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Purpose: The purpose of this study was to investigate the effects of short-term and very short-term exposure to particulate matter 
(PM) exceeding the daily average environmental standards for Korea (≤100 μg/m3 for PM10 and ≤50 μg/m3 for PM2.5) on on asth-
ma-related hospital visits. 
Materials and Methods: This was a population-based, case-crossover study using National Health Insurance and air pollution 
data between January 1, 2014 and December 31, 2016. The event day was defined as a day when PM exceeded the daily average 
environmental standard (short-term exposure) or daily average environmental standard for 2 hours (very short-term exposure). 
The control day was defined as the same day of the week at 1 week prior to the event day. 
Results: Compared with control days, asthma-related hospital visits on the 24-hr event days and 2-hr event days increased by 
4.10% and 3.45% for PM10 and 5.66% and 3.74% for PM2.5, respectively. Asthma-related hospital visits increased from the 24-hr 
event day for PM10 to 4 days after the event day, peaking on the third day after the event day (1.26, 95% confidence interval, 1.22–
1.30). Hospitalizations also increased on the third day after the event. While there was a difference in magnitude, PM2.5 exposure 
showed similar trends to PM10 exposure. 
Conclusion: We found a significant association between short-term and very short-term PM exposure exceeding the current dai-
ly average environmental standards of Korea and asthma-related hospital visits. These results are expected to aid in establishing 
appropriate environmental standards and relevant policies for PM.
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INTRODUCTION

The impact of air pollution on health has been a global issue 
for decades.1 However, it remains an emerging problem in sev-
eral regions, including Asia. Particulate matter (PM), which is a 
common measure of air pollution, is a complex mixture of sol-
id and liquid particles suspended in the atmosphere. It is cat-
egorized by its aerodynamic diameter, such as PM10 (≤10 μm) 
and PM2.5 (≤2.5 μm). The former is mainly produced by con-
struction activities and re-suspension of road dust and wind, 
while the latter arises mainly from combustion processes. The 
composition of PM may vary depending on the area where PM 
is generated, the season, and weather conditions.2 According to 
recent statistics from the World Health Organization, the mean 
annual concentration of PM2.5 is still very high and even contin-
ues to increase in Asian countries, like China, India, and Korea.3

The range of health effects of PM is broad, but are predomi-
nantly to the cardiovascular and respiratory systems.4 All pop-
ulations can be affected, but patients with chronic respiratory 
disease, such as asthma, are considered to be more vulnerable 
to the harmful health effects of PM. Many epidemiologic stud-
ies have shown the association between air pollution and risks 
of asthma exacerbations and hospitalizations.5-9 The effects of 
PM may vary with local environment (environmental standards 
for PM, the compositions of PM, and medical systems) or pop-
ulation characteristics. Therefore, the health impact assessment 
performed in each country has its own significance. In addi-
tion, to our knowledge, few studies have investigated the ef-
fects of PM on overall asthma-related hospital visits, including 
outpatient visits. The majority of available studies have mea-
sured asthma-related emergency room visits or hospitalization 
only, which is a marker for severe asthma exacerbations: the 
severe outcomes reflect only a small portion of asthma deteri-
oration, and the number of outpatient visits may better reflect 
changes in asthma activities, including mild asthma attacks. 
Furthermore, the effects of short-term exposure so far have only 
been assessed using daily average concentrations of PM, and 
few have examined the effects of shorter exposure (e.g., 1 or 
2-hours). Interestingly, a recent study suggested the possibility 
that hourly increases in air pollution may increase the risk of 
asthma exacerbation.10  

Because the medical system of Korea is based on the Nation-
al Health Insurance (NHI) system, the NHI database includes 
data on all nationwide outpatient visits, emergency room visits, 
and hospital admissions, providing an opportunity to examine 
the association between PM exposure and asthma-related hos-
pital visits as a whole. Korea has been monitoring and manag-
ing PM10 and PM2.5 from 2001 and 2015, respectively. However, 
the number of days exceeding the daily average environmental 
standard has been increasing in recent years, especially in the 
winter and spring seasons. Previous studies have defined asth-
ma-related hospital visits based on only the International Clas-
sification of Diseases, 10th revision codes (ICD-10 codes) for 

asthma (J45-46). Therefore, further studies based on definitions 
reflecting asthma-related visits well are necessary.

The purpose of this study was to investigate the effects of 
short-term exposure to PM exceeding the daily average envi-
ronmental standards of Korea on asthma exacerbations based 
on recent NHI data with a more reliable definition of asthma-
related hospital visits. We also investigated the effects of very 
short-term PM exposures (PM exposure exceeding the daily 
average environmental standards for 2 hours) on asthma-re-
lated hospital visits.

MATERIALS AND METHODS

Study subjects and design
This was a population-based, case-crossover study designed 
to investigate the effect of short-term exposure to PM exceeding 
the environmental standards of Korea on asthma exacerbations 
using the NHI data between January 1, 2014 and December 
31, 2016. The daily average environmental standards of Korea 
are ≤100 μg/m3 for PM10 and ≤50 μg/m3 for PM2.5. The event day 
was defined as a day when PM exceeded the daily average en-
vironmental standard (24-hr event day) or as a day when PM ex-
ceeded the daily average environmental standard for 2 hours 
(2-hr event day). The control day was defined as the same day of 
the week, 1 week prior to the event day. The first day was se-
lected if an event lasted for more than 1 day. Among the dates 
selected as the event days, the following cases were excluded: 
1) all holidays and weekends on which outpatient clinics were 
closed; 2) another PM event within 14 days prior to the event 
day, which could affect the control day; 3) a precipitation dif-
ference of more than 10 mm and a statistical difference in tem-
perature and humidity between the event day and control day. 

Changes in the number of asthma-related hospital visits per 
day were observed for 5 days after the event day. Asthma-relat-
ed hospital visits were defined according to following criteria: 
1) ICD-10 codes J45.x–J46.x for the principal or additional di-
agnoses; 2) prescription of one asthma medication, such as in-
haled corticosteroids (ICSs), long acting b2-agonists (LABAs), 
ICS and LABA combined in a single inhaler (ICSs/LABAs), oral 
leukotriene antagonists, short-acting b2-agonists, long-acting 
muscarinic antagonists, systemic corticosteroids, and theoph-
ylline derivatives; 3) in case of emergency room visits and hos-
pitalization, prescription of one asthma rescue medication, such 
as systemic steroids (oral or iv), short-acting beta 2-agonist, or 
theophylline derivatives.

Data source and ethics
We used NHI claims data provided by the Korean NHI Service, 
as well as climate data provided by the Korea Meteorological 
Administration. Air pollution data over the same period (i.e., be-
tween January 1, 2014 and December 31, 2016) were obtained 
from the National Institution of Environmental Research, which 
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included PM10 and PM2.5 levels for metropolitan areas (Seoul, 
Incheon, and Gyeonggi), Busan, Daegu, Daejeon, and Jeju Is-
land. For PM2.5, the environmental standard was established as 
the “interim target-II” (25 μg/m3 annual average, 50 μg/m3 daily 
average) in WHO guidelines in 2011, and application of the stan-
dard was began in 2015. Therefore, in order to evaluate the im-
pact of PM2.5, we used the data from Seoul and Busan in 2015 and 
2016, as these cities have a relatively large number of monitor-
ing stations. This study was approved by the Institutional Re-
view Board of Inha University Hospital (approval No. INHAUH 
2017-05-005).

Statistical analysis
The Wilcoxon signed rank test was used to determine differ-
ences in climate between the event day and the control day. The 
chi-square test and Fisher’s exact test were used to evaluate 
changes in asthma-related hospital visits on the event days, 
compared to the control days. A log Poisson regression model 
was also used to compare relative risks. All analyses were per-
formed using SAS 9.4 (SAS Institute Inc., Cary, NC, USA), and 
p values<0.05 were considered statistically significant.

RESULTS

Selection of event days
The numbers of 24-hr event days that met the eligibility crite-
ria for PM10 and PM2.5 were 26 days and 12 days, respectively. 
The total numbers of 2-hr event days that met the eligibility 
criteria for PM10 and PM2.5 were 31 days and 12 days, respec-

tively. There were no significant differences in meteorological 
data between the event days and the control days (Supple-
mentary Tables 1–5, online only).

Effects of exposure to PM10 exceeding the daily 
average environmental standard on asthma-related 
hospital visits
The average number of asthma-related hospital visits per day 
on the 24-hr event days and 2-hr event days for PM10 were in-
creased by 4.10%, and 3.45% compared with the control days, 
respectively (Table 1). Outpatient visits increased, whereas emer-
gency room visits and hospitalizations did not increase on both 
the 24-hr event days and 2-hr event days. Asthma-related hos-
pital visits increased regardless of sex and were significantly 
greater in patients over 65 years and in those 13–18 years of age 
when compared with other age groups for the 24-hr event days 
and 2-hr event days. Hospital visits due to asthma increased in 
the health insurance group, but not in the medical aid group on 
both the 24-hr event days and 2-hr event days. 

Effects of exposure to PM2.5 exceeding the daily 
average environmental standard on asthma-related 
hospital visits
The average number of asthma-related hospital visits per day 
on the 24-hr event days and 2-hr event days for PM2.5 increased 
by 5.66% and 3.74%, compared with the control days, respec-
tively (Table 2). Only outpatient visits increased on the 24-hr 
event days, whereas outpatient visits and emergency room vis-
its increased on 2-hr event days. Increases were significant re-
gardless of sex and in patients under 12 years and over 65 years 

Table 1. Comparison of Asthma-Related Hospital Visits between Control and Event Days for PM10

24-hr event day 2-hr event day
Control day Event day % 

change
p value

Control day Event day % 
change

p value
n % n % n % n %

Total 44301 49.00 46116 51.00 4.10 <0.001 25430 49.15 26307 50.85 3.45 <0.001
Sex 0.282 0.549

Male 21008 49.19 21704 50.81 3.31 <0.001 11740 49.01 12214 50.99 4.04 <0.001
Female 23293 48.83 24412 51.17 4.80 <0.001 13690 49.27 14093 50.73 2.94 <0.001

Age (yr) 0.019 0.037
≤12 23693 49.45 24219 50.55 2.22 <0.001 11439 49.07 11871 50.93 3.78 <0.001
13–18 859 47.20 961 52.80 11.87 <0.001 469 46.81 533 53.19 13.65 0.005
19–55 8053 48.96 8396 51.04 4.26 <0.001 4991 49.87 5017 50.13 0.52 0.724
56–65 4003 48.46 4258 51.54 6.37 <0.001 2929 50.26 2899 49.74 -1.02 0.591
>65 7693 48.16 8282 51.84 7.66 <0.001 5602 48.34 5987 51.66 6.87 <0.001

Asthma-related hospital visits 0.867 0.051
Hospitalization 1470 49.48 1501 50.52 2.11 0.436 1092 51.51 1028 48.49 -5.86 0.053
Emergency room 273 49.01 284 50.99 4.03 0.549 157 51.99 145 48.01 -7.64 0.371
Outpatient 42558 48.98 44331 51.02 4.17 <0.001 24181 49.03 25134 50.97 3.94 <0.001

Insurance type 0.728 0.835
Health insurance 42296 48.98 44051 51.02 4.15 <0.001 23853 49.16 24664 50.84 3.40 <0.001
Medical aid 2005 49.26 2065 50.74 2.99 0.191 1577 48.98 1643 51.02 4.19 0.105
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of age on the 24-hr event days, compared with other age groups. 
On 2-hr event days, asthma-related hospital visits were signif-
icantly increased in males and in patients under 12 years old. 
Hospital visits due to asthma increased in the health insurance 
group, but not in the medical aid group on both the 24-hr event 
days and 2-hr event days. 

Changes in asthma-related hospital visits due to PM 
exposure over time
To compare the relative risks over time, a log Poisson regression 
analysis was conducted, in which climate, age, sex, income, type 

of medical insurance, and region were controlled for. For PM10, 
the ratio of an average number of asthma-related hospital visits 
per day increased starting on the 24-hr event day [ratio, 1.0857, 
95% confidence interval (CI) 1.0502–1.1225] until 4 days after 
the event day, peaking on the third day after the event day (ratio, 
1.2633, 95% CI, 1.2234–1.3046) (Table 3). Hospitalizations also 
increased on the third day after an event (Table 4). For PM2.5, al-
though there was a difference in magnitude, the observed trends 
were similar to those for PM10 exposure (Tables 3 and 4).

Table 3. The Ratio of the Average Number of Asthma-Related Hospital Visits per Day on Event and Control Days

Event day Day +1 Day +2 Day +3 Day +4 Day +5
PM10 exp(β)* 1.0857 1.1519 1.1212 1.2633 1.1252 0.2547

95% CI 1.0502–1.1225 1.1147–1.1904 1.0847–1.1588 1.2234–1.3046 1.0886–1.1629 0.2415–0.2687
PM2.5 exp(β) 1.0684 1.0097 1.0043 1.071 0.9866 0.3803

95% CI 1.0017–1.1395 0.9458–1.0779 0.9407–1.0723 1.0041–1.1423 0.9239–1.0537 0.3482–0.4154
CI, confidence interval.
*exp(β)- ratio of the average number of asthma-related hospital visits per day: average number of asthma-related hospital visits on the event days/average 
number of asthma-related hospital visits on the control days.

Table 4. The Ratio of the Average Number of Asthma-Related Hospitalization per Day on Event and Control Days

Event day Day +1 Day +2 Day +3 Day +4 Day +5
PM10 exp(β)* 1.0114 1.1833 0.9228 1.4937 0.8374 0.6908

95% CI 0.8439–1.2122 0.9939–1.4087 0.7667–1.1107 1.2654–1.7633 0.6924–1.0128 0.5651–0.8445
PM2.5 exp(β) 1.0507 0.8909 0.7376 1.3725 0.8711 0.6104

95% CI 0.7579–1.4567 0.6337–1.2526 0.5152–1.0561 1.0093–1.8666 0.6183–1.2271 0.4175–0.8924
CI, confidence interval.
*exp(β)- ratio of the average number of asthma-related hospitalization per day: average number of asthma-related hospitalization on the event days/average 
number of asthma-related hospitalization on the control days.

Table 2. Comparison of Asthma-Related Hospital Visits between Control and Event Days for PM2.5

24-hr event day 2-hr event day
Control day Event day % 

change
p value

Control day Event day % 
change

p value
n % n % n % n %

Total 13014 48.62 13751 51.38 5.66 <0.001 11357 49.08 11782 50.92 3.74 <0.001
Sex 0.966 0.011

Male 5958 48.61 6299 51.39 5.72 <0.001 5140 48.18 5529 51.82 7.57 <0.001
Female 7056 48.64 7452 51.36 5.61 <0.001 6217 49.86 6253 50.14 0.58 0.658

Age (yr) 0.050 0.007
≤12 5957 47.80 6505 52.20 9.20 <0.001 4745 47.79 5184 52.21 9.25 <0.001
13–18 211 47.20 236 52.80 11.85 0.108 220 49.44 225 50.56 2.27 0.789
19–55 2488 49.38 2550 50.62 2.49 0.224 2325 50.05 2320 49.95 -0.22 0.934
56–65 1536 50.54 1503 49.46 -2.15 0.412 1433 51.31 1360 48.69 -5.09 0.054
>65 2822 48.83 2957 51.17 4.78 0.013 2634 49.45 2693 50.55 2.24 0.261

Asthma-related hospital visits 0.349 0.154
Hospitalization 482 50.47 473 49.53 -1.87 0.714 470 48.11 507 51.89 7.87 0.103
Emergency room 54 44.63 67 55.37 24.07 0.123 53 41.09 76 58.91 43.40 0.006
Outpatient 12478 48.57 13211 51.43 5.87 <0.001 10834 49.17 11199 50.83 3.37 0.001

Insurance type 0.060 0.540
Health insurance 12220 48.48 12986 51.52 6.27 <0.001 10603 49.14 10976 50.86 3.52 <0.001
Medical aid 794 50.93 765 49.07 -3.65 0.316 754 48.33 806 51.67 6.90 0.068
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DISCUSSION

In this study, we found that the average number of asthma-re-
lated hospital visits increased on the day exceeding the daily 
average environmental standard for PM (PM10 ≥100 μg/m3 or 
PM2.5 ≥50 μg/m3). This increase was observed even on the days 
exceeding the environmental standard for just 2 hours. The av-
erage number of asthma-related hospital visits peaked on the 
third day after the event. Asthma-related hospitalizations also 
increased on the third day after the event. Children and older 
adults were found to be particularly vulnerable to the effects of 
PM exposure. 

Although PM exposure and its associated respiratory health 
hazards are common concerns for everyone, vulnerable pop-
ulations, such as individuals with chronic respiratory illness-
es, are particularly at an increased risk. Asthma is a common 
chronic airway inflammatory disease affecting 1–18% of the 
population in different countries.11 Although there have been 
a number of studies on the effects of short-term PM exposure 
on asthma exacerbations, the extent of the effects varies de-
pending on the distribution of susceptible or vulnerable pop-
ulations, the composition of PM, and the environmental stan-
dards and policies of each country. 

Most previous studies used concentration-response func-
tions (CRFs; the percent change in a given health outcome per 
μg/m3 change in concentrations) to assess risk; however, to 
assess the effect of short-term exposure to PM exceeding the 
current environmental standard on asthma exacerbations, we 
investigated the average number of asthma-related hospital 
visits from the day exceeding the daily average environmental 
standard for PM10 and PM2.5 to 5 days after the event day. The 
daily average environmental standards of Korea are ≤100 μg/m3 
for PM10 and ≤50 μg/m3 for PM2.5, which are higher than the 
WHO Air Quality Guidelines.12 However, there is no evidence 
for which level of exposure is safe.12 In this study, the average 
number of asthma-related hospital visits on the days exceeding 
the daily average environmental standard for PM10 and PM2.5 
increased by 4.10% and 5.66%, respectively. In addition, while 
outpatient visits primarily increased, emergency room visits also 
increased on the 2-hr event days for PM2.5. This suggests that 
PM2.5 has a greater impact on asthma exacerbations than PM10 
and is associated with more severe asthma exacerbations. In a 
recent meta-analysis of case-crossover studies, PM10 was also 
not associated with increased emergency room visits or hospi-
talizations, whereas PM2.5 was.8 However, this meta-analysis did 
not evaluate outpatient visits because most included studies 
were conducted in North America and Europe where outpa-
tient visits are generally scheduled by appointment, leading 
most patients with asthma exacerbations to primarily use the 
emergency room. Therefore, these studies do not reliably reflect 
the true morbidity and offer an opportunity to examine the as-
sociation between short-term PM exposure and overall asthma-
related hospital visits. Among the studies that did include out-

patient visits, a population-based study in Taiwan also showed 
that as PM10 concentration increased, outpatient visits due to 
asthma increased, whereas the risk for emergency room visits 
and hospitalizations did not increase.13 However, another recent 
study in China showed that every 10 μg/m3 increase in PM2.5 
concentration was significantly associated with an increase in 
outpatient visits and emergency room visits on the same day.14 
It is not yet clear whether the reason for the difference between 
these studies is due to the size of PM. In addition to PM size, the 
difference in the severity of the asthma patients included and 
the medical system, including medical insurance, in each coun-
try may also be associated. 

In this study, we noted a slight difference in asthma-related 
hospital visits after PM exposure among regions (Supplemen-
tary Tables 1–5, online only). We assume that various factors, 
including the composition of PM, the severity of asthma, and 
socioeconomic factors, are involved. Further research is need-
ed to clarify this.

In this study, we noted a time lag (measured in days) between 
short-term PM exposure and asthma exacerbations. Asthma-
related hospital visits increased beginning the day when PM10 
or PM2.5 exceeded the daily average environmental standard, 
peaked on the third day after the event, and then decreased. Hos-
pitalizations that could be considered as a moderate to severe 
deterioration of asthma also increased on the third day after the 
event. Previous studies have also described a time lag of 0–4 
days, suggesting that PM is not simply acting as an airway irri-
tant.7,15 In experimental studies using animal models and in vitro 
airway epithelial cells, a cause-and-effect relationship between 
ambient PM10 and asthma exacerbation was demonstrated via 
oxidative stress, with release of interleukin-33.16,17 In addition, 
human airway epithelial cells exposed to PM expressed inflam-
matory cytokines.18 Although the mechanism by which PM in-
duces asthma exacerbation is not well known, these results sug-
gest that PM can cause asthma symptoms through induction 
and aggravation of airway inflammation. The time lag from PM 
exposure to hospital visits can also be partially explained by these 
results.

One reason for various time lags in individual studies may be 
variations in asthma severity in the study population. If a study 
includes a large number of patients with moderate to severe 
asthma, the time lag may be shorter than in studies including 
predominantly mild patients. However, most studies, including 
this study, did not include the asthma severity of their study 
population in the analysis due to limitations in the data used. 
Another reason may be the difference in composition of PM. The 
composition of PMs varies depending on the primary emission 
source and the weather conditions in each country or region.2,19 
Several studies reported that the health effects of PM are differ-
ent depending on their composition.20 However, which constit-
uents of PM have a major influence on the deterioration of asth-
ma remains to be elucidated, and this should be clarified in order 
to correctly understand and reduce the health effects of PM.
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What is interesting to note in this study is that even after ex-
posure to PM10 or PM2.5 exceeding the environmental standard 
for a very short period of time, the number of asthma-related 
hospital visits increased. Although they increased less than on 
the day exceeding the daily average environmental standard, 
asthma-related hospital visits significantly increased even on 
the day exceeding the environmental standard for only 2 hours. 
Although the short time lag (1–6 hours) from PM10-2.5 exposure 
to asthma-related emergency department visits in a recent study 
suggested the possibility that asthma exacerbation could occur 
even after exposure to an hourly increase in PM10, this is the first 
study to confirm the effects of exposure to increased PM over 
several hours on asthma-related hospital visits. Unlike hourly 
average environmental standards for other air pollutants, there 
are no countries that set hourly average environmental stan-
dards for PM, except Japan.21 Although it will need to be verified 
by other studies, the results of this study suggest that it may be 
necessary to establish hourly average environmental standards 
for PM just as for other air pollutants. 

In the present study, the effect of PM2.5 on asthma-related hos-
pital visits on the event day was more prominent than that of 
PM10, although thereafter, the effect was less than that of PM10. 
This is in contrast to a recent study from Hong Kong that report-
ed a more delayed observable response after PM2.5 exposure.21 
One reason for this discrepancy may be a difference in the com-
position of PM as described above. Therefore, it is necessary 
to establish a nationwide monitoring network by increasing the 
number of monitoring stations and evaluate the composition 
of PM in parallel. 

Many recent studies have focused on the association between 
PM2.5 exposure and asthma exacerbation based on results in-
dicating that the influence of PM2.5 is greater than that of PM10, 
thus neglecting the effects of PM2.5-10, which is included in PM10. 
However, an experimental study demonstrated that PM10 causes 
more damage to airway epithelial cells than PM2.5, which is ex-
plained by the ionic component contained in PM10.22 These find-
ings suggest that studies or policies on the assessment of health 
effects of PM should not be limited to PM2.5.

In this study, the effects of PM exposure on asthma exacerba-
tions were more pronounced in children and older adults, which 
is consistent with previous findings.23,24 However, the effect on 
adolescents was significantly higher when compared to other 
studies. This seems to be due to the fact that in this population, 
compliance with parental and school instructions, such as re-
duction of outdoor activities and mask use on days of high am-
bient PM concentrations, is low compared to younger children.

Asthma-related hospital visits on the event day varied accord-
ing to insurance type in this study. Although the government 
pays medical expenses for patients covered by medical aid in 
Korea, asthma-related hospital visits on the event day did not 
increase in the medical aid group, unlike the health insurance 
group. This is likely due to differences in health behavior and 
use of medical institutions among different socioeconomic 

groups, rather than differences in the effect of PM on asthma ex-
acerbation depending on insurance type.25

This study has several strengths. First, this is a nationwide 
study that evaluated the short-term effects of PM on asthmatic 
patients, including outpatient visits, as well as emergency room 
visits and hospitalizations, based on the latest NHI data. Second, 
in order to increase the reliability of actual hospital visits due to 
asthma, a working definition, which included the prescription 
of asthma medication along with the ICD-10 codes, was applied. 
Finally, we assessed the effect of very short-term PM exposure 
(2 hours) on asthma exacerbation for the first time.

Several potential limitations of this study should be taken into 
consideration. First, among the outpatient visits due to asthma, 
we could not exclude patients who visited clinics for regular fol-
low up. However, given that the event day and the control day 
were the same day of the week at a 7 day interval, the number 
of patients visiting clinics for regular follow up could be esti-
mated to be similar, so their possible effect may be negligible. 
Although seasons or viral epidemics can affect asthma exac-
erbations, for the same reason, we think their effects were also 
negligible. Second, PM2.5 data were collected from a relatively 
small number of monitoring stations, compared to PM10, which 
can cause an exposure measurement error and underestimate 
the effects of PM2.5.26 In addition, since the composition of PM 
is not yet monitored in Korea, the influence of PM composition 
cannot be analyzed. Third, because of the limited data available, 
the impact of other air pollutants, such as sulfur dioxide, nitro-
gen dioxide, carbon monoxide, and ozone, could not be appro-
priately adjusted for. Although the levels of sulfur dioxide and 
carbon monoxide on the event days were slightly higher than 
that on control days, their possible effect would not be signifi-
cant since the levels were far below the current daily average 
environmental standard (see supplementary materials for de-
tails). However, additional studies are warranted to examine 
the independent effect of PM on asthma.

In conclusion, we found a significant association between 
short-term PM exposure exceeding the current daily average 
environmental standard and asthma-related hospital visits. 
This association was also observed even after PM exposure ex-
ceeded the current environmental standard for just 2 hours. To 
our knowledge, this is the first study to assess the impact of PM 
exposure on asthmatic patients based on the daily average en-
vironmental standard. Although further studies investigating 
the actual harmful constituents of particulates and time course 
of PM induced effects are needed to better understand the ef-
fects of PM exposure on asthma, these results are expected to 
contribute to the establishment of appropriate environmental 
standards and relevant policies for PM. In addition to imple-
menting effective policies to reduce ambient PM levels, accu-
rate forecasts based on a nationwide monitoring network and 
continuous publicity and education are important for prevent-
ing and minimizing the harmful effects of PM on asthma ex-
acerbation. 
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