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ABSTRACT

Objective Evidence of the effects of long-term fine
particulate matter (PM, ) exposure on hypertension and
blood pressure is limited for populations exposed to high
levels of PM, .. We aim to assess associations of long-
term exposure to PM, . with hypertension prevalence and
blood pressure, and further explore the subpopulation
differences and effect modification by participant
characteristics in these associations in China.

Methods We analysed cross-sectional data from 883
827 participants aged 35—75 years in the China Patient-
Centred Evaluative Assessment of Cardiac Events Million
Persons Project. Data from the monitoring station were
used to estimate the 1-year average concentration

of PM, .. The associations of PM, . exposure with
hypertension prevalence and blood pressure were
investigated by generalised linear models, with PM, .
included as either linear or spline functions.

Results The 1-year PM, . exposure of the study
population ranged from 8.8 to 93.8 pg/m® (mean 49.2 pg/
m°). The adjusted OR of hypertension prevalence related
to a 10 pg/m® increase in 1-year PM, . exposure was 1.04
(95% Cl, 1.02 to 1.05). Each 10 pg/m” increment in PM, .
exposure was associated with increases of 0.19 mm Hg
(95% Cl, 0.10 to 0.28) and 0.13 mm Hg (95% Cl, 0.08

t0 0.18) in systolic blood pressure and diastolic blood
pressure, respectively. The concentration—response curves
for hypertension prevalence and systolic blood pressure
showed steeper slopes at higher PM,  levels; while the
curve for diastolic blood pressure was U-shaped. The
elderly, men, non-current smokers and obese participants
were more susceptible to the exposure of PM, .
Conclusions Long-term exposure to PM, , is

associated with higher blood pressure and increased

risk of hypertension prevalence. The effects of PM, . on
hypertension prevalence become more pronounced at
higher PM, , levels. These findings emphasise the need

to reduce air pollution, especially in areas with severe air
pollution.

INTRODUCTION

Hypertension is the leading risk factor
for death globally.' Although hyperten-
sion is a worldwide public health concern,

,! Matteo Renzi,* Maria Antonietta Stazi,?

Strengths and limitations of this study

» The large size of our study allowed us to compre-
hensively assess these associations among a di-
verse spectrum of population across a wider range
of PM,  concentrations in China.

» The large number of participants with hyperten-
sion and high level of PM, . exposure (eg, >35 pg/
m°), enabled us to examine these associations with
greater precision and sufficient statistical power.

» Given the nature of the cross-sectional study design,
the causal relationship could not be established.

» A selection bias is possible because our analysis
was restricted to participants with available PM,
data.

three-quarters of the world’s population
with the condition are living in low-income
and middle-income countries (LMICs).?
The causes of hypertension are complex.
Apart from genetic predisposition, social
determinants and lifestyle factors, air pollu-
tion, especially fine particulate matter with
an aerodynamic diameter of 2.5 pm or less
(PM,,), may also contribute to increased risk
for hypertension.”*

Over the past few years, a growing body
of epidemiological evidence indicated the
association of long-term exposure to PM,.
with blood pressure and hypertension.”
However, most of the studies were undertaken
in high-income countries.® '’ Compared with
high-income countries, exposure to PM, . is
substantially higher in LMICs. Furthermore,
prior studies have largely focused on specific
populations or regions.”” Therefore, further
studies are needed to assess the associations
of PM, , with blood pressure and prevalence
of hypertension among a wider spectrum of
populations with high PM, . concentrations,
especially in LMIGCs.
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China is experiencing a growing epidemic of hyperten-
sion and is estimated to have 300 million individuals with
hypertension by 2025."" Meanwhile, outdoor PM, . has
become one of China’s most serious environmental prob-
lems with population-weighted annual means of PM,
ranging from 19.1 to 79.3 pg/m? in 2015."% A deeper
understanding of the chronic health effects of PM,  on
hypertension prevalence and blood pressure in moderate
to high PM, ; concentrations will help to develop poli-
cies to improve air quality and combat the hypertension
epidemic in China.

Accordingly, incorporating PM, data with a large-
scale population-based screening project in China, the
China Patient-Centred Evaluative Assessment of Cardiac
Events (PEACE) Million Persons Project, we aimed to:
(1) explore the association of long-term PM, , exposure
with blood pressure level and hypertension prevalence,
and evaluate subpopulation differences and effect modi-
fication by characteristics of participants in these associa-
tions; (2) assess the concentration-response relationships
of long-term PM, exposure with hypertension preva-
lence and blood pressure.

METHODS

Study population

Our study population is derived from the China PEACE
Million Persons Project, which has been described previ-
ously."”® In brief, we selected county-level regions using a
convenience sampling strategy in all 31 provinces in main-
land China from September 2014 to March 2019. These
regions are designated as rural counties or urban districts
according to urban-rural division codes of the National
Bureau of Statistics of China.'* Local residents aged
35-75 years, who were currently registered in the selected
region’s Hukou (a record officially identifying a person
as a resident of an area) or had lived in the region for at
least 6 of the previous 12 months, were enrolled in this
project. After excluding participants with missing data on
education level (n=13 714), body mass index (n=321) or
blood pressure measurement (n=2), we further excluded
participants with systolic blood pressure (SBP) >250 mm
Hg or diastolic blood pressure (DBP) =150 mm Hg to
minimise the potential bias due to measurement errors
in blood pressure values (n=73). Finally, we included 883
827 participants in the study sample.

Data collection and variable definitions

Data collection for each participant were performed by
trained personnel with a standardised in-person interview
and a medical examination. Information on sociodemo-
graphic status (age, gender and education level), lifestyle
(smoking and alcohol use), medical history and medica-
tion use were collected. Medication use was determined
by asking participants whether they had taken prescribed
medications for controlling blood pressure or glucose
in the past 2 weeks. Those who answered ‘yes” and knew
the drug names were asked to report the name, dose and

frequency of each drug. Those who did not remember
the exact dose stated the number of pills or tablets taken
(online supplemental file 1).

The blood pressure of each participant was measured
twice on the right upper arm after 5 min of rest in a seated
position with a standardised electronic blood pressure
monitor (Omron HEM-7430). If the difference between
the two SBP readings was greater than 10 mm Hg, a third
measurement was obtained and the average of the last
two readings was used. Hypertension was defined as SBP
of 140 mm Hg or higher, DBP of 90 mm Hg or higher
or use of antihypertensive medications, which is consis-
tent with the US Joint National Committee and Chinese
definitions." '° Body mass index (BMI) was defined as
weight in kilograms divided by height in square metres.
Obesity was defined as 28.0 kg/m” or higher, based on
recommendations from the Working Group on Obesity
in China."”

Exposure assessment

We geocoded each participant’s current address (either
rural counties or urban districts) into latitude and longi-
tude data and identified air monitors located within 10
km (online supplemental file 2). The average distance
between the address of participants and assigned moni-
tors was 2.7 (IQR 1.2-3.5) kilometres. The measurements
from these monitors strictly followed the methodolog-
ical standards set by the State Environmental Protection
Administration of China. For each participant, daily
average PM,  concentrations measured at the nearest
monitors to the residence were used to estimate PM,
exposure. The l-year average concentration before the
medical examination was calculated and treated as an
indicator of long-term exposure to PM, .. In the present
study, we included participants with more than 330 valid
PM,, values for assessing long-term exposure, to ensure
that, for each participant, the missing rate of PM, _ data in

the preceding 1 year of medical examination is less than
10%."

Statistical analysis

Continuous variables were reported as means with SD;
categorical variables were presented as percentages. We
developed mixed models with a logit link function to
assess the effect of long-term exposure to PM, , on hyper-
tension prevalence. To assess the association of PM, , and
blood pressure, SBP and DBP were modelled using linear
regressions with township-specific random intercepts. For
each of these analyses, we started with a model (model
1) which only included age and sex. We then incre-
mentally adjusted for additional covariates. The second
model (model 2) included model 1 and socioeconomic
factors (education level and urbanity). The third model
(model 3) included model 2 and cardiovascular disease
risk factors (BMI, smoking status, alcohol consumption
and diabetes). Models of blood pressure were controlled
for hypertensive medication use; while models of hyper-
tension were not, as hypertension medication use was a
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Figure 1 Concentration-response functions of the long-
term exposure to PM, . with hypertension prevalence.

component of the outcome definition. To account for
potential time-variant factors, we additionally adjusted
for the day of week (one indicator variable per day) and
season of measurement (summer: June-August; fall:
September—-November; winter: December—February;
spring: March—May). We also used restricted cubic splines
to characterise the concentration-response (C-R) rela-
tionships of PM, . with hypertension prevalence and
blood pressure.19 In addition, to examine effect modifi-
cation by age, gender, smoking status, alcohol consump-
tion, diabetes and obesity, each potential modifier was
tested by adding an interaction term in the regression
model separately and testing its statistical significance as
well as the association per categories of the tested variable
through subgroup analyses.

Analyses were conducted with SASV.9.4, 64-bit Windows
(SAS Institute, Cary, North Carolina). All tests of signifi-
cance were two-tailed, with a level of significance set at an
alpha of 0.05.

Patient and public involvement

Patients and/or the public were not involved in the
design, or conduct, or reporting, or dissemination plans
of this research.

RESULT

Study population and baseline characteristics

We included a total of 883 827 participants distributed
in 83 county-level regions of mainland China (online
supplemental file 3). The mean age was 55.5 years, 60.4%
were women, 43.1% had hypertension, mean SBP was
143.5 mm Hg, mean DBP was 83.1 mm Hg and 19.4%
were taking antihypertensive medications. The I-year
PM, , exposure of the total study population ranged from
8.8 to 93.8 pg/m’ (mean 49.2 pg/m’). There were 864
119 (97.8%), 842 356 (95.3%) and 706 415 (79.9%)
participants with l-year PM, , exposure higher than 15
pg/m® (WHO Interim Target 3 (IT-1)), 25 pg/m’® (WHO
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Figure 2 Concentration-response functions of the long-
term exposure to PM,  with systolic blood pressure (SBP)
and diastolic blood pressure (DBP).

Interim Target 2 (IT-2)) and 35 pg/m?’ (WHO Interim
Target 3 (I'T-3)), respectively (online supplemental file 4)

Associations of long-term PM, . exposure with hypertension
prevalence

After adjusting for sociodemographic characteristics and
cardiovascular risk factors, the OR of hypertension was
1.09 (95% CI: 1.08 to 1.10) for each 10 pg/m3 increase in
PM, . The adjustment for day of week and season of blood
pressure measurements resulted in a slight decrease in
the effect estimate of the association of PM, , exposure
with hypertension prevalence (OR: 1.04, 95% CI: 1.02
to 1.05) (online supplemental file 5). For the C-R rela-
tionship, the curve showed steeper slopes at high PMZ5
exposure levels (ie, higher than ~50 pg/mg). Compared
with individuals with PMzs exposure of 38.5 pg/ mg, the
adjusted ORs for hypertension of individuals with 15, 25
and 35 pg/m3 of PM, , exposure were 1.02 (95% CI: 1.01
to 1.04), 1.01 (95% CI: 1.00 to 1.02) and 1.00 (95% CI:
1.00 to 1.00), respectively (figure 1).

Associations of long-term PM, , exposure with systolic and
diastolic blood pressure

In the adjusted model 4, each 10 pg/m” increment was
associated with increases of 0.50 mm Hg (95% CI: 0.41
to 0.59) in SBP and 0.23 mm Hg (95% CI: 0.18 to 0.28)
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Figure 3 Stratified analysis of the association of long-term
exposure to PM, ; with hypertension prevalence.

in DBP. After adjustment for the day of week and season,
there was some reduction in the effect estimates of the
associations between PM, , exposure and blood pressure
(0.19 mm Hg (95% CI: O 10 to 0.28) in SBP; 0.13 mm
Hg (95% CI: 0.08 to 0.18) in DBP) (online supplemental
file 6). In addition, we found that the shapes of the C-R
curves for SBP and DBP were different. The fitted C-R
functions showed upward trends with greater effect esti-
mates of PM, . at higher concentrations for SBP but were
generally U-shaped for DBP. (figure 2).

Subpopulation difference and effect modification

The associations of PM,, exposure with hypertension
were stronger among men and non-current smokers,
compared with their counterparts (figure 3). Gender
significantly modified the effects of PM, . exposure on all
three outcomes (all p for interaction <0.05) with stronger
associations among men (eg, OR for hypertension per 10
pg/m? increase in PM,, of 1.01 (95% CI: 1.00 to 1.03)
for women, and 1.06 (95% CI: 1.05 to 1.08) for men);
while these associations were not modified by alcohol
consumption and prevalence of diabetes (all p for inter-
action >0.05). Although smoking status was the effect
modifiers in the associations of PM, , exposure with SBP,
DBP and hypertension, the 1mpacts of smoking on these
associations differed depending on the outcome. We
observed greater effect estimates of PM25 exposure for
SBP (elevation in SBP per 10 pg/m’ increase in PM,, of
0.97 mm Hg (95% CI: 0.77 to 1.17) for the elderly, and
-0.02 mm Hg (95% CI: -0.12 to 0.08) for their younger
counterparts), while smaller estimates for DBP among
the elderly (elevation in DBP per 10 pg/m’® increase
in PM,, of 0.11 mm Hg (95% CI: 0.00 to 0.22) for the
elderly, and 0.14 mm Hg (95% CI: 0.08 to 0.20) for their
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Figure 4 Stratified analysis of the association of long-term
exposure to PM, , with systolic blood pressure (SBP) and
diastolic blood pressure (DBP).

younger counterparts). Besides, obesity was also found to
be an effect modifier in the associations of PM, , exposure
with SBP and DBP, with greater effect estimates in obese
participants (figure 4).

DISCUSSION
In this study, we investigated the associations between
long-term exposure to PM, and hypertension preva-
lence, SBP and DBP. We found that PM, . was associated
with increased risk of hypertension prevalence and eleva-
tion of blood pressure. Non-linearity in these associa-
tions was also observed. The C-R curves for hypertension
and SBP showed steeper slopes for PM, ; concentration
above 50 pg/m®; while the C-R curve for PM, ~DBP was
U-shaped, with the turning point around 50 pg/m The
elderly, men, non-current smokers and obese participants
appeared to be more susceptible to the exposure of PM, ..
Our study contributes to the existing scientific litera-
ture in several ways. First, by including participants in a
national cross-sectional survey with long-term exposure
to PM, , ranged from 8.8 to 93.8 pg/m’, we are able to
comprehenswely assess the association of PM, . expo-
sure with hypertension prevalence and blood pressure
among a more diverse spectrum of population with a
wider range of PM, . concentrations. We found exposure
to PM, . was positively associated with hypertension preva-
lence and blood pressure. This echoed the data showing
that there was an absolute increase of 139 million indi-
viduals with hypertension in China during a decade from
2002 to 2013/2014,20 with the national annual mean
PM, , increasing from 39.5 to 47 pg/m’ between 2000
and 2013 *! Specifically, in some high-polluted areas
such as Beijing-Tianjin-Hebei region of 2013, the annual
average concentrations of PM,, had reached 98.9 pg/
m”, and daily average concentrations had exceeded 300
pg/m>* # Furthermore, the magnitude of the effects
for each 10 pg/m’ increment in PM, . was also similar
compared with other studies.” ” **** For example, one
study found that each 10 pg/m’ in PM, , was associated

4

Song J, et al. BMJ Open 2021;11:2050159. doi:10.1136/bmjopen-2021-050159


https://dx.doi.org/10.1136/bmjopen-2021-050159
https://dx.doi.org/10.1136/bmjopen-2021-050159

with increases of 0.45 and 0.07 mm Hg in SBP and DBP,
respectively.** And ORs for hypertension prevalence
related to a 10 pg/m’ increase in PM, , were ranged from
1.01 to 1.14 in prior studies.” * ** It is also noteworthy
that others have reported no or inconsistent associa-
tions.” ** Adar et al found no associations between expo-
sures to PM , and blood pressure based on a longitudinal
cohort.”” However this study only included a small frac-
tion of Chinese populations (10%), and was conducted
1n the USA with a mean annual average PM,, of 17 pg/
m?, which was lower than the present study (49.2 ng/m”).

Second, we provided new information on the C-R
relationship between long-term PM, . exposure and
hypertension prevalence. Previous research reported a
U-shaped relationship with a threshold PM, ; of 47.9 pg/
m”.” However, in our study, the risk of hypertension asso-
ciated with PM, , became even more pronounced when
the exposure was extended to higher levels. This finding
was in line with a prior study based on prospective cohorts
showed that there was a stepwise increase in the risk of
developing hypertension with increasing quartiles of
long-term PM, exposure.” This result suggests that, for
a given decrease in the concentration of PM, , a greater
reduction in excess hypertension prevalence would
be obtained in highly polluted regions compared with
regions with low to moderate levels of PM, ; exposure. In
this respect, the implication of air quality improvements
in highly polluted regions of China in recent years would
be more profound. It has shown that from 2013 to 2018,
the annual average concentration of PM in Beijing-
Tianjin-Hebei region has declined by 49%.” C0n51der1ng
the population size and baseline PM, , levels in these
areas, the public health impact related to PM, , reduction
would be huge.

Third, we found evidence of non-linearity in the rela-
tionships of PM,, exposure with SBP and DBP. Inter-
estingly, the shapes of curves for SBP and DBP were
different. Although the relevant mechanism remains
unclear, pathophysiological changes, such as systemic
inflammation, atherosclerosis, endothelial dysfunction
and increased arterial stiffness,* may have contributed
to the observed patterns. The increased arterial stiffness
induced by PM, ; would initially lead to elevation in SBP
and decline in DBP, creating an increased pulse pres-
sure.” While with further increase of arterial stiffness,
the heart rates got higher to maintain the stroke volume,
which could result in the rise of DBP afterward. In addi-
tion, prior studies have reported the effects of PM, , expo-
sure on pulse pressures showing a tendency of rising first
and then declining at hlgher PM, , levels, which partially
supports this hypothesis.”*

Fourth, we assessed the subpopulation differences
through stratified analyses and identified the susceptible
individuals to the exposure of PM, .. We observed the
large effect estimates of PM, ; on SBP among the elderly.
Elderly subjects may commonly represent a higher prev-
alence of pre-existing cardiovascular and respiratory
diseases, which may confer susceptibility to PM, .. Also,

the results showed that PM, , exposure had larger effects
on hypertension in men, and such increased suscepti-
bility may be related to sex-related differences in the
deposition localisation and rates of air pollutants; specif-
ically, men have larger airways and slightly lower airway
reactivity.”® Furthermore, we found stronger associations
of PM, . and blood pressure in obese participants. The
greater response observed in obese individuals may be
attributed to the higher deposition rate of PM,  expo-
sure. This has been demonstrated in overweight chil-
dren, where there was an increase in tidal volume and
resting minute ventilation.” Additionally, smoking status
was found to be an effect modifier with smaller effects on
hypertension among current smokers. This finding is also
supported by prior research.®** One possible explanation
is that smoking and PM, ; exposure may share the same
pathways in mediating cardiovascular effects and smoking
may play a dominant role in smokers. Thus, exposure to
PM, , might not exert additional harmful effects via the
same pathway.** There is also some potential that the
greater effect size in non-current smokers could also be
connected to some of them being advised to quit smoking
because of multiple comorbidities.

Our study should also be interpreted in the context of
several limitations. First, given the nature of the cross-
sectional study design, the causal relationship could not
be established. Additional research is needed to examine
these relationships in a prospective manner. Second,
a selection bias is possible because our analysis was
restricted to participants with available PM, . data. Third,
while we included a number of potential confounders in
the analyses, there might be unmeasured confounders
that affected the observed associations. In particular, we
were unable to control for other confounders such as
diet and physical activity, because these data were only
available in a subset of the China PEACE Million Persons
Project cohort. Fourth, we used the data from the fixed
monitors to estimate the exposure of PM, and did not
account for residential proximity to major roads, time-
activity patterns and indoor-related characteristics, which
would likely result in non-differential measurement
errors. However, this approach is commonly used and
previous research has indicated that PM, , exposure esti-
mated by the nearest monitor was highly correlated with
other sophisticated approaches.* Fifth, other gaseous
pollutants, such as NOx and ozone, temperature and
noise were not included in this study. As a result, we were
not able to determine whether the observed effects were
specifically attributable to PM,  or the combined effects
of these factors.

In conclusion, our study demonstrated that long-term
exposure to PM, was positively associated with blood
pressure and hypertension prevalence. The effect of PM,
on hypertension prevalence was more pronounced at
higher PM, ., concentrations. Our findings reinforce the
need to develop comprehensive strategies for addressing
air pollution problems, especially for areas with severe air
pollution.
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