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Abstract Background and aim: The associations of long-term exposure to particulate matter
<10 mm in size (PM10), nitrogen dioxide (NO2), carbon monoxide (CO), sulfur dioxide (SO2),
and ozone (O3) with cardiometabolic diseases (CMD) remain uncertain in the Korean population.
Therefore, we sought to examine the associations between PM10, NO2, CO, SO2, and O3 and CMD
using data collected from the Korean Community Health Survey.
Methods and results: We selected 100,867 adults aged 19 years or older who had lived in the
same domicile for �10 years and surveyed them to collect data on socioeconomic characteristics;
health-related behaviors; obesity; and physician-diagnosed CMD history, including hyperten-
sion, diabetes mellitus, dyslipidemia, stroke, myocardial infarction, and ischemic heart disease.
We calculated interquartile ranges for PM10, NO2, CO, SO2, and O3 from the 10 year average con-
centrations (2003e2012). Hypertension, diabetes mellitus, and dyslipidemia were positively
associated with PM10, NO2, CO, SO2, and O3 after adjusting for confounding factors. Obesity
was positively associated with PM10, NO2, SO2, and O3. On the other hand, we found no associ-
ations between stroke, myocardial infarction, and ischemic heart disease and exposure to PM10,
NO2, CO, SO2, and O3 in these subjects. In subjects aged �65 years, the risk of dyslipidemia was
markedly increased under exposure to NO2 and CO compared to subjects aged <65 years. The
risk of obesity was also significantly increased under exposure to PM10 and NO2. However, sex
differences in these associations were not found.
Conclusion: Long-term exposure to PM10, NO2, CO, SO2, and O3 may be a risk factor of CMD in
Korean adults.
ª 2018 The Italian Society of Diabetology, the Italian Society for the Study of Atherosclerosis, the
Italian Society of Human Nutrition, and the Department of Clinical Medicine and Surgery, Feder-
ico II University. Published by Elsevier B.V. All rights reserved.
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Introduction

Since the 1990s, intriguing epidemiological evidence has
suggested that air pollutants such as particulate matter
<10 mm in size (PM10), nitrogen dioxide (NO2), carbon
monoxide (CO), sulfur dioxide (SO2), and ozone (O3), are
adverse risk factors of cardiac and respiratory diseases
[1,2]. A growing body of evidence has linked air pollutants
with obesity and cardiometabolic diseases (CMD) such as
therosclerosis, the Italian Society of Human Nutrition, and the Department of Clinical
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Table 1 Air pollutants and meteorological data in Korea from 2003
to 2012.

Mean �
Standard
deviation

Median Range Interquartile
range

PM10 (mg/m3) 52.7 � 8.6 53.2 34.0 to 77.7 11.9
SO2 (ppb) 5.6 � 1.7 5.3 2.6 to 17.7 1.8
NO2 (ppb) 24.2 � 7.9 23.0 8.3 to 42.1 13.6
CO (10 ppm) 5.7 � 1.3 5.8 3.0 to 9.4 1.7
O3 (ppb) 23.4 � 4.5 22.6 15.4 to 37.0 6.2
Temperature

(�C)
12.5 � 10.1 13.5 �2 to 26 12.0

Rainfall (mm) 112.1 � 112.8 65.0 22 to 348 34.8
Wind speed

(m/s)
3.6 � 0.3 3.6 3.3 to 3.9 0.3

Particulate matter <10 mm (PM10); Sulfur dioxide (SO2); Nitrogen
dioxide (NO2); Carbon monoxide (CO). Temperature, rainfall, and
wind speed were shown at Seoul (Lat.(N) 37�340, Long.(E) 126�570).
Korea Meteorological Administration, Seoul, Korea http://www.
weather.go.kr/weather/climate/average_world_monthly.jsp.
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hypertension, diabetes mellitus, dyslipidemia, stroke,
myocardial infarction, and ischemic heart disease [3e5]. A
meta-analysis of 17 studies suggested that exposure to the
mentioned air pollutants may increase the risk of hyper-
tension, regardless of exposure duration [4]. In a meta-
analysis of 10 studies, the effects of NO2 and PM2.5 on
the occurrence of type 2 diabetes mellitus were studied
[5].

However, there have been several discrepant findings in
the association between PM10, NO2, CO, SO2, and O3, and
other CMD according to the duration of exposure [6e9].
Short-term exposure to the pollutants PM10, NO2, CO, SO2,
and O3 increased hospital admissions owing to myocardial
infarction in 1837 Brazilians [6] and in 302,283 Stockholm
County subjects [7]. However, long-term exposure to PM10,
NO2, CO, SO2, and O3 did not significantly increase the risk
of incident myocardial infarction in a California female
teachers’ cohort from 1996 to 2005 [8]. Exposure to PM10

did not significantly increase the intima-media thickness
of the common carotid artery in four European cohort
studies [9]. Long-term exposure to PM10 and NO2, in
particular, was associated with hypertension; however,
associations between hypertension and exposure to CO,
SO2, and O3 lacked statistical significance, although the
exposure was for a long term [4]. These mixed associations
between air pollutant levels and CMD may be due to de-
mographic characteristics of different study populations as
well as dose and time duration of exposure [3].

To improve the supporting evidence for long-term
exposure with heterogeneous outcomes, we sought to
examine the association between air pollutants, namely,
PM10, NO2, CO, SO2, and O3, and CMD in Korean adults
from the Korean Community Health Survey, thereby ac-
counting for health-related behaviors and socioeconomic
status.

Methods

Study participants

This study was performed using data collected from the
Korean Community Health Survey (KCHS). The KCHS con-
ducted by the Korea Centers for Disease Control and Pre-
vention is a nationwide survey that is carried out annually
through computer-assisted personal interviews. Study
participants aged 19 years or older were selected among
every 900 people in 254 community units by the proba-
bility proportional sampling method and the systematic
sampling method [10]. From a total of 228,921 adults
surveyed in 2012, we selected subjects who had lived in
the same domicile for �10 years after excluding the resi-
dential variance (<10 years, n Z 29,317). After matching
the participant’s residence codes and the location of the air
pollution surveillance station (unmatched n Z 69,012)
while excluding missing data (n Z 408), we ultimately
analyzed 100,867 subjects.

The Institutional Review Board (IRB) at Korean Centers
for Disease Control and Prevention approved the study
protocol, and all participants provided a written informed
consent. The IRB at Konkuk University Medical Center
approved this study (IRB File Number: KUH1230027).

Air pollutant variables

We obtained data of average concentrations of hourly
measured PM10, NO2, CO, SO2, and O3 from Korean Air
Pollutants Emission Service during 2003e2012. Air pol-
lutants were measured at 268 nationwide surveillance
stations, which were placed in the residential areas and
covered the majority of the living area (Supplement
Figure). We then calculated the interquartile ranges of 10
year average concentrations. PM10 was measured by beta
attenuation monitoring (PM-711D, DONGIL GREENSYS,
Seoul, Korea). NO2 was measured using a chem-
iluminescence instrument (CM2041, APM ENGINEERING
CO., LTD, Gyeonggi-do, Korea). CO was measured using a
nondispersive infrared sensor (ZKJ, DONGIL GREENSYS,
Seoul, Korea). SO2 was measured with a UV fluorescence
spectrometer (CM2050, APM ENGINEERING CO., LTD,
Gyeonggi-do, Korea). O3 was measured using an ultraviolet
photometer (202, TOTAL ENGINEERING CO., LTD,
Gyeonggi-do, Korea). These air pollutant measurements
were measured following the standard reference protocol
of the Korean Air Pollutants Emission Service [11]. Table 1
presents meteorological data of mean temperature, rain-
fall, wind speed, and air pollutant levels from 2003 to
2012.

Other variables

The KCHS surveyed personal health-related outcomes
including health status and diagnosed diseases [12]. CMD
was defined as the physicians’ diagnosis of hypertension,
diabetes mellitus, dyslipidemia, any type of stroke,
myocardial infarction, and ischemic heart disease. Obesity
was defined as a body mass index (BMI) greater than
25 kg/m2 based on the World Health Organization

http://www.weather.go.kr/weather/climate/average_world_monthly.jsp
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Table 2 Baseline characteristics of whole KCHS (n Z 228,921) and enrolled population (n Z 100,867).

Variables Population Enrolled population

KCHS
(n Z 228,921)

Enrolled
(n Z 100,867)

Male
(n Z 50,333)

Female
(n Z 50,534)

Age, years 46.8 � 0.09 47.8 � 0.06 46.6 � 0.07 49.1 � 0.07
Smoking (%)
Current 23.5 23.1 44.4 3.0
Never/former 76.5 76.9 55.5 37.0

Alcohol consumption (%)
Never/Less than one time per week 87.9 88.3 84.4 92.2
More than one time per week 12.1 11.7 15.6 7.8

Physical activity (%)
Active 43.4 43.7 48.9 36.2
Inactive 56.6 56.3 51.1 63.8

Education, years (%)
<9 27.2 28.0 19.1 35.7
�9 72.8 72.0 80.9 64.3

Marital status (%)
Married/with partner 66.2 65.0 67.4 62.7
Divorced/widowed/unmarried 33.8 35.0 32.6 37.3

Household income, wons/month (%)
<1,000,000 16.1 17.7 15.2 20.1
�1,000,000 83.9 81.3 84.8 79.9

Residence of urban (%) 81.2 79.5 79.5 79.5
Length of residence
10e15 years 16.7 16.3 15.4 17.1
15e20 years 12.3 13.6 13.3 13.9
�20 years 71.0 70.1 71.3 69.0

Hypertension (%) 19.5 20.0 19.4 20.5
Diabetes mellitus (%) 7.6 7.6 8.0 7.2
Dyslipidemia (%) 11.3 11.1 10.4 11.8
Obesity (%) 24.0 23.4 29.0 17.7
Stroke (%) 1.4 1.5 1.6 1.3
Myocardial infarction (%) 1.2 1.2 1.5 0.9
Ischemic heart disease (%) 1.4 1.5 1.5 1.5

There was no difference in demographics, socioeconomic characteristics, and health-related behaviors between whole KCHS and enrolled study
population. Data are represented as mean and standard error or percentage. Physical active group was defined as moderate intense activity �3
times per week or vigorous activity �1 time per week. Inactive group did not meet these criteria. Length of residence with the same domicile was
counted. Obesity was defined as a body mass index of more than 25 kg/m2.
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recommendation for an Asian population [13]. We adopted
the original classification of KCHS as current smokers
(smoking daily or intermittently at the time of the survey)
and never/former smokers (smoked in the past but not
currently). To account for alcohol consumption, we cate-
gorized patients as never/less than one time per week
drinkers and more than one time per week drinkers. We
defined physical activity by intensity and frequency and
separated patients into an active group and an inactive
group. The active group included patients who performed
moderate intense activity � three times per week or
vigorous activity � one time per week. Patients who did
not meet these criteria were categorized into the inactive
group. Vigorous physical activity included running
(jogging), climbing, fast biking, fast swimming, soccer,
basketball, jumping rope, squash, and singles tennis, as
well as occupational activities such as carrying heavy ob-
jects [14]. We also obtained data on the following de-
mographic information: years of education (<9 or �9),
marital status (married/with partner and divorced/wid-
owed/unmarried), household income (<1,000,000 wons/
month or �1,000,000 wons/month), and place of
residence (rural or urban). We excluded participants who
lived in their area for <10 years and divided the remaining
participants’ lengths of residence into three groups:
10 � T1< 15 years, 15 � T2 < 20 years, and T3 �20 years.
Statistical analyses

We conducted all analyses considering the survey weight.
For comparison of demographics, socioeconomic charac-
teristics, and health-related behaviors between the KCHS
and study population, continuous variables are repre-
sented as mean and standard error, and categorical vari-
ables are represented as percentage. We evaluated the
odds ratios of CMD according to the per-interquartile in-
crease of PM10, NO2, SO2, CO, and O3 by using the multiple
logistic regression analysis. We adjusted for age, sex,
smoking, drinking, physical activity, education, marital
status, household income, residence, obesity, and medical
history, except when the selected variable was the
outcome. We conducted stratified analyses to investigate
the possible effect of modification by age (divided by age



Figure 1 The odds ratios and 95% confidence intervals of CMD according to per-interquartile range of PM10, NO2, CO, SO2, and O3: (a) hypertension;
(b) diabetes mellitus; (c) dyslipidemia; (d) obesity; (e) stroke; (f) myocardial infarction; and (g) ischemic heart disease. The odds ratios and 95%
confidence intervals of CMD according to age, male sex, physical inactivity, current smoking, alcohol consumption (more than one time per week),
education (<9 years), marital status (divorced/widowed/unmarried), and low income. All statistics were adjusted by age, sex, smoking, drinking,
physical activity, education, marital status, household income, place of residence, hypertension, diabetes mellitus, dyslipidemia, obesity, stroke,
myocardial infarction, and ischemic heart disease, except when the selected variable was the outcome.
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65 years) and sex in subgroup analysis. All statistical an-
alyses were conducted using SAS software 9.4 (SAS Insti-
tute Inc., Cary, NC, USA).
Results

Data of demographics, socioeconomic characteristics, and
health-related behaviors of the study population are
summarized in Table 2. No differences in these character-
istics between the KCHS population as a whole and the
study population were observed. Approximately 70% of the
participants lived in the same domicile for >20 years. We
confirmed that the levels of measured pollutants from
2003 to 2012 had not changed significantly, although PM10

decreased slightly while O3 increased (data are not
shown).

After adjusting for confounding factors, hypertension,
diabetes mellitus, and dyslipidemia showed a positive as-
sociation with the per-interquartile increase in PM10, NO2,
SO2, CO, and O3. Similarly, obesity showed a positive as-
sociation with PM10, NO2, SO2, and O3 as shown in Fig. 1.
On the contrary, we found no associations of stroke,
myocardial infarction, and ischemic heart disease with
PM10, NO2, SO2, CO, and O3. Additionally, Fig. 1 shows CMD
risk according to age, sex, socioeconomic characteristics,
and health-related behaviors of the study population. The
odds ratios for PM10, NO2, SO2, CO, and O3 were similar to
those of known CMD risk factors in hypertension, diabetes
mellitus, and dyslipidemia. By contrast, the odds ratios for
known CMD risk factors in stroke, myocardial infarction,
and ischemic heart disease were much higher than those
of PM10, NO2, SO2, CO, and O3.

The associations between CMD and air pollutants ac-
cording to age (cut off, 65 years) are shown in Fig. 2. When
we evaluated the modification effect exerted by age (cut
off, 65 years), the risk of dyslipidemia and obesity in
subjects of age �65 years significantly increased with
exposure to all kinds of air pollutants compared to the risk
in subjects of age <65 years (P < 0.05). The associations
between other CMDs and air pollutants were not signifi-
cantly different according to age. In analysis stratified by
sex (Table 3), no significant differences were observed (all
P > 0.05).
Discussion

In this nationwide Korean population-based study, long-
term exposure to PM10, NO2, CO, SO2, and O3 was posi-
tively associated with hypertension, diabetes mellitus, and
dyslipidemia. Exposure to PM10, NO2, SO2, and O3 was
positively associated with obesity. Notably, we confirmed
the associations between hypertension and long-term
exposure to CO, SO2, and O3, which lacked statistical sig-
nificance in a previous study [4].

In the study on PM10 and SO2 by Sohn et al., Korean
female citizens were associated with the risk of diabetes
mellitus [12]. In addition to a study on PM2.5 by Mazidi
et al. [15], we confirmed the associations of diabetes
mellitus with PM10, NO2, CO, SO2, and O3. Among the
studies that investigated the association between lipid
metabolism and air pollution, one study of 73,117 patients
in Southern Israel found that the level of low-density li-
poprotein increased by 1.54% (95% CI: 1.26e1.83) after 3
months of exposure to PM10 [16]. One year of exposure to
PM10, NO2, and O3 was associated with high lipid levels in
1023 subjects aged 54 years and older in Taiwan [17]. A
study of natural exposure to Beijing air revealed that in-
flammatory activation and lipid oxidation in the lungs may
systemically spill over, thus leading to dyslipidemia and
weight gain [18].

CMD has been associated with abnormalities in
vascular relaxation to insulin and acetylcholine and has
been related to increased macrophage cells in the adipose
tissue as well as increased inflammatory cells in micro-
circulation [19,20]. As strong inflammatory agents, air
pollutants may induce hypoxia by binding to hemoglobin
and damage blood vessels by promoting smooth muscle
and endothelial proliferation [17]. Therefore, air pollut-
ants may exaggerate insulin resistance and visceral
adiposity [19].

On the contrary, we found no associations of stroke,
myocardial infarction, and ischemic heart disease with
exposure to PM10, NO2, CO, SO2, and O3 in these subjects.
There may be several explanations for the null associations
in multiple logistic regression analysis. First, known risk
factors such as socioeconomic status, health-related be-
haviors, and medical history may show a significant effect
on the development of stroke, myocardial infarction, and
ischemic heart disease directly, compared to PM10, NO2,
CO, SO2, and O3. The contribution of PM10, NO2, CO, SO2,
and O3 was similar to that of age, sex, socioeconomic
characteristics, health-related behaviors to hypertension,
diabetes mellitus, and dyslipidemia, whereas their contri-
bution to stroke, myocardial infarction, and ischemic heart
disease was lower than that of established risk factors.
Contrary to our findings, Kim et al. found that the risk of
stroke and acute myocardial infarction in Seoul, Korea,
increased with higher levels of PM, CO, NO2, and SO2;
however, Kim et al. did not adjust for known CVD risk
factors such as smoking, alcohol consumption, and socio-
economic status [21].

Second, differences in air pollution exposure level and
duration may yield these results. The levels of air pollut-
ants in the California female teachers’ study, which
showed null associations between air pollution and
myocardial infarction, were lower than those in our study,
with the exception of NO2 and O3 (PM10: 29.21 mg/m3 vs.
52.7 mg/m3; NO2: 33.59 ppb vs. 24.2 ppb; SO2: 1.72 ppb vs.
5.6 ppb; CO: 1.05 ppm vs. 5.7 ppm; O3:48.11 ppb vs.
23.4 ppb; mean values) [8]. Compared to the O3 concen-
tration in our study, a higher O3 level of Ruidavets JB et al.
study was associated with acute myocardial dysfunction
(74.8 mg/m3 [37.4 ppb] vs. 23.4 ppb, mean value) [22].
According to the exposure pattern, occupational exposure
may affect CMD of subjects with �10 years of exposure. In
subjects with occupational exposure to air pollution �10
years, an intima-media thickness of the common carotid
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Figure 2 The odds ratios and 95% confidence intervals of CMD and risk factors according to per-interquartile range of PM10, NO2, CO, SO2, and O3

according to age (cut off, 65 years): (a) hypertension; (b) diabetes; (c) dyslipidemia; (d) obesity; (e) stroke; (f) myocardial infarction; and (g) ischemic
heart disease. Age, sex, smoking, drinking, physical activity, education, marital status, household income, place of residence, hypertension, diabetes
mellitus, dyslipidemia, obesity, stroke, myocardial infarction, and ischemic heart disease were adjusted except for the selected variable itself. c) and
d) represent P < 0.05.
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artery was higher than those with <10 years of occupa-
tional exposure [23]. Therefore, the level and duration of
exposure must be considered when investigating the
association between CMD and air pollution.

CMD risk factors, including those of ambient air
pollution, must be considered individually and collec-
tively. Interestingly, we found that the effect of air pol-
lutants on dyslipidemia and obesity were particularly
attributable to age. PM10, NO2, CO, SO2, and O3 may act
markedly to increase the risk of dyslipidemia and obesity
to those aged �65 years. In accordance with this
assumption, an increased coronary artery calcium score
was reported for participants aged �65 years after the
exposure of air pollution in a 10 year prospective cohort
study with 6795 participants [24]. These findings are
indicative of associations between air pollution and CMD
because dyslipidemia and obesity are the most prevalent
cardiometabolic risk factors in the general population
[25]. In contrast to the findings of our study (increased
odds ratios of hypertension regardless of age and sex), 24
months of exposure to PM was associated with an in-
crease in incident hypertension, particularly among fe-
males aged <65 years rather than females aged �65 years
in the Nurses’ Health Study (Hazard ratio [95% CI]: 1.07
[1.02, 1.12] vs. 0.99 [0.93, 1.04], P Z 0.02) [26]. Therefore,
further investigation is needed to evaluate the associa-
tions between the exposure duration to air pollution and
CMD according to age.

This study has several limitations. First, it was not
possible to establish causality because this was a cross-
sectional study. Moreover, obtaining data on CMD on a
self-reporting basis may bias study findings. Owing to the
lack of information about the time of diagnosis, not
sharing their medical records between different medical
institutions, we could only estimate the risk of CMD
development after long-term exposure to air pollutants.
Second, because we could not obtain data regarding the
attainment of treatment goals for hypertension, diabetes,
or dyslipidemia, treatment-related factors could not be
considered [27]. Third, we matched the community of
residence and local air pollutant levels using participant’s
residence codes. Therefore, if participants worked at a
distant location from their domiciles, our system of
matching would not have accurately reflected the
exposed air pollutant levels. Further, we could not
consider residential proximity to major roadways from
the KCHS data [28]. Fourth, air pollutants rarely occurred
in isolation to each other. Nevertheless, the independent
or potentially additive risks by these multiple exposures
could not be considered [3]. Fifth, we could not obtain
measurements of long-term exposure to PM2.5; therefore,
the association between PM2.5 and CMD could not be
evaluated in this study. Finally, the prevalence of hyper-
tension (20.0%) may be underestimated in this study
compared to a 2012 report of Koreans (males: 32.2%, fe-
males: 25.4%) and a 2013e2014 Chinese (27.8%) report
[29,30]. The prevalence of diabetes mellitus (7.6%) may
also be underestimated when compared to that reported
in a Korean study (males: 10.1%, females: 8.0%) [30].
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Therefore, we may have underestimated the prevalence of
CMD in KCHS.

Conclusively, long-term exposure to PM10, NO2, CO, SO2,
and O3 is associated with the risk of hypertension, diabetes
mellitus, dyslipidemia, and obesity in South Korea. Future
investigations have to examine the effect of demographic
characteristics. This information is helpful in making a
policy to control air pollution as a risk factor of the car-
diometabolic disease.
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