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The objective of this study was to estimate the association between ambient ozone
levels and hospitalization for asthma/atopic dermatitis among children younger
than 15 years old living in Seoul and Ulsan, Korea, in the years 2004-2005.
Estimated relative risks of hospital admissions associated with an interquartile
range (IQR) increase in ozone concentration were calculated using a generalized
additive Poisson model. For childhood asthma, the effect of an ozone increase on
the relative risks in Ulsan [1.21 (95% CI, 1.10-1.34)] was higher than that in Seoul
[1.05 (95% CI, 0.99-1.11)]. The relative risks for childhood atopic dermatitis
were also found to be higher in Ulsan [1.38 (95% CI, 0.80-2.36)] than in Seoul
[1.28 (95% CI, 1.04—1.58)]. These results support previously reported findings and
also indicate that ozone concentrations at levels below the standards in the
Republic of Korea can be correlated with asthma hospital admissions in children.
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Introduction

During the past several decades, Korea has seen a great deal of economic growth
and development. Despite this prosperity, however, several negative issues have
arisen, including various problems related to the environment (Lee et al. 1999).
In order to resolve some of these issues, in September 2005 the Ministry of
Environment of Korea announced a long-term project entitled “A 10-year plan for
preventing environment-related disease” whose goal was to protect public health
from such environmental discases as asthma, atopic dermatitis, eczema, and some
forms of cancer. The project also included provisions aimed at maintaining the
health of persons particularly susceptible to environmental hazards, including
children.

During the past decade, numerous epidemiological studies have demonstrated
that children with a history of asthma or wheezing exhibit increased rates of
bronchitis when exposed to higher levels of air pollution (Dockery et al. 1989; Sunyer
et al. 1997; Linaker et al. 2000). Furthermore, the World Health Organization
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(WHO) presented that even if the guideline value for air pollutants is achieved, the
possibility of adverse health effects remains and there is increasing evidence that air
pollution levels at ever lower concentrations than the standards of each country have
significant associations with adverse health effects (WHO 2005).

Ozone is generally regarded as one of the most toxic components of the
photochemical air pollution mixture. Hubbell et al. (2005) systematically
summarized the literature, including articles about the associations between ozone
and respiratory-related hospital admissions, missed school days, restricted activity
days, asthma-related emergency department visits, and premature mortality. Ozone
has also been associated with the use of asthma medication by asthmatic
schoolchildren (Gent et al. 2003). Recently Lee et al. (2002) reported finding an
association between hospital admissions for asthma in children and ambient air
pollution at levels below the current air quality standards of Korea.

We obtained the records of all hospital admissions for children living in two
different study areas in Korea, the cities of Seoul and Ulsan, as well as the records
of weather conditions and daily levels of ambient ozone for the years 2004
and 2005. There are few studies that have investigated the effect of ambient ozone
on atopic dermatitis exacerbation in Korea. The objective of this study was
to estimate the association between ambient ozone levels and the increase in
hospital admissions for asthma/atopic dermatitis among children younger than 15
years old.

Methods
Study area and subjects

Two of the largest cities in Korea, Seoul and Ulsan, were selected as the study
areas (Figure 1). Seoul, located centrally in the Korean peninsula, is the largest
city in the country. The mean number of children in Seoul during the study period
was 1.6 million, and the major air pollution sources were caused by automobile
exhausts, field burning, incineration, and power plants that use fossil fuels. Ulsan is a
highly industrialized city located on the southeastern part of the Korean Peninsula

RUSSIA

— SEQUL
(1.6 million}

Figure 1. The location and population of the study areas.
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near the Bay of Ulsan. There are two enormous industrial complexes within the
borders of the city, the Ulsan petrochemical complex and the Ulsan Mipo industrial
complex.

We obtained all hospital admission records for children younger than 15 years
old living in the two different study areas who were admitted for asthma or
atopic dermatitis during the study period. Seoul and Ulsan have a four-season
climate and an annual temperature range of —14.0-30.4°C and —6.8-30.6°C,
respectively.

Hospital admissions and weather data

The Korea Medical Insurance Corporation (KMIC) collects standardized reports
from every hospital in the country for each admission of any resident of Korea.
Membership in KMIC is mandatory for all citizens. Using these data, we assembled
daily counts of admissions for childhood asthma (ICD-10 codes J45-J46) and
childhood atopic dermatitis (ICD-10 codes L20) from 1 January 2004 to 31
December 2005. In this analysis, the subjects were selected as only hospital
admissions because out patient visits may result in the same patient being counted
more than once. Information regarding the 24-h average temperature (°C) and
relative humidity (%) was available for each day during this period from the Korean
Meteorological Administration.

Ambient ozone data using monitoring stations

Ambient ozone data were provided by the Korean Ministry of Environment.
Exposure measurements during the study period had been taken at 27 monitoring
sites in Seoul and 13 monitoring sites in Ulsan, with the measurements being
made hourly. Those monitoring sites adequately cover the cities of Seoul and Ulsan.
All monitoring data for each city were aggregated to generate hourly mean ozone
values for each city. From those hourly values, we determined for each day the
maximum eight-hour ozone value by comparing all 16 of the day’s 8-h moving
averages.

Statistical analysis

We applied generalized additive models (GAM) that use a non-parametric
smoothing approach to allow for a highly flexible fitting of seasonality and long-
term time trends, as well as for non-linear associations between hospital admi-
ssions and weather variables such as air temperature and relative humidity (Pope
and Schwartz 1996). Our GAM, therefore, included the locally weighted running-
line smoother (LOESS) function of time to capture seasonal and long-term
trends. Our modeling strategy followed a systematic approach, progressing from
simple to more complicated models with an increasing number of covariates
(Table 1).

First, non-linear time and weather terms were incorporated into the generalized
additive models. After controlling for time and weather, we included the ambient
ozone concentration in the model. Furthermore, we used with a more stringent
convergence criterion (than the default values of S-plus) in our generalized additive
models in order to avoid biased estimates of the regression coefficient and the
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Table 1. Schematic procedure for building a model to describe the variation in the daily
hospital admissions of asthmatic children under 15 years of age in Seoul and Ulsan, 2004~
2005.

Seoul Ulsan
Description of model AIC Description of model AIC
Time Time
T,: smoothed function 1688.198 T: smoothed function 1217.408
of date of date
T,: T, + indicator 1678.569 T,: T, + indicator 1210.785
variables for day of week variables for day of week
Weather Weather
W: T, + smoothing function  1649.620 W: T, 4+ smoothing 1205.370
of TEMP + HUMD function of TEMP + HUMD
Pollutant Pollutant
P: W + O3 (lagl + 2) 1637.279 P: W + O3 (lagl) 1192.400

AIC, Akaike’s information criterion; TEMP, concurrent-day of air temperature; HUMD, concurrent-day
of relative humidity.

standard error (Dominici et al. 2002; Ramsay et al. 2003). The resulting model took
the following form:

Log[E( ﬂo+zs )+ Bi(P1), (1)

where Y is the daily number of hospital admissions for childhood asthma/atopic
dermatitis; X is the indicator for the day of week; X is the air temperature; X3 is the
relative humidity; S; are the smoothing functions; and P is the ozone concentration.
The linear effects of pollution on the log relative risk of hospitalization for childhood
asthma/atopic dermatitis were determined and are reported in the units of their
interquartile ranges (IQR) of their maximum 8-hour moving average of ozone levels.
Because previous studies have indicated that an acute effect can be observed on the
same day or within 1-7 days of exposure to air pollution, we selected a lag time for
the ozone concentration that maximized the association with the number of hospital
admissions for childhood asthma/atopic dermatitis. Akaike’s Information Criterion
(AIC) was used as a measure of how well the model fit the data (Akaike 1970; Hastie
and Tibshirani 1986). Smaller AIC values indicate a better fit. All analyses were
carried out using both SAS (SAS Institute, Cary, NC, USA) and S-plus (Statistical
Sciences, Seattle, WA, USA).

Results

Table 2 contains descriptive statistics of the daily hospital admissions for childhood
asthma and childhood atopic dermatitis and the corresponding weather information
for both Seoul and Ulsan from 1 January 2004 to 31 December 2005. The daily
ozone concentrations were below the current recommended level (60 ppb by daily
maximum 8-h mean) in Korea and averaged 6 ppb higher in Ulsan than in Seoul
over the study period. As the population of Seoul is about seven times larger than
that of Ulsan, we can see that the hospital admission rate for asthma in Ulsan seems
to have been a little bit higher, but the admission rates for atopic dermatitis do not
seem to have differed.
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Table 2. Descriptive statistics for the daily ozone concentration in ambient air, weather, and
childhood hospital admissions in Seoul and Ulsan, 2004-2005.

Percentile Min 25th 50th 75th Max Mean
Seoul

O3 concentration (ppb) 1.95 15.43 23.64 34.01 95.07 26.09
Air temperature (°C) —14.00 3.87 14.47 22.03 30.43 12.74
Relative humidity (%) 21.08 49.04 61.71 72.08 95.75 61.33
Daily # of asthma 0.00 6.00 9.00 14.00 48.00 10.68
Daily # of atopic dermatitis 0.00 0.00 0.00 0.00 4.00 0.25
Ulsan

O3 concentration (ppb) 3.56 23.62 29.51 38.93 78.13 32.05
Air temperature (°C) —6.75 7.36 15.68 21.90 30.60 14.77
Relative humidity (%) 17.54 42.38 59.71 71.08 92.25 57.28
Daily # of asthma 0.00 0.00 2.00 3.00 11.00 1.97
Daily # of atopic dermatitis 0.00 0.00 0.00 0.00 2.00 0.04

Min, minimum; Max, maximum; daily # of asthma, the daily counts of the hospital admissions for
childhood asthma; daily # of atopic dermatitis, the daily counts of the hospital admissions for childhood
atopic dermatitis. The numbers of day in this study are 731 days. The numbers of population under age 15
in Seoul and Ulsan are 1,619,296 persons and 231,322 persons, respectively.

Figure 2 shows that clear seasonal patterns could be discerned in ozone levels
and childhood asthma. Figure 2 also shows that the hospital admission counts for
childhood asthma increased over the 2-year period of the study. However, the
hospital admission counts for childhood atopic dermatitis did not show any yearly
trend because of the extremely small sample size.

The estimated relative risk and the 95% confidence intervals for childhood
asthma and atopic dermatitis hospital admission versus the interquartile range
increases in the daily ozone concentration were obtained after controlling for
temporal trends, weather conditions, and days of the week, using a single-pollutant
model for the cities of Seoul and Ulsan (Table 3). Increases in the level of ozone from
one quartile to the next had a significant effect on the relative risk of both childhood
asthma and childhood atopic dermatitis, and the relative risks in Ulsan [1.21 (95%
CI, 1.10-1.34) and 1.38 (95% CI, 0.80-2.36), respectively] were higher than those in
Seoul [1.05 (95% CI, 0.99-1.11) and 1.28 (95% CI, 1.04-1.58), respectively].

Figure 3 shows the exposure-response relationship, calculated over the 2-year
period, between the 8-h maximum ozone levels and the daily hospital admission ratio
for childhood asthma at the best-lagged day (2-day moving average) as estimated by
the LOESS model. From the figure it is evident that a threshold point exists at
around 30 ~ 35 ppb of ozone level. Above the threshold point, risks increased in a
manner characterized by a linear positive relationship between the log relative risk
and the ozone level.

Discussion

We investigated the association between ambient ozone levels and hospital
admissions for asthma and atopic dermatitis among children under 15 years of
age in Seoul and Ulsan, Korea during the years of 2004 and 2005. Our findings
showed that increased levels of ambient ozone concentration were correlated with an
increased risk of childhood asthma in Seoul and Ulsan. However, compared to our
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Figure 2. Daily averaged ozone concentrations, number of hospital admissions for
childhood asthma and atopic dermatitis in Seoul (left) and Ulsan (right) using long-term
trends from 2004-2005.

Table 3. Relative risks (RR) with 95% confidence intervals of childhood asthma and atopic
dermatitis hospital admissions by an interquartile increase in daily average of Oz with a best
lag time selected using single-pollutant model, in Seoul and Ulsan, 2004-2005.

Childhood asthma Childhood atopic dermatitis
City RR [lag time] (95% CI) AIC df RR [lag time] (95% CI) AIC  df

Seoul 1.05 [lag 1 + 2] (0.99-1.11) 1637.28 729 1.28 [lag 1] (1.04-1.58)  593.08 730
Ulsan 1.21 [lag I + 2] (1.10-1.34) 1192.40 727 1.38 [lag 7] (0.80-2.36) 131.98 723

RR, relative risk; AIC, Akaike’s information criterion; df, degree of freedom. The model included the
following variables: an intercept; indicator variables for day of week; and smooth functions for date,
temperature, and humidity.

results about childhood asthma, we could not indicate a significant association
between ozone levels and atopic dermatitis because of the insufficiency of the sample
size. According to the results, there is a U-shaped relationship in which lower levels
of ozone concentration were associated with a clear trend of an increasing number of
childhood asthma admissions. This study supports the hypothesis that exposure to
air pollutants such as ozone increases the risk of childhood asthma at relatively low
ambient levels.
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Figure 3. Log relative risk of hospital admission counts for childhood asthma vs. the
concentration of Oz using single-pollutant model adjusted for long-term time trends and
weather information in Seoul, 2004-2005. The dashed lines give 95% confidence limits and the
vertical lines along the x-axis indicate the number of observations.

Many studies have demonstrated significant associations between outdoor ozone
concentrations and morbidity or mortality. Furthermore, short-term exposures to
high ambient ozone concentrations have been linked to increased numbers of
hospital admissions and emergency room visits for respiratory problems (Weisel
et al. 1995). Children are more at risk of developing respiratory illness from ozone
exposure than adults are since their respiratory systems are still developing (Chen
et al. 2004).

The results of this study support these previous findings and also indicate that
ozone levels below the Korean National Ambient Air Quality Standards (60 ppb)
are associated with an increase in asthma hospital admissions in children. These
findings also are consistent, including the results of the present study and comparing
the previous study using two-pollutant model with ozone levels, and indicate that the
associations of respiratory illness with ozone concentrations are probably not
attributable to confounding by other pollutants (Lee et al. 2000).

The results shown in Figure 3 suggest a U-shaped relationship between childhood
asthma admissions and ozone levels from 0 to about 100 ppb. There is a threshold
point at around 30 ~ 35 ppb of ozone concentrations and we found that relative risk
estimates of hospital admission for childhood asthma associated with daily changes
in ozone levels below air quality regulatory standard in Korea. The other hand, a
number of recent studies have investigated the details of this U-shaped relationship.
Several studies in Korea have shown a possibly nonlinear association between ozone
levels and health effects. Kim et al. (2004) estimated the effects of ozone beyond the
threshold by calculating the slope of the line above the threshold. The percentage
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increase in the estimated relative risk of total deaths corresponding to a 1-h
maximum ozone level of 21.5 ppb from the threshold model is 3.4% (RR = 1.034).
The other study reported that there was a clear change of direction in the
relationship at approximately 23 ppb ozone concentration, suggesting that there is a
threshold for the effects of ozone on mortality (Hong et al. 1999). In this study, it is
evident that a threshold point existed at somewhere between 25 and 35 ppb of ozone
during the study period (Figure 3).

The key factors affecting asthma and atopic dermatitis can be divided into genetic
factors and environmental factors (e.g. housing conditions, indoor air pollution, and
outdoor air pollution). A number of researchers have investigated the role that
ambient air pollution, particularly ozone, plays in urban areas as a risk factor for
asthma (Neas et al. 1996; Schwartz 1996; Jones 1998). Recently, attention concerning
childhood asthma and atopic dermatitis has shifted to the role of indoor environ-
mental risk factors, especially at home and in school, but there are few studies on the
correlation between childhood atopic dermatitis and outdoor air pollution. This
could be the first study that reports data on the relationship between ambient ozone
and hospitalization for atopic dermatitis among children.

Generally speaking, a person’s average daily intake of ozone will be determined
by a combination of variables, including the concentration of ozone, the duration of
the exposure, and the frequency of the exposure. These variables depend on human
activity patterns and on the time spent at each activity and location. “Exposure” to
an air contaminant in a given microenvironment has been defined as the concen-
tration of a pollutant in that microenvironment times the amount of time an
individual spends there (National Academy of Sciences [NAS] 1991). Children are
likely to be exposed to elevated ambient levels of ozone during outdoor exercise and,
therefore, are at greater risk of experiencing adverse health effects. Children are most
at risk from ozone exposure because they typically are active outside, playing and
exercising, during the summer when ozone levels are highest. For example, summer
camp studies in the United States and Canada have reported significant reductions in
lung function in children who are active outdoors (Spektor et al. 1988; Raizenne
et al. 1989; Burnett et al. 1990; Higgins et al. 1990; Spektor et al. 1991). According to
the results of a 2004 national survey by the Korean Medical Insurance Corporation,
asthma and atopy prevalence were 4.7% and 2.6%, respectively, for all age groups,
while the prevalences of asthma and atopy in children under 4 years of age were
found to be much higher (31.5% and 41.2%, respectively) (Hyun 2004). There results
indicate that children may be in the greatest danger from these environmental
diseases.

The biological mechanism underlying the relationship between childhood atopic
dermatitis and ambient ozone is still unknown. Ozone, a secondary pollutant, may
be derived from various primary pollutants, such as nitrates, hydrocarbons, and
volatile organic compounds, through exposure to ultraviolet radiation (Gillani
1987). The term “‘photochemical oxidants” refers to ozone and other secondary
oxidants that are formed from these reactions. Noticeable effects from photo-
chemical oxidants include eye and skin irritation (Weschler 2006). Among photo-
chemical oxidants, the compounds that have been identified as irritants include
formaldehyde (HCHO), acrolein (CH,CHCHO), volatile organic compounds
(VOCs), and members of the family of peroxyacyl nitrates (Seinfeld 1986). Oxidants,
including ozone, enter the indoor environment when outdoor air infiltrates the
interior of a building. Reported reductions in the outdoor air concentrations of
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oxidants (due to deposition and reactions) range from 20% to a maximum of 80%
(Weschler et al. 1989; Sundell and Zuber 1996). It has been proposed that reactions
between unsaturated VOCs and oxidants (e.g. terpenes and ozone) produce
chemically reactive products that are more likely to be responsible for eye, skin,
and airway irritation than the chemically non-reactive VOCs that are usually
measured indoors (Wolkoff et al. 1997). Epidemiological studies of airway irritation
symptoms support the hypothesis that ozone, in combination with unsaturated
VOC:s (e.g. emitted from building products), contribute to nasal resistance which is
related to difficulty breathing through the nose (Hoppe et al. 1995). Moreover,
Brinke et al. (1998) reported that exposure to low levels of VOCs was a statistically
significant predictor of skin irritations [adjusted OR = 2.2 (95% CI, 1.3-3.7)].

This study has some limitations. There are a variety of indoor factors (e.g.
smoking status, the presence of pets, and the condition of the heating/cooling in the
household, etc.) and different socio-economic status that could be confounded in our
results. In addition, there are other limitations in applying the time-series design to
evaluate the association between air pollution and health outcomes that measure-
ments from outdoor stationary monitors may not determine individual exposure.
Thus, these studies may be called the ecological study and may have some limitations
such as the ecological fallacy (Kiinzli and Tager 1997). However, because the health
outcomes of the hospital admissions for childhood asthma and atopic dermatitis in
this study were measured in individuals, this study generally could be called as the
semi-ecologic study. Measurement error for air pollution in this study was probably
non-differential with respect to the hospital admissions for childhood asthma and
atopic dermatitis. Therefore, our estimated association would be underestimated
from its true association which indicates the actual risk may be higher than our
estimated risk.

Despite the limitations, the results of this study support previously reported
findings and also indicate that ozone concentrations at levels below the Korean
National Ambient Air Quality Standards can correlate with asthma hospital
admissions in children.
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