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Abstract

Background

Lung development is a multi-stage process from epticn to postnatal period, the
disruption of by which air pollutants may triggatdr respiratory morbidity.
Objective

To evaluate the effects of weekly average fineipaete matters (Pl) exposure
during pregnancy and infancy periods on asthmajderdify vulnerable times to
help elucidate the possible mechanisms of the tsfilfd®M. 5 on asthma.

Methods

A birth cohort study including 184,604 children baturing 2004-2011 in Taichung
city was retrieved from the Taiwan Maternal andI@€HRealth Database and followed
until 2014. A daily satellite-based hybrid modelsagpplied to estimate Pl
exposure for each subject. A Cox proportional hdnandel combined with a
distributed lag non-linear model was used to eveltize associations of asthma with
PM, s exposure during pregnancy and infancy periods.

Results

The birth cohort contained 34,336 asthma casesrenghean age of children
diagnosed with asthma was 3.39+1.78 years. Inaleaggosure to Pl during
gestational weeks 6—22 and 9-46 weeks after bietle wignificantly associated with
an increased incidence of asthma. Exposure-respelag®nship indicated hazard
ratio (HR) of asthma increased steeply abREXposure above 98y/m’ during
pregnancy. Additionally, the HRs remained significeiith postnatal exposure to
PM, 5 between 26—7ag/m® (range 1.01-1.07), followed by a sharp increaghen
HR at PM s exposure above 4g&/m°.

Conclusion
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Both prenatal and postnatal exposures tg PWere associated with the later
development of asthma. The vulnerable time windmag be within early- and

mid-gestation and the infancy periods.
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Key message:
» Prenatal and postnatal exposures ta P8e associated with the later development
of asthma.

= Increased exposure to BMduring gestational weeks 6—22 and weeks 9-46 after
birth were significantly associated with increagsddent asthma.

= Hazard ratio of asthma increased steeply at £posure above 98)/m>during
pregnancy. Additionally, the hazard ratios remaisigghificant with postnatal
exposure to P between 26—7Rg/m® (range 1.01-1.07), followed by a sharp
increase in the hazard ratio at Pxposure above 4g&y/nr.

Capsule summary:Both prenatal and postnatal exposures te Pere associated
with the later development of asthma. The vulneraiohe windows might be within
early- and mid-gestation and the first year aftgdhb

Key words: Asthma, air pollution, birth cohort, P)j, prenatal, postnatal, vulnerable
time windows

Abbreviations used

AIC: Akaike Information criterion

AOD: Aerosol optical depth

Cl: Confidence interval

Cox PH model: Cox proportional hazard model

DLNM: Distributed lag non-linear model

HR: Hazard ratio

ICD-9-CM: International Classification of Diseas&snth Revision, Clinical
Modification

IR: Incidence rate

IgE: Immunoglobulin E

NHIRD: National Health Insurance Research Database
4
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NO,: Nitrogen dioxide

NRD: National Registration of Death

OR: Odds ratio

PM: Particulate matter

PM, s Particulate matter with an aerodynamic diamedss than 2.5m
PM;o: Particulate matter with an aerodynamic diamegss than 1Qm
SES: Socio-economic status

TMCHD: Taiwan Maternal and Child Health Database

TBR: Taiwan Birth Regisyr
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Introduction

Asthma is a common, early-life onset chronic respiy disorder that is
characterized by recurrent air obstruction and ¢ hyperresponsiveneS#/ore
than 300 million people are affected by asthmaitnprevalence has increased in
recent decad€sAn interaction between genetic and environmerateidrs may
contribute to asthma. As the genetic factors ali&elg to have changed over the last
few decades, the increasing prevalence of asthmaiis likely due to environmental
factors. Since asthma is not curable followingitset, it is necessary to develop
asthma prevention strategies by identifying possibbdifiable factors and the most
vulnerable time windows for asthma.

Increasing evidence has indicated that particutetter (PM) and its components
may increase the risk of asthma and trigger actdeezbation. Particulate matter can
induce free radical reactions, which may increaseative stress in the lungs.
Oxidative damage in the airway can result in inflaation and remodeling and
contribute to clinical asthnfaThe development of the lungs is a continuous and
multi-stage process lasting from conception to esteént and/or early adulthodd .
The adult number of alveoli is reached at 2—3 yé&rterference with any of the
developing stages of the lungs by environmentdupaits can lead to altered lung
function and an increased risk of disease fahile the lung growth from
conception to adolescent and/or early adulthoaptior studies have suggested that
the prenatal and early postnatal periods may bepkr vulnerable time windows.

In animal studies, the offspring of pregnant migpased to PM had increased serum
immunoglobulin E (IgE) level, pulmonary and systemh2 and Th17 cytokine levels,
and increased airway hyperresponsiveness and ainffagnmation®® An animal

study conducted in S&o Paulo, Brazil demonstrdtatimice exposed to ambient

urban PM during both the prenatal and postnatabgehad altered lung structure
6
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and functiort? In that study, mice exposed to PM only prenatatlpostnatally did
not show significant differences in structure andction compared to those in
non-exposed mic¥ These results indicated that both prenatal anchptatexposure
to PM have adverse effects on respiratory heatuylting in the development of
asthma.

Epidemiological studies have reported the assacidietween postnatal exposure
to air pollution and asthma 3 with the early postnatal period before 2—3 yedrs
life a critical period for the development of astntfi*™> However, only a few
epidemiological studies have investigated the pg@kassociations of prenatal
exposure to PM with the later development of chiloth asthma® 8 These
epidemiological studies have generally used avePAgeoncentrations during the
entire pregnancy or within the three trimesterexg®sure matrices. It is difficult to
apply the results of these kinds of studies toidate the plausible mechanism for PM
exposure corresponding to specific stages of lewvgldpment on the later
appearance of asthma owing to their lack of tempesmlution. A recent
epidemiological study conducted in Boston aregggon with low pollution with a
median PM with an aerodynamic diameter less thapr2. (PM, s) concentration of
11.2pg/m?, of 736 full-term children provided hints to exmgche possible vulnerable
time windows when the fetus is susceptible to,Rbased an advanced and
data-driven statistical approathThe authors reported that prenatal exposure to
PM, s during gestational weeks 16-25 weeks was sigmifigassociated with the
development of asthma at 6 years of Hgdowever, their study population mainly
consisted of Hispanic and African Americans in Boston area, which may not be
generalizable to other populatiotidt remains unclear whether the vulnerable time
window during pregnancy exists in other populationareas with higher pollution,

such as southeast Asia.



141 The effects of prenatal and postnatal exposur@dMg; on asthma onset have
142  rarely been examined simultaneously. We aimed @cauarge population-based birth
143 cohort including more than 180,000 children andgply a highly temporal

144  resolution satellite-based hybrid model to evalulgeeffects of weekly average

145  exposure to PMs during the prenatal and the infancy periods ohraatin a highly
146  polluted metropolitan area with average RMoncentrations three times the World
147  Health Organization (WHO) air quality standard amadentify the vulnerable time

148  windows for the development of asthma.

149
150 Methods

151  Study area

152 Taichung city is the second largest metropolitaaavith approximately 2.78

153  million residents in a total area of 2,214 %mvhich is located in central-western

154  Taiwan. There are currently 29 districts within tiy. The major stationary emission
155  sources situated in the Taichung city includeddhgest coal-fired power plant in the
156  world, a main steel plant, several industrial aciérsce parks, and incinerators (Fig 1).
157 As shown in Fig 1, Taichung city also has a crowaded network.

158

159  Data sources

160 This study was sourced from a population-basednationwide birth cohort, the
161 Taiwan Maternal and Child Health Database (TMCHbDjyhich is managed and

162  organized by Health and Welfare Data Science Cearfititre Ministry of Health and
163  Welfare. The TMCHD during 2004-2011 contained natimle databases that could
164  be interlinked using encrypted personal identifaanumbers, including the Taiwan
165 Birth Registry (TBR) from 2004-2011, the Nationadgistration of Death (NRD)

166  from 2004-2014, and the National Health Insuranese@rch Database (NHIRD) for
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outpatient visit and for inpatient visit from 2028142 In Taiwan, all live births and
death must be registered in the TBR within 15 daije. NHIRD covered 99.9% of
the entire population in Taiwan. By interlinkingttvithese databases, the TMCHD
provides detailed information on newborn (e.g., $&th date, birth weight,
gestational age, location of birth, single or npléibirths, birth order, and Apgar
score), mother (e.g., pregnancy complications, mateage at delivery, and
residential address of pregnant woman), and histbngedical visits for children and
their mothers (e.g., outpatient visits, hospitahasions, prescriptions and diagnosis
of disease based on the International Classifinaifdiseases, Ninth Revision,
Clinical Modification [ICD-9-CM]).

This study was approved by the institutional revievard of China Medical
University Hospital (CMUH104-REC3-003(CR-3)) andmalied with the principles

outlined in the Declaration of Helsinki.

Study population

The TMCHD comprises 191,330 children born in Taigdeity between January
1, 2004, and December 31, 2011, and followed-um ftonception to December 31,
2014. Children were excluded from the subsequegli/ses if they met the following
criteria: were multiple births (n = 5,852), werdglistrth (n = 7), or who had birth
defects (n = 867). After excluding children meetihg above criteria, the birth cohort
contained 184,604 children. Children lost to fokaw was defined as those children
who were withdrawn from insurance or who died dgitime follow-up period. The

response rate of this birth cohort was 99.67% @8@Iren lost to follow up).

Outcome of interest

Asthma diagnoses were obtained by linking to thdRIH We identified
9
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children who received at least two consistent aatdragnosis codes (ICD-9-CM:
493) assigned by physicians between birth and Deeefil, 2014, in both outpatient
and inpatient visit claims in the NHIRD. Inciderstlama was defined as a child who
received the first diagnosis of asthma (outpatigsit or inpatient visit). The

diagnosis criteria for asthma please refer to tngpmentary Appendix. The asthma
diagnoses from the NHIRD were confirmed in an iredefent study (92.0%

sensitivity)**

Exposure assessments

A 10-km spatial resolution hybrid model that incorgted satellite-based aerosol
optical depth (AOD), meteorological variables, daud-use variables was applied to
estimate the ground-level BMlconcentrations in Taiwan. We previously reportes t
10-km resolution hybrid model to be a reliable &atidated method for estimating
ground-level PMs concentrations in Taiwaii.We further adapted this hybrid model
for environmental epidemiology. The details of fifiekm hybrid model are described
in the Supplementary Appendix. The PiMestimates were higher in the southwestern
Taichung city near coastal areas (Fig 1).

We assigned daily PM estimates derived from the hybrid model to chitdre
according to their maternal residential addrespfist-code level) and calculated the

weekly average Pl based on the daily average for each child.

Covariates

The covariates in this study include sex of chidfimale or female), birth weight
(>2,500 0r<2,500 g), socio-economic status (SES) derived fifarinsurance amount
(stratified into quartiless25th percentile, 25th—50th, 50th—75th, and >75tcedile),

maternal age (>30 years €80 years), maternal atopy (defined as the mothanpa
10
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received any diagnosis codes for asthma, allehgtis, or atopic dermatitis),
maternal anemia, maternal heart diseases, matangatiiseases, mother with
gestational diabetes mellitus, maternal chronicengmsion, mother with gestational
hypertension, mother with preeclampsia, materragiidy diseases, and maternal

smoking status during pregnancy (yes or no).

Statistical analyses

We first utilized two separate Cox proportional dualz(PH) models to assess the
associations of Pk exposure during the entire pregnancy as well asglthe first
year after birth with the later development of asth The survey time was measured
from conception until the end of the study perioddach child. A child was censored
if they did not develop asthma until the end of shely period or was lost to
follow-up. The averaged PMconcentrations during the entire pregnancy perat a
the first year after birth were calculated for eahlid and separately entered as a
linear continuous variable into models for exatibyv the data correction worked. In
order to accommodate the non-proportional hazaRMfs, we performed time
transform functiont{ function) ofcoxph (R packageurvival) to construct
time-dependent covariates of PMn the modelé® The directed acyclic graphs
(DAGSs) were then used to identify confounders m @ox PH model, we also
selected confounders according to prior literaftoethe detail of selection criteria
for confounders, see Supplementary Appendix). Gax BH models were adjusted
for SES, maternal age, maternal atopy, maternahemend maternal kidney diseases.
Additionally, we introduced an interaction termeén the average PMand sex
into the Cox PH models for the pregnancy periodfandhe first year after birth,
respectively, to identify any interaction betwead 2 and sex. In addition to separate

Cox PH models, we used a mutually adjusted modebmsider the correlation
11
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between PMs exposure during pregnancy and the first year aitén (r = 0.52).
Lastly, we repeated analyses with adjusting fahlkieight and maternal smoking
status during pregnancy as sensitivity analyses.rébults are reported as hazard
ratio (HR) with 95% confidence interval (Cl).

To explore the vulnerable time windows, we furtbheed a distributed lag
non-linear model (DLNM) to evaluate the associatiohasthma with weekly average
exposure to PMsfrom conception to one year after biffiThe DLNM was defined
by a cross-basis function that simultaneously ipotated two dimensions, lag effect
(time structure) and the exposure-response rekttipnEquation of the DLNM
(equation [1]) is shown below:

h(t,X) =
o hy(t) exp [,31555 + BoMage + BsMatopy+BaManemia + BsMxidney diseases

81S(PMag, t)] et e[ 4]
SES'MAge'MAtopyl

X=|, Manemiar Mkidney diseases’
s(PM, 5, t)

where h(t,X) is the hazard function for each child with a giwpecification of a set
of explanatory variable$y(t) is a baseline hazard function multiplied by an
exponential function X is the collection of explanatory variables whidmntains

SES, maternal age, maternal anemia, maternal atadymaternal kidney diseases,
and s(PM, ¢, t) is a cross-basis function to model the exposwspenese relationship
and lag effect for exposure to BMrom conception until one year after birth. For the
cross-basis function of PM exposure in this study, we set the lag scale fr@eks
1-92, including 40 gestational weeks and 52 weéks lairth. If a child was born

prior to 40 gestational weeks, the Pidxposure was set to@/m® from birth to 40
gestational weekS. For instance, for a child born at 36 gestationeéks, we set the

PM, 5 exposure to ug/m*for gestational weeks 37—4@. represented a
12
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random-effect term for sex as a Gaussian distobuticluded in the model. The type
of spline and degree of freedom for the exposusparse relationship and lag effect
are selected based on the Akaike information éoitefAIC).?° According to the
minimum AIC, the exposure-response relationship mvadeled using a b-spline with
seven degrees of freedom, setting equally-spacets kvithout intercept and with a
centering value set at 28/m® based on the WHO 24-hr mean standard. Additionally
the lag effect was modeled using b-spline with sedegrees of freedom with
equally-spaced knots with intercept. All statisti@aalyses were performed using R

version 3.4.3dlnmandsurvival packages).

Results

Within the birth cohort in Taichung city, there we34,336 total asthma cases
among 184,604 children (18.60%). The mean ageeatrid of follow-up was
6.35+2.65 years for the total children in the botiort. For children with asthma, the
mean age at the date of first asthma diagnosis3vé®@s1.78 years (Table 1). Asthma
cases tend to be male; with birth weights less #%0 g; with a higher SES, and
born to mothers with maternal atopy, younger agt preeclampsia, without
gestational diabetes, and with kidney diseased€TBb

The overall mean Pp% concentrations during pregnancy and the first peétar
birth in the birth cohort were 36.2+3u§/m® (range 13.0-47.8g/m’) and 35.6+3.5
ng/m® (rangel12.2—45.6g/n).

In the separate models, the results showed th@pa/tn® increase in PMs
during pregnancy and the first year after birtheveositively associated with incident
asthma (adjusted HR = 1.26, 95% CI: 1.17-1.35 ajusted HR=1.61, 95% CI:
1.48-1.76, respectively). In the mutually-adjusteatlel, the association between a

10 ug/m® increase in PMs during pregnancy and asthma was attenuated, ibut st

13



295

296

297

298

299

300

301

302

303

304

305

306

307

308

309

310

311

312

313

314

315

316

317

318

319

320

positive (adjusted HR = 1.04, 95% CI: 0.95-1.14) &ssociation between a 10
ng/m® increase in PMsduring the first year after birth and asthma reredin
significant (adjusted HR = 1.55, 95% CI: 1.40-1.78)the sensitivity analyses, we
obtained similar results after adjusting for bithight and maternal smoking status
during pregnancy (Table E1).

The associations between exposure tg PiWbm conception to one year after
birth and asthma using DLNM are presented in Figy2h exposure to Pl during
pregnancy, we observed a significant associati@stifma with a 10g/m® increase
in PM, s during gestational weeks 6—22, with the highesbeigtion at gestational
week 12 (Fig 2). In gestational week 12, the expwsasponse relationship showed
that the HR of asthma increased dramatically for P&&posure above 98y/m® (Fig
3). Additionally, in the postnatal periods, sigo#it associations between aptfm®
increase in PMs exposure during the first year after birth andhast were observed
for weeks 9-46 after birth, with the highest asatich at 36 weeks after birth (Fig 2).
At 36 weeks after birth, the exposure-responseéioelship indicated that the HR of
asthma initially remained significant at B}exposure between 26—@g/m® (range
1.01-1.07), but increase of BMexposure had little effect up to approximately 72
ug/m®, followed by a sharp increase in the HR at,Rkxposure above 4&/m® (Fig
3).

We did not find a statistically significant intetem between sex and RMfor
the pregnancy periogh{value = 0.44 for prenatal PMxsex). In contrast, we
observed a significant interaction between sexRivigsfor the first year after birth
(p-value = 0.02 for the postnatal B¥ksex). We further conducted DLNM stratified
by child sex to explore the effect modificationd®x on the associations between
PM.sand asthma. However, we did not observe substaetatiifferences in the

effects of PM son asthma (Fig E3).
14
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Discussions

In this large birth cohort study, we found thatreesed exposure to BMduring
the prenatal and postnatal periods was signifigagsociated with increased incident
asthma in Taichung city. The vulnerable time windavere gestational weeks 6—-22
and 9-46 weeks after birth (Fig 2). The exposuspaase relationships showed that
maternal exposure to PMabove 931g/m® during pregnancy might increase the HR
of later development of asthma in their childreddaionally, children with postnatal
exposure to PMs between 26—7Rg/m® were associated with the increased HR of
asthma (HR range 1.01-1.07), and the HR incredsagly for PM 5 exposure above
73 ug/m® (Fig 3).

The developing stages of the lungs include the gamic (gestational weeks 4—
7), pseudoglandular (gestational weeks 7-17), canat (gestational weeks 17-26),
saccular (gestational weeks 27—-36 gestational Weakd alveolar (after 36
gestational weeks and until adolescence) stagjEsiman lungs begin to form at days
24-26 after conceptiot?’ During the embryonic stage of lung development/iings
appear as two outgrowths from the ventral walhef primitive foregut, with
subsequent outgrowth into the surrounding mesenahiiasues and branching.

The primitive foregut also divides into the esoplsgnd trachea during the
embryonic stag&The airway epithelial tubules branch repeatedty fanm terminal
bronchioles during the pseudoglandular st&&he basal, goblet, pulmonary
neuroendocrine, ciliated, and non-ciliated colun{@ara) cells appear in the
proximal airway?” In the canalicular stage, the epithelial cells ldalifferentiate into
types | and I, the alveolar epithelium comes icitise contact with the mesenchymal
capillaries to form the future air-blood barrieasd surfactant is producédhe

saccular stage follows the canalicular stage, iithvthe terminal airways form

15
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372

clusters of airspaces and the terminal ends widdorin saccule8 A variety of
antioxidant enzymes and xenobiotic metabolizingyere systems (e.g., superoxide
dismutase, catalase, glutathione peroxidase, ancytiochrome P450
monooxygenases family) develop during late gestatiche early postnatal peri6d.

For the pregnancy period, our results revealedtb®atulnerable time windows
of asthma due to PM exposure between gestational weeks 6—-22 coinewitbdhe
embryonic, pseudoglandular, and canalicular stafksg development. The
plausible biological mechanism of the effect of RMuring pregnancy period could
be explained by Pb inhaled by the pregnant mother penetrating theadihand
diffusing into the placental barrier to act dirgath the fetus, or the triggering
systemic inflammation in the mother decreased pautation of fetal nutrients and
oxygen, which influences fetal lung functith.

Regarding the infancy period, we also recognizedvtlinerable time windows
for the effects of PMsbetween 9-46 weeks after birth. Infants born withm
alveolar stage. More than 85% of alveoli are forratdr birth, most alveolar
formation completed at around 6 monthnfants are especially susceptible to
harmful effects of ambient air pollution due toitlaeveloping lungs and immature
immune systeni’ The respiratory epithelium in the developing lueghibits an
increased permeability of toxicarifsin an animal studies, mice exposure to
concentrated Pihkduring prenatal and early postnatal periods (4G ddier birth,
terminated lung alveolarization) may result in @ased alveoli number, enlarged
alveolar spaces, and increased lung elastimieer birth, air pollution could
contribute to the development of asthma by inducxigative stress in the lungs,
interacting with the airway wall, leading to struial changes in the airway wall,
triggering inflammatory pathway and immunologictiéets, and enhancing

respiratory sensitization to allergefis.
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According to previous epidemiological studies, €land colleagues (2010)
conducted a nested case-control study of 37,40drehiin southwestern British
Columbia to assess the association of exposumalbeeat air pollution during the
entire pregnancy and the first year of life on esthThey found that aig/m®
increase in particulate matter with an aerodynatiameter less than 10n (PMyg)
during pregnancy and the first year of life wasrelated with a risk of asthma (odds
ratio [OR] = 1.09, 95% CI: 1.05-1.13 and OR = 195% CI 1.03-1.12,
respectively)® Deng and colleagues (2016) conducted a crosssatstudy in
China to evaluate the associations between exptsaie pollution during the three
trimesters of pregnancy and the risk of asthmg308& preschool children. They
found that the risk of asthma was significantlyoassted with exposure to nitrogen
dioxide (NQ) during the second trimester (OR = 1.72, 95% @242.97)"’

However, no significant association was shown betwaesthma and prenatal
exposure to PM.’ Shihi and colleagues (2016) performed a nesteetcastrol

study of 65,254 children, reporting a significass@ciation of incident asthma during
pre-school age (0-5-year) with perinatal exposoifeNh, (OR = 1.12, 95% CI: 1.05—
1.19)*® No association was shown between perinatal expdsuPM s and incident
asthma during pre-school afddsu and coworkers performed a prospective cohort
study in the Boston area of 736 children to asesassociation between prenatal
exposure to PMs and asthma until six years of djéhey reported that prenatal
exposure to Pl during weeks 16—25 weeks (mid-gestation in the lat
pseudoglandualr to canalicular stages of lung dgweént) was significantly
associated with the development of asthma at sixsyef age? Our study also found
that prenatal exposure to Bywas positively correlated with asthma; although th
exact periods of vulnerable time windows in thesprd study (gestational weeks 6—

22 coinciding with the embryonic, pseudoglanduaig canalicular stages,) differed
17



399  from those reported by Hsu and colleagues (26715).

400 Clark and coworkers (2010) observed that the aggons between asthma and
401 air pollution were generally stronger in women tliamen during exposures both in
402  the prenatal period and the first year after bittm contrast, Hsu and colleagues
403  (2015) reported that the associations of asthma pvignatal exposure to BMwere
404  specific to male$?In this study, we observed a significant interactietween sex
405 and PMsfor the first year after birth. While we did nots#sve substantial sex

406  differences in health effects of BMon asthma between males and females according
407  to the results of DLNM stratified by sex (Fig EBased on the developmental

408 process, males are more likely to develop asthiawa filmales before puberty due to
409 differences in growth rates and sex hormohig&The sex differences in the

410 associations of asthma with BMexposures requires further investigation.

411 This study had two main strengths. First, this gtusked a large birth cohort, the
412 TMCHD, interlinked with several country-wide registlatabases in Taiwan, such as
413 the TBR, the NRD, and the NHIRD. The TMCHD recrditdl children born in

414  Taiwan during 2004-2011 (approximately 1.6 millim@onates), including more than
415 180,000 neonates in Taichung city. The individwathin the TMCHD can be traced
416  from birth to death. The first diagnosis date dhasa for each child can be obtained
417 from the database. Thus, we have a sufficient,gacts/e, and population-based

418 database that allows us to examine the associatiasthma with prenatal and

419  postnatal exposures to BM Secondly, we used a novel satellite-based hyhadel
420 to integrate satellite AOD with meteorological \adnies and land use data with an
421  excellent temporal resolution to estimate ground Pkl Taiwan?? This model

422  allowed us to explore vulnerable time windows omegekly basis through conception
423  to the infancy periods.

424 This study also has several limitations. First,,BM a complex mixture of solid
18
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and liquid aerosols. The toxicity of Bl¥Imay vary significantly due to different
sources and components. The components ofsPddich as black carbon, nitrate, and
potassium, are associated with outpatient andiematisits for asthma in Taiwat.
However, we did not examine the associations ¢fnagtwith specific PMs
components because of a lack of information onetltesnponents or sources. Second,
we did not have data on important factors suclhasttivity pattern, genetic
information, and nutritional status, for each chitthough we adjusted for important
confounders in the models, including SES and mateiiergic diseases, we could
not exclude the potential bias of confounding fext@hird, the follow-up period of
our study was shorter than that of previous studirea Canada study, children were
assessed for the incidence of asthma diagnosis 84t years of age (mean age at the
end of follow-up: 48+7 monthsf.Children were followed up until 10 years of age in
a study conducted in the greater VVancouver regid@@aoada?®In addition, asthma
was examined from birth up to six years of age stualy conducted in the Boston
area in the U.S? In our study, the mean age at the end of followfepthe whole
birth cohort was 6.35+2.65 years and 75% of chiidwere followed-up for more than
4.16 years of age (Table 1). The mean age at tieeodfirst asthma diagnosis was
3.39£1.78 years. For children born in 2011, theagbe end of follow-up period
(until the end of 2014) was only three years. fiassible that the first asthma
diagnosis was missed within such a short periodeNbeless, the mean age of first
asthma diagnosis significantly decreased over tim2,6+£2.0 years for children born
in 2000 in Canad® We believe that the length of follow-up periodim study are
acceptable for ascertaining cases of incident asthm

In conclusion, our findings add evidence to theagng literature indicating that
prenatal and postnatal exposures to,P&fte associated with the later development of

asthma. For the prenatal period, the vulnerable tiimdows may be within the early-
19



451

452

453

454

455

456

457

458

459

460

461

462

463

464

465

466

467

468

469

470

471

472

473

474
475
476
477

and mid-gestation. Additionally, the vulnerable @éimindows during the postnatal
period were within the first year after birth. Fhet studies are needed to confirm the
associations between asthma and prenatal and paistrposures to PM and

identify the possible vulnerable time windows. Wggest that sensitive groups,
including pregnant women and children, should awté&ying outdoors or exposure to

toxicants and allergens during these periods.

Acknowledgment

We thank Professor Antonio Gasparrini for providiveyv version ofllnm package
and comments that greatly assisted the researclYiiu Lin for his assistance with
the modification of graphical abstract, and thevBai Environmental Protection
Administration, Executive Yuan R.O.C. (TEPA) foopiding air quality monitoring
data. We appreciate Health and Welfare Data Sci€ecger, Taiwan Ministry of
Health and Welfare for providing health data. Trerkwvas supported by China
Medical University (CMU107-Z-04), Taichung, TAIWANNd the Ministry of
Science and Technology, Taiwan (MOST 105-2119-M-032, MOST
106-2119-M-039-001, MOST 107-2119-M-039-001, and$10
106-2811-M-039-002). The Terra and Aqua MODIS Gutitsh 6 Level-2 Aerosol
Products were acquired from the Level-1 & Atmosph&rchive and Distribution
System (LAADS) Distributed Active Archive CenterABC), located in the Goddard

Space Flight Center in Greenbelt, Maryland (httlzgléweb.nascom.nasa.gov/).

References

1. National Asthma Education and Prevention Progiexpert panel report 3 (EPR-3):
guidelines for the diagnosis and management ofressummary report 2007. J
Allergy Clin Immunol 2007;120: S94-138.

2. Braman SS. The global burden of asthma. Chéx;280: 4S-12S.

20



478
479
480
481
482
483
484
485
486
487
488
489
490
491
492
493
494
495
496
497
498
499
500
501
502
503
504
505
506
507
508
509
510
511
512
513

3. Kelly FJ. Oxidative stress: its role in air phlbn and adverse health effects. Occup
Environ Med 2003;60: 612-16.

4. Guarnieri M, Balmes JR. Outdoor air pollutiordasthma. Lancet. 2014;383:
1581-92.

5. Kajekar R. Environmental factors and developmlemitcomes in the lung.
Pharmacol Ther 2007;114: 129-45.

6. Schittny JC. Development of the lung. Cell Tes&es 2017;367: 427-44.

7. Hislop AA. Airway and blood vessel interactioarishg lung development. J Anat
2002;201: 32534.

8. Fedulov AV, Leme A, Yang Z, Dahl M, Lim R, Manial' J, et al. Pulmonary
exposure to particles during pregnancy causesaseckneonatal asthma
susceptibility. Am J Respir Cell Mol Biol 2008;387-67.

9. Manners S, Alam R, Schwartz DA, Gorska MM. A m@unodel links asthma
susceptibility to prenatal exposure to diesel egshalAllergy Clin Immunol
2014;134: 63-72.

10. Mauad T, Rivero DH, de Oliveira RC, LichtenfAly Guimaraes ET, de Andre
PA, et al. Chronic exposure to ambient levels bburparticles affects mouse lung
development. Am J Respir Crit Care Med 2008;178-82

11.Gehring U, Wijga AH, Hoek G, Bellander T, Berdel Briiske I, et al. Exposure to
air pollution and development of asthma and rhimquactivitis throughout
childhood and adolescence: a population-based dttbrt study. Lancet Respir
Med 2015;3: 933-42.

12. Gruzieva O, Bergstrom A, Hulchiy O, Kull I, IdiT, Melén E, et al. Exposure to
air pollution from traffic and childhood asthma AR years of age. Epidemiology
2013;24: 54-61.

13. Brauer M, Hoek G, Smit HA, de Jongste JC, @&amni J, Postma DS, et al. Air
pollution and development of asthma, allergy arféations in a birth cohort. Eur
Respir J 2007;29: 879-88.

14. McConnell R, Berhane K, Yao L, Jerrett M, Lumnmd, Gilliland F, et al. Traffic,
susceptibility, and childhood asthma. Environ He&lerspect 2006;114: 766-72.

15. Zmirou D, Gauvin S, Pin I, Momas |, Sahraouidst J, et al. Traffic related air
pollution and incidence of childhood asthma: resaoftthe Vesta case-control study.
J Epidemiol Community Health 2004;58: 18-23.

16. Clark NA, Demers PA, Karr CJ, Koehoorn M, Len€a Tamburic L, et al. Effect
of early life exposure to air pollution on develogmh of childhood asthma.
Environ Health Perspect 2010;118: 284-90.

21



514
515
516
517
518
519
520
521
522
523
524
525
526
527
528
529
530
531
532
533
534
535
536
537
538
539
540
541
542
543
544
545
546
547
548
549
550

17. Deng Q, Lu C, Li Y, Sundell J, Dan Norbéck. Bspre to outdoor air pollution
during trimesters of pregnancy and childhood asthatkergic rhinitis, and eczema.
Environ Res 2016;150: 119-27.

18. Sbihi H, Tamburic L, Koehoorn M, Brauer M. Pattial air pollution exposure and
development of asthma from birth to age 10 yeans Respir J 2016;47: 1062-71.

19. Hsu HH, Chiu YH, Coull BA, Kloog |, SchwartzLke A, et al. Prenatal
particulate air pollution and asthma onset in urtlaifdren. Identifying sensitive
windows and sex differences. Am J Respir Crit Qdeel 2015;192: 1052-59.

20. Li CY, Chen LH, Chiou MJ, Liang FW, Lu TH. Sap-and future applications of
the Taiwan Maternal and Child Health Database (TNDg:Haiwan J Public
Health 2016;35: 221-33.

21. Su VY, Yang KY, Yang YH, Tsai YH, Perng DW, B1J, et al. Use of ICS/LABA
combinations or LAMA is associated with a lowekref acute exacerbation in
patients with coexistent COPD and asthma. J All&try Immunol Pract 2018;
pii:S2213-2198(18)30090-4.

22. Jung CR, Hwang BF, Chen WT. Incorporating ltergn satellite-based aerosol
optical depth, localized land use data, and melegiaal variables to estimate
ground-level PM s concentrations in Taiwan from 2005 to 2015. EnviRollut
2018; 237: 1000-10.

23. Therneau T, Crowson C, Atkinson E. Using timpahdent covariates and time
dependent coefficients in the cox model; 2018. ke at:
https://cran.r-project.org/web/packages/survivaliettes/timedep.pdf. Accessed
September 5, 2018.

24. Gasparrini A. Modeling exposure-lag-response@ations with distributed lag
non-linear models. Stat Med 2014;33: 881-99.

25. Martens DS, Cox B, Janssen BG, Clemente DB§ph&#ni A, Vanpoucke C, et
al. Prenatal air pollution and newborns' predigpmsito accelerated biological
aging. JAMA Pediatr 2017;171: 1160-7.

26. Gasparrini A. Distributed lag linear and namelr models in R: the package dinm.
J Stat Softw 2011;43: 1-20.

27. Holgate S. Mechanisms by which air pollutiojuiias the child’s respiratory
system. IrBinkova” B, Bobak M, Chatterjee A, Chauhan A, DejrdeDockery D,
et al. (eds) The effects of air pollution on chaldis health and development: a
review of evidence. WHO Monograph. WHO Regionali€ffor Europe, Bonn
2004.

28. Wu S, Bancalari E. Structural and functionaraes in the preterm lung. In
Hibbs AM, Muhlebach MS. (eds) Respiratory outcommgsreterm infants: from

22



551
552
553
554
555
556
557
558
559
560
561
562
563
564
565
566
567
568
569
570
571
572
573
574
575
576
577
578
579

infancy through adulthood. Springer Internationabishing AG, Switzerland
2017.

29. Fanucchi M. Development of antioxidant and motic metabolizing enzyme
systems. In Harding R, Pinkerton KE. (eds) The ldayelopment, aging and the
environment. Elsevier Academic Press, Amsterdan®201

30. Korten |, Ramsey K, Latzin P. Air pollution ¢y pregnancy and lung
development in the child. Paediatr Respir Rev 221:738-46.

31. Smith LJ, McKay KO, van Asperen PP, SelvadHirdritzgerald DA. Normal
development of the lung and premature birth. PaeRiespir Rev 2010;11:
135-42.

32. Tzivian L. Outdoor air pollution and asthmamldren. J Asthma 2011; 48:
470-81

33. de Barros Mendes Lopes T, Groth EE, Veras MyyauTK, de Souza Xavier
Costa N, Ribeiro Janior G, et al. Pre- and postmeagaosure of mice to
concentrated urban PMMdecreases the number of alveoli and leads tcedlieng
function at an early stage of life. Environ Polki18;241: 511-20.

34. Gowers AM, Cullinan P, Ayres JG, Anderson HRa&han DP, Holgate ST, et al.
Does outdoor air pollution induce new cases ofraathBiological plausibility and
evidence; a review. Respirology 2012;17: 887-98.

35. Postma DS. Gender differences in asthma dewvelopand progression. Gend
Med 2007;4: S133-46.

36. Townsend EA, Miller VM, Prakash YS. Sex diffeces and sex steroids in lung
health and disease. Endocr Rev 2012;33: 1-47.

37.Jung CR, Young LH, Hsu HT, Lin MY, Chen YC, HwpBF, et al. PMls
components and outpatient visits for asthma: A4stnatified case-crossover study
in a suburban area. Environ Pollut 2017;231: 1025-9

38. Radhakrishnan DK, Dell SD, Guttmann A, Sh&iff, Liu K, To T. Trends in the
age of diagnosis of childhood asthma. J Allergyn@imunol 2014;134: 1057-62.

23



580
581

Table 1. Demographic characteristics of the birth ghort in Taichung city, Taiwan
from 2004-2014.

Person-years at Incidence
Asthma (n=34,336) Total (n=184,604) HR (95% CIf
risk raté

Gestation age (weeks, mean + SD, Q1, Q2, Q3) 381464, 38.00, 39.00, 39.00

Age at the date of the first diagnosis of asthne(y; mean + SD, Q1, Q2, Q3) 3.39+1.78,2.12,3151

Age at the end of follow-up (years; mean + SD, Q2, Q3) 6.35 +2.65, 4.16, 6.25, 8.58
Sex (%)

Male 20,261 (59.01) 96,248 670,224.01 3.02 1.334(1.40)*
Female 14,075 (40.99) 88,356 637,641.00 2.21 Beter

Birth weight (%)

<2,500 g 2,146 (6.25) 10,057 67,556.66 3.18 11288¢1.28)*
>2,500 g 32,190 (93.75) 174,547 1,240,308.35 2.60  efer@nce

SES (%)

>33,300 6,394 (18.62) 31,603 22,7762.8 2.81 1.182¢1.19)*
20,100-33,300 8,454 (24.62) 44,489 308,537.26 2.74  1.11 (1.08-1.14)
16,500-20,100 8,003 (23.31) 42,638 305,289.48 2.62 1.07 (1.04-1.10)*
<16,500 11,485 (33.45) 65,874 466,275.47 2.46 reete

Maternal age, years (%)

<30 19,367 (56.40) 99,383 725,000.74 2.67 1.0641.08)*
>30 149,69 (43.60) 85,221 58,2864.27 2.57 Referenc
Maternal atopy (%)

Yes 22,680 (66.05) 10,3421 708,025.01 3.20 1.80¢1.67)*
No 11,656 (33.95) 81,183 599,840.00 1.94 Reference
Maternal anemia (%)

Yes 118 (0.34) 855 5,237.00 2.25 0.80 (0.67-0.96)*
No 3,4218 (99.66) 183,749 1,302,628.01 2.63 Retere
Maternal heart disease (%)

Yes 26 (0.08) 111 725.87 3.58 1.36 (0.93-2.00)
No 34,310 (99.92) 184,493 1,307,139.14 2.62 Retere
Maternal lung disease (%)

Yes 8 (0.02) 24 176.47 4.53 1.86 (0.93-3.72)
No 34,328 (99.98) 184,580 1,307,688.54 2.63 Retere
Gestational diabetes (%)

Yes 124 (0.36) 672 4,295.21 2.89 1.06 (0.89-1.26)
No 34,212 (99.64) 183,932 1,303,569.8 2.62 Reteren
Maternal chronic hypertension (%)

Yes 34 (0.10) 156 921.18 3.69 1.38 (0.98-1.93)
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584
585
586

No 3,4302 (99.90)
Gestational hypertension (%)
Yes 262 (0.76)

No 34,074 (99.24)
Preeclampsia (%)

Yes 168 (0.49)

No 34,168 (99.51)
Maternal kidney disease (%)
Yes 13 (0.04)

No 34,323 (99.96)
Maternal smoking status (%)
Yes 13 (0.04)

No 34,323 (99.96)

184,448

1,571

183,033

750

18,3854

a4

184,560

68

184,536

1,306,943.83

10,057.29

1,297,807.70

4,873.92

1,302,991.09

278.26

1,307,586.75

447.89

1,307,417.10

2.62

2.61

2.63

3.45

2.62

4.67

2.62

2.90

2.63

Retere

Reference

1.083¢0.18)

1.32 (1.13-1.53)*

Retere

1.79 (1.04-3.09)*

Retere

1.11 (0.64-1.90)

Reteren

Note: Q1, 25th percentile; Q2, 50th percentile; TZ&h percentile.

dncidence rate per 100 person-years

"Hazard ratios were derived by using univariate Pwportional hazard model
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Fig 1. The spatial distribution of major roads andstationary emission sources,
and average particulate matter with an aerodiametetess than 2.5um (PM;5)
estimates in Taichung city, Taiwan between Januarg—12, 2008.
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591 Fig 2. Adjusted hazard ratio (HR) with 95% confiderce interval (grey area) of

592  asthma with a 10pg/m? increase in PM s during the prenatal (40 weeks) and

593 postnatal periods (52 weeks) by a Cox proportiondlazard model combined with
594 adistributed lag non-linear model.

595 These models were adjusted for SES, maternal agfeymal atopy, maternal anemia,
596 and maternal kidney diseases.

597
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Fig 3. Exposure-response relationship between PM exposure and asthma in
gestational week 12 (A) and 36 weeks after birth (Bepresented as the hazard
ratio (red line) with 95% confidence interval (greyarea), as well as the
corresponding PM, 5 concentration distributions.

The dashed line is the centering value ap@5n® (WHO 24-hr mean standard).
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Diagnosis criteria for asthma

The diagnosis criteria for asthma included wheeztoggh (worse particularly at night);
recurrent difficulty in breathing; recurrent chéghtness; symptoms occurring or worsening
at night that awakened the patient; symptoms ocwuor worsening with exercise, viral
infections, inhalant allergens, irritants, chang&veather, strong emotions, or menses;
airflow obstruction that was at least partiallyeesible; diurnal variation in peak expiratory
flow (PEF) of more than 20% over one to two weaksrease of at least 12% and 200 mL in
forced expiratory volume in one second (Rl&fter bronchodilator use and reduced FEV
and FE\{/forced vital capacity (FVC) ratio using spirometry

The 10-km spatial resolution hybrid modeling for PM.s

The detail of the 10-km resolution hybrid model basn described previouslyn brief,
the 24-hr average PM measurements was obtained from 73 air quality toong stations
set by Taiwan Environmental Protection Administrat{TEPA) in Taiwan. Aerosol optical
depth (AOD) values at 550 nm with a 10 km spagabtution (scientific dataset:
Optical_Depth_Land_and_Ocean) from MODerate regmiutmaging Spectroradiometer
(MODIS) Collection 6 Level-2 Aerosol Products (MODQ 2 and MYDO04_L2) were
acquired from the Level 1 and Atmospheric Archind ®istribution System (LAADS Web;
http://ladsweb.nascom.nasa.gov). Meteorologicabb#s, including 2-m temperature and
dew point temperature, 10-m zonal and meridionabw;j surface pressure, boundary layer
height, and total precipitation, were acquired frim@ European Centre for Medium-Range
Weather Forecast (ECMWF) Re-analysis Interim (ERA-IThe land use data were accessed
from CTCI corporation and National Land Surveyimgl &apping Center (NLSMC),
respectively, including urban and built-up landyldnd cropland and pasture, irrigated
cropland and pasture, cropland and grassland masajand and woodland mosaic,
grassland, shrub land, mixed shrub land and gradst&avanna, deciduous broadleaf forest,
evergreen broad leaf forest, evergreen needlddeadt, mixed forest, water bodies, barren or
sparsely vegetate, and industrial emission souElesation data was acquired from the
Advanced Spaceborne Thermal Emission and Refle&amometer (ASTER) Global
Digital Elevation Model Version 2 (GDEM).

A novel approach—the Multiple imputation (MI) widtdditive regression taking cloud
fraction into accounts has been conducted to fidisimg AOD value$.The cloud fraction
data at 5-km spatial resolution was obtained fremaand Aqua MODIS Collection 6 Level
2 cloud properties (MODO06_L2 and MYDO06_L2). TerraddAqua cloud fraction data were
averaged to represent daily values. The equatiokifas shown below (equation [1]):

A0D;; = s(lon;) + s(laty) + s(lon?) + s(lat?) + s(lon; x lat;) + B, CF;; + B, T2M;; +
B3RH;j + B4Elevation; + &;j.........cooviiiiiiiiiiiiiiiiii e[ 1]



where AOD;; is the average AOD values at fixed grioh dayj; lon; and lat; are the
longitude and latitude of centroid of fixed gridCF;; is the daily CF at fixed gridon dayj;
T2M;; is the 2-m temperature at fixed gridn dayj; RH;; is the 2-m relative humidity;
Elevation; is the average elevation at grid’hen, the linear mixed effects (LME) model
includes day-specific random effect and fixed dffec intercept, AOD, meteorological
variables (relative humidity, surface pressure gerature, wind direction and speed), and
land use variables was performed to estimate 2d+arage PM s concentrations at grids
where without air quality monitoring stations (egjaa [2]):

log(PMy.5;;) = (u+ ) + (By + B1)AODy; + (B, + B2)A0D?;j + (B3 + B3)Uso,; +

(Ba + Ba)Vioy; + BsRHij + BeT2M;j + B7SPij+BsPREC;; + PoAXIS1; + B1oAXIS2; +

ﬁllAXIS?)l‘ + ,812AXIS4L + ,813AXISSL + ﬁ14AXIS6l + ,815AXIS7L + ﬁlﬁElevationi +
i (1P1B2B3Ba)~NI(0,0,0,0,0),Z]...cceiimiiiiiiiineiiiie it [2]

where 10g(PM2'5ij) is the logarithm of 24-hr average RP¥measurements at fixed grid
i on a dayj; AOD;; is the average AOD valugpD?;; is the quadratic term of AOD, the
guadratic term of AOD was included in the modedlépict the curvilinear relationships
between AOD and Pp Usoy; is the 10-m zonal WindeU is the 10-m meridional wind,;
RH;; is the 2-m relative humiditySP;; is the surface pressur&2M;; is the 2-m
temperature,PREC;; is the amount of total precipitatiomX151,-AX1S7; are axis 1 to axis
7 derived from principal component analysis thahbong land use variables at fixed grid
i; Elevation; is the elevation of grid u and g are the fixed and day-specific random
effect for intercept, respectively;-B,¢ are fixed effects for independent variablgs: S,
are day-specific random effects for meteorologi@alables; ¢;; is the error termz is an
unstructured variance-covariance matrix for dayegmerandom effects. The results of
ten-fold cross validatioR? for the LME model was 0-77 with a root mean sqearer
(RMSE) of 9-Qug/m® (Fig E1).

Selection criteria for confounders

The directed acyclic graphs (DAGs) were used tatiieconfounders in the Cox
proportional hazard (PH) model (Fig E2)ssociations of covariates with exposure to,RM
during pregnancy and the first year after birthevevaluated using univariate logistic
regression. Univariate Cox PH models were conduttedsess the associations of asthma
with each covariate. If a covariate was associatfiilasthma in the univariate Cox PH
model and was associated with exposure te £Nthe univariate logistic regression but was
not an intermediate variable of BMxposure, the corresponding covariate was inclired
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the final model. We also selected confounders aiegrto previous literaturé:®
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Table E1. Adjusted hazard ratio (HR) and 95% configknce interval of asthma with a 10
ng/m® increase in PM s with (Model 1) and without adjusting for birth wei ght and
maternal smoking status during pregnancy (Model II)

Model I? Model 11
Separate model
PM, sduring pregnancy 1.258 (1.169-1.354) 1.259 (1.163%55)
PM, sduring the first year after birth 1.613 (1.479-By5 1.612 (1.478-1.757)
Mutually adjusted model
PM, sduring pregnancy 1.038 (0.949-1.136) 1.039 (0.947)
PM, sduring the first year after birth 1.552 (1.397-By2 1.550 (1.395-1.722)

*These models were adjusted for socioeconomic stataternal age, maternal atopy,
maternal anemia, and maternal kidney diseaseh,weight, and maternal smoking status
during pregnancy.

PThese models were adjusted for socioeconomic stataigrnal age, maternal atopy,
maternal anemia, and maternal kidney diseases.



Fig E1. The result of cross validation for the 10-k spatial resolution hybrid model.
Y=0.9X+0.64, cross validatioR?=0.77 with a root mean square of Qg/m".

Fig E2. The directed acyclic graph (DAG) for seleatg confounders in this study.

The green node with an “arrow” indicates the expesBM s, and the blue node with the “I”
indicates the outcome of interest, asthma. Theewntotes indicate adjusted confounders.
The green node without “arrow” is a covariate tisassociated with P4 exposure but not
associated with asthma. The blue node withoutiti ith a green edge connection line is
an intermediate variable. The blue node withoutait with a black color connection line is
a covariate that is associated with asthma buivithtPM, 5. The grey node is a variable that
is neither associated with exposure nor with theaue.

Fig E3. Adjusted hazard ratio (HR) with 95% confidence interval (grey area) of asthma
with a 10 pg/m® increase in PM s during the prenatal and postnatal periods by a Cox
proportional hazard model combined with the distributed lag non-linear model after
stratifying by sex (male (A) and female (B)).

These models were adjusted for SES, maternal agfermal atopy, maternal anemia, and
maternal kidney diseases.



