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Abstract: Studies on the correlation of long-term PM2.5 exposure with childhood-onset asthma
are limited to western countries. We aimed to study the association between long-term PM2.5

exposure and childhood-onset asthma in South Korea, which has higher ambient PM2.5 levels than
western countries. We constructed a retrospective cohort of children aged 6–14 years living in seven
metropolitan cities using the National Health Insurance service in South Korea from 2011 to 2016.
Children who made a hospital visit with asthma from 2008 to 2010 were excluded. A child was
diagnosed with asthma incidence if he or she visited the hospital three times or more with a primary
diagnostic code of asthma. A time-varying Cox regression model was constructed to investigate the
association of long-term district-level PM2.5 exposure with asthma incidence. Of the 1,425,638 children
evaluated, 52,133 showed asthma incidence, with an incidence rate of 6.9 cases/1000 person-years. A
10 µg/m3 increase in the 48-month moving average PM2.5 exposure was associated with an elevated
risk of asthma incidence, with a hazard ratio of 1.075 (95% confidence interval: 1.024–1.126), and this
association was robust for different PM2.5 exposure levels (12-, 36-, and 60-month moving average).
In this study, long-term exposure to PM2.5 was associated with asthma incidence in school-aged
children in South Korea. Policies to reduce environmental PM2.5 levels and protect children from
PM2.5 are necessary to prevent childhood-onset asthma.

Keywords: particulate matter; children; asthma; long-term exposure; cohort study

1. Introduction

Asthma is a chronic respiratory disease affecting more than 339 million people world-
wide and is the most common chronic disease in children [1]. Several genetic and envi-
ronmental factors, such as the history of allergic disease, stress, obesity, exposure to air
pollution, tobacco smoke, and occupational dust exposure, increase the risk of asthma de-
velopment [2]. Particulate matter less than 2.5 mm in diameter (PM2.5) has been suggested
as one of environmental risk factors for asthma, especially among children [3,4].

Based on strong evidence that showed causal relationships between exposure to PM2.5
and mortality or development of diseases, the World Health Organization (WHO) updated
the global air quality guidelines in 2021. The air quality guideline (AQG) level of PM2.5
was updated to 5 µg/m3, which is half of the previous level of 10 µg/m3. In the updated
guideline, the WHO estimated that the burden of disease attributable to air pollution was
competing with other major global health risks [5].
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Children’s respiratory systems are more vulnerable to PM2.5 exposure because of
immaturity, high respiratory rates, low dust filtration rate in the nasal passages, mouth-
breathing related to increased pollution concentrations and poor air conditioning, and
frequent outdoor activities [6]. Previous studies in western countries suggest that prenatal
exposure to PM2.5 is associated with asthma development in children [3]. A systematic
review and meta-analysis study of birth cohort studies to investigate the association be-
tween children’s exposure to air pollution reported an increased risk of asthma according
to increased PM2.5 exposure in early childhood [7]. Another recent systematic review and
meta-analysis study also reported that a 1 µg/m3 increase in PM2.5 is associated with
1.03 times higher risk of asthma development in childhood [4]. However, relatively few
studies report the association between PM2.5 and asthma development in Asian countries,
although some relevant studies exist [8,9].

In South Korea, where the annual ambient PM2.5 concentration is over 20 µg/m3 and
is higher than that in western countries [10], it has yet been studied that the association
between PM2.5 exposure in childhood and asthma incidence using nationwide data. This
study aimed to examine the association between long-term exposure to PM2.5 and asthma
incidence among school-aged children in South Korea.

2. Materials and Methods
2.1. Study Design

South Korea is covered by the national health insurance service (NHIS), a single-payer
health insurance service. It almost covers the entire population (over 97%) in South Korea.
A detailed explanation of NHIS was published previously [11]. Using NHIS customized
data in South Korea, we constructed a retrospective cohort for children living in seven
metropolitan cities (Seoul, Busan, Daegu, Incheon, Gwangju, Daejeon, and Ulsan) with a
3-year wash-out period (2008–2010) and 6-year follow-up period (2011–2016). We selected
study participants aged 6 to 14 years in 2011, the baseline year of the follow-up period.
Due to the uncertainty of the diagnosis of asthma in children under 5 years of age [12], we
focused on school-aged children over 6 years of age. Customized data on the following
parameters were recorded: outpatient visit, hospitalization date, primary and secondary
diagnostic codes, age, sex, household income, district-level address, cause of death, and
date of death.

This study was exempted from review by the Institutional Review Board of the Seoul
National University Hospital (E-1807-038-956) because we used de-identified data provided
by the NHIS. The study complies with the NHIS personal information protection guidelines.

2.2. Outcome Variable: Asthma incidence

We excluded children who had asthma diagnoses in the claims data during the wash-
out period (2008–2010), before the start year of the follow-up period. We set an operational
definition of asthma. It was defined as asthma cases if the participant had at least three
hospital visits due to asthma (J45–J46) as a primary diagnostic code according to the
International Classification of Diseases, 10th revision (ICD-10), with reference to previous
studies [13,14]. Hospital visits included all modes of visits (emergency or non-emergency),
types of hospitals (primary or tertiary), and detailed medical service use (admission or
ambulatory). Participants who met the operational definition of asthma in our dataset were
regarded as asthma incidence cases.

2.3. Exposure Parameters: PM2.5 Exposure Level

Daily PM2.5 concentration was estimated using the Integrated Multi-Scale Air Quality
system for Korea (IMAQS-K), developed by Ajou University, as nationwide PM2.5 measure-
ment data were unavailable until 2015 in South Korea. In this system, the Weather Research
and Forecast (WRF, version 3.3.1)-Sparse Matrix Operator Kernel Emission (SMOKE, ver-
sion 3.1)-Community Multiscale Air Quality (CMAQ, version 4.7.1) were used [15]. This
model is a chemical transport modeling to simulate PM2.5, and a three-dimensional com-
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puter modeling using emission sources, chemical mechanism, diffusion, and meteorological
conditions. Previous studies documented the PM2.5 modeling data validity [16,17]. The
correlation coefficient between the modeled data and observed data from the monitoring
stations (2015–2016) in seven metropolitan cities was over 0.95 [18]. We estimated the daily
and monthly PM2.5 levels in each district of cities. After that, exposure levels by every
month were assigned to children based on their district-level addresses. It was calculated
that monthly values of 12-, 24-, 36-, 48-, and 60-month moving average PM2.5 concentrations
by every month during the follow-up period, to perform time-varying Cox regression.

2.4. Covariates

We collected information about the age (years), sex (boys or girls), district-level address,
and household income of children from the NHIS data. The data contains the participants’
information on household income classes (1st–20th quantile), which are used for NHIS
to determine the insurance premium. We divided household income into four levels
(Q1, 1–5; Q2, 6–10; Q3, 11–15; Q4, 16–20). The annual average temperatures of summer
(June–August) and winter (December–February) were calculated using the daily mean air
temperature data obtained from the Korean Meteorological Administration.

As individual-level lifestyle information was unavailable in the NHIS data, we ad-
justed for district-level contextual variables based on the district-level address of each child.
Contextual variables included the proportion of current smokers, the status of receiving
a high school diploma (%) in 2010, and the monthly average income level in 2016. The
information on smoking status was obtained from the Korea Community Health Survey
data [19], while that about receiving a high school diploma (%) in 2010 was obtained from
the Korea Statistical Information Service data. The data on the monthly average income
level in 2016 were obtained from the National Information Society Agency.

2.5. Statistical Analysis

We used time-varying Cox regression to investigate the association of the outcome
variables (asthma incidence) with long-term PM2.5 exposure that varied over time, rather
than considering the fixed value of the concentration of PM2.5 at a point [20]. The time-
varying Cox proportional hazards model calculates the HRs for a moving average PM2.5
concentration (12, 24, 36, 48, and 60 months) at monthly time intervals and generates a
single HR value. The HR and 95% confidence interval (95% CI) were estimated according
to the 10 µg/m3 increase in the moving average PM2.5 exposure levels. Each child was
followed up from the start of the study period (2011) to the development of asthma, dropout
or death, or the end of the study period (2016), whichever came first. The association
between moving average exposure at 12, 24, 36, 48, and 60 months and asthma incidence in
children was investigated. In Model 1, demographic variables such as age, sex, district-level
address, household income, and the seasonal average temperature were adjusted. In Model
2, district-level contextual variables were adjusted, including the proportion of current
smokers, high school diplomas, and monthly average income [21]. We performed stratified
analysis by sex (boys and girls), age (6–9 and 10–14 years), and household income groups
(Q1, Q2, Q3, and Q4) for their association with asthma incidence. In stratified analysis,
the moving average exposure in 48 months was used because it was most significantly
associated with asthma incidence among 12-, 24-, 36-, 48-, and 60-month moving average.
The exposure-response curve between the 48-month moving average PM2.5 exposure and
asthma incidence was estimated using the natural cubic splines model with 3 knots (5th,
50th, and 95th percentiles of 48-month moving average PM2.5 exposure).

3. Results

A total of 1,743,456 children, aged 6–14 years in 2008, were enrolled in this study.
During the wash-out period (2008–2011), children who died (n = 497) and children who
developed asthma (n = 171,470) were excluded from the study. During the study period
(2008–2016), children who did not maintain health insurance qualifications, did not live
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in the seven metropolitan cities, or moved to other cities were excluded (n = 143,780).
Finally, 1,425,638 children were included in the analysis (Figure 1). Of these, 52,133 (3.7%)
developed asthma, and the incidence rate was 6.9 cases/1000 person-years.
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Figure 1. Flow chart of the study population.

Among the study subjects, the proportion of boys was 52.3% (n = 746,130), the pro-
portion of the age group of 10–14 years was 57.7% (n = 822,060), and that of the highest
household income group was 42.7% (n = 609,012). The number of participants living in
Seoul (n = 570,263, 40%) was higher than that of other cities. Compared to the children who
did not develop asthma, those who developed asthma were more common among boys,
younger children, and higher household income groups (Table 1).

Figure 2 shows the annual average PM2.5 levels of seven metropolitan cities in
South Korea from 2006 to 2016. The mean ± standard deviation (SD) of PM2.5 was
29.0 ± 7.6 µg/m3. Although the PM2.5 concentrations gradually decreased over time in
all seven metropolitan cities, exposure to PM2.5 is still a growing concern given its higher
concentration (>20 µg/m3).
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Table 1. Descriptive statistics of the study participants at the baseline.

Variable Total Non-Asthmatic Asthmatic

n (%) a n (%) b n (%) b

Total 1,425,638 (100.0) 1,373,505 (96.3) 52,133 (3.7)

Sex
Boy 746,130 (52.3) 716,794 (96.1) 29,336 (3.9)
Girl 679,508 (47.7) 656,711 (96.6) 22,797 (3.4)

Age
6–9 603,578 (42.3) 573,721 (95.1) 29,857 (4.9)

10–14 822,060 (57.7) 799,784 (97.3) 22,276 (2.7)

Income status
Q1 (lowest) 269,275 (18.9) 261,038 (96.9) 8237 (3.1)

Q2 250,953 (17.6) 242,370 (96.6) 8223 (3.3)
Q3 296,398 (20.8) 284,512 (96.0) 11,886 (4.0)

Q4 (highest) 609,012 (42.7) 585,225 (96.1) 23,787 (3.9)

Metropolitan city
Seoul 570,263 (40.0) 547,533 (96.0) 22,730 (4.0)
Busan 203,661 (14.3) 197,215 (96.8) 6446 (3.2)
Daegu 154,420 (10.8) 147,866 (95.8) 6554 (4.2)

Incheon 190,641 (13.4) 183,862 (96.4) 6779 (3.6)
Gwangju 118,820 (8.3) 115,296 (97.0) 3524 (3.0)
Daejeon 105,302 (7.4) 101,915 (96.8) 3327 (3.2)

Ulsan 82,531 (5.8) 19,158 (96.6) 2773 (3.4)

Contextual variables (district level)
Proportion of high school diploma (%) 68.0 ± 4.5 68.0 ± 4.5 68.1 ± 4.6

Proportion of current smokers (%) 24.5 ± 2.3 24.5 ± 2.3 24.5 ± 2.3
Monthly average income (1000 KRW) 1307 ± 86.4 1307 ± 86.4 1310 ± 87.0

a Percent in a column; b Percent in a row.
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Figure 2. Mean concentration of PM2.5 by year and metropolitan city.

Table 2 shows the HR of asthma incidence according to a 10 µg/m3 increase in the
moving average PM2.5 levels. In Model 1, a 10 µg/m3 increase in the moving average
PM2.5 exposure was associated with an elevated risk of asthma incidence, with HRs of
1.065 (95% CI: 1.023–1.107), 1.078 (95% CI: 1.030–1.127), 1.086 (95% CI: 1.038–1.135), and
1.079 (95% CI: 1.030–1.128) for the 12-, 36-, 48, and 60-month moving average PM2.5,
respectively. In Model 2, when the contextual variables were adjusted, the results remained
robust, with HRs of 1.056 (95% CI: 1.013–1.099), 1.070 (95% CI: 1.019–1.120), 1.075 (95% CI:
1.024–1.126), and 1.068 (95% CI: 1.017–1.119) for the 12-, 36-, 48, and 60-month moving
average PM2.5, respectively.
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Table 2. Hazard ratios for asthma incidence per 10 µg/m3 increase in PM2.5 levels.

Moving Average
Exposure (Months) n Cases

Model 1 Model 2

HR (95% CI) p-Value HR (95% CI) p-Value

12 1,425,638 52,133 1.065 (1.023–1.107) 0.003 1.056 (1.013–1.099) 0.013

24 1.040 (0.995–1.086) 0.087 1.031 (0.984–1.078) 0.204

36 1.078 (1.030–1.127) 0.002 1.070 (1.019–1.120) 0.008

48 1.086 (1.038–1.135) 0.001 1.075 (1.024–1.126) 0.005

60 1.079 (1.030–1.128) 0.002 1.068 (1.017–1.119) 0.011

PM2.5, particulate matter less than 2.5 µm in diameter; HR, hazard ratio; CI, confidence interval; Model 1: adjusted for
age, sex, income group, metropolitan city, mean annual temperature (summer and winter); Model 2: Model 1 + district
level proportion of high school diploma (%), the proportion of current smokers (%), monthly average income.

Table 3 shows the results of stratified analysis by sex, age, and household income
groups. We observed a statistically significant association between the 48-month moving av-
erage PM2.5 exposure and asthma incidence among girls (HR = 1.108, 95% CI: 1.031–1.185),
but the association was not significant among boys (HR = 1.059, 95% CI: 0.991–1.127). In
the stratified analysis by age group, those aged 6–9 years showed a significant association
between PM2.5 and asthma incidence (HR = 1.112, 95% CI: 1.045–1.178), but those aged
10–14 years showed a non-significant association (HR = 1.029, 95% CI: 0.950–1.108). The
48-month moving average PM2.5 exposure and asthma were significantly associated among
the highest household income quartile (HR = 1.234, 95% CI: 1.161–1.308), but not signif-
icantly associated among 1st, 2nd, and 3rd quartile income group (HR = 0.841, 95% CI:
0.708–0.974; HR = 1.078, 95% CI: 0.948–1.207; HR = 0.940, 95% CI: 0.831–1.048, respectively).

Table 3. HRs for asthma incidence per 10 µg/m3 in the 48-month moving average of PM2.5

level group.

Variable n Cases Person-Year
Model 1 Model 2

HR (95% CI) p-Value HR (95% CI) p-Value

Total 1,425,638 52,133 7,558,765 1.086 (1.038, 1.135) 0.001 1.075 (1.024–1.126) 0.005

Sex
Boy 746,130 29,336 3,948,420 1.056 (0.991–1.120) 0.096 1.059 (0.991–1.127) 0.099
Girl 679,508 22,797 3,610,345 1.135 (1.061–1.209) 0.001 1.108 (1.031–1.185) 0.009

Age
6–9 603,578 29,857 3,173,598 1.121 (1.057–1.185) <0.001 1.112 (1.045–1.178) 0.002

10–14 822,060 22,276 4,395,116 1.036 (0.961–1.111) 0.362 1.029 (0.950–1.108) 0.474

Income
Q1 (lowest) 269,275 8237 1,431,347 0.886 (0.757–1.014) 0.065 0.841 (0.708–0.974) 0.011

Q2 250,953 8223 1,323,283 1.082 (0.957–1.207) 0.218 1.078 (0.948–1.207) 0.258
Q3 296,398 11,886 1,557,103 0.962 (0.858–1.066) 0.462 0.940 (0.831–1.048) 0.260

Q4 (highest) 609,012 23,787 3,247,031 1.217 (1.148–1.286) <0.001 1.234 (1.161–1.308) <0.001

PM2.5, particulate matter less than 2.5 µm in diameter; HR, hazard ratio; CI, confidence interval; Model 1: adjusted for
age, sex, income group, metropolitan city, mean annual temperature (summer and winter); Model 2: Model 1 + district
level proportion of high school diploma (%), the proportion of current smokers (%), monthly average income.

Figure 3 shows the exposure-response curves of the 48-month moving average PM2.5
exposure and the HR of asthma incidence. While analyzing the total population, when
the exposure range was over 30 µg/m3, the HRs of asthma incidence increased linearly. In
the 6–9-year age group and girls, the HRs of asthma incidence increased linearly over the
entire exposure range. In the fourth quartile of the household income group, the HR of
asthma incidence increased linearly when the exposure range was over 26 µg/m3.
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4. Discussion

The present study demonstrated that long-term exposure to PM2.5 increased the risk of
asthma incidence in school-aged children. A linear exposure-response association between
long-term exposure to PM2.5 and risk of asthma incidence was observed in exposure ranges
over 30 µg/m3.

In our data, a 10 µg/m3 increase of PM2.5 exposure was associated with asthma in-
cidence as the HR of 1.09 (95% CI: 1.02–1.13), which can be expressed as the HR of 1.007
(95% CI: 1.002–1.011) for asthma incidence per 1 µg/m3 increase of PM2.5 exposure. There
are previous studies that observed a smaller size of association than our study. A systematic
review and meta-analysis of epidemiological studies published until 8 September 2016
reported that the overall random-effects risk estimate of childhood asthma development
was 1.03 (95% CI: 1.01–1.05) per 1 µg/m3 increase of PM2.5 exposure [4]. In this systematic
review, PM2.5 exposure levels in included studies were lower than in our study. A retrospec-
tive cohort study of 1,130,855 singleton live births between 2006 and 2014 in the province
of Ontario, Canada, reported that ambient PM2.5 mass concentration during childhood was
associated with an increased incidence of childhood asthma, and the HR for each 1 µg/m3

increase was 1.026 (95% CI: 1.021–1.031) [22]. The mean PM2.5 concentration of childhood
exposure was 7.9 µg/m3. Corinne et al. used Medicaid data, and monitoring data of PM2.5
also showed a 1.023 (95% CI: 1.014–1.031) relative ratio to diagnosed asthma per 1 µg/m3,
an increase of PM2.5 [23]. The mean concentration of PM2.5 in this study was 8.4 µg/m3.
Here, we found a significant association between asthma incidence and exposure to PM2.5
in South Korea, where the exposure range of PM2.5 is higher than that in Western countries.
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In our data, the mean PM2.5 concentration was 29.0 µg/m3. Although we cannot explore
the exposure-response curve at low level of PM2.5, because of the baseline level of PM2.5
in South Korea is relatively higher. There could be a stronger association between asthma
incidence and an increase in PM2.5 at a low level than at a high level.

In this study, the exposure-response curve demonstrated that the HRs of asthma
incidence increased linearly when the 48-month moving average PM2.5 level was over
30 µg/m3. Considering that 80% of the study participants were exposed to PM2.5 within
this exposure range and the annual average PM2.5 concentration of the aforementioned
seven metropolitan cities in South Korea (2006–2016) was 29 µg/m3, the linearity of the
exposure-response curve found in this study could be applied at the high range of PM2.5
exposure. However, to analyze the exposure-response curve for the HRs of childhood
asthma incidence at a low PM2.5 exposure, further studies should be conducted in countries
or regions with low PM2.5 exposure.

In this study, the incidence rate of asthma in school-aged children aged 6–14 years
was 6.9 cases/1000 person-years. The asthma prevalence in South Korea is 5.48–7.86%,
measured by NHIS data [24], but no previous study has reported such data in South
Korea. Our estimate of the asthma incidence rate is similar to that observed in the
Netherlands (6.7 cases/1000 person-years of children aged 5–18 years) [25] and the United
States (6.0 cases/1000 person-years of children aged 9–14 years) [26] and slightly higher
than that observed in Denmark (5.3 cases/1000 person-years of children aged 5–9 years,
4.4 cases/1000 person-years of children aged 10–15 years) [27]. The observed differences
could be explained by the environmental factors of the population and definitions of asthma
incidence in different countries.

The stratified analysis revealed a stronger association between asthma development
among younger children and children with high household incomes. As asthma incidence
peaked in children aged 0–9 years [28], the association between PM2.5 and asthma could be
more clearly observed at younger ages. The association between PM2.5 and asthma was
stronger among the high-income group in our study. Children with low socioeconomic
status have been regarded as more vulnerable to environmental hazards [29]. O’Lenick et al.
investigated emergency department visit data in Atlanta. They observed a more significant
association between air pollution and asthma among deprived children than non-deprived
children [30]. However, a recent study investigated 39,782 Chinese children and showed
higher socioeconomic status is related to asthma [31]. Further studies on the effects of
socioeconomic status on the association between PM2.5 and asthma are required. Hsu et al.
studied a mother-child cohort with 736 children, and reported that prenatal exposure
to PM2.5 is only associated with asthma incidence among boys and suggested that the
antioxidant properties of female sex hormones could have protective effects on PM2.5 [32].
However, this attenuation by sex was not observed in our study.

The strengths of our study lie in the use of NHIS data, which includes almost the
entire urban population in South Korea, where citizens have high access to and low cost
of medical care. Taking advantage of this, we estimated the representative incident rate
of childhood asthma and the risk of childhood asthma development due to long-term
exposure to PM2.5.

The present study has several limitations. First, there is a possibility that the individual
ambient PM2.5 exposure was misclassified because we used PM2.5 concentration based on
the district-level addresses of the study participants. Second, confounders such as exposure
to secondhand smoke could not be adjusted because we could not gather personal level
information from the NHIS data. Despite adjusting for district-level contextual variables,
the confounding effect may persist. Third, our study could not use other air pollutants such
as ozone and nitrogen dioxide. Although we considered the meteorological factors such
as temperature, the association of other air pollutants with asthma incidence could not be
assessed. Finally, precise asthma definitions in previous studies could not be applied due to
limitations in using NHIS data, such as the inability to use prescription records, although
we set the operational definition of asthma considering the previous studies [13,14].
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5. Conclusions

Our retrospective cohort study using NHIS data showed that long-term exposure to
PM2.5 increased the risk of asthma incidence among school-aged children. Considering
that more than 90% of the world’s population lives in areas where PM2.5 levels exceeded
10 µg/m3 in 2019, our study results in South Korea, which has higher ambient PM2.5 levels
than western countries, are meaningful. However, additional studies with a more reliable
definition of asthma incidence using prescription records and better assessing personal
characteristics as unmeasured confounders are needed.
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