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and followed for 17 months between August 2013 and December 2014. Parents or patients recorded symptom
scores on a daily basis. Exposure to particulate matter with a diameter <10 um (PM;,) and nitrogen dioxide
(NO,) was estimated in four different ways in each individual, using the AQ1 (measurements from the nearest
Editor: D. Barcelo air quality monitoring station to residential houses), AQ2 (measurements modified from AQ1 with the indoor
level of air pollutants and time activity of each individual), AQ1-DI, and AQ2-DI (measurements modified from
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AQ1 and AQ2, respectively, with daily inhalation intakes of air pollutants). A generalized linear mixed model
(GLMM) was used to analyze the associations between exposure metrics and clinical symptoms after adjusting
for ambient temperature and humidity, age, season, gender, and time trend. The exposure metrics for PM;q
and NO, showed different distributions. Symptoms of AD and asthma were positively associated with exposure
to PM;, but not NO,, in all exposure metrics. The effect size of PM;, exposure on asthma symptoms was slightly
greater in metrics with inhalation capacity (AQ-DIs) than in those without (AQs). This pattern was not observed
in AD. Exposure to PM is associated with symptom aggravation in childhood AD and adult asthma. Different ex-

posure estimates may be used to evaluate the impact of air pollution on different allergic diseases.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Assessment of exposure to air pollution is a critical part of evaluating
the effect of air pollution on public health. Recently, there has been in-
creasing interest in estimating the health effects of air pollution based
on accurately quantified exposure of the population (Baxter et al.,
2013; Mannshardt et al., 2013; Miller et al., 2007; Molter et al., 2013;
Ozkaynak et al., 2013; Wang et al., 2015). Many epidemiologic studies
have used measurements from air quality monitoring systems
(AQMSs) to characterize exposure to ambient air pollutants at a popula-
tion level (Baxter et al., 2013). Some studies used proximity-based as-
sessments, statistical interpolation including land-use regression, and
air quality modeling from AQMS measurements (Baxter et al., 2013;
Bravo et al.,, 2012; Jerrett et al., 2005). However, measurements from
outdoor monitors do not adequately reflect a population's behavior or
the spatial variation in pollutant concentrations (Payne-Sturges et al.,
2004). The physical characteristics of individuals, such as inhalation
rate, may also vary when investigating the health effect of air pollution
(e.g., effects on respiratory diseases). Few studies have examined the
exposure level of air pollutants by considering the effect of indoor levels,
individual behaviors, and physical characteristics with respect to their
health. Multiple approaches were recently used to evaluate the impact
of air pollution on health (Baxter et al,, 2013; Wang et al., 2015). In sev-
eral studies, passive samplers were used to estimate personal exposure
to air pollutants. For example, Brauer and Brook (1997) assessed ozone
exposure using a passive sampler and then analyzed the association of
ozone with lung function after considering the time-activity pattern of
subjects. However, a passive sampler has limited temporal resolution
and does not operate continuously throughout the year. Therefore, al-
ternative methods for estimating personal exposure in a large popula-
tion with high temporal resolution must be developed.

Atopic dermatitis (AD) and asthma are very common disorders fre-
quently influenced by environmental factors. The prevalence of AD in
children aged 6 to 7 years and 13 to 14 years is increasing in both devel-
oping and developed countries, according to Phases One and Three of
the International Study of Asthma and Allergies in Childhood (Ahn,
2016; Williams et al., 2008). Although the reason for this is not clearly
understood, air pollution may be involved in the development or aggra-
vation of AD (Ahn, 2014). The prevalence of asthma has also been in-
creasing in many countries with low prevalence (Asher et al., 2006).
Air pollution may act as a causative factor in asthma development
(Clark et al., 2010; Jacquemin et al.,, 2015; Pearce et al., 2007), but it is
controversial whether air pollution played a major role in the recent in-
crease in asthma prevalence (Platts-Mills, 2015). A recent study by
Wang et al. (2015) examined the effect of air pollution on lung function
in children by comparing exposure estimates between land use regres-
sion and dispersion exposure modeling approaches. However, neither
allergic symptoms as health outcomes nor exposure estimates consider-
ing human behavior and physical characteristics was evaluated in that
study. To better understand the effect of air pollution on allergic dis-
eases, various metrics of exposure to air pollutants should be explored.

We sought to evaluate various estimates of exposure to air pollution
considering human behavior and daily intake at an individual level in
patients with childhood AD and adult asthma. We also investigated

the clinical effect of exposure to air pollutants by comparing effect
sizes among different exposure metrics.

2. Materials and methods
2.1. Study design

The Allergy & Gene-Environment Link (ANGEL) study was per-
formed to investigate the impact of air pollution on allergic diseases.
This prospective study was designed as a panel study consisting of
three parts: exposure assessment, clinical assessment of children with
AD and asthmatic adults, and association analyses (Fig. 1). We first
assessed four exposure estimates for particulate matter with an aerody-
namic diameter of 10 pm or less (PM;0) and nitrogen dioxide (NO,)
based on AQMS measurements in the Seoul Metropolitan Area, Korea
(Fig. 2). AQ1 was determined by simple distribution of AQMS measure-
ments from the nearest station to each individual's home address. AQ2
was calculated by modifying AQ1 with the indoor level and time activity
of each participant, the time-weighted-average personal exposure.
AQ1-DI and AQ2-DI were measurements modified from AQ1 and AQ2,
respectively, with daily inhalation intake of air pollutants. In the present
study, we collected allergic symptom data on a daily basis from children
with AD and asthmatic adults. The associations between estimates of air
pollutant exposure and allergic symptoms were analyzed, as well as
whether the associations differ depending on exposure metrics.

2.2. Study population and allergic symptoms

In the present study, 177 children with AD aged under 6 years (110
boys and 67 girls) and 70 adults with asthma aged over 18 years (21
males and 49 females) living in the Seoul Metropolitan Area, Korea,
were enrolled and followed for 17 months between August 2013 and
December 2014. A diagnosis of AD was determined according to the
Hanifin and Rajka criteria (Hanifin and Rajka, 1980). AD severity was
assessed using SCORing Atopic Dermatitis (SCORAD) ranging from 0
to 103 (European Task Force on Atopic Dermatitis, 1993). Asthma was
diagnosed by a physician based on clinical symptoms and positive air-
way hyper-responsiveness. Airway hyper-responsiveness was con-
firmed by either bronchodilator reversibility of at least 12% in forced
expiratory volume in 1 s (FEV;) or provocation concentration of
methacholine causing a 20% fall in FEV, (PCyp) <25 mg/mL.

In children with AD, total IgE and specific IgE against egg white,
cow's milk, soybean, wheat and peanut in the peripheral blood was
measured by ImmunoCAP (ThermoFisher Scientific Inc., Waltham, MA,
USA) and considered positive when the level was 0.35 kU/L or above.
In asthmatic adults, skin prick tests were performed to detect specific
IgE against common inhalant allergens including Dermatophagoides
pteronyssinus, D. farinae, tree pollen mixture, grass pollen mixture,
weed pollen mixture, cockroach, cat, dog, Alternaria alternata, and As-
pergillus fumigatus (Lofarma, Milan, Italy). Histamine was used as a pos-
itive control and normal saline was used as a negative control. A positive
response to the skin prick test was determined when wheal size was >
3 mm and controls showed adequate reactions.
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Patients or their parents were instructed to record symptom scores
on a daily basis. For AD, a symptom diary was used to describe the ex-
tent of itching and sleep disturbance and the degree of erythema, dry-
ness, oozing, and edema on a scale of 0 to 4. The presence of AD
symptoms in daily records was defined as follows. A symptom score
of 2 or more was given for the sum of itching and sleep disturbance
scores plus at least two symptoms among erythema, dryness, edema,
or oozing on the same day. Chest discomfort, cough at night, wheezing,
and awakening at night were recorded for asthma, and the presence of
at least 1 symptom was considered positive.

Written informed consent was obtained from participants and par-
ents or guardians of all participating children. Study protocols were
reviewed and approved by the Institutional Review Board (IRB) at
Samsung Medical Center (IRB No: 2013-05-009).

2.3. Exposure assessment

Hourly concentrations of PM;o and NO, were obtained from the Na-
tional Institute of Environmental Research where AQMS data were pro-
duced. There were 96 monitoring stations in the Seoul Metropolitan
area, covering 11,704 km? and approximately 25 million people in
2014. From hourly data, the daily 24-hour average values of PM; and
NO, were calculated. PM;o and NO, were not only selected because
they are principal air pollutants in the study area, but also because
their indoor levels are becoming more concerning (Lee et al., 2016a;
Lee et al., 2016b). Daily ambient temperature and relative humidity
data were obtained from the Korean Meteorological Administration
(KMA) and were included in health effect models as confounding
factors.

From AQMS-based measurements, 4 different exposure assessments
were conducted for AD and asthma patients at an individual level as
follows;

* AQ1: AQ1 included the daily average levels of ambient PM;, and NO,
measurements. Each patient was assumed to remain outdoors for 24 h
and be exposed to the AQ1 levels of PM;q and NO». After the distance
from the residence to the AQMS station was calculated using geo-
graphic information system (GIS) mapping, AQ1 was determined by
matching ambient PM;o and NO, concentrations from the nearest sta-
tion.

* AQ2: Indoor concentrations and time spent indoors were taken into
account when AQ2 was estimated from AQ1. Concentrations of PM;q
and NO, while staying outdoors were the same as with AQ1, but con-
centrations of PM;o and NO, while staying indoors were calculated
with an indoor-to-outdoor pollutant concentration ratio (I/O ratio)
and the time activity pattern. The process for estimating AQ2 was as
below.

1/O ratio: Among 177 children with AD, 16 parents agreed to measure
indoor and outdoor levels of PMo and 12 parents agreed to measure
indoor and outdoor levels of NO, at their homes for 48 h. All indoor ac-
tivities, information regarding housing and residents, and meteoro-
logical parameters from the KMA were also collected as predictor
candidates. Correlation analysis and multi-step multivariate linear re-
gression analysis was performed to develop a model for the 1/0O ratio
of PM;o and NO,. The resulting models for PM; and NO, are given by

1/0 ratio for PM;o = 0.0136 - T—0.00721 - FL + 0.621 (1)
1/0 ratio for NO, = —0.0451 - T + 1.1750 (2)

where T and FL are temperature and floor level, respectively.
Coefficients of determination (R?) of the regression models for PM;

and NO, were 0.57 and 0.29, respectively. Based on Egs. (1) and (2), the

indoor PM;o and NO, concentrations of each patient's house could be

estimated by multiplying the predicted I/O ratio and outdoor concentra-
tions obtained from AQMS (More details in Lee et al. 2016a; Lee et al.,
2016b).

Time-activity: To obtain time spent indoors for each participant, a
time-activity diary was given to participants. Diaries were filled in
for weekdays, Saturdays, and Sundays and were used as representa-
tive patterns for the study period. Among enrolled patients, diaries
were collected for 151 CE and 55 asthmatic patients. Based on the
time-location data, time spent indoors and outdoors was calculated
for each individual.

With time spent indoors and air pollutant concentrations driven
from the I/O ratio and ambient concentration, the time-weighted ex-
posure estimate (AQ2) was calculated. This considered both time
spent indoors and indoor concentration.

* AQ1-DI: Daily inhalation intake of PM; and NO, was estimated at an
individual level. Daily intake was calculated from the AQ1 exposure
estimates based on inhalation rate, weight, height, age, and gender
for each patient.

* AQ2-DI: AQ2-DI considered the daily inhalation intake of PMq and
NO, based on AQ2 exposure estimates. This means that AQ2-DI con-
sidered time spent indoors, indoor concentration, and the physical
status (including inhalation capacity) of each patient.

Daily inhalation intake was estimated as follows. To assess average
daily inhalation intake (ADI) for the AQ1-DI and AQ2-DI estimates, the
long-term inhalation rates for the Korean population driven from two
previous studies on exposure factors were used; one for Korean children
(Korea National Institute of Environmental Research, 2014) and the
other for Korean adults (Korea Ministry of Environment, 2007). Expo-
sure factors were calculated according to gender and age, and the
long-term inhalation rates were based on more than 30 days' repeated
exposure measurements (US Environmental Protection Agency, 2011).
The equation for the individual ADI of air pollutants is given by

C x IR x ED
ADl= =g < AT (3)

where ADI is average daily inhalation intake at an individual level (pg/
kg-day in PM; and pL/kg-day in NO,), C is the concentration of air pol-
lutant from AQ1 or AQ2 data sets (PMj, ug/m3; NO,, ppb), IR is the daily
inhalation rate by age and gender (m?/day), ED is exposure duration to
air (1 day), BW is body weight of each subject (kg), and AT is time peri-
od over average dose (1 day).

Paired t-tests with Bonferroni correction was applied to investigate
the differences between mean values of the distributions estimated by
4 different models. Spearman rank correlation coefficient was used to
examine changes in the order of exposure metrics.

2.4. Effect of air pollutants on allergic symptoms

Considering that repeated measurement of allergic symptoms pro-
vide longitudinal data with a binomial distribution, the generalized lin-
ear mixed model (GLMM) was adopted to estimate effects of PM;, and
NO; on allergic symptoms. To account for serial correlation among re-
peated measurements, the GLMM models included random effects for
each subject. Multipollutant models including PM;o and NO,, in the
same model were used to consider the possibility of complex interac-
tions among pollutants in producing effects on allergic symptoms
(Tolbert et al., 2007; Wang et al., 2015). Potential confounding factors
such as age, gender, season, day of the week, temperature, and relative
humidity were controlled. We also controlled long-term trend. For ef-
fects on AD symptoms, SCORAD at enrollment and the presence of
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fever as a proxy of infection were also controlled. To consider the de-
layed effect of air pollutants on the presence of allergic symptoms, the
effect of lagged predictor variables for PM;o and NO, were analyzed, in-
cluding unlagged (LAGO), lagged by 1, 2, and 3 days (LAG1, LAG2, and
LAG3), and effect of the moving average of 4 days throughout the 3 pre-
vious days and the current day (LAGO-3). All results were expressed as
percent change with 95% confidence intervals (Cls) of symptoms per in-
crements of interquartile range (IQR) of PM;o and NO, exposure.
The model specifications are as follows:

0gitE(Y) = o + 1 (PMio) + 32(NO2) + 35 (temp) + 34 (RH)
+ Bs(season) + [3g(age) + [37(sex) + 33(DOW)
+ Bo(time) + y(subject) 4)

where E(Y) is expected expression of AD and asthmatic symptoms,
temp is daily mean temperature, RH is relative humidity, DOW is day
of the week, time is date of Gregorian calendar, and vy is random effect
for subjects. There are four seasons in Korea; that is, spring including
March, April, and May, summer including June, July, and August, fall in-
cluding September, October, and November, and winter including De-
cember, January, and February. In AD models, SCORAD at enrollment
and fever terms were also included. Smoking was added in the asthma
models.

Assuming that PM;¢ and NO, are independent risk factors for aggra-
vation of allergic symptoms, two-pollutant models were adopted to de-
termine which pollutant is the better predictor of health outcomes
(Tolbert et al., 2007). For consistent comparisons of the effect of the 4
exposure metrics on allergic symptoms, days with missing measure-
ments for any of the pollutants and weather were excluded.

All procedures were conducted using SAS9.3 (SAS Institute, Cary,
NC) and R version 3.0.0 (Comprehensive R Archive Network: http://
cran.r-project.org). Among R packages, the “lme4” package (version
3.1-2) was used for GLMM model fitting. All tests were two-sided,
and an alpha level of <0.05 was considered significant.

3. Results
3.1. Subject characteristics and data summary

From 177 patients with AD and 70 patients with asthma, the records
of 29,683 and 13,989 person-days were obtained to produce data sets
for AD and asthma, respectively. During the study period, 170 days
(SD = 124 days) for AD symptoms and 199 days (SD = 123 days) for
asthma were reported on the average. Average ages were 2.0 years
(SD = 1.6 years) in AD and 46.0 years (SD = 11.3 years) in asthma pa-
tients. In AD patients, boys were more than girls, whereas, female pa-
tients were more than male in asthma patients. The presence of AD
symptoms was found in 44.8% of records, and the presence of asthma
symptoms was found in 14.4% of records. Average total IgE levels in
AD and asthma patients were 366.4 kU/L (standard deviation (SD) =
801.2 kU/L) and 405.3 kU/L (SD = 578.5 kU/L), respectively.

3.2. Air pollution exposure assessment

The average distances between AQMS stations and patient resi-
dences were 1.97 km (SD = 1.22 km) for AD patients and 2.23 km
(SD = 1.50 km) for asthma patients. Time spent indoors for children
with AD was approximately 22.63 h (SD = 1.20 h) during weekdays
and 21.99 h (SD = 1.42 h) during weekends, while asthmatic adults
stayed indoors for 21.12 h (SD = 1.14 h) during weekdays and
21.13 h (SD = 1.31 h) during weekends. AD children stayed indoors
for 93.0% of the day and asthmatic adults stayed indoors for 88.1% of
the day, on average. I/0 ratios for PM;q and NO, in AD children were
0.77 (SD = 0.08) and 0.50 (SD = 0.23), respectively. I/O ratios were
0.72 (SD = 0.10) for PM;¢ and 0.65 (SD = 0.27) for NO, in asthmatic
adults. More details regarding time activity pattern and I/0 ratio are

presented in the Supplementary Material (Table S1). Inhalation rates
used to estimate AQ-DIs are also available in the Supplementary Mate-
rial (Table S2).

As shown in Table 2, the exposure estimates of PM;¢ and NO, varied
by exposure metrics. Overall, the exposure levels for PM; and NO, con-
sidering indoor levels (AQ2) were lower than those of ambient levels
(AQ1). Daily intake of PM;g and NO, (AQ-DIs) in children with AD
was 3 to 4 times higher than that for asthmatic adults, reflecting a differ-
ence in body weight between adults and children (Table 1). Paired t-test
with Bonferroni correction showed that the mean values of any pair
from the four exposure metrics of PM;q and NO, were different from
each other with statistical significance (P-values < 0.0001).

Fig. 3(A) and (B) show temporal variations of four different expo-
sure metrics for PM;q and NO; in the study period. AQ-DIs showed dif-
ferent temporal variations from AQs, particularly in NO, exposure
metrics. Overall, the variation of AQ-DIs reflected that the physical char-
acteristics of each individual ranged more widely than AQs. Spatial
variations are seen in Supplementary Material Fig. S1. The average of
the correlations of PM;q between paired two monitoring stations was
0.94 ranging 0.78- 1.00 and that of NO, was 0.84 ranging 0.33- 0.97

Table 1
Subject characteristics and summary of symptoms and weather between August 2013 and
December 2014.

Characteristics Atopic dermatitis Asthma
No. of subjects 177 70
Gender (male:female) 110:67 21:49
Age (years)? 20 +1.6 46.0 + 11.3
Height (cm)? 839 + 14.7 1645 + 6.9
Weight (kg)? 119 + 4.0 634 + 12.4
SCORAD*? 31.1 +12.8 -
Total IgE (kU/L)? 366.4 + 801.2 405.3 £+ 578.5
Sensitization (%)

Food allergens® 452 -

Inhalant allergens® 62.1 67.1
Presence of fever (%) 29 -
No. of smoking (%) 0 7 (10%)
No. of records (person-days) 29,683 13,989
Symptom presence (%) 448 144

¢ All data are presented as mean =+ standard deviation.

b SCORAD, SCORing of Atopic dermatitis.

¢ Sensitized by one of 5 common food allergens, including egg white, cow's milk, soy-
bean, wheat, and peanut.

4 Sensitized by house dust mite (Dermatophagoides pteronyssinus, D. farinae) for atopic
dermatitis, and one of 10 common inhalant allergens including D. pteronyssinus, D. farinae,
tree pollen mixture, grass pollen mixture, weed pollen mixture, cockroach, cat, dog,
Alternaria alternata, and Aspergillus fumigatus for asthma.

Table 2
Summary of exposure estimates for PM;o and NO,.
Pollutant ~ Exposure metric? Atopic dermatitis Asthma
Mean +SD  IQR®> Mean +SD  IQR
PMio AQ1 (pg/m3) 464 + 26.7 30.9 48.7 + 28.0 322
AQ2 (ug/m?) 353 +£21.0 238 369 +21.7 245
AQI-DI (ug/kg-day) 396 +£258 286 108 +64 73
AQ2-DI (ug/kg-day) 302 +£204 221 82 +49 56
NO, AQ1 (ppb) 33.6 +£13.8 18.9 35.0 £ 135 19.0

207 £176 250
286 + 144 181
174 £ 157 205

237 £17.7 267
7.8 £3.2 4.4
53 +4.0 5.9

AQ2 (ppb)
AQ1-DI (pL/kg-day)
AQ2-DI (pL/kg-day)

2 AQ1: daily average of ambient PM;, and NO, measurements from the nearest air
quality monitoring system (AQMS) station to residential houses; AQ2: measurements
modified from AQ1 with indoor level and time activity for each individual; AQ1-DI: mea-
surements modified from AQ1 with daily inhalation intakes of air pollutants; AQ2-DI:
measurements modified from AQ2 with daily inhalation intakes of air pollutants. When
paired t-tests were applied for exposure estimates, mean values of any pairs from four ex-
posure metrics were different from each other with statistical significance (P-
values < 0.0001).

b Interquartile range.
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Table 3
Spearman's rank correlation coefficient between exposure estimates for PM;o and NO,.
Pollutants Exposure metrics® AQ1 AQ2 AQ1-DI AQ2-DI
PMyo AQ1 1.00 0.95 0.90 0.85
AQ2 1.00 0.85 0.90
AQ1-DI 1.00 0.95
AQ2-DI 1.00
NO, AQ1 1.00 0.64 0.84 0.63
AQ2 1.00 0.50 0.96
AQ1-DI 1.00 0.62
AQ2-DI 1.00

P-values for all correlation coefficients are below 0.0001.

¢ AQ1: daily average of ambient PM;, and NO, measurements from the nearest air
quality monitoring system (AQMS) station to residential houses; AQ2: measurements
modified from AQ1 with indoor level and activity for each individual; AQ1-DI: measure-
ments modified from AQ1 with daily inhalation intake of air pollutants; AQ2-DI: measure-
ments modified from AQ2 with daily inhalation intake of air pollutants.

(P-values of the correlations were < 0.0001) which implied that NO,
were more various in spatial distribution than PMy.

Spearman's rank correlation coefficients of AQ2, AQ1-DI, and AQ2-DI
for PM; ¢ in association with AQ1 were 0.95, 0.90, and 0.85, respectively,
and those for NO, were 0.64, 0.84, and 0.63, respectively (Table 3). AQ2
and AQ2-DI for NO, were more differently distributed than for PM;q
reflecting that indoor NO, concentrations are more different from out-
doors than PM;.

3.3. Associations between air pollution estimates and allergic symptoms

The percent change in AD and asthma symptoms was analyzed by
IQR according to increased concentrations of PM;o or NO, (Table 4).
For the analyses, 4 different exposure metrics were used after GLMM
fitting of 29,683 and 13,989 person-day records from AD and asthma
patients, respectively. Complete results across all lags are shown in
Fig. 4.

The relationship between aggravated allergic symptoms and expo-
sure to PM;o was found to be statistically significant and consistent
using the 4 metrics to estimate exposure. As shown in Table 4, with in-
creases in PMq level by IQR, AD symptoms increased by 8.28% (95% CI:
3.23-13.58) and 7.02% (95% CI: 2.22-12.05) for exposures based on AQ1
(IQR: 30.92 ug/m>) and AQ2 (IQR: 23.75 pg/m?>), respectively. With an
increase in PM;o by IQR, AD symptoms increased by 7.59% (95% Cl:
2.35-13.10) and 4.34% (95% CI: —0.45-9.37) for AQ1-DI (IQR:
28.59 pg/kg-day) and AQ2-DI (IQR: 22.06 pg/kg-day), respectively. The

effects of NO,, however, were not statistically significant except AQ2-
DI for AD. A stronger relationship between PM; exposure and the pres-
ence of asthma symptoms was found compared to AD. With increased
PM; by IQRs of AQ1 (IQR: 32.2 ug/m>), AQ2 (IQR: 24.5 ug/m>), AQ1-
DI (IQR: 7.3 pg/kg-day), and AQ2-DI (IQR: 5.6 pg/kg-day), asthma symp-
toms increased by 9.42% (95% Cl: 0.22-19.46), 11.05% (95% CI: 1.92-
20.99), 12.28% (95% CI: 2.65-22.81), and 12.65% (95% Cl: 3.24-22.93),
respectively. Interestingly, the adverse effect of PM;o were robust in fe-
male in both AD and asthma. As with AD, the effects of NO, on asthma
symptoms were not statistically significant.

As shown in Fig. 4, PM; effects on AD and asthma had lagged effect
at least up to 3 days. The lagged effect of PM;q was clearer in AQ1 and
AQ1-DI in both allergic diseases. In contrast, no lagged effect was
shown in NO,. When the moving average level of PM;o during the pre-
vious 3 days and the current day (LAGO-3) increased by IQR based on
AQ1 and AQ1-DI, AD symptoms increased by 19.01% (95% CI: 11.38-
27.17) and 17.53% (95% Cl: 9.70-25.92), respectively. Conversely, the
effect sizes of AQ2 and AQ2-DI were 8.65% (95% Cl: 3.49-14.07) and
7.22% (95% Cl: 1.95-12.77), respectively, as shown in Fig. 4A. This pat-
tern was also seen in the results for asthma symptoms, particularly in
LAGO-3, although the differences were smaller than with AD (Fig. 4B).

Regarding uncertainty, variances for the effect of PM;o on AD symp-
toms in children based on the four metrics were similar. Variances for
NO,, however, were higher in AQ2 and AQ2-DI, which considered in-
door levels of NO, and time spent indoors (Fig. 4). This pattern was
also shown in asthmatic adults. Among the four metrics, the estimated
effect of NO, on the presence of allergic symptoms based on AQ2 had
the largest variance.

4. Discussion

In the present study, four exposure metrics for PM;o and NO, were
applied at an individual level to compare their effects on allergic symp-
toms in patients with childhood AD and adult asthma. The results sug-
gest that exposure to PM;q is associated with aggravation of AD and
asthma symptoms. The effect sizes and uncertainties of the health effect
estimation were affected by the exposure metrics used in association
analysis. This study assessed the health effect of PM¢ and NO, using ex-
posure metrics that considered both time-weighted averages of ambi-
ent concentration and daily inhalation intakes at an individual level.
To the best of our knowledge, this is the first study to evaluate the asso-
ciation between diverse exposure metrics of air pollution and allergic
symptoms. Estimation of personal exposures in this study can be

Table 4
Percent change in symptoms of atopic dermatitis and asthma per increase in interquartile range in PM;o and NO, concentrations on the day of exposure by different exposure metrics.
Disease Air pollutant Exposure metrics® Total Male Female
Atopic dermatitis PM;o AQ1 8.28 (3.23,13.58)" 428 (—1.83,10.77) 16.18 (7.35,25.74)"
AQ2 7.02 (2.22,12.05)" 537 (—0.59,11.68) 10.52 (2.47,19.20)"
AQ1-DI 7.59 (2.35,13.10)" 3.83 (—2.58, 10.66) 14.72 (5.86, 24.33)"
AQ2-DI 434 (—0.45,9.37) 4.87 (—1.28,11.39) 451 (—3.09, 12.70)
NO, AQ1 —2.02 (—7.64,3.93) 2.76 (—4.62,10.70) —9.85(—18.29, —0.55)"
AQ2 1.44 (—7.86,11.68) 224 (—9.24,15.17) 041 (—14.84, 18.40)
AQ1-DI 1.64 (—4.69, 8.38) 3.58 (—4.56,12.41) —1.19 (—10.97, 9.66)
AQ2-DI 14.08 (5.08,23.85)" 3.67 (—6.62, 15.09) 34.38 (17.76, 53.36)"
Asthma PMio AQ1 9.42 (0.22,19.46)" —8.12 (—24.21,11.39) 12.60 (1.96, 24.36)*
AQ2 11.05 (1.92,20.99)" —6.40 (—22.47,13.00) 14.75 (4.15,26.43)"
AQ1-DI 12.28 (2.65,22.81)" —5.19 (—20.55, 13.14) 15.32 (3.78,28.14)"
AQ2-DI 12.65 (3.24, 22.93)" —5.94 (—20.83,11.75) 16.49 (5.09, 29.12)"
NO, AQ1 8.02 (—2.83,20.09) 26.71 (—0.49, 61.34) 6.89 (—5.08,20.37)
AQ2 6.86 (—9.91, 26.74) 33.45 (—9.69, 97.19) 477 (—13.5,26.91)
AQ1-DI 6.83 (—4.28,19.22) 26.09 (—0.28, 59.44) 5.27 (—7.18,19.40)
AQ2-DI 9.34 (—7.24,28.87) 44.29 (0.14, 107.90)" 5.84 (—12.4,27.88)

2 AQ1: daily average of ambient PM; o and NO, measurements from the nearest air quality monitoring system (AQMS) station to residential houses; AQ2: measurements modified from
AQ1 with indoor level and activity for each individual; AQ1-DI: measurements modified from AQ1 with daily inhalation intake of air pollutants; AQ2-DI: measurements modified from AQ2
with daily inhalation intake of air pollutants. When paired t-tests were applied for exposure estimates, differences in effect sizes between exposure metrics were not statistically significant

except for the difference between AQ1-DI and AQ2-DI for NO, in atopic dermatitis.
* P<0.05.
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Fig. 3. Temporal variation of 4 exposure estimates of PM;o and NO, in patients with atopic dermatitis (A) and asthma (B). AQ1, daily average of ambient PM;o and NO, measurements from
nearest air quality monitoring system (AQMS) station to residential houses; AQ2, measurements modified from AQ1 with indoor level and time activity for each individual; AQ1-DI,
measurements modified from AQ1 with daily inhalation intake of air pollutants; AQ2-DI, measurements modified from AQ2 with daily inhalation intake of air pollutants.

applied to guide future research on estimating substantial personal ex-
posures to air pollutants. This information could be used to improve ep-
idemiological studies that consider microenvironments and inhalation
capacity.

The four different exposure estimates for PM;o and NO, in the pres-
ent study showed significantly different means and variations, and thus
differently affected associations between air pollution and allergic
symptoms. The effect sizes of PM;o exposure on asthma symptoms

were larger in AQ-DIs than in AQs in all lagged models, and they were
more precise in some models, such as LAGO-3. These patterns were
not found in AD, implying that asthma symptoms are more sensitive
to the inhalation capacity of each individual than AD symptoms. These
results suggest that exposure metrics considering individual character-
istics such as inhalation capacity are potentially recommended for epi-
demiological studies on the association of air pollution and respiratory
diseases. The impact of exposure to air pollutants via inhalation may
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Fig. 4. Effects of PM;o and NO, on atopic dermatitis (A) and asthma symptoms (B) according to exposure metrics and lag time. Effect size is expressed by percent change of clinical
symptoms per change of interquartile range (IQR) in concentrations of PM; and NO,. AQ1, daily average of ambient PM;o and NO, measurements from the nearest air quality
monitoring system (AQMS) station to residential houses; AQ2, measurements modified from AQ1 with indoor level and time activity for each individual; AQ1-DI, measurements
modified from AQ1 with daily inhalation intakes of air pollutants; AQ2-DI, measurements modified from AQ2 with daily inhalation intakes of air pollutants; LAGO, effect of exposure to
air pollutants on allergic symptoms on the same day; LAG1, LAG2, and LAG3, lagged by 1, 2, and 3 days, respectively; LAGO-3, effect of moving average for 4 days from the previous

3 days through the current day.
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be minimal in AD patients. However, it does not imply that it is not nec-
essary to improve exposure assessment in the studies of AD. Further
studies are required to evaluate the exposure metrics with indoor con-
centrations and inhalation capacities.

The effects of moving average level of PM;o (LAGO-3) on AD symp-
toms were greater in AQ1 (19.01% [95% CI: 11.38-27.17]) and AQ1-DI
(17.53% [95% CI: 9.70-25.92]) than AQ2 (8.65% [95% CI: 3.49-14.07])
and AQ2-DI (7.22% [95% CI: 1.95-12.77]). Considering that AQ2 and
AQ2-DI reflect indoor concentration and time to spend indoors, these
results imply that epidemiological study on AD only based on ambient
PM; level may overestimate the effect of PM;o on AD symptoms.

In all lagged models, exposure to PM;q showed a clear relationship
with allergic symptoms. That is, with higher levels of PM;, exposure, al-
lergic symptoms presented more frequently. By contrast, the effect of
NO, exposure showed no consistent relationship. This difference be-
tween PM;q and NO, might be explained by the fact that indoor levels
of NO, were used to calculate AQ2 with relatively higher uncertainty
compared to PM;. The R? value of the model for the I/O ratio of NO,
was 0.29, which could increase the uncertainty of the indoor concentra-
tion estimation. The R? value for the NO, I/0 ratio was not high because
indoor activity such as cooking was not included in the estimation
model. When the time spent cooking was included in the I/O ratio
model for NO, in our previous study (Lee et al., 2016a), R? increased
to 0.54. In this study, ambient temperature was only used in the regres-
sion model for I/0 ratio without using other variables, such as time
spent cooking, and the /0 ratio was extrapolated. The lower R? of NO,
I/0 ratio model based on a small sample size implies that the estimated
indoor concentrations of NO, might increase uncertainties in the assess-
ment of NO, effect on allergic diseases. Another reason why the effect of
NO, was not significant or even showed negative relationships with AD
symptoms might be due to two-pollutant models. As suggested by
Tolbert et al. (2007), multi-pollutant models including PM;o and NO,
in the same model consider the possibility of complex interactions
among pollutants. Because positive relationships of allergic symptoms
with PM; o were more determinant than those with NO,, the NO, effect
on allergic symptoms might be reduced by adjusting PM;o. When sin-
gle-pollutant models were applied with adjustment for the same con-
founding factors as two-pollutant models, the effects of NO, on
asthma symptoms were significantly positive in all lagged models. The
effects on AD symptoms were also positive in unlagged models, al-
though they were not statistically significant (Supplementary material,
Fig. S2).

Our study has several limitations. Firstly, we estimated daily intakes
for PMyo and NO, using inhalation intake alone. Other exposure routes,
such as dermal and dietary routes, were not considered. This was due to
lack of data available for exposure factors (e.g., there are no studies on
the uptake factor of PM;, through dermal absorption). Moreover, the
health effects of PM;9 and NO, are exacerbations of airway diseases
resulting in decreased lung function (Lin et al., 2002; Pope, 2000;
Schwartz, 1993). The ADI used in this study can represent daily intake
for health effect studies on the basis of the fact that the health effects
of exposure to particulate matter through inhalation are associated
with pulmonary function and respiratory disease (Pope, 2000). Howev-
er, because inhalation rates that we used were assessed by pre-existing
exposure factors instead of measuring in each individual, they did not
reflect weather-driven differences in actual activity. Secondly, time
spent in the office or other locations away from residences was not con-
sidered, particularly in asthmatic adults. This was due to a lack of infor-
mation on office addresses and indoor concentrations of PM; and NO,.
Further studies are needed to improve the estimation method at an in-
dividual level considering indoor and outdoor concentrations of air pol-
lutants in locations away from residences. Finally, when we investigated
the autocorrelations of symptoms for each individual using autocorrela-
tion function, autocorrelation with several days was detected in both
asthma and AD symptoms. That we did not control the autocorrelations
for each individual is also one of limitations of our study. Further studies

are required to improve the model we used considering both random
effect for each subject and autocorrelation of symptoms of each subject
at the same time.

5. Conclusions

Exposure estimates of PM;o and NO, varied by exposure metrics,
and the associations of PM; with aggravated symptoms of AD in chil-
dren and asthma in adults were robust. Additionally, the effect sizes of
exposure to air pollutants varied by exposure estimation method. Our
results suggest that exposure metrics considering individual behaviors
and physical status such as inhalation capacity may provide better esti-
mation for studies on the effect of air pollution on asthma.
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