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Abstract
Background: Global asthma-related mortality tallies at around 2.5 million annually. Although asthma may be
triggered or exacerbated by particulate matter (PM) exposure, studies investigating the relationship of PM
and its components with emergency department (ED) visits for pediatric asthma are limited. This study
aimed to estimate the impact of short-term exposure to PM constituents on ED visits for pediatric asthma.

Methods: We retrospectively evaluated non-trauma patients aged younger than 17 years who visited the ED
with a primary diagnosis of asthma. Further, measurements of PM10, PM2.5, and four PM2.5 components

(i.e., nitrate (NO3−), sulfate (SO4
2−), organic carbon (OC), and elemental carbon (EC)) were collected between

2007 and 2010 from southern particulate matter supersites. These included one core station and two
satellite stations in Kaohsiung City, Taiwan. A time‐strati�ed case‐crossover study was conducted to analyze
the hazard effect of PM.

Results: Overall, 1597 patients were enrolled in our study. In the single-pollutant model, the estimated risk
increase for pediatric asthma incidence on lag 3 were 14.7% [95% con�dence interval (CI), 3.2–27.4%], 13.5%
(95% CI, 3.3–24.6%), 14.8% (95% CI, 2.5–28.6%), and 19.8% (95% CI, 7.6–33.3%) per interquartile range
increments in PM2.5, PM10, nitrate, and OC, respectively. In the two-pollutant models, OC remained signi�cant
after adjusting for PM2.5, PM10, and nitrate. During subgroup analysis, children were more vulnerable to
PM2.5 and OC during cold days (<26°C, interaction p=0.008 and 0.012, respectively).

Conclusions: Both PM2.5 concentrations and its chemical constituents OC and nitrate are associated with ED
visits for pediatric asthma. Among PM2.5 constituents, OC was most closely related to ED visits for pediatric
asthma, and children are more vulnerable to PM2.5 and OC during cold days.

1. Background
Asthma as a chronic in�ammatory lung disease causes changeable airway hyper-responsiveness. It is a
heterogeneous disease that varies widely in severity and clinical presentation, ranging from wheezing,
dyspnea, and chest tightness to cough. An asthma attack could also lead to inconstant air�ow obstruction
and even death [1]. In 2016, more than 339 million people had asthma worldwide, and it accounted for more
than 1000 deaths every day [2].

Epidemiological studies have reported that ambient air pollution are associated with poor health outcomes,
including respiratory diseases [3, 4], cardiovascular diseases [5, 6], and mortality [7, 8]. In addition, exposure
to air pollution is associated with airway in�ammation and impairs lung function [9, 10]. Air pollutants are
emitted from a range of sources, and thus identifying source-speci�c contributors that impact human health
is important [11]. Exposure to air pollutants including particulate matter with aerodynamic diameter of < 
10 µm (PM10) [10], particulate matter with aerodynamic diameter of < 2.5 µm (PM2.5) [12], sulfur dioxide
(SO2) [13], and nitrogen dioxide (NO2), may induce or aggravate asthma. In children, higher PM2.5 exposure
is associated with higher missed school days, hospitalization, and the frequency of asthma attack [14].
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Although ambient PM2.5 exposure has an impact across all age groups, children are more sensitive to such
exposure [12].

Target health outcomes vary by PM component. A toxicological research showed that exposure to PM2.5

organic extracts rather than aqueous extracts caused a pro-in�ammatory response in airway epithelial cells
and affected the respiratory system [15]. Peng et al. demonstrated that among chemical constituents of
PM2.5, ambient levels of organic carbon (OC) matter and elemental carbon (EC) were the strongest risk
factors of emergency admissions [16]. Ostro et al. reported that exposure to components of PM2.5 (e.g.,
elemental and organ carbon, nitrate, sulfate, iron, potassium, and silicon) increased the risk of
hospitalization for pediatric respiratory diseases such as bronchitis, asthma, and pneumonia [17].

Despite this adverse impact of air pollution on the pediatric population, limited studies have investigated the
relationship of PM and its components with emergency department (ED) visits for pediatric asthma.

2. Methods

2.1. Study design and population
This retrospective observational study aimed to estimate the impact of short-term exposure to PM
constituents on ED visits for pediatric asthma. The study was conducted in a metropolitan tertiary medical
center in Kaohsiung, Taiwan that receives an average of 72,000 ED visits per year. The subjects were non-
trauma patients aged younger than 17 years and who visited the ED with a primary diagnosis of asthma
(International Classi�cation of Diseases, Ninth Revision [ICD-9]: 493) between January 1, 2007 and
December 31, 2010. Data were collected from medical records by two certi�ed emergency doctors. These
included demographic factors including sex, age, address, and ED visiting time.

2.2. Pollutant and meteorological data
Air pollutant data and meteorological data from three particulate matter supersites located in Kaohsiung City
were acquired. These sites were established by the Taiwanese Environmental Protection Administration from
2005 to 2010. Hourly mass concentrations of PM10 and PM2.5 at these supersites are determined using the
Rupprecht & Patashnick, Co. Series 1400a Tapered Element Oscillation Microbalance particle monitor; OC
and EC using the Series 5400 Ambient Carbon Particulate Monitor; nitrate using the Series 8400N Particulate
Nitrate Monitor; and sulfate using the Series 8400S Particulate Sulfate Monitor (Environmental Protection
Administration Executive Yuan, R.O.C., Taipei 2010).

Hourly mass concentrations of PM10, PM2.5, and the four PM2.5 components (i.e., nitrate (NO3
−), sulfate

(SO4
2−), OC, and EC) during the study period were collected. We collected the daily average of PM and its

components from each monitoring supersite. The patient addresses were reviewed, and the 24-hour average
levels of above ambient air pollutants from the nearest monitoring station were computed. The 24-hour
recordings of mean temperature and mean humidity from the monitoring stations were also collected.

2.4. Statistical analysis
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A time-strati�ed case‐crossover study, which is an equivalent to Poisson time series regression models, was
conducted to analyze asthma events, air pollutants, and meteorological data [18, 19]. This study design is a
special type of case-control study. We compared subjects between case periods and control periods. Using
time strati�cation to select the referent days, we chose the days falling on the same day of the week (1 case
day with 3–4 control days), which is in the same month of the same year as the case period. The self-
matching time strati�cation strategy was performed to adjust the effects of long-term trends, seasonal
effects, and day of the week [20]. The day of pediatric asthma ED visit was set as lag 0, the day before the
pediatric asthma event was lag 1, and the day before lag 1 was lag 2, and so forth. We compared the levels
of air pollution between the case period and all the referent days. Then, the impact of environment variables
on pediatric asthma from lags 0 to 3 was investigated. Conditional logistic regression was used to estimate
the odds ratios (ORs) and 95% con�dence intervals (CIs) for the association of the pediatric asthma cases
with PM2.5 mass and its constituents. To identify the most susceptible groups, subgroup analyses was
performed using age, sex, and weather conditions. Temperature and relative humidity were included as
confounding factors in our model. Potential non-linear effects between temperature, humidity, and pediatric
asthma were determined using Akaike’s information criterion (AIC) [21]. This step was performed by using
SAS macro “lgtphcurv9,” which implements natural cubic spline methodology to �t potential non-linear
response curves in logistic regression models for case-control studies [22]. The AIC value was lower in the
linear model (4399.806) than in the spline model (4401.630) for temperature. Further, the test of curvature
(nonlinear response) was nonsigni�cant (p = 0.068). Meanwhile, the AIC value was lower in the spline model
(4399.921) than that in the linear model (4400.026) for humidity, and the test of curvature was signi�cant (p 
= 0.039). According to the results of AIC, the spline model was used to create a �ve categorical variable in
accordance with knots for humidity [23]. Consequently, we selected the linear model for temperature and
spline model for humidity as confounding factors in conditional logistic regression analysis. The ORs were
computed using interquartile range (IQR) increments in PM10, PM2.5, and PM2.5 constituents. All statistical
analyses were performed using SAS, version 9.3. All tests were two tailed, and P < 0.05 was considered
statistically signi�cant.

3. Results
A total of 1712 pediatric asthma patients visited the ED within the 4-year study period. Of them, 115 patients
were excluded from the analysis because they did not live in Kaohsiung City. Thus, 1597 patients with a
mean age of 6.1 ± 3.5 years were included in our study. The patient characteristics are summarized in
Table 1. There were 1073 (67.2%) male patients. Majority of the ED visits due to asthma were during the cold
season (60.8%).
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Table 1
Characteristics of the cases (n = 1597)

Characteristic Number %

Age (mean ± SD) 6.1 ± 3.5  

Male sex 1073 67.2

Cold season 971 60.8

Cold days (< 26.0 °C) 879 55.1

The daily average temperature, humidity, and mean concentrations of air pollutants in Kaohsiung City during
the study period are shown in Table 2. The average PM2.5 concentration was 32.7 ± 15.9 µg/m3. Among the

components of PM2.5, sulfate and OC were the major constituents, accounting for 9.4 ± 4.8 µg/m3 and 8.2 ± 

3.7 µg/m3, respectively.

Table 2
Summarized statistics for meteorology and air pollution in Kaohsiung, 2007–2010

Percentiles

  Minimum 25% 50% 75% Maximum Mean IQR

PM2.5 (µg/m3) 6.9 18.9 31.6 43.0 119.5 32.7 24.1

PM10 (µg/m3) 10.7 29.7 46.6 66.9 449.5 50.3 37.2

Nitrate (µg/m3) 0.3 1.4 3.9 6.6 20.7 4.4 5.2

Sulfate (µg/m3) 1.1 5.6 9.1 12.5 33.7 9.4 6.9

Organic carbon (µg/m3) 1.4 5.4 7.5 10.6 27.8 8.2 5.2

Elemental carbon (µg/m3) 0.5 1.5 2.0 2.6 16.5 2.1 1.1

Temperature (°C) 13.4 22.6 26.5 28.8 31.6 25.5 6.2

Humidity (%) 44.0 69.0 73.4 77.3 95.3 73.2 8.3

The missing data for all monitor stations were less than 1%

The Spearman correlation coe�cients for the air pollutants and weather conditions are listed in Table 3.
PM2.5 was highly correlated with PM10 (r = 0.909, p < 0.001), sulfate (r = 0.774, p < 0.001), and OC (r = 0.731, p 
< 0.001) and moderately correlated with nitrate (r = 0.669, p < 0.001) and EC (r = 0.568, p < 0.001).
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Table 3
Spearman correlation coe�cients between air pollutants and weather conditions during the 4-year study

period

  PM10 PM2.5 Nitrate Sulfate Organic
carbon

Elemental

carbon

Temperature Humidity

PM10 1.000 0.909 0.669 0.774 0.731 0.568 −0.493 −0.410

PM2.5   1.000 0.793 0.908 0.822 0.699 −0.504 −0.406

Nitrate     1.000 0.680 0.833 0.643 −0.580 −0.269

Sulfate       1.000 0.673 0.592 −0.403 −0.359

Organic
carbon

        1.000 0.732 −0.536 −0.377

Elemental
carbon

          1.000 −0.376 −0.277

Temperature             1.000 0.315

Humidity               1.000

The continual estimates of PM2.5 and its constituents according to their association with pediatric asthma
ED visits are shown in Fig. 1. On lag 2, the estimated risk increases for pediatric asthma incidence was
12.1% (95% CI, 0.3–25.3%) and 16.6% (95% CI, 4.2–30.5%) per IQR increment in PM2.5 and nitrate,
respectively. On lag 3, the estimated risk increases for pediatric asthma incidence were 14.7% (95% CI, 3.2–
27.4%), 13.5% (95% CI, 3.3–24.6%), 14.8% (95% CI, 2.5–28.6%), and 19.8% (95% CI, 7.6–33.3%) per IQR
increment in PM2.5, PM10, nitrate, and OC, respectively. Meanwhile, an IQR increase in sulfate and EC levels
were not signi�cantly associated with asthma.

To determine the independent effect of each pollutant, a two-pollutant model was created to estimate the
contamination in�uence on pediatric asthma ED visits. To assess the responsible pollutant for the observed
contamination effects, various combinations of two different pollutants were �tted in the two-pollutant
model according to the �nding obtained from the single-pollutant models. The results of two-pollutant model
are summarized in Table 4. After adjustment for PM2.5 (OR = 1.168, 95% CI: 1.016–1.342), PM10 (OR = 1.155,
95% CI: 1.022–1.305), and nitrate (OR = 1.175, 95% CI: 1.026–1.345), an IQR increase in OC was found to be
signi�cantly associated with ED visits for pediatric asthma in the two-pollutant model.
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Table 4
Emergency department visits for each interquartile range change in the two-pollutant models

  OR (95% CI) of asthma

Adjusted for temperature, humidity, and pollutant

Single-pollutant
model

Adjusted PM2.5 Adjusted PM10 Adjusted

Nitrate

Adjusted

Organic carbon

PM2.5   1.064 (0.889–
1.274)

1.099 (0.965–
1.251)

1.040 (0.906–
1.193)

PM10 1.085 (0.925–
1.272)

  1.102 (0.995–
1.220)

1.068 (0.959–
1.188)

Nitrate 1.083 (0.942–
1.245)

1.096 (0.969–
1.240)

  1.068 (0.895–
1.194)

Organic carbon 1.168 (1.016–
1.342)

1.155 (1.022–
1.305)

1.175 (1.026–
1.345)

 

Based on different seasons and demographic factors on lag 3, we conducted a strati�ed analysis to
examine the impact of PM2.5 and OC on pediatric asthma (Fig. 3). After adjusting for temperature and
humidity, the risk of pediatric asthma after exposure to PM2.5 was higher during cold season (inter p = 0.03)
and cold days (< 26 °C, inter p = 0.008; Fig. 2a). Further, patients were more vulnerable to the adverse effects
of OC on asthma during cold days (< 26 °C, interaction p = 0.012; Fig. 2b).

4. Discussion
Asthma may be triggered or exacerbated by PM exposure, but studies investigating the relationship of PM
and its components with ED visits for pediatric asthma are scarce. The present study found that PM2.5 and
its constituents nitrate and OC may play an essential role in ED visits for pediatric asthma in Kaohsiung,
Taiwan. Furthermore, OC exerted robust effects after adjusting for PM2.5, PM10, and nitrate. Children were
more vulnerable to PM2.5 and OC during cold days.

PM exposure increases the risk for cardiovascular events [5, 6] and respiratory disease [3, 4, 12, 14]. Children
are highly vulnerable to the adverse effects of air pollution, particularly to respiratory diseases [12]. Maternal
air pollution exposure was reported to have an adverse impact on the growth, development, and function of
the placenta. Exposure to particle pollution is even associated with adverse effects in the utero [24]. Prenatal
PM2.5 exposure was proven to increase the risk of childhood asthma [25]. Previous studies also found
signi�cantly positive associations of PM2.5 exposure with ED visits for asthma and respiratory morbidity in
children [26, 27]. In a prospective study of 1759 children in Southern California, Gauderman et al. found that
air pollution limits lung development in children aged 10 to 18 years [9]. Del�no et al. also found a positive
association between lung function de�cits in schoolchildren with persistent asthma and increased ambient
air pollution exposures to NO2 and PM2.5 [28]. Similarly, our study also shows that exposure to PM2.5 and its
constituents OC and nitrate is associated with ED visits for pediatric asthma.
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PM is composed of various sizes and chemical mixture particles, and target health outcomes vary according
to these components. Hwang, et al indicated that lagged SO4

2− was associated with a higher number of ER
visits for respiratory diseases, while NH4 + was the most signi�cant in�uencing factor of cardiovascular ER
visits, followed by OC, SO4

2−, NO3
−, and EC. Emergency room visits for asthma is more closely related to the

estimated effects of NO3
− [29]. However, in the present study, among PM2.5 constituents, it was OC that was

most closely related to ED visits for pediatric asthma. One possible reason for this discrepant result was that
Hwang’s study enrolled the entire population of pediatric and adult patients. Meanwhile, we only included
pediatric patients aged less than 17 years. Susceptibility to PM and its constituents may vary by age, which
can then in turn cause variations in the accuracy of in�ammatory biomarkers and varying health effects [30].
Another possible reason is that the study population in Hwang’s study was from two adjacent cities that
were different from where the monitoring station located. As such, there might have been measurement
errors due to the relatively long distance. In contrast, the present study only enrolled patients in a single city
where the particulate matter supersite monitor station was located. Furthermore, PM2.5 was emitted from
various sources including factories, vehicles, and windblown dust. The diverse origin and geographical
features may account for the differences in characteristic toxicity. The difference in source of PM2.5

exposure could, in part, explain the distinct association between PM2.5 exposure and asthma in children [31].

Exposure to PM may cause airway hyper-responsiveness and asthma. Murine asthma models have shown
that exposure to PM increased neutrophil in�ltration by increasing tumor necrosis factor alpha and
interferon gamma excretion. Further, it also increased allergic immune responses by increasing the
production of T helper type 2 cell-related cytokines including interleukin-5 and interleukin-13 [32]. In addition,
a mice experiment found that PM exposure could trigger the release of in�ammatory cytokines of
macrophages in the lung [33]. Liu et al. reported that PM2.5 exposure signi�cantly increased oxidative stress
in the airways and impaired the function of the small airways in asthmatic children [34]. Using a nationally
representative sample involving 3531 individuals aged 6 to 79 years, Cakmak et al. demonstrated that
exposure to polycyclic aromatic hydrocarbons was related to lower one-second forced expiratory volume and
forced vital capacity and poor respiratory outcomes [35]. Compared to the water extracts of PM2.5, exposure
to the organic extracts is more likely to increase in�ammatory response in the lung and liver [36]. Our
�ndings indicated that among PM2.5 components, OC had the strongest impact. This result may indicate
that diverse PM2.5 components and sources play a signi�cant role in the adverse of pollution on human
health.

The hazardous effect of air pollutants seems to vary by season. Cheng et al. implied higher levels of PM
enhance the risk of hospital admissions for respiratory disease on cool days [37]. Huang et al. also showed
that short-term exposure to PM was correlated with increased hospitalizations for cerebrovascular accident
on warm days [38]. Ueda et al. found higher associations between PM2.5 mass and cardiovascular mortality
during fall, while associations with respiratory mortality were stronger in spring [39]. Hwang et al. revealed
that PM2.5 constituents were more closely related to ED visits for children with asthma in the hot season [29].
Meanwhile, Guo et al reported that the prevalence of asthma was positively correlated with non-summer
temperature and winter humidity [40]. In our study, children were more vulnerable to PM2.5 (inter p = 0.019)
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and OC (inter p = 0.012) during cold days. The seasonal difference between these studies support that the
in�uence of air pollution on pediatric asthma may also be associated with weather, climate changes, and
geographical features [41]. The correlation of air pollutants to temperature and humidity may imply that their
composition and toxicity could be enhanced in certain conditions. One study showed that weather systems
modi�ed the distribution and concentration of PM2.5 mass [42]. Meteorological factors and atmospheric
pollution have synergistic effects, and the combination of environmental factors is likely to in�uence the
degree of asthma attack [43].

4.1 Study limitations
Certain limitations should be noted in the study. First, the study was conducted in a single tertiary medical
center from a coastal industrial city. Thus, the �ndings may not be generalizable to other regions considering
the difference in pollution source, meteorological characteristics, and race. Next, we only included children
who were more severe or poorly controlled asthma with ED visit. We did not include children who were
treated in outpatient department settings. In addition, other factors such as sociodemographic conditions
may in�uence the ER visits for asthma. Lastly, use of protective equipment such as air puri�ers and face
mask may reduce exposure to pollutants. To obtain more accurate effect estimates, further studies should
include more regions, larger medical records, and precise measurement of individual exposure despite
personal protective equipment.

5. Conclusions
PM2.5, PM10, nitrate, and OC may play an essential role in ED visits for pediatric asthma in Kaohsiung,
Taiwan. The effects of OC were robust after adjusting for PM2.5, PM10, and nitrate, especially during cold
days.

List Of Abbreviations
AIC Akaike’s information criterion

CI con�dence interval

ED emergency department

IQR interquartile range

NO2 nitrogen dioxide

ORs odds ratios

OC organic carbon

EC elemental carbon
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PM particulate matter

PM10 particulate matter with aerodynamic diameter of <10 μm

PM2.5 particulate matter with aerodynamic diameter of <2.5 μm

SO2 sulfur dioxide
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Figure 1

Odds ratios (ORs) and 95% con�dence intervals (CIs) for pediatric asthma ED visits. The values are shown
according to IQR increments in PM2.5 and the levels of its constituents, with adjustment for temperature and
humidity. ED, emergency department; IQR, interquartile range
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Figure 2

Odds ratios (ORs) for pediatric asthma ED visits according to IQR increments. (a) nitrate and (b) organic
carbon on lag 3 after adjustment for temperature and humidity. *p<0.05. Int p, interaction p-value.


