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Abstract

Background: Research on the relationship between residential altitude and hypertension incidence has been inconclusive. Evidence at
low altitudes (i.e., <1,500m) is scarce, let alone in older adults, a population segment with the highest hypertension prevalence. Thus,
the objective of this study is to determine whether hypertension risk may be affected by altitude in older adults living at low altitudes.
Methods: This prospective cohort study collected data from the Chinese Longitudinal Healthy Longevity Survey (CLHLS). We
selected 6,548 older adults (>65 years) without hypertension at baseline (2008) and assessed events by the follow-up surveys done in
2011, 2014, and 2018 waves. The mean altitude of 613 residential units (county or district) in which the participants resided was
extracted from the Digital Elevation Model (DEM) of the National Aeronautics and Space Administration (NASA) and was accurate to
within 30 m. The Cox regression model with penalized splines examined the linear or nonlinear link between altitude and hypertension.
A random-effects Cox regression model was used to explore the linear association between altitude and hypertension.

Results: The overall rate of incident hypertension was 8.6 per 100-person years. The median altitude was 130.0 m (interquartile range
[IQR] =315.5m). We observed that the exposure-response association between altitude and hypertension incidence was not linear.
The shape of the exposure—response curve showed that three change points existed. Hypertension risk increased from the lowest to the
first change point (247.1 m) and slightly fluctuated until the last change point (633.9 m). The risk decreased above the last change point.
According to the categories stratified by the change points, altitude was only significantly associated with hypertension risk (hazard
ratio [HR] = 1.003; 95% confidence interval [CI] = 1.002—1.005) under the first change point (247.1 m) after adjusting for related
covariates.

Conclusion: Our study found that the association between altitude and hypertension risk might not be linear. We hope the further study
can be conducted to confirm the generality of our findings.
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Background

Hypertension is one of the most common chronic disorders
in older adults, and its prevalence increases with age. Itis a
leading risk factor for cardiovascular diseases (CVDs) and
premature death worldwide [1]. Alongside the dramatic
rise in aging populations and an increasing global disease
burden of CVDs [2, 3], hypertension has become a serious
public health problem in almost all countries.
Hypertension is a complex clinical syndrome that is
associated with lifestyle, genetics, and mental stress. With
advancing understanding of the risk factors for hyperten-
sion, environmental factors have attracted increasing atten-
tion in recent research [3], one of them being residential
altitude. On the one hand, experts found that the preva-
lence of hypertension was higher in populations that re-

sided in high altitudes than in those residing in low and
moderate altitudes, where high altitudes were defined as
elevations as low as 1,500 m to those as high as 8,800 m
[4-7]. On the other hand, several observational and clin-
ical studies have reported a significant correlation between
hypertension risk and residential altitude [8-10]. For in-
stance, one meta-analysis summarized studies conducted
in Tibet (3,000-4,000m) and reported that each 100-m
increment in altitude was associated with a pooled 2%
increase in hypertension risk [11]. A study conducted in
Argentina indicated that each unit increment in altitude
had induced a 10.55 and 6.27 mm Hg rise in systolic blood
pressure (SBP) and diastolic blood pressure (DBP), respec-
tively, among 185 children aged 5-14 years [12]. Another
study conducted among 152 children also showed that a
high-altitude location was associated with a 17.44 mm Hg
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increase in blood pressure (BP) [13]. However, existing
epidemiological surveys have also demonstrated contra-
dicting conclusions [14, 15]. According to a study con-
ducted by Handler et al., low altitude (i.e., <1,500m)
was also positively associated with elevated BP [10]. A
survey conducted in Peru showed that residing in high-
altitude locations would reduce the risk of hypertension
by approximately 26% compared with residing in low-
and moderate-altitude locations [9]. Several studies have
provided possible explanations for these inconsistencies.
Biologically, hypoxia leads to deficiencies in the blood
supply in the body, raising the risk of hypertension [10].
The effects of altitude on hypertension may in turn be
offset by people’s adaptive capacities [16]. Thus, the ex-
istence of an altitude threshold over which hypertension
risk increases and under which the risk decreases is plau-
sible. However, the existence of altitude thresholds re-
mains unknown.

Furthermore, previous studies have suggested several
biases. First, most of these studies have been conducted
in high-altitude areas [13], leading to a lack of data from
low altitude locations. However, low altitudes are more
likely to have higher population densities, which should
warrant more attention. Let alone, Pei et al. also showed
that every 200-m rise in altitude above sea level had an
underlying effect on the hypertension incidence [8]. Sec-
ond, surveys using large-scale (i.e., national-level) altitude
estimations are still limited [7]. In addition, few prospec-
tive cohort studies and long-term evaluations of the effects
of altitude on hypertension have also limited the ability to
verify and generalize related conclusions [7, 17]. Finally,
most previous studies have been conducted among the
following populations: children, pregnant women, and
young or middle-aged participants [13, 17, 18]. While
the physiological characteristics of older individuals were
indicated in these previous studies, that is, they were more
severely impacted by environmental factors due to age-
related organ function decline [19]. Therefore, given the
significant and complex correlation of altitude as an envi-
ronmental factor with hypertension incidence and the rel-
atively high hypertension prevalence in older adults, more
studies to evaluate the association between low altitude
and hypertension risk are warranted. In particular, further
understanding of this link in older individuals may help in
designing and implementing more effective prevention
strategies in the future.

The main objectives of this study were as follows: (i) to
explore the linear or nonlinear association between altitude
and hypertension incidence in adults aged >65 years based
on a prospective cohort study of older individuals living at
low altitudes, and (ii) to identify the impact of altitude
exposure on hypertension risk. We expect that our findings
may help healthcare providers accurately identify the risk
of hypertension.
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Methods
Study population

This was a prospective, cohort study that explored the
effect of altitude on hypertension based on an open public
database, the Chinese Longitudinal Healthy Longevity
Survey (CLHLS). This was a national-level investigation
that recruited participants aged >65 years from 23 of the
31 provinces/autonomous regions/municipalities in China.
A total of 85% of the population in mainland China resides
in these provinces, autonomous regions, and municipal-
ities. The project was established in 1998, and follow-up
investigations were conducted in 2000, 2002, 2005, 2008,
2011, 2014, and 2018. The introduction of the CLHLS has
been previously described in detail [20].

The current study consisted of participants who were
first recruited in 2008 and assessed events by the follow-
up surveys done in 2011, 2014, and 2018 waves. Due to
the privacy protection provided by the CLHLS, the accu-
rate home addresses of the participants were not available;
we could only acquire the county (district) name of resi-
dence from the community environment questionnaire in
2008, 2011, and 2014 waves [21]. Participants who were
diagnosed with hypertension (i.e., SBP of >140 mm Hg,
DBP of >90 mm Hg, or a normal BP but diagnosed with
hypertension by a public hospital) and had missing dem-
ographic information, BP measurements, geographical in-
formation, and other relevant variables were excluded in
the study. Finally, the study included 6,548 participants
from 613 residential units (county or district), with com-
plete baseline and follow-up interview information. Fig-
ure 1 shows the selection strategy of the study participants.

We confirmed that the residential units of participants in
this cohort were relatively fixed because older adults were
less likely to move to another address, as well as the
influence of the strict Hukou registration management sys-
tem on migration in China. In our study, we found that 156
(2.4%) older adults changed their residences (county/dis-
trict/rural/urban level) during follow-up. In line with a
previous study [22], we excluded these participants in
the sensitivity analysis. In this study, the detailed date of
hypertension incidence was not clear because the follow-
up examinations occurred every 2—3 years for each cohort,
we could only determine the results of each follow-up.
Thus, the endpoint event was incident hypertension, and
censoring included death, loss to follow-up, and end of
follow-up. The duration of follow-up was calculated from
the interview date of the baseline survey to that of the last
interview or administrative censoring date (i.e., the middle
date between the last survey when the participant was
interviewed and the subsequent survey, for participants
who were lost to follow-up) and was presented as per-
son-years (days/365).

Informed consent was obtained from each participant
before the investigation. The research ethics committees
of Peking University and Duke University granted appro-
val for the Protection of Human Subjects for the study,
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Participants first
interviewed in 2008
(r=16954)

Participants were excluded:

Age=f3 vears (n=301)

Died before mvestigation (n=19)
Mizsing data on blood pressure value
(=141%)

Diagnosed with hypertension or SBP of
=140 mmHg or DEP of =20 mmHg
(n=6283)

Missing on address information (p=147)
Incomplete data (n=361)

Parhicipants were excluded:
Mizsing on metecrological data
from community environment
questionnaire (n=§14)

Living in high altitude (n=28)

M

(n=6792)

Available data in 2003

Participants were excluded:

Missing data on blood pressure value
after baseline
(n=244)

W

Available follow-up data
in final analysis (n=6348)

Fig. 1 Selection strategy of the study participants.

The flowchart depicts how participants from the Chinese Longitudinal Healthy Longevity Survey (2008—-2018) were selected for this study.
Abbreviations: SBP, systolic blood pressure; DBP, diastolic blood pressure.

including for data collection.

Hypertension assessment

BP measurement was a part of the individual questionnaire
in each interview. Each participant underwent two BP
measurements after at least five minutes of rest. A mercu-
rial sphygmomanometer (upper arm type; Yuyue, Jiangsu,
China) was used by assistant researchers to measure the
BP of the participants. Bedbound participants underwent
BP measurements in a recumbent position. The mean DBP
and SBP values were calculated using measurements taken
twice. Simultaneously, the participants were asked the fol-
lowing question: “Are you suffering from hypertension
and have been diagnosed by a hospital?”. According to
the guidelines for geriatric hypertension in China, hyper-
tension was defined as an SBP of >140 mm Hg, DBP of
>90mmHg, or a standard BP value but self-reported

physician diagnosis. The evaluation criterion for hyperten-
sion in our study was confirmed in previous study that
used the CLHLS data [23].

Altitude assessment

The key independent variable in our study was residential
altitude. For the level of each residential unit (county/dis-
trict), we obtained the mean altitude from the Digital Ele-
vation Model (DEM) of the National Aeronautics and
Space Administration (NASA), and it was accurate to
within 30m. The NASA-DEM is a reprocessing of the
Shuttle Radar Topography Mission (SRTM) data with im-
proved accuracy by incorporating auxiliary data from the
ASTER GDEM, ICESat GLAS, and PRISM datasets. The
altitude value was downloaded from the Google Earth
Engine (https://developers.google.cn/earth-engine), and
the mean altitude was extracted using ArcGIS 10.6 (ESRI,
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Redlands, CA, USA). We used the mean residential alti-
tude with a 90-m resolution extracted from the DEM based
on the NASA-SRTM3 to assign each unit and examined
its association with hypertension in the sensitivity analysis.

Covariates

In our study, we further adjusted for the following known
baseline covariates: age (65-89 years, >89 years), ethnic-
ity (Han Chinese, minority), sex (women, men), residence
(rural/town, urban), geographical region (eastern China,
central/western China), pension (yes, no), educational at-
tainment (0 year, >0 years), marital status (married/living
together, widowed, single/divorced/separated), current
smoking status (yes, no), current drinking status (yes,
no), current exercise habits (yes, no), high salt intake
(yes, no), self-reported heart disease (yes, no), self-re-
ported diabetes (yes, no), and body mass index (BMI)
(<18.5kg/m?, 18.5-23.9kg/m?, >23.9kg/m?). We calcu-
lated the BMI by dividing body weight (kg) by square of
the body height (m?), cut-off points for BMI according to
the Chinese standard [24].

Given the effects of seasonal and meteorological factors
on hypertension incidence reported in previous studies, we
collected data on baseline average ambient temperatures in
January and annual average precipitation in the county
(district) units from the community environment question-
naire, and these were controlled for in the analysis [19].
In addition, we further adjusted for PM, 5 concentrations.
The data on PM, 5 concentrations were satellite-retrieved
ground-level concentrations and were obtained from a da-
tabase developed by the Atmospheric Composition Analy-
sis Group [25]. The database estimated total and composi-
tional ground-level PM, s mass concentrations worldwide
by combining aerosol optical depth retrievals from the
NASA MODIS, MISR, and SeaWiFS instruments with
the GEOS-Chem chemical transport model, which were
subsequently calibrated to regional ground-based observa-
tions of both total and compositional masses using geo-
graphically weighted regression, with a spatial resolution
of 0.01° x 0.01°. This database has a long time series on
ground-level PM, 5 concentrations in China and has been
widely used in previous studies. According to previous
research finding [26], the historical one-year average
PM, 5 concentration in the local units (counties/districts)
where the participants resided the year prior to the incident
event or censoring was used as an exposure assessment.
According to Chinese national ambient air quality stand-
ards, PM; 5 concentrations were categorized into two cat-
egories: <35ug/m> and >35 pg/m>.

Statistical analysis

First, we conducted descriptive statistical analyses to show
the distribution of the variables. Categorical and continu-
ous variables were presented as frequencies (n), percen-
tages (%), and means =+ standard deviations (SDs), respec-
tively. Continuous variables that were not normally
distributed were presented as medians (Pso) and interquar-
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tile ranges (IQRs).

We used a map to visualize the spatial residential alti-
tude distribution of the 613 residential units (county or
district), as shown in Fig. 2. We also visualized the alti-
tude distributions across China (Fig. S1).

We explored the exposure—response relationship (linear
or nonlinear) between altitude and hypertension risk. The
Cox proportional hazard models with the penalized spline
of different degrees of freedom (dfs) were applied to iden-
tify the dose—response association between altitude and
hypertension risk after adjusting for age, ethnicity, sex,
geographical regions, residence, pension, educational at-
tainment, marital status, current smoking status, current
drinking status, current exercise habits, self-reported heart
disease, self-reported diabetes, high salt intake, average
ambient temperature in January, PM,s concentration,
BMI, and the annual average precipitation. A suitable df
value for the analysis depended on the smallest Akaike
information criterion value. We also plotted the association
between hypertension risk and altitude (Fig. 3) and re-
ported the hypertension risk matched to each altitude
(Table S3). According to the shape of the dose-response
curve, a statistically significant nonlinear association was
observed between altitude and hypertension risk. We then
explored the linear association between altitude and hyper-
tension risk. Given the clustering of residential units
(county or district), we used the Cox proportional hazard
model with a random-effects term for analysis. This analy-
sis was performed after stratifying the data according to
the altitude change points that critically determined the
shape of the exposure-response curve. In the subgroup
analysis, we conducted analyses by age group and sex to
determine which group was more vulnerable to altitude
exposure. The cross-product term was first used (e.g., alti-
tude * age) to examine the interaction effects of age, sex,
and altitude in each stratum determined by the change
points from the dose—response curve [21].

In the sensitivity analyses, we used Cox proportional
hazard models with a penalized spline of different df val-
ues to evaluate the exposure-response association between
altitude extracted from NASA-DEM within a 90-m reso-
lution ratio and hypertension incidence in the same way
(Fig. S2). We also plotted the exposure-response curve
after excluding participants who had changed their ad-
dresses (Fig. S3).

Data are presented as hazard ratios (HRs) with 95%
confidence intervals (CIs). All the analyses were per-
formed using R v4.0.5 (R Foundation for Statistical Com-
puting, Vienna, Austria), and a two-sided p-value of <0.05
was considered statistically significant.

Results

Demographic characteristics of the participants and
prevalence of hypertension

Of the 6,548 participants enrolled in the study, the total
person-years were 21,255.0, and the mean age was 87.7
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Fig. 2 Distribution of altitudes of the residential units assessed in the study.

A map was used to visualize the spatial residential altitude distribution of the 613 residential units (county or district) of the 6,548
participants in the study.
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Fig. 3 The visible nonlinear association between residential altitude and hypertension risk (df = 4; reference = lowest altitude of 2.8 m).
The analysis was adjusted for age, ethnicity, PM, 5 concentration, residence, geographical region, sex, current smoking status, current
drinking status, current exercise habits, pension, marital status, educational attainment, self-reported diabetes, self-reported heart disease,

average ambient temperature in January, average annual precipitation, high salt intake, and body mass index. Abbreviations: df, degree of
freedom.



Table 1 Distribution of the baseline categorical variables of the
participants (N = 6548)

Variables Category N (%)
Age (years)
65-89 3302 (50.4)
>89 3246 (49.6)
Ethnicity
Minority 504 (7.7)
Han Chinese 6044 (92.3)
Sex
‘Women 3670 (56.0)
Men 2878 (44.0)
Education attainment
(years) 0 4070 (62.2)
>0 2478 (37.8)
Pension
No 5373 (82.1)
Yes 1175 (17.9)
Residence
Rural/town 5184 (79.2)
Urban 1364 (20.8)
Geographical region
Central/western 4024 (61.5)
Eastern 2524 (38.5)
Marital status
Single/divorced/separated 82 (1.2)
Widowed 4432 (67.7)
Married/living together 2034 (31.1)
Current smoking status
No 5422 (82.8)
Yes 1126 (17.2)
Current drinking status
No 5350 (81.7)
Yes 1198 (18.3)
Current exercise habits
No 4714 (72.0)
Yes 1834 (28.0)
Self-reported diabetes
No 6431 (98.2)
Yes 117 (1.8)
Self-reported heart disease
No 6152 (94.0)
Yes 396 (6.0)
High salt intake
No 5497 (83.9)
Yes 1051 (16.1)
Body mass index (kg/m?)
>23.9 690 (10.6)
18.5-23.9 3499 (53.4)
<18.5 2359 (36.0)
Average temperature in
January (°C) <-9 551 (8.4)
>—9 5997 (91.6)
Average precipitation
(mm) <800 1849 (28.2)
>800 4699 (71.8)
PM, 5 (ug/m®) <35 1020 (15.6)
>35 5528 (84.4)

years (SD = 11.4). During the whole follow-up period,
1,824 participants were identified as incident hypertension,
with an incidence of 8.6 per 100-person years. The de-
tailed demographic characteristics and relevant variables
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Table 2 Distribution of the altitude of the participants (N = 6548)
Mean SD Max. Min. Median IQR
Residential altitude (m) 223.0 271.0 1399.7 2.8 130.0 315.5

Abbreviations: SD, standard deviation; max., maximum; min., minimum;
IQR, interquartile range

are shown in Table 1. More women (56.0%) were enrolled
in the cohort. Table 2 shows the distribution of the par-
ticipants’ residential altitude variable. The median residen-
tial altitude was 130.0m (IQR =315.5m; range = 2.8—
1399.7m) in our study.

Spatial distribution of the residential units’ (county/
district) altitudes

The average residential unit (county/district) altitudes
based on the geographical locations of the 613 units are
illustrated in Fig. 2. Overall, there is a terrain gradient
distribution in China. The altitudes in the western and
central regions were relatively higher than those in the
east.

Exposure—response relationships for altitude and
hypertension risk

Figure 3 shows the exposure-response relationship for al-
titude and hypertension risk after adjusting for covariates.
The curve was plotted with four dfs, and the p-value for
nonlinearity was <0.001. As per the exposure—response
curves, the change points of altitude for hypertension risk
were 247.1m, 411.8m, and 633.9m (Fig. 3 and Table
S3). According to the shape of the curve, there was a
monotonic increasing trend in the effects of residential
altitude below 247.1 m on hypertension incidence risk.
In contrast, the risk of hypertension decreased when par-
ticipants were exposed to altitudes ranging from 247.2m
to 411.8 m. The risk of hypertension increased over an
altitude of 411.9 m, but then plateaued until 633.9 m. Fi-
nally, the hypertension risk declined over an altitude of
634.0m, and the monotone decreased till the end. In the
sensitivity analysis, we used an altitude accurate to 90 m to
explore the association between altitude and hypertension
incidence; in the fully adjusted model, we also detected a
nonlinear relationship (Fig. S2). When we excluded par-
ticipants who changed their addresses, the nonlinear effect
of altitude on hypertension incidence remained robust after
adjusting for covariates (Fig. S3).

Linear effects of altitude on hypertension incidence
We further explored the liner association between altitude
and hypertension incidence according to the change points
(Table 3). Altitudes were divided into four categories:
<247.1m, 247.2-411.8m, 411.9-633.9m, and >634.0
m. In the fully adjusted model, when altitude was
<247.1 m, higher altitude was significantly associated with
an increased risk of hypertension (HR = 1.003; 95% Cl =
1.002-1.005; p < 0.05). However, no significant relation-
ship between altitude and risk of hypertension was ob-
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7 of 10

Change point

Point 1 Point 2 Point 3 Point 4
(=<247.1m) (247.2-411.8 m) (411.9-633.9m) (=634.0m)
n = 4363 n =962 n = 955 n =268
All participants
Model 1 1.002 1.000 1.001 0.999
(1.001-1.003) (0.997-1.004) (0.997-1.005) (0.998-1.000)
Model 2 1.002 1.000 1.001 0.999
(1.001-1.003) (0.997-1.004) (0.997-1.005) (0.998-1.000)
Model 3 1.003 1.002 1.001 0.999

(1.002-1.005)

Excluding participants who changed their addresses

(0.997-1.007)

(0.997-1.004)

(0.997-1.004)

Model 1 1.002 1.000
(1.001-1.003)

Model 2 1.002 1.000
(1.001-1.003)

Model 3 1.003 1.002

(1.002-1.005)

(0.997-1.007)

(0.996-1.007)

1.001
(0.997-1.005)
1.001
(0.997-1.005)
1.001
(0.996-1.007)

(0.969-1.000)

0.999
(0.998-1.000)
0.999
(0.998-1.000)
0.999
(0.997-1.000)

Values indicated in bold were statistically significant.
Model 1: Crude model only including the altitude.
Model 2: Model 1 + further adjustments for age, ethnicity, and sex.

Model 3: Model 2 + further adjustments for age, ethnicity, PM, 5 concentration, residence, geographical region, sex, current smoking status, current
drinking status, current exercise habits, pension, marital status, educational attainment, self-reported diabetes, self-reported heart disease, average
ambient temperature in January, average annual precipitation, high salt intake, and body mass index.

served in the other groups. The results did not change after
excluding participants who changed their addresses during
the investigation (Table 3). Given the availability of the
data, we only examined the modification effect of age and
sex, and we did not find any significant modification effect
in the subgroup analysis (Table S1-S2).

Discussion

This prospective, long-term, national-scale cohort study
provided real-world evidence of a nonlinear association
between residential altitude and the incidence of hyper-
tension in older people living at low altitudes. Our research
also demonstrates altitude as a possible influencing factor
for hypertension. These findings show that a greater
awareness of the effects of altitude exposure on hyperten-
sion can help healthcare service providers design and im-
plement better preventive strategies for older individuals.

Recently, the risk of hypertension associated with alti-
tude exposure has received increasing attention. In line
with previous studies [16, 18], our study also indicated
that each unit increase in altitude was a underlying risk
factor for hypertension, though with a small effect esti-
mate. However, few studies can be compared with ours
because previous investigations were generally conducted
in moderate- and high-altitude locations. In addition, many
epidemiological investigations have estimated the effect of
altitude on BP or hypertension risk based on the hypoth-
esis that the links between altitude exposure and hyper-
tension risk or BP are linear. For instance, Palmer et al.
[27] reported that altitude altered BP course during preg-
nancy, and mean BP rose linearly in participants living in
regions at an altitude of >3,100 m. Aryal et al. found that

the mean SBP increased by 15.6 mm Hg for every 1,000-m
elevation in altitude [28]. Similarly, Mehata et al. reported
a significant relationship between altitude and hyperten-
sion risk (2% increase per 100 m) in their study conducted
among 10,473 Nepalese [29]. Only one cross-sectional
study that used national-scale data from the China Hyper-
tension Survey reported that compared with the first refer-
ence group (i.e., altitude of <200 m), every 200-m increase
in altitude was linked with increased or decreased hyper-
tension risk [8]. The odds ratios (ORs) ranged from 0.96 to
1.37 [8], which was similar to that in our study. Interest-
ingly, the highest OR value was detected when the altitude
was between 800m and 1,000 m rather than >2,200 m,
suggesting that the hypertension risk did not monotonical-
ly increase with each interval increase in altitude, while
this study reported the whole relationship between altitude
and hypertension risk was not statistically significant [8].
A clear mechanism for the link between low altitude and
hypertension remains unknown. Previous studies illus-
trated that the adverse effects of high-altitude exposure
on hypertension were due to oxygen deficit, cold weather,
sympathetic activity, and aging, even though dietary and
physical activity patterns might induce hypertension risk
[30]. In addition, the effect of altitude on BP may be partly
reduced after a long period of exposure to the same alti-
tude [31-33]. Ageing plays an important role in the ad-
verse effects of altitude on hypertension because heart
function fails in vascular sclerosis, and BP increase is
more frequent in older adults. In addition, poor health
conditions and ageing weaken older adults’ abilities to
adapt to environmental risk factors [22]. Thus, this com-
plex link between altitude exposure and hypertension risk
needs further exploration in future research.



To the best of our knowledge, our study was the first
epidemiological analysis to show a significant nonlinear
relationship between low altitude and hypertension risk.
Previous studies have suggested a possible nonlinear rela-
tionship between altitude and hypertension risk. For in-
stance, a study conducted in three Peruvian communities
showed that the age-adjusted prevalence of hypertension
was lower in the population residing at an altitude of
4,000 m than those in the two reference groups residing
at sea level [34]. In a study by Torlasco et al. [35], the
authors compared BP changes at moderate and high alti-
tudes. They found that the volunteers’ BP measurements
started to increase at moderate altitudes (1,500-2,500 m)
and showed a pronounced increase at high altitudes. Two
studies from Peru and Nepal found that individuals who
resided in high-altitude locations had a lower risk of hyper-
tension [9, 36]. We found that the hypertension risk started
increasing at the first change point and then slightly fluc-
tuated until the last change point. The risk slowly declined
above the last change point (i.e., 634.0 m). Nevertheless,
the curve showed that many parts of the confidence inter-
vals did overlap the null. From a risk perspective, areas at
an altitude of <300 m are more likely to have high pressure
and air density. The natural environment might be more
easily destroyed by frequent human activities, leading to
high levels of air and noise pollution and smaller areas of
green spaces [37, 38]. In comparison, regions with increas-
ing altitude but at <1,000m (i.e., low altitude) may be
suitable for body functions where moderate climatic con-
ditions (temperature, precipitation, humidity, etc.) are ideal
[38]. Meanwhile, these areas are generally located in
mountainous areas with more vegetation coverage and
are farther away from industrial factories. Generally, these
areas have good air quality, less pollution, more fresh air,
and high negative ion content. In addition, performing
more physical activity in these areas can promote blood
circulation, improving cardiovascular function. When the
altitude is >1,500 m, especially >2,400 m, the estimated
risk of hypertension is high due to reduced atmospheric
pressure and oxygen in the air, oxygen deficit, and moun-
tain sickness, and this can be accompanied by breathing
difficulties [11].

Our study contributes to the currently limited evidence
on the effect of low altitude on hypertension, especially
given that low-altitude regions have a higher population
density and greater environmental risk factors than high-
altitude ones. However, several limitations should be ac-
knowledged. First, previous studies have reported that eth-
nicity affects the difference in tolerance for residential al-
titude. However, the database used in this study did not
include more participants of different ethnicities. As a pre-
vious study indicated that Han Chinese individuals had a
higher risk of prehypertension than non-Han individuals
[39]. Hence, future studies that recruit participants of dif-
ferent ethnicities are warranted. The limited number of
included samples in each subgroup prevented us from ex-
ploring the modified effects in other subgroups. Future
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studies should elucidate the effect modification by regions,
health status, and outdoor activity patterns. Individuals’
home addresses were not available in the CLHLS because
of privacy protection, which precluded us from performing
analysis to investigate the associations at an individual’s
level. Fourth, our study only focused on altitudes <1,500
m, and thus, the generalizability of the findings was rela-
tively insufficient. Studies with a more heterogeneous sam-
ple may help corroborate our findings. Also, data were not
available to accurately assess the date of hypertension in-
cidence and use of antihypertensive drugs. Self-reported
hypertension diagnosis may have been subject to recall
bias. However, in line with a previous study [40], we
considered that physicians would prescribe drugs to a per-
son diagnosed with hypertension. Finally, our study only
evaluated the links between long-term altitude exposure
and the incidence of hypertension. We did not evaluate
the link between acute exposure to altitudes and the inci-
dence of hypertension.

In summary, our study findings warrant further research
into the associations between altitude exposure and hyper-
tension risk among older adults. This study emphasizes
that altitude is an important factor to consider in prevent-
ing and controlling hypertension. Promoting awareness
about the association between altitude exposure and hyper-
tension risk and adopting practical preventive approaches,
such as regular monitoring, early detection, and timely
treatment commencement, would be helpful.

Conclusion

In conclusion, we identified a nonlinear link between alti-
tude exposure and hypertension in this prospective cohort
study, including more than 6,000 Chinese elderly living at
low altitudes. Healthcare providers should increase aware-
ness of environmental factors to prevent and control hyper-
tension; however, further studies are needed to confirm the
generalizability of our study.

Abbreviations

CLHLS: Chinese Longitudinal Healthy Longevity Survey; DEM: Digital Elevation
Model; NASA: National Aeronautics and Space Administration; SD: standard
deviation; HR: hazard ratio; Cl: confidence interval; CVD: cardiovascular disease;
SBP: systolic blood pressure; DBP: diastolic blood pressure; BP: blood pressure;
SRTM: Shuttle Radar Topography Mission; df: degree of freedom; IQR:
interquartile range; OR: odds ratio; BMI: body mass index; PM: fine particulate
matter.

Supplementary information

The online version contains supplementary material available at https://doi.org/
10.1265/ehpm.22-00001.

Additional file 1: Figure 81 The distribution of altitude within 30 m across
China. Figure S2 Sensitivity analysis for the non-linear association between
altitude (i.e. altitude accurate to 90 m) and hypertension incidence. Figure
S3 Sensitivity analysis for the non-linear association between altitude and
hypertension incidence after excluded participant changed address. Table
$1 The subgroup analysis for the association between altitude and hyper-
tension. Table 82 The subgroup analysis for the association between sex
and hypertension under the influence of altitude over the last change point.


https://doi.org/10.1265/ehpm.22-00001
https://doi.org/10.1265/ehpm.22-00001

Table S3 The distribution of HR and 95%ClI for each altitude based on ex-
posure-response curve.

Acknowledgements
We thank the staff and the participants of the CLHLS study.

Sources of funding

The research is financially supported by National Natural Science Foundation of
China (Grant No. U1911204, 51861125203), National Key R&D Program of China
(2017YFC0405900), the Project for Creative Research from Guangdong Water
Resources Department (Grant No. 2018, 2020).

Declarations

Ethics approval and consent to participate

The research ethics committees of Peking University and Duke University granted
approval for the Protection of Human Subjects for the study, including for data
collection. Informed consent was obtained from each participant before the
investigation.

Consent for publication
Not applicable.

Availability of data and material
The data on CLHLS can be down loaded at website: https://sites.duke.edu/
centerforaging/programs/chinese-longitudinal-healthy-longevity-survey-clhls/.

Competing interests
The authors declare that they have no competing interests.

Authors’ contributions

Wensu Zhou, Fenfen Zhou: Data cleaning; Wensu Zhou, Wenjuan Wang,
Chaonan Fan, Fenfen Zhou, Li Ling: Conceptualization; Wensu Zhou, Fenfen
Zhou, Wenjuan Wang: Data curation, Writing, Original draft preparation, Method-
ology, Software, Reviewing; Wensu Zhou, Fenfen Zhou, Chaonan Fan, Li Ling:
Visualization. Wensu Zhou, Fenfen Zhou, Li Ling, Wenjuan Wang: Supervision.

Received: 28 December 2021, Accepted: 25 March 2022
Published online: 3 May 2022

References

1. Feigin VL, Stark BA, Johnson CO, Roth GA, Bisignano C, Abady GG.
Global, regional, and national burden of stroke and its risk factors,
1990-2019: a systematic analysis for the Global Burden of Disease Study
2019. Lancet Neurol. 2021;20:795-820. https://doi.org/10.1016/S1474-
4422(21)00252-0.

2. Zhou M, Wang H, Zeng X, Yin P, Zhu J, Chen W, et al. Mortality, morbidity,
and risk factors in China and its provinces, 1990-2017: a systematic
analysis for the Global Burden of Disease Study 2017. Lancet. 2019;394:
1145-58. https://doi.org/10.1016/S0140-6736(19)30427-1.

3. Mills KT, Stefanescu A, He J. The global epidemiology of hypertension. Nat
Rev Nephrol. 2020;16:223-37. https://doi.org/10.1038/s41581-019-0244-2.

4. Arestegui AH, Fuquay R, Sirota J, Swenson ER, Schoene RB, Jefferson
JA, et al. High altitude renal syndrome (HARS). J Am Soc Nephrol. 2011;
22:1963-8. https://doi.org/10.1681/ASN.2010121316.

5. Mishra KP, Ganju L. Influence of high altitude exposure on the immune
system: a review. Immunol Invest. 2010;39:219-34. https://doi.org/10.3109/
08820131003681144.

6. Shen Y, Chang C, Zhang J, Jiang Y, Ni B, Wang Y. Prevalence and risk
factors associated with hypertension and prehypertension in a working
population at high altitude in China: a cross-sectional study. Environ Health
Prev Med. 2017;22:19. https://doi.org/10.1186/s12199-017-0634-7.

7. Gou Q, Shi R, Zhang X, Meng Q, Li X, Rong X, et al. The prevalence and
risk factors of high-altitude pulmonary hypertension among native tibetans
in Sichuan Province, China. High Alt Med Biol. 2020;21:327-35. https://doi.
org/10.1089/ham.2020.0022.

8. Pei L, Wu J, Wang Z, Wang X, Chen Z, Li J, et al. Geographic variations
and potential macro-environmental exposure of hypertension: from the

10.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

9 of 10

China hypertension survey. J Hypertens. 2020;38:829-38. https://doi.org/
10.1097/HJH.0000000000002352.

Bernabé-Ortiz A, Carrillo-Larco RM, Gilman RH, Checkley W, Smeeth L,
Miranda JJ, et al. Impact of urbanisation and altitude on the incidence of,
and risk factors for, hypertension. Heart. 2017;103:827-33. https://doi.org/
10.1136/heartjnl-2016-310347.

Handler J. Altitude-related hypertension. J Clin Hypertens (Greenwich).
2009;11:161-5. https://doi.org/10.1111/j.1751-7176.2009.00083.x.

. Mingji C, Onakpoya IJ, Perera R, Ward AM, Heneghan CJ. Relationship

between altitude and the prevalence of hypertension in Tibet: a systematic
review. Heart. 2015;101:1054-60. https://doi.org/10.1136/heartjnl-2014-
307158.

Hirschler V, Gonzalez C, Molinari C, Velez H, Nordera M, Suarez R, et al.
Blood pressure level increase with altitude in three Argentinean indigenous
communities. AIMS Public Health. 2019;6:370-9. https://doi.org/10.3934/
publichealth.2019.4.370.

Hirschler V, Molinari C, Maccallini G, Intersimone P, Gonzalez CD, San
Antonio de los Cobres Study Group Collaborators. Blood pressure levels
among Indigenous children living at different altitudes. Appl Physiol Nutr
Metab. 2019;44:659-64. https://doi.org/10.1139/apnm-2018-0466.
Burtscher M. Effects of living at higher altitudes on mortality: a narrative
review. Aging Dis. 2014;5:274-80. https://doi.org/10.14336/AD.2014.
0500274.

Song C, Chongsuvivatwong V, Zhu Luo Bu O, Ji, Sang Zhuo Ma B,
Sriplung H. Relationship between hypertension and geographic altitude: a
cross-sectional survey among residents in Tibet. J Int Med Res. 2020;48:
300060520903645. https://doi.org/10.1177/0300060520903645.

Parati G, Ochoa JE, Torlasco C, Salvi P, Lombardi C, Bilo G. Aging, high
altitude, and blood pressure: A complex relationship. High Alt Med Biol.
2015;16:97-109. https://doi.org/10.1089/ham.2015.0010.

Yue L, Fan Z, Sun L, Feng W, Li J. Prevalence of essential hypertension
and its complications among Chinese population at high altitude. High Alt
Med Biol. 2017;18:140-4. https://doi.org/10.1089/ham.2016.0078.

Bailey B, Euser AG, Bol KA, Julian CG, Moore LG. High-altitude residence
alters blood-pressure course and increases hypertensive disorders of
pregnancy. J Matern Fetal Neonatal Med. 2020:1-8. https://doi.org/10.
1080/14767058.2020.1745181.

Zeng Y, Gu D, Purser J, Hoenig H, Christakis N. Associations of environ-
mental factors with elderly health and mortality in China. Am J Public
Health. 2010;100:298-305. https://doi.org/10.2105/AJPH.2008.154971.
Zeng Y. Towards deeper research and better policy for healthy aging -
using the unique data of Chinese longitudinal healthy longevity survey.
China Economic J. 2012;5:131-49. https://doi.org/10.1080/17538963.2013.
764677.

Xie Y, Xiang H, Di N, Mao Z, Hou J, Liu X, et al. Association between
residential greenness and sleep quality in Chinese rural population. Environ
Int. 2020;145:106100. https://doi.org/10.1016/j.envint.2020.106100.

Lv'Y, Zhou J, Kraus VB, Li T, Sarnat JA, Wang J, et al. Long-term exposure
to PM2.5 and incidence of disability in activities of daily living among oldest
old. Environ Pollut. 2020;259:113910. https://doi.org/10.1016/j.envpol.2020.
113910.

Lv YB, Gao X, Yin ZX, Chen HS, Luo JS, Brasher MS, et al. Revisiting the
association of blood pressure with mortality in oldest old people in China:
community based, longitudinal prospective study. BMJ. 2018;361:k2158.
https://doi.org/10.1136/bm;j.k2158.

He W, Li Q, Yang M, Jiao J, Ma X, Zhou Y, et al. Lower BMI cutoffs to
define overweight and obesity in China. Obesity (Silver Spring). 2015;23:
684-91. https://doi.org/10.1002/0by.20995.

van Donkelaar A, Hammer MS, Bindle L, Brauer M, Brook JR, Garay MJ,
et al. Monthly global estimates of fine particulate matter and their
uncertainty. Environ Sci Technol. 2021;55:15287-300. https://doi.org/10.
1021/acs.est.1c05309.

Wensu Z, Wen C, Fenfen Z, Wenjuan W, Li L. The association between
long-term exposure to particulate matter and incidence of hypertension
among Chinese elderly: A retrospective cohort study. Front Cardiovasc
Med. 2021;8:784800. https://doi.org/10.3389/fcvm.2021.784800.

Palmer SK, Moore LG, Young D, Cregger B, Berman JC, Zamudio S.
Altered blood pressure course during normal pregnancy and increased


https://sites.duke.edu/centerforaging/programs/chinese-longitudinal-healthy-longevity-survey-clhls/
https://sites.duke.edu/centerforaging/programs/chinese-longitudinal-healthy-longevity-survey-clhls/
https://doi.org/10.1016/S1474-4422(21)00252-0
https://doi.org/10.1016/S1474-4422(21)00252-0
https://doi.org/10.1016/S0140-6736(19)30427-1
https://doi.org/10.1038/s41581-019-0244-2
https://doi.org/10.1681/ASN.2010121316
https://doi.org/10.3109/08820131003681144
https://doi.org/10.3109/08820131003681144
https://doi.org/10.1186/s12199-017-0634-7
https://doi.org/10.1089/ham.2020.0022
https://doi.org/10.1089/ham.2020.0022
https://doi.org/10.1097/HJH.0000000000002352
https://doi.org/10.1097/HJH.0000000000002352
https://doi.org/10.1136/heartjnl-2016-310347
https://doi.org/10.1136/heartjnl-2016-310347
https://doi.org/10.1111/j.1751-7176.2009.00083.x
https://doi.org/10.1136/heartjnl-2014-307158
https://doi.org/10.1136/heartjnl-2014-307158
https://doi.org/10.3934/publichealth.2019.4.370
https://doi.org/10.3934/publichealth.2019.4.370
https://doi.org/10.1139/apnm-2018-0466
https://doi.org/10.14336/AD.2014.0500274
https://doi.org/10.14336/AD.2014.0500274
https://doi.org/10.1177/0300060520903645
https://doi.org/10.1089/ham.2015.0010
https://doi.org/10.1089/ham.2016.0078
https://doi.org/10.1080/14767058.2020.1745181
https://doi.org/10.1080/14767058.2020.1745181
https://doi.org/10.2105/AJPH.2008.154971
https://doi.org/10.1080/17538963.2013.764677
https://doi.org/10.1080/17538963.2013.764677
https://doi.org/10.1016/j.envint.2020.106100
https://doi.org/10.1016/j.envpol.2020.113910
https://doi.org/10.1016/j.envpol.2020.113910
https://doi.org/10.1136/bmj.k2158
https://doi.org/10.1002/oby.20995
https://doi.org/10.1021/acs.est.1c05309
https://doi.org/10.1021/acs.est.1c05309
https://doi.org/10.3389/fcvm.2021.784800

28.

29.

30.

31.

32.

33.

34

pre-eclampsia at high altitude (3100 meters) in Colorado. Am J Obstet
Gynecol. 1999;180:1161-8. https://doi.org/10.1016/s0002-9378(99)70611-
3.

Aryal N, Weatherall M, Bhatta YKD, Mann S. Blood pressure and hyper-
tension in people living at high altitude in Nepal. Hypertens Res. 2019;42:
284-91. https://doi.org/10.1038/s41440-018-0138-x.

Mehata S, Shrestha N, Ghimire S, Atkins E, Karki DK, Mishra SR.
Association of altitude and urbanization with hypertension and obesity:
analysis of the Nepal Demographic and Health survey 2016. Int Health.
2021;13:151-60. https://doi.org/10.1093/inthealth/ihaa034.

Brook RD. The environment and blood pressure. Cardiol Clin. 2017;35:
213-21. https://doi.org/10.1016/j.ccl.2016.12.003.

Grocott M, Montgomery H, Vercueil A. High-altitude physiology and
pathophysiology: implications and relevance for intensive care medicine.
Crit Care. 2007;11:203. https://doi.org/10.1186/cc5142.

Wolfel EE, Selland MA, Mazzeo RS, Reeves JT. Systemic hypertension at
4,300 m is related to sympathoadrenal activity. J Appl Physiol (1985). 1994;
76:1643-50. https://doi.org/10.1152/jappl.1994.76.4.1643.

Hansen J, Sander M. Sympathetic neural overactivity in healthy humans
after prolonged exposure to hypobaric hypoxia. J Physiol. 2003;546:921-9.
https://doi.org/10.1113/jphysiol.2002.031765.

Ruiz L, Pefialoza D. Altitude and hypertension. Mayo Clin Proc. 1977;52:
442-5.

36.

37.

38.

40.

10 of 10

Torlasco C, Bilo G, Giuliano A, Soranna D, Ravaro S, Oliverio G, et al.
Effects of acute exposure to moderate altitude on blood pressure and sleep
breathing patterns. Int J Cardiol. 2020;301:173-9. https://doi.org/10.1016/}.
jjcard.2019.09.034.

Shrestha S, Shrestha A, Shrestha S, Bhattarai D. Blood pressure in
inhabitants of high altitude of Western Nepal. JNMA J Nepal Med Assoc.
2012;52:154-8. https://doi.org/10.31729/jnma.371.

Deng Q, Wei Y, Zhao Y, Han X, Yin J. Understanding the natural and
socioeconomic factors behind regional longevity in Guangxi, China: is the
centenarian ratio a good enough indicator for assessing the longevity
phenomenon? Int J Environ Res Public Health. 2018;15. https://doi.org/10.
3390/ijerph15050938.

Huang Y, Rosenberg M, Wang Y. Is extreme climate or moderate climate
more conducive to longevity in China? Int J Biometeorol. 2018;62:971-7.
https://doi.org/10.1007/s00484-018-1499-1.

Xu T, Liu J, Zhu G, Liu J, Han S. Prevalence of prehypertension and
associated risk factors among Chinese adults from a large-scale multi-
ethnic population survey. BMC Public Health. 2016;16:775. https://doi.org/
10.1186/512889-016-3411-4.

Chen SY, Wu CF, Lee JH, Hoffmann B, Peters A, Brunekreef B, et al.
Associations between long-term air pollutant exposures and blood pressure
in elderly residents of Taipei City: A cross-sectional study. Environ Health
Perspect. 2015;123:779-84. https://doi.org/10.1289/ehp.1408771.


https://doi.org/10.1016/s0002-9378(99)70611-3
https://doi.org/10.1016/s0002-9378(99)70611-3
https://doi.org/10.1038/s41440-018-0138-x
https://doi.org/10.1093/inthealth/ihaa034
https://doi.org/10.1016/j.ccl.2016.12.003
https://doi.org/10.1186/cc5142
https://doi.org/10.1152/jappl.1994.76.4.1643
https://doi.org/10.1113/jphysiol.2002.031765
https://doi.org/10.1016/j.ijcard.2019.09.034
https://doi.org/10.1016/j.ijcard.2019.09.034
https://doi.org/10.31729/jnma.371
https://doi.org/10.3390/ijerph15050938
https://doi.org/10.3390/ijerph15050938
https://doi.org/10.1007/s00484-018-1499-1
https://doi.org/10.1186/s12889-016-3411-4
https://doi.org/10.1186/s12889-016-3411-4
https://doi.org/10.1289/ehp.1408771

	Abstract
	Conclusion

	Background
	Methods
	Study population
	Hypertension assessment
	Altitude assessment
	Covariates
	Statistical analysis

	Results
	Demographic characteristics of the participants and prevalence of hypertension
	Spatial distribution of the residential units’ (county/district) altitudes
	Exposure–response relationships for altitude and hypertension risk
	Linear effects of altitude on hypertension incidence

	Discussion
	Conclusion
	Acknowledgements
	References

