

Data sources

Data on food consumption, population density, Gross Regional
Product (GRP), Digital Elevation Model (DEM), climate zones
and NDVI were obtained from national statistical yearbooks and
the Chinese Academy of Sciences.

Individual sample data

Case information was obtained from the harmonized
CHARLS, which not only includes demographic characteristics,
health status, but also behavioural information of the rural elderly
population (Zhao et al., 2023).

Basic geographic data
The base map data consisted of the 2015 township administra-
tive boundary dataset for China, which provides spatial distribu-

tions of township-level administrative boundaries for all
provinces, cities, and counties as of 2015 (Xu, 2023).

Socioeconomic and environmental data

Socioeconomic data included rural household food consump-
tion, population density and GRP. The environmental data includ-
ed (NDVI and DEM. Relevant data were obtained from the
National Bureau of Statistics (https://www.stats.gov.cn/) and the
Resource and Environment Science and Data Center of the
Chinese Academy of Sciences (Xu, 2017). To ensure spatial con-
sistency, all data were reprojected using a unified coordinate sys-
tem (WGS_1984 UTM_Zone) and resampled to the same raster
resolution for subsequent spatial correlation analysis and MaxEnt
spatial modelling.

Investigated variable definitions

Elderly population

Individuals , according to the Chinese standards for aging
(Kowal & Dowd, 2001).
Food intake

Grain and poultry consumption were measured as annual per
capita consumption (kg/person/year), based on data from the
National Bureau of Statistics of China.

Socioeconomic factors

Population density was defined as the number of people per
square kilometer (persons/km?), and GRP was used as an indicator
of regional economic development.

Climate zones

Climatic zones were classified into eight categories based on
standard climatic regionalization data from the Chinese Academy
of Sciences, including plateau climate zone, northern temperate
zone, middle temperate zone, southern temperate zone, northern
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subtropical zone, middle subtropical zone, southern subtropical
zone, and tropical zone.

Individual-level factors

Body mass index (BMI)

BMI was calculated as weight in kilograms divided by the
square of height in meters (kg/m?), which was based on measured
anthropometric data from the CHARLS survey previously used by
Wang et al. (2021), i.e. underweight:<18.5kg/m?; normal: between
18.5<and<24.0kg/m*;0overweight: between 24.0<and<28.0kg/m?;
and obese: >28.0kg/m?.

Education

The education level was categorized into three groups: “junior

high school or below”, “senior high school or below” and “college
or above”.

Diabetes

Defined as self-reported or physician-diagnosed diabetes,
which means fasting plasma glucose >126 mg/dL or glycated
haemoglobin (HbAlc) >6.5% based on the American Diabetes
Association criteria (El Sayed et al., 2023).

Smoking

Smoking status was categorized as a binary variable indicating
whether the individual was a current/former smoker (yes) or had
never smoked regularly (no).

Alcohol consumption

Alcohol consumption was based on the CHARLS dataset and
defined as whether respondents reported any alcohol intake within
the past year (yes/no). Detailed quantitative information on alcohol
consumption (e.g., frequency or amount) was not consistently
available and therefore could not be incorporated into the analysis.

Depressive symptoms

Depressive symptoms were evaluated using the 10-item Center
for Epidemiologic Studies Depression Scale (CES-D10). A thresh-
old score of >10 was applied to define clinically relevant depres-

sive symptoms, consistent with prior validation studies in Chinese
populations (Cartierre et al., 2011).

Methods

Factor-coupling and spatial association analysis

This study employed the Band Collection Statistics tool to con-
duct spatial correlation analyses between the rasterized hyperten-
sion prevalence of the rural elderly population derived from the
harmonized CHARLS and various socioeconomic and natural
environmental factors, including population density, GRP, food
consumption, NDVI and DEM. Pearson’s correlation analysis was
applied to preliminarily assess the linear relationships between
hypertension prevalence and these variables. The Pearson correla-
tion coefficient (r) was calculated to quantify the strength and
direction of associations, with statistical significance evaluated
using corresponding p-values.

This tool enables multivariate statistics for multiple raster
bands and can automatically generate covariance and correlation
matrices. It has been widely applied in spatial epidemiology and
ecological modelling for factor coupling and integrated spatial
analysis (Tsutsumida et al., 2019; Niraj et al., 2023). The correla-
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tion between bands is calculated as the ratio of the covariance to
the product of the Standard Deviations (SDs), consistent with the
definition of the Pearson correlation coefficient, as defined by the
following formula for calculating the covariance (Eq. 1) and the
correlation coefficient (Eq. 2) between raster layers:

COU.'}' — ﬁZLI(Z;k - #i)(zjk - 'uf) Eq 1

Covyj

g0 Eq. 2

Corry =

where Z; and Z, are the values of layers i and j at pixel , respec-
tively; i, and g, the mean values of layers i and j; o, and o; the SDs
of layers 7 and j; and N the total number of raster pixels.

This correlation analysis provides supporting evidence for
exploring the preliminary associations between hypertension
prevalence among the rural elderly and social behaviours, dietary
factors and environmental variables, serving as an essential input
and validation basis for subsequent MaxEnt spatial risk modelling.

Hypertension risk modelling using MaxEnt

Originally designed for making least-biased probabilistic pre-
dictions given partial information in physics and statistics (Wang
et al., 2021), MaxEnt is a spatial distribution modelling tool based
on the principle of maximum entropy, which has been widely
applied in recent years to studies of potential species distributions,
environmental risk assessment, and disease spatial risk prediction
(Zhang et al., 2021; Ansari et al., 2022). Due to its capacity for
multi-variable integration and spatial heterogeneity detection, this
approach has increasingly been used for the spatial modelling of
the distribution of both infectious and non-communicable diseases.

MaxEnt’s model performance is evaluated using the Receiver
Operating Characteristic (ROC) curve and the Area Under This
Curve (AUC). The evaluation of the relative contribution of each
environmental variable is given as the permutation importance
(expressed in percent) that is used to find the predictive perfor-
mance. The ROC curve plots sensitivity against 1 — specificity
across thresholds, and the AUC provides a threshold-independent
measure of model discrimination (from 0.5 = random to 1 = per-
fect). The MaxEnt captures the contributions of multiple variables
to the spatial distribution pattern. In our case, the dataset was ran-
domly divided into training (75%) and testing (25%) subsets, and
the model was run multiple times to obtain average AUC values.

The variable importance was assessed using the Jackknife test,
which evaluates model gain when each variable is used in isolation
and when omitted from the full model. Variables yielding high gain
when used alone or causing substantial decreases in gain when
excluded were considered influential.

For assessing the risk of hypertension among the rural elderly,
where sample point distribution is often uneven and data may be
missing in certain areas, MaxEnt can reproduce the potential spa-
tial distribution pattern to the greatest extent possible under the
constraints of limited known samples and multiple environmental
variables. This capability helps identify high-risk clusters and pro-
vides guidance for targeted prevention and control strategies.
When the true distribution of the study object is unknown, the
model assumes that all locations within the study area have equal
distribution probability. Under the constraints imposed by
observed sample points and environmental variables, the model
estimates the probability distribution of maximum entropy yield-
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ing the least biased distribution consistent with those constraints.

In this study, the set of pixels representing hypertension preva-
lence was denoted by the probability density function satisfying
the normalization condition:

Veexm(x) =1 Eq. 3

with the entropy defined as:

H() = = Teex m(x) In (%) Eq. 4

where H(m)is the entropy of the probability distribution; z(x) the
probability of hypertension occurrence at location x; and /n repre-
sents the natural logarithm.

The optimal probability distribution is obtained by the maxi-
mum entropy under the given constraints:

n* =arg mﬂaxH(rr) Eq. 5
subject to:
Treex M@ fie () = Cie (k = 1,2, Eq. 6

where 7* denotes the optimal probability distribution; arg max,
H(m) represents the maximization of entropy; f, (x) denotes the k-
th environmental or socio-behavioural feature at location x; ¢, rep-
resents the empirical expectation of f, (x) derived from the sample
data; and k is the total number of features. Given the observed
sample points and constraints from social behaviours, dietary
structure, and environmental factors, the maximum entropy distri-
bution was used to estimate the potential spatial distribution of
hypertension risk among the rural elderly. This approach facilitates
the identification of high-risk areas and supports targeted commu-
nity-level interventions.

Results

Association of dietary and behavioural factors
with hypertension

The prevalence of hypertension among the rural elderly
showed varying degrees of association with key dietary and
behavioural indicators. Both grain and poultry consumption had
significant negative correlations with hypertension prevalence (r=-
0.600, p=0.002) and (r=-0.504,p=0.010), respectively. Vegetable
consumption showed a weak, negative correlation (r=-
0.356,p=0.081), which was not statistically significant but
approached the threshold. Although showing a weak negative cor-
relation with hypertension prevalence, consumption of red meat
(beef, pork, mutton) and aquatic products were not statistically sig-

nificant. The weak positive correlation with egg consumption
(r=0.274, p=0.185) was also no statistically significant. No signif-
icant correlations were observed between hypertension prevalence
and socioeconomic indicators, including population density popu-
lation density (r=0.011, p=0.911) and GRP (r=0.078, p=0.443) as
shown in Table 1.

The results for grain consumption levels were generally con-
sistent with the correlation analysis. Hypertension prevalence was
highest in the 120-160 kg range (41.9+11.8%) and showed a
decreasing trend with increasing grain intake, declining to 37.6 (+
12.4%) in the 160-200 kg range and further to (27.8+8.1%) in the
200-240 kg range. No cases were observed in the lowest (0-120
kg) and highest in the 240-280 kg consumption groups, as shown
in Figure 1 and Table 2.

Hypertension prevalence was relatively high in the 05 kg and
5-7.5 kg poultry consumption groups (39.9+£11.67%) and
(40.3+11.4%), respectively, decreased markedly to (26.8+9.2%) in
the 7.5-10 kg range but remained at (27.0+5.4%) in the 10-12.5 kg
group. The lowest values were observed in the 12.5-15 kg range
(22.8+13.1%). These patterns suggest a potential negative associa-
tion between poultry consumption and hypertension prevalence, as
shown in Figure 2 and Table 3.

Association of environmental factors and its
spatial distribution

The Pearson correlation analysis indicated that hypertension
among the rural elderly is significantly negatively correlated with
climate zones (r=—0.260, p=0.010). However, neither NDVI
(=0.078, p=0.443) nor DEM (»=0.148, p=0.146) were statistically
correlated with hypertension prevalence although they did show
weak positive values (Table 4). The hypertension prevalence var-
ied significantly across different climate zones. The highest values
were observed in the southern temperate zone (55.0+10.0%), fol-
lowed by the northern temperate zone (47.84+12.9%) and the south-
ern subtropical zone (43.4+12.0%). The central temperate zone
(38.8+10.1%) and central subtropical zone (35.8+8.9%) showed
moderate levels, while the northern subtropical zone (16.0+0%)
and northern tropical zone (24.0+10.7%) had relatively lower
prevalence rates. No cases were recorded in the plateau and tropi-
cal climate zones. This pattern is generally consistent with the cor-
relation results, as shown in Figure 3 and Table 5.

Spatial risk distribution based on the MaxEnt
model

The spatial distribution of hypertension risk among the rural
elderly showed a clear east-west gradient. High-risk areas (levels
4 and 5) were found to be concentrated mainly in the eastern
coastal provinces, the middle and lower reaches of the Yangtze
River as well as parts of south and southwest China. In contrast,
low-risk zones (levels 1 and 2) were predominantly distributed in
the Northwest and in the plateau regions. Missing data regions
(gray) largely corresponded to high-altitude or sparsely populated
areas where sampling coverage is limited. This pattern is generally
consistent with the correlation results shown in Figure 4.

The ROC curve (Figure 5) indicated an average AUC value of

Table 1. Correlation of hypertension prevalence with dietary patterns and socioeconomic factors among rural elderly in China.

Variable Grade Grain Vegetable Red meat Poultry
Correlation coefficient  -0.600 -0.356 -0.171 -0.504
p 0.002%* 0.081 0.413 0.010*

Egg Aquatic products Population density = GRP

0.274
0.185

-0.263 0.011
0.204 0.911

0.078
0.443

GRP, gross regional product; * p<0.05; ** p<0.01.
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0.871, which is significantly higher than 0.7, confirming the dis-
criminative power and stability of the constructed model. The
Jackknife test indicated that alcohol consumption had one of the
highest individual contributions. However, it should be said that
the 39.2% contribution measured reflects the model’s sensitivity to
the presence of alcohol consumption rather than a quantitative or
dose-response relationship. The grain consumption showed the

largest permutation importance (45.6%), with the climate zones
also showing a notable contribution (14.7%). Other variables,
including age, BMI, diabetes and dyslipidemia showed relatively
lower contributions (Figure 6 and Table 6). Overall, hypertension

prevalence among the rural elderly shows spatial heterogeneity at
the regional level.

Prevalence (%)
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Figure 1. Spatial distribution of hypertension prevalence and grain consumption among the rural elderly in China.

Table 2. Correlation of hypertension prevalence with grain intake.

Annual grain consumption (kg) Hypertension prevalence (%) SD
0~120 0 0
120~160 41.9 11.8
160~200 37.7 12.4
200~240 27.8 8.1
240~280 0 0

SD, standard deviation.

Table 3. Correlation of hypertension prevalence with poultry consumption.

Annual poultry consumption (kg) Hypertension prevalence (%) SD
0~5 39.9 11.7
5~7.5 40.3 11.4
7.5~10 26.8 9.2
10~12.5 27.0 5.4
12.5~15 22.8 13.1

SD, standard deviation.
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Figure 2. Spatial distribution of hypertension prevalence and poultry consumption among the rural elderly in China.

Table 4. Correlation of hypertension prevalence and environmental factors.

Grade Variable NDVI DEM Climate zone
Correlation coefficient 0.078 0.148 -0.260
p 0.443 0.146 0.010%*

NDVI, normalized difference vegetation index; DEM, digital elevation model; * p<0.05; ** p<0.01.

Table 5. Hypertension prevalence across climatic zones rural elderly populations in China.

Climate zone Hypertension prevalence (%) SD
Plateau climate 0 0

Northern temperate 47.8 12.9
Central temperate 38.8 10.1
Southern temperate 55.0 10.0
Northern subtropical 16.0 0

Central subtropical 358 8.9
Southern subtropical 434 12.0
Northern tropical 24.0 10.7
Central tropical 0 0

SD, standard deviation.
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Discussion

Associations with dietary and behavioural factors

Previous studies have reported consistent associations between
whole grain intake and hypertension outcomes. A meta-analysis of
28 prospective cohort studies found that higher whole grain intake
was associated with a lower risk of hypertension (Aune et al.,
2016). Similar findings have been reported in Chinese populations,
where higher intake levels were associated with reduced incidence
risk (HR = 0.82) (Kolak et al., 2022). Moreover, results from ran-
domized controlled trials have shown that oat intake can reduce

+ 11-15
® 16-20
®21-40
@®41-60
@s1-50

Different climate zones
=iPlateau Climate Zone

= Northem Temperate Zone
=Central Temperate Zone
mSouthern Temperate Zone
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SCentral Subtropical Zone
=Southern Subtropical Zone
mNorthem Tropical Zone

= Central Tropical Zone

0 375750

1,500 2,250 3,000 iy
e messm Kilometers

systolic blood pressure by an average of about 2.8 mmHg (Llanaj
et al., 2022). These findings are generally consistent with negative
correlation between grain intake and hypertension prevalence
observed in this study.

Poultry consumption also showed a negative association with
hypertension prevalence. Previous studies have suggested that
replacing red meat with poultry may be associated with improved
cardiovascular outcomes (Zhang & Zhang, 2018). Several cohort
studies conducted in East Asian and Western adult populations
have further confirmed that poultry intake is negatively associated
with blood pressure levels (Tark et al., 2025), which aligns with
the present findings. Our finding of alcohol consumption giving

Figure 3. Spatial distribution of hypertension prevalence and climate zones among the rural elderly in China.

Table 6. Variable contribution and permutation importance in the MaxEnt model.

Variable Contribution (%) Permutation importance (%)
Alcohol intake 39.2 23.8

Grain consumption 27.1 45.6

Poultry consumption 0.7 4.1

Climate zones 14.7 16.8

Age 4.5 1.7

Body mass index (BMI) 3.9 0.8

Diabetes 2.8 3.8

Depressive symptoms 2.6 0.9

Cesd-10 1.9 0.1
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the highest contribution among the behavioural variables is consis-
tent with previous studies reporting that higher levels of alcohol
intake are associated with increased hypertension risk (Wang et al.,
2022). A systematic review and meta-analysis also reported higher
alcohol consumption levels tend to have an elevated risk of hyper-

Risk Map
I Missing
B Risk1

| Risk2 |
[ Risk3
I Risk4 s v R
I Risks 0 375750 1,500 2,250 3,000 .

= meemss s Kilometers

tension (HR >1) (Roerecke et al., 2018; Cecchini et al., 2024).
However, the MaxEnt data may reflect this high contribution of
alcohol consumption as a model prediction rather than a dose—
response or quantitatively graded effect.

Although vegetable intake was not found to be statistically sig-

Figure 4. Spatial risk map of hypertension in rural elderly populations.
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Figure 5. Receiver operating characteristic (ROC) curve of rural
elderly hypertension spatial risk model.

Figure 6. Jackknife test of social and environmental variables in
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nificant in this study, previous large-scale prospective cohort stud-
ies in China (He et al., 2023) have reported inverse associations
between fruit and vegetable intake and hypertension risk (relative
risk = 0.65). A broader meta-analysis also suggested that increased
fruit and vegetable intake is associated with a reduced risk of
hypertension (relative risk =~ 0.97), corresponding to an approxi-
mate 3% reduction (He et al., 2023; Madsen et al., 2023). It should
be noted that these RR estimates were obtained from prior cohort
studies and are cited for contextual interpretation only, as the pre-
sent study did not estimate relative risk. These findings suggest
that further investigation is warranted to better understand this
relationship.

Associations with environmental factors

In the environmental dimension, climatic zones were found to
be negatively associated with hypertension prevalence among the
rural elderly, with temperate and some subtropical regions showing
generally higher prevalence rates. This pattern is broadly consis-
tent with previous studies. Previous research has reported that diur-
nal temperature variability is associated with modest increases in
blood pressure. For example, data from the China Hypertension
Survey indicate that a 2.28 °C increase in diurnal temperature vari-
ability is associated with an average increase of 0.4 mmHg in SBP
among hypertensive patients in subtropical regions (95% CI: 0.07—
0.75). In temperate, continental climate zones, has been shown to
increase by approximately 0.3 mmHg and 0.6 mmHg among
hypertensive and pre-hypertensive populations, respectively, with
stronger effects observed during warmer seasons (Yan et al.,
2024). Although these changes appear small at the individual
level, they may still be relevant at the population level, particularly
under sustained environmental exposure. Additionally, previous
reviews have suggested that seasonal temperature variability may
be associated with variations in blood pressure (Rossios et al.,
2023). NDVI and DEM did not show any significant association
with hypertension prevalence in the single-variable analysis.
Previous studies have suggested that the relationship between
green space coverage and hypertension risk may be non-linear or
context-dependent (Jiang et al., 2021). In rural areas, elevation and
vegetation may influence health outcomes indirectly through local
microclimatic conditions rather than through direct effects. Further
investigation is warranted to better understand these relationships.

Methodological considerations

The present study suggests that the MaxEnt model can be used
to explore spatial hypertension risk patterns when integrating social
behaviours, dietary structures and macro-environmental variables,
achieving an AUC of 0.871. This high level was also reached ina a
study simulating the spatial risk of dengue fever in the Pearl River
Delta, in which case socioeconomic variables accounted for up to
55% of the explanatory power (Liu et al., 2018). Moreover, the
results suggest that MaxEnt can capture the combined contributions
of behavioural and environmental variables to spatial variation.
However, sparse samples in plateau and remote areas may affect the
stability of local. In addition, due to data resolution constraints, the
characterization of individual behavioural trajectories, healthcare
accessibility and dynamic climate exposure remains limited. Future
studies could incorporate multi-level spatial modelling approaches
(e.g., Multi-Scale Geographically Weighted Regression (MGWR)
and Geodetector) and introduce higher-resolution environmental
and behavioural data to further improve the robustness and inter-
pretability of spatial risk analysis (Wang et al., 2016; Li et al., 2017,
Duan et al., 2024). From a methodological perspective, the results
suggest that the MaxEnt model has potential applicability in the
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spatial epidemiology of chronic diseases and can serve as an
exploratory tool for identifying spatial risk patterns. However,
model performance depends on the coverage and completeness of
input variables. Due to data resolution limitations, the representa-
tion of individual-level behavioural and exposure factors remains
constrained, which may limit the model’s ability to capture fine-
scale spatial heterogeneity. In addition, model performance was pri-
marily assessed using AUC, and the lack of spatial cross-validation
may lead to potential overestimation of predictive accuracy in
regions with spatial autocorrelation. Therefore, the results should be
interpreted with caution.

Conclusions

This study highlights the spatial heterogeneity of hypertension
among the rural elderly and its association with multiple factors,
including dietary patterns, alcohol consumption, and climatic con-
ditions. By applying the MaxEnt model in an exploratory manner,
this study provides empirical evidence for identifying spatial risk
patterns. These findings may provide spatial reference for public
health strategies and resource allocation. However, the findings
should be interpreted as associational and exploratory rather than
causal or predictive.

The results provide empirical evidence for identifying high-
risk areas of hypertension among the rural elderly in China and for
understanding its multi-dimensional driving mechanisms. It also
may provide spatial reference for targeted, region-specific chronic
disease prevention and resource allocation. These findings should
be interpreted as associational and exploratory rather than causal
or predictive. Future research could incorporate multi-level spatial
modelling approaches and high-resolution behavioural trajectory
data and long-term climate datasets to further improve the explana-
tory framework for rural hypertension spatial heterogeneity, there-
by supporting chronic disease prevention and public health deci-
sion-making in the context of an aging society.
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