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ARTICLE INFO ABSTRACT

Handling Editor: Xavier Querol Background and objectives: Little is known about PM; effects on respiratory health, relative to larger size fractions
(PM, 5). To address this literature gap, we assessed associations between PM; exposure and asthmatic symptoms

Keywords: . . . .

PM, in Chinese children and adolescents, compared with PM, s.

Asthma Methods: A total of 59,754 children, aged 2-17 years, were recruited from 94 kindergartens, elementary and

Allergic predisposition middle schools in the Seven Northeast Cities (SNEC) study, during 2012-2013. We obtained information on

Children and adolescents asthma and asthma-related symptoms including wheeze, persistent phlegm, and persistent cough using a stan-

China dardized questionnaire developed by the American Thoracic Society. PM; and PM, 5 concentrations were esti-

mated using a spatial statistical model matched to the children's geocoded home addresses. To examine the
associations, mixed models with school/kindergarten as random intercept were used, controlling for covariates.
Results: Odds ratios (ORs) of doctor-diagnosed asthma associated with a 10-ug/m? increase for PM; and PM, 5
were 1.56 (95% CI: 1.46-1.66) and 1.50 (1.41-1.59), respectively, and similar pattern were observed for other
outcomes. Interaction analyses indicated that boys and the individuals with an allergic predisposition may be
vulnerable subgroups. For example, among children with allergic predisposition, the ORs for doctor diagnosed
asthma per 10 ug/m? increase in PM; was 1.71 (95% CI: 1.60-1.83), which was stronger than in their coun-
terparts (1.46; 1.37-1.56) (D for interaction < 0.05).

Conclusions: This study indicated that long-term exposure to PM; may increase the risk of asthma and asthma-
related symptoms, especially among boys and those with allergic predisposition. Furthermore, these positive
associations for PM; were very similar to those for PM, s.

Abbreviations: ATS, American Thoracic Society; CI, Confidence intervals; IQR, Interquartile range; OR, Odds ratios; PM, Particulate matter; SNEC, Seven
Northeastern Cities
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Fig. 1. Map of the study area and locations of districts and schools A: China; B: Shenyang; C: Dalian; D: Fushun; E: Anshan; F: Benxi; G: Dandong; H: Liaoyang. Red
triangles represent air monitoring stations, blue dots represent selected schools. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)

1. Introduction

Several recent reviews on associations between ambient air pollu-
tion and respiratory health such as asthma and allergic rhinitis showed
controversial conclusions (Anderson et al., 2013; Bowatte et al., 2015;
Fuertes and Heinrich, 2015; Gowers et al., 2012; Guarnieri and Balmes,
2014; Heinrich et al., 2016; Khreis et al., 2017; Jacquemin et al., 2015).
Reviews that included both cross-sectional and longitudinal studies
supported a positive association between air pollution and respiratory
health (Khreis et al., 2017), while those based exclusively on long-
itudinal studies did not show these associations (Bowatte et al., 2015;
Fuertes and Heinrich, 2015; Heinrich et al., 2016; Jacquemin et al.,
2015). One hypothesis attributes these differences, at least partially, to
regional differences in air pollution composition and concentrations
(Burbank and Peden, 2018; Cheng et al., 2016; Guarnieri and Balmes,
2014; Jitik et al., 2017; Liu et al., 2017; Rice et al., 2018; Watanabe
et al., 2017). Since most existing studies are from European and North
American areas with comparatively low exposures, there is a need to
study associations between air pollution and respiratory health in high
exposure settings, such as in Asia (Dogruel et al., 2017; Gerez et al.,
2010; Kou et al., 2018; Pinart et al., 2017). In China, high rates of
population growth, coupled with rapid industrial development and
urbanization, have led to well-publicized air quality concerns due to the
coexistence of intense coal smoke and motor vehicle emissions.
Therefore, China presents an ideal opportunity to examine the effects of
ambient air pollution on respiratory health.

While the effects of airborne particulate matter (PM) with aero-
dynamic diameters < 2.5 pm (PM, s) on asthma and allergies have been
widely investigated (Bose et al., 2018; Khalili et al., 2018; Keet et al.,
2018; Lavigne et al., 2018; Pennington et al., 2018), few studies have
characterized respiratory health impacts for the smaller, and potentially
more toxic PM size fraction < 1 um aerodynamic diameter (PM;). PM, 5
can penetrate the small airways and alveoli of the lower respiratory
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tract, leading to potentially more pronounced health effects (Chen
et al., 2017; Mei et al., 2018). PM; particles are even smaller, and are
characterized by high surface area to volume ratio, having an even
greater potential for deleterious biological interactions with respiratory
tissues and risks for adverse health outcomes (Mei et al., 2018; Borm
et al., 2006; Seaton et al., 2010). However, PM; is not routinely mea-
sured because it is not subject to air quality standards in most countries
and limited data are available to characterize exposure (Chen et al.,
2017; Krzyzanowski, 2008).

In a systematic Medline search, we identified only six relevant
human studies examining the effect of PM; exposure on human health
(Chen et al., 2017; Hassanvand et al., 2017; Lin et al., 2016; Wang
et al., 2018; Chen et al., 2015; Yang et al., 2018a, 2018b), but none of
these studies looked at respiratory outcomes. Furthermore, among
these six human-related studies, two studies were panel studies (Chen
et al., 2015; Hassanvand et al., 2017), and three studies were both
based on Chinese disease monitoring data (Chen et al., 2017; Wang
et al., 2018). Only our 33 Communities Chinese Health Study (33CCHS)
previously provided a large general population investigation to eval-
uate the associations of PM; with diabetes and metabolic syndrome
(Yang et al., 2018a, 2018b). To begin to address the absence of evi-
dence on ambient PM; and children's respiratory health, we used data
from the Seven Northeastern Cities (SNEC) Study. Our primary aim was
to evaluate the effects of PM, s and PM; on asthma, asthma-related
symptoms, and allergic rhinitis in children aged 2 to 17 years. As a
secondary aim, we explored whether these associations were modified
by sex and allergic predisposition.

2. Material and methods
2.1. Study population and participants

The SNEC was a large population based study designed to examine
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health outcomes in association with ambient PM exposure among
children residing in Liaoning Province, a highly industrialized area in
northeastern China. To maximize the contrasts of ambient PM con-
centrations, in April 2012, we selected 27 urban districts in seven cities
as study sites, based on mean air pollution levels during 2009-2012. In
total, we selected six districts in Shenyang, five districts in Dalian, four
districts in Fushun, three districts in Anshan, three districts in Benxi,
three districts in Dandong, and three districts in Liaoyang (Fig. 1). Each
district had only one available municipal central air monitoring station.
We randomly selected one or two kindergartens, one or two elementary
schools, and one or two middle schools, located <1.5 miles from each
study district's air monitoring station. Students in the resulting total 94
kindergartens/schools were eligible for participation in the study, if
they had resided at their current address for at least 2 years. We secured
approval from each school's principal, and disseminated study de-
scriptions, consents, and questionnaires to selected school teachers, for
delivery to the children's parents. We also invited parents or guardians
to participate in study information sessions. Parents filled in the study
questionnaires at a study information session or at home. The study ran
from April 2012 to January 2013.

Of 68,647 parents of children and adolescents invited to participate,
63,910 (32,395 for boys and 31,515 for girls) returned the study
questionnaire, with a response rate of 93.10% (92.05% in boys and
94.19% in girls). This study was conducted according to the World
Medical Association Declaration of Helsinki-Ethical Principles for
Medical Research Involving Human Subjects. The Human Studies
Committee of Sun Yat-sen University approved the study protocol.
Written informed consent was obtained from each participant and a
parent or guardian before starting data collection.

2.2. Study questionnaire

We collected residential addresses from each participant, and cap-
tured respiratory health related questions using the Epidemiologic
Standardization Project Questionnaire of the American Thoracic
Society (ATS-DLD-78-A) (Ferris, 1978), which has been widely vali-
dated (Dong et al., 2011; Hwang and Lee, 2010; Peters et al., 1999;
Zhang et al., 2002). The Chinese language version of the ATS ques-
tionnaire was also validated and used for epidemiologic investigations
in other Chinese cities (Dong et al., 2011; Hwang and Lee, 2010; Liu
et al., 2016; Zhang et al., 2002). We collected detailed information on
respiratory diseases and symptoms based on the results of our prior
investigations (Dong et al., 2011, 2013), including: Doctor diagnosed
asthma, Wheeze, Current wheeze, Current asthma, Persistent phlegm,
Persistent cough, and Allergic rhinitis. A detailed description of these
respiratory diseases and symptoms can be found in the Supplementary
Material Table S1.

A family history of allergies was defined as any biological parent or
grandparents in whom hay fever or allergies (including allergic der-
matitis, allergic conjunctivitis, and eczema) had been diagnosed. A fa-
mily history of asthma was defined as any biological parent or grand-
parent ever having been diagnosed with asthma or bronchial asthma. If
participants answer ‘yes’ to family history of allergy or family history of
asthma, then they were defined as having an allergic predisposition.

2.3. Ambient particulate matter measures exposure assessment

Daily PM; and PM, 5 concentrations were predicted at a 0.1° x 0.1°
spatial resolution for mainland China during 2009-2012 by a machine
learning method with higher predictive ability than previous studies
(Chen et al., 2018a, 2018b). In brief, the results from two types of
Moderate Resolution Imaging Spectroradiometer (MODIS) data algo-
rithms that processed aerosol optical depth data, Dark Target (https://
darktarget.gsfc.nasa.gov/) and Deep Blue (https://deepblue.gsfc.nasa.
gov/), were combined. A spatiotemporal model was developed to link
ground-monitored PM; and PM, 5 data with the aerosol optical depth
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data and with other spatial and temporal predictors (e.g., urban cover,
forest cover, weather data, and calendar month). A 10-fold cross-vali-
dation procedure showed that the R® and root mean squared error
(RMSE) for monthly and daily PM; predictions were 71% and 13.0 ug/
m?, and 59% and 22.5 ug/m?>, respectively, and that the R* and RMSE
for monthly and daily PM, 5 predictions were 75% and 15.1 pg/m?, and
83% and 18.1pug/m?, respectively. Briefly, each participant's home
address was geocoded as a geographical longitude and latitude, and
superimposed over the predicted daily PM; and PM, s concentrations'
grids, and then the exposure parameters were calculated by averaging
the daily concentrations for PM; and PM, s over the four-year period of
2009-2012.

2.4. Statistical analysis

As described previously (Dong et al., 2013) and in the Supplemen-
tary Material, a two-level mixed model with districts as random inter-
cept were used to evaluate individual associations between PM; and
PM, s as independent continuous or categorical (quartiles) predictor
variables and asthma and asthma-related symptoms as dependent
variables. Models were adjusted for age (years), sex (male/female),
parental education (defined as the highest level of education completed
by either parent; high school or higher/middle school or lower), body
mass index (BMI: calculated as weight in kilograms divided by height in
meters squared (kg/mz)), breast fed status (exclusively 4 months, yes/
no), low birth weight (birth weight < 2500g), preterm delivery
(< 37 weeks' gestation), caesarean delivery (born by caesarean sec-
tion), average household income (<9999 Yuan, 10,000-29,999 Yuan,
30,000-100,000 Yuan, > 100,000 Yuan), environmental tobacco
smoke exposure (yes/no, defined as living with someone who smokes
cigarettes daily in the house; smoking by visitors or guests was not
ascertained), exercise time per week (hours), area of residence per
person (m? calculated as residence area divided by the number of
people living in the home), family history of asthma (yes/no), average
ambient temperature during investigation, and district. If the estimated
regression effects for PM changed by at least 10% upon inclusion in the
base model, the covariate was included in the final model as a con-
founding variable.

We also investigated effect modification according to sex or allergic
predisposition, by including the interaction terms for these variables
with PM in joint regression models (i.e., models including girls and
boys, with and without allergic predisposition, respectively). Finally,
the same two-level logistic regression models were used to estimate
associations with respiratory diseases in PM quartiles, with the lowest
PM quartile (1) as a reference group, and adjusted for covariates
mentioned above. Associations are presented as odds ratios (ORs) with
95% confidence intervals (CI), for a 10 pg/m3 change in ambient air-
borne particulate concentration. To evaluate the robustness of our es-
timates, we conducted a number of sensitivity analyses, including
stratifying by child's age, and by excluding the participants with colds
or other infections. Regression analyses were conducted using the
GLIMMIX procedure in SAS version 9.4 (SAS Institute, Cary, North
Carolina). All statistical tests were two-sided. A p-value < 0.05 was
considered statistically significant.

3. Results
3.1. Characteristics of the study population

From the 63,910 participants, we excluded 4156 children and
adolescents (6.50%) that had resided in their current residential ad-
dress for < 2years. In the final sample of 59,754 children and adoles-
cents, the average age was 10.31 years, and 50.64% were boys. As
shown in Table 1, the overall prevalence of doctor-diagnosed asthma
(9.51% vs. 6.07%), current asthma (3.50% vs. 1.98%), current wheeze
(4.61% vs. 3.31%), wheeze (12.79% vs. 10.07%), persistent phlegm
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Table 1
Characteristics of children and adolescents participating in the Seven
Northeastern Cities (SNEC) Study.

Variables Boys Girls Total
(n = 30,260) (n = 29,494) (n = 59,754)
Age (years), mean (SD) 10.28 (3.61) 10.34 (3.58) 10.31 (3.60)

Height (cm), mean (SD)

Weight (kg), mean (SD)

Exercise time per week
(hour), Mean (SD)

Area of residence per person
(m?), Mean (SD)

Time from home to school
by walking (minutes),

145.15 (22.74)
41.78 (17.36)
6.81 (8.13)

142.74 (20.58)
38.21 (14.70)
6.32 (7.80)

143.96 (21.73)
40.02 (16.20)
6.56 (7.97)
23.70 (12.52)

23.51 (12.35) 23.60 (12.44)

11.68 (6.59) 11.52 (6.50) 11.60 (6.54)

Mean (SD)
Breastfeeding 19,403 (64.12) 20,353 (69.01) 39,756 (66.53)
Low birth weight 1032 (3.14) 1155 (3.92) 2187 (3.66)
Premature delivery 1753 (5.79) 1464 (4.96) 3217 (5.38)

Caesarean delivery
Parental education < high
school

15,129 (50.00)
8157 (26.96)

13,748 (46.61)
7811 (26.48)

28,877 (48.33)
15,968 (26.72)

Family income per year
<9999 RMB
10,000-29,999 RMB
30,000-100,000 RMB
> 100,000 RMB

Environmental tobacco

smoke exposure

Family asthma history

Allergic predisposition

6291 (20.79)
11,329 (37.44)
10,531 (34.80)
2109 (6.97)
14,153 (46.77)

6168 (20.91)
10,841 (36.76)
10,467 (35.49)
2018 (6.84)
13,669 (46.35)

12,459 (20.85)
22,170 (37.10)
20,998 (35.14)
4127 (6.91)

27,822 (46.56)

2114 (6.99)
6676 (22.06)

1999 (6.78)
6512 (22.08)

4113 (6.88)
13,188 (22.07)

Asthma and asthma-related symptoms

Doctor-diagnosed asthma 2879 (9.51) 1790 (6.07) 4669 (7.81)
Current asthma 1059 (3.50) 584 (1.98) 1643 (2.75)
Current wheeze 1394 (4.61) 975 (3.31) 2369 (3.96)
Wheeze 3869 (12.79) 2969 (10.07) 6838 (11.44)
Persistent phlegm 1039 (3.43) 826 (2.80) 1865 (3.12)
Persistent cough 2171 (7.17) 1833 (6.21) 4004 (6.70)
Allergic rhinitis 3403 (11.25) 2263 (7.67) 5666 (9.48)

Values are n (%) except where indicated.
RMB, Chinese Renminbi Yuan; SD, standard deviation.

* Significant difference between boys and girls (p < 0.05), as tested by x>
test for categorical variables and Student's t-test for continuous variables.

(3.43% vs. 2.80%), persistent cough (7.17% vs. 6.21%), and allergic
rhinitis (11.25% vs. 7.67%) were significantly higher in boys than in
girls (p < 0.05). The age and sex distribution of children from each city
were shown in Supplementary Table S2.

3.2. Ambient air particulates

Table 2 shows the distributions of average particulate air pollutant
concentrations, from 2009 to 2012. The median (IQR) values of pre-
dicted concentrations was 46.57 (6.05) ug/rn3 for PM;, and 54.47

Table 2
Average PM; and PM, 5 concentrations (ug/m>) for 94 schools in northeast of
China, 2009-2012.

Air pollutant PM, PM, 5 Temperature (°C)"
Mean (SD) 46.57 (6.05) 54.47 (6.59) 14.19 (6.13)
Median 44.92 52.01 15.25

25th percentile 41.05 48.76 9.00

75th percentile 52.69 60.39 19.00
Interquartile range (IQR) 11.64 11.63 10.00

Minimum 38.15 46.04 1.50

Maximum 56.20 65.58 24.00

PM;, airborne particulates with aerodynamic diameter < 1pm; PM,s, air-
borne particulates with aerodynamic diameter < 2.5 pm.
IQR: Range from 25th to 75th percentile of district-specific concentrations.

@ The levels during time of investigation.
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(6.59) pg/m3 for PM, s. The ratio of PM;:PM, s in the 94 schools ranged
from 0.79 to 0.89, and for most schools (79 of 94 schools), the
PM;:PM, 5 ratios exceeded 0.85. There was a significant and strong
positive correlation between PM; and PMy 5 (Y spearman correlation coeffi-
cient = 0.936).

3.3. Associations between PM and asthma and asthma-related outcomes

Overall, we found positive associations between both PM; and
PM, 5 and asthma and asthma-related symptoms in boys, girls, and all
participants combined with or without adjusting co-variates (Table 3,
Supplementary Table S3 and S4). We identified the strongest associa-
tions for PM exposure with ever having doctor-diagnosed asthma
(Table 3). Furthermore, the magnitude of the significant and positive
associations for PM; was very similar to those for PM, 5. For example,
the adjusted ORs of doctor diagnosed asthma in association with a 10-
ug/m? increases in PM; and PM, 5 were 1.56 (95% CI: 1.46-1.66) and
1.50 (95% CI: 1.41-1.59), respectively. Associations were consistently
stronger in boys than in girls (Table 4). The analysis treating air pol-
lutants as quartiles of exposure demonstrated significant trends, in
which adjusted ORs increased with increasing pollutants levels (Fig. 2).
The shapes of the exposure-response relationships of PM; and PM, 5
exposure with asthma and asthma-like symptoms are shown in Sup-
plementary Material Figs. S1 and S2.

When further stratifying sex-specific associations by allergic pre-
disposition, PM exposure showed stronger associations among children
and adolescents with allergic predisposition than among children and
adolescents without allergic predisposition, with statistically significant
interactions between allergic predisposition and PM. For example,
among children and adolescents with allergic predisposition, the ad-
justed ORs for doctor diagnosed asthma per 10 ug/m?> increase in PM;
was 1.76 (95% CI: 1.60-1.83), which was much stronger than in their
counterparts (1.46; 95% CIL: 1.37-1.56) (P for interaction < 0.05).
Adjusted ORs for asthma and asthma-like symptoms expressed for an
IQR increase of PM; and PM, 5 are shown in Supplementary Tables S5
and S6.

3.4. Sensitivity analyses

We found similar results when excluding participants with colds or
infections during a sensitivity analysis (Fig. 3). Adjusted ORs (95% CI)
for a 10 pg/m3 increase in PM; were 1.14 (0.99-1.33) for wheeze
without colds/infections and 1.29 (1.07-1.55) for current wheeze
without colds/infections. Furthermore, stratified analyses also showed
that the associations were generally greater in boys (Fig. 3A), those
individuals with allergic predisposition (Fig. 3B). When stratifying the
analysis by the child's age (< 6years of age, 6-10years of age,
and > 10 years of age), we found similar effect estimates (online Sup-
plementary Table S7).

4. Discussion

In this large population-based study in northeastern China, we de-
tected associations between higher concentrations of ambient PM; and
PM, 5 and greater odds for clinical asthma diagnosis and self-reported
asthma-like symptoms. All the associations were more pronounced in
boys than girls and in those with allergic predisposition than in their
non-allergy predisposed counterparts.

4.1. PM; and respiratory health

In contrast to the abundance of studies demonstrating adverse ef-
fects of PM, 5 exposure on respiratory health (Bose et al., 2018; Khalili
et al., 2018; Lavigne et al., 2018; Pennington et al., 2018), to the best of
our knowledge, there is no published research on such associations with
PM;. Although the associations with PM; were slightly and consistently
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Table 3

Adjusted ORs and 95% Cls for associations between a 10-ug/m® increase in PM,; and PM, 5 with asthma and asthma-like symptoms for the total study population and

stratified by sex”.
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Boys (n = 30,260)

Girls (n = 29,494)

Total (n = 59,754)

Interaction p-value”

OR 95% CI OR 95% CI OR 95% CI

Doctor-diagnosed asthma

PM; 1.62 1.51-1.72 1.47 1.38-1.58 1.56 1.46-1.66 < 0.001

PMys 1.55 1.46-1.64 1.43 1.35-1.52 1.50 1.41-1.59 < 0.001
Current asthma

PM; 1.50 1.34-1.68 1.34 1.19-1.51 1.44 1.28-1.61 < 0.001

PMys 1.48 1.34-1.65 1.35 1.21-1.50 1.43 1.29-1.59 < 0.001
Current wheeze

PM; 1.25 1.13-1.38 1.17 1.06-1.29 1.22 1.10-1.34 < 0.001

PMys 1.24 1.13-1.36 1.17 1.07-1.28 1.21 1.11-1.33 < 0.001
Wheeze

PM; 1.20 1.13-1.27 1.14 1.07-1.21 1.17 1.11-1.24 < 0.001

PM,s 1.19 1.13-1.25 1.14 1.08-1.20 1.16 1.11-1.23 < 0.001
Persistent phlegm

PM; 1.24 1.13-1.37 1.20 1.09-1.33 1.22 1.11-1.35 < 0.001

PM, s 1.22 1.11-1.33 1.18 1.08-1.30 1.20 1.10-1.32 < 0.001
Persistent cough

PM; 1.24 1.16-1.34 1.22 1.13-1.31 1.23 1.15-1.32 < 0.001

PM, s 1.22 1.14-1.30 1.19 1.12-1.28 1.21 1.13-1.29 < 0.001
Allergic rhinitis

PM; 1.32 1.24-1.40 1.21 1.14-1.29 1.27 1.19-1.35 < 0.001

PM, s 1.27 1.20-1.35 1.18 1.11-1.25 1.23 1.16-1.31 < 0.001

2 Adjusted for age, sex, BMI, breast feeding status, low birth weight, premature delivery, caesarean delivery, parental education, income, environmental tobacco

smoke exposure, exercise time per week, area of residence per person, family asthma history, temperature during investigation, and district.
> p-Value for interaction between PM X Sex.

Table 4

Adjusted ORs and 95% ClIs for associations between a 10-ug/m® increase in PM; and PM, 5 with asthma and asthma-like symptoms for the total study population and

stratified by sex and allergic predisposition®.

Boys

Girls

Total

Allergic predisposition

(n = 6676)

Non-allergic
predisposition
(n = 23,584)

Allergic predisposition

(n = 6512)

Non-allergic
predisposition
(n = 22,982)

Allergic predisposition

(n =13,188)

Non-allergic
predisposition
(n = 46,566)

Doctor-diagnosed

asthma

PM; 1.69 (1.56-1.84) 1.45 (1.33-1.57) 1.73 (1.56-1.91) 1.47 (1.33-1.62) 1.71 (1.60-1.83) 1.46 (1.37-1.56)

PM, s 1.61 (1.49-1.73) 1.40 (1.30-1.51) 1.64 (1.49-1.79) 1.42 (1.30-1.56) 1.62 (1.53-1.73) 1.42 (1.33-1.51)
Current asthma

PM; 1.59 (1.38-1.82) 1.31 (1.14-1.50) 1.51 (1.26-1.79) 1.23 (1.03-1.47) 1.57 (1.40-1.76) 1.29 (1.15-1.45)

PM, 5 1.55 (1.37-1.76) 1.32 (1.16-1.49) 1.46 (1.25-1.71) 1.23 (1.05-1.44) 1.54 (1.39-1.71) 1.30 (1.17-1.44)
Current wheeze

PM; 1.30 (1.15-1.47) 1.12 (0.99-1.27) 1.25 (1.08-1.45) 1.09 (0.94-1.26) 1.31 (1.19-1.45) 1.13 (1.03-1.25)

PM, 5 1.28 (1.14-1.43) 1.12 (1.01-1.26) 1.23 (1.08-1.41) 1.09 (0.95-1.25) 1.29 (1.18-1.41) 1.14 (1.04-1.24)
Wheeze

PM; 1.25 (1.16-1.35) 1.10 (1.02-1.19) 1.27 (1.16-1.38) 1.10 (1.01-1.19) 1.27 (1.19-1.34) 1.11 (1.04-1.17)

PM, s 1.23 (1.15-1.32) 1.10 (1.03-1.18) 1.24 (1.15-1.34) 1.10 (1.02-1.19) 1.24 (1.18-1.31) 1.11 (1.05-1.17)
Persistent phlegm

PM; 1.22 (1.07-1.39) 1.12 (0.98-1.28) 1.38 (1.20-1.60) 1.22 (1.06-1.41) 1.30 (1.18-1.44) 1.18 (1.07-1.30)

PM, s 1.20 (1.06-1.35) 1.11 (0.99-1.25) 1.33 (1.17-1.52) 1.20 (1.05-1.37) 1.27 (1.16-1.39) 1.16 (1.06-1.27)

Persistent cough
PM;
PMa 5

Allergic rhinitis
PM;
PMy s

1.24 (1.13-1.36)
1.21 (1.11-1.32)

1.43 (1.32-1.55)
1.36 (1.10-1.15)

1.12 (1.02-1.23)
1.11 (1.02-1.21)

1.17 (1.08-1.28)
1.15 (1.00-1.04)

1.40 (1.26-1.56)
1.35 (1.22-1.48)

1.42 (1.29-1.56)
1.34 (1.23-1.47)

1.26 (1.13-1.39)
1.23 (1.11-1.35)

1.14 (1.03-1.26)
1.11 (1.02-1.22)

1.31 (1.22-1.41)
1.28 (1.19-1.36)

1.43 (1.34-1.53)
1.36 (1.28-1.44)

1.18 (1.10-1.27)
1.17 (1.09-1.24)

1.17 (1.09-1.24)
1.14 (1.07-1.21)

? Adjusted for age, sex, BMI, breast feeding status, low birth weight, premature delivery, caesarean delivery, parental education, income, environmental tobacco
smoke exposure, exercise time per week, area of residence per person, family asthma history, temperature during investigation, and district.
* p < 0.05 for interaction between PM X Allergic predisposition.

stronger than PM, 5 in our study, the differences in effects were not
statistically significant. Our findings are consistent with the results of
our previous work, the 33 Communities Chinese Health Study, which
indicated an adjusted odds of metabolic syndrome per 10 ug/m? in-
crease in PM that was slightly stronger for PM; (ORs = 1.12; 95% CI:
1.00-1.24) than for PM,s (1.09; 95% CI: 1.00-1.18), although the

difference was not statistically significant (Yang et al., 2018b). Another
nationwide study in China, that investigated PM; in relation to emer-
gency hospital visits in 26 Chinese cities based on diseases monitoring
data also found similar effects on emergency hospital visits for PM;
(OR = 1.011; 95% CI: 1.006-1.017) and PM, s (OR = 1.010; 95% CI:
1.005-1.016) (Chen et al., 2017),
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Fig. 2. Association between air pollutants and respiratory diseases. A, for doctor-diagnosed asthma, current asthma, and wheeze; B, for current wheeze, persistent
phlegm, persistent cough. The associations are adjusted for age, sex, obesity, breast feeding status, low birth weight, premature delivery, caesarean delivery, parental
education, income, environmental tobacco smoke exposure, exercise time per week, area of residence per person, family asthma history, and district. p-Values for
trend were calculated using categories representing the median values of corresponding quartiles (Q1: quartile 1 - reference category; Q2: quartile 2; Q3: quartile 3;
Q4: quartile 4 with boxes representing the median of each quartile and whiskers representing the 95% confidence interval).

In the present study, PM; contributed > 85% of ambient PM, s,
with the PM;:PM, 5 ratio ranging from 0.79 to 0.89, suggesting that the
smaller PM; particle fraction, is a key driver of PM air pollution, and
accounts for the majority of PM, s concentrations (Chen et al., 2017).
The PM;:PM, 5 ratios in our study were consistent with those of pre-
vious studies in China (Chen et al., 2017; Li et al., 2016; Wang et al.,
2015), but higher than in other countries (Deshmukh et al., 2011;
Koulouri et al., 2008; Vecchi et al., 2004). Chen and colleagues reported
that, across China, the PM;:PM, 5 ratios ranged from 0.67-0.97, and for
most areas, the PM;:PM, 5 ratios exceeded 0.80 (Chen et al., 2017).
Studies conducted in Milan, Durg, India, and in Athens of Greece
showed that PM;:PM, 5 ratios ranged from 0.48 to 0.75 (Deshmukh
et al., 2011; Koulouri et al., 2008; Vecchi et al., 2004). From these
findings, we could infer that most of the adverse effects of PM, 5 in
China could be attributed to PM; (Chen et al., 2017), which may ac-
count in great part for the similar associations from PM; and PM, s
exposure in our study. Additional studies comparing the effects of PM;
and PM, s are needed to shed light on how different PM sizes and
composition affect human health.

Although the exact biological mechanisms for the asthma-PM; as-
sociation we detected are not entirely clear, experimental studies sug-
gest that inflammatory processes and oxidative stress responses may
play important roles (Chen et al., 2018; Haberzettl et al., 2016; Van Den
Heuvel et al., 2016). Compared to the larger PM, 5 and PM;o, PM; has a
much smaller molecular diameter and so is capable of entering the
deeper respiratory tract and adsorbing to the cell surface. After
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internalization by respiratory epithelial cells, PM could elicit the oxi-
dative stress leading to a secondary inflammatory responses (Gong
et al.,, 2014; Yang et al., 2017). Other studies reported elevated in-
flammatory factors such as IL-8, IL-6, and TNF,, along with dysfunction
of the cytokine net, suggesting that the effects of airborne PM on pul-
monary function might depend primarily on the pro-inflammatory re-
sponse (Feng et al., 2016; Watanabe et al., 2017). Furthermore, several
studies have demonstrated that PM exposure was associated with ab-
normal global DNA methylation as well as for specific genes involved in
the pulmonary immune function (Wei and Tang, 2018; Yang et al.,
2017).

4.2. PMj;, sex, and allergic predisposition

We observed that boys were more susceptible to the respiratory
effects of PM than girls, and PM showed stronger associations in those
predisposed to allergic diseases than those without an allergic predis-
position. A study of twelve Southern California communities evaluated
associations between ambient air pollution and asthma, and asthma
related symptoms, among 3676 children, and the results showed sig-
nificant positive associations in boys, but not in girls (Peters et al.,
1999). Lavigne et al. (2018) examined whether infant characteristics
modified the association between perinatal air pollution exposure and
childhood asthma development among 761,172 births in Ontario, Ca-
nada. The authors found statistically significant effect modification by
infant sex, with males having higher risk of developing asthma when
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mother was exposed to high PM, 5 in trimesters one and two. It has
been reported that human fetal lung development is sexually di-
morphic, with girls developing surfactant earlier than boys, and, with
boys developing larger lungs than girls, yet with smaller airway dia-
meters relative to volume (Berhane et al., 2000). This leads to sex-based
differences in the deposition of PM (Kim and Hu, 2006), gas absorption
(Jones and Lam, 2006), and gas-blood barrier permeability (Brauner
et al., 2009). In addition, other sex related traits, such as hormonal
status and body size, influence the biological transport of environ-
mental chemicals, potentially leading to different effects between sexes
(Clougherty, 2010; Gobinath et al., 2017; Krieger, 2003). In addition,
boys in our study spent more time exercising outdoors than girls
(6.81 = 8.13h per week vs. 6.32 + 7.80h per week, p < 0.05),
which possibly led to higher inhaled PM doses than those experienced
by the girls, and stronger apparent PM effects in boys.

With respect to stronger PM effects among participants with allergic
predisposition, increased PM levels enhance the allergic inflammatory
response, leading to eosinophilic inflammation and mucoid hyperplasia
throughout the respiratory system, from the nasal turbinates to the
small pulmonary airways (Lee et al., 2007). PM also absorbs aero-
allergens released by pollen grains, which is another mechanisms
contributing to the enhanced immunoglobulin E (IgE) antibody-medi-
ated immune response with the prolonged retention of the allergen
(Zhou et al., 2011). Our finding on higher susceptibility of the children

and adolescents with allergic predisposition may be explained by these
mechanisms.

4.3. Study strengths and limitations

The large sample size, which covered 94 kindergartens and schools
in 27 districts in Northeastern China, is a strength of this study. The
sample size of 59,754 children and adolescents, is one of the largest
published studies to date evaluating the association between children's
respiratory health and ambient air pollution. Furthermore, in China,
primary schools restrict student admissions according to geographical
boundaries, preventing children from attending trans-regional schools.
The average time walking from home to school was 11.6 min, in-
dicating that the children's PM exposure assessment may represent both
school and home exposure levels. Thus, our results may provide more
robust conclusions on the health effects of ambient air pollution ex-
posure than studies estimating exposures only at the home. Although
novel in geographic context, sample size, and exposure assessment, our
study has some limitations and therefore the results should be inter-
preted with caution. The PM exposure assessment was based on a
comprehensive satellite-based model and exposures were assigned to
the children's home addresses, which may have misclassified exposure
for some participant. Nevertheless, the misclassification is unlikely to
have varied by study outcome producing a bias towards the null
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hypothesis. In addition, PM contains chemicals, metals, and ions from
urban or industrial pollutant emissions in many regions, and the dif-
ferent composition of PM may produce different associations with re-
spiratory diseases. Unfortunately, we were unable to measure PM
composition in the present study, so we were unable to identify the
various effect of PM composition in different cities. Secondly, given the
cross-sectional design of our study, we were unable to establish a
temporal relationship in which PM exposure preceded the onset of
asthma or asthma-like symptoms. Thus, ‘reverse causality’ is possible,
although we believe it to be unlikely given our objective assessment of
air pollution exposure. Thirdly, we captured outcome data by self-re-
port using parental questionnaires. This approach may have introduced
recall bias, in which parents misreported their children's symptoms and
diagnoses, although it is unlikely to have been differential in relation to
PM exposure, and so we may have underestimated the associations.
However, it is a common procedure to gather self-report information on
recent symptom history and physician diagnosis of asthma in large
epidemiological studies: self-reported measures are practical and cost-
efficient, and their repeatability tends to be good (Bornehag et al.,
2005; Oie et al., 1997). Furthermore, we were unable to capture data
for additional, potential environmental confounders, such as time-ac-
tivity patterns for study participants, and thus residual confounding is
possible. Despite the limitations, our study included a large sample of
children and adolescents, sufficient to allow for a robust statistical
analysis stratified by sex, and to detect modest associations for PM with
asthma and asthma-like symptoms, and a comprehensive panel of
covariates for adjustment.

In conclusion, our results indicate that ambient PM; air pollution
was associated with asthma and asthma-like symptoms in children and
adolescents. PM; appeared to have slightly stronger effects than PM, 5
although the differences were not significant. Boys appeared to be more
sensitive to PM toxicity than girls, as well as children and adolescents
with an allergic predisposition than those without, representing po-
tentially vulnerable subgroups. Our results provide further support for
previously published findings linking higher ambient air pollution
concentrations to a higher risk for respiratory conditions in children
and adolescents. Our results will hopefully inform implementation of
regulations protective of children's health, and the health of vulnerable
groups in China and globally, and also will play a pivotal part in reg-
ulatory policy making and standards for PM; proposed by WHO or
other government agencies in the future.

Acknowledgement

This work was supported by Major Program of National Natural
Science Foundation of China (91543208), Science and Technology
Program of Guangzhou (201807010032), the National Natural Science
Foundation of China (81872582, 81673128, 81703179, 81472936),
National Key Research and Development Program of China
(2016YFC0207000), Fundamental Research Funds for the Central
Universities (16ykzd02, 17ykpy14, 17ykpy16), Science and Technology
Planning Project of Guangdong Province (2014A050503027,
2016A030313342, 2017A050501062, 2017A090905042), Career
Development Fellowship of Australian National Health and Medical
Research Council (APP1107107), and Early Career Fellowship of
Australian National and Medical Research Council (APP1109193).

Competing financial interests

The authors declare they have no actual or potential competing
interests.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.envint.2018.08.027.

523

Environment International 120 (2018) 516-524

References

Anderson, H.R., Favarato, G., Atkinson, R.W., 2013. Long-term exposure to air pollution
and the incidence of asthma: meta-analysis of cohort studies. Air. Qual. Atmos. Hlth.
6, 541-542.

Berhane, K., McConnell, R., Gilliland, F., Islam, T., Gauderman, W.J., Avol, E., et al.,
2000. Sex-specific effects of asthma on pulmonary function in children. Am. J. Respir.
Crit. Care Med. 162, 1723-1730.

Borm, P.J., Robbins, D., Haubold, S., Kuhlbusch, T., Fissan, H., Donaldson, K., et al., 2006.
The potential risks of nanomaterials: a review carried out for ECETOC. Part. Fibre
Toxicol. 3, 11.

Bornehag, C.G., Lundgren, B., Weschler, C.J., Sigsgaard, T., Hagerhed-Engman, L.,
Sundell, J., 2005. Phthalates in indoor dust and their association with building
characteristics. Environ. Health Perspect. 113, 1399-1404.

Bose, S., Romero, K., Psoter, K.J., Curriero, F.C., Chen, C., Johnson, C.M., et al., 2018.
Association of traffic air pollution and rhinitis quality of life in Peruvian children with
asthma. PLoS One 13, e0193910.

Bowatte, G., Lodge, C., Lowe, A.J., Erbas, B., Perret, J., Abramson, M.J., et al., 2015. The
influence of childhood traffic-related air pollution exposure on asthma, allergy and
sensitization: a systematic review and a meta-analysis of birth cohort studies. Allergy
70, 245-256.

Brauner, E.V., Mortensen, J., Mgller, P., Bernard, A., Vinzents, P., Wahlin, P., Glasius, M.,
et al., 2009. Effects of ambient air particulate exposure on blood-gas barrier per-
meability and lung function. Inhal. Toxicol. 21, 38-47.

Burbank, A.J., Peden, D.B., 2018. Assessing the impact of air pollution on childhood
asthma morbidity: how, when, and what to do. Curr. Opin. Allergy Clin. Immunol.
18, 124-131.

Chen, G., Knibbs, L.D., Zhang, W., Li, S., Cao, W., Guo, J., et al., 2018a. Estimating
spatiotemporal distribution of PM; concentrations in China with satellite remote
sensing, meteorology, and land use information. Environ. Pollut. 233, 1086-1094.

Chen, G., Li, S., Knibbs, L.D., Hamm, N.A.S., Cao, W., Li, T., et al., 2018b. A machine
learning method to estimate PM, 5 concentrations across China with remote sensing,
meteorological and land use information. Sci. Total Environ. 636, 52-60.

Chen, G., Li, S., Zhang, Y., Zhang, W., Li, D., Wei, X., et al., 2017. Effects of ambient PM 1
air pollution on daily emergency hospital visits in China: an epidemiological study.
Lancet Planet. Health 1, e221-e229.

Chen, M., Qin, X., Qiu, L., Chen, S., Zhou, H., Xu, Y., et al., 2018. Concentrated ambient
PM,, s-induced inflammation and endothelial dysfunction in a murine model of neural
IKK2 deficiency. Environ. Health Perspect. 126, 027003.

Chen, R., Zhao, Z., Sun, Q., Lin, Z., Zhao, A., Wang, C., et al., 2015. Size-fractionated
particulate air pollution and circulating biomarkers of inflammation, coagulation,
and vasoconstriction in a panel of young adults. Epidemiology 26, 328-336.

Cheng, Z., Luo, L., Wang, S., Wang, Y., Sharma, S., Shimadera, H., et al., 2016. Status and
characteristics of ambient PM, s pollution in global megacities. Environ. Int. 89-90,
212-221.

Clougherty, J.E., 2010. A growing role for gender analysis in air pollution epidemiology.
Environ. Health Perspect. 118, 167-176.

Deshmukh, D.K., Deb, M.K., Tsai, Y.I., Mkoma, S.L., 2011. Water soluble ions in PM, 5 and
PM; aerosols in Durg city, Chhattisgarh, India. Aerosol Air Qual. Res. 11, 696-708.

Dogruel, D., Bingdl, G., Altintas, D.U., Seydaoglu, G., Erkan, A., Yilmaz, M., 2017. The
trend of change of allergic diseases over the years: three repeated surveys from 1994
to 2014. Int. Arch. Allergy Immunol. 173, 178-182.

Dong, G.H., Chen, T., Liu, M.M., Wang, D., Ma, Y.N., Ren, W.H., et al., 2011. Gender
differences and effect of air pollution on asthma in children with and without allergic
predisposition: northeast Chinese children health study. PLoS One 6, e22470.

Dong, G.H., Qian, Z.M., Liu, M.M., Wang, D., Ren, W.H., Bawa, S., et al., 2013.
Breastfeeding as a modifier of the respiratory effects of air pollution in children.
Epidemiology 24, 387-394.

Feng, S., Gao, D., Liao, F., Zhou, F., Wang, X., 2016. The health effects of ambient PM, 5
and potential mechanisms. Ecotoxicol. Environ. Saf. 128, 67-74.

Ferris, B.G., 1978. Epidemiology standardization project (American Thoracic Society).
Am. Rev. Respir. Dis. 118, 1-120.

Fuertes, E., Heinrich, J., 2015. The influence of childhood traffic-related air pollution
exposure on asthma, allergy and sensitization. Allergy 70, 1350-1351.

Gerez, LF., Lee, B.W., van Bever, H.P., Shek, L.P., 2010. Allergies in Asia: differences in
prevalence and management compared with western populations. Expert. Rev. Clin.
Immunol. 6, 279-289.

Gobinath, A.R., Choleris, E., Galea, L.A., 2017. Sex, hormones, and genotype interact to
influence psychiatric disease, treatment, and behavioral research. J. Neurosci. Res.
95, 50-64.

Gong, J., Zhu, T., Kipen, H., Wang, G., Hu, M., Guo, Q., et al., 2014. Comparisons of
ultrafine and fine particles in their associations with biomarkers reflecting physio-
logical pathways. Environ. Sci. Technol. 48, 5264-5273.

Gowers, A.M., Cullinan, P., Ayres, J.G., Anderson, H.R., Strachan, D.P., Holqate, S.T.,
et al., 2012. Does outdoor air pollution induce new cases of asthma? Biological
plausibility and evidence; a review. Respirology 17, 887-898.

Guarnieri, M., Balmes, J.R., 2014. Outdoor air pollution and asthma. Lancet 383,
1581-1592.

Haberzettl, P., O'Toole, T.E., Bhatnaqar, A., Conklin, D.J., 2016. Exposure to fine parti-
culate air pollution causes vascular insulin resistance by inducing pulmonary oxi-
dative stress. Environ. Health Perspect. 124, 1830-1839.

Hassanvand, M.S., Naddafi, K., Kashani, H., Faridi, S., Kunzli, N., Nabizadeh, R., et al.,
2017. Short-term effects of particle size fractions on circulating biomarkers of in-
flammation in a panel of elderly subjects and healthy young adults. Environ. Pollut.
223, 695-704.


https://doi.org/10.1016/j.envint.2018.08.027
https://doi.org/10.1016/j.envint.2018.08.027
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0005
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0005
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0005
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0010
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0010
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0010
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0015
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0015
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0015
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0020
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0020
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0020
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0025
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0025
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0025
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0030
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0030
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0030
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0030
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0035
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0035
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0035
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0040
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0040
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0040
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0045
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0045
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0045
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0050
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0050
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0050
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0055
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0055
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0055
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0060
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0060
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0060
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0065
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0065
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0065
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0070
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0070
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0070
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0075
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0075
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0080
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0080
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0085
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0085
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0085
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0090
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0090
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0090
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0095
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0095
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0095
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0100
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0100
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0105
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0105
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0110
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0110
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0115
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0115
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0115
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0120
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0120
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0120
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0125
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0125
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0125
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0130
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0130
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0130
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0135
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0135
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0140
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0140
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0140
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0145
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0145
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0145
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0145

M. Yang et al.

Heinrich, J., Guo, F., Fuertes, E., 2016. Traffic-related air pollution exposure and asthma,
hayfever, and allergic sensitisation in birth cohorts: a systematic review and meta-
analysis. Geoinfor Geostat: An Overview 4, 4.

Hwang, B.F., Lee, Y.L., 2010. Air pollution and prevalence of bronchitic symptoms among
children in Taiwan. Chest 138, 956-964.

Jacquemin, B., Siroux, V., Sanchez, M., Carsin, A.E., Schikowski, T., Adam, M., et al.,
2015. Ambient air pollution and adult asthma incidence in six European cohorts
(ESCAPE). Environ. Health Perspect. 123, 613-621.

Jifik, V., Daleckd, A., Vasendova, V., Janoutovd, J., Janout, V., 2017. How serious are
health impacts in one of the most polluted regions of Central Europe? Rev. Environ.
Health 32, 177-183.

Jones, A.Y., Lam, P.K., 2006. End-expiratory carbon monoxide levels in healthy subjects
living in a densely populated urban environment. Sci. Total Environ. 354, 150-156.

Keet, C.A., Keller, J.P., Peng, R.D., 2018. Long-term coarse particulate matter exposure is
associated with asthma among children in medicaid. Am. J. Respir. Crit. Care Med.
197, 737-746.

Khalili, R., Bartell, S.M., Hu, X., Liu, Y., Chang, H.H., Belanoff, C., et al., 2018. Early-life
exposure to PM, 5 and risk of acute asthma clinical encounters among children in
Massachusetts: a case-crossover analysis. Environ. Health 17, 20.

Khreis, H., Kelly, C., Tate, J., Parslow, R., Lucas, K., Nieuwenhuijsen, M., 2017. Exposure
to traffic-related air pollution and risk of development of childhood asthma: a sys-
tematic review and meta-analysis. Environ. Int. 100, 1-31.

Kim, C.S., Hu, S.C., 2006. Total respiratory tract deposition of fine micrometer-sized
particles in healthy adults: empirical equations for sex and breathing pattern. J. Appl.
Physiol. 101, 401-412.

Kou, W., Li, X., Yao, H., Wei, P., 2018. Meta-analysis of the comorbidity rate of allergic
rhinitis and asthma in Chinese children. Int. J. Pediatr. Otorhinolaryngol. 107,
131-134.

Koulouri, E., Grivas, G., Gerasopoulos, E., Chaloulakou, A., Mihalopoulos, N., Spyrellis,
N., 2008. Study of size-segregated particle (PM,, PM, s, PM;,) concentrations over
Greece. Global NEST J. 10, 132-139.

Krieger, N., 2003. Gender, sexes, and health: what are the differences, and why does it
matter? In. J. Epidemiol. 32, 652-657.

Krzyzanowski, M., 2008. WHO air quality guidelines for Europe. J. Toxic. Environ. Health
A 71, 47-50.

Lavigne, E., Bélair, M.A., Rodriguez Duque, D., Do, M.T., Site, D.M., et al., 2018. Effect
modification of perinatal exposure to air pollution and childhood asthma incidence.
Eur. Respir. J. https://doi.org/10.1183/13993003.01884-2017.

Lee, J.T., Son, J.Y., Cho, Y.S., 2007. The adverse effects of fine particle air pollution on
respiratory function in the elderly. Sci. Total Environ. 385, 28-36.

Li, H., Duan, F., He, K., Ma, Y., Kimoto, T., Huang, T., 2016. Size-dependent character-
ization of atmospheric particles during winter in Beijing. Atmosphere 7, 36.

Lin, H., Tao, J., Du, Y., Liu, T., Qian, Z., Tian, L., et al., 2016. Particle size and chemical
constituents of ambient particulate pollution associated with cardiovascular mor-
tality in Guangzhou, China. Environ. Pollut. 208, 758-766.

Liu, J.C., Wilson, A., Mickley, L.J., Dominici, F., Ebisu, K., Wang, Y., et al., 2017. Wildfire-
specific fine particulate matter and risk of hospital admissions in urban and rural
counties. Epidemiology 28, 77-85.

Liu, Y.Q., Qian, Z., Wang, J., Lu, T., Lin, S., Zeng, X.W., et al., 2016. Breastfeeding
modifies the effects of environment tobacco smoke exposure on respiratory diseases
and symptoms in Chinese children: the Seven Northeast Cities Study. Indoor Air 26,
614-622.

Mei, M., Song, H., Chen, L., Hu, B., Bai, R., Xu, D., et al., 2018. Early-life exposure to three

524

Environment International 120 (2018) 516-524

size-fractionated ultrafine and fine atmospheric particulates in Beijing exacerbates
asthma development in mature mice. Part. Fibre Toxicol. 15, 13.

Oie, L., Hersoug, L.G., Madsen, J.O., 1997. Residential exposure to plasticizers and its
possible role in the pathogenesis of asthma. Environ. Health Perspect. 105, 972-978.

Pennington, A.F., Strickland, M.J., Klein, M., Zhai, X., Bates, J.T., Drews-Botsch, C., et al.,
2018. Exposure to mobile source air pollution in early-life and childhood asthma
incidence: the Kaiser Air Pollution and Pediatric Asthma Study. Epidemiology 29,
22-30.

Peters, J.M., Avol, E., Navidi, W., London, S.J., Gauderman, W.J., Lurmann, F., et al.,
1999. A study of twelve Southern California communities with differing levels and
types of air pollution. I. Prevalence of respiratory morbidity. Am. J. Respir. Crit. Care
Med. 159, 760-767.

Pinart, M., Keller, T., Reich, A., Frohlich, M., Cabieses, B., Hohmann, C., et al., 2017. Sex-
related allergic rhinitis prevalence switch from childhood to adulthood: a systematic
review and meta-analysis. Int. Arch. Allergy Immunol. 172, 224-235.

Rice, M.B., Rifas-Shiman, S.L., Litonjua, A.A., Gillman, M.W., Liebman, N., Kloogq, I.,
et al., 2018. Lifetime air pollution exposure and asthma in a pediatric birth cohort. J.
Allergy Clin. Immunol. https://doi.org/10.1016/j.jaci.2017.11.062.

Seaton, A., Tran, L., Aitken, R., Donaldson, K., 2010. Nanoparticles, human health hazard
and regulation. J. R. Soc. Interface 7, S119-5129.

Van Den Heuvel, R., Den Hond, E., Govarts, E., Colles, A., Koppen, G., Staelens, J., et al.,
2016. Identification of PM; characteristics involved in cellular responses in human
bronchial epithelial cells (Beas-2B). Environ. Res. 149, 48-56.

Vecchi, R., Marcazzan, G., Valli, G., Ceriani, M., Antoniazzi, C., 2004. The role of at-
mospheric dispersion in the seasonal variation of PM; and PM, 5 concentration and
composition in the urban area of Milan (Italy). Atmos. Environ. 38, 4437-4446.

Wang, Y.Q., Zhang, X.Y., Sun, J.Y., Zhang, X.C., Che, H.Z., Li, Y., 2015. Spatial and
temporal variations of the concentrations of PM;o, PM, 5 and PM; in China. Atmos.
Chem. Phys. 15, 13585-13598.

Wang, Y.Y., Li, Q., Guo, Y., Zhou, H., Wang, X., Wang, Q., et al., 2018. Association of
long-term exposure to airborne particulate matter of 1 mum or less with preterm
birth in China. JAMA Pediatr. 172, e174872.

Watanabe, M., Noma, H., Kurai, J., Sano, H., Hantan, D., Ueki, M., et al., 2017. A panel
study of airborne particulate matter composition versus concentration: potential for
inflammatory response and impaired pulmonary function in children. Allergol. Int.
66, 52-58.

Wei, T., Tang, M., 2018. Biological effects of airborne fine particulate matter (PM,_s)
exposure on pulmonary immune system. Environ. Toxicol. Pharmacol. 60, 195-201.

Yang, B.Y., Qian, Z.M,, Li, S., Chen, G., Bloom, M.S., Elliott, M., et al., 2018a. Ambient air
pollution in relation to diabetes and glucose-homoeostasis markers in China: a cross-
sectional study with finding from the 33 Communities Chinese Health Study. Lancet
Planet. Health 2, e64—€73.

Yang, B.Y., Qian, Z.M., Li, S., Fan, S., Chen, G., Syberg, K.M., et al., 2018b. Long-term
exposure to ambient air pollution (including PM;) and metabolic syndrome: the 33
Communities Chinese Health Study (33CCHS). Environ. Res. 164, 204-211.

Yang, D., Yang, X., Deng, F., Guo, X., 2017. Adv. Exp. Med. Niol. 1017, 59-102.

Zhang, J.J., Hu, W., Wei, F., Wu, G., Korn, L.R., Chapman, R.S., 2002. Children's re-
spiratory morbidity prevalence in relation to air pollution in four Chinese cities.
Environ. Health Perspect. 110, 961-967.

Zhou, J., Ito, K., Lall, R., Thurston, G., 2011. Time-series analysis of mortality effects of
fine particulate matter components in Detroit and Seattle. Environ. Health Perspect.
119, 461-466.


http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0150
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0150
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0150
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0155
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0155
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0160
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0160
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0160
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0165
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0165
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0165
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0170
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0170
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0175
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0175
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0175
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0180
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0180
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0180
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0185
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0185
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0185
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0190
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0190
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0190
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0195
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0195
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0195
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0200
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0200
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0200
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0205
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0205
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0210
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0210
https://doi.org/10.1183/13993003.01884-2017
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0220
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0220
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0225
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0225
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0230
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0230
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0230
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0235
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0235
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0235
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0240
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0240
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0240
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0240
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0245
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0245
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0245
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0250
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0250
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0255
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0255
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0255
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0255
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0260
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0260
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0260
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0260
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0265
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0265
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0265
https://doi.org/10.1016/j.jaci.2017.11.062
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0275
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0275
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0280
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0280
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0280
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0285
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0285
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0285
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0290
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0290
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0290
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0295
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0295
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0295
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0300
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0300
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0300
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0300
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0305
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0305
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0310
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0310
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0310
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0310
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0315
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0315
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0315
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0320
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0325
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0325
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0325
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0330
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0330
http://refhub.elsevier.com/S0160-4120(18)30386-6/rf0330

Online Supplement

Is smaller worse? New insights about associations of PM1 and respiratory health in children
and adolescents

Mo Yang"f, Chu Chu', Michael S. Bloom'-*', Shanshan Li%, Gongbo Chen?, Joachim
Heinrich*®, lana Markevych?, Luke D. Knibbs®, Gayan Bowatte®, Shyamali C. Dharmage®, Mika
Komppula’, Ari Leskinen”®, Maija-Riitta Hirvonen®, Marjut Roponen®, Pasi Jalava®, Si-Quan
Wang'?, Shao Lin?, Xiao-Wen Zeng?, Li-Wen Hu'", Kang-Kang Liu?, Bo-Yi Yang!, Wen Chen?,
Yuming Guo*®”, Guang-Hui Dong*"

!Guangdong Provincial Engineering Technology Research Center of Environmental Pollution
and Health Risk Assessment, Guangzhou Key Laboratory of Environmental Pollution and Health
Risk Assessment, Department of Preventive Medicine, School of Public Health, Sun Yat-sen
University, Guangzhou 510080, China

2Departments of Environmental Health Sciences and Epidemiology and Biostatistics, University
at Albany, State University of New York, Rensselaer, New York 12144, USA

3Department of Epidemiology and Preventive Medicine, School of Public Health and Preventive
Medicine, Monash University, Melbourne, VIC 3004, Australia.

*Institute and Clinic for Occupational, Social and Environmental Medicine, University Hospital,
Ludwig-Maximilian-University, Munich 80336, Germany

*Allergy and Lung Health Unit, Melbourne School of Population and Global Health, University
of Melbourne, Melbourne, Vic 3052, Australia

®School of Public Health, The University of Queensland, Herston, Queensland 4006, Australia.
"Finnish Meteorological Institute, Kuopio 70211, Finland

8Department of Applied Physics, University of Eastern Finland, Kuopio 70211, Finland
Department of Environmental and Biological Science, University of Eastern Finland, Kuopio FI
70211, Finland

Department of Biostatistics, Harvard T.H. Chan School of Public Health, Boston, MA 02115,
USA

*Address correspondence to: Guang-Hui Dong, MD, PhD, Professor, Li-Wen Hu, MD, PhD,
Professor, Guangzhou Key Laboratory of Environmental Pollution and Health Risk Assessment,
Department of Preventive Medicine, School of Public Health, Sun Yat-sen University, 74
Zhongshan 2" Road, Yuexiu District, Guangzhou 510080, China. Phone: +86 20 87333409; Fax:
+86 20 87330446. Email:donggh5@mail.sysu.edu.cn; donggh512@hotmail.com;
foxhlw@126.com

Yuming Guo, MD, PhD, Associate Professor, Department of Epidemiology and Preventive
Medicine, School of Public Health and Preventive Medicine, Monash University, Melbourne,
VIC 3004, Australia. Phone: +61399056100; Fax: +61399056100. E-mail:
yuming.guo@monash.edu

TThese authors contributed equally to this work and should both be list as the first author.


mailto:donggh5@mail.sysu.edu.cn
mailto:donggh512@hotmail.com
mailto:yuming.guo@monash.edu

Contents:

Sampling procedures

Statistical Analysis

Table S1 Definition of respiratory diseases and symptoms in children (N=59,754)

Table S2 the age and sex distribution of children from each city

Table S3 the unadjusted ORs and 95% Cls for associations between a 10-pg/m? increase in PM;

and PM2 s with asthma and asthma-like symptoms for the total study population and stratified by
sex

Table S4 comparing the effects of PM on respiratory health without adjusting any co-variables
(crude), adjusting co-variables without age, and adjusting co-variables including age.

Table S5 Adjusted ORs and 95% Cls for associations between IQR increase in PM1 and PM2 s
with asthma and asthma-like symptoms for a total study population and stratified by sex?

Table S6 Adjusted ORs and 95% Cls for associations between IQR increase in PM1 and PM2 s
with asthma and asthma-like symptoms for a total study population and stratified by sex and
allergic predisposition®?

Table S7 Adjusted ORs and 95% Cls for associations between 10pg/m? increase in PM; and
PM2s with asthma and asthma-like symptoms for a total study population and stratified by age?

Figure S1. Correlation analysis between PM; concentrations and prevalence of asthma diagnosed
by doctor (A), current asthma (B), wheeze (C), current wheeze (D), persistent phlegm (E), and
persistent cough (F).

Figure S2. Correlation analysis between PM2 s concentrations and prevalence of asthma
diagnosed by doctor (A), current asthma (B), wheeze (C), current wheeze (D), persistent phlegm
(E), and persistent cough (F).

Questionnaire in Chinese version



eAppendix.

Sampling procedures:

We used the GIS software to estimate distances between each school and the nearest air pollution
monitoring station. For each monitoring station, we randomly selected one school from all
schools within a 1.5 km radius around that station. The map below shows an area covering the
1.5 km radius around one air monitoring stations, as indicated by a small, blue circle in the center
of the map. As shown in the map, nine elementary schools marked as 1-9 fell within a 1.5 km
radius around that station, and we randomly selected schools 1 and 9. In China, each city district
is assigned an administrative code; we selected the last two non-zero digits of the city’s
administrative code as the number of the district, and then we randomly selected two schools
within each district based on a random numbers table. For example, the administrative code of
Heping district is “02” from Shenyang city’s administrative code “210102000000”. We then used
a random number table to select “1” and “9” as shown below. The resulting schools with labels 1
and 9 in the figure below were included in the study. These randomization procedures ensured
that the schools selected provided a sample of children and adolescents representative of the

study area.
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Figure. The area covered up to a 1.5 km radius around one of our monitoring stations, as
indicated with a small blue circle in the center of the map. Then elementary schools marked with
1-9 were within a 1.5 km radius around that station, and we randomly selected school 1 and 9.
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Statistical Analysis

We described distributions for continuous variables as the mean *standard deviation (SD)
and categorical variables as n (%), comparing girls to boys by using Student’s t-test or ¥-test, as
appropriate. To investigate the relationship between the respiratory health conditions and ambient
air pollution, we considered a two-level mixed model in which participants were the first-level
units and the districts were the second-level units. At the participant level, we modeled the logit
of the prevalence of respiratory diseases and related symptoms as a function of k covariates

(X1, ..., Xk) as follows:



logit [Probability (Yij)] = oj+B1Xuij + ... +PxXkij +€ij 1)

where the outcome variable () is respiratory health outcomes diagnosis criteria described
previously, the subscript i indicates the participant (i=1, ..., n;j), the subscript j is for districts
(=1, ..., 24), g; is the intercept at the district level, P1...pk are the regression coefficients of the
covariates, and ejj is the random error assumed to have means of zero and constant variance. In
general, a district with a higher a; predicts higher respiratory health outcomes prevalence rate

than a district with a lower ;.

At the district level, we regressed the district-specific intercepts a; on the district-specific

pollutant level (Zj) to explain the variations of aj, as follows:

0j =0+ yjZj +Uj ()

Equation (2) predicts the prevalence in a district by Z;. If y; is positive, then adjusting for
covariates, the prevalence of respiratory health outcomes is higher in districts with a higher
pollutant levels. If y;j is negative, then adjusting for covariates, the prevalence is lower in districts
with a higher pollutant levels. The random error at the district level, uj, is assumed to be
independent and to follow a normal distribution with a mean of zero and constant variance. These
random errors represent the between-district variation and are assumed independent from ej; at
the participant level. It should be noted that a, Bu,..., Bk, and yjare not assumed to vary across
districts. Therefore, they have no subscript j to indicate to which district they belong. They are

therefore referred to as fixed effects as they apply to all districts.

We used a single regression (3) to simplify the above description by substituting model (2)

into model (1):



logit[P(Yij)] = (a+ viZj +P1X1ij + ... +PkXkij)+ (Uj + €ij) 3)

Effects were expressed as odds ratios (OR) with 95% confidence intervals (Cl), for a 10 pg/m3 or
an interquartile range (i.e., IQR = 75"% tile - 25"% tile) change in ambient airborne particulate
concentration.

Models were adjusted for age (years), sex (male/female), parental education (defined as the
highest level of education completed by either parent; high school or higher/middle school or
lower), body mass index (BMI: calculated as weight in kilograms divided by height in meters
squared (kg/m?)), breast fed status (exclusively 4 months, yes/no), low birth weight (birth weight
<2500 g), preterm delivery (<37 weeks’ gestation), caesarean delivery (born by caesarean
section), average household income (<9,999 Yuan, 10,000-29,999 Yuan, 30,000-100,000
Yuan, >100,000 Yuan), environmental tobacco smoke exposure (yes/no, defined as living with
someone who smokes cigarettes daily in the house; smoking by visitors or guests was not
ascertained), exercise time per week (hours), area of residence per person (m?, calculated as
residence area divided by the number of people living in the home), family history of asthma
(yes/no), average ambient temperature during investigation, and district.

We also investigated effect modification according to sex or allergic predisposition, by
including the interaction terms for these variables with PM in joint regression models (i.e.,
models including girls and boys, with and without allergic predisposition, respectively). Finally,
the same two-level logistic regression models were used to estimate associations with respiratory
diseases in PM quartiles, with the lowest PM quartile (1) as a reference group, and adjusted for
covariates mentioned above. Associations are presented as odds ratios (ORs) with 95%
confidence intervals (Cl), for a 10 pg/m3 change in ambient airborne particulate concentration.

To evaluate the robustness of our estimates, we conducted a number of sensitivity analyses,



including stratifying by child’s age, and by excluding the participants with colds or other
infections. Regression analyses were conducted using the GLIMMIX procedure in SAS version
9.4 (SAS Institute, Cary, North Carolina). All statistical tests were two-sided. A p-value < 0.05

was considered statistically significant.



Table S1 Definition of respiratory diseases and symptoms in children (N=59,754)

Respiratory Health

Definition

Prevalence (%)

Doctor diagnosed asthma

A positive response to the question “Has a
doctor ever diagnosed asthma in your child?”

7.81

Current asthma

Doctor diagnosed asthma and a positive
response to “Has this child experienced an
asthma attack in the past two years?” or “Does
this child take medicine or treatment for asthma
or asthmatic bronchitis?”

2.75

Wheeze

A positive response to “Does this child's chest
ever sound wheezy or whistling, including
times when he or she had a cold?”

11.44

Current wheeze

Diagnosed with wheeze and a positive response
to “Has this child had 2 or more such episodes
in last 12 months?”

3.96

Persistent phlegm

Using the responses to several phlegm-related
questions, which indicated congestion or
presence of chest phlegm, sputum, or mucus on
most days (i.e.., >4 days per week), for >3
months, with or without an infection, during the
last 12 months.

3.12

Persistent cough

Using the responses to several cough-related
questions, which indicated a cough on most
days (i.e.., >4 days per week), for >3 months,
with or without an infection, during the last 12
months.

6.70

Allergic rhinitis

A positive response to the question ‘Has a
doctor ever diagnosed allergic rhinitis in this
child?’

9.48




Table S2 the age and sex distribution of children from each city

Shenyang Dalian Fushun Anshan Benxi Dandong  Liaoyang Total
n=14012 n=9576 n=17280 N=4580 N=5504 N=4221 N=4581 N=59754
Age (years)
Means 10.17 10.57 10.96 10.14 9.62 11.14 10.75 10.52
SD 3.90 4.00 3.19 3.71 2.86 3.73 2.88 3.57
Boys; % 50.54 51.55 51.33 51.00 49.00 49.14 49.49 50.64




Table S3 the unadjusted ORs and 95% Cls for associations between a 10-pg/m? increase in PM;
and PM2 s with asthma and asthma-like symptoms for the total study population and stratified by
sex

Boys (n=30,260) Girls (n=29,494) Total (n=59,754)

OR 95%ClI OR 95%ClI OR 95%ClI

Doctor-diagnosed asthma

PM; 1.83 1.69-1.98 1.83 1.66-2.02 185 1.73-1.96

PM2s 1.73 1.61-1.87 1.73 1.58-1.90 1.75 1.65-1.85
Current asthma

PM1 219 1.92-2.50 2.15 1.80-2.55 220 1.98-2.44

PMzs 2.07 1.84-2.33 201 1.72-2.35 2.07 1.88-2.27
Current wheeze

PM1 1.88 1.68-2.10 1.85 1.62-2.11 188 1.72-2.05

PM2s 1.78 1.60-1.97 1.74 1.54-1.96 177 1.64-1.92
Wheeze

PM; 169 1.58-1.81 1.70 1.57-1.83 1.70 1.62-1.79

PM2s 161 1.51-1.72 161 1.50-1.73 162 1.55-1.70
Persistent phlegm

PM1 155 1.34-1.78 1.29 1.13-1.46 140 1.28-1.54

PM2s 1.48 1.30-1.69 1.26 1.12-1.41 136 1.25-1.48
Persistent cough

PM; 164 1.49-1.80 1.39 1.26-1.51 150 1.41-1.60

PM2s 156 1.42-1.70 1.34 1.24-1.46 144 1.36-1.53
Allergic rhinitis

PM; 1.14 1.05-1.24 1.12 1.04-1.20 1.14 1.07-1.20

PMzs 1.13 1.04-1.22 1.11 1.04-1.19 1.13 1.07-1.19

10



Table S4 comparing the effects of PM on respiratory health without adjusting any co-variables

(crude), adjusting co-variables without age, and adjusting co-variables including age.

Adjusted Adjusted
Diseases and symptoms Crude co-variables co-variables
without age® including age®
OR 95%ClI OR 95%ClI OR 95%ClI

Doctor-diagnosed asthma

PM1 185 1.73-1.96 1.82 1.70-1.95 156 1.46-1.66

PM2.s 1.75 1.65-1.85 1.73  1.63-1.85 1.50 1.41-1.59
Current asthma

PM1 220 1.98-2.44 235 2.07-2.67 144 1.28-1.61

PMzs 2.07 1.88-2.27 226 2.01-2.54 143 1.29-1.59
Current wheeze

PM1 1.88 1.72-2.05 218  1.96-2.43 122 1.10-1.34

PMzs 1.77 1.64-1.92 2.08 1.88-2.30 121 1.11-1.33
Wheeze

PM1 1.70 1.62-1.79 1.74 1.63-1.85 117  1.11-1.24

PM2s 1.62 1.55-1.70 1.68 1.59-1.78 116 1.11-1.23
Persistent phlegm

PM1 1.40 1.28-1.54 151 1.36-1.68 122 1.11-1.35

PM2s 1.36 1.25-1.48 146 1.32-1.61 120 1.10-1.32
Persistent cough

PM1 1.50 1.41-1.60 159 147-1.71 1.23 1.15-1.32

PM2s 144 1.36-1.53 153 1.42-1.64 121 1.13-1.29
Allergic rhinitis

PM1 1.14 1.07-1.20 1.03 0.97-1.10 1.27 1.19-1.35

PM2s 1.13 1.07-1.19 1.02 0.96-1.09 123 1.16-1.31

aAdjusted for sex, BMI, breast feeding status, low birth weight, premature delivery, caesarean
delivery, parental education, income, environmental tobacco smoke exposure, exercise time per
week, area of residence per person, family asthma history, temperature during investigation,
temperature during investigation, and district.
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Table S5 Adjusted ORs and 95% Cls for associations between IQR increase in PM; and PM: s with asthma and asthma-like symptoms for a total
study population and stratified by sex?

Boys (n=30,260) Girls (n=29,494) Total (n=59,754) Interaction
ORsP 95%ClI ORsP 95%ClI ORsP 95%ClI P-value®

Doctor-diagnosed asthma

PM; 1.75 1.62-1.89 1.57 1.45-1.69 1.67 1.55-1.81 <0.001

PM:s 1.66 1.55-1.78 1.52 1.41-1.63 1.60 1.50-1.72 <0.001
Current asthma

PM; 1.60 1.40-1.83 141 1.23-1.61 1.53 1.34-1.74 <0.001

PM:s 1.58 1.40-1.79 1.42 1.25-1.60 1.52 1.34-1.72 <0.001
Current wheeze

PM; 1.30 1.16-1.46 1.20 1.07-1.35 1.26 1.12-1.41 <0.001

PM2s 1.28 1.16-1.43 1.20 1.08-1.34 1.25 1.13-1.39 <0.001
Wheeze

PM; 1.24 1.16-1.32 1.16 1.09-1.24 1.20 1.12-1.28 <0.001

PM:s 1.22 1.15-1.30 1.16 1.09-1.23 1.19 1.12-1.27 <0.001
Persistent phlegm

PM; 1.29 1.15-1.45 1.24 1.10-1.39 1.27 1.13-1.42 <0.001

PM2s 1.26 1.13-1.40 1.22 1.09-1.35 1.24 1.11-1.38 <0.001
Persistent cough

PM; 1.29 1.19-1.40 1.26 1.15-1.36 1.27 1.17-1.38 <0.001

PM_s 1.26 1.17-1.36 1.23 1.14-1.33 1.24 1.15-1.34 <0.001
Allergic rhinitis

PM; 1.32 1.24-1.40 121 1.14-1.28 1.32 1.23-1.42 <0.001

PM2s 1.27 1.20-1.35 1.18 1.11-1.25 1.28 1.19-1.37 <0.001

2Adjusted for age, sex, BMI, breast feeding status, low birth weight, premature delivery, caesarean delivery, parental education, income,
environmental tobacco smoke exposure, exercise time per week, area of residence per person, family asthma history, temperature during
investigation, and district.

bEffect expressed for a 1 interquartile range (i.e., 75" % tile - 25" % tile) change in ambient concentration for each pollutant (11.64 pg/mé for PMy,
and 11.63 pg/m3 for PMy5s).

°p-value for interaction between PM % Sex.
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Table S6 Adjusted ORs and 95% Cls for associations between IQR increase in PM; and PM. s with asthma and asthma-like symptoms for a total
study population and stratified by sex and allergic predisposition®®

Boys Girls Total
Allergic Non-allergic Allergic Non-allergic Allergic Non-allergic
predisposition predisposition predisposition predisposition predisposition predisposition
(n=6,676) (n=23,584) (n=6,512) (n=22,982) (n=13,188) (n=46,566)

Doctor-diagnosed asthma

PM;
PM_s
Current
PM;
PM,,
Current
PM;
PM,,
Wheeze
PM;
PM,,
Persistent
PM;
PM,,
Persistent
PM;
PMo.
Allergic
PM;
PM,,

1.84 (1.68-2.03)
1.74 (1.59-1.89)

1.71 (1.46-2.00)
1.67 (1.44-1.93)

1.36 (1.18-1.57)
1.33 (1.17-1.52)

1.30 (1.19-1.42)
1.27 (1.17-1.38)

1.26 (1.09-1.47)
1.23 (1.07-1.42)

1.28 (1.15-1.43)
1.25 (1.13-1.39)

1.43 (1.32-1.55)
1.36 (1.26-1.47)

1.54 (1.40-1.68)"
1.48 (1.36-1.62)"

1.36 (1.16-1.60)"
1.38 (1.19-1.59)"

1.14 (0.99-1.32)"
1.15 (1.05-1.30)"

1.12 (1.02-1.22)"
1.12 (1.03-1.21)"

1.14 (0.98-1.33)"
1.13 (0.98-1.30)"

1.14 (1.02-1.27)"
1.13 (1.02-1.25)"

1.17 (1.08-1.28)"
1.15 (1.07-1.24)"

1.89 (1.68-2.13)
1.77 (1.59-1.97)

1.61 (1.31-1.97)
1.56 (1.30-1.87)

1.30 (1.10-1.54)
1.27 (1.09-1.49)

1.32 (1.19-1.45)
1.29 (1.18-1.41)

1.46 (1.23-1.73)
1.40 (1.20-1.63)

1.48 (1.31-1.67)
1.41 (1.27-1.58)

1.42 (1.29-1.56)
1.34 (1.23-1.47)

1.56 (1.39-1.76)"
151 (1.35-1.68)"

1.27 (1.04-1.56)"
1.27 (1.06-1.53)"

1.10 (0.93-1.31)"
1.11 (0.95-1.29)"

1.12 (1.01-1.23)"
1.12 (1.02-1.22)"

1.26 (1.07-1.49)"
1.24 (1.06-1.44)"

1.31 (1.16-1.47)"
1.27 (1.13-1.41)"

1.14 (1.03-1.26)"
1.11 (1.02-1.22)"

1.87 (1.73-2.02)
1.76 (1.64-1.89)

1.69 (1.48-1.93)
1.65 (1.46-1.86)

1.37 (1.22-1.54)
1.34 (1.21-1.49)

1.31 (1.23-1.41)
1.29 (1.21-1.37)

1.36 (1.21-1.53)
1.32 (1.19-1.47)

1.37 (1.26-1.49)
1.33 (1.23-1.43)

1.52 (1.41-1.63)
1.43 (1.34-1.53)

1.55 (1.44-1.67)"
1.50 (1.40-1.61)"

1.35 (1.18-1.54)"
1.36 (1.20-1.53)"

1.16 (1.03-1.30)"
1.16 (1.04-1.28)"

1.12 (1.05-1.20)"
1.12 (1.06-1.20)"

1.21 (1.07-1.36)"
1.19 (1.07-1.32)"

1.22 (1.12-1.32)"
1.20 (1.11-1.29)"

1.20 (1.11-1.29)"
1.17 (1.09-1.25)"

aAdjusted for age, sex, BMI, breast feeding status, low birth weight, premature delivery, caesarean delivery, parental education, income,
environmental tobacco smoke exposure, exercise time per week, area of residence per person, family asthma history, temperature during
investigation, and district.
PEffect expressed for a 1 interquartile range (i.e., 75" % tile - 25" % tile) change in ambient concentration for each pollutant (11.64 pg/m?® for PMy,
and 11.63 pg/m3 for PMy5s).

“p <0.05 for interaction between PM x Allergic predisposition.
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Table S7 Adjusted ORs and 95% Cls for associations between 10g/m? increase in PM; and PM: s with asthma and asthma-like symptoms for a
total study population and stratified by age®

Age<6 years (n=9,823) 6-10 years of age (n=16,121) Age>10 years (n=33,810)
ORs 95%Cl ORs 95%Cl ORs 95%Cl

Doctor-diagnosed asthma

PM; 1.64 1.50-1.79 1.68 1.55-1.82 1.66 1.54-1.79

PM2s 1.57 1.45-1.70 1.61 1.50-1.73 1.59 1.48-1.71
Current asthma

PM; 1.65 1.42-1.91 1.54 1.34-1.76 1.54 1.35-1.76

PM2s 1.61 1.41-1.83 1.52 1.34-1.71 1.52 1.34-1.72
Current wheeze

PM; 1.44 1.28-1.64 1.30 1.15-1.45 1.22 1.09-1.38

PM2s 1.39 1.24-1.55 1.27 1.14-1.41 1.21 1.08-1.34
Wheeze

PM; 1.28 1.19-1.38 1.23 1.15-1.32 1.19 1.11-1.28

PM2s 1.25 1.17-1.34 1.21 1.14-1.29 1.18 1.11-1.26
Persistent phlegm

PM; 1.40 1.23-1.60 1.29 1.15-1.46 1.27 1.14-1.43

PM2s 1.34 1.19-151 1.26 1.13-1.40 1.24 1.12-1.38
Persistent cough

PM; 1.38 1.26-1.52 1.29 1.19-1.41 1.28 1.18-1.40

PM_s 1.33 1.22-1.44 1.26 1.16-1.36 1.25 1.16-1.35
Allergic rhinitis

PM; 1.29 1.18-1.40 1.32 1.22-1.43 1.32 1.22-1.41

PM_s 1.24 1.15-1.34 1.27 1.19-1.37 1.27 1.19-1.36

aAdjusted for age, sex, BMI, breast feeding status, low birth weight, premature delivery, caesarean delivery, parental education, income,
environmental tobacco smoke exposure, exercise time per week, area of residence per person, family asthma history, temperature during
investigation, and district.
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Figure S1. Correlation analysis between PM; concentrations and prevalence of asthma diagnosed
by doctor (A), current asthma (B), wheeze (C), current wheeze (D), persistent phlegm (E), and
persistent cough (F).
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diagnosed by doctor (A), current asthma (B), wheeze (C), current wheeze (D), persistent phlegm
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