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Abstract

Background Hypertension poses a significant health challenge, particularly within aging populations, yet the
health effects of modifiable environmental factors remain insufficiently understood. This study aims to examine
the association between greenness and hypertension among older adults in China, and to determine whether the
association is modified by extreme heat exposure.

Methods \We selected 7,726 participants aged > 65 without hypertension at baseline from the Chinese Longitudinal
Healthy Longevity Survey (CLHLS), recruited during the 2000, 2002, and 2005 waves, and followed up through the
2018 survey. Greenness and extreme heat exposure during the inter-hypertension interval in each participant’s city
of residence were quantified as the average Normalized Difference Vegetation Index (NDVI) and the total number

of days with daily mean temperature exceeding the T-year return level, based on Extreme Value Theory (EVT),
respectively. Cox proportional hazards models were employed to assess the association between greenness and
hypertension, incorporating interaction terms to evaluate extreme heat exposure modifications.

Results Each 0.1-unit increase in NDVI was associated with a 9.6% lower risk of developing hypertension (HR = 0.904;
95% Cl: 0.859-0.952), after adjusting for demographic, lifestyle, and physical health variables, as well as extreme heat
exposure at the 20-year return level and its interaction with NDVI. The exposure-response curve revealed an inverted
V-shaped pattern, with risk decreasing up to an NDVI of around 0.65 before plateauing or reversing. Consistent
significant negative interaction was found between NDVI and extreme heat exposure across various T-year return
levels, with the most pronounced one at the largest 20-year return level, suggesting that greenness may mitigate the
incidence of hypertension during intense heat periods. Stratified analyses showed stronger protective associations

in rural or town residents, single or divorced individuals, and those with limited gardening activity (all p-interaction <
0.05), with consistent protective effects observed across both low and high NDVI exposure levels.

Conclusion Green space mitigated the incidence of hypertension in older adults, particularly during extreme heat
events. Urban greening could serve as a dual adaptation strategy against climate change and population aging.

Keywords Hypertension, Normalized Difference Vegetation Index (NDVI), Cox regression model, Extreme Value
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Introduction

Population aging poses a significant global health and
sociodemographic challenge, as highlighted in the 2020
World Population Aging Report by the World Health
Organization (WHO) [1]. The report projects that by
2030, more than 700 million people will be 65 years old
or above, underscoring the worsening of the global aging
problem [1, 2]. China’s rapidly aging population faces
significant challenges, such as increased incidence of
chronic diseases, cognitive decline, and reduced social
participation among the elderly [3, 4]. These issues pres-
sure the country’s public health and increase the burden
of diseases, calling for higher standards for the elderly
service system [5]. Hypertension is a prevalent condi-
tion among the elderly, closely related to cardiovascular
morbidity and mortality, cognitive decline, and loss of
autonomy, with its prevalence increasing with population
aging, especially in low- and middle-income countries
where it is notably higher [6-8]. In China, the preva-
lence of hypertension reached 27.9% between 2012 and
2018, affecting more than 250 million people [9]. More-
over, hypertension imposes substantial economic bur-
dens through direct medical costs and lost productivity
resulting from premature death and disability [10]. Con-
sequently, it is imperative to identify readily modifiable
determinants of hypertension for informing effective pre-
vention and control strategies [11, 12].

Green space refers to open, undeveloped land with nat-
ural vegetation such as urban parks, gardens, and forests,
and is an essential environmental factor in health sciences
[13]. Recent studies have shown that green spaces in resi-
dential areas positively impact cardiovascular health, and
greenness is considered an emerging modifiable environ-
mental factor for hypertension [14, 15]. Several mecha-
nisms have been proposed to explain the health benefits
of greenness, including promotion of physical activity
[16, 17], stress reduction [18], and mitigation of air pol-
lution [19, 20], all of which may contribute to reducing
hypertension risk. This protective effect of greenness
against hypertension is complex due to potential con-
founders, including demographic and lifestyle factors [20,
21]. Nevertheless, key health-related indicators in older
adults, such as cognitive function, activities of daily liv-
ing (ADL), and mental health [22], are often overlooked
in such associations. In this study, we address this gap by
incorporating these health dimensions alongside conven-
tional demographic and lifestyle covariates in the green-
ness—hypertension analysis.

With the warming climate and an aging population,
exposure to heat poses an increasing threat to public
health, particularly among older people [23, 24]. Older
individuals have reduced physiological capacity to adapt
to heat stress, including diminished ability to regulate
body temperature, altered sweating responses, impaired
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heat-induced increases in skin blood flow, and a higher
prevalence of cardiovascular disease [25, 26]. Given that
greenness may buffer heat-related stress through path-
ways such as counteracting near-surface daytime short-
wave radiation, increasing atmospheric humidity, and
providing cooling effects [27, 28], examining its interac-
tion with extreme heat exposure is critical for identify-
ing synergies in preventing hypertension. To the best of
our knowledge, the interaction between green spaces,
heat exposure, and hypertension has been examined in
few epidemiological studies [29], which used traditional
percentile-based thresholds to define heat exposure and
focused solely on the frequency of temperatures exceed-
ing a high threshold. This approach neglects the mag-
nitude of exceedance and the intensity of events, thus
failing to accurately capture the statistical properties
of extreme temperature events [30, 31]. To address this
limitation and better capture the modifiable effect of
extreme heat events, our study will utilize Extreme Value
Theory (EVT), a well-established method widely used in
climate science [32], disaster risk assessment [33, 34], and
environmental health [35]. By employing EVT, we aim to
identify extreme heat events across multiple return peri-
ods, thereby improving the accuracy of exposure assess-
ment in examining its interaction with green spaces.

We utilized data from the Chinese Longitudinal
Healthy Longevity Survey (CLHLS) spanning 2000 to
2018 to explore the combined impacts of green and heat
exposures on the incidence of hypertension in older
adults. The findings are expected to provide evidence for
integrating environmental considerations into hyperten-
sion prevention strategies for the aging population, such
as prioritizing green infrastructure in heat-vulnerable
communities and incorporating heat-health risk assess-
ments into geriatric care guidelines.

Methods

Study design and population

The study population was collected from the Chinese
Longitudinal Healthy Longevity Survey (CLHLS), an
ongoing population-based prospective cohort designed
to investigate determinants of healthy aging among older
adults in China [36]. The CLHLS uses a multistage, strati-
fied cluster sampling strategy, randomly selecting coun-
ties and cities from 23 provinces, autonomous regions,
and municipalities, together covering more than 85% of
the national population. Approximately half of the coun-
ties or districts in each province were chosen, yielding
501 counties representing both urban and rural areas
[37]. The baseline survey began in 1998, with follow-up
waves in 2000, 2002, 2005, 2008, 2011/2012, 2014, 2018,
and 2022. At each wave, trained interviewers collected
health-related information through structured ques-
tionnaires and anthropometric measurements. Detailed
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descriptions of the study design and data collection have
been published previously [38, 39].

In this retrospective cohort study, we analyzed data for
the participants who were recruited at baseline during
the second (2000), third (2002), and fourth (2005) waves
of the CLHLS, followed up through to the most recent
wave in 2018, as data from the 2022 wave have not yet
been released on the official data repository. The final
study population comprised 7, 726 out of 14, 473 par-
ticipants. Exclusions were applied sequentially, beginning
with 197 individuals aged < 65 years, 4, 438 with a base-
line diagnosis of hypertension, and 866 lacking baseline
blood pressure measurements. Subsequently, 178 partici-
pants with incomplete demographic data, 872 whose city
codes could not be matched to external environmental
data, and 196 without follow-up blood pressure records
were removed. The sample screening and data prepro-
cessing were illustrated in Fig. 1.

The CLHLS was approved by the Biomedical Ethics
Committee, Peking University (IRB00001052-13074),
and the Institutional Review Board, Duke Univer-
sity (Pro00062871). All participants provided written
informed consent.

Hypertension assessment and covariates

As part of the CLHLS, participants’ systolic blood pres-
sure (SBP) and diastolic blood pressure (DBP) were mea-
sured by a trained healthcare provider using a traditional

Participants first interviewed in 2000/2002/2005
(N =14,473)
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mercury sphygmomanometer during the baseline phase
and at each subsequent visit. In this study, partici-
pants were considered to have hypertension if their SBP
exceeded 140 mm Hg and/or their DBP exceeded 90 mm
Hg or if they self-reported a history of hypertension [40].

The inter-hypertension interval was defined as the
time elapsed from the most distant survey wave in which
the participant was free of hypertension (start point) to
the first subsequent survey wave at which hyperten-
sion was diagnosed (end point) [41]. Each hypertension
period of an individual was treated as an independent
episode, assuming independence between all observed
event times regardless of whether they corresponded to
the same or different participants [42]. For example, a
participant (Appendix Figure A.1) was diagnosed with
hypertension in 2002 and 2011, with normal blood pres-
sure between 2005 and 2008. We defined this case as two
time-to-event processes with time intervals of 2 and 6
years, respectively. Such an approach could accommo-
date better time-varying covariates and discontinuous
intervals of risks [43]. During the study period, a total
of 35, 995 person-years of follow-up were accumulated
among 7, 726 participants, with an average follow-up
duration of 4.66 years per participant.

We collated 14 key variables from the CLHLS database,
representing the most frequently influential factors of
the health and well-being of older adults, namely demo-
graphic characteristics, behavioral lifestyles, and health

Participants were excluded:
Aged < 65 years (n = 197)

Participants aged > 65 years and without a
diagnosis of hypertension (n = 8,972)

Diagnosis of hypertension (n = 4,438)
Missing data on blood pressure (n = 866)

Participants were excluded:
Missing demographic information (n = 178)

Available follow-up participants data in final
analysis (n = 7,726)

Fig. 1 Flowchart of participant selection and exclusion criteria in the study

Unmatchable city codes (n = 872)
Missing follow-up blood pressure data (n = 196)
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status [37, 40]. Demographic characteristics include
age groups (65-79, 80+), gender (male or female), resi-
dence (urban or rural/town), marital status (married or
single/divorced), ethnicity (Han or minority), and liv-
ing arrangements (with family or in nursing homes).
Behavioral lifestyle factors cover smoking status (cur-
rent smoker as “yes” and former or non-smoker as “no”),
drinking status (current drinker as “yes” and former or
non-drinker as “no”), physical activity (currently active as
“yes” and former or inactive as “no”), and the frequency
of outdoor and gardening activities (almost every day
or sometimes/never). Three health status variables are
included in this study to assess participants’ ability to
perform activities of daily living (ADL), cognitive func-
tion, and mental health: ADL is considered “healthy” if
a participant demonstrates full capability in completing
daily activities without assistance; cognitive function is
classified as “healthy” if a participant correctly answers
at least four out of five questions related to time, month,
holiday date, season, and location; mental health is
defined as “healthy” if a participant correctly answers at
least five out of seven questions related to mood, anxiety,
and irritability.

Exposures

NDVI

We estimated green space exposure using the Normal-
ized Difference Vegetation Index (NDVI), a widely used
satellite-based index in remote sensing, to assess vegeta-
tion conditions and quantify the greening level by captur-
ing chlorophyll content in vegetation canopies [44]. In
general, NDVI values range from —1 to 1, with positive
values indicating green vegetation, higher values reflect-
ing denser vegetation, and negative values representing
non-vegetative surfaces like snow, ice, or water; 0 is asso-
ciated with rocks or bare soil [45].

NDVI values were obtained from the Moderate Reso-
lution Imaging Spectroradiometer (MODIS) Vegetation
Index product on NASA’s Terra satellite, which provides
250 m spatial resolution and 16-day composite cloud-
filtered observations, and are publicly available from
the MODIS data repository [46]. First, for each 16-day
period, we calculated the average NDVI values from all
pixels within the administrative boundaries of each city.
Then, we further averaged these city-level values across
all composite periods within a calendar year to derive the
annual mean NDVI for each city. Finally, we calculated
the NDVI exposure for each participant by averaging the
annual mean NDVI values during the inter-hypertension
interval specific to the participant’s city of residence. To
facilitate the interpretation of the results, we multiplied
the NDVI values by 10 and used a 0.1-unit change in
NDVI as the exposure metric in our models.
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Extreme heat exposure

We utilized temperature data from the ERAS5-Land
reanalysis of historical observations for our primary
analyses [47]. The ERA5-Land dataset provides hourly
temperature data, based on satellite observations and
ground-based measurements assimilated into a numeri-
cal weather prediction model, at a 9 km x 9 km spatial
resolution. We first averaged the 24 hourly temperature
to obtain the daily mean temperatures for each grid. Sub-
sequently, we calculated city-level temperature averages
by aggregating these daily mean temperatures across all
grids that fall within the administrative boundaries of
each city.

To estimate the return levels of heat events using EVT,
we analyzed daily temperature data for each city from
1981 to 2023. Using the block maxima (BM) approach
[48], we extracted the annual maxima of daily average
temperatures, which were then fitted by the generalized
extreme value (GEV) distribution [49]:

P{Z <z} = G(x;p,0,8) = exp <, (1 Lt u>;1/£> '

g

Here p € R, 0 > 0 are the location and scale param-
eters, and £ € R is the so-called extreme value index,
measuring the tail heaviness of daily temperatures, and
x4+ = max(0,z) the positive part of x. From the fitted
GEV distribution of the annual maximal temperatures,
the T-year return level is defined as the temperature
exceeded with probability 1/T in any year. When the
exceedance probability is p, the corresponding value is

e
P p— olog{—log(1 —p)}, for £ = 0.

Here, z, is the return level associated with the exceed-
ance probability p, which can be interpreted as the tem-
perature that is exceeded, on average, once every 1/p
year.

To quantify extreme heat exposure in terms of both
frequency and intensity, we calculated, for each city, the
number of days in which the daily average temperature
exceeded the T-year return level, T' = 2, 5, 10, 15, 20. For
each participant, extreme heat exposure was then defined
as the total number of such days during their inter-hyper-
tension interval in the city of residence.

Statistical analyses

Descriptive analyses included frequency and percentage
of categorical variables. Chi-square test was employed to
show the association of categorical variables with the risk
of hypertension. We constructed five Cox proportional
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hazards regression models to explore the association
between green exposure, extreme heat exposure, and
the incidence of hypertension: Model 1 was a reference
model with NDVI only; Models 2 to 4 added sequentially
sociodemographic factors, lifestyle factors, and physi-
cal health factors, which all maintain VIF < 5 to avoid
multicollinearity. Model 5, the final model, additionally
adjusted for extreme heat exposure and its interaction
with NDVI. This stepwise adjustment approach allowed
us to assess the consistency and robustness of the asso-
ciation between NDVI and the incidence of hyperten-
sion. We also developed exposure-response curves to
assess the nonlinear association between NDVI expo-
sure and hypertension, using natural cubic splines with
two interior knots located at the 25th and 75th percen-
tiles [50]. In addition, we conducted a subgroup analysis
to explore the effect modification of NDVI on the inci-
dence of hypertension across various demographic and

Table 1 Baseline demographic, behavioral, and health
characteristics of the elderly participants, with hypertension
prevalence in each subgroup

Variable Group Number Preva- X2 p-value
(n) lence
(%)

Demographic characteristics

Age 65-79 4,003 744 801.24 < 0.001
80-106 3,723 45.8

Gender Male 3,240 65.2 3554 < 0.001
Female 4,486 59.2

Residence City 1,987 518 12886 < 0.001
Rural/town 5,739 65.0

Ethnicity Han 7,251 616 2.85 0.091
Minority 475 65.2

Marital status Married 3,168 723 33985 < 0.001
Single/divorced 4,558 536

Living With family 6,656 618 0.02 0.895

arrangement Nursing home 1,079 61.6

Behavioral lifestyles

Smoking status  Yes 1,727 65.9 20.86 < 0.001
No 5,999 60.5

Drinking status Yes 1,648 66.0 20.19 < 0.001
No 6,078 60.6

Exercise status Yes 2,641 64.6 16.18 < 0.001
No 5,085 60.3

Outdoor activity ~ Almost everyday 4,062 54.1 19224 < 0.001
Sometimes/never 3,664 68.1

Gardening Almost everyday 908 67.5 17.86 < 0.001

activity Sometimes/never 6,818 61.0

Health status

Cognitive Healthy 6,897 65.3 49323 < 0.001

competence Unhealthy 829 264

ADL Healthy 6,043 68.1 682.92 < 0.001
Unhealthy 1,683 34.8

Mental health Healthy 4,020 59.8 15.78 < 0.001
Unhealthy 3,706 63.8

Chi-square tests were employed to evaluate the statistical differences between
the hypertensive and non-hypertensive groups across the examined variables
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lifestyle subgroups. To this, we divided the NDVI data at
the median (50th percentile) into two groups: low-level
(0.498-0.756) and high-level (0.757-0.877) NDVI expo-
sure environments.

Effects of NDVI were estimated as hazard ratios (HRs)
with 95% confidence intervals (CIs), and a two-tailed
p-value less than 0.05 was considered statistically signifi-
cant. All statistical analyses were performed using statis-
tical software R (version 4.3.2).

Results

Descriptive analysis

Among the 7, 726 elderly participants, 3, 723 individu-
als (approximately 48.19%) were aged over 80 years
(see Table 1). Most were of Han ethnicity (93.46%),
resided in rural or town areas (74.26%), and lived with
family members (86.21%). Significant differences were
observed between the hypertensive and non-hyperten-
sive groups across most variables, including age, gender,
residence, marital status, smoking status, drinking sta-
tus, exercise status, outdoor activity, gardening activity,
cognitive competence, ADL, and mental health, except
ethnicity and living arrangements. Hypertension preva-
lence was highest among those aged 65-79 (74.4%) and
in married individuals (72.3%). It was also higher in the
elderly living in rural areas (65.0%), smokers (65.9%),
alcohol drinkers (66.0%), and those with poor mental
health (63.8%). Chi-square tests indicate that these dif-
ferences are statistically significant, with all p-values
being less than 0.001, except for ethnicity and living
arrangements.

Figure 2 illustrates the spatial distribution of (a) the aver-
age NDVI values over the period from 2000 to 2018 and
(b) the return level of extreme heat events with a 20-year
return period across 180 cities in China. Details for other
return periods (2, 5, 10, and 15 years) are presented in
Appendix Figure A.2. NDVI values were generally higher
in the northeastern regions, reflecting better vegetation
coverage, while lower values were observed along the east-
ern coastal areas, which had experienced substantial urban
expansion and increased urbanization, leading to reduced
vegetation cover. In contrast, the southern regions, espe-
cially the Yangtze River Basin, showed significantly higher
return level values for extreme heat events, indicating
more frequent and intense heat occurrences.

Greenness, heat exposure, and hypertension risk

In this study, we employed Cox proportional hazards
regression models to examine the association between
greenness and the incidence of hypertension, as well as
its interaction with extreme heat exposure. To ensure
robust estimates, we fitted five progressively adjusted
models, each adding covariates to account for potential
confounders.
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Fig. 2 The spatial distribution of (a) the average NDVI from 2000 to 2018 and (b) the 20-year return level of temperatures at the city level, China

Greenness and hypertension

Figure 3a illustrates a significant negative association
between NDVI and the incidence of hypertension, which
was consistent across Models 1 to 5, becoming more pro-
nounced as additional variables were adjusted. We pre-
sented the results of Model 5, which included extreme
heat exposure at the 20-year return level, selected for
its stronger interaction effect compared to the 2-, 5-,
10-, and 15-year return levels (see Appendix Table A.1).
In this fully adjusted model, accounting for sociodemo-
graphic, lifestyle, physical health variables, and green and

Model 5| 0.904 (95% Cl: 0.859 to 0.952) —
Model 4 | 0.866 (95% CI: 0.825 to 0.909) |—&—]
Model 3| 0.862 (95% Cl: 0.821 to 0.904) —&—]
Model 2| 0.861 (95% Cl: 0.821 to 0.903) |—&—]
Model 1| 0.877 (95% Cl: 0.833 t0 0.919)  |—&—]

0.5 0.6 0.7 0.8 0.9 1.0
(a) Hazard Ratio (HR)

heat exposure, the hazard ratio (HR) was 0.904 (95% CI:
0.859 to 0.952), indicating a 9.6% lower risk of hyperten-
sion for each 0.1-unit increase in NDVI. To validate the
linearity assumption, we performed a diagnostic analysis
using the martingale residual plot against NDVI (Appen-
dix Figure A.3). The plot showed no clear trend, with
residuals randomly scattered around zero, suggesting
that the linear assumption holds. Additionally, the Loess
smooth curve was fairly flat without noticeable curva-
ture, further supporting the linear relationship.

1.4
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0.5 0.6 0.7 0.8
(b) NDVI

Fig.3 aThe association between greenness (NDVI) and the incidence of hypertension across five progressively adjusted models. Model 1 was a reference
model with NDVI only; Models 2 to 4 added sequentially sociodemographic, lifestyle, and physical health variables. Model 5, the final model, additionally
adjusted for extreme heat exposure. b Exposure-response curves based on Model 5 illustrate the nonlinear association between NDVI exposure and hy-
pertension incidence. Note: In (b), all estimates were based on models using NDVI scaled by a factor of 10 to represent 0.1-unit increments in the exposure

metric. For visual clarity, the x-axis is presented using the original NDVI scale
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Given the potentially complex association, we applied
nonlinear modeling approaches motivated by previous
studies reporting possible threshold or saturation effects
of greenness on health [19]. Figure 3(b) presents the
exposure-response curves modeled using natural cubic
splines, illustrating the relationship between NDVI and
the incidence of hypertension across the exposure range.
The curve exhibited an inverted V-shaped pattern, char-
acterized by an initial increase in hypertension risk with
rising NDVI values up to approximately 0.65, followed
by a subsequent decline in risk. Notably, the protec-
tive effect of NDVI became more pronounced beyond a
value of 0.75. This suggests a potential threshold effect
or optimal NDVI range for minimizing the incidence of
hypertension.

Greenness—extreme heat interaction

Figure 4 illustrates the variation in interaction effects
between NDVI and heat exposure across different
return levels. The interaction effect is modestly nega-
tive at the 2-year return level (—0.006; 95% CI: —0.012
to —0.001), indicating a stronger protective effect of
green spaces under increased heat exposure. This nega-
tive effect, though non-significant, persists at the 5-year
return level (—0.007; 95% CI: —0.025 to 0.011). The coef-
ficient then rises to a positive peak at the 10-year return
level (0.061; 95% CI: 0.018 to 0.105) before declining to
a non-significant value at the 15-year return level (0.011;
95% CI: —0.054 to 0.076). At the 20-year return level, the
interaction becomes strongly negative and statistically
significant (—0.101; 95% CI: —0.187 to —0.014), suggest-
ing that the protective effect of NDVI intensifies again
under the most extreme heat conditions. This observed
nonlinear pattern implies that greenness may moderately
weaken its protective role at intermediate heat exposure
levels, but enhance it under both low and extreme heat
conditions, warranting further investigation.
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Subgroup analysis

Table 2 reveals that the association between NDVI lev-
els and hypertension varies across subgroups, compar-
ing low-level (0.498-0.756) and high-level (0.757-0.877)
NDVI exposure environments. Specifically, in both
low and high NDVI environments, several subgroups
showed a significant protective effect against hyperten-
sion, as indicated by HR values below 1 with p-values <
0.001. For example, individuals aged 65-79 years, those
residing in rural or town areas, and people from the Han
ethnic group all exhibited a reduced risk of hyperten-
sion as NDVI exposure increased, regardless of whether
the exposure level was low or high. Furthermore, among
individuals with ADL and mental health, the protective
effect of greenness appeared particularly prominent.
Notably, for those with impaired cognitive function, the
inverse association between high NDVI and the inci-
dence of hypertension was also pronounced, although
this association was only statistically significant with
p-values < 0.01.

We further conducted a stratified analysis using NDVI
without categorization, with results detailed in Appen-
dix Table A.2. Significant subgroup differences were
observed for residence, marital status, and gardening
activity (all p-interaction < 0.05). Specifically, the inverse
association between greenness and hypertension was
more pronounced among individuals living in rural or
town areas, those who were single or divorced, and those
who engaged in gardening activities only sometimes or
never.

Discussion

China’s rapidly aging population posed a significant
challenge to public health due to the high incidence of
chronic diseases, particularly hypertension, among indi-
viduals aged 65 years and above. This study utilized lon-
gitudinal data from the CLHLS project (2000-2018) and

NDVI:RL20 b — i E -0.101 (95% Cl: =0.187 to -0.014)
NDVI:RL15 [ E - | 0.011 (95% Cl: -0.054 to 0.076)
NDVI:RL10 E ——e——  0.061(95% Cl: 0.018 to 0.105)
|
NDVI:RL5 v—o'—| ~0.007 (95% CI: ~0.025 to 0.011)
NDVI:RL2 ld: -0.006 (95% Cl: -0.012 to -0.001)
-0.2 -0.1 OI 0.1 0.2 0.3 0.4
Coefficient

Fig. 4 Estimated interaction effect of greenness (NDVI) and extreme heat exposure on hypertension. Extreme heat exposure is defined as the number of
days with daily mean temperature exceeding the T-year return level (RLT), T=2, 5,10, 15, 20
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Table 2 Subgroup analysis of hypertension incidence among populations living in areas with low-level (0.498-0.756) and high-level

(0.757-0.877) NDVI exposure

Variable Low-level exposure High-level exposure

HR (95% ClI) p-value HR (95% CI) p-value
Gender
Male 0.262 (0.136-0.505) <0.001 0.157 (0.018-1.342) 0.090
Female 0.323 (0.102-1.023) 0.054 0.039 (0.005-0.301) 0.001
Age
65-79 0.340 (0.187-0.618) <0.001 0.039(0.006-0.228) <0.001
80-106 0.112 (0.048-0.256) <0.001 0.282 (0.018-4.223) 0359
Residence
City 2436 (0.942-6.294) 0.066 10.249 (0.630-166.683) 0.101
Rural/town 0.108 (0.062-0.188) <0.001 0.008 (0.001-0.051) <0.001
Ethnicity
Han 0.264 (0.162-0.429) < 0.001 0.062 (0.013-0.293) < 0.001
Minority 0.038 (0.001-1.288) 0.069 1.753 (0.010-287.250) 0.829
Marital status
Married 0.388 (0.201-0.750) 0.004 0.114 (0.015-0.845) 0.033
Single/divorced 0.160 (0.079-0.326) <0.001 0.055 (0.006-0.487) 0.009
Living arrangement
With family 0.268 (0.160-0.450) < 0.001 0.102 (0.021-0.486) 0.004
Nursing home 0.150 (0.040-0.563) 0.004 0.007 (0.000-0.578) 0.027
Smoking status
Yes 0.207 (0.077-0.553) 0.001 0.013 (0.001-0.230) 0.002
No 0.264 (0.152-0.459) < 0.001 0.145 (0.026-0.808) 0.027
Drinking status
Yes 0.323(0.119-0.877) 0.026 0.022 (0.001-0.457) 0013
No 0.280 (0.134-0.403) < 0.001 0.108 (0.020-0.581) 0.009
Exercise status
Yes 0.364 (0.168-0.788) 0.010 0.217 (0.023-1.987) 0.176
No 0.203 (0.109-0.375) < 0.001 0.043 (0.006-0.311) 0.001
Outdoor activity
Almost everyday 0.253 (0.135-0.474) < 0.001 0.151 (0.025-0.904) 0.038
Sometimes/never 0.249 (0.117-0.533) < 0.001 0.024 (0.001-0.335) 0.005
Gardening activity
Almost everyday 1.008 (0.328-3.102) 0.987 1.060 (0.366-30.715) 0.972
Sometimes/never 0.181 (0.106-0.308) < 0.001 0.034 (0.006-0.179) <0.001
ADL
Healthy 0.236 (0.145-0.385) < 0.001 0.064 (0.014-0.293) < 0.001
Unhealthy 0.579 (0.039-8477) 0.690 0.529 (0.001-443.484) 0.853
Mental health
Healthy 0.220 (0.132-0.369) < 0.001 0.062 (0.013-0.301) < 0.001
Unhealthy 0.688(0.177-2.672) 0.589 0.403 (0.005-30.317) 0.680
Cognitive function
Healthy 0.258 (0.126-0.528) <0.001 0.064 (0.007-0.530) 0.011
Unhealthy 0.242 (0.126-0.462) <0.001 0.062 (0.007-0.489) 0.008

Note: HR estimates for certain subgroups (e.g., minorities, mentally unhealthy participants) may be unstable due to limited sample sizes.

satellite-based remote sensing data to examine the rela-
tionship between green exposure, heat exposure, and
hypertension in the elderly.

Overall, green exposure was associated with a reduced
risk of developing hypertension, consistent with previ-
ous research findings [20, 40, 51]. Several studies had
explored the mechanisms through which green spaces

influenced the incidence of hypertension. A study in
India found that higher green space density was linked to
reduced vascular aging, leading to less arterial and carotid
expansion, reduced arterial stiffness, and decreased inti-
mal thickening, all contributing to a lower risk of hyper-
tension [52]. Notably, the relationship between NDVI
and hypertension risk followed an inverted V-shaped
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pattern, with the HR increasing steadily as NDVI rose
up to approximately 0.65, after which it began to decline.
These findings are consistent with previous studies, high-
lighting the non-linear impact of greenness exposure
on hypertension [19, 40]. Furthermore, at NDVI levels
around 0.75, the HR dropped below 1, reinforcing our
conclusion that higher urban green exposure may have
a protective effect against hypertension risk. Therefore,
urban planning should consider not only the quantity of
green spaces but also their quality and accessibility to
maximize health benefits [53, 54].

Our study highlighted the complex relationship
between cognitive competence, ADL, and mental health
in the context of green space exposure and the incidence
of hypertension. We found that individuals with normal
ADL and good mental health were more likely to actively
utilize green spaces for outdoor activities such as walking
and exercising [55]. The enhanced social cohesion facili-
tated by green spaces may further increase the frequency
of social interactions among these individuals [56, 57].
These activities not only help reduce psychological stress
and strengthen social ties but also promote physical
health, collectively contributing to a lower risk of hyper-
tension [58, 59]. In contrast, for individuals with impaired
cognitive function, although their ability to manage their
health was relatively weaker, high green exposure may
indirectly have reduced their incidence of hyperten-
sion by alleviating environmental stress, improving sleep
quality, reducing excessive activation of the sympathetic
nervous system, and encouraging caregiver-guided out-
door activities [60].

The interaction between greenness and heat expo-
sure, particularly under extreme heat conditions, pro-
vided essential insights into the potential health benefits
of urban green areas [61]. Specifically, the strongest and
most significant interaction effect was observed under
extreme heat exposure at the 20-year return level, where
higher NDVI was associated with a markedly lower risk
of hypertension. This suggests that green spaces may have
mitigated the adverse health impacts of extreme heat
[62], potentially acting as a buffer against heat-induced
cardiovascular strain [29, 60]. The observed buffering
effect can be attributed to the capacity of vegetation to
lower ambient temperatures via shading and evapotrans-
piration [63, 64], thereby reducing thermal stress. Addi-
tionally, vegetation plays a crucial role in diminishing
air pollution by capturing particulates and contributing
to reduced emissions [65]. The findings corroborate the
hypothesis that, although green spaces provide certain
benefits in regulating temperature during less severe heat
events, their efficacy in mitigating health risks, such as
hypertension, becomes significantly more pronounced
when heat exposure reaches elevated levels [66].
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Significant effects were not observed at lower heat expo-
sure thresholds. On one hand, the lack of significant effects
at lower heat exposure thresholds may be partially attribut-
able to limited statistical power at these levels (all power <
0.2) [67]. On the other hand, the observed variation in inter-
action coefficients across return periods suggests a potential
nonlinear modification of the heat-hypertension association
by greenness. This finding may necessitate further investi-
gation in future studies to elucidate the underlying mecha-
nism and interactions. While the protective effects of green
space may have varied with heat exposure levels, the over-
all trend suggested that well-designed green spaces could
have significantly reduced the health risks associated with
extreme heat, including hypertension. Notably, our method
based on EVT identified heat exposure thresholds that were
higher than those derived from traditional 92.5%, 95%, or
97.5% percentile-based definitions [29, 68], resulting in a
more stringent and reliable characterization of extreme heat
events relevant to health risks. Future research should fur-
ther investigate the underlying mechanisms of this interac-
tion and explore how urban green spaces could have been
optimized to protect vulnerable populations from the esca-
lating effects of climate change [51].

Despite the utilization of the CLHLS database, which offers
a large and representative sample, our study is subject to sev-
eral limitations. First, some variables, such as smoking, alco-
hol consumption, and exercise, were self-reported, possibly
subject to recall bias [69]. Second, the inherent constraints
of the CLHLS limited the range of covariates available for
adjustment. Consequently, potentially influential confound-
ers such as neighborhood-level socioeconomic status, overall
dietary patterns, environmental noise exposure, and famil-
ial predisposition to hypertension were either unmeasured
or only partially controlled. This omission may limit both
the internal validity of the effect estimates and the external
validity (generalizability) of the findings [70, 71]. Third, due
to privacy protections inherent in the CLHLS, participants’
residential addresses were not accessible. Consequently, city-
level exposure data were utilized to estimate individual expo-
sure levels [40]. However, this may introduce non-differential
misclassification and measurement errors, which typically
induce attenuation bias and thus likely lead to underestima-
tion of the true magnitude of the observed association.

In conclusion, this study demonstrated the protec-
tive effect of green exposure against hypertension in the
elderly, with a non-linear relationship observed between
NDVI levels and the incidence of hypertension. Addition-
ally, green spaces were found to have mitigated the health
impacts of extreme heat, especially during high-intensity
heat events. These findings highlighted the importance of
green infrastructure in reducing the incidence of hyper-
tension and enhancing resilience to climate change, espe-
cially in aging populations.
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