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ORIGINAL RESEARCH

Combined Effects of Physical Activity and 
Air Pollution on Cardiovascular Disease: 
A Population-Based Study
Seong Rae Kim, BSc; Seulggie Choi, MD; NaNa Keum, ScD; Sang Min Park, MD, PhD

BACKGROUND: Physical activity (PA), particularly outdoor PA, may have dual effects on cardiovascular disease (CVD) risk: health 
benefits of exercise and potential harmful effects attributable to increased exposure to air pollution. We examined the com-
bined effects of PA and air pollution on CVD.

METHODS AND RESULTS: Sampling from a nationwide cohort study of the Korean National Health Insurance Service, we ex-
amined 189 771 adults aged ≥40 years who underwent health examination between 2009 and 2010. PA was measured with 
a questionnaire on the weekly frequency and intensity. Ambient levels of particulate matter 10, 2.5 (PM10, PM2.5) were esti-
mated by the residency of participants. We conducted Cox proportional hazard regression analysis to estimate the relation-
ship between CVD risk and combined effects of PA and air pollution. Subjects with moderate to vigorous PA ≥5 times/week 
and high PM10 exposure had lower risk of CVD (adjusted hazard ratio [aHR], 0.73; 95% CI, 0.62–0.87), coronary heart disease 
(aHR, 0.76; 95% CI, 0.59–0.98), and stroke (aHR, 0.70; 95% CI, 0.56–0.88). The inverse association between PA and CVD risk 
was consistent when the analysis was performed for subjects with low/moderate PM10 exposure. When using PM2.5 data, 
the results were also consistent.

CONCLUSIONS: Moderate to vigorous PA appeared to reduce the risk of CVD within groups of both high and low PM10 or PM2.5 
levels. Further studies are needed to validate whether the health benefits of PA outweigh the potential harmful effects resulting 
from increased exposure to air pollution during PA.
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Cardiovascular disease (CVD) remains the most 
common cause of death globally.1 According 
to The Global Burden of Disease study, an esti-

mated 17.6 million global deaths per year were attrib-
utable to CVD between 2006 to 2016, which causes 
more deaths than any other disease.1 Thus, identifying 
and controlling the protective factors or risk factors of 
CVD that may contribute to the morbidity or mortality 
is important.

Many protective factors and risk factors of CVD 
have been discovered. Among them, the combined ef-
fects of physical activity (PA) and air pollution on CVD 
have been attracting great interest. Physical activity 

has long been recognized for its health benefits which 
are associated with the reduced all-cause mortality 
including protective effects for CVD.2–5 Outdoor PA, 
however, might be related with negated health benefits 
or increased CVD risk when exposing to air pollution. 
Exposure to air pollution which is associated with the 
increase in mortality has been known for its harm-
ful effects on human health.6–9 Especially, evidences 
emerge from recent studies that suggest the air pollu-
tion, such as particulate matter 10 (PM10) or PM2.5, is 
strongly associated with the CVD incidence and mor-
tality.10–12 The trade-off between the potential harmful 
effects induced by increased exposure to air pollution 
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while doing outdoor PA and the health benefits attrib-
utable to increased PA are still in dispute.6

To date, only 1 study has examined the combined ef-
fects of PA and air pollution on CVD mortality in the Danish 
Diet, Cancer, and Health cohort. Yet, this study did not in-
clude CVD incidence as the outcome variable and PM10, 
PM2.5 as the exposure variables which are the strong 
risk factors for CVD as well as the most important com-
ponents of air pollution.12 Furthermore, in this study, PA 
was not assessed by the frequency and intensity which 
are also important variables of PA to identify the precise 
combined effects that PA and air pollution have with CVD.

Until now, there is not enough evidence to better 
understand whether the health benefits of PA out-
weigh the potential harmful effects caused by aug-
mented exposure to air pollution or not. We examined 
the exact combined effects of PA and air pollution on 
CVD.

METHODS
The data will not be made available to other research-
ers for purposes of reproducing the results or replicat-
ing the procedure.

Study Population
The National Health Insurance Service (NHIS) provides 
obligatory health insurance for Korean population cov-
ering various forms of health care, and the health ex-
aminations are conducted biennially for all individuals 
aged 40 years or older.13 The NHIS-National Sample 
Cohort, randomly sampled from the NHIS database 
to ensure the representativeness of Korean citizens, 
includes data from sociodemographic characteristics, 
medical treatment history, hospital admission, outpa-
tient department visits, pharmaceutical prescription, 
and general health examination. A total of 1 025 340 
eligible participants of the cohort (2.2% of the entire 
eligible population) was randomly extracted from 2002 
NHIS database. These participants were followed until 
2013.

In this study, participants who underwent health 
examination between 2009 and 2010 were selected 
because the contents of examination and question-
naire for PA were changed in 2009. When analyzing 
the combined effect of PA and PM10 on cardiovas-
cular disease, among the 256 432 participants aged 
≥40 years who took health examinations between 2009 
and 2010, 51  820 participants who were diagnosed 
with CVD as well as 412 participants who died before 
the index date of January 1, 2011 were excluded. Then, 
8280 participants with missing values on PM10 and 
2439 participants with missing values on PA were also 
excluded. In addition, 3710 participants with missing 
values on covariates were excluded. Finally, 189 771 
participants were included in this study and were fol-
lowed up from January 1, 2011 to December 31, 2013. 
Figure 1 presents the flow diagram of selecting study 
participants.

When analyzing the combined effect of PA and 
PM2.5 on cardiovascular disease, participants resid-
ing in 3 metropolitan cities (Seoul, Busan, and Incheon) 
which are the first, second, and third most populated 
cities in South Korea were selected because only the 
3 metropolitan cities have measured PM2.5 regularly. 
Although the regional factor might contribute to the 
discrepancy in the rates of cardiovascular events be-
tween PM10 cohort and PM2.5 cohort, considering 
that the 3 metropolitan cities’ dense population ac-
counts for 1/3 of Korea’s whole population, they are 
suitable locations for this study. There are detailed ad-
ministrative residential districts in each city which are 
called “gu”, and there are 25 gus in Seoul, 16 gus in 
Busan, and 9 gus in Incheon. Figure S1 shows the dis-
tribution of population density of the cohort. Figure S2 

CLINICAL PERSPECTIVE

What Is New?
•	 This study including 189  771 participants fol-

lowed up for 3 years investigated whether the 
health benefits of physical activity outweigh the 
potential harmful effects caused by enhanced 
exposure to air pollution or not.

•	 Participants engaging in moderate to vigorous 
physical activity ≥5 times/week had decreased 
risk of cardiovascular disease within groups of 
both high and low particulate matter 10.

•	 The protective effect of moderate to vigorous 
physical activity on the risk of cardiovascular 
disease was maintained within groups of both 
high and low particulate matter 2.5 except for 
coronary heart disease.

What Are the Clinical Implications?
•	 These results suggest that moderate to vigor-

ous physical activity might be recommended for 
people without problems related to cardiopul-
monary disease wherever they live.

Nonstandard Abbreviations and Acronyms

CVD	 cardiovascular disease
PA	 physical activity
HR	 hazard ratio
PM	 particulate matter
NHIS	 National Health Insurance Service
ICD	 International Classification of Diseases
CHD	 coronary heart disease
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shows the flow diagram of selecting study participants, 
and a total of 59 115 participants were included in this 
study. The study was approved by the Institutional 
Review Board at the Seoul National University Hospital 
(Institutional Review Board number: E-1803-045-928). 
The requirement for informed consent from individuals 
was waived because NHIS-National Sample Cohort 
database is anonymized according to the strict confi-
dentiality guidelines.

Assessment of Physical Activity
PA was measured using health examination between 
2009 and 2010 with a questionnaire on the weekly fre-
quencies of PA, and it was categorized by 3 levels of 
intensity as follows: light (≥30 min/day; eg, light exer-
cise, walk for work or for leisure), moderate (≥30 min/
day; eg, fast/brisk walking, tennis, bicycle riding, 
cleaning), and vigorous (≥20 min/day; eg, running, aer-
obics, high-speed cycling, mountain hiking). Exercises 
that induce normal level of breath, such as walking 
at a normal pace, were defined as light-intensity PA. 
Exercises that induce slight shortness of breath, such 
as fast walking or tennis (doubles), were defined as 
moderate-intensity PA. Exercises that induce short-
ness of breath, such as running or aerobics, were de-
fined as vigorous-intensity PA. We especially focused 
on moderate to vigorous-intensity PA according to 

Physical Activity Guidelines for Americans, Second 
edition, in 201814,15 and categorized into 4 groups: 
none, 1 to 2 times, 3 to 4 times, ≥5 times (recommen-
dation of Physical Activity Guidelines for Americans, 
Second edition)/week.

Estimation of Individual Air Pollution 
Exposure
We obtained monitoring data on the PM10 and 
PM2.5 from the National Ambient air Monitoring 
System (https://www.airko​rea.or.kr) to estimate each 
participant’s air pollution exposure. Using National 
Ambient air Monitoring System, daily air pollution 
data can be collected from ≈300 atmospheric moni-
toring sites in Korea. We collected air pollution data 
from January 2009 to December 2010 and calcu-
lated the cumulative air pollutant levels of PM10 and 
PM2.5 for each participant using annual average 
concentrations. Since NHIS-National Sample Cohort 
provides the information about residential district of 
each participant, calculated PM10 and PM2.5 levels 
were linked with the individuals’ residential district 
code. A total of 218 residential districts were iden-
tified from NHIS-National Sample Cohort, and if 
there were unmonitored locations, we used data of 
PM10 and PM2.5 levels from the nearest monitoring 
spot. Figure S1 shows the distribution of air pollution 

Figure 1.  Flow diagram of selection of study participants.

https://www.airkorea.or.kr
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(PM10 and PM2.5) exposure, and Figure S3 indicates 
the frequency distribution of PM10 and PM2.5 con-
centrations among the study participants. We cat-
egorized the air pollution exposure by 2 levels (high 
versus moderate/low) which is separated by the 70th 
percentile of exposure range (55.13 μg/m3 for PM 10 
and 27.86 μg/m3 for PM2.5) in this cohort, which is 
presented using reference lines in Figure S3.

CVD Events
We used hospital admission records and International 
Classification of Diseases, Tenth Revision (ICD-10) to 
identify CVD which is the primary outcome, coro-
nary heart disease (CHD), and stroke which are the 
secondary outcomes. We defined CVD events as ≥2 
days of hospitalization or death because of ICD-10 
codes which are main-diagnosis or sub-diagnosis 
on CVD to exclude the cases that did not occur to 
be genuine CVD.16 According to American Health 
Association guidelines, we used ICD-10 codes to 
identify the CVD including CHD and stroke which are 
divided from CVD as follows: cardiovascular disease 
(ICD-10 codes, I20–I25, I60–I69), coronary heart 
disease (ICD-10 codes, I20–I25), and stroke (ICD-10 
codes, I60–I69).17

Statistical Analysis
Individuals in this study were followed up starting on 
January 1, 2011, and they were censored at the date 
of the event of CVD including CHD and stroke, or 
December 31, 2013, whichever came first. We per-
formed Cox proportional hazards regression analy-
sis to estimate the hazard ratios (HR) and 95% CI 
of CVD, CHD, and stroke based on the combined 
effects of the moderate to vigorous PA and PM10 
or PM2.5 exposure. The effects of joint categories 
of the moderate to vigorous PA and PM10 or PM2.5 
exposure were calculated by comparing all category 
groups with a reference group which includes par-
ticipants with no moderate to vigorous PA and low/
moderate PM10 or PM2.5 exposure. We developed 
multivariable model adjusting for age, sex, house-
hold income (first, second, third, and fourth quar-
tiles), body mass index, smoking (never, former, and 
current smoker), alcohol intake (0, 1–2, 3–4, and ≥5 
times/week), systolic blood pressure, fasting serum 
glucose, total cholesterol, and Charlson Comorbidity 
Index. Household income was estimated based on 
each participant’s insurance premium. We used ICD-
10 codes for major comorbidities from 2009 to 2010 
to estimate Charlson Comorbidity Index. The scaled 
Schoenfeld residual method was used to examine 
the proportional hazard assumption.

Secondary Cox proportional hazards regression 
analyses were conducted to estimate the HR and 95% 

CI of CVD, CHD, and stroke according to moderate 
to vigorous PA categories when stratified by the level 
of PM10 or PM2.5, and presented an interaction term 
between each PA and PM10 or PM2.5. In addition, 
subgroup analyses were performed by various factors 
such as sociodemographic factors (age, sex, and in-
come) or health behavior and health status (smoking 
status, alcohol consumption, body mass index, and 
Charlson Comorbidity Index).

The statistical significance level was defined as 
P<0.05, and the probability values were 2-sided. We 
conducted all analyses and data collection using 
STATA ver. 13.0 (STATA Corp) and SAS ver. 9.4 (SAS 
Institute Inc).

RESULTS
Table  1 (whole country) and Table S1 (3 metropoli-
tan cities) show the descriptive characteristics of 
study participants which were examined using de-
scriptive statistics. According to Table 1, during the 
561  299  person-years of follow-up, a total of 3393 
CVD events (1478 CHD events; 1946 stroke events) 
occurred. Participants doing more PA tended to be 
relatively younger, men, and never or former smok-
ers. They also had normal range of body mass index, 
higher income, higher blood pressure, higher fasting 
glucose, and lower total cholesterol values. In addi-
tion, participants with low/moderate level of PM10 or 
PM2.5 exposure were more physically active com-
pared with those with high level of PM10 or PM2.5 
exposure.

Figure 2 showed that higher frequency of moderate 
to vigorous PA was significantly associated with lower 
risk of CVD, CHD, and stroke among individuals with 
low/moderate level of PM10 exposure and individuals 
with high level of PM10 exposure. Compared with in-
dividuals in the no moderate to vigorous PA and low/
moderate PM10 exposure group, participants with 
moderate to vigorous PA ≥5 times/week and high PM10 
exposure had lower risk of CVD (adjusted hazard ratio 
[aHR], 0.73; 95% CI, 0.62–0.87), CHD (aHR, 0.76; 95% 
CI, 0.59–0.98), and stroke (aHR, 0.70; 95% CI, 0.56–
0.88). Subjects with moderate to vigorous PA ≥5 times/
week and low/moderate PM10 exposure also had lower 
risk of CVD (aHR, 0.84; 95% CI, 0.75–0.93), CHD (aHR, 
0.80; 95% CI, 0.68–0.95), and stroke (aHR, 0.86; 95% 
CI, 0.75–0.99). The inverse association between the 
frequency of moderate to vigorous PA and stroke was 
stronger among subjects with low/moderate level of 
PM10 exposure. According to Table 2, these trends did 
not change when stratifying the participants into low/
moderate PM10 exposure and high PM10 exposure 
groups, and no significant effect modification of the 
negative relationship between moderate to vigorous PA 
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and the risk of CVD (P for interaction=0.692), CHD (P for 
interaction=0.879), and stroke (P for interaction=0.515) 
was detected by the level of PM10 exposure.

When conducting subgroup analyses, although 
the statistical significance was attenuated in several 
subgroups, the results and trends of most subgroup 

Table 1.  General Characteristics of the Study Participants

None

Frequencies of Moderate to Vigorous PA (Per Wk)

1 to 2 3 to 4 ≥5

Number of people 94 300 33 737 25 252 36 482

Air pollution, mean (SD)

PM10, μg/m3 52.22 (7.33) 52.45 (7.28) 52.25 (7.27) 52.01 (7.22)

Age, y, mean (SD) 52.5 (10.5) 49.1 (8.5) 50.2 (9.1) 52.2 (9.5)

Age, y, n (%)

40 to 50 36 610 (38.82) 17 388 (51.54) 11 534 (45.68) 13 388 (36.70)

50 to 60 29 297 (31.74) 10 812 (32.05) 8562 (33.91) 12 846 (35.21)

60 to 70 17 736 (18.81) 4027 (11.94) 3831 (15.17) 7501 (20.56)

≥70 10 027 (10.63) 1510 (4.48) 1325 (5.25) 2747 (7.53)

Body mass index, kg/m2, mean (SD) 23.7 (3.1) 23.8 (3.0) 23.9 (3.0) 24.0 (2.8)

Body mass index, kg/m2, n (%)

<18.5 2871 (3.04) 830 (2.46) 511 (2.02) 620 (1.70)

18.5 to 22.9 37 087 (39.33) 13 025 (38.61) 9394 (37.20) 13 172 (36.11)

23.0 to 24.9 24.213 (25.68) 9107 (26.99) 6817 (27.00) 10 389 (28.48)

25.0 to 29.9 27 169 (28.81) 9799 (26.99) 7762 (30.74) 11 281 (30.92)

≥30.0 2960 (3.14) 976 (2.89) 768 (3.04) 1020 (2.80)

Sex, n (%)

Men 39 399 (41.78) 18 771 (55.64) 13 734 (54.39) 19 408 (53.20)

Women 54 901 (58.22) 14 966 (44.36) 11 518 (45.61) 17 074 (46.80)

Household income, quartile, n (%)

First (highest) 25 989 (27.56) 12 142 (35.99) 9537 (37.77) 13 262 (36.35)

Second 29 131 (30.89) 10 142 (30.06) 7447 (29.49) 10 627 (29.13)

Third 23 016 (24.41) 6990 (20.72) 4828 (19.12) 7397 (20.28)

Fourth (lowest) 16 164 (17.14) 4463 (13.23) 3440 (13.62) 5196 (14.24)

Smoking, n (%)

Never 65 454 (69.41) 19 363 (57.39) 14 984 (59.34) 22 574 (61.88)

Former 9834 (10.43) 5751 (17.05) 4726 (18.26) 7198 (19.73)

Current 19 012 (20.16) 8623 (25.56) 5542 (21.95) 6710 (18.39)

Alcohol intake, times per week, mean (SD) 0.9 (1.6) 1.1 (1.4) 1.1 (1.5) 1.1 (1.6)

Alcohol intake, times per wk, n (%)

0 61 135 (64.83) 15 903 (47.14) 12 314 (48.76) 19 068 (52.27)

1 to 2 20 967 (22.23) 13 006 (38.55) 9118 (36.11) 11 361 (31.14)

3 to 4 7466 (7.92) 3602 (10.68) 2866 (11.35) 4095 (11.22)

≥5 4732 (5.02) 1226 (3.63) 954 (3.78) 1958 (5.37)

Systolic blood pressure, mm Hg, mean (SD) 123.5 (15.8) 122.5 (14.8) 122.8 (14.8) 123.9 (15.07)

Fasting serum glucose, mg/dL, mean (SD) 99.2 (25.1) 98.5 (24.0) 99.2 (24.6) 99.8 (24.4)

Total cholesterol, mg/dL, mean (SD) 200.3 (37.4) 200.1 (36.2) 199.9 (36.5) 199.2 (36.7)

Charlson Comorbidity Index, mean (SD) 1.5 (1.4) 1.3 (1.3) 1.4 (1.4) 1.5 (1.5)

Charlson Comorbidity Index, n (%)

0 26 074 (27.65) 10 778 (31.95) 7563 (29.95) 10 196 (27.95)

1 30 875 (32.74) 11 626 (34.46) 8503 (33.67) 11 843 (32.46)

≥2 37 351 (39.61) 11 333 (33.59) 9186 (36.38) 14 443 (39.59)

PA indicates physical activity; and PM, particulate matter.
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analyses were consistent with the overall result of 
whole group analysis for CVD risk except for subjects 
with body mass index <18.5 and low/moderate PM10 
exposure (aHR, 2.25; 95% CI, 1.21–4.18). Results of 
subgroup analyses were summarized in Figure 3 and 
Figure S4.

When using PM2.5 as an exposure variable instead 
of PM10, overall results and trends were similar with 
those of PM10. Figure 4 indicated higher frequency 
of moderate to vigorous PA was significantly related 
with lower risk of CVD and stroke among individuals 
with low/moderate level of PM2.5 exposure and indi-
viduals with high level of PM2.5 exposure. Compared 
with individuals in the no moderate to vigorous PA 
and low/moderate PM2.5 exposure group, Subjects 
with moderate to vigorous PA ≥5 times/week and high 
PM2.5 exposure had decreased risk of CVD (aHR, 
0.62; 95% CI, 0.45–0.86) and stroke (aHR, 0.52; 95% 
CI, 0.32–0.83). Participants with moderate to vigor-
ous PA ≥5 times/week and low/moderate PM2.5 ex-
posure also had lower risk of CVD (aHR, 0.74; 95% 
CI, 0.60–0.91) and stroke (aHR, 0.68; 95% CI, 0.50–
0.91). On the other hand, these inverse associations 
were attenuated in the relationship between higher 
frequency of moderate to vigorous PA and CHD. The 
inverse association between the frequency of mod-
erate to vigorous PA and stroke was stronger among 

subjects with low/moderate level of PM2.5 exposure. 
Table 3 indicated that these trends were consistent 
when stratifying the participants into low/moderate 
PM2.5 exposure and high PM2.5 exposure groups, 
and no significant effect modification of the negative 
relationship between moderate to vigorous PA and 
the risk of CVD (P for interaction=0.501) and stroke 
(P for interaction=0.689) was detected by the level of 
PM2.5 exposure.

Figure  5 and Figure S5 presented the results of 
subgroup analyses. Although the statistical signifi-
cance was attenuated in some subgroups, the re-
sults and trends of most subgroup analyses were 
similar with the overall result of whole group analysis 
for CVD risk.

Although there was a discrepancy in the proportion 
of gus with high PM2.5 among 3 metropolitan cities 
(3 of 25 gus in Seoul, 3 of 16 gus in Busan, and 8 of 
9 gus in Incheon with high PM2.5), according to Table 
S2, the overall results were consistent after adjusting 
for location.

DISCUSSION
In a nationwide, longitudinal, large cohort study, 
we found that engaging in moderate to vigorous PA 
≥5 times/week was significantly associated with a 

Figure 2.  Combined effects of moderate to vigorous PA and PM10 on (A) CVD, (B) CHD, and (C) stroke risk.
aHR (95% CI) were calculated using Cox proportional hazards regression analysis after adjusting for age, sex, household income, 
body mass index, smoking, alcohol intake, systolic blood pressure, fasting serum glucose, total cholesterol, and Charlson Comorbidity 
Index (where *P<0.05). Individuals with no moderate to vigorous PA and low/moderate PM10 exposure are the reference group for all 
aHRs. aHR indicates adjusted hazard ratio; CHD, coronary heart disease; CVD, cardiovascular disease; PA, physical activity; and PM, 
particulate matter.
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decreased risk of CVD which was defined as ≥2 days 
of hospitalization or death because of ICD-10 codes on 
CVD within groups of both high and low PM10 among 
individuals without CVD previously. The protective 
effect of moderate to vigorous PA on CVD risk was 
maintained within groups of both high and low PM2.5 
except for coronary heart disease. The level of PM10 or 
PM2.5 did not significantly modify the health effects of 
moderate to vigorous PA on CVD. To our knowledge, 
this is the first study to identify that high frequency of 

moderate to vigorous PA is associated with lower risk 
of CVD within groups of both high and low levels of 
PM10 or PM2.5 exposure.

According to a previous study, the trade-off 
between the potential harmful effects caused by 
augmented exposure to air pollution while doing 
outdoor PA and the positive health effects because 
of increased PA remains unclear.6 Several studies 
emphasized the augmented harmful effects of air pol-
lution because outdoor PA may induce the amplified 

Table 2.  Hazard Ratios for Cardiovascular Disease Risk According to Frequencies of Moderate to Vigorous PA Stratified 
by Level of PM10

Frequencies of Moderate to Vigorous PA (Per Wk)

P for Trend
P for 

InteractionNone 1 to 2 3 to 4 ≥5

Number of people

Low/moderate PM10 
(<55.13 μg/m3)

65 296 23 110 17 635 25 951 <0.001

High PM10 (≥55.13 μg/m3) 29 004 10 627 7617 10 531

Cardiovascular disease

Low/Moderate PM10 
(<55.13 μg/m3)

0.7

Events, n (%) 1389 (2.13) 350 (1.51) 281 (1.59) 448 (1.73)

Person-years 192 508 68 589 52 293 76 847

aHR (95% CI) 1.00 (reference) 0.92 (0.82–1.04) 0.89 (0.78–1.01) 0.83 (0.74–0.92) <0.001

High PM10 (≥55.13 μg/m3)

Events, n (%) 539 (1.86) 135 (1.27) 97 (1.27) 154 (1.46)

Person-years 85 681 31 559 22 602 31 220

aHR (95% CI) 1.00 (reference) 0.89 (0.73–1.08) 0.85 (0.68–1.06) 0.82 (0.69–0.99) 0.020

Coronary heart disease

Low/moderate PM10 
(<55.13 μg/m3)

0.9

Events, n (%) 572 (0.88) 182 (0.79) 147 (0.83) 188 (0.72)

Person-years 192 508 68 589 52 293 76 847

aHR (95% CI) 1.00 (reference) 1.08 (0.91–1.29) 1.05 (0.87–1.26) 0.80 (0.67–0.94) 0.027

High PM10 (≥55.13 μg/m3)

Events, n (%) 215 (0.74) 59 (0.56) 45 (0.56) 70 (0.66)

Person-years 85 681 31 559 22 602 31 220

aHR (95% CI) 1.00 (reference) 0.88 (0.66–1.19) 0.90 (0.65–1.25) 0.89 (0.67–1.17) 0.3

Stroke

Low/moderate PM10 
(<55.13 μg/m3)

0.5

Events, n (%) 832 (1.27) 171 (0.74) 134 (0.76) 262 (1.01)

Person-years 192 508 68 589 52 293 76 847

aHR (95% CI) 1.00 (reference) 0.79 (0.67–0.94) 0.75 (0.62–0.90) 0.85 (0.74–0.98) 0.003

High PM10 (≥55.13 μg/m3)

Events, n (%) 332 (1.14) 78 (0.73) 53 (0.70) 84 (0.80)

Person-years 85 681 31 559 22 602 31 220

aHR (95% CI) 1.00 (reference) 0.89 (0.69–1.14) 0.81 (0.60–1.08) 0.76 (0.60–0.97) 0.016

Adjusted hazard ratio (95% CI) were calculated using Cox proportional hazards regression analysis after adjusting for age, sex, household income, body 
mass index, smoking, alcohol intake, systolic blood pressure, fasting serum glucose, total cholesterol, and Charlson Comorbidity Index. aHR indicates adjusted 
hazard ratio; PA, physical activity; and PM, particulate matter.
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inhalation and deposition of air pollutants attribut-
able to high frequency breathing.6 In terms of the 
underlying mechanisms for the negative impacts of 

PM on CVD, there are 2 kinds of pathways. The first 
is the direct pathway that PM2.5 directly penetrates 
into the blood stream and is deposited on target 

Figure 3.  Adjusted hazard ratio (95% CI) of CVD by subgroups according to the (A) low PM10 and (B) high PM10. 
All adjusted hazard ratios (95% CI) shown above are adjusted for age, sex, household income, body mass index, smoking, alcohol 
intake, systolic blood pressure, fasting serum glucose, total cholesterol, and Charlson Comorbidity Index. Individuals with no moderate 
to vigorous PA are the reference group for all subgroup analyses. aHR indicates adjusted hazard ratio; CVD, cardiovascular disease; 
PA, physical activity; and PM, particulate matter.

Figure 4.  Combined effects of moderate to vigorous PA and PM2.5 on (A) CVD, (B) CHD, and (C) stroke risk.
Adjusted hazard ratio (95% CI) were calculated using Cox proportional hazards regression analysis after adjusting for age, 
sex, household income, body mass index, smoking, alcohol intake, systolic blood pressure, fasting serum glucose, total 
cholesterol, and Charlson Comorbidity Index (where *P<0.05). Individuals with no moderate to vigorous PA and low/moderate 
PM2.5 exposure are the reference group for all adjusted hazard ratios. aHR indicates adjusted hazard ratio; CHD, coronary heart 
disease; CVD, cardiovascular disease; PA, physical activity; and PM, particulate matter.
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organ, especially heart, after migration. The others 
are the indirect pathways. For the indirect pathways, 
the effects of PM on CVD are mediated by pulmo-
nary oxidative stress and systemic inflammatory re-
sponse, and these indirect pathways happen after a 
few hours or days of inhalation.18,19 Communication 
on the autonomic nervous system through specific 
lung receptors is also an indirect pathway.18 These 
pathways may contribute to cardiovascular damage 
and cause CVD. Therefore, doing PA in a polluted 

environment might cause higher harmful health ef-
fects because of the amplified inhalation of air pollut-
ants despite the health benefits of PA.20

Despite previously stated adverse effects of air pollu-
tion, PA may still exert the health benefits and modify or 
reduce the health risks or mortality from air pollution by 
improving cardiopulmonary function.21–23 PA greatly en-
hances aerobic capacity and improves cardiorespiratory 
fitness and metabolic factors on CVD.24 Furthermore, 
PA is considerably beneficial to control various CVD risk 

Table 3.  Hazard Ratios for Cardiovascular Disease Risk According to Frequencies of Moderate to Vigorous PA Stratified 
by Level of PM2.5

Frequencies of Moderate to Vigorous PA (Per Wk)

P for Trend
P for 

InteractionNone 1 to 2 3 to 4 ≥5

Number of people

Low/moderate PM2.5 
(<27.86 μg/m3)

18 947 7792 5843 8419

High PM2.5 (≥27.86 μg/m3) 8990 3241 2395 3488

Cardiovascular disease

Low/moderate PM2.5 
(<27.86 μg/m3)

0.5

Events, n (%) 337 (1.78) 85 (1.09) 83 (1.42) 118 (1.40)

Person-years 56 039 23 191 17 353 24 974

aHR (95% CI) 1.00 (reference) 0.73 (0.57–0.93) 0.86 (0.67–1.09) 0.74 (0.60–0.91) 0.005

High PM2.5 (≥27.86 μg/m3)

Events, n (%) 161 (1.79) 46 (1.42) 32 (1.34) 41 (1.18)

Person-years 26 587 9620 7106 10 348

aHR (95% CI) 1.00 (reference) 0.91 (0.65–1.27) 0.80 (0.54–1.17) 0.62 (0.44–0.88) 0.006

Coronary heart disease

Low/moderate PM2.5 
(<27.86 μg/m3)

0.7

Events, n (%) 150 (0.79) 49 (0.63) 48 (0.82) 59 (0.70)

Person-years 56 039 23 191 17 353 24 974

aHR (95% CI) 1.00 (reference) 0.89 (0.64–1.24) 1.05 (0.75–1.46) 0.79 (0.59–1.08) 0.2

High PM2.5 (≥27.86 μg/m3)

Events, n (%) 69 (0.77) 24 (0.74) 15 (0.63) 22 (0.63)

Person-years 26 587 9620 7106 10 348

aHR (95% CI) 1.00 (reference) 1.00 (0.62–1.61) 0.82 (0.46–1.44) 0.73 (0.45–1.19) 0.2

Stroke

Low/moderate PM2.5 
(<27.86 μg/m3)

0.7

Events, n (%) 193 (1.02) 38 (0.49) 35 (0.60) 59 (0.70)

Person-years 56 039 23 191 17 353 24 974

aHR (95% CI) 1.00 (reference) 0.61 (0.43–0.86) 0.68 (0.47–0.97) 0.68 (0.50–0.91) 0.003

High PM2.5 (≥27.86 μg/m3)

Events, n (%) 92 (1.02) 23 (0.71) 17 (0.71) 19 (0.54)

Person-years 26 587 9620 7106 10 348

aHR (95% CI) 1.00 (reference) 0.86 (0.54–1.37) 0.78 (0.46–1.32) 0.53 (0.32–0.87) 0.012

Adjusted hazard ratios (95% CI) were calculated using Cox proportional hazards regression analysis after adjusting for age, sex, household income, body 
mass index, smoking, alcohol intake, systolic blood pressure, fasting serum glucose, total cholesterol, and Charlson Comorbidity Index. aHR indicates adjusted 
hazard ratio; PA, physical activity; and PM, particulate matter.
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factors, including controlling body weight, improving 
insulin sensitivity, glycemic control, and inflammatory 
defense systems. PA has also beneficial effects for re-
ducing blood pressure, atherogenic dyslipidemia (such 
as high triglycerides, reduced high-density lipoprotein 
cholesterol, elevated low-density lipoprotein choles-
terol, and various lipoprotein disorders), fibrinolysis, and 
endothelial dysfunction.25 Therefore, doing PA in pol-
luted atmosphere may not be always harmful to health. 
Rather, the beneficial effects of PA may outweigh the 
harmful effects caused by air pollution.

Interestingly, although harmful effects of chronic 
exposure to PM on CVD are well known as mentioned 
above, the increased moderate to vigorous PA, espe-
cially when following the Physical Activity Guidelines 
for Americans, was significantly correlated with the 
decreased risk of CVD within groups of both high and 
low levels of PM10 or PM2.5 in this study. This result 
might indicate that acute damages to cardiovascular 
system, such as vascular impairment, arterial stiff-
ness, and reduced blood flow,26–28 which are caused 
by short-term exposure to PM during PA, may be 
temporary or recoverable and do not diminish long-
term positive effects of PA on CVD.23 In addition, this 
might indicate that additional inhalation of air pollut-
ants induced by PA because of increased inhalation 
during PA seems to not be enough to enhance the 
risk of the incidence or mortality of CVD because it 
only accounts for a small portion of total inhalation of 
air pollutants in a day.29

Recently, the importance of PA was reemphasized 
by publication of the Physical Activity Guidelines for 
Americans,14 which suggest that PA promotes nor-
mal growth and prevents many chronic diseases 
including CVD. According to the current Physical 
Activity Guidelines from US Department of Health 
and Human Services/Physical Activity Guidelines 
Advisory Committee, ≥150  min/week of moderate-
intensity or 75 min/week of vigorous-intensity aerobic 
PA or an equivalent combination are recommended 
for adults to gain health benefits.14,15 In addition, ad-
ditional positive health effects are obtained when 
doing PA over the equivalent of 300  min/week of 
moderate-intensity PA.14 Our results strengthen the 
Physical Activity Guidelines even for subjects who 
live in areas with severe air pollution level because 
those who did moderate to vigorous PA ≥5 times/
week, which is the same as the recommendation of 
Physical Activity Guidelines, were significantly asso-
ciated with the reduced risk of CVD within groups of 
both high and low levels of PM10 or PM2.5.

Despite the health benefits of PA and recommen-
dations from Physical Activity Guidelines, many adults 
don’t participate in moderate to vigorous PA regularly.14 
Among the reasons, air pollution can be considered 
as a barrier to PA, and previous research showed that 
some patients exercised less often when the ambient 
air pollution level was severe, which means the air pol-
lution might discourage PA behavior.30,31 According 
to our study results, for individuals without problems 

Figure 5.  Adjusted hazard ratio (95% CI) of CVD by subgroups according to the (A) low PM2.5 and (B) high PM2.5.
All adjusted hazard ratios (95% CI) shown above are adjusted for age, sex, household income, body mass index, smoking, alcohol 
intake, systolic blood pressure, fasting serum glucose, total cholesterol, and Charlson Comorbidity Index. Individuals with no moderate 
to vigorous PA are the reference group for all subgroup analyses. aHR indicates adjusted hazard ratio; CVD, cardiovascular disease; 
PA, physical activity; and PM, particulate matter.



J Am Heart Assoc. 2020;9:e013611. DOI: 10.1161/JAHA.119.013611� 11

Kim et al� Physical Activity, Air Pollution, and CVD

related to cardiopulmonary disease, moderate to vig-
orous PA should not be discouraged because of con-
cerns related to poor air pollution to prevent CVD.

There are some strengths in this study. To our 
knowledge, this is the first large cohort study to identify 
the combined effects of PA and air pollution on the risk 
of CVD, and this is also the first large cohort study for 
the Asian population to evaluate individual-level health 
benefits of moderate to vigorous PA on CVD while 
also considering individual exposure to air pollution. A 
study of long-term effects of air pollution on mortality 
in Denmark, which has several-fold lower levels of air 
pollution than in South Korea, found that those who 
did PA regularly had lower mortality than those who 
did not exercise regardless of the level of NO2 (a proxy 
of air pollution). Our study which identified the com-
bined effect of PA and air pollution, especially on the 
risk of CVD, was consistent with the results of previous 
studies even in the areas with more severe air pollution 
levels. Furthermore, our study supports the results of a 
rising number of health impact modeling studies which 
suggest that positive health effects caused by PA (eg, 
cycling, walking) outweigh the health risks because of 
augmented inhalation of air pollution during PA.32,33

This study has several limitations. First, the ques-
tionnaire related to PA is not comprehensive enough 
to represent the outdoor PA because of the limitation 
of data information. There is lack of information on 
the changes in each individual’s exercise pattern or 
location if air quality was reported as unhealthy and 
whether subjects engage in PA outdoors (eg, running 
in a park), or indoors (eg, running in a gym). Limitation 
of this data information might contribute to underesti-
mate the harmful effects of air pollution. Most contents 
of the questionnaires related to PA, however, consist of 
outdoor physical activities such as tennis, bicycle riding, 
high-speed cycling (except for spinning which is indoor 
exercise), and mountain hiking. Second, the metabolic 
equivalent times were not estimated for further analyses 
because the questionnaire related to PA is composed of 
a minimum time for PA, not the exact quantitative time 
for PA (eg, frequency [times per week] of ≥20 minutes 
of vigorous-intensity PA). Third, we calculated levels of 
PM10 or PM2.5 at unmonitored sites using data from 
the nearest monitoring site instead of using geographic 
information systems which is a tool for interpolation 
technique. This imperfect estimation might have dis-
torted the results. Fourth, each individual’s changes in 
PA frequency to reduce their exposure when air pollu-
tion was severe were not analyzed because of the lack 
of information in a cohort database. It would be more 
helpful if further studies are performed based on the 
accurate measure of exposure to air pollution using the 
changes in PA frequency depending on the air pollution 
level. Fifth, the effect of exposure to air pollution in this 
study was long-term effect, which is different from the 

short-term effect of air pollution exposure. According to 
a recent study, the combined effect of short-term expo-
sure to air pollution and PA may be related to higher risk 
of potential health problems of cardiopulmonary func-
tion.34 Therefore, further studies should be conducted 
to identify the combined effects of short-term exposure 
to air pollution and PA on CVD risk. In addition, the re-
sults in this study should not be misinterpreted that indi-
viduals, especially those with cardiopulmonary disease, 
are recommended to ignore daily air quality alert and 
exercise outdoors anytime no matter how severe the 
air pollution is. Finally, there might be a bias caused by 
the discrepancy of the prevalence of subclinical CVD 
or chronic obstructive pulmonary disease among the 
groups because these conditions may contribute to 
each individual’s level of PA. Although we could not 
distinguish individuals with subclinical CVD or chronic 
obstructive pulmonary disease from each group be-
cause of the limitation of data information, future studies 
should consider and address this potential bias.

In conclusion, the increased moderate to vigorous 
PA seems to have negative association with the risk of 
CVD within groups of both high and low levels of PM10 
or PM2.5. These findings suggest that the health ben-
efits of PA are not modified even for residents in cit-
ies with high PM10 or PM2.5 levels, and moderate to 
vigorous PA might be recommended for older adults 
without problems related to CVD wherever they live. 
It will be interesting if further studies are conducted 
for young people in cohort studies of clinical trials be-
cause they grew up with the benefit of PM filtering 
systems which were developed dramatically during 
daily activities and work. In addition, further studies 
should be conducted to identify the exact effects of 
PM10 or PM2.5 on CVD independent from the effects 
of PA on CVD, especially using Asian data, because 
PM levels could influence PA levels. Therefore, al-
though moderate to vigorous PA appeared to reduce 
the risk of CVD regardless of PM10 or PM2.5 levels, 
future prospective studies are needed to validate our 
findings.
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Table S1. General characteristics of the study participants in 3 metropolitan areas. 

Frequencies of moderate and vigorous PA (per week) 

none 1 to 2 3 to 4 ≥5 

Number of people 27,937 11,033 8,238 11,907 

Air pollution, mean (SD) 

PM10 (μg/m3) 

PM2.5 (μg/m3) 

51.91 (5.35) 

26.50 (3.39) 

51.79 (5.39) 

26.35 (3.39) 

51.72 (5.49) 

26.32 (3.37) 

51.61 (5.58) 

26.25 (3.41) 

Age, years, mean (SD) 

Age, years, N (%) 

40-50

50-60

60-70

≥70

52.1 (9.9) 

10,736 (38.43) 

9,403 (33.66) 

5,432 (19.44) 

2,366 (8.47) 

49.3 (8.5) 

5,397 (48.92) 

3,810 (34.53) 

1,451 (13.15) 

375 (3.40) 

50.6 (8.9) 

3,490 (42.36) 

2,945 (35.75) 

1,418 (17.21) 

385 (4.67) 

52.8 (9.3) 

3,874 (32.54) 

4,447 (37.35) 

2,751 (23.10) 

835 (7.01) 

Body mass index, kg/m2, mean (SD) 

Body mass index, kg/m2, N (%) 

<18.5 

18.5-22.9 

23.0-24.9 

25.0-29.9 

≥30.0 

23.7 (3.1) 

885 (3.17) 

11,118 (39.80) 

7,152 (25.60)) 

7,948 (28.45) 

834 (2.99) 

23.8 (3.0) 

271 (2.46) 

4,269 (38.69) 

2,956 (26.79) 

3,226 (29.24) 

311 (2.82) 

23.9 (3.0) 

179 (2.17) 

3,150 (38.24) 

2,235 (27.13) 

2,427 (29.46) 

247 (3.00) 

24.0 (2.8) 

181 (1.52) 

4,403 (36.98) 

3,418 (28.71) 

3,569 (29.97) 

336 (2.82) 

Sex, N (%) 

Men 11,515 (41.22) 6,033 (54.68) 4,386 (53.24) 6,162 (51.75) 

Women 16,422 (58.78) 5,000 (45.32) 3,852 (46.76) 5,745 (48.25) 

Household income, quartile, N (%) 

1st (highest) 8,357 (29.91) 4,191 (37.99) 3,213 (39.00) 4,575 (38.42) 

2nd 8,284 (29.65) 3,206 (29.06) 2,334 (28.33) 3,308 (27.78) 

3rd 6,602 (23.63) 2,255 (20.44) 1,575 (19.12) 2,295 (19.27) 

4th (lowest) 4,694 (16.80) 1,381 (12.52) 1,116 (13.55) 1,729 (14.52) 

Smoking, N (%) 

Never 19,302 (69.09) 6,369 (57.73) 4,898 (59.46) 7,435 (62.44) 

Former 3,076 (11.01) 1,934 (17.53) 1,587 (19.26) 2,428 (20.39) 

Current 5,559 19.90) 2,730 (24.74) 1,753 (21.28) 2,044 (17.17) 

Alcohol intake, times per week, mean (SD) 

Alcohol intake, times per week, N (%) 

0.9 (1.5) 1.1 (1.4) 1.1 (1.4) 1.1 (1.6) 

0 17,720 (63.43) 5,142 (46.61) 3,972 (48.22) 6,118 (51.38) 

1-2 6,646 (23.79) 4,291 (38.89) 3,042 (36.93) 3,756 (31.54) 

3-4 2,280 (8.16) 1,214 (11.00) 934 (11.34) 1,363 (11.45) 



≥5 1,291 (4.62) 386 (3.50) 290 (3.52) 670 (5.63) 

Systolic blood pressure, mmHg, mean (SD) 123.1 (15.79) 122.5 (14.9) 122.7 (14.9) 123.9 (15.2) 

Fasting serum glucose, mg/dL, mean (SD) 99.4 (25.1) 98.3 (22.5) 99.1 (23.9) 99.9 (23.9) 

Total cholesterol, mg/dL, mean (SD) 201.0 (37.1) 200.9 (35.7) 199.9 (36.3) 200.1 (36.3) 

Charlson comorbidity index, mean (SD) 

Charlson comorbidity index, N (%) 

0 

1 

≥2 

1.4 (1.4) 

8,113 (29.04) 

9,372 (33.55) 

10,452 (37.41) 

1.2 (1.3) 

3,631 (32.91) 

3,813 (34.56) 

3,589 (32.53) 

1.3 (1.4) 

2,507 (30.43) 

2,813 (34.15) 

2,918 (35.42) 

1.4 (1.5) 

3,422 (28.74) 

3,883 (32.61) 

4,602 (38.65) 

N the number of people; SD standard deviation; PA physical activity 



Table S2. Hazard ratios for cardiovascular disease risk according to frequencies of moderate to vigorous PA stratified by level of PM2.5. 

Frequencies of moderate to vigorous PA (per week) 

none 1 to 2 3 to 4 ≥5 
p for trend p for 

interaction 

Number of 

people 

Low/Moderate PM2.5 

(<27.86μg/m3) 

High PM2.5 

(≥27.86μg/m3) 

18,947 

8,990 

7,792 

3,241 

5,843 

2,395 

8,419 

3,488 

Cardiovascular 

disease 

Low/Moderate PM2.5 

(<27.86μg/m3) 

0.5 

Events, N (%) 337 (1.78) 85 (1.09) 83 (1.42) 118 (1.40) 

Person-year 56,039 23,191 17,353 24,974 

aHR (95% CI) 1.00 (reference) 0.73 (0.57-0.93) 0.86 (0.67-1.09) 0.73 (0.59-0.91) 0.004 

High PM2.5 

(≥27.86μg/m3) 

Events, N (%) 161 (1.79) 46 (1.42) 32 (1.34) 41 (1.18) 

Person-year 26,587 9,620 7,106 10,348 

aHR (95% CI) 1.00 (reference) 0.91 (0.65-1.28) 0.80 (0.54-1.17) 0.62 (0.44-0.88) 0.004 

Coronary heart 

disease 

Low/Moderate PM2.5 

(<27.86μg/m3) 

0.7 

Events, N (%) 150 (0.79) 49 (0.63) 48 (0.82) 59 (0.70) 

Person-year 56,039 23,191 17,353 24,974 

aHR (95% CI) 1.00 (reference) 0.89 (0.64-1.24) 1.04 (0.75-1.45) 0.79 (0.58-1.07) 0.2 

High PM2.5 

(≥27.86μg/m3) 

Events, N (%) 69 (0.77) 24 (0.74) 15 (0.63) 22 (0.63) 

Person-year 26,587 9,620 7,106 10,348 

aHR (95% CI) 1.00 (reference) 1.00 (0.62-1.62) 0.81 (0.46-1.43) 0.73 (0.45-1.18) 0.2 

Stroke 

Low/Moderate PM2.5 

(<27.86μg/m3) 

0.7 

Events, N (%) 193 (1.02) 38 (0.49) 35 (0.60) 59 (0.70) 

Person-year 56,039 23,191 17,353 24,974 

aHR (95% CI) 1.00 (reference) 0.61 (0.43-0.87) 0.68 (0.47-0.98) 0.68 (0.50-0.91) 0.003 

High PM2.5  

(≥27.86μg/m3) 

Events, N (%) 92 (1.02) 23 (0.71) 17 (0.71) 19 (0.54) 

Person-year 26,587 9,620 7,106 10,348 

aHR (95% CI) 1.00 (reference) 0.86 (0.54-1.38) 0.78 (0.46-1.32) 0.53 (0.32-0.87) 0.012 



aHR (95 % CI) were calculated using Cox proportional hazards regression analysis after adjusting for location, age, sex, household income, body mass index, smoking, 

alcohol intake, systolic blood pressure, fasting serum glucose, total cholesterol, and Charlson comorbidity index. 

PA physical activity; aHR adjusted hazard ratio; CI confidence interval. 



a) b) c) 

Figure S1. a) Map of the distribution of population density (number of people/km2) of the cohort in 2010. b) Map of the distribution of air pollution 

(PM10) exposure (annual average concentrations in 2009 and 2010). c) Map of the distribution of air pollution (PM2.5) exposure in the 3 

metropolitan cities (annual average concentrations in 2009 and 2010). 



Figure S2. Flow diagram of selection of study participants in 3 metropolitan cities. 

Participants aged 40 or over who underwent health 

examinations through 2009-2010 in 3 metropolitan areas 

(n=80,833) 

Cardiovascular disease before index date 

(n=15,544) 

Death before index date (n=132) 

Missing values for PM2.5 (n=4,362) 

Missing values for covariates (n=1,057) 

Study population (n=59,115) 

Missing values for physical activity (n=623) 



Figure S3. Graph of the frequency distribution of PM10 and PM2.5 exposure (annual average concentrations in 2009 and 2010) among the study 

participants. 

The 50th percentile of exposure range was 51.54μg/m3 for PM10 and 26.18μg/m3 for PM2.5, which is represented as the red line. The 70th percentile of 

exposure range was 55.13μg/m3 for PM10 and 27.86μg/m3 for PM2.5, which is represented as the blue line. 
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Figure S4. aHR (95 % CI) of CVD by subgroups according to the level of PM10. All aHRs (95 % CI) shown above are adjusted for age, sex, 

household income, body mass index, smoking, alcohol intake, systolic blood pressure, fasting serum glucose, total cholesterol, and Charlson 

comorbidity index. 
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A. Subjects with moderate to vigorous 1 to 2 times/week PA and low PM10
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B. Subjects with moderate to vigorous PA 3 to 4 times/week and low PM10



Individuals with no moderate to vigorous PA are the reference group for all subgroup analyses. CVD cardiovascular disease; PM particulate matter; PA 

physical activity; aHR adjusted hazard ratio; CI confidence interval. 
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C. Subjects with moderate to vigorous 1 to 2 times/week PA and high PM10
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D. Subjects with moderate to vigorous 3 to 4 times/week PA and high PM10
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A. Subjects with moderate to vigorous 1 to 2 times/week PA and low PM2.5
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B. Subjects with moderate to vigorous 3 to 4 times/week PA and low PM2.5

Figure S5. aHR (95 % CI) of CVD by subgroups according to the level of PM2.5. All aHRs (95 % CI) shown above are adjusted for age, sex, 
household income, body mass index, smoking, alcohol intake, systolic blood pressure, fasting serum glucose, total cholesterol, and Charlson 
comorbidity index. 



  

Individuals with no moderate to vigorous PA are the reference group for all subgroup analyses. CVD cardiovascular disease; PM particulate matter; PA 

physical activity; aHR adjusted hazard ratio; CI confidence interval. 
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Sample

0.95 (0.51, 1.79)

0.80 (0.54, 1.18)

0.96 (0.63, 1.47)

0.79 (0.45, 1.39)

0.94 (0.63, 1.42)

0.84 (0.46, 1.54)

1.26 (0.77, 2.07)

0.72 (0.46, 1.13)

0.93 (0.58, 1.52)

0.46 (0.19, 1.14)

1.18 (0.68, 2.04)

1.00 (0.63, 1.59)

0.78 (0.47, 1.30)

1.61 (0.31, 8.27)

0.39 (0.16, 0.94)

1.24 (0.72, 2.11)

1.00 (0.60, 1.66)

HR (95% CI)

15

31

29

16

33

13

21

25

21

6

19

23

21

2

6

20

20

Cases (n)

No. of

  
1.2 .5 1 2 5

C. Subjects with moderate to vigorous 1 to 2 times/week PA and high PM2.5

Age

<50

≥50

BMI

18.5-25

≥25

Sex

Men

Women

Income

Lower half

Upper half

Smoking

Never

Former

Current

Alcohol intake

0

1~4

≥5

Charlson comorbidity index

0

1

≥2

Subgroup

0.49 (0.19, 1.28)

0.84 (0.55, 1.28)

0.71 (0.42, 1.20)

0.89 (0.49, 1.60)

0.67 (0.40, 1.11)

1.12 (0.63, 2.01)

1.26 (0.74, 2.14)

0.54 (0.31, 0.95)

0.76 (0.43, 1.35)

0.80 (0.36, 1.81)

0.82 (0.41, 1.65)

0.93 (0.55, 1.56)

0.66 (0.37, 1.20)

1.14 (0.13, 9.70)

0.18 (0.04, 0.76)

1.11 (0.61, 2.03)

0.90 (0.52, 1.56)

HR (95% CI)

5

27

17

14

18

14

18

14

14

8

10

17

14

1

2

14

16

Cases (n)

No. of

1078

1285

1539

775

1282

1081

833

1530

1359

430

574

1109

1169

85

721

813

829

(n)

Size

Sample

0.49 (0.19, 1.28)

0.84 (0.55, 1.28)

0.71 (0.42, 1.20)

0.89 (0.49, 1.60)

0.67 (0.40, 1.11)

1.12 (0.63, 2.01)

1.26 (0.74, 2.14)

0.54 (0.31, 0.95)

0.76 (0.43, 1.35)

0.80 (0.36, 1.81)

0.82 (0.41, 1.65)

0.93 (0.55, 1.56)

0.66 (0.37, 1.20)

1.14 (0.13, 9.70)

0.18 (0.04, 0.76)

1.11 (0.61, 2.03)

0.90 (0.52, 1.56)

HR (95% CI)

5

27

17

14

18

14

18

14

14

8

10

17

14

1

2

14

16

Cases (n)

No. of

  
1.2 .5 1 2 5

D. Subjects with moderate to vigorous 3 to 4 times/week PA and high PM2.5




