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BACKGROUND: Kawasaki disease (KD) is a systemic vasculitis of unknown etiology that primarily affects children under 5 years
of age. Some researchers suggested a potential triggering effect of air pollution on KD, but the findings are inconsistent and
limited by small sample size. We investigated the association between ambient air pollution and KD among the population of
South Korea younger than 5 years using the National Health Insurance claim data between 2007 and 2019.

METHODS AND RESULTS: We obtained the data regarding particulate matter <10 or 2.5 um in diameter, nitrogen dioxide, sulfur
dioxide, carbon monoxide, and ozone from 235 regulatory monitoring stations. Using a time-stratified case-crossover design,
we performed conditional logistic regression to estimate odds ratios (OR) of KD according to interquartile range increases in
each air pollutant concentration on the day of fever onset after adjusting for temperature and relative humidity. We identified
51 486 children treated for KD during the study period. An interquartile range increase (14.67 ug/m?) of particulate matter <2.5
um was positively associated with KD at lag 1 (OR, 1.016; 95% CI, 1.004-1.029). An interquartile range increase (2.79 ppb) of
sulfur dioxide concentration was associated with KD at all lag days (OR, 1.018; 95% ClI, 1.002-1.034 at lag O; OR, 1.022; 95%
Cl, 1.005-1.038 at lag 1; OR, 1.017; 95% ClI, 1.001-1.033 at lag 2). Results were qualitatively similar in the second scenario of
different fever onset, 2-pollutant model and sensitivity analyses.

CONCLUSIONS: In a KD-focused national cohort of children, exposure to particulate matter <2.5 ym and sulfur dioxide was posi-
tively associated with the risk of KD. This finding supports the triggering role of ambient air pollution in the development of KD.
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Incidence of KD varies considerably between dif-

unknown etiology that primarily affects children

under 5 years of age."? The common clinical signs
are fever, skin rash, red eyes, red lips, enlarged anterior
cervical lymph nodes, and joint pain.®* KD can result
in coronary artery aneurysms and is the leading cause
of acquired heart disease among pediatric patients in
high-income countries.>® For children with acute KD,
timely initiation of intravenous immunoglobulin (IVIG)
treatment reduces the risk of coronary complications.”®

Kawasaki disease (KD) is a systemic vasculitis of

ferent racial and ethnic groups, with the highest rates
among Asian/Pacific Islander children and the lowest
among White children in the United States.®%'° In Asian
countries, the incidence of KD is as high as 191 in South
Korea,"" 184.6 in Japan,® 68.8 to 107.3 in China,'? 69 in
Taiwan,”® and 2.1 to 3.4 in Thailand™ per 100 000 chil-
dren under 5 years of age. Prior epidemiological stud-
ies observed that the development of KD is associated
with several respiratory viral infections, early childhood
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CLINICAL PERSPECTIVE

What Is New?

e This study investigated the association be-
tween ambient air pollution and development of
Kawasaki disease using data from a Kawasaki
disease-focused national cohort of children.

e In children aged under 5 years, short-term ex-
posure to particulate matter <2.5 ym and sulfur
dioxide was positively associated with the risk
of Kawasaki disease.

What Are the Clinical Implications?

e Ambient air pollution may have a triggering role
in the development of Kawasaki disease among
children under 5 years of age.

Nonstandard Abbreviations and Acronyms

Cco carbon monoxide
KD Kawasaki disease
NO, nitrogen dioxide
o, ozone

PM,, and PM, particulate matter <10 or
2.5 uym in diameter,
respectively

SO, sulfur dioxide

environment, and winter season.®™" Although the
cause of KD remains unknown, clinical findings suggest
that a respiratory agent may trigger KD in susceptible
children causing inflammation in the upper airway.'®-2°
Some research reported a potential triggering effect of
wind-borne desert dust and extreme temperature on
KD,?"?2 but the findings are inconsistent and limited by
small sample size.?® Therefore, we investigated the as-
sociation between ambient air pollution and KD using
the data of all identified KD cases from the population
aged under 5 years in South Korea.

METHODS

Because of the sensitive nature of the data constructed
for this study, a subset of the data generated for this
study are available from the corresponding author
upon reasonable request.

Data Source

The National Health Insurance System is a public,
single-payer system covering over 99% of all citizens
and residents in South Korea. Following medical ser-
vices, the provider sends reimbursement claims for
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medical expenses incurred to the Health Insurance
Review & Assessment Service, which reviews the
claims, assesses the quality of care provided, and
evaluates adequacy for healthcare services.?* Based
on the results of the review by the Health Insurance
Review & Assessment Service, the National Health
Insurance System reimburses the service providers for
the cost of supplying the medical services to patients.
Using the Health Insurance Review & Assessment
Service data, we constructed a KD-focused national
cohort of children aged 0 to 4 years who had the
International Classification of Diseases, Tenth Revision
(ICD-10) code for Kawasaki disease (M30.3) and re-
ceived IVIG between November 2007 and October
2019. We identified all children with a first episode of
KD (n=53 837) and further restricted the population of
children to those who lived in the districts with available
ambient air pollution monitors (=51 486). Because the
Health Insurance Review & Assessment Service data
were anonymized, informed consent was not required.
The protocol of this study was approved by the institu-
tional review board (GCI 2020-06-006).

Estimation of Ambient Air Pollution Before
the Onset of Disease

We used hourly concentrations of particulate matter
<10 or 2.5 pm in diameter (PM,, and PM, ., respec-
tively), nitrogen dioxide (NO,), sulfur dioxide (SO,),
carbon monoxide (CO), and ozone (O,) measured at
235 air quality monitoring sites located throughout
the country.?®> We obtained the air pollution data be-
tween 2007 and 2019 from the National Institute of
Environmental Research (https:/www.nier.go.kr/). The
following daily representative concentrations of the 6
pollutants were determined for each child: 24-hour av-
erages for PM,,, PM, ., NO,, and SO, and a maximum
of 8-hour moving averages for CO and O,. The maxi-
mum concentrations of CO and O, were used because
most of their emission is affected by commuter traffic
and sunlight, respectively.?® We used the air pollutant
measurements collected from urban background sites
to monitor population exposures. When 2 or more
urban background sites were present in 1 district,
we averaged their daily means. Because the residen-
tial addresses were available at the district level, we
assigned district averages of air pollution to children
living in the same district as individual exposures as
applied in previous studies.?”?® The urban background
monitoring sites are mostly located at the community-
service centers in largely populated residential areas.?®
Thus, these monitoring sites may well represent air pol-
lution exposure to residents of the district. Majority of
the children under 5 years old lived Seoul Metropolitan
Area including Seoul and its neighboring metropolitan
cities (Incheon and Gyeonggi-do), and there are 66
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districts with relatively small sizes (median size=44 km?
in 2007).%° In addition, because temporal variability is
much larger than spatial variability in daily averages of
air pollution exposures,®' the difference in air pollution
concentrations of participants assessed by area av-
erages and concentrations from the nearest monitor
would be small and exposure measurement error of
spatial misclassification in our health analysis may not
be substantial. Given that the diagnosis of KD requires
the presence of fever lasting at least 5 days,’ the onset
of fever can be supposed to be almost 1 week before
the IVIG administration. According to the American
Heart Association, IVIG treatments to prevent a coro-
nary event are recommended by day 7 of KD,*? and
some patients might have received the IVIG treat-
ment at day 5 or earlier, which is suggested to result
in a lower risk of cardiac sequelae of KD.®® Therefore,
we presented a second scenario where the alleged
onset of KD is 4 days before IVIG administration. We
assumed that the children’s addresses remained the
same within a month of IVIG treatment.

Weather conditions were extracted from 510 au-
tomatic weather stations across the country (https:/
data.kma.go.kr/) and used to adjust the association
between air pollutants and KD. The average daily val-
ues of ambient temperature and relative humidity were
assigned to individuals according to their districts.
When daily average weather conditions for the mon-
itoring station were not available, we imputed the data
using a random forest-based method from the miss-
Forest function in R package missForest.343%

Statistical Analysis
We used a time-stratified case-crossover design to
control short-term time-varying confounders and indi-
vidual baseline risks.®® In this design, cases serve as
their own controls using exposure on the days before
or after the case day. Owing to the consistency of the
subject across days, this design can control all known
and unknown confounding factors that are likely to vary
nonrandomly—for example, age, body mass index,
socioeconomic factors, health-related behaviors, and
genetic predisposition.3” The time-stratified approach
avoids bias from the day of week and seasonality by
matching the control days on the same day of the
week within the same month and year as the case day.
For example, if a KD case was identified on the last
Monday of January 2019 (January 28, 2019), all other
Mondays within January 2019 were assigned as the
control days for that case (January 7, 14, and 21, 2019).
This approach resulted in 3 control days for each case.
Six pollutants were introduced into the model one
at a time. We estimated the effects of air pollutants on
the day of disease onset (lag 0), the day before (lag 1),
and the 2 days before (lag 2), assuming the immediate

J Am Heart Assoc. 2022;11:e024092. DOI: 10.1161/JAHA.121.024092

Ambient Air Pollution and Kawasaki Disease

effect of air pollution (lags of 1-5 days for the second
scenario, Figure 1).222338 Within-individual differences
in the air pollution level of case days (district-average
on lag 0-2 days) and control days were assessed
using paired t tests. We used Spearman’s correlation
to examine the pairwise relationships of air pollutants,
ambient temperature, and relative humidity. Although
PM, . is the subset of PM,, particles and thus both
are likely to show a high correlation, we analyzed both
separately to compare our findings with those of prior
studies. We performed conditional logistic regression
to estimate odds ratios (OR) of KD according to inter-
quartile range (IQR) increases in each air pollutant con-
centration on the day of fever onset. We also explored
the lag pattern in the effects using single-day exposure
lags of 1 and 2 days to identify the critical exposure
period. A spline of daily mean temperature and relative
humidity was included in the adjusted models to con-
trol potential nonlinear relationships with KD. The most
appropriate degrees of freedom of the temperature
and relative humidity were determined by minimizing
Akaike Information Criterion. Lags for temperature and
relative humidity paralleled the modeled air pollution
lags. For pollutants that showed significant association
with the KD episode, we applied multipollutant mod-
els. We conducted sensitivity analyses to explore the
robustness of the findings. First, we restricted the data
to the Seoul region, where the individual raw data were
complete. Second, we changed the degree of freedom
for temperature and relative humidity in the adjusted
analyses. All statistical analyses were conducted using
R version 4.0.3.

RESULTS

Among the total of 51 486 patients with KD, 58.2%
were male. 48.7% were <24 months old, and 74.4%
lived outside of Seoul. The KD episodes were the
highest in winter (Table 1). Annual average PM,,
PM, ., NO,, SO,, and CO concentrations decreased
from 2007 to 2019 for all days included in the study
(Table S1 and Figure S1). Annual average O, concen-
tration increased. The means of daily PM,, and PM, ¢
concentrations over the case and control days dur-
ing the study period were 47.99 and 25.04 pg/m?, re-
spectively (Table 2). The mean NO,, SO,, and O, were
26.34, 4.92, and 37.40 ppb, respectively. The mean
CO was 0.64 ppm.

In within-individual comparison of 6 air pollutants,
case days showed higher daily mean concentration
than control days for PM, . (lag 1 day) and SO, (lag
0-2 days, Table S2). In general, the means of 6 air pol-
lutants showed a low-to-moderate pairwise correla-
tion (Table S3). The daily average concentration of CO
was highly and positively correlated with NO, (~=0.62)
and moderately correlated with SO, (=0.47). The
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A 7 days before IVIG

Alleged onset of KD

IV immunoglobulin treatment

Day -2 Day -1

lag2 Llag1

I Diagnosis of KD
DEVAVE Day 1 | Day 2 | Day 3 | Day4 | Day 5 | Day 6 | Day 7
Lag 0

Fever

B 4 days before IVIG

Day -5 Day -4 Day -3 Day -2 Day -1

lLag5 Llag4 Lag3 Lag2 lag1

Alleged onset of KD

IV immunoglobulin treatment

Diagnosis of KD
DEVAVE Day 1 | Day 2 | Day 3 | Day 4
Lag 0
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Figure 1.

Estimation of the onset of Kawasaki disease (KD) based on the day of intravenous

immunoglobulin (IVIG) administration in the National Health Insurance claim data.
Lag 1 and 2 are 1 and 2 days before the alleged onset of KD, respectively. A, 7 days before IVIG with lag
0 to 2 days; B, 4 days before IVIG with lag 0 to 5 days.

concentration of PM,, was moderately and positively
correlated with NO, (r=0.50) and CO (=0.54). In gen-
eral, the daily air pollutant concentrations were nega-
tively correlated with temperature (r ranged from —0.11
to —0.34) and relative humidity (- ranged from —-0.02
to —0.09). The mean concentration of air pollution in a
given district for a given month or year was relatively
stable, for example, in Seoul (Figure S2).

In the single pollutant model adjusting for tem-
perature and relative humidity, the direction of as-
sociation between air pollutant concentration and
KD was positive for PM,,, PM, 5, SO,, and CO, spe-
cifically at lag 1 (Figure 2A). For example, an IQR
increase (per 14.67 ug/m® change) of PM, ¢ concen-
tration was associated with KD at lag 1 (OR, 1.016;
95% CI, 1.004-1.029) (Table S4). An IQR increase
(2.79 ppb) in SO, concentration was associated with
KD at all lag days (lag 0: 1.018; 95% CI, 1.002-1.034;
lag 1: 1.022;, 95% ClI, 1.005-1.038; lag 2: 1.017; 95%
Cl, 1.001-1.033). The association between KD and
an IQR increase (per 25.38 ppb) in O, was negative
at lag 2 (0.979; 95% CI, 0.959-0.999). When we as-
signed the onset of KD as 4 days before IVIG treat-
ment, the associations of SO, and O; with KD remain
the same. An IQR increase in SO, concentration was
associated with KD at lag 1 to 2 (lag 1: 1.021; 95%
Cl, 1.004-1.038; lag 2: 1.017; 95% Cl, 1.001-1.033 at
lag 2) (Figure 2B). The association between KD and
an IQR increase in O, was also negative at lag 0 to 1

(lag 0: 0.951; 95% ClI, 0.953-1.011; lag 1: 0.967; 95%
Cl, 0.947-0.988).

In the 2-pollutant model that simultaneously in-
cluded terms for SO, or O,, which showed signifi-
cant association with KD, the point estimates did not
change compared with the single pollutant model for
all lag periods (Figure S3), indicating the independent
effects of both pollutants. In the subgroup analysis
using only data from Seoul to address exposure mis-
classification due to imputation, effect estimates were
not meaningfully altered, and Cls widened with losses
of subjects (Table S5). The change in the degree of
freedom for temperature and relative humidity did not
substantially affect the estimated effects of all air pol-
lutants within the range of 2 to 10 degrees of freedom.
Different smoothing approaches do not change the
ORs in the magnitude and direction (result not shown).

DISCUSSION

Using national data of all KD events from the population
under age 5 years in South Korea, we observed a posi-
tive association between daily variations in ambient air
pollution and KD. More specifically, an IQR increase
in SO, and PM, ; concentrations before the onset of
KD were associated with higher odds of KD. Although
the effect estimates were generally positive, the asso-
ciation was not statistically significant for PM,,, NO,,
and CO. The association between KD and O; was in
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Table 1. Demographic Data of Kawasaki Disease Cases
(n=51 486) From November 2007 to October 2019

Variable Frequency (%)
Sex

Male 29982 (58.2)

Female 21504 (41.8)
Age group

Less than 12 mo 12 925 (25.1)

12-23 mo 12 166 (23.6)

24-35 mo 11 062 (21.5)

36-47 mo 8999 (17.5)

48-59 mo 6334 (12.3)
Region

Seoul 13170 (25.6)

Qutside of Seoul 38 316 (74.4)
Year of KD onset

2007-2011 15 616 (30.3)

2012-2015 19 009 (36.9)

2016-2019 16 143 (31.4)
Month of Kawasaki disease onset

March-May 12 821 (24.9)

June—August 13 024 (25.3)

September-November 12 026 (23.4)

December—February 13615 (26.4)

a negative direction at lag 1 to 2. This association did
not change in the 2-pollutant model for lag O to 2 days
where SO, and O, were concurrently incorporated.
Previous studies showed that air pollution might be
positively associated with the risk of KD but did not al-
ways reach statistical significance. Similar to our find-
ings, a study of 224 cases in Japan reported that SO,
was significantly associated with an increased KD inci-
dence.® A study of 2344 KD cases in Shanghai, China,
found a positive but statistically insignificant association

Ambient Air Pollution and Kawasaki Disease

between KD incidence and PM,, NO,, and SO,.??
Another study of 3009 KD cases in 7 metropolitan re-
gions of North America observed some positive effect
estimates of PM, . exposure on KD, which were statis-
tically insignificant at lagged periods varying from 2 to
14 days.?® Similarly, a recent single-center cohort study
of 711 KD cases in South Korea showed the null associ-
ation between KD and ambient PM, . without adjusting
for weather conditions.*® Inconsistencies between the
previous studies and our current findings could result
from a difference in sample size, variation in the concen-
tration of air pollutants, and adjustment of confounders.
For example, the study in North America had the mean
concentration of PM, . ranged from 7.0 to 17.2 pg/m?,
which is much lower than those of our study population.

The underlying pathogenesis behind the associa-
tion between KD and short-term exposure to air pol-
lutants is not yet fully elucidated. Acute exposure to a
high concentration of SO, is known to cause airway
irritation and inflammation, aggravating bronchocon-
striction in patients with asthma.*' When exposed to
a high level of PM, . and SO,, proinflammatory cyto-
kines and enzymes from injured bronchoepithelial cells
may induce a rapid systematic inflammatory reaction,
damaging the arterial wall and possibly leading to KD
symptoms.*=44 The other air pollutants are also respi-
ratory irritants causing inflammatory responses. The
close-to-null association of KD with the other air pollut-
ants may reflect some specific role of SO, in the patho-
genesis of KD, and further investigation is needed to
evaluate this potential biological mechanism.

Notably, the inverse association of KD with O, expo-
sure in the 2 days before the onset of KD (lag 2) of our
study was also observed in a study of 695 KD cases
in Taiwan, whereas the ambient O, level decreased
during the research period of their study.3® This finding
may be explained by the ozone alert, which is adopted
in many countries.*46 Starting from 2005, this ozone

Table 2. Daily Concentration of Air Pollutants, Temperature, and Relative Humidity Measures on Case and Control Days
Among 51 486 Patients With Kawasaki Disease Aged Under 5 Years of South Korea, 2007 to 2019

Interquartile

Daily environmental variable Mean (SD) Min Quartile 1 Quartile 2 Quartile 3 Max range
Air pollutants

PM,q, pg/m® 47.99 (27.92) 1.33 30.24 42.72 58.92 708.75 28.68

PM, ., ug/m? 25.04 (12.84) 0.04 16.37 22.86 31.04 161.53 14.67

Nitrogen dioxide, ppb 26.34 (13.21) 0.12 16.42 23.88 33.83 136.00 17.42

Sulfur dioxide, ppb 4.92 (2.52) 0.08 3.21 4.46 6.00 81.83 2.79

Carbon monoxide, ppm 0.64 (0.31) 0.07 0.44 0.57 0.76 5.47 0.32

Ozone, ppb 37.40 (18.94) 0.25 23.62 34.75 49.00 163.79 25.38
Weather conditions

Temperature, °C 12.69 (6.62) -19.70 1013 12.90 15.60 34.30 5.47

Relative humidity (%) 64.083 (12.88) 0.10 57.63 65.51 72.28 99.90 14.66

PM,, and PM, 5 indicates particulate matter <10 and 2.5 pm in diameter.
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Figure 2. Associations between Kawasaki disease (KD) and air pollution at different lag days
among 51 486 patients in South Korea aged under 5 years with KD, 2007 to 2019.

The associations are shown as odds ratio (OR) with 95% CI for interquartile range (IQR) increases in
exposure. All models were adjusted for ambient temperature and relative humidity. A, 7 days before IVIG;
B, 4 days before IVIG. CO indicates carbon monoxide; IVIG, intravenous immunoglobulin; NO,, nitrogen
dioxide; O, ozone; PM,, and PM, g, particulate matter <10 and 2.5 pm in diameter; and SO,, sulfur dioxide.

warning system advises children, senior citizens, and
patients with respiratory diseases to limit their out-
door activities when the ozone level is considered high
(Annual O, Alert Trend, www.airkorea.or.kr).*” Except
0zone, the studied air pollutants are largely produced
from fossil fuel combustion. Imprecise risk estimates
for NO, and CO in our study may be because of differ-
ent pattern of spatial variation of these pollutants.

Our study had some potential limitations. First, air
pollutant data were accessed from ambient air pollution
monitoring stations rather than measured at personal

J Am Heart Assoc. 2022;11:e024092. DOI: 10.1161/JAHA.121.024092

exposure levels and could not represent the indoor
concentration of air pollutants. Second, data on the po-
tential confounders, including genetic, infectious, and
socioeconomic factors, were not available in this study.
However, we attempted to account for personal invari-
ant factors such as genetic susceptibilities by applying
the case-crossover design. Third, the date of IVIG treat-
ment was the only available information on the timing
of the KD event in our data source. The definition of KD
onset based on the day of IVIG administration may lead
to potential misclassification of exposure because the


http://www.airkorea.or.kr

Kwon et al

date does not necessarily represent the actual timing of
the disease. Given that the mean duration of fever be-
fore IVIG administration was 6 to 7 days among children
under-5 years diagnosed with KD,*®4° we believe that
the possibility of misclassification would be minimal. In
addition, laboratory findings were not included in our
analysis because they are not available in the National
Health Insurance System claim database, which is
constructed for administrative purpose. To confirm our
findings, future studies may benefit from using clinical
inflamsmatory indicators such as white blood cell count
or C-reactive protein, as intermediate markers for KD.

CONCLUSIONS

This study adds to the growing body of evidence im-
plicating the positive association between short-term
variations in air pollution and the development of KD,
supporting the hypothesis that the short-term eleva-
tions in PM, ; and SO, may trigger the onset of KD
among children under 5 years of age. This finding
needs to be confirmed in future studies with different
study designs and among different populations.
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Table S1. Summary statistics of annual average values for daily mean concentrations of air

pollution from monitoring stations during 2007-2019.

Air pollutants Year Mean (SD) Min Ql Q2 Q3 Max
PMio (ug/m?) 2007 61.84 (31.59) 12.54 41.34 5371 73.19 369.42
2008 55.12(32.08) 4.17 3490 49.17 66.92 620.71
2010 50.61 (30.56) 1.33  30.46 44.67 62.54 658.08
2009 53.30(31.38) 4.75  33.54 46.75 64.33 353.92
2011 48.49(32.56) 133  28.85 4293 59.06 516.79
2012 43.33(21.27) 2.12  28.00 39.77 54.29 182.38
2013 48.16(25.09) 5.38  30.58 4296 59.50 258.33
2014 48.43 (26.86) 2.04  30.08 42.38 60.38 237.71
2015 48.56(33.43) 2.67 31.54 4299 58.17 708.75
2016 47.52(22.92) 2.83 3238 43.19 58.17 243.15
2017 4594 (23.36) 1.52  30.32 42.18 56.19 299.21
2018 41.76 (22.96) 3.18  25.62 37.65 52.79 200.77
2019 42.76 (25.08) 1.58  26.58 37.69 52.62 228.57
PM:.s (ug/m?) 2007 29.94 (13.72) 6.97  20.67 26.76 35.67 114.43
2008 25.83 (12.12) 2.62 17.62 23.88 31.62 117.29
2010 24.86 (12.12) 2.91 16.81 22.83 30.39 140.71
2009 2549 (12.11) 2.25 17.32 23.26 30.88 112.83
2011 24.37(11.27) 1.47 16.52 22.87 30.31 117.99
2012 23.70 (10.51) 2.00 16.28 22.08 29.17 96.32
2013 25.94 (12.07) 3.55 17.51 23.71 32.04 108.58
2014 25.07 (11.79) 3.17 16.84 2290 31.09 104.33
2015 25.63(13.20) 0.25 16.46 2330 31.88 144.46
2016 26.22(12.49) 1.58 17.62 24.08 32.58 103.75
2017 25.28 (13.83) 0.04 15.41 2292 31.98 126.06
2018 23.15(14.61) 0.88 12.45 20.13 30.17 13546
2019 23.64 (17.39) 0.25 13.42 20.14 28.44 161.53
NO:2 (ppb) 2007 33.67(15.87) 1.25 2242 31.54 42.04 136.00



Air pollutants Year Mean (SD) Min Ql Q2 Q3 Max
2008 28.35(14.12) 0.12 17.77 26.04 36.58 98.42
2010 27.63 (13.81) 1.00 17.00 2537 36.06 124.38
2009 27.96 (13.81) 1.62 17.58 25.54 36.00 129.81
2011 27.37(13.96) 1.00 16.94 2471 35.55 96.83
2012 26.12(12.83) 1.21 16.50 23.88 33.50 91.29
2013 27.61 (13.82) 1.29 17.12 24.89 35.58 99.29
2014 27.64 (13.69) 1.25 17.21 2529 35.54 104.46
2015 26.42(12.98) 0.67 16.71 24.02 33.75 99.64
2016 24.96 (11.40) 1.12 16.38 23.08 31.58 103.25
2017 24.22(11.47) 1.23 15.63 22.19 30.83 83.20
2018 23.75(12.13) 1.00 14.58 2131 30.79 84.88
2019 21.45(10.89) 1.50 13.52 19.60 26.75 77.62

SOz (ppb) 2007 7.41 (3.84) 021 465 6.60 936 30.17
2008 5.56 (3.33) 042 330 481 690 81.83
2010 4.88 (2.55) 0.12 3.08 441 6.08 3697
2009 5.14 (2.76) 0.58 322 454 638 33.19
2011 4.96 (2.55) 0.12  3.17 448 6.12 31.22
2012 5.26 (2.68) 1.00  3.50 478 6.42 34.04
2013 5.47 (2.81) 1.00  3.65 496 6.68 32.50
2014 5.31(2.51) 0.88 354 492 650 2627
2015 5.02(2.25) 0.17 352 476 6.17 32.33
2016 4.48 (1.84) 026 325 425 546 27.84
2017 4.30(1.80) 0.08 3.08 4.10 521 2722
2018 4.00 (1.72) 1.00 281 371 488 22.08
2019 3.83(1.57) 1.00 275 3.60 458 22.62

CO (ppm) 2007 0.97 (0.48) 0.07 062 0.89 124 4.09
2008 0.72 (0.36) 0.09 048 0.63 086 3.53
2010 0.66 (0.35) 0.10 044 0.58 0.78 4.68
2009 0.68 (0.36) 0.10 042 0.58 0.81 3.20
2011 0.65(0.32) 0.07 044 059 076 499



Air pollutants Year Mean (SD) Min Ql Q2 Q3 Max
2012 0.64 (0.30) 0.10 044 058 0.75 547
2013 0.65(0.34) 0.07 043 057 076 4.01
2014 0.65(0.31) 0.10 044 058 0.78 3.62
2015 0.64 (0.29) 0.10 044 057 0.78 3.00
2016 0.60 (0.25) 0.10 044 056 072 3.19
2017 0.59(0.24) 0.10 043 054 0.70 2.58
2018 0.58 (0.25) 0.07 041 054 071 292
2019 0.56 (0.23) 0.10 041 052 0.65 254

O3 (ppb) 2007 21.28(9.93) 1.00 13.88 21.25 27.67 73.62
2008 34.12(17.04) 0.50  21.25 32.17 44.88 126.62
2010 33.77(17.67) 0.25  21.62 31.00 43.50 147.62
2009 35.78 (18.38) 0.38 2222 33.38 47.62 119.50
2011 34.48(17.24) 0.75  22.00 32.21 44.50 115.06
2012 36.13(18.02) 1.00  23.25 33.38 46.88 116.78
2013 37.90(19.51) 1.00 2321 34.75 50.12 140.43
2014 38.41(19.44) 1.00 24.12 35.50 50.62 125.06
2015 38.01(18.94) 0.88  24.12 3594 50.50 123.88
2016 39.39(19.95) 1.00  25.00 36.27 52.44 129.62
2017 40.55(19.44) 2.00 26.38 38.00 53.12 132.38
2018 38.84(18.99) 1.62 2531 36.25 49.30 137.88
2019 45.75(19.18) 2.67  32.06 43.75 57.19 163.79

Temperature (°C) 2007 8.54(5.14) -8.30 520 940 1240 22.90
2008 12.98(7.20) -11.40 9.80 13.11 16.80 32.10
2010 12.75(7.42) -17.10 9.53 12.89 15.80 30.80
2009 12.93(7.25) -13.90 9.77 13.37 16.90 30.70
2011 12.84 (6.44) -18.20 10.82 13.13 1544 30.25
2012 12.54 (6.67) -17.43 10.35 12.97 1540 32.60
2013 12.72(6.55) -17.70 10.30 12.77 15.30 32.60
2014 12.61 (6.15) -13.15 10.50 12.92 15.13 32.00
2015 12.41(6.06) -12.10 990 12.77 15.10 32.10



Air pollutants Year Mean (SD) Min Ql Q2 Q3 Max
2016 12.69 (6.54) -18.30 10.03 12.89 1542 32.50
2017 12.45(6.33) -12.73 10.10 12.80 15.27 31.70
2018 12.53(6.57) -19.70 10.13 12.60 15.15 34.30
2019 14.21(6.25) -8.73 11.20 13.93 17.87 32.10

Relative Humidity (%) 2007 56.86 (14.97) 0.10  48.29 59.79 67.38 88.84
2008 51.48(19.33) 0.10  40.04 55.85 6592 97.33
2010 64.18 (11.90) 0.10  57.71 65.47 72.11 99.90
2009 59.62 (13.71) 0.10  51.80 61.47 69.25 98.24
2011 66.28 (12.03) 0.18  59.28 66.79 73.78 99.90
2012 66.04 (11.47) 9.12  59.61 66.80 73.30 99.90
2013 66.65(11.96) 1.00  59.97 67.04 73.75 99.90
2014 65.49 (10.18) 12.80 59.67 66.26 7237 98.14
2015 65.66 (10.02) 8.60  59.99 66.34 7240 96.83
2016 66.14(9.92) 8.60  60.30 66.75 72.85 96.33
2017 64.95(12.86) 0.20  57.36 6590 73.30 99.90
2018 64.57(11.61) 0.20 57.89 65.78 72.54 97.71
2019 65.02(11.40) 4.40  58.62 66.17 7292 97.42

PMio and PM2 s, particulate matter less than or equal to 10 and 2.5 micrometers in diameter;
NOz2, nitrogen dioxide; CO, carbon monoxide; SOz, sulfur dioxide; O3, ozone; SD, standard

deviation; Q1, 1% quartile; Q2, 2" quartile; Q3, 3™ quartile; IQR, interquartile range.



Table S2. Within-individual difference in the air pollution level of case and control days in case-

crossover study of ambient air pollutants and KD, 2007-2019.

Air pollutants Mean difference (95% CI)
Lag 0 Lag1 Lag?2

PMio (pg/m?) 0.045 (-0.134, 0.225)  0.146 (-0.030, 0.322) -0.024 (-0.201,
0.154)

PM2.s (ug/m?) 0.053 (-0.029, 0.136)  0.111 (0.028, 0.195)  0.003 (-0.081, 0.087)

NO:2 (ppb) -0.061 (-0.130, 0.007) -0.027 (-0.095, 0.040) -0.002 (-0.070,
0.066)

SOz (ppb) 0.018 (0.006, 0.031)  0.019 (0.007, 0.032)  0.016 (0.004, 0.028)

CO (ppm) 0.000 (-0.001, 0.002)  0.001 (-0.001, 0.003) 0.001 (-0.001, 0.002)

O3 (ppb) 0.027 (-0.064, 0.118)  -0.064 (-0.155, 0.027) -0.116 (-0.208, -
0.025)

PMio and PM2 5, particulate matter less than or equal to 10 and 2.5 micrometers in diameter;

NOz2, nitrogen dioxide; CO, carbon monoxide; SOz, sulfur dioxide; and O3, ozone.



Table S3. Pairwise correlation between daily average air pollutants, temperature, and relative

humidity from November 2007 to October 2019. P values for all correlations are < 0.01.

Exposures PMipy PMz2s NO, SO, CO O3  Temperature Humidity
PMio 1

PM;s 0.87 1

NO; 0.50 0.49 1

SO2 049 046 0.50 1

CO 0.54 056 0.62 047 1

O3 0.07 0.08 -0.29 -0.15 -0.29 1

Temperature -0.16 -0.11 -0.24 -0.23 -0.34 0.42 1

Humidity -0.02 0.03 -0.09 -0.07 -0.04 -0.03 0.14 1

PMio and PM2 s, particulate matter less than or equal to 10 and 2.5 micrometers in diameter;

NOz2, nitrogen dioxide; CO, carbon monoxide; SOz, sulfur dioxide; and O3, ozone.



Table S4. Odds ratios (95% confidence intervals) of the association between Kawasaki disease (KD) and air pollution from single

pollutant models among 51,486 KD patients aged under five of South Korea, 2007-2019.

Lag 0 Lag 1 Lag 2
Adjusted OR for Adjusted OR for Adjusted OR for
OR weather OR weather OR weather
Air pollutants (95% CI) conditions (95% CI) conditions (95% CI) conditions
per IQR change (95% CI)* (95% CI)* (95% CI)*
1.002 1.003 1.007 1.010 0.999 1.001
P (0.991, 1.013) (0.992, 1.015) (0.995, 1.018) (0.999, 1.022) (0.988, 1.010) (0.990, 1.013)
PMas 1.006 1.007 1.012 1.016 1.0003 1.002
(0.993, 1.018) (0.994, 1.020) (0.999, 1.024) (1.003, 1.029) (0.988, 1.013) (0.990, 1.015)
0.989 0.991 0.995 1.004 0.999 1.008
NO: (0.971, 1.007) (0.973, 1.010) (0.977, 1.013) (0.985, 1.023) (0.982, 1.018) (0.989, 1.026)
1.017 1.018 1.018 1.022 1.015 1.017
502 (1.001, 1.034) (1.002, 1.034) (1.002, 1.035) (1.005, 1.038) (0.999, 1.031) (1.001, 1.033)
1.002 1.004 1.006 1.013 1.004 1.009
0 (0.988, 1.016) (0.990, 1.019) (0.992, 1.020) (0.998, 1.027) (0.990, 1.018) (0.995, 1.024)
o 1.004 1.005 0.990 0.992 0.982 0.979
3

(0.985, 1.024)

(0.985, 1.027)

(0.970, 1.010)

(0.972, 1.012)

(0.963, 1.002)

(0. 959, 0.999)




OR, odds ratio; IQR, interquartile range; PMio and PMa s, particulate matter less than or equal to 10 and 2.5 micrometers in diameter;
NOz, nitrogen dioxide; SOz, sulfur dioxide; CO, carbon monoxide; and O3, ozone. *adjusted for daily mean temperature and relative

humidity.



Table S5. Odds ratio (95% confidence interval) for Kawasaki disease from single pollutant

models in Seoul (n = 13,170) from November 2007 to October 2019.

Air pollutants OR (95% CI) Adjusted OR (95% CI)
PMio

per IQR change 0.994 (0.972, 1.015) 0.994 (0.973, 1.016)
PMas

per IQR change 1.001 (0.979, 1.025) 1.001 (0.978, 1.025)
NO2

per IQR change 0.993 (0.962, 1.024) 0.995 (0.962, 1.028)
SO2

per IQR change 1.002 (0.972, 1.033) 1.003 (0.972, 1.035)
CO

per IQR change 1.008 (0.980, 1.036) 1.010 (0.981, 1.040)
O3

per IQR change 0.998 (0.960, 1.037) 1.001 (0.960, 1.043)

PMio and PM2 5, particulate matter less than or equal to 10 and 2.5 micrometers in diameter;
NOz2, nitrogen dioxide; CO, carbon monoxide; SOz, sulfur dioxide; and O3, ozone; IQR,

interquartile range; CI, confidence interval.



Figure S1. The distribution of daily average concentration of air pollutants and weather

conditions from monitoring stations during 2007 to 2019. PMio, pg/m>; PMz.s, pg/m?*; NO2, ppb;

SOz, ppb; CO, ppm; O3, ppb.
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Figure S2. The concentration of air pollutant between case days and average of the district. A)
The concentration of air pollution between case days on lag 1 and monthly average of Seoul; B)

The concentration of air pollution between case days on lag 0-2 days and annual average of

Seoul
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Figure S3. Associations between Kawasaki disease and air pollution from two-pollutant models, 2007-2019. The
associations are shown as odds ratio (OR) with 95% confidence interval (CI) for interquartile range (IQR) increases in
exposure. All models were adjusted for ambient temperature and relative humidity. A) 7 days before IVIG; B) 4 days
before IVIG. SO,, sulfur dioxide; and O3, ozone.
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