
Contents lists available at ScienceDirect

Environment International

journal homepage: www.elsevier.com/locate/envint

Physical activity attenuated association of air pollution with estimated 10-
year atherosclerotic cardiovascular disease risk in a large rural Chinese adult
population: A cross-sectional study

Runqi Tua,1, Jian Houa,1, Xiaotian Liua, Ruiying Lia, Xiaokang Donga, Mingming Pana,
Zhenxing Maoa, Wenqian Huoa, Gongbo Chenb, Yuming Guoa,c, Shanshan Lic,⁎,
Chongjian Wanga,⁎

a Department of Epidemiology and Biostatistics, College of Public Health, Zhengzhou University, Zhengzhou, Henan, PR China
bDepartment of Global Health, School of Health Sciences, Wuhan University, Wuhan, China
c Department of Epidemiology and Preventive Medicine, School of Public Health and Preventive Medicine, Monash University, Melbourne, Australia

A R T I C L E I N F O

Handling Editor: Adrian Covaci

Keywords:
Physical activity
Air pollution
Atherosclerotic cardiovascular disease
Rural population

A B S T R A C T

Background: Although long-term exposure to air pollution and physical inactivity are linked to increased risk for
atherosclerotic cardiovascular diseases (ASCVD), however, the interactive effect of air pollution and physical
activity (PA) on high 10-year ASCVD risk is largely unknown.
Methods: A total of 31,162 individuals aged 35–74 years were derived from the Henan Rural Cohort Study, after
individuals with personal histories of ASCVD or missing data on predictors of high 10-year ASCVD risk were
excluded. Concentrations of air pollutants (nitrogen dioxide (NO2), particulate matter with an aerodynamics
diameters ≤ 1.0 µm (PM1), ≤2.5 µm (PM2.5) or ≤10 µm (PM10)) of individuals were estimated using a spa-
tiotemporal model based on satellites data. The metabolic equivalent (MET) of PA of each individual was
evaluated using the formula: duration (hour/time) × frequency/week × MET coefficient of each type of ac-
tivity. Logistic regression models were used to analyze associations between air pollutants, PA and high 10-year
ASCVD risk. Interaction plots were used to describe interactive effects of air pollutants and PA on high 10-year
ASCVD risk.
Results: Each 1 µg/m3 increase in PM1, PM2.5, PM10 and NO2 were related to a 4.4% (odds ratio (OR): 1.044,
95% confidence interval (CI): 1.034, 1.056), 9.1% (OR: 1.091, 95% CI: 1.079, 1.104), 4.6% (OR: 1.046, 95% CI:
1.040, 1.051) or 6.4% (OR: 1.064, 95% CI: 1.055, 1.072) increase in high 10-year ASCVD risk (all p < 0.001),
respectively; each one unit-increase in PA MET (hour/day) value was related to a 1.8% (OR: 0.982, 95% CI:
0.980, 0.985) decrease in high 10-year ASCVD risk. Negative interactive effects of PA and PM1, PM2.5, PM10 and
NO2 on high 10-year ASCVD risk were observed (all p < 0.001).
Conclusion: Exposure to high levels of air pollutants were related to increase high 10-year ASCVD risk and these
associations were attenuated by PA, implying that PA may be an effective method to the prevention of high 10-
year ASCVD risk in highly polluted rural regions.

1. Introduction

Atherosclerotic cardiovascular disease (ASCVD) consists of a

clustered diseases such as coronary artery disease, stroke and peripheral
artery disease which are major cause by atherosclerotic lesion (Stone
et al., 2013). In China, the burden of cardiovascular disease (CVD) is
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higher in lower economic development of western provinces (Tibet and
Yunnan) than higher economic development of coastal provinces (Hong
Kong and Shanghai) during 1990–2016, implying that the burden of
diseases exists between-province discrepancy (Liu et al. 2019b; Zhou
et al. 2016). CVD remains the leading cause of disease burden, for in-
stance, the stroke and ischemic heart disease were the two major causes
of death in 2017 (Zhou et al. 2019) and the age-standardized prevalent
CVD increased by 14.7% from 1990 to 2016 in China (Liu et al. 2019b).
In addition to the traditional risk factors (high systolic blood pressure,
smoking and high-sodium diet) of CVD, ambient air pollution has be-
come the fourth risk factor of CVD morality (Zhou et al. 2019).

China is now facing unprecedented air pollution-related adverse
health effect such as CVD, due to rapid modernization and urbanization
(Lee et al. 2015; Samek 2016). Air pollution causes 1.1 million deaths,
which is equal to 26% of the global deaths (4.2 million) in 2015 (Niu
et al. 2017). Few studies indicate that exposure to higher levels of air
pollutants are related to increased risk of the incident CVD (An et al.
2018; Loop et al. 2018). Although the underlying mechanisms of these
associations are still unclear, available evidences show that excessive
reactive oxygen species production and lipid oxidation induced chronic
inflammatory diseases of the blood vessel wall, which contributed to
the development of CVD (Ellulu et al. 2016; Taleb 2016). A growing
body of evidences have shown that air pollutants relate to cardiovas-
cular events may cause vulnerable plaque formation via inducing sys-
temic inflammatory response (Stachyra et al. 2017; Xu et al. 2019).
Both in vivo and in vitro studies have suggested that exposure to air
pollutants are positively associated with inflammatory response (Liu
et al. 2014; Park et al. 2018; Pope et al. 2016). Furthermore, en-
dothelial dysfunction in response to air pollutants (Munzel et al. 2018)
may induce vascular inflammation and vascular remodeling involved in
the pathogenic sequelae of atherogenesis and acute coronary events
(Pope et al. 2016).

The beneficial effects of physical activity (PA) regularity on human
health have been well studied. Accumulated evidences reveal beneficial
effects of PA on several diseases such as cardiovascular risk and all-
cause mortality (Hamer et al. 2019a; Hamer et al. 2019b; Lacombe et al.
2019; Kyu et al. 2016) and increase the quality of life in people (Hallal
et al. 2012). For instance, PA may protect against lung function re-
duction in relation to acute black carbon exposure (Laeremans et al.
2018). However, there is still a lack of evidence on interactive effect of
long-term air pollutants and PA on 10-year ASCVD risk in rural Chinese
adults. Thus, in this study, we aimed to assess associations of long-term
exposure to ambient air pollution or PA with 10-year ASCVD risk based
on the equations described in the previous study (Yang et al. 2016) and
their interactive effect on 10-year ASCVD risk using the baseline data
from the Henan Rural Cohort Study.

2. Material and Methods

2.1. Settings and participants

The Henan Rural Cohort Study is a large population-based survey
conducted in the Henan province of China during 2015–2017. Details of
design of the Henan Rural Cohort Study have described elsewhere (Liu
et al. 2019c). Briefly, 39,259 individuals aged 18–79 years were re-
cruited using a multi-stage sampling method. In the first stage, five
rural countries (Tongxu, Suiping, Yima, Xinxiang and Yuzhou) were
selected from east, south, west, north and central of Henan province by
using the simple cluster sampling method (Fig. S1). In the second stage,
one to three rural townships were selected based on the local medical
conditions in each selected country. In the final stage, permanent re-
sidents were recruited from each rural village in the each selected
township. To estimate the 10-year ASCVD risk, individuals with missing
data on predictors (waist circumference (WC), systolic blood pressure
(SBP), total cholesterol (TC), high-density lipoprotein cholesterol (HDL-
C), diabetes and family history of ASCVD) of 10-year ASCVD risk

(n = 476) were excluded; individuals with personal histories of ASCVD
(n = 4084) were excluded; individuals with aged < 35 years
(n = 2339) or ≥75 years (n = 1198) were excluded. Finally, a total of
31,162 individuals were used for analyses in this study.

2.2. Covariates and estimation of 10-year ASCVD risk

The information on socio-demographic characteristics, lifestyle ha-
bits and personal histories of medicine and disease was collected using
a standardized questionnaire by trained research staff through face-to-
face interview. Educational levels were divided into elementary school
or below, middle school and high school or above groups; marital status
was classified into married/living together, divorced/widowed/sepa-
rated and unmarried groups. Average monthly income was divided
into < 500 RMB, 500–999 RMB, and ≥1000 RMB groups. Smoking
and drinking status were classified into current, ever and never groups.
Dietary habits were defined as high (≥75 g/day) and low (<75 g/day)
of fat diet as well as high (≥500 g/day) and low (< 500 g/day) of fruit
and vegetable intake (The Chinese Nutrition Society, 2011). Interna-
tional PA Questionnaire was used to assess the metabolic equivalent
(MET) of PA. The detailed procedure was described in a previous study
(Tu et al. 2019). Briefly, the MET of PA of each individual was eval-
uated using the formula: duration (hour/time) × frequency/
week × MET coefficient of each type of activity (Hou et al. 2020). WC
of each individual was measured at 1 cm above the navel by using non-
elastic tape (WHO, 2008). The height of each individual was measured
by using tape under the conditions of individual without shoes in the
upright position against a calibrated wall (Liu et al. 2019c). Body
weight was measured for each individual by using the Omron body fat
and weight measurement device (V. BODY HBF-371, OMRON, Japan)
(Liu et al. 2019c). Blood pressure was measured three times for each
individual on the right arm at heart level in a sitting position by using
the electronic sphygmomanometers. The average of three times blood
pressure of each individual was used for the further analysis.

The blood samples were collected after fasting at least 8 h and used
to measure blood biochemical indices (such as TC, HDL-C and fasting
blood glucose). Diabetic individuals were defined as those who had a
fasting glucose ≥ 7.1 mmol/L or self-reported current treatment with
anti-diabetes medication. Family histories of ASCVD were defined as at
least a parent or a sibling with coronary heart disease, myocardial in-
farction or stroke. The values of 10-year ASCVD risk of individuals were
estimated by using the equations from China-PAR Project (prediction
for ASCVD Risk in China) (Yang et al. 2016) and classified into high
(≥10%) and low (<10%) 10-years ASCVD risk.

2.3. Air pollutants exposure assessment.

Individuals’ exposure to particulate matter with an aerodynamic
diameter ≤ 1.0 µm (PM1), ≤2.5 µm (PM2.5), and ≤10 µm (PM10), and
nitrogen dioxide (NO2) were estimated based on the satellite remote
sensing, monitoring data, meteorological, land use data and other
predictors. Details of data collection and processing were described
elsewhere (Chen et al. 2018a; Chen et al. 2018b; Chen et al. 2018c).
Briefly, daily ground-levels PM1 concentrations were obtained from the
77 stations in the China Atmosphere Watch Network. Daily ground-
levels PM2.5, PM10 and NO2 concentrations were obtained from the
1497 stations of China National Environmental Monitoring Center.
Daily satellite-observed aerosol optical depth (AOD; from the MODIS
satellite) or tropospheric NO2 from the ozone monitoring instrument
(OMI, level 3 NO2 product) was used as independent variable in the
models to estimate concentrations of PM (PM1, PM2.5 and PM10) and
NO2. Apart from satellite-based data, meteorological (relative hu-
midity, barometric pressure and wind speed) and land use data (per-
centage of urban cover and greenness) were also incorporated into the
models to assess concentrations of four air pollutants. The model was
developed by using a random forest method which showed a high
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predictive ability and was robust to overfitting and noise (Breiman
2001; Liaw and Wiener 2002). Individuals’ air pollutants exposure were
assessed by using their corresponding geocoded home addresses
(longitude and latitude) three years before this study was conducted.

2.4. Statistical analysis

Continuous and categorical variables were presented as mean ±
standard deviation (SD) and number (percentage), respectively. The
normally distributed variables and categorical variables between low
and high 10-year ASCVD risk groups were compared by Student's t test
and Chi-square test, respectively. Two models were developed to assess
associations of long-term exposure to air pollution, PA and high 10-year
ASCVD risk by using logistic regression models: model 1 was un-
adjusted; model 2 adjusted for gender, marital status, education levels,
averaged monthly income, drinking status, high fat diet as well as fruit
and vegetable intake. Interaction plots were applied to describe the
interaction effects of long-term exposure to air pollution and PA on high
10-year ASCVD risk, after adjusting for gender, marital status, educa-
tion level, averaged monthly income, drinking status, high-fat diet as
well as fruit and vegetable intake. All data were analyzed by using R
version 3.5.1 and the statistical significance was set p-value < 0.05 at
two tails.

3. Results

3.1. Study population characteristics

Table 1 showed the demographic characteristics of the 31,162
participants aged from 35 to 74 years old. Overall, a total of 8770
subjects had a higher 10-year ASCVD risk. The mean (SD) age of in-
dividual with low and high 10-year ASCVD risk were 52.37 (8.58) and
64.90 (6.27), respectively. Different distributions in the other selected
variables were found between individuals with low and high 10-year
ASCVD risk (All p < 0.05). Fig. 1 exhibited that the concentration
ranges of PM1, PM2.5, PM10 and NO2 were 49.10–70.93 µg/m3,
69.29–84.95 µg/m3, 122.36–148.78 µg/m3 and 31.00–48.77 µg/m3,
respectively. The median concentrations of PM1 (57.33 µg/m3 vs.
56.89 µg/m3), PM2.5 (73.82 µg/m3 vs. 73.21 µg/m3), PM10 (134.3 µg/
m3 vs. 132.63 µg/m3) and NO2 (40.73 µg/m3 vs. 40.08 µg/m3) in in-
dividuals with high 10-year ASCVD risk was higher than the ones with
low 10-year ASCVD risk.

3.2. Associations of ambient air pollution or PA with high 10-year ASCVD
risk.

Fig. 2 showed that in model 1, each 1 µg/m3 increase in PM1, PM2.5,
PM10, and NO2 concentrations were related to a 3.3% (odds ratio (OR):
1.033, 95% confidence interval (CI): 1.024, 1.042), 6.7% (OR: 1.067,
95% CI: 1.057, 1.077), 3.2% (OR: 1.032, 95% CI: 1.027, 1.036), and
4.3% (OR: 1.043, 95% CI: 1.036, 1.050) increase in high 10-year
ASCVD risk, respectively; each one unit-increase in MET of PA was
related to a 1.7% (OR: 0.983, 95% CI: 0.981, 0.986) decrease in high
10-year ASCVD risk. In model 2, after adjusting for gender, education
level, marital status, average monthly income, drinking status, high fat
diet, fruit and vegetable intake, each 1 µg/m3 increase in PM1, PM2.5,
PM10 and NO2 were related to a 4.4% (OR: 1.044, 95% CI: 1.034,
1.056), 9.1% (OR: 1.091, 95% CI: 1.079, 1.104), 4.6% (OR: 1.046, 95%
CI: 1.040, 1.051) or 6.4% (OR: 1.064, 95% CI: 1.055, 1.072) increase in
high 10-year ASCVD risk, respectively; each one unit-increase in MET
(hour/day) of PA was related to a 1.8% (OR: 0.982, 95% CI: 0.980,
0.985) decrease in high 10-year ASCVD risk.

3.3. Interactive effect of ambient air pollution and PA on high 10-year
ASCVD risk

Fig. 3 exhibited that the estimated effect of air pollutants con-
centrations on high 10-year ASCVD risk altered by increasing the value
of PA MET. The positive associations of PM1, PM2.5, PM10 and NO2 with
high 10-year ASCVD risk were attenuated accompanying with increase
in the value of PA MET. Table S1 showed that the estimated regression
coefficients of PM1, PM2.5, PM10 and NO2 for high 10-year ASCVD risk
were associated with 0.003, 0.0028, 0.0014 and 0.0026 decrease along
with each one unit increase in PA MET (hour/day) value, respectively.
Associations of PM1, PM2.5, PM10 and NO2 with high 10-year ASCVD
risk were completed counteracted by PA at the levels of 25.5, 38.0, 39.4
and 33.4 (hour/day).

Table 1
Distributions of selected variables of the study participant by low and high 10-
year ASCVD risk.

Variables 10-year ASCVD risk

low (n = 22392) High (n = 8770) p-values

Age (year, mean ± SD) 52.37 ± 8.58 64.90 ± 6.27 <0.001a

Gender (Females, n, %) 15148(67.65) 3851(43.91) <0.001b

Education level (n, %)
Elementary school or
below

8559(38.22) 5361(61.13) <0.001b

Middle school 10430(46.58) 2581(29.43)
High school or above 3403(15.20) 828(9.44)

Marital status (n, %)
Married/living together 21058(94.04) 7500(85.52) <0.001b

Divorced/widowed/
separated

1217(5.43) 1166(13.30)

Unmarried 117(0.52) 104(1.19)
Average monthly income (n,

%)
< 500 RMB 7110(31.75) 3883(44.28) <0.001b

500–999 RMB 7692(34.35) 2787(31.78)
≥1000 RMB 7590(33.90) 2100(23.95)

Smoking status (n, %) <0.001b

Never 17398(77.70) 5329(60.76)
Former 1176(5.25) 1147(13.08)
Current 3818(17.05) 2294(26.16)

Drinking status (n, %) <0.001b

Never 17779(79.40) 6284(71.65)
Former 675(3.01) 584(6.66)
Current 3938(17.59) 1902(21.69)

High-fat diet (≥75 g/day, n,
%)

4752(21.22) 1311(14.95) <0.001b

Fruit and vegetable intake
(≥500 g/day, n, %)

10103(45.12) 3118(35.56) <0.001b

Exercise-MET (hour/day,
mean ± SD)

19.16 ± 10.01 17.50 ± 10.25 0.002a

Low (n, %) 6031(26.93) 3329(37.96) <0.001b

Moderate (n, %) 9077(40.54) 2810(32.04)
High (n, %) 7284(32.53) 2631(30.00)
WC (cm, mean ± SD) 82.86 ± 9.79 87.72 ± 10.42 <0.001a

SBP (mmHg, mean ± SD) 119.08 ± 15.24 142.13 ± 19.32 <0.001a

DBP (mmHg, mean ± SD) 75.51 ± 10.52 83.87 ± 12.08 <0.001a

TC (mg/dL, mean ± SD) 181.89 ± 36.08 191.78 ± 39.57 <0.001a

HDL-C (mg/dL, mean ± SD) 52.28 ± 12.95 48.75 ± 12.39 <0.001a

Family history of ASCVD (n,
%)

3939(17.59) 838(9.56) <0.001a

Antihypertensive treatment
with 2 week (n, %)

1422(6.35) 2943(33.56) <0.001b

Diabetes mellitus (n, %) 967(4.32) 1857(21.17) <0.001b

ASCVD: atherosclerotic cardiovascular disease; SD: standard deviation; WC:
waist circumstance; SBP: systolic blood pressure; DBP: diastolic blood pressure;
TC: total cholesterol; HDL-C: high-density; aStudent's t test was used to compare
normal distributed continuous variables between low and high 10-year ASCVD
risk groups; bA Chi-square test was used to test the distributions of categorical
variables between low and high 10-year ASCVD risk groups.
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4. Discussion

The results indicated that long-term exposure to higher levels of air
pollutants (PM1, PM2.5, PM10 and NO2) was associated with increased
high 10-year ASCVD risk. Few studies show that exposure to higher
levels of ambient air pollution (PM1, PM2.5, PM10 or NO2) was related to
increase risk for the risk factors of CVD such as blood lipid, diabetes,
hypertension (Cai et al. 2017; Li et al. 2019; Lim et al. 2018; Liu et al.
2019a). Furthermore, a prospective cohort study showed that long-term
exposure to higher PM2.5 which originated from fossil fuel combustion,
coal burning and diesel traffic was related to increase incidence of is-
chemic heart disease in United States adults (Thurston et al. 2016). Two
studies showed that per 10 µg/m3 increase in PM2.5 was associated with
1.22% and 1.37% increase for mortality of CVD in 66,820 elderly Hong
Kong Residents and 39,054 Chinese participants, respectively (Wong
et al. 2015; Zhang et al. 2014). The underling mechanisms of long-term
exposure to ambient air pollution related to increase risk for high 10-
year ASCVD risk may be that chronic exposure to air pollutants induced
impair endothelial dysfunction, atherosclerosis, and thrombosis and
ultimately led to increase cardiovascular morbidity (Puett et al. 2011;
Robertson and Miller 2018). Population-based studies showed that ex-
posure to higher air pollutants were related to increase the levels of
markers cardiovascular risk such as c-reaction protein and coronary
artery calcium (Cai et al. 2017; Wang et al. 2019), implying that ex-
posure to higher levels of air pollutants related to increased high 10-
year ASCVD risk may induce persistent inflammatory response in
human bodies and ultimately caused CVD event.

PA had a protective effect against the negative effect of long-term
exposure to air pollutants on high 10-year ASCVD risk. One study shows
that PA had beneficial effects on systemic inflammation (Poledne and
Lesna 2019). Another study suggested that PA attenuated the adverse
effect of traffic-related air pollution on systolic blood pressure (Kubesch
et al. 2015). At low concentrations of black carbon, long-term PA had a
beneficial effect on lung function decline in response to exposure to
black carbon, whereas, PA beneficial effect was lower than the adverse
effect related to high concentrations of black carbon (Laeremans et al.
2018). However, Yang and colleagues reported that individuals with PA
regularity may be increase resistance to the negative effects in relation
to exposure to air pollution (Yang et al. 2018). Additionally, evidence
shows that beneficial effects of habitual PA (such as Tai Chi and cy-
cling) on mortality of cardiovascular and respiratory related to long-
term exposure to air pollution was marginally affected (Sun et al.
2019). This study indicated that coefficient estimates of associations
four air pollutants (PM1, PM2.5, PM10 and NO2) with high 10-year
ASCVD risk was related to a 0.003, 0.0028, 0.0014 and 0.0026 reduc-
tion as with each 1 MET of PA increase (As shown in the Table S1),
inferring that PA MET at certain values could completely counteracted
the increased 10-year ASCVD risk in response to air pollutants. The
reason may be that inhaled amount of air pollutants is only a small
fraction of total inhalation of dose air pollutants during PA and bene-
ficial effect of PA on human health may outweigh than exposure to air
pollutants-related adverse health effect (Rojas-Rueda, 2011).

Several limitations need to be noted. First, owing to this study is a
cross-sectional study, cause-relationships between air pollutants or PA

Fig. 1. The violin plot was presented the distributions of 3-years averaged concentrations of air pollutants (µg/m3) and the values of MET (hour/day) of physical
activity.
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and 10-year ASCVD risk could not be established. Second, there may
exist higher spatial error of misclassification when geocoding rural
addresses rather than urban environments. Third, according to the ac-
tual rural situation, the individuals who worked or studied in city were
not contained in this study. Fourth, even though several confound
factors were controlled, some other unmeasured or unselected covari-
ates (such as genetic, methylation and hydrocarbons factors) were not
considered. Although these limitations were existed, to some extent,
results from this large population study could reflect associations of PA
or long-term exposure to ambient air pollution with high 10-year
ASCVD risk.

5. Conclusion

The results indicated that long-term exposure to high levels of air
pollutants were related to increased high 10-year ASCVD risk and those
associations were attenuated by PA regularity, indicating that PA may
be an effective method to reduce the burden of CVD in highly polluted
regions.
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