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ENVIRONMENTAL DETERMINANTS
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Objective. According to the American Thoracic Society, approximately 5% of all asthmatics have refractory asthma (RA); these patients fail to
recover lost lung function even after long-term treatment with high doses of medications. Methods. Using a time-trend controlled case-crossover
study design, we calculated odds ratios to evaluate whether exposure to ambient air pollutants and certain meteorological conditions on the day of
admission (Lag 0) and up to 3 days before admission (Lag1 through Lag 3) were associated with acute RA exacerbation. Results were obtained after
controlling for the effects of seasonality, smoking, and allergen sensitivity; we stratified our data into four seasons with respect to the median
temperature of each month and further stratified them according to self-reported smoking status and skin-prick test results. Results. In our study, RA
patients (n ¼ 82), living in metropolitan city of Seoul and Kyunggi Province, accounted for 3.7% of all asthmatics (n ¼ 2298) registered in our
asthma cohort between 2005 and 2009. In winter, a 1�C decrease in ambient temperature and a 1 ppb increase in sulfur dioxide concentration on the
day of Lag 1 were associated with 14.8% (95% confidence interval [CI]: 0.9–26.7) and 19.7% (95% CI: 3.3–38.7) increases in the risk of RA
exacerbation among nonsmokers, respectively. Similar associations were obtained on the day of Lag 2. The association remained unchanged after
excluding patients sensitive toDermatophagoides farinae andDermatophagoides pteronyssinus. Conclusions. Exposure to temperature drops and
increased sulfur dioxide concentrations are positively associated with the occurrence of acute RA exacerbation during winter with 1 or 2 day lags.
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INTRODUCTION

Asthma is a chronic inflammatory airway disease character-
ized by airflow limitation and airway hyperresponsiveness
(1). This disease can be separated into several subgroups
according to the etiology, pathology, severity, and respon-
siveness to treatment (2). Prolonged treatment with a high
dose of inhaled corticosteroids can relieve airflow obstruc-
tion in asthmatics. However, the American Thoracic
Society (ATS) states that even after long-term treatment
with high doses of corticosteroids and additional medica-
tions, some patients fail to completely recover lost lung
function such that airflow is persistently obstructed; this is
known as refractory asthma (RA). This specific phenotype
of asthmamakes up approximately 5% of total asthma cases
(3). This subgroup is characteristically difficult to treat and
requires high levels of medication to control persistent

symptoms; exacerbations and airflow obstructions persist
despite the use of high or maximal doses of medication.
Acute exacerbations of RA can lead to such severe airway
obstruction that mechanical ventilation is required as a life-
saving measure. Thus, knowing the risk factors for RA is
important for minimizing both the need for emergency
medical interventions and disruption of daily activities (4).

Many studies demonstrate associations between hospi-
tal admissions for respiratory conditions and acute expo-
sure to air pollution (5–9). Ozone is associated with
increased asthma-related hospital admissions and emer-
gency department visits among children and adults (10,
11). Several studies also suggest that exposure to NOx or
SO2 is associated with an increased risk of respiratory
illness, including asthma, among children (12–14).
Similarly, acute exposure to airborne particles is associated
with emergency department visits for mild asthma (15, 16).
Several different environmental and behavioral factors,
including viral infection, allergen sensitization, weather
conditions, exercise, smoking, and diet, have been poten-
tially associated with the asthma morbidity (17–22).
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Moreover, studies in South Korea indicate that increases in
the incidence of mortality from respiratory diseases such as
asthma or chronic obstructive pulmonary disease (COPD)
are related to acute exposure to high levels of air pollutants,
including ozone and/or PM10 (23–26).

The association between acute exposure to environmen-
tal factors and the development of asthma is clearer than
such associations with RA. Studies examining the associa-
tions between RA exacerbation, ambient air pollution, and
meteorological conditions are limited (27, 28). Specific
epidemiologic studies have been requested by the ATS
(3) to assess the prevalence of RA and evaluate the dis-
tribution of RA subtypes among asthma patients. Such a
study was conducted in Europe (29), but few similar stu-
dies have been conducted in Asia where seasonal, envir-
onmental, and ethnic factors are likely to differ from those
in Europe. In addition, it was recently reported that climate
variability, including a high frequency of hotter summers
and colder winter days, is increasing—likely as a result of
climate change, fossil fuel combustion, and greenhouse
gas emissions (30). Such climate variability may affect
the concentrations and distributions of air pollutants,
which may interfere with the normal seasonal cycle of
meteorological conditions (30). In this study, we assessed
the prevalence of RA and evaluated the association
between acute exposure to ambient air pollution and
meteorological conditions with acute exacerbation of RA
after controlling for smoking and seasonality.

METHODS

Study Population

We retrospectively studied the clinical data of 2298 adults
with asthma, aged 19–87 years, who had been registered
since 2005. All subjects were followed for a minimum of
2 years in an asthma cohort from the Genome
Research Center for Allergy and Respiratory Diseases,
Soonchunhyang University Bucheon Hospital, South
Korea. The study subjects were recruited from three ter-
tiary hospitals: Soonchunhyang University Bucheon
Hospital, Seoul Hospital, and Cheonan Hospital. The diag-
nosis of asthma was based on the Global Initiative for
Asthma (GINA) guidelines (1). All subjects had a clinical
diagnosis of asthma supported by one or more of the
following criteria: (i) an increase in forced expiratory
volume in 1 s (FEV1) > 15% after inhalation of 200 μg
albuterol; (ii) a 20% reduction in FEV1 in response to a
provocative concentration of <10 mg/mL inhaled metha-
choline (PC20); or (iii) an increase in FEV1> 20% over 14
days with inhaled corticosteroid use. All subjects under-
went a standardized examination including analysis of
sputum specimens, blood (with differential counts), IgE
levels, chest posterior–anterior radiography, allergy skin-
prick tests, and spirometry. Twenty-four common inhalant
allergens, including dust mites (Dermatophagoides fari-
nae [DF] and Dermatophagoides pteronyssinus [DP]), cat
fur, dog fur, cockroaches, grass pollens, tree pollens, rag-
weed pollens, and Aspergillus species (Bencard Co.,

Brentford, UK), were used in skin-prick tests. Additional
information including demographics and body mass index
(BMI) was also recorded.

According to the criteria defined by the ATS (3) and
GINA (1), in our cohort, we classified a patient as a RA
patient if the patient’s clinical outcomes met one or both
major criteria (i) treatment with continuous or near-
continuous (50% of 1 year) oral corticosteroids and (ii)
requiring treatment with high-dose inhaled corticosteroids
(>880 μg fluticasone propionate per day), and any two of
the following minor criteria: (i) requiring daily treatment
with a controller medication in addition to inhaled corticos-
teroids, (ii) asthma symptoms requiring short-acting
β-agonist use on a daily or near-daily basis, (iii) persistent
airway obstruction (FEV1 � 80%), (iv) one or more urgent
care visits for asthma per year, (v) three or more oral steroid
“bursts” per year, (vi) prompt deterioration with �25%
reduction in oral or inhaled corticosteroid dose, and (vii)
near-fatal asthma event in the past. According to the criteria
defined by the ATS (3) and GINA (1), among the subjects
who had attended regular follow-ups over a 2 year or longer
period since 2005, 98 patients were diagnosed with RA.

In our study, we included only the 82 patients living in
the metropolitan city of Seoul or Kyunggi Province, South
Korea, who presented at the Soonchunhyang Hospital
between 2005 and 2009 with multiple episodes of exacer-
bations, requiring an increase in asthma medications
including systemic steroids. Our final data comprised 238
episodes from 39 RA nonsmoking patients and 283 epi-
sodes from 43 RA smoking patients. In brief, in our study,
exacerbation of asthma was defined as an episode of pro-
gressive increase in shortness of breath, wheezing, or chest
tightness and decrease in expiratory airflow; clinically, it
was defined as post-bronchodilator PEF or FEV1 of <80%
of the predicted value or personal best. The RA patients’
average (�standard deviation) initial FEV1 (% predicted)
was 55 (�8), and their average (�standard deviation) daily
dose of inhaled steroids (fluticasone propionate equiva-
lent) was approximately 1300 μg (�120) per day.
Demographic information was collected from registration
documents submitted by the patients on the first day of
their hospital visits since 2005.

We excluded patients who had COPD, vocal cord dys-
function, obstructive sleep apnea, Churg–Strauss syndrome,
cardiac dysfunction, and allergic bronchopulmonary asper-
gillosis (ABPA) as well as those who adhered poorly to
treatment procedures. Study procedures related to human
subjects and informed consent were approved by the
research ethics committee of the Soonchunhyang
University Bucheon Hospital.

Meteorological and Air Pollution Data

Meteorological data including mean daily temperatures,
relative humidity, and air pressure were obtained at the
national monitoring sites closest to the hospital (24). Air
pollution measurements were obtained from the national
ambient monitoring station located closest to each
patient’s home address. Daily (24 h) averages for particu-
late matter with an aerodynamic diameter <10 μm (PM10),
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sulfur dioxide (SO2), and nitrogen dioxide (NO2) were
used, whereas 8 h running averages were used for ozone
(O3) and carbon monoxide (CO).

Statistical Analysis

To evaluate the impacts of exposure to ambient air pollu-
tion and meteorological conditions on RA exacerbation,
we used a time-trend controlled symmetrical, bidirectional,
case-crossover design with conditional logistic regression
models. Each episode corresponds to a diagnosis of
exacerbation with shortness of breath, wheezing, or chest
tightness and decrease in expiratory airflow; clinically, it
was defined as post-bronchodilator PEF or FEV1 of <80%
of the predicted value or personal best and usage of high
doses of inhaled steroids. We constrained an “episode” to
have a frequency no greater than one visit per month to
avoid attributing follow-up visits to new independent epi-
sodes (31). Symmetrical and bidirectional control selection
was conducted to control time trends (32); 4 control days
were selected at fixed intervals of 7 and 14 days before and
after the day of each episode such that all control days fell
on the same day of the week.

The distributions of meteorological conditions and air
pollution concentrations on the day of admission of each
episode were compared with those of selected controls (�7
and 14 days per episode day), using the Wilcoxon rank-
sum test. The effects of meteorological factors and air
pollution levels on exacerbation were evaluated on the
day of admission (Lag0) and up to 3 days before admission
(Lag1 through Lag3), using a conditional logistic regres-
sion model. Odds ratios (ORs) for exposure were calcu-
lated to estimate the increased risk of RA exacerbation
according to unit increases in air pollution and meteorolo-
gical condition levels (31, 33).

Three different models were run. The first model
included air pollution and meteorological factors and
included all patients—both smokers and nonsmokers—
after controlling for seasonality. We stratified the data
into four seasons: spring (March–May), summer (June–
August), fall (September–November), and winter
(December to February) with respect to the monthly med-
ian temperature. The second model included the same
environmental risk factors stated above but analyzed the
smoking and nonsmoking RA patient groups separately
after stratifying the data by season and self-reported smok-
ing status. The final model was conducted after stratifying
the data by season, self-reported smoking status, and the
most commonly detected allergens in the skin-prick test
among patients.

Because we were only interested in the impact of expo-
sure to air pollution and meteorological conditions, we
mainly presented the significant results obtained from
data of the nonsmoking RA patient group. However, the
results of all three models for both smoking and nonsmok-
ing patients by season are presented in the Supplemental
Materials (Supplementary Tables 1 to 6 available online at
http://informahealthcare.com/doi/suppl/10.3109/02770903.
2012.702839).

Multiple sensitivity analyses were conducted. First, we
ran several single-pollutant models focusing on the impact
of exposure to single air pollutants after adjusting for the
effect of exposure to meteorological conditions in all epi-
sodes of exacerbations experienced by nonsmoking RA
patients. Second, we examined the implications using data
obtained from all patients (both nonsmokers and smokers).
All analyses were conducted using the SAS 9.1 package.

RESULTS

Between 2005 and 2009, a total of 238 and 283 episodes
from 39 and 43 self-identified nonsmokers and smokers
were recorded, respectively (Table 1). Among nonsmok-
ing patients who experienced RA episodes, females were
predominant in all seasons, making up 71.8–85.4% of the
population. Meanwhile, males were predominant among
smokers, making up 65–76% of the population by season.
The medians (interquartile ranges [IQRs]) of patients’ ages
ranged from 53 to 58 years for nonsmokers and 58 to 62
years for smokers. The BMI over the seasons ranged from
22.0 to 23.1 kg/m2 and 24.0 to 25.2 kg/m2 for nonsmokers
and smokers, respectively (Table 1).

Skin-prick tests revealed that higher proportions of both
nonsmoking and smoking patients exhibited sensitivity to
DF or DP, compared with other allergens. Among non-
smokers, the percentage of episodes having sensitivity to
DF and DP ranged from 17% to 24% and 14% to 20%,
respectively while, among smokers, the percentages ran-
ged from 4% to 7% and 11% to 17%, respectively.

Table 2 summarizes descriptive statistics showing that
the levels of most environmental factors at the time of
admission for the episodes (Lag0) among nonsmoking
RA patients were not significantly different from those of
control days. However, the mean PM10 concentration at
the time of episodes was 73.0 μg/m3, which differed
significantly from that of control days (66.5 μg/m3;
p ¼ .021 for spring). Among smokers, the levels of all
environmental factors during episodes were not signifi-
cantly different from those of control days (data not
shown).

The data stratified by season and smoking status
showed that in multi-pollutant models with smoking RA
patients, there was no significant association between the
exacerbation of RA and changes in air pollutant levels or
metrological conditions in any season except for relative
humidity on Lag0 in spring and Lag3 in summer
(Supplementary Table 1). Similarly, for nonsmoking RA
patients, no association was observed in spring, summer,
or fall except for CO on day Lag1 in spring and air pressure
on Lag1 in fall (Supplementary Table 2).

However, in multi-pollutant models among nonsmo-
kers, in winter, a 1�C decrease in ambient temperature
and a 1 ppb increase in SO2 concentration significantly
increased RA exacerbation on Lag1 and Lag2 after con-
trolling for other explanatory variables: 14.8% (95% con-
fidence interval [CI]: 0.9–26.7) for temperature and 19.7%
(95%CI: 3.3–38.7) for SO2, and 28% (95%CI: 13.7–39.9)
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for temperature and 16.4% (95% CI: 3.0–31.6) for SO2,
respectively (Table 3). Furthermore, even after excluding
the episodes in patients sensitive to DF or DP, by stratify-
ing nonsmoking patient data, model results revealed a
statistically significant impact of temperature and SO2 on
RA exacerbation on Lag2: 33.1% (95% CI: 14.3–46.2) for
temperature and 16.2% (95% CI: 3.0–32.3) for SO2

(Table 3). This association did not change in the multi-
pollutant model for all episodes (i.e., both smokers and
nonsmokers); however, we did not observe any significant
impact of temperature and SO2 on RA exacerbation among
smokers in winter (Figure 1).

Furthermore, in winter, the single-pollutant model
results also showed a positive association between RA
exacerbation among nonsmoking patients exposed to
increased SO2 or decreased temperature on the days Lag1
and Lag2 (Supplementary Table 6), confirming our multi-
pollutant modeling outcomes. A 1�C decrease in ambient
temperature was associated with a 16.1% (95% CI:
4.1–26.6) increase in the risk of RA exacerbation after
controlling for the effects of humidity, air pressure, and
SO2. In addition, a 14.7% (95% CI: 1.9–29.2) increase in
the incidence of RA exacerbation was associated with a
1 ppb increase in SO2 concentrations on the day of Lag1.

DISCUSSION

In this study, we observed that exposure to a wintertime
temperature drops or increased SO2 concentrations was
associated with an increased incidence of RA exacerbation
with 1–2 day lags in nonsmoking adult patients. When we
analyzed our data without controlling for seasonality, no

single variable was associated with the risk of RA exacer-
bation on episode days compared with control days (data
not shown).

Nakaji et al. (34) report that seasonality significantly
interacts with RA exacerbation. They report that in Japan,
seasonal changes strongly influence the incidence of
respiratory diseases, including pneumonia and influenza,
as well as other diseases such as heart and cerebrovascular
diseases; the highest incidences of these diseases occur
during winter (34). Our results indicate a seasonal effect
similar to that reported by Nakaji et al.; in winter, RA
exacerbation was significantly associated with exposure
to temperature drops with lag effects, while no associations
were found in other seasons. Our results are also concor-
dant with the recent results of May et al., who report that
the need for admission due to asthma is associated with
exposure to decreasing temperature (25).

Our study results were also corroborated by those of
other observational studies reporting that cooling enhances
airway inflammation, resulting in airway narrowing and
asthma exacerbation (35). Abe et al. (36) found that lower
minimum ambient temperature is a significant risk factor
associated with asthma exacerbation in adults. McDonald
et al. (37) also report that cooling of the skin is associated
asthma exacerbation. Regarding the impact of climate
change on health, especially respiratory diseases, unex-
pected winter temperature drops should be monitored care-
fully to minimize their impact on human respiratory health
in East Asia.

Furthermore, the present results show smaller or non-
significant effects of SO2 and cold temperature exposure
on smoking RA patients compared with nonsmoking RA
patients. This implies that smoking modifies the acute

TABLE 2.—Descriptive summary of baseline meteorological factors and air pollutants by season in nonsmoking patients.

Conditions on specified day Spring Summer Fall Winter

Day of admittance with the episode
Meteorological factor
Temperature (�C) 11.5 (8.0–15.2) 23.1 (22.2–25.1) 16.0 (9.3–20.8) 1.4 (–0.4–3.3)
Relative humidity (%) 62.9 (53.6–72.6) 76.8 (66.9–86.6) 67.7 (59.6–75.3) 59.5 (54.0–70.9)
Air pressure (hPa) 1014.5 (1011.3–1018.2) 1007.1 (1003.7–1010.9) 1016.8 (1013.6–1022.5) 1023.6 (1019.7–1026.3)

Air pollutant
SO2 (ppb) 7.1 (4.5–9.1) 5.1 (4.0–6.6) 5.8 (4.4–8.3) 9.3 (6.5–12.2)
PM10 (μg/m

3) 73.0 (51.2–88.8)a 48.1 (29.8–69.0) 48.7 (35.0–65.5) 62.9 (52.8–96.3)
Ozone (ppb) 28.0 (18.8–38.6) 25.7 (16.4–33.1) 18.2 (12.0–23.5) 9.1 (6.7–18.5)
CO (0.1 ppm) 5.8 (4.8–7.0) 4.4 (3.3–5.9) 5.1 (3.7–7.3) 8.5 (5.9–11.4)
NO2 (ppb) 34.3 (26.1–41.3) 26.6 (19.9–35.3) 30.6 (22.6–42.0) 38.8 (31.3–46.8)

Control days (7 and 14 days before and after each episode)
Meteorological factor
Temperature (�C) 11.5 (6.7–16.1) 23.2 (21.2–25.1) 15.6 (10.2–20.4) 1.6 (–2.1–4.2)
Relative humidity (%) 61.0 (51.2–71.2) 78.0 (68.3–85.5) 67.9 (61.8–77.4) 59.1 (50.5–71.3)
Air pressure (hPa) 1014.6 (1010.6–1019.4) 1007.8 (1003.6–1010.8) 1017.3 (1013.5–1020.8) 1024.9 (1021.8–1027.9)

Air pollutant 8.8 (6.5–11.5)
SO2 (ppb) 6.9 (4.9–9.0) 4.9 (3.7–6.3) 6.5 (4.2–8.5) 8.8 (6.5–11.5)
PM10 (μg/m

3) 66.5 (51.0–91.9) 47.8 (31.3–68.9) 52.6 (38.0–74.8) 60.8 (45.0–87.1)
Ozone (ppb) 28.3 (20.3–35.8) 24.3 (16.8–32.3) 16.7 (12.0–22.3) 10.9 (6.5–16.5)
CO (0.1 ppm) 5.6 (4.5–7.0) 4.4 (3.4–5.7) 5.2 (4.0–7.2) 8.3 (6.1–11.4)
NO2 (ppb) 32.7 (24.5–41.4) 26.0 (18.9–35.2) 30.6 (22.8–41.6) 37.7 (26.1–48.9)

Note: Results are reported as median (IQR)
aSignificantly different from the relevant term (p ¼ .021 for spring).
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effects of exposure to SO2 and cold temperatures on RA
exacerbation. Our results are indirectly corroborated by
those of Rabinovitch et al. (38), who report that passive
smoking modifies the impact of exposure to air pollution
on respiratory health. Furthermore, smokers with asthma
exhibit greater reductions in lung function (39) and
response to treatment with inhaled corticosteroids (40).
Therefore, our results highlight the importance of account-
ing for smoking status when evaluating the impact of
exposure to air pollution on asthma exacerbation.

In this study, we also found that the association between
exposure to high SO2 levels and the incidence of RA
exacerbation was statistically significant in winter.
Moreover, the median SO2 concentration on the day of
admittance in winter (9.3 ppb) was 31–82% higher than
those of other seasons (7.1, 5.1, and 5.8 ppb in spring,
summer, and winter, respectively). SO2 is generated from
vehicle exhaust and unrefined sulfur in anthracite. Our
study area is located near the ocean and has a large volume
of marine traffic nearby and numerous oil refineries.
Furthermore, briquette, which is still used for heating low
socioeconomic status households in the study area, might
be another source of SO2 exposure. Several studies show
that living close to an oil refinery and using anthracite or
biomass fuels are associated with an elevated incidence of
airway inflammation (41–43). However, determining the
exposure pathway and sources of SO2 require further stu-
dies on exposure assessment.

We observed that approximately 41% of episodes (17
out of 41) occurred when the SO2 concentration on Lag1
was significantly higher than that on control days and the
temperature on Lag1 was significantly lower than that on
corresponding control days (Supplementary Figure 1);
similar results were obtained for Lag2 (data not shown).
Further analysis using Spearman correlation tests revealed
a weak correlation (r ¼ 0.225, p < .001) between SO2

concentration and temperature in winter. Interaction was
not found between the two variables.

Although the median concentration of PM10 on the day
of Lag0 was significantly higher than that on control days
in spring, springtime admissions due to RA exacerbation
were not associated with PM10 levels. One possible expla-
nation for this finding is that RA patients may have taken
precautionary measures. South Korea has yellow sand
storms during the Asian dust period mostly during spring
(March to May) but sometimes in fall (September to
November) that causes very high PM10 concentrations.
Because RA patients might avoid outdoor activities in
the presence of a known environmental threat such as
yellow sand storms, hospital admissions due to RA exacer-
bations may not have increased significantly.

The strength of this study is the use of a case-crossover
design, which minimizes the influence of confounding
variables constant within each subject during the relevant
time period, such as gender, secondhand smoke exposure,
occupational exposure, and genetics (44). Furthermore, we
controlled for the effects of allergen sensitization, smok-
ing, and season by stratifying our dataset. However, this
study has some limitations as well. First, rather than a
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nationwide population sample, this study was conducted
using a relatively small number of asthma patients from
only three tertiary hospitals. Owing to the low frequency of
RA (3.6% in our study), the recruitment of a sufficiently
large cohort would require more time and money. A future
study involving a larger sample size may increase statis-
tical power. Second, due to the lack of information on viral
infections and upper respiratory infections for the study
population recruited from 2005 to 2009, we were unable to
evaluate their impacts on asthma exacerbation. Therefore,
future studies should consider expanding the data analysis
by including information for viral infections or upper
respiratory infections in RA patients. Third, we used only
outdoor measurements of air pollutants and weather con-
ditions. As individuals spend most of their time indoors,
changes in indoor environments may contribute signifi-
cantly to an increased risk of RA exacerbation. Indoor
and/or occupational exposure levels and the duration of
exposure during the time around each admission should be
studied for the sake of accuracy. Finally, our study did not
determine the degree of severity of the exacerbation.
Further investigations of these variables will help clarify
the factors involved in RA exacerbation.

CONCLUSION

Although our results must be interpreted carefully, our
study is one of the few that reports the prevalence of RA
(approximately 4%) among patients in an asthma cohort.
Moreover, we examined the environmental factors deter-
mining RA exacerbation in nonsmoking adult patients after
controlling for the effects of seasonality and sensitivity on
common allergens. The results show that in winter, the
occurrence of acute RA exacerbations is associated with
exposure to temperature drops and increased SO2 levels.
Careful monitoring of temperature drops and SO2 levels in
winter will be beneficial for nonsmoking RA patients since
these two factorsmay bemarkers that predict the occurrence
of acute RA exacerbations with 1 or 2 day lags.
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