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Abstract: Background: Kawasaki disease (KD) is an acute febrile vascular disease of unknown cause
that affects the whole body. KD typically occurs in infants under the age of five and is found
mainly in East Asian countries. Few studies have reported on the relationship between the pollutant
PM2.5 and KD, and the evidence remains irrelevant or insufficient. Objectives: We investigated the
relationship between short-term exposure to PM2.5 and KD hospitalizations using data from Ewha
Womans University Mokdong Hospital, 2006 to 2016. Methods: We obtained data from the hospital
EMR (electronic medical records) system. We evaluated the relationship between short-term exposure
to PM2.5 and KD hospitalizations using a case-crossover design. We considered exposures to PM2.5

two weeks before the date of KD hospitalization. We analyzed the data using a conditional logistic
regression adjusted for temperature and humidity. The effect size was calculated as a 10 µg/m3

increase in PM2.5 concentration. We performed a subgroup analysis by sex, season, age group,
and region. In the two-pollutants model, we adjusted SO2, NO2, CO, and O3, but the effect size
did not change. Results: A total of 771 KD cases were included in this study. We did not find
any statistically significant relationship between PM2.5 and children’s KD hospitalization (two-day
moving average: odds ratio (OR) = 1.01, 95% confidence intervals (CI) = 0.95, 1.06; seven-day moving
average: OR = 0.98, CI = 0.91, 1.06; 14-day moving average: OR = 0.93, CI = 0.82, 1.05). A subgroup
analysis and two pollutant analysis also found no significant results. Conclusion: We did not find a
statistically significant relationship between PM2.5 and children’s KD hospitalizations. More research
is needed to clarify the association between air pollution, including PM2.5, and KD.

Keywords: PM2.5; children; Kawasaki disease; case-crossover design

1. Introduction

Kawasaki disease (KD), also known as Kawasaki syndrome, is an acute febrile ill-
ness of unknown cause that is primarily seen in children younger than five years of age.
The disease was first described in Japan by Tomisaku Kawasaki in 1967 [1]. The first cases
outside of Japan were reported in Hawaii in 1976 [2]. KD causes swelling in medium-
sized arterial walls throughout the body, leading to bilateral bulbar conjunctival injection,
cervical lymphadenopathy, changes in extremities, including erythema and induration,
polymorphous rash, and changes in the lips and oral mucosa, including erythema, cracking,
and strawberry tongue. The inflammation tends to affect the coronary arteries, which sup-
ply blood to the heart muscle [3,4]. Most children recover from the disease within a few
weeks, but in 15–30% of untreated cases, KD patients develop heart problems, including
coronary artery aneurysms, arrhythmias, and heart failure [5].
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The overall rate of KD incidence has been increasing in recent years, but the incidence
is highest among children who live in East Asia or who are of Asian ancestry. East Asian
children have a 10–15-fold higher risk of developing KD than Caucasian children. The in-
cidence of KD in Japan is the highest (264.8 per 100,000 children), followed by Korea
(132.4 per 100,000 children) and Taiwan (82.77 per 100,000 children) [6].

Although several theories have been proposed regarding the etiology of KD, includ-
ing environmental toxin exposure, autoimmune pathogenesis, and infectious diseases,
it remains unknown. KD seems to be multifactorial and may occur in genetically suscep-
tible individuals with an aberrant immune response to certain environmental triggers.
The known genetic factors do not explain why disease incidence has increased in recent
years. Thus, epidemiological studies have focused on potential environmental risk factors.

The incidence of KD has a striking seasonal variation, with different patterns in
several countries. Previous studies have suggested that windborne environmental factors
may trigger the disease in genetically susceptible children. The results of one study
conducted in Taiwan did not support a positive association between ozone exposure
and KD occurrence [7], and a U.S. study had similar findings [8]. However, in Japan,
Takashi and colleagues reported that prenatal exposure to particulate air pollution may
be associated with an increased risk of KD occurrence in children aged 6 to 30 months [9].
Whether fine particulate matter (PM2.5) contributes to KD remains unclear owing to limited
monitoring data. This study analyzed the association between PM2.5 and the hospitalization
of KD in children in South Korea over 10 years (2006–2016).

2. Materials and Methods
2.1. Kawasaki Disease Inpatient Definitions

We used the Electronic Medical Record (EMR) system hospitalization data of Ewha
Womans University Mokdong Hospital. We obtained the raw data for a total of 3205 hos-
pitalized KD cases from January of 2006 to December of 2016. The raw data included the
patient’s sex, age, address, outpatient/inpatient records, prescriptions, and examination
records. All KD patients have M30.3 codes (Mucocutaneous lymph node syndrome) based
on the International Classification of Diseases code (ICD-10 code).

We used the following criteria to define KD patients: (1) duplicate data were deleted
if the hospitalization date and discharge date were the same; (2) patients were excluded
if they did not have an intravenous immunoglobulin (IVIG) injection prescribed; (3) the
patient’s sex, age, and residence information was excluded if it was missing; (4) only
children 10 years of age or younger were included; and (5) we limited the study area to
three regions adjacent to the hospital (Seoul, Gyeonggi, and Incheon).

The study was reviewed and approved by the Ewha Womans University Seoul Hospi-
tal Institutional Review Board (IRB File No: SEUMC 2020-12-018-002).

2.2. Environmental Variable

PM2.5 measurements did not begin in South Korea until 2015. We used the estimated
CMAQ (Community Multiscale Air Quality) PM2.5 data 2006–2016. CMAQ is the most
widely used EPA-designed model in Korea. Due to a lack of information on PM2.5 concentra-
tions before 2015, PM2.5 data were calculated by applying ground and phase observations
and CMAQ modeling data. We used Weather Research Forecasting (WRF) version 3.6.1
(https://esrl.noaa.gov/gsd/wrfportal/WRFPortal.html) as input to the reanalyzed mete-
orological data to estimate exposure [10] and Sparse Matrix Operator Kernel Emissions
version (SMOKE) version 3.1 (https://www.cmascenter.org/download/forms/step_1.cfm)
as the emission-generation model. The modeling area of the chemical transport modeling
system was set to a 27 km horizontal resolution (174 × 128 grids) in East Asia and a 9 km
resolution (67 × 82 grids) in the Korean peninsula [11]. FNL (Final Operational Earth
Analysis Data; NCEP, 2000), reanalysis data from the U.S. Oceanic and Atmospheric Ad-
ministration (NOAA), was used as meteorological initial condition data. Our exposure data
were based on observations and we interpolated the missing data. Therefore, our exposure
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data are a fusion of observational and simulated data. A description of the modeling pro-
cess has been described in previous studies [11–15]. We estimated this data in the domestic
administrative districts and calculated it as the average daily data. The CMAQ PM2.5 data
were linked using administrative-district data based on the patients’ place of residence.
A total of 37 administrative districts are linked (Seoul: 17, Gyeonggi: 14, Incheon: 6).

We also obtained air pollution monitoring data (https://www.airkorea.or.kr/web)
for two-pollutant models. We collected data on five air pollutants (particulate matters
(PM10), sulfur dioxide (SO2), nitrogen dioxide (NO2), carbon monoxide (CO), and ozone
(O3). Monitoring stations are installed in multiple locations by region. We selected and
linked the nearest monitoring station from the KD patient’s place of residence.

We used the daily average temperature and humidity data as covariates. These vari-
ables were obtained from the Korea Meteorological Administration (KMA). Since the
temperature and humidity data are open by city, the daily mean temperature and humidity
were linked to each patient’s residence cities (Seoul, Gyeonggi, Incheon).

2.3. Study Design

To investigate the acute relationship between short-term exposure to PM2.5 and KD
hospitalization, we considered the bi-directional time-stratification case-crossover design.
In this design, the date settings for the control periods are the same year, month, and day
of the weeks for the KD hospitalization date, but the weeks differ. Therefore, three or four
controls can be assigned to one KD patient. In this study design, because each case or
control periods is the same patient, personal characteristics such as sex and age are not
considered in the short-term fluctuations. Instead, we considered weather variables as
potential confounding factors (e.g., temperature and humidity).

2.4. Statistical Analysis

We performed a conditional logistic regression to determine the relationship between
PM2.5 exposure and KD hospitalization. This is an extended logistic regression method
that accounts for several control periods. We calculated the odds ratio (OR) and confidence
interval (CI) per 10-unit increases in PM2.5. To account for the effects of various exposure
lag days, lag days were considered from the date of KD hospitalization (current day) up to
two weeks ago. We considered both the single lag (lag 0 to lag 14) effects and the moving
average (lag 0–1 to lag 0–14) effects. We suggest the moving average effect as the main
analysis in this study.

We considered sex (boys/girls), season (warm season/cold season), age groups
(<1, 1–4, 5–10), and region (Seoul/Gyeonggi/Incheon) in the sub-group analysis. The warm
seasons include April-September, and the cold season includes January-March
and October-December.

We calculated a Spearman’s correlation between air pollutants before considering the
two-pollutants model. If the correlation coefficient between the two exposure variables is
too high (more than 0.7), it was excluded from the analysis. In the two-pollutants model,
PM2.5 is the main exposure and other air pollutants (SO2, NO2, CO, O3) were adjusted.

All the data preprocessing and statistical analysis were performed used R statistical
software (Ver. 4.0.0 R development Core Team, Vienna, Austria). The significance level of
alpha was 0.05.

3. Results
Main Results

A total of 771 KD cases were included in our research (Figure 1). Table 1 shows the
areas where our study patients, including Seoul, Gyeonggi, and Incheon. The majority of
participants live in Seoul. Detailed administrative areas for the study’s residential areas
are presented in Table S1. Table 2 shows summary statistics of the exposure data during
the period 2006–2016. We compared environmental exposure levels on case and control
peropds using t-test. There was no difference in PM2.5 concentration between case periods
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and control periods. Figure S1 shows the average exposure concentration for the study area
(each district) during the study period. The single-lag exposure effects from the current
day (lag 0) to the day before the two-week mark (lag 14) are shown in Figure S2. The effect
sizes appear to decrease as the delay grows longer. Table 3 shows the model results for
the association between PM2.5 exposure and children’s KD hospitalizations. Figure 2
shows the effects of exposure to PM2.5 on the current day (Lag 0), two-, seven-, and 14-day
moving average (Lag 0–2, Lag 0–6, Lag 0–13) age at KD hospitalization. We did not find
any association between short-term exposure to PM2.5 and children’s KD hospitalization.
Subgroup analysis also found no association.
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Figure 1. Defining Kawasaki cases at Ewha Womans University Mokdong Hospital during 2006–2016.

Table 1. Descriptive statistics on the characteristics of Kawasaki disease patients in Ewha Womans
University Mokdong Hospital during the study period of 2006–2016.

Category Non-Event Event

Sex
Boys 1549 458
Girls 1080 313

Season
Warm season a 1365 402
Cold season b 1264 369

Age group
<1 558 164
1–4 1729 505

5–10 342 102

Regions
Seoul 2168 637

Gyeonggi 389 113
Incheon 72 21

a The warm season includes April-September. b The cold season includes October-March.
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Table 2. Summary statistics for daily exposure variables during the study period of 2006–2016.

Exposure Variables
Case Periods

(n = 771)
Control Periods

(n = 2629) Mean
Difference

95% Confidence
IntervalMean SD Mean SD

PM2.5 (µg/m3) 34.13 22.37 33.33 20.46 0.80 −0.96, 2.57
Mean temperature (◦C) 12.82 10.93 12.70 11.19 0.12 −0.76, 1.00

Mean humidity (%) 62.57 14.83 62.34 14.86 0.23 −0.97, 1.41

Abbreviations: SD, standard deviation.
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Figure 2. The association between current day, two-, seven- and 14-day moving average exposure to PM2.5 and children’s
KD hospitalizations. The circle shape designates the effect size of the lag 0. The triangle shape indicates the effect size of the
lag 0–1. The square shape indicates the effect size of the lag 0–6. The diamond shape shows the effect size of the lag 0–14.
The red line demonstrates the borderline. The warm season includes the months of April to September, while the cold
season includes October to March. All models were adjusted for daily mean temperature and humidity. The odds ratio was
calculated per 10-unit increase.

Table S2 provides the summary statistics of the daily air pollution data measured by
a monitoring station. The correlation between PM2.5 and other air pollutants is shown
in Table S3. The correlation coefficients are as follows: PM10 [r: 0.92], SO2 [r: 0.51],
NO2 [r: 0.52], CO [r: 0.56], and O3 [r: −0.07]. PM10 was excluded from the two-pollutant
model due to its high correlation with PM2.5. We found no association between PM2.5 and
children’s KD hospitalizations (Table 4) in the two-pollutant models.
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Table 3. The association between short-term exposure to PM2.5 and children’s KD hospitalization, total and by sex, age group, season, and region.

Sex Age Group Season Regions

Lag Total Boys Girls <1 1–4 5–10 Warm
Season a

Cold
Season b Seoul Gyeonggi Incheon

0–1 1.01 (0.96, 1.06) 1.01 (0.95, 1.07) 1.02 (0.94, 1.10) 0.93 (0.82, 1.06) 1.02 (0.96, 1.08) 1.07 (0.95, 1.22) 1.00 (0.92, 1.09) 1.02 (0.95, 1.09) 1.00 (0.95, 1.06) 1.08 (0.94, 1.25) 0.97 (0.76, 1.24)
0–2 1.00 (0.95, 1.06) 1.01 (0.94, 1.08) 0.98 (0.89, 1.08) 0.92 (0.79, 1.06) 1.01 (0.95, 1.08) 1.03 (0.89, 1.19) 0.96 (0.88, 1.05) 1.03 (0.96, 1.11) 0.99 (0.93, 1.05) 1.11 (0.95, 1.29) 0.93 (0.68, 1.28)
0–3 0.99 (0.93, 1.05) 1.00 (0.93, 1.08) 0.96 (0.86, 1.06) 0.90 (0.76, 1.06) 1.00 (0.93, 1.08) 0.99 (0.83, 1.17) 0.94 (0.85, 1.04) 1.02 (0.95, 1.11) 0.97 (0.90, 1.03) 1.13 (0.95, 1.34) 0.94 (0.66, 1.34)
0–4 0.98 (0.92, 1.05) 1.00 (0.92, 1.09) 0.95 (0.85, 1.06) 0.91 (0.77, 1.07) 1.01 (0.93, 1.09) 0.95 (0.78, 1.15) 0.94 (0.84, 1.05) 1.02 (0.94, 1.11) 0.96 (0.90, 1.04) 1.14 (0.94, 1.37) 0.96 (0.64, 1.43)
0–5 0.99 (0.92, 1.06) 1.01 (0.92, 1.10) 0.95 (0.85, 1.07) 0.90 (0.75, 1.07) 1.02 (0.93, 1.10) 0.94 (0.77, 1.15) 0.95 (0.84, 1.07) 1.02 (0.93, 1.11) 0.96 (0.89, 1.04) 1.15 (0.94, 1.40) 1.09 (0.72, 1.66)
0–6 0.98 (0.91, 1.06) 1.00 (0.91, 1.11) 0.95 (0.84, 1.08) 0.90 (0.74, 1.09) 1.02 (0.93, 1.12) 0.90 (0.72, 1.13) 0.95 (0.84, 1.08) 1.01 (0.92, 1.12) 0.96 (0.88, 1.04) 1.15 (0.93, 1.43) 1.08 (0.66, 1.77)
0–7 0.99 (0.91, 1.07) 1.01 (0.90, 1.12) 0.96 (0.84, 1.09) 0.89 (0.73, 1.10) 1.03 (0.93, 1.13) 0.87 (0.69, 1.11) 0.95 (0.83, 1.09) 1.02 (0.91, 1.13) 0.96 (0.88, 1.05) 1.17 (0.93, 1.47) 0.97 (0.58, 1.61)
0–8 0.97 (0.89, 1.06) 0.99 (0.89, 1.11) 0.95 (0.82, 1.09) 0.89 (0.71, 1.11) 1.01 (0.91, 1.12) 0.89 (0.70, 1.14) 0.94 (0.81, 1.08) 1.00 (0.90, 1.12) 0.95 (0.86, 1.05) 1.15 (0.90, 1.47) 0.95 (0.55, 1.63)
0–9 0.98 (0.89, 1.07) 0.99 (0.88, 1.11) 0.96 (0.82, 1.11) 0.89 (0.70, 1.13) 1.00 (0.89, 1.12) 0.94 (0.73, 1.20) 0.94 (0.80, 1.10) 1.01 (0.89, 1.13) 0.95 (0.86, 1.05) 1.16 (0.90, 1.51) 0.93 (0.51, 1.68)

0–10 0.97 (0.88, 1.08) 0.99 (0.87, 1.12) 0.95 (0.81, 1.11) 0.91 (0.71, 1.16) 0.99 (0.88, 1.12) 0.95 (0.73, 1.23) 0.95 (0.81, 1.12) 0.99 (0.87, 1.13) 0.95 (0.85, 1.06) 1.19 (0.90, 1.56) 0.86 (0.45, 1.64)
0–11 0.96 (0.87, 1.07) 0.98 (0.85, 1.12) 0.94 (0.80, 1.11) 0.94 (0.73, 1.22) 0.97 (0.85, 1.10) 0.95 (0.72, 1.25) 0.96 (0.81, 1.14) 0.97 (0.85, 1.11) 0.94 (0.84, 1.05) 1.16 (0.87, 1.55) 0.89 (0.45, 1.77)
0–12 0.96 (0.86, 1.07) 0.97 (0.84, 1.12) 0.94 (0.79, 1.12) 0.98 (0.75, 1.29) 0.95 (0.83, 1.09) 0.96 (0.72, 1.29) 0.98 (0.81, 1.17) 0.95 (0.82, 1.10) 0.93 (0.83, 1.05) 1.15 (0.84, 1.58) 1.01 (0.49, 2.07)
0–13 0.95 (0.84, 1.07) 0.96 (0.83, 1.12) 0.93 (0.77, 1.12) 0.97 (0.73, 1.29) 0.93 (0.81, 1.07) 0.99 (0.73, 1.35) 0.97 (0.80, 1.17) 0.94 (0.81, 1.10) 0.93 (0.82, 1.05) 1.14 (0.81, 1.60) 1.02 (0.45, 2.29)
0–14 0.93 (0.82, 1.05) 0.94 (0.80, 1.11) 0.91 (0.75, 1.10) 0.90 (0.67, 1.22) 0.92 (0.79, 1.07) 0.99 (0.72, 1.36) 0.94 (0.77, 1.15) 0.93 (0.79, 1.09) 0.90 (0.79, 1.03) 1.13 (0.80, 1.61) 0.99 (0.42, 2.35)

All models adjusted for daily mean temperature and humidity. The odds ratio was calculated per 10-unit increase. a The warm season includes April–September. b The cold season includes October–March.
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Table 4. The association between short-term exposure to PM2.5 and children’s KD hospitalization in the two-pollutant models.

Single Pollutant Two-Pollutant Model

Lag PM2.5 Adjusted SO2 Adjusted NO2 Adjusted CO Adjusted O3

0–1 1.01 (0.96, 1.06) 1.00 (0.94, 1.06) 1.03 (0.98, 1.10) 1.02 (0.95, 1.09) 1.01 (0.96, 1.07)
0–2 1.00 (0.95, 1.06) 0.99 (0.93, 1.06) 1.02 (0.96, 1.08) 1.02 (0.95, 1.09) 1.00 (0.94, 1.06)
0–3 0.99 (0.93, 1.05) 0.97 (0.93, 1.04) 1.00 (0.94, 1.07) 1.00 (0.93, 1.07) 0.98 (0.92, 1.05)
0–4 0.98 (0.92, 1.05) 0.97 (0.89, 1.04) 1.00 (0.93, 1.07) 0.98 (0.91, 1.06) 0.98 (0.91, 1.04)
0–5 0.99 (0.92, 1.06) 0.96 (0.89, 1.04) 0.99 (0.92, 1.07) 0.98 (0.91, 1.06) 0.98 (0.91, 1.05)
0–6 0.98 (0.91, 1.06) 0.97 (0.89, 1.05) 0.98 (0.91, 1.07) 0.98 (0.90, 1.07) 0.97 (0.90, 1.05)
0–7 0.99 (0.91, 1.07) 0.95 (0.87, 1.04) 0.98 (0.89, 1.07) 0.98 (0.90, 1.07) 0.98 (0.90, 1.06)
0–8 0.97 (0.89, 1.06) 0.94 (0.85, 1.03) 0.98 (0.89, 1.08) 0.97 (0.89, 1.07) 0.96 (0.88, 1.05)
0–9 0.98 (0.89, 1.07) 0.94 (0.85, 1.04) 0.97 (0.88, 1.08) 0.97 (0.89, 1.07) 0.96 (0.87, 1.06)

0–10 0.97 (0.88, 1.08) 0.95 (0.86, 1.05) 0.97 (0.87, 1.08) 0.96 (0.87, 1.07) 0.96 (0.87, 1.07)
0–11 0.96 (0.87, 1.07) 0.95 (0.85, 1.06) 0.97 (0.87, 1.08) 0.95 (0.86, 1.06) 0.95 (0.86, 1.06)
0–12 0.96 (0.86, 1.07) 0.93 (0.83, 1.05) 0.95 (0.85, 1.07) 0.94 (0.84, 1.06) 0.94 (0.84, 1.05)
0–13 0.95 (0.84, 1.07) 0.93 (0.82, 1.05) 0.94 (0.84, 1.06) 0.94 (0.83, 1.06) 0.94 (0.83, 1.05)
0–14 0.93 (0.82, 1.05) 0.91 (0.80, 1.04) 0.93 (0.82, 1.05) 0.93 (0.82, 1.05) 0.92 (0.81, 1.04)

All models were adjusted for daily mean temperature and humidity. The odds ratio was calculated per 10-unit increase.

4. Discussion

The present study was conducted in Seoul, Gyeonggi, and Incheon, South Korea,
over 10 years. Our findings suggest that short-term exposure to PM2.5 was not significantly
associated with an increased hospitalization of KD. We believe this is the first attempt to
assess the impacts of PM2.5 on KD in South Korea.

KD is an acute early childhood vasculitis of unknown etiology. Common KD complica-
tions include coronary artery abnormalities (CAAs), which are currently the leading cause
of acquired heart disease in children. Most cases occur between the ages of six months
and eight years. However, the exact mechanisms underlying KD development remain
unclear. Young children inhale relatively large amounts of PM2.5 because their lungs are
less developed than adults. Previous reports have suggested that short-term exposure to
PM2.5 may damage endothelial cells, impair lung and vascular function, stimulate the onset
of a systemic inflammatory response, increase oxidative stress, and induce cardiac ischemia
and repolarization abnormalities [16–18]. Our study found no association between PM2.5
and KD hospitalizations.

The incidence of KD has a striking seasonal variation with a differing pattern in several
countries. Burns et al. studied seasonal patterns of KD across 25 countries from 1970 to
2012 [19]. Their reports suggested that an environmental trigger could play a role in deter-
mining the seasonality of KD cases worldwide. KD cases peak in the winter and decrease
in the late summer and fall in the extratropical northern hemisphere, including Japan,
South Korea, and the U.S. [20]. In China, there is a peak in the summer/spring [21,22],
while the highest incidence of KD is observed between May and June in the tropics and the
extratropical southern hemisphere [19].

These seasonal patterns may be driven by differences in infectious disease activity,
the presence of environmental allergens, and the independent influence of ambient tem-
perature. Recent studies also suggest that tropospheric winds from northern China carry
KD’s etiologic agents into Japan and that a higher level of postnatal suspended PM (SPM)
exposure indicates a higher level of desert dust in some regions [23,24]. The direct inhala-
tion of air pollutants can alter innate and adaptive immune responses, potentially inducing
cytokine-mediated endothelial cell injury in genetically susceptible children [25]. Moreover,
postnatal air pollution exposure could increase the risk of respiratory infections, triggering
abnormal immune responses and leading to KD onset.

Previous studies found no association between particulate matter and KD. In a recent
study, Hwang et al. used a Taiwanese health insurance database to identify 695 KD hospital-
izations in children under five years of age between the years 2000–2010 [7]. They found an
association between KD hospitalizations and ozone pollution during the summer months,
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possibly because children spend more time outdoors in the summertime. However, no sig-
nificant associations were found with other pollutants, including nitrogen dioxide and
coarse PM. Zhijing et al. evaluated the relationship between ambient air pollution, temper-
ature, and KD in Shanghai, China [26].

The three major air pollutants PM10, NO2, and SO2 had a positive but statistically
insignificant association with KD hospitalizations. It was suggested that short-term expo-
sure to high temperatures may significantly increase KD hospitalizations, but the evidence
linking air pollution and KD was limited. Furthermore, Zhijing and colleagues inferred
that high temperatures may promote the spread of infectious agents, such as fungi and
bacteria, contributing to high exposure levels. They also suggested that children tend to
spend more time outdoors when the temperature is high or moderate, increasing exposure
to infectious agents.

In the U.S., Zeft et al. reported no significant association between particulate matter
exposure and KD occurrence in seven metropolitan regions [8]. However, this study
focused on short-term exposure (a few days to a week). Takashi et al. suggested that
the effects of long-term exposure (more than one month) on KD occurrence should be
evaluated [9]. Using nationwide, population-based, longitudinal survey data from Japan
that began in 2010, this group found that early-life exposure to particulate air pollution,
especially during pregnancy, was associated with an increased risk of hospital admissions
for KD during early childhood.

In Italy, Elena et al. found no evident correlation between PM10 exposure and KD onset,
suggesting that an environmental agent carried by the wind from a specific direction could
trigger KD in genetically-susceptible individuals [27]. KD onset was more likely to occur
during periods of substantially warmer night-time temperatures in years with a prevailing
southwesterly mean flow. Further, they suggested that certain wind conditions are more
favorable for disease onset, which may be associated with one or more airborne agents.

Especially, since the beginning of the pandemic of coronavirus disease-2019 (COVID-19),
a surge of SARS-Cov-2 patients with COVID-19 syndrome overlapping with KD, called mul-
tisystem inflammatory syndrome in children (MIS-C), has been reported in 2020 [28–30].
KD and MIS-C share several common symptoms, such as skin rash, lymphadenopathy,
strawberry tongue, coronary artery dilatation and an elevation inflammatory biomarkers
such as C-reactive protein, procalcitonin, ferritin [31]. Furthermore, several unique symp-
toms of MIS-C and KD are prevalent in children, and children have fewer pro-inflammatory
cytokines secretion and more active innate immune response than adults [31]. Therefore,
understanding that the KD is rather not associated with PM2.5 may provide us with new
information regarding the pathogenesis of MIS-C in COVID-19, as well as the conserve.

The current study has two key strengths. First, as KD is clinically defined by the onset
of fever, a well-defined event date can be studied, unlike most rheumatologic diseases.
Rheumatologic diseases usually have an indolent course and an extended prodromal pe-
riod. In South Korea, nationwide KD surveys began in 1994 using patient data from all
resident-training hospitals between 1991–1993, and they have since been conducted every
three years. Therefore, data covering patients who received intravenous immunoglobulin
following a KD diagnosis (ICD-10 [International Statistical Classification of Diseases and
Related Health Problems, 10th ed], M30.3) can be obtained in South Korea [32]. This ap-
proach provides more data on KD incidence when compared to nationwide survey methods
in other countries because mandatory subscription to the national health insurance pro-
grams of South Korea covers more than 99% of the population. Further, response rates
to a nationwide survey from 2009–2011 and 2012–2014 were 87% and 94.8%, respectively.
Our study was also conducted in a country with the second highest KD rates. KD incidence
in Northeast Asian countries, including Japan, South Korea is 10–30 times greater than
rates in the U.S. and Europe.

This study has several limitations. First, we assigned administrative district-level
PM2.5 exposure data and did not measure or estimate individual-level exposure, including
proximity to major roads or the activities of each participant’s living place. Inaccurate
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exposure assignment may not properly reflect the relationship to health effects. Therefore,
further studies need accurate individual level exposure measurements. Second, we did
not evaluate the relationship between prenatal exposure to PM2.5 and KD occurrence.
As discussed above, PM2.5 exposure during pregnancy could affect fetal lung development
and induce epigenetic changes which may influence immune programming and organ
development. Third, we did not consider the effects of other meteorological variables (e.g.,
wind speed) as confounding variables. Because our results were not statistically significant,
future study should account for all of the confounding factors that could influence KD.
Finally, the further studies including genetic susceptibility between air pollution and KD
would be worthwhile to evaluate the immune environment and its response in the body.
Because KD occurs most often in children from northeast Asia. Even in the United States,
KD occurs most often among children of Asian-American or Pacific Island ancestry [33].

5. Conclusions

In conclusion, we found no association between short-term PM2.5 exposure and KD
occurrence in South Korea. Future research should compare KD cases between locations in
different parts of the world with a larger sample size and incorporate statistical models
that can determine associations between several environmental factors, ambient tempera-
tures, and KD occurrence. Cooperative efforts are needed to elucidate KD’s underlying
pathological mechanisms. Future research on the causal relationship of air pollution to KD
is needed.
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day (lag 0) of exposure to PM2.5 and children’s KD hospitalizations to two weeks ago.

Author Contributions: Conceptualization, J.O., J.H.L., H.S.K. and E.H.; Methodology, All authors;
Formal analysis, J.O., J.H.L., E.K. and S.K.; Investigation, J.O., J.H.L. and E.K., Data curation, J.O.
and J.H.L.; Writing–original draft preparation, All authors; Writing–review and editing, All au-
thors; Supervision, H.S.K. and E.H. All authors have read and agreed to the published version of
the manuscript.

Funding: This study did not receive grants from any funding agencies in the public commercial,
or not-for-profit sectors.

Institutional Review Board Statement: The study was approved by the Ewha Womans University
Seoul Hospital Institutional Review Board (IRB File No: SEUMC 2020-12-018-002).

Informed Consent Statement: The study did not require informed consent statement.

Data Availability Statement: This data extracted Electronic Medical Record (EMR) system hospital-
ization data of Ewha Womans University Mokdong Hospital. The data are not publicly available due
to ethical restrictions.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

KD Kawasaki disease
PM2.5 particulate matter with a diameter equal to or less than 2.5 µm
OR odds ratio
CI confidence interval
SD standard deviation

https://www.mdpi.com/1660-4601/18/3/924/s1
https://www.mdpi.com/1660-4601/18/3/924/s1


Int. J. Environ. Res. Public Health 2021, 18, 924 10 of 11

References
1. Kawasaki, T.; Kosaki, F.; Okawa, S.; Shigematsu, I.; Yanagawa, H. A new infantile acute febrile mucocutaneous lymph node

syndrome (MLNS) prevailing in Japan. Pediatrics 1974, 54, 271–276. [PubMed]
2. Melish, M.E.; Hicks, R.M.; Larson, E.J. Mucocutaneous lymph node syndrome in the United States. Am. J. Dis. Child. 1976,

130, 599–607. [CrossRef] [PubMed]
3. Kato, H.; Ichinose, E.; Yoshioka, F.; Takechi, T.; Matsunaga, S.; Suzuki, K.; Rikitake, N. Fate of coronary aneurysms in Kawasaki

disease: Serial coronary angiography and long-term follow-up study. Am. J. Cardiol. 1982, 49, 1758–1766. [CrossRef]
4. Rowley, A.H.; Shulman, S.T. Kawasaki syndrome. Pediatr. Clin. N. Am. 1999, 46, 313–329. [CrossRef]
5. Fujiwara, H.; Hamashima, Y. Pathology of the heart in Kawasaki disease. Pediatrics 1978, 61, 100–107.
6. Lin, M.T.; Wu, M.H. The global epidemiology of Kawasaki disease: Review and future perspectives. Glob. Cardiol. Sci. Pract. 2017,

2017, e201720. [CrossRef]
7. Jung, C.R.; Chen, W.T.; Lin, Y.T.; Hwang, B.F. Ambient air pollutant exposures and hospitalization for Kawasaki disease in Taiwan:

A case-crossover study (2000–2010). Environ. Health Perspect. 2017, 125, 670–676. [CrossRef]
8. Zeft, A.S.; Burns, J.C.; Yeung, R.S.; McCrindle, B.W.; Newburger, J.W.; Dominguez, S.R.; Anderson, M.S.; Arrington, C.;

Shulman, S.T.; Yoon, J.; et al. Kawasaki disease and exposure to fine particulate air pollution. J. Pediatr. 2016, 177, 179–183 e1.
[CrossRef]

9. Yorifuji, T.; Tsukahara, H.; Kashima, S.; Doi, H. Intrauterine and early postnatal exposure to particulate air pollution and Kawasaki
disease: A nationwide longitudinal survey in Japan. J. Pediatr. 2018, 193, 147–154 e2. [CrossRef]

10. Skamarock, W.C.; Klemp, J.B. A time-split nonhydrostatic atmospheric model for weather research and forecasting applications.
J. Comput. Phys. 2008, 227, 3465–3485. [CrossRef]

11. Bae, M.; Kim, B.-U.; Kim, H.C.; Kim, S. A multiscale tiered approach to quantify contributions: A case study of PM2.5 in South
Korea during 2010–2017. Atmosphere 2020, 11, 141. [CrossRef]

12. Kim, H.C.; Kim, E.; Bae, C.; Cho, J.H.; Kim, B.-U.; Kim, S. Regional contributions to particulate matter concentration in the Seoul
metropolitan area, South Korea: Seasonal variation and sensitivity to meteorology and emissions inventory. Atmos. Chem. Phys.
2017, 17, 10315–10332. [CrossRef]

13. Son, K.; You, S.; Kim, H.C.; Kim, B.-U.; Kim, S. Inter-comparisons of spatially interpolated short-term and long-term PM2.5
concentrations of local authorities in South Korea 2015~2017. J. Korean Soc. Atmos. Environ. 2020, 36, 185–197. [CrossRef]

14. Oh, J.; Lee, S.; Kim, M.H.; Kwag, Y.; Kim, H.S.; Kim, S.; Ye, S.; Ha, E. The impact of PM2.5 on acute otitis media in children
(aged 0–3): A time series study. Environ. Int 2020, 145, 106133. [CrossRef]

15. Han, C.; Kim, S.; Lim, Y.H.; Bae, H.J.; Hong, Y.C. Spatial and temporal trends of number of deaths attributable to ambient PM2.5
in the Korea. J. Korean Med. Sci. 2018, 33, e193. [CrossRef]

16. Kelly, F.J. Oxidative stress: Its role in air pollution and adverse health effects. Occup. Environ. Med. 2003, 60, 612–616. [CrossRef]
17. Chen, R.; Zhao, Z.; Sun, Q.; Lin, Z.; Zhao, A.; Wang, C.; Xia, Y.; Xu, X.; Kan, H. Size-fractionated particulate air pollution

and circulating biomarkers of inflammation, coagulation, and vasoconstriction in a panel of young adults. Epidemiology 2015,
26, 328–336. [CrossRef]

18. Brook, R.D.; Rajagopalan, S.; Pope, C.A., 3rd; Brook, J.R.; Bhatnagar, A.; Diez-Roux, A.V.; Holguin, F.; Hong, Y.; Luepker, R.V.;
Mittleman, M.A.; et al. Metabolism, particulate matter air pollution and cardiovascular disease: An update to the scientific
statement from the American Heart Association. Circulation 2010, 121, 2331–2378. [CrossRef]

19. Burns, J.C.; Mason, W.H.; Glode, M.P.; Shulman, S.T.; Melish, M.E.; Meissner, C.; Bastian, J.; Beiser, A.S.; Meyerson, H.M.;
Newburger, J.W. Clinical and epidemiologic characteristics of patients referred for evaluation of possible Kawasaki disease.
United States Multicenter Kawasaki Disease Study Group. J. Pediatr. 1991, 118, 680–686. [CrossRef]

20. Burns, J.C.; Herzog, L.; Fabri, O.; Tremoulet, A.H.; Rodo, X.; Uehara, R.; Burgner, D.; Bainto, E.; Pierce, D.; Tyree, M.; et al.
Seasonality of Kawasaki disease: A global perspective. PLoS ONE 2013, 8, e74529. [CrossRef]

21. Du, Z.D.; Zhao, D.; Du, J.; Zhang, Y.L.; Lin, Y.; Liu, C.; Zhang, T.; Beijing Kawasaki Research Group. Epidemiologic study on
Kawasaki disease in Beijing from 2000 through 2004. Pediatr. Infect. Dis. J. 2007, 26, 449–451. [CrossRef] [PubMed]

22. Xie, L.P.; Yan, W.L.; Huang, M.; Huang, M.R.; Chen, S.; Huang, G.Y.; Liu, F. Epidemiologic features of Kawasaki disease in
Shanghai from 2013 through 2017. J. Epidemiol. 2020, 30, 429–435. [CrossRef] [PubMed]

23. Rodo, X.; Ballester, J.; Cayan, D.; Melish, M.E.; Nakamura, Y.; Uehara, R.; Burns, J.C. Association of Kawasaki disease with
tropospheric wind patterns. Sci. Rep. 2011, 1, 152. [CrossRef] [PubMed]

24. Rodo, X.; Curcoll, R.; Robinson, M.; Ballester, J.; Burns, J.C.; Cayan, D.R.; Lipkin, W.I.; Williams, B.L.; Couto-Rodriguez, M.;
Nakamura, Y.; et al. Tropospheric winds from northeastern China carry the etiologic agent of Kawasaki disease from its source to
Japan. Proc. Natl. Acad. Sci. USA 2014, 111, 7952–7957. [CrossRef] [PubMed]

25. Bauer, R.N.; Diaz-Sanchez, D.; Jaspers, I. Effects of air pollutants on innate immunity: The role of Toll-like receptors and
nucleotide-binding oligomerization domain-like receptors. J. Allergy Clin. Immunol. 2012, 129, 14–24. [CrossRef]

26. Lin, Z.; Meng, X.; Chen, R.; Huang, G.; Ma, X.; Chen, J.; Huang, M.; Huang, M.; Gui, Y.; Chu, C.; et al. Ambient air pollution,
temperature and kawasaki disease in Shanghai, China. Chemosphere 2017, 186, 817–822. [CrossRef]

27. Corinaldesi, E.; Pavan, V.; Andreozzi, L.; Fabi, M.; Selvini, A.; Frabboni, I.; Lanzoni, P.; Paccagnella, T.; Lanari, M. Environmental
factors and Kawasaki disease onset in Emilia-Romagna, Italy. Int. J. Environ. Res. Public Health 2020, 17, 1529. [CrossRef]

http://www.ncbi.nlm.nih.gov/pubmed/4153258
http://doi.org/10.1001/archpedi.1976.02120070025006
http://www.ncbi.nlm.nih.gov/pubmed/7134
http://doi.org/10.1016/0002-9149(82)90256-9
http://doi.org/10.1016/S0031-3955(05)70120-6
http://doi.org/10.21542/gcsp.2017.20
http://doi.org/10.1289/EHP137
http://doi.org/10.1016/j.jpeds.2016.06.061
http://doi.org/10.1016/j.jpeds.2017.10.012
http://doi.org/10.1016/j.jcp.2007.01.037
http://doi.org/10.3390/atmos11020141
http://doi.org/10.5194/acp-17-10315-2017
http://doi.org/10.5572/KOSAE.2020.36.2.185
http://doi.org/10.1016/j.envint.2020.106133
http://doi.org/10.3346/jkms.2018.33.e193
http://doi.org/10.1136/oem.60.8.612
http://doi.org/10.1097/EDE.0000000000000273
http://doi.org/10.1161/CIR.0b013e3181dbece1
http://doi.org/10.1016/S0022-3476(05)80026-5
http://doi.org/10.1371/journal.pone.0074529
http://doi.org/10.1097/01.inf.0000261196.79223.18
http://www.ncbi.nlm.nih.gov/pubmed/17468660
http://doi.org/10.2188/jea.JE20190065
http://www.ncbi.nlm.nih.gov/pubmed/31548437
http://doi.org/10.1038/srep00152
http://www.ncbi.nlm.nih.gov/pubmed/22355668
http://doi.org/10.1073/pnas.1400380111
http://www.ncbi.nlm.nih.gov/pubmed/24843117
http://doi.org/10.1016/j.jaci.2011.11.004
http://doi.org/10.1016/j.chemosphere.2017.08.054
http://doi.org/10.3390/ijerph17051529


Int. J. Environ. Res. Public Health 2021, 18, 924 11 of 11

28. Verdoni, L.; Mazza, A.; Gervasoni, A.; Martelli, L.; Ruggeri, M.; Ciuffreda, M.; Bonanomi, E.; D’Antiga, L. An outbreak of
severe Kawasaki-like disease at the Italian epicentre of the SARS-CoV-2 epidemic: An observational cohort study. Lancet 2020,
395, 1771–1778. [CrossRef]

29. Toubiana, J.; Poirault, C.; Corsia, A.; Bajolle, F.; Fourgeaud, J.; Angoulvant, F.; Debray, A.; Basmaci, R.; Salvador, E.;
Biscardi, S.; et al. Kawasaki-like multisystem inflammatory syndrome in children during the covid-19 pandemic in Paris, France:
Prospective observational study. BMJ 2020, 369, m2094. [CrossRef]

30. Belhadjer, Z.; Meot, M.; Bajolle, F.; Khraiche, D.; Legendre, A.; Abakka, S.; Auriau, J.; Grimaud, M.; Oualha, M.; Beghetti, M.; et al.
Acute heart failure in multisystem inflammatory syndrome in children in the context of global SARS-CoV-2 pandemic. Circulation
2020, 142, 429–436. [CrossRef]

31. Rodriguez-Gonzalez, M.; Castellano-Martinez, A.; Cascales-Poyatos, H.M.; Perez-Reviriego, A.A. Cardiovascular impact of
COVID-19 with a focus on children: A systematic review. World J. Clin. Cases 2020, 8, 5250–5283. [CrossRef] [PubMed]

32. Ha, S.; Seo, G.H.; Kim, K.Y.; Kim, D.S. Epidemiologic study on Kawasaki disease in Korea, 2007–2014: Based on health insurance
review & Assessment service claims. J. Korean Med. Sci 2016, 31, 1445–1449. [PubMed]

33. Uehara, R.; Belay, E.D. Epidemiology of Kawasaki disease in Asia, Europe, and the United States. J. Epidemiol. 2012, 22, 79–85.
[CrossRef] [PubMed]

http://doi.org/10.1016/S0140-6736(20)31103-X
http://doi.org/10.1136/bmj.m2094
http://doi.org/10.1161/CIRCULATIONAHA.120.048360
http://doi.org/10.12998/wjcc.v8.i21.5250
http://www.ncbi.nlm.nih.gov/pubmed/33269260
http://www.ncbi.nlm.nih.gov/pubmed/27510389
http://doi.org/10.2188/jea.JE20110131
http://www.ncbi.nlm.nih.gov/pubmed/22307434

	Introduction 
	Materials and Methods 
	Kawasaki Disease Inpatient Definitions 
	Environmental Variable 
	Study Design 
	Statistical Analysis 

	Results 
	Discussion 
	Conclusions 
	References

