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Abstract Many studies have shown associations between air
pollution and asthma admissions in Korea, but have not reported
whether these effects differ by age classification. The purpose of
this study was to determine whether air pollution effects on
asthmatic hospital admissions are different by three age groups
(years): children (less than 15), adults (15–64; reference group),
and the elderly (over 65). Daily time-series data from seven
metropolitan cities in South Korea were analyzed in two stages.
In the first stage, relative asthma morbidity rates associated with
air pollution were estimated for each city and age group, using
semiparametric log-linear regression. In the second stage, esti-
mates from all seven cities were combined by age group using
Bayesian hierarchical modeling. The effects of exposure to
particulate matter <10 μm in aerodynamic diameter (PM10),
carbon monoxide (CO), and nitrogen dioxide (NO2) varied
significantly by age groups. Using adults as the referent, the
relative rate (RR) of asthma admissions with 10 μg/m3 increase
of PM10 is 1.5 % (95 % CI 0.1–2.8 %) lower for children and
1.3 % (95 % CI 0.7–1.9 %) higher for the elderly; RR with
1 ppm increase of CO is 1.9 % (95 % CI 0.3–3.8 %) lower for
children; RRwith 1 ppb increase of NO2 (1 ppb) is 0.5 % (95%
CI 0.3–0.7 %) higher for the elderly. No significant age group
difference in relative rate was found for ozone or sulfur dioxide.
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Introduction

Numerous studies reported relationships between air
pollution and mortality or morbidity over many decades.
Especially, air pollution has been considered as a possible
contributor to the prevalence of asthma (Baibergenova
et al. 2005; Berktas and Bircan 2003; Dab et al. 1996;
Galan et al. 2003; Halonen et al. 2008; Ho et al. 2007).
Air Pollution and Health European Approach (APHEA)
conducted pivotal studies about effects of air pollution
on health in ten European countries, finding evidence of
adverse air pollution effects on respiratory diseases in-
cluding asthma in urban areas using an epidemiologic
time-series approach (Katsouyanni et al. 1995, 1997;
Vigotti 1999). One of the largest studies in the USA,
The National Morbidity, Mortality, and Air Pollution
Study (NMMAPS) reported the morbidity of asthma
associated with air pollution (Samet et al. 2000). Also,
in Korea, several studies on acute asthma caused by air
pollution have been conducted in order to address the
high mortality rate (Ho et al. 2007; Kim et al. 2006,
2007a, b ), since mortality from respiratory diseases,
including asthma, increased 100 % in the decade from
1992 to 2002 (Cho et al. 2006).

Asthma is separately diagnosed by age, usually two
groups, age <15 year as child-onset and age >15 as adult-
onset asthma. Hence, asthma researches associated with air
pollution have been investigated separately by age group,
mostly focused on childhood asthma (Dockery et al. 1989;
Gergen et al. 1988; Kim et al. 2005; Lee et al. 2002, 2006;
Lin et al. 2002; Mortimer et al. 2002; Norris et al. 1999;
Schildcrout et al. 2006; Son et al. 2006).

However, no study has been conducted in Korea to assess
differences of the air pollutant effect on asthma prevalence
by age group and whether these are significant differences.
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Therefore, it is necessary to evaluate whether air pollution
effects associated with acute asthma prevalence differ
according to age classification.

We tested the null hypothesis that air pollution effects are
statistically different on three age groups: (1) ages less than
15 years (childhood asthma), (2) ages 15–64 years, and (3)
ages over 65 (elderly) with the two-stage model. In the first
stage, we used time-series analysis based on Poisson regres-
sion to estimate age-specific effects for each city (Dominici
et al. 2002; Peng et al. 2006; Schwartz et al. 1996). And,
Bayesian hierarchical modeling was used in the second state
to combine the estimates across seven cities by age group in
Korea (Dominici et al. 2000).

Materials and methods

Hospital administration data

The Korean National Health Insurance Corporation registered
asthma-related hospital admissions data between June 1,
1999, and December 31, 2003. The data have emergency
room visits including night time or holiday visits prompted
by asthma (classified as “J45” and “J46,” by ICD-10). Two or
more visits by the same person in the same day were counted
as one episode. Daily counts for asthma were aggregated in
each of the seven metropolitan cities (Fig. 1) for the three age
groups between June 1999 and December 2003.

Meteorological data

Hourly data on temperature (in degree Celsius), humidity (in
percent), sea level atmospheric pressure (in hectopascal),

and wind speed (in meter per second), and 3-h dew point
temperature (in Celsius) data were obtained from the Korea
Meteorological Offices in the seven cities. Three-hour at-
mospheric Pasquill stability classifications were obtained
from the US National Oceanic and Atmospheric
Administration. Atmospheric stability was designated on a
scale of A (extremely unstable) to G (extremely stable), and
data on this variable were also obtained from each city's
observatory. This variable was dichotomized by substituting
a value of zero for A–C status levels, and 1 for D–G status
levels (Kwon et al. 2006).

Environmental monitoring data

Hourly air pollutant monitoring data were collected at
each of the following monitoring stations (the following
numbers in parentheses represent the number of monitor-
ing stations in each city): Seoul (27), Busan (9), Incheon
(10), Daegu (6), Gwangju (4), Daejeon (3), and Ulsan
(11). Reported air quality concentration data were collect-
ed for PM10 (in microgram per cubic meter), CO (in part
per million), O3 (in part per billion), NO2 (in part per
billion), and SO2 (in part per billion). Five percent
trimmed daily averages were taken from hourly measured
air pollutant concentrations for each monitoring station
(i.e., an average after trimming 5 % of the data points
from the top and bottom of the distributions). The aver-
age concentration was then calculated for each city using
the daily averaged concentrations from each monitoring
station within the city.

First stage analysis

Data were analyzed in two stages. The first stage was involved
in estimating air pollution effect by age group for each city by
using a log-linear generalized additive model based on
Poisson regression with smoothing splines. This method is
commonly used in time-series studies related to mortality or
hospital counts (Schwartz 1994) such as NMMAPS data
(Dominici et al. 2002). The “mgcv” package was used for
estimating parameters in the first stage by generalized cross
validation or unbiased risk estimation (Wood 2009), which is
different from others in model fitting and variance estimation.
In this paper, long-term seasonality, day of week effect, and
meteorological data were considered as potential confounders.
The day of week effect was included due to the properties of
hospital admission data. In the previous studies, temperature,
dew point temperature, average temperature, and average dew
point temperature for the three previous days had been con-
sidered as major confounders of evaluating air pollution effect
on asthma admissions (Dominici et al. 2000; Samet et al.
2000). Hence, these six variables were always included as
confounders in models, setting as a baseline model. InFig. 1 Map of seven metropolitan cities in South Korea
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addition to the baseline model, other meteorological variables
which are humidity, sea level atmospheric pressure, wind
speed, and atmospheric Pasquill stability were also added only

if each factor showed significant contribution to the model by
backwards variable selection with 5 % significance level
(Wood 2009).

Yc
at μc

atj � Poisson μc
atð Þ; t ¼ 1; . . . ; 1675; c ¼ 1; . . . ; 7; a ¼ 1; 2; 3

Log μc
atð Þ ¼ bc � air pollutantð Þtc þ bage<15

c � air pollutantð Þtc � Iage<15 þ bage�65
c � air pollutantð Þtc � Iage�65

þgc � DOWt day of weekð Þ þ S1
c time; 8=yearð Þ

þS2
c temp0; 3ð Þ þ S3

c temp1�3; 3ð Þ
þS4

c dewpoint0;4
� �þ S5

c dewpoint1�3;4
� �

þSi
c others; λið Þ

þintercept for age group a b0
c; b0; age<15

c � Iage<15; b0 age�65
c � Iage� 65

� �
þseparate smoothing functions of time for age group

where separate smoothing functions of time for age group
is the age-specific seasonality smoothing function with 4
degrees of freedom per year. The Sc(x, λ) is smoothing
function with variable x and smoothing parameter λ. The
natural splines model was applied for smoothing functions
in this paper. The smoothing parameter for long-term
seasonality was 8/year in terms of best fit in the data after
checking through 16 parameters/year for seasonality. A
smoothing parameter for other meteorological confounders

except the baselines was selected by minimizing GVC. In
addition to daily mean on the same day as asthma admis-
sions, the average mean from the previous 3 days for each
meteorological variable was also considered. For air pol-
lution, the largest log-relative rates (RR)s were selected
from the last 6 days after rates were estimated for each
day separately. To specify this approach, let Ycat and μc

at

be daily sum and expected sum per 10,000 asthma admis-
sions for each age group a (1=age<15, 2=15≤age<65,

Table 1 Population size, hospi-
tal admissions, and rates (per
10,000) for asthma in each city
by age group from June 1999 to
December 2003

City Age group Population size Admissions Admissions per 10,000

Seoul <15 1,814,097 44,432 245

15–64 7,284,748 22,547 31

≥65 533,053 19,136 359

Busan <15 682,292 25,630 376

15–64 2,655,396 10,133 38

≥65 223,275 10,799 484

Incheon <15 572,823 12,024 210

15–64 1,713,564 5,460 32

≥65 135,455 5,247 387

Daegu <15 512,759 17,092 333

15–64 1,758,418 5,532 31

≥65 146,140 5,509 377

Gwangju <15 308,722 14,296 463

15–64 930,174 4,385 47

≥65 74,714 3,980 533

Daejeon <15 302,798 6,766 223

15–64 945,561 3,593 38

≥65 74,089 3,576 483

Ulsan <15 252,810 5,257 208

15–64 692,876 2,119 31

≥65 40,729 2,530 621
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3=age≥65). (Air pollutant)tc is the concentration level of one
of the air pollutants at day t in city c. The indicator function I is
defined as follows: IA(x)=1 if x∈A, IA(x)=0 if x∉A. For
example, Iage<15=1, if the subject is in age<15 and 0, other-
wise. The Ycat is daily sum per 10,000 asthmatic hospital
admissions adjusted by population size for each city. Hence,
the estimate βc is the log-RR per 10,000 asthma admissions
associated with one unit change of air pollutant in the city c for
adults in age between 15 and 64 (reference group; no subscript
for age group). Additional changes of log-RRs for each of the
children and the elderly from log-RR for adults are βage<15

c

and βage≥65
c in city c, respectively. If at least one of these

additional changes are not equal to zero, we conclude that air
pollution effect on asthma admission differs by age group.
Each β was estimated separately by city and age group.

Second stage analysis

The null hypothesis in the second stage is H0, βage<15
=βage≥65=0. The estimates of additional changes of log-

relative rates from two age groups, age<15 and age≥65,
cbac were assumed to be normally distributed with the true
additional changes for two age groups (age<15, age≥65)
from adults (ages 15–64) for each city, bac and its
variances σ2

bca
. These estimated changes for each city

were combined assuming normal for prior distribution
with mean ba and variance σ2

ba
. We assumed no prior

information for variance σ2
ba
. This was applied to all five

air pollutants in this paper. For this study, WinBUGS,
software for Bayesian analysis using Markov Chain
Monte Carlo, was used to estimate combined additional
changes of log-relative rates for two age groups (age<15,
age≥65) comparing to the log-relative rate for adults
(ages 15–64), with very large variance implicating no
prior information given for posterior estimation.

cbac bac � Nj bac ; σ2
bca

� �
bac ba ~Nj ba; σ2

ba

� �
; c ¼ 1; . . . ; 7; a ¼ 1; 3

Fig. 2 Time-series plot for
daily number of hospital
admissions for asthma in each
city by age group (<15, 15–64,
≥65), from June 1999 to
December 2003
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Results

Table 1 shows population size, hospital admission numbers
for asthma, and asthma admission rates (per 10,000: adjust-
ed by population size) for each city by age group.
Admission rates for adults were much less than for the other
age groups, and the elderly tended to have the highest rates
among the three. Time-series plots for daily asthma admis-
sion rates are presented for each city by age group in Fig. 2.
The dots are actual asthma admission rates, and the curves
in the plot were fitted by generalized linear model using
natural splines function with 8/year as smoothing parameter.
The same format was also applied to Fig. 3. The graphs
showed three peaks of admission rates in 1999, 2000, and
2002. Usually, asthma admission rates tended to increase in
the fall and winter. However, the peak time and pattern are
not identical in age groups. In children, the first peak oc-
curred around November 1999, whereas it occurred between
the end of December 1999 and January 2000 for adults and
elderly people. The adults and elderly groups did not have a
second peak. The third peak occurred at the same time
period in all age groups. Children's admission rates showed
a lot more variability than other age groups.

Statistical summaries of each of the five air pollutant
concentrations for each city are shown in Table 2. The
capital of South Korea, Seoul, had the highest average
concentrations of PM10 and NO2, but the lowest levels of
ozone. Figure 3 shows the time-series plot for daily averages
of air pollution concentrations for each city. PM10 tended to
increase in spring for all seven cities. Daejeon showed a
much higher level of CO than any other city between 1999
and 2001. CO showed a huge drop in Gwangju around
February 2003. CO also had a pattern of increasing in winter
and decreasing in summer. O3 had a reverse pattern which
had two peaks per year; one was around June and another
one was in September from 2001 to 2003. NO2 and SO2 did
not show any particular seasonality, but tended to be higher
during the winter and show a minimum around September.
Table 3 shows estimated changes of log-relative rates, its
standard errors, relative rates, and its 95 % confidence in-
tervals on asthmatic hospital admission rates (per 10,000)
across seven cities in South Korea associated with one unit
change of air pollution for each age group. RRs of asthma
admission rates (per 10,000) with 10 μg/m3 increase of
PM10 significantly increased 0.8 % (95 % CI 0.2–0.16 %)
for adults (15–64 years) and 2.1 % (95 % CI 1.3–2.9 %) for

Fig. 3 Time-series plot for
10 % daily trimmed means of
air pollutant concentrations for
each city, from June 1999 to
December 2003
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the elderly (≥65 years). RRs with 1 ppm increase of CO also
significantly increased 1.9 % (95 % CI 0.5–3.3 %) for adults
and 2.2 % (95 % CI 1.2–3.3 %) for the elderly. And RRs
with 1 ppb increase of NO2 and SO2 increased 0.6 % (95 %
CI 0.2–0.9 %) and 1.9 % (95 % CI 0.7–3.2 %) for the
elderly. Table 4 shows estimated additional changes of log-
relative rates, its standard errors, relative rates and its 95 %
confidence intervals on asthmatic hospital admission rates

(per 10,000) across all seven cities associated with one unit
change of air pollution regarding adults (15–64 years) as a
reference group. The estimates in Table 4 are additional
changes of log-RRs of each pollutant for children
(<15 years) and the elderly (≥ 65 years), referring to log-
RRs for adults (ages 15–64). RRs with 10 μg/m3 increase of
PM10 significantly differ by age group; RR for children is
0.15 % lower and RR for the elderly is 0.13 % higher than

Table 2 Distribution of daily
average (for ozone, average for
9–17 h) air pollution concentra-
tions for each city from June
1999 to December 2003

†For ozone, average for 09–17 h

Mean Standard deviation Median 25 percentile 75 percentile Range [min, max]

PM10 (μg/m
3) Korean ambient air quality standard for 24-h averaging time; 100 μg/m3

Seoul 68.81 38.94 62.88 42.46 84.24 [10.39, 422.72]

Busan 59.85 27.86 52.95 41.31 70.72 [22.15, 321.06]

Incheon 53.45 29.48 47.00 33.04 65.92 [11.51, 270.38]

Daegu 61.66 27.34 56.21 43.02 74.51 [9.63, 287.62]

Gwangju 50.17 26.17 43.81 33.66 59.58 [10.60, 237.18]

Daejeon 48.06 25.12 42.27 30.96 58.40 [10.09, 265.57]

Ulsan 49.09 23.89 43.08 34.02 58.43 [16.26, 286.20]

CO (ppm) Korean ambient air quality standard for 24-h averaging time; 9 ppm

Seoul 0.783 0.343 0.700 0.536 0.934 [0.253, 4.847]

Busan 0.728 0.257 0.679 0.545 0.848 [0.178, 1.823]

Incheon 0.682 0.247 0.625 0.517 0.776 [0.303, 2.309]

Daegu 0.755 0.324 0.685 0.539 0.898 [0.131, 2.554]

Gwangju 0.624 0.302 0.570 0.424 0.760 [0.100, 2.107]

Daejeon 0.969 0.511 0.829 0.617 1.179 [0.113, 4.570]

Ulsan 0.665 0.227 0.630 0.500 0.786 [0.225, 1.583]

O3 (ppb)
† Korean ambient air quality standard for 8-h averaging time; 0.06 ppm

Seoul 0.021 0.013 0.013 0.008 0.019 [0.002, 0.048]

Busan 0.029 0.011 0.023 0.017 0.028 [0.004, 0.058]

Incheon 0.024 0.012 0.017 0.012 0.024 [0.002, 0.050]

Daegu 0.026 0.013 0.018 0.012 0.024 [0.003, 0.060]

Gwangju 0.022 0.011 0.016 0.010 0.022 [0.000, 0.066]

Daejeon 0.026 0.013 0.017 0.011 0.025 [0.002, 0.071]

Ulsan 0.028 0.010 0.021 0.016 0.027 [0.004, 0.052]

NO2 (ppb) Korean ambient air quality standard for 24-h averaging time; 0.06 ppm

Seoul 0.036 0.012 0.035 0.027 0.045 [0.011, 0.075]

Busan 0.026 0.009 0.024 0.019 0.032 [0.006, 0.059]

Incheon 0.027 0.010 0.026 0.019 0.033 [0.007, 0.071]

Daegu 0.027 0.010 0.025 0.020 0.033 [0.007, 0.068]

Gwangju 0.022 0.009 0.021 0.015 0.027 [0.005, 0.059]

Daejeon 0.022 0.011 0.019 0.014 0.027 [0.004, 0.069]

Ulsan 0.020 0.007 0.020 0.015 0.024 [0.005, 0.047]

SO2 (ppb) Korean ambient air quality standard for 24-h averaging time; 0.05 ppm

Seoul 0.005 0.002 0.005 0.003 0.006 [0.002, 0.016]

Busan 0.008 0.004 0.008 0.005 0.010 [0.001, 0.030]

Incheon 0.007 0.002 0.006 0.005 0.008 [0.002, 0.017]

Daegu 0.007 0.004 0.006 0.004 0.009 [0.002, 0.024]

Gwangju 0.005 0.002 0.004 0.003 0.006 [0.001, 0.016]

Daejeon 0.006 0.003 0.005 0.003 0.007 [0.002, 0.020]

Ulsan 0.008 0.003 0.007 0.006 0.009 [0.003, 0.021]
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RR for adults. It shows significantly lower RR (1.9 %) with
CO for children and higher RR (0.5 %) with NO2 for the
elderly comparing to RR for adults. Based on the hypothesis
test, we concluded that air pollution effects for three air
pollutants (PM10, CO, NO2) on asthma hospitalization rates
are significantly different in at least two of three groups.
There appeared to be no significant difference among age
groups for O3 and SO2.

Discussion

The study was to investigate whether air pollution effects on
acute asthma differ by age classification. In Table 3, esti-
mated changes of log-relative rates and confidence intervals
across seven cities have been shown for three age groups,
and none of the pollutants have shown a protective effect.
Nonetheless, Table 4 shows significantly negative effects in

PM10 and CO for children since these are additional changes
compared to the effects for adults which mean that child-
hood asthma was less sensitively affected by these two
pollutants than adult-onset asthma. In the same manner,
positive additional changes of log-relative rates in PM10

and NO2 for elderly persons mean that the elderly was at
significantly higher risk than adults on these two pollutants.
Based on the results, we concluded that the effects of PM10,
CO, and NO2 significantly differ by age group, and the
elderly was the most vulnerable group to the effect of
PM10 and NO2. In light of previous research which reported
a significant association between air pollutants and child-
hood asthma hospitalizations in Seoul, Korea (Lee et al.
2002), the elderly might be at even higher risk, although it
is not comparable in direct since it had different study
periods. Based on the results of this study, elderly persons
were affected by PM10 and NO2 significantly more than
children or adults. On the other hand, other studies found

Table 3 Estimated changes of
log-relative rates, its standard
errors, relative rates and its 95 %
confidence intervals on asthmat-
ic hospital admission rates (per
10,000) across seven cities in
South Korea associated with one
unit (PM10=10 μg/m3, CO=
1 ppm, O3=1 ppb, NO2=1 ppb,
SO2=1 ppb) change of air pol-
lution for each age group, from
June 1999 to December 2003

aStatistically significant
bFor ozone, average for 9–17 h

Air pollutant Age group (years) Estimate Standard error RR (95 % CI)

PM10 (μg/m
3) <15 −0.007 0.006 0.9930 (0.9814, 1.0048)

15–64 0.008 0.004 1.0080 (1.0002, 1.0160)a

≥65 0.021 0.004 1.0212 (1.0132, 1.0293) a

CO (ppm) <15 −0.0007 0.0048 0.9993 (0.99, 1.0087)

15–64 0.0187 0.007 1.0189 (1.0049, 1.033)a

≥65 0.0219 0.0053 1.0221 (1.0115, 1.0329)a

O3 (ppb)
b <15 −0.0011 0.0016 0.9989 (0.9957, 1.0021)

15–64 −0.0004 0.0007 0.9996 (0.9981, 1.001)

≥65 −0.0001 0.0013 0.9999 (0.9974, 1.0023)

NO2 (ppb) <15 0.0015 0.0016 1.0015 (0.9984, 1.0046)

15–64 0.0006 0.001 1.0006 (0.9986, 1.0026)

≥65 0.0056 0.0019 1.0056 (1.0019, 1.0093)a

SO2 (ppb) <15 −0.0125 0.0095 0.9876 (0.9694, 1.0061)

15–64 0.0083 0.0052 1.0084 (0.9981, 1.0188)

≥65 0.019 0.0062 1.0192 (1.007, 1.0316)a

Table 4 Estimated additional
changes of log-relative rates, its
standard errors, relative rates and
its 95 % confidence intervals on
asthmatic hospital admissions (per
10,000) across seven cities in
South Korea associated with one
unit (PM10=10 μg/m

3, CO=
1 ppm, O3=1 ppb, NO2=1 ppb,
SO2=1 ppb) change of air pollu-
tion compared to adults (15–
64 years) as a reference group,
from June 1999 to December 2003

aStatistically significant
bFor ozone, average for 9–17 h

Air pollutant Age group (years) Estimate Standard Error RR (95 % CI)

PM10 (μg/m
3) <15 −0.015 0.007 0.9851 (0.9717, 0.9987)a

≥65 0.013 0.003 1.0131 (1.0071, 1.0191)a

CO (ppm) <15 −0.0195 0.0098 0.9807 (0.9621, 0.9997)a

≥65 0.0031 0.0032 1.0031 (0.9969, 1.0094)

O3 (ppb)
b <15 −0.0007 0.0016 0.9993 (0.9962, 1.0024)

≥65 0.0003 0.0009 1.0003 (0.9985, 1.0021)

NO2 (ppb) <15 0.0009 0.0017 1.0009 (0.9976, 1.0042)

≥65 0.0049 0.0011 1.0049 (1.0028, 1.0071)a

SO2 (ppb) <15 −0.0208 0.0113 0.9794 (0.9581, 1.0013)

≥65 0.0106 0.0056 1.0107 (0.9997, 1.0218)
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no age difference of associations between air pollution and
asthma or pulmonary diseases as follows. In the APHEA 2
report in 2001 (Atkinson et al. 2001), investigators estimat-
ed PM10/total suspended particulate (TSP) effects on asth-
matic hospital admission for eight cities separately for each
age group (0–14 years, 15–64 years, 65+years). They com-
bined city-specific effects by age group counting on hetero-
geneity across the cities. And, these combined estimates for
each age group were close to each other and did not show
the difference among age groups in PM10/TSP. This is a
different conclusion from our finding in this paper. There
can be many reasons for this discrepancy; two possibilities
are specified as follows. One is the different measurement
on particles. Of eight cities, two cities (Milan, Rome)
recorded median daily TSP levels and one city (Paris) mea-
sured PM13. In contrast, we measured PM10 for all seven
cities. Even though the correlations among PM10, PM13, and
TSP are relatively high, this may contribute some of the
discrepancy since the results were combined across cities.
Another possibility is different population for the elderly.
The APHEA 2 report in 2001 included population in hos-
pital admissions for COPD in addition to asthma, yet we
included only asthma admissions due to limited access to
information. Since it is difficult to distinguish between
COPD and asthma in the elderly population due to other
factors such as smoking (Bellia et al. 2003; Tinkelman et al.
2006), a different population setting may provoke substan-
tial differences in conclusion. This may be an important
limitation of this study. Nonetheless, the use of hospital
admission and discharge data has been found to be more
reliable and less prone to misclassification when differentiating
COPD and asthma in elderly persons as compared to self-
reported data since the asthma data used are hospital admission
discharge data (Radeos et al. 2009). We also recognize that
exploring better ways to avoid this misclassification is needed.
However, for children (<15 years), the results in Table 3
showed consistency with previous researches that there is no
significant increase of relative rates on childhood asthma ad-
missions associated with air pollutant levels (Anderson et al.
2010, 2012).

For hypothesis testing, we combined seven estimates
from each city by using a Bayesian approach assuming
homogeneity across seven cities since these seven cities
are designated as metropolitan areas in Korea based on
criteria such as population size. However, possible hetero-
geneity, caused by different locations or contributors of the
air pollution effects on asthma hospital admissions, may be
an important limitation of the study. For example, socioeco-
nomic status (Lee et al. 2006), one of the important factors
in childhood asthma, could be different in the populations of
these cities. Polluting sources could be also different among
seven cities, for example, the largest auto-making industry
in Ulsan.

We considered only meteorological factors, which have
been shown to be associated with respiratory diseases (Abe
et al. 2009; Dominici et al. 2006; Gosai et al. 2009; Wong et
al. 1987), as confounders in this paper. However, other than
meteorological factors, childhood asthma may be more
influenced by some other factors such as genetic predispo-
sition which needs to be considered in further research.
Multiple pollutant models also can be considered in further
studies since some air pollutants are related to each other.
Bias may be addressed in this study due to the characteris-
tics of hospital admission data which counted only emer-
gency room visit patients who may not represent all
asthmatic patients. We suggest further study considering
possible limitations we address here in addition to our major
suggestion based on the study results which is to be aware of
different air pollution effects by age classification and to pay
more attention to asthma in the elderly differing from child-
hood asthma.
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