
Journal Pre-proof

Impacts of intrauterine and postnatal exposure to air pollution on preschool children's
asthma: A key role in cumulative exposure

Chan Lu, Lin Wang, Hongsen Liao, Bin Li, Qin Liu, Qin Li, Faming Wang

PII: S0360-1323(23)00901-0

DOI: https://doi.org/10.1016/j.buildenv.2023.110874

Reference: BAE 110874

To appear in: Building and Environment

Received Date: 2 August 2023

Revised Date: 16 September 2023

Accepted Date: 24 September 2023

Please cite this article as: Lu C, Wang L, Liao H, Li B, Liu Q, Li Q, Wang F, Impacts of intrauterine and
postnatal exposure to air pollution on preschool children's asthma: A key role in cumulative exposure,
Building and Environment (2023), doi: https://doi.org/10.1016/j.buildenv.2023.110874.

This is a PDF file of an article that has undergone enhancements after acceptance, such as the addition
of a cover page and metadata, and formatting for readability, but it is not yet the definitive version of
record. This version will undergo additional copyediting, typesetting and review before it is published
in its final form, but we are providing this version to give early visibility of the article. Please note that,
during the production process, errors may be discovered which could affect the content, and all legal
disclaimers that apply to the journal pertain.

© 2023 Published by Elsevier Ltd.

https://doi.org/10.1016/j.buildenv.2023.110874
https://doi.org/10.1016/j.buildenv.2023.110874


G R A P H I C A L  A B S T R A C T 1 

 2 

Jo
urn

al 
Pre-

pro
of



Impacts of intrauterine and postnatal exposure to air 1 

pollution on preschool children's asthma: A key role in 2 

cumulative exposure 3 

 4 

Chan Lu a,* Lin Wang a, Hongsen Liao a, Bin Li b, Qin Liu a, Qin Li a, Faming Wang c,* 5 

 6 
a XiangYa School of Public Health, Central South University, Changsha, China 
b School of Psychology, Central China Normal University, Wuhan, China 
c Division of Animal and Human Health Engineering, Department of Biosystems, KU Leuven, 

Leuven, Belgium 

 7 

Word count: 5806 words (references, figures and tables excluded) 8 

 9 

G R A P H I C A L  A B S T R A C T 10 

 11 

H I G H L I G H T S 12 

⚫ Traffic-related air pollution (TRAP) exposure was related with childhood asthma 13 
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⚫ Our study supports and develops the “fetal origin of childhood asthma” hypothesis  17 
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A B S T R A C T 25 

Background: Despite mounting evidence linking asthma to air pollution, it remains unclear which 26 

specific pollutant(s) exposure during critical time window(s) plays a pivotal role in the development 27 

of asthma. 28 

Objective: The objective of this study is to investigate the effects of intrauterine and postnatal air 29 

pollution exposure on children's asthma. 30 

Methods: From 2019 to 2020, a retrospective cohort study was conducted in Changsha, China. The 31 

inverse distance weighted (IDW) method was used to estimate each child’s personal exposure to 32 

outdoor air pollutants at their home address. Associations between personal air pollution exposure 33 

and asthma were comprehensively examined. 34 

Results: The occurrence of children's asthma was found to be linked to exposure to PM2.5 and NO2 35 

during both the intrauterine and current periods, with significant ORs (95% CI) of 1.44 (1.08-1.93) and 36 

1.29 (1.00-1.68) for IQR increase in intrauterine exposure particularly during the 2nd trimester, and 37 

1.26 (1.01-1.57) and 1.26 (1.04-1.51) for exposure in previous year. Post-natal PM10 exposure was 38 

linked to asthma, with an OR (95% CI) of 1.28 (1.01-1.62). Higher risks of asthma were associated with 39 

intrauterine exposure to PM2.5 and postnatal exposure to PM10. The critical time windows for PM2.5, 40 

PM2.5-10, and PM10 exposure were identified as the entire pregnancy, the second trimester, and the 41 

entire postnatal period, respectively. Cumulative exposure to PM2.5 and NO2 during gestational weeks 42 

had a notable impact on asthma. Additionally, exposure to traffic-related air pollution (TRAP) at all 43 

timing stages, as well as PM2.5-10 and SO2 at night, increased the risk of asthma. Certain subgroups were 44 

more vulnerable to asthma risk due to air pollution. 45 

Conclusion: Children's asthma was predominantly influenced by exposure to particulate matters and 46 

TRAP during both the intrauterine and postnatal periods. 47 

Keywords: Childhood asthma; Pregnancy; Early life exposure; Particulate matters; Accumulation 48 

effect49 
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Introduction 50 

Asthma is one of the most prevalent chronic conditions during childhood and remains a significant 51 

contributor to paediatric hospitalisations worldwide. In 2015, 358 million people worldwide had 52 

asthma (an increase of nearly 100% from 183 million in 1990),1 resulting in 397,100 deaths.2 53 

Furthermore, asthmatic symptoms can reoccur in children, causing significant and long-term burdens 54 

on social economy and public health.3 As of now, there is no exact cure for asthma, and it is expected 55 

that significant burden of childhood asthma will continue to rise. This increase is being driven 56 

primarily by an increase in asthma cases, particularly in low- and middle-income countries.4 The rapid 57 

increase in the prevalence of childhood asthma cannot be attributed to genetic factors, but rather to 58 

environmental changes.5 Nonetheless, the specific air pollutant(s) and time window(s) that have the 59 

greatest impact on asthma development are unknown.6 Therefore, it is crucial to investigate the 60 

primary environmental factors that are contributing to the rapid rise in childhood asthma. This allows 61 

for the implementation of effective measures to reduce and prevent its occurrence in its early stages. 62 

Air pollutants have been shown to have an important influence on the occurrence and 63 

development of children’s asthma as a major environmental factor affecting children’s asthma.7 64 

Numerous studies, mostly conducted in high-income countries, have found a link between the 65 

occurrence and progression of childhood asthma and traffic-related air pollution (TRAP) (i.e., NO2).8-10 66 

As a developing country, China has a more complex and mixed pattern in both the nature and 67 

composition of air pollutants. One the one hand, rapid economic growth in many Chinese cities has 68 

resulted in a significant increase in the number of private cars and traffic emissions. On the other hand, 69 

a large number of infrastructure constructions and industrial activities have resulted in high 70 

concentrations of particulate matters (PMs) and SO2. According to a recent analysis of air quality data 71 

from China’s major cities in 2017, 26 cities experienced high levels of PMs (PM2.5 and PM10) and NO2 72 

at the same time.11 Therefore, it’s essential to conduct research on the effect of long-term exposure to 73 

high levels of air pollution on childhood asthma, taking into account the precise home address of each 74 

subject in China. 75 

It has been proposed that early-life exposure to air pollution is likely to be the cause of asthma 76 

development.12 Furthermore, early life has been identified as the critical time frame during which 77 

outdoor and indoor environmental factors, as well as climatic exposures, play a key role in the 78 

development of childhood asthma and allergies.13 Previous research has shown that fetal lung growth 79 

can be affected by maternal particulate matter exposure.14 Peak expiratory flow in children aged 6-11 80 

is affected by maternal PM10 exposure during pregnancy, and peak expiratory flow is a very important 81 

indicator associated with asthma.15 Yang et al. found that prenatal exposure to PM10 has a significant 82 

effect on airway hyperresponsiveness (AHR), which correlates with the risk of newly diagnosed 83 

childhood asthma.16 Another recent study found that exposure for PM2.5, PM10, SO2, and NO2 was 84 

positively correlated with hospitalization rates for childhood asthma.17 An investigation conducted in 85 

the USA discovered that the annual PM2.5 concentration in areas with high asthma incidence was 86 

significantly higher than that in areas with low asthma incidence.18 Therefore, more research is needed 87 
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to determine the specific roles of PMs, TRAP, and other pollutants exposure during different windows 88 

of early life in relation to the occurrence and progression of children's asthma. 89 

We hypothesized in this study that early-life exposure to outdoor air pollution during the 90 

intrauterine and early post-natal periods was associated with childhood doctor-diagnosed asthma. 91 

Besides, some critical time window(s) and specific time stages of the day may play an important role 92 

in the risk of children’s asthma. In order to identify the main air pollutant(s) and their critical exposure 93 

time windows and specific time stage(s) during prenatal and postnatal periods in relation to the risk 94 

of childhood asthma, a cross-sectional study was conducted in Changsha, China,19 as part of the 2nd-95 

round national CCHH (China, Children, Homes, Health) study.20 96 

Methods 97 

Study design and participants 98 

This is a large-scale retrospective cohort study that was conducted in Changsha, Hunan Province, China, 99 

with kindergarten children serving as research subjects. Additionally, we have incorporated a cross-100 

sectional study to supplement our research. The survey period was extended from November 2019 to 101 

June 2020. The study protocol, as described in our recent work,19 This study has received approval 102 

from the Ethics Committee of Fudan University (IRB#2019-09-0778). Additionally, we received 103 

assistance from kindergarten administrators and obtained informed consent from the guardians of the 104 

children involved in the study. Initially, we utilized the internationally recognized questionnaire from 105 

the "International Study of Asthma and Allergies in Childhood (ISAAC)."21 and a Swedish questionnaire 106 

on “Dampness in Buildings and Health (DBH)”22 to collect data on state of health, residential 107 

environmental exposures, lifestyle patterns of family members, and Personal Basic Information (using 108 

cross-sectional design). Following that, the personal exposure of each child to outdoor air pollutants 109 

at their respective home addresses across various time windows in both the prenatal and postnatal 110 

stages was calculated (using a retrospective cohort design). 111 

A random survey of 36 kindergartens in all six administrative districts of Changsha was conducted, 112 

and the kindergarten children from chosen schools were invited to participate. (Figure 1). A total of 113 

13,609 questionnaires were distributed to the children enrolled in the 36 kindergartens, and parents 114 

were asked to complete the within 7 days. Subsequently, we conducted systematic training sessions 115 

for the teachers in charge of the survey to ensure careful and accurate completion of the questionnaires. 116 

Next, the family members residing with the child will receive the designated survey questionnaire 117 

distributed by teachers, and they are required to finish the questionnaire within a 7-day timeframe. 118 

We excluded questionnaires from children who were either too old or too young, focusing on children 119 

between the ages of 3 and 6 as the research subjects. We also removed questionnaires that lacked 120 

health information, as this could have an impact on the accuracy of the results. In the end, we collected 121 

8,846 questionnaires that met the study criteria, and these Samples from these questionnaires were 122 

included in the research. (Figure S1). 123 
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Ascertainment of asthma 124 

The health outcomes, including doctor-diagnosed asthma (DDA), were ascertained through the 125 

following inquiries: (1) "Has your child ever received a doctor's diagnosis of asthma?" (2) "At what age 126 

was your child first diagnosed with asthma?" (Options: 1 year old / 2 years old / 3 years old / 4 years 127 

old / 5 years old / 6 years old / 7 years old). We defined doctor-diagnosed lifetime asthma (DDLA) as 128 

a positive response to the first question. Additionally, we further defined doctor-diagnosed asthma 129 

onset (DDAO) at each age as a response to the corresponding option in the second question. To account 130 

for the timing of DDA in early life, the surveyed children were categorized into five subgroups based 131 

on the trajectory of DDAO between the ages of 0 and 6 years: no DDAO, DDAO for the first time at 1 132 

year old / 2 years old / 3 years old / ≥4 years old (combining ages 4-7 years due to a limited number 133 

of cases during these ages). 134 

Exposure time windows 135 

We divided the time of exposure into two categories for this study: the intrauterine period and the 136 

postnatal period. The intrauterine period included the first, second, and third trimesters, as well as 40 137 

weeks of gestational age, and the entirety of the pregnancy period (from the last menstruation day 138 

[LMD] of the pregnant mother to the child's day of birth). The postnatal period consisted of three 139 

phases: the first year after birth (From birth until the twelfth month of age), the preceding year (12 140 

months before filling out the questionnaire), and the entire postnatal period (from the date of birth to 141 

the day of questionnaire completion). Additionally, the 24-hour day was divided into four sub-time 142 

windows: (1) morning peak, lasting from 07:00 am to 9:00 am; (2) working hours, lasting from 10:00 143 

am to 16:00 pm; (3) evening peak, lasting from 17:00 pm to 19:00 pm; and (4) night hours, lasting from 144 

20:00 pm to 06:00 am. Moreover, we combined the time stages of morning peak, working hours, and 145 

evening peak into a single daytime period (07:00-19:00). 146 

Exposure assessment 147 

Data on daily and hourly levels of ambient PM2.5, PM10, SO2, NO2, and CO in Changsha were gathered 148 

from ten municipal air quality monitoring stations. The data covers the years from 2013 to 2020. The 149 

PM2.5-10 concentration was derived by computing the difference between PM2.5 and PM10 150 

concentrations. Each monitoring station utilized the conventional methods as stipulated by the Chinese 151 

Environmental Protection Agency (EPA) for the measurements.23,24 In this present investigation, SO2 152 

was recognized to air pollutants associated with industrial activities. PM10 has been identified as a 153 

surrogate for a complex mixture of air pollutants.25,26 PM2.5-10 was classified as conventional air 154 

pollution originating from soil/dust sources, whereas PM2.5, NO2, and CO were regarded as 155 

representative surrogates of TRAP in this context.19,27 156 

We calculated the daily levels of six major air pollutants at each child's residential address using 157 

an inverse distance weighted (IDW) method, with the accuracy of each home address’s latitude and 158 

longitude reserved to six decimal places, using data from the four closest monitoring stations.19 The 159 

weighting function employed the inverse (1/d2) of the squared distance between each home address 160 
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and the nearest station.23 The average distance (d) was either equal to or less than 5 km. 161 

We calculated the pregnant mothers' exposure by determining the mean daily levels of six air 162 

pollutants (PM10, PM2.5-10, PM2.5, NO2, SO2, and CO) during the first, second, and third trimesters, as well 163 

as the entire duration of pregnancy. These time frames corresponded to the 1st to 12th gestational week, 164 

13th to 27th gestational week, 28th week until the last gestational week, and from the LMD of the 165 

pregnant mother until the child's day of birth, respectively.28 We also calculated the mother's exposure 166 

to air pollutants over the course of her 40-week pregnancy. The post-natal periods included the first 167 

year after birth (from birth until the twelfth month of age), the previous year (12 months prior to filling 168 

out the questionnaire), and the entire postnatal period (from the date of birth to the day of 169 

questionnaire completion). 170 

Covariates 171 

This study concentrated on three groups of potential confounding covariates. These confounding 172 

covariates included (1) personal factors: sex (male / female), age (3-4 years / 5-6 years), birth season 173 

(spring [from March to May] / summer [from June to August] / autumn [from September to November] 174 

/ winter [from December to next February]), number of people living with child (≤3 / 4-5 / >5), 175 

parasitic infection (yes / no), parental atopy (yes / no), and staying with child every day (yes / no); (2) 176 

socio economic status (SES): level of parental education (low / middle / high), level of parental annual 177 

income (low / middle / high), and house size (<100 m2 / ≥100 m2); and (3) living environmental factors: 178 

new furniture (yes / no), house redecoration (yes / no), mold/damp stains (yes / no), damp clothing 179 

or bedding (yes / no), kitchen ventilation type (no / only natural / only mechanical / both natural and 180 

mechanical), opening windows in four seasons (yes / no), and living near traffic main road or highway 181 

(yes / no) (Table 1). Each of the confounding covariates mentioned above was related to children's 182 

asthma.28 183 

Statistical Analysis 184 

In this study, we presented descriptive statistics, including counts (percentages), mean ± SD, and 185 

interquartile range (IQR). we used the Pearson chi-square test and t-test to compare differences in 186 

confounding covariates between the control and asthma cases subgroups. In order to assess the 187 

association between children's DDA and air pollution exposure during both intrauterine and post-natal 188 

periods, we utilized multiple logistic regression models while adjusting for covariates. Individual 189 

exposure to air pollutants measured daily and time stages of the day were used as continuous variables 190 

in the logistic regression model. The relationship between asthma and air pollutants was assessed by 191 

measuring their exposure increment per interquartile range (IQR). The associations were evaluated 192 

using odds ratios (ORs) and 95% confidence intervals (CIs) for each interquartile range (IQR) increase 193 

in exposure to various air pollutants. A single-pollutant model was used to investigate the independent 194 

relationships between childhood asthma and levels of outdoor air pollutants within specific time 195 

windows. When adjusting the single-pollutant model, all covariates listed in Table 1 were considered. 196 

The multi-pollutant model was used to identify the air pollutant(s) that had the greatest impact on 197 
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children's asthma. The multi-pollutant model was also adjusted for the other pollutants within the 198 

same time window, expanding on the findings of the single-pollutant model. The Multi-pollutant + 199 

window model was employed to identify the primary pollutant(s) exposure during critical time 200 

window(s) that had a notable and statistically significant impact on childhood asthma. The Multi-201 

pollutant + window model was tweaked further, adjusting the same air pollutant during the other time 202 

window(s) indicated by the multi-pollutant model. Furthermore, Subgroup analyses were conducted 203 

to identify those groups that were more vulnerable to the effects of air pollution on DDA. The statistical 204 

analyses were performed using SPSS statistical software (version 22.0, SPSS Inc., Chicago, USA). All 205 

analyses were conducted as two-tailed tests, and a risk with a p-value of 0.05 was considered 206 

statistically significant. Individual air pollution exposures were calculated using Python 3.10 software 207 

on the PyCharm platform (version 2020.2.3 Community Edition, JetBrains, s.r.o., Czech Republic). 208 

Results 209 

Of the 8,689 children studied, 372 (4.3%) had a reported experiencing doctor-diagnosed asthma 210 

(DDA). Table 1 presents the demographic characteristics and lifetime prevalence of DDA, categorized 211 

by the considered covariates. Sex, the number of people living with the child, parental atopy, parental 212 

annual income, new furniture, house redecoration, visible mold/damp stains, and damp clothing and 213 

bedding were found to have a significant association with children's DDA (p<0.05). For example, the 214 

lifetime prevalence of DDA was significantly higher among boys, families with fewer people living with 215 

the child (n≤3), children with parental atopy, families with high parental annual income, families with 216 

new furniture, house redecoration, visible mold/damp stains, and damp clothing and bedding. 217 

However, no correlation was found between DDA and age group, birth season, parasitic infection, 218 

staying with child every day, parental education level, house size, kitchen ventilation styles, opening 219 

windows in all four seasons, or living near a busy main road or highway. 220 

Table S1 illustrates the distributions of individual exposure to outdoor air pollutants during the 221 

intrauterine and post-natal periods. Throughout the pregnancy, the mean maternal exposure levels 222 

(mean ± SD) for PM2.5, PM2.5-10, PM10, SO2, NO2, and CO were 68±13, 30±5, 82±11, 22±6, and 41±6 μg/m3, 223 

with CO at1.03±0.17 mg/m3. Individual exposure to both air pollutants decreased throughout the 224 

complete post-natal period compared to the entire pregnancy. Throughout the entire postnatal period, 225 

the mean individual exposure levels for the six pollutants were 50±3, 26±3, 63±6, 12±2, 36±3 μg/m3, 226 

and 0.82±0.52 mg/m3, respectively. Moreover, Pearson correlations among outdoor air pollutants 227 

within different time windows were relatively low and/or moderate (<0.7) (Table S2), supporting the 228 

use of a multi-pollutant model in the present analysis. 229 

Table 2 presents the correlation between prenatal and postnatal exposure to outdoor air 230 

pollutants and children's DDA. Within the single-pollutant model, we found a significant link between 231 

childhood asthma and PM2.5 and NO2, as evidenced by ORs (95% CI) of 1.44 (1.08-1.93) and 1.29 (1.00-232 

1.68) for per IQR increment during entire intrauterine exposure, and 1.26 (1.01-1.57) and 1.26 (1.04-233 

1.51) for current exposure in previous year, respectively. Children’s DDA was also linked to postnatal 234 
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PM10 exposure, with a significant OR (95% CI) = 1.28 (1.01-1.62). DDA has significant odds ratios (ORs) 235 

in relation to exposure to two types of particulate matter (PM2.5 and PM2.5-10) and NO2 during the 236 

second trimester. PM2.5 exposure during the second trimester was associated with persistent and 237 

statistically significant ORs, which were evident in both the multi-pollutant and multi-pollutant + 238 

window models. Furthermore, persistent and statistically significant ORs for PM10 exposure were 239 

found throughout the post-natal period. Remarkably significant ORs were observed for PM2.5-10 240 

exposure during the second trimester. Notably, our findings show that prenatal exposure to fine 241 

particles (PM2.5) influenced the risk of children's DDA the most, while postnatal exposure to coarse 242 

(inhalable) particles (PM10) also played a significant role. Moreover, we observed a similar trend in 243 

asthma risk associated with exposure to both PMs (Figure S2) and gaseous air pollutants (Figure S3) 244 

during the 40 gestational weeks, compared to exposure during each trimester. 245 

Table 3 presents the relationship between intrauterine and post-natal exposure to outdoor air 246 

pollution and the first occurrence of childhood DDA at different ages. Our findings indicate that 247 

exposure to air pollution during the first two trimesters of pregnancy, particularly during intrauterine 248 

development, was primarily associated with the DDA onset for the first time at 3 years old. In 249 

comparison, exposure to outdoor air pollution during pregnancy, especially during the first two 250 

trimesters and the first year of postnatal life, was associated with the onset of DDA at an older age (≥4 251 

years old). This finding suggests that early-life exposure may have a cumulative effect. Nonetheless, we 252 

found no significant positive correlation between outdoor air pollution and the first occurrence of DDA 253 

under the age of three (1 year or 2 years old). The evidence indicates that air pollution exposure, 254 

especially during early life, played a greater role in the onset of childhood DDA at older ages than at 255 

younger ages. 256 

Table 4 displays the correlation between prenatal and postnatal exposure to air pollution at 257 

different time windows throughout the day and childhood asthma. Our findings revealed a remarkable 258 

relationship between daytime exposure (07:00-19:00), which includes the morning peak (07:00-259 

09:00), working hours (10:00-16:00), and evening peak (17:00-19:00), and TRAP encompassing PM2.5, 260 

PM10, NO2, and CO. This exposure, particularly during the second trimester and the previous year, had 261 

a significant influence on the onset of children's DDA. In comparison, we observed that not only TRAP, 262 

but also coarse fraction of PM (PM2.5-10) and industry-related pollutant (SO2) exposure in the second 263 

trimester and previous year significantly increased DDA risk. 264 

Table S3 shows a subgroup analysis of the correlation between air pollutants and DDA, stratified 265 

by personal factors. Our findings revealed that children aged 3-4 years old, as well as those living in 266 

households with more than three people, were more vulnerable to the impact of intrauterine and 267 

postnatal exposure to outdoor air pollutants on DDA. Furthermore, children from higher 268 

socioeconomic status (SES) families, as indicated by a larger house size (≥100 m2), higher parental 269 

annual income, and middle/high parental education levels, were more likely to develop DDA linked to 270 

outdoor air pollution (Table S4). Additionally, children living in homes that were redecorated and had 271 

open windows during all four seasons were found to be more susceptible to DDA due to intrauterine 272 

and postnatal exposure to outdoor air pollutants (Table S5). 273 
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This study investigated the cumulative effect of air pollutant exposure during the nine gestational 274 

months and the first three years after birth on childhood asthma (Figure 2). The cumulative exposure 275 

to PM2.5 and NO2 during the gestational months was linked to an increased risk of DDA. However, no 276 

significant cumulative effect was observed for postnatal exposure. 277 

Discussion 278 

As far as we know, this is the first study to evaluate the links between exposure to various air pollutants 279 

at each child's precise home address during the intrauterine period, including 40 gestational weeks, 280 

three trimesters, post-natal period including the first year of life and the previous year, and their 281 

accumulated exposure. Furthermore, the study investigated how exposure at different times of the day 282 

during different time windows of the prenatal and postnatal periods influenced the risk of DDA in 283 

preschool children. Our findings revealed that both prenatal and postnatal exposure to PMs and TRAP 284 

had a significant impact on children's DDA. Notably, exposure to fine particles (PM2.5) during the 285 

prenatal period was found to be more important, whereas exposure to inhalable particles (PM10) was 286 

found to be more influential during the postnatal period. Moreover, our investigation revealed that the 287 

entire gestation period, the second trimester, and the entire postnatal duration were critical time 288 

periods for exposure to PM2.5, PM2.5-10, and PM10, respectively, in relation to the increased risk of DDA. 289 

Furthermore, we discovered that both daytime and nighttime exposure to TRAP during specific time 290 

windows had a negative effect on DDA, with nighttime exposure having a greater impact. The subgroup 291 

analysis revealed that several subsets were more vulnerable to the risk of DDA due to exposure to air 292 

pollution. These findings support the "fetal origin of asthma" hypothesis, particularly during the 293 

second trimester. 294 

Our remarkable discovery showed a link between intrauterine and current exposure to TRAP, 295 

specifically fine particles (PM2.5) and NO2, and children's DDA. This finding supports the theory of the 296 

"fetal origin of asthma." Exposure to air pollution during the prenatal and early postnatal periods is 297 

more important than exposure later in life due to the increased vulnerability of crucial organs and 298 

target systems during these pivotal stages of life development.29 A birth cohort study in the 299 

Netherlands, for example, found significant links between pollutants from traffic sources and non-300 

infectious cough during the first year of life. Nonetheless, these effects decreased or vanished in the 301 

second year of life.30 The results of our study are consistent with the scant evidence available on the 302 

impact of early-life air pollution exposure on the occurrence of childhood asthma. A Swedish cohort 303 

study found a link between exposure to nitrogen monoxide (NO) during the first year of life and an 304 

increased risk of asthma at the age of four.31 One of our recent studies found that early exposure to 305 

outdoor air pollution was not associated with the early onset of allergic symptoms, including asthma 306 

in children,32 which is consistent with the present study finding no relationship between outdoor air 307 

pollution exposure and the early onset of asthma in children under the age of three. This could be 308 

because: (1) the diagnosis of asthma for children under the age of three is complicated; (2) exposure 309 

to indoor environmnetal factors such as window condensation during pregnancy and new furniture 310 

during the first year played a key role in the early asthmatic symptom (wheeze) before the age of two.32 311 
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In addition, our other study found that prenatal industrial air pollutant (SO2) exposure was associated 312 

with the onset of respiratory infection (otitis media) in children aged 3-4 years.33 Previous studies have 313 

found that early life exposure to outdoor air pollution is associated with respiratory infection (e.g., 314 

otitis media) but not with the early onset of allergic symptoms (e.g., wheeze). A study conducted in 315 

Germany found a higher risk of asthma in children exposed to NO2 and PM2.5 at the age of one year.34 A 316 

study conducted in the USA found that higher NO2 exposure during the first year of life was associated 317 

with an increased risk of asthma (OR =1.17, 95% CI: 1.04-1.31).35 According to a Canadian study, an 318 

increase of 10 μg/m3 in NO2 exposure during pregnancy was linked to an adjusted odds ratio (OR) of 319 

1.12 (95% CI: 1.07-1.17) for asthma in children aged 3-4 years.36 One of our previous studies found 320 

that every 15 μg/m3 increase in utero NO2 exposure was associated with an increased risk of asthma 321 

in children aged 3-6 years, with an adjusted OR of 1.74 (95% CI: 1.15-2.62).23 A systematic review study 322 

discovered a statistically significant correlation between prenatal exposure to nitrogen dioxide (NO2) 323 

and sulfur dioxide (SO2) and the risk of asthma and wheezing development in children.37 324 

We recently discovered that the pregnancy and postnatal periods are critical time windows for 325 

exposure to fine particles (PM2.5) and inhalable particles (PM10), which have a significant impact on the 326 

onset of children's asthma. Evidence from relevant epidemiological studies indicates that maternal PM 327 

exposure is linked to decreased lung function in children, suggesting that maternal PM exposure can 328 

influence fetal lung growth.14 In Canada, a recent study found evidence to support a link between 329 

second-trimester exposure to ultrafine particulate matter and the development of childhood asthma.38 330 

A recent study conducted in six Chinese cities found that prenatal exposure to outdoor PM2.5 and PM10 331 

was linked to a higher occurrence of wheezing in children aged 3 to 6 years.39 A study in the USA 332 

revealed that higher levels of PM2.5 exposure in mothers between 16 and 25 weeks of gestation may 333 

contribute to the development of asthma in 6-year-old boys,40 which is consistent with our results. 334 

Several studies from Shanghai41 and Hong Kong42 found no asthmatic risk for PM10 exposure after birth. 335 

Despite we have identified a relatively greater importance for various types of PMs exposure in relation 336 

to asthma during both the intrauterine and postnatal periods, the underlying mechanisms remain 337 

unknown, necessitating further research. 338 

Next, there have only been a few studies that assessed the relative importance of intrauterine, 339 

gestational weeks, trimesters, and postnatal exposures to air pollutants, and their findings have been 340 

inconclusive. Clark et al. found that first-year exposures to TRAP (PM2.5, NO2, and CO) was more 341 

harmful than intrauterine exposures, with the exception of PM10, SO2, or O3 exposure, where no 342 

significant difference was observed.36 They did not specify which time window was more important, 343 

but they did state that intrauterine PM10 and NO2 exposure would have an impact independent of 344 

postnatal exposure. The current study, on the other hand, observed that exposure to PM2.5 and NO2 345 

during the second trimester of pregnancy had a relatively significant impact on the occurrence of DDA 346 

in offspring, which is consistent with our previous findings.43 We also discovered that PM2.5 and NO2 347 

exposure during the 21st weeks of gestation played a critical role in the development of asthma in 348 

children. As a result, we advise pregnant women to avoid PMs, particularly TRAP exposure, during this 349 

period in utero. 350 
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We conducted a groundbreaking investigation into the impact of exposure to various ambient air 351 

pollutants during the prenatal and postnatal periods at various time intervals throughout the day, 352 

specifically at each child's precise home address, on asthma. We observed that early-life exposure to 353 

TRAP during both day and nighttime significantly influenced children's DDA, with nighttime exposure 354 

exhibiting a more pronounced negative effect. Few studies have looked at the impact of air pollutant 355 

exposure on children’s asthma at different times of day. Previous research has found that PMs and SO2 356 

can significantly increase the risk of childhood asthma.44-46 In addition, large-scale-industrial 357 

pollutants in Chinese cities can only be discharged at a specific time at night. On the other hand, the 358 

temperature at night is lower than during the day, while the relative humidity is higher, making it easier 359 

for pollutants to accumulate and difficult to diffuse.47 We found that the influence of PM2.5-10 and NO2 360 

in the morning rush hour on asthma is significant, which may be related to increased automobile 361 

exhaust emissions and road dust due to high traffic volume during the rush hours. 48-50 362 

Our research has numerous significant strengths. First, a large number of kindergarten children 363 

participated in the study, which utilized a combination of cross-sectional and retrospective research 364 

methods. This methodology ensured the accuracy, validity, and representativeness of our data and 365 

outcomes. Second, this study is the first to comprehensively evaluate the associations between DDA 366 

levels in children and individual exposure to various outdoor air pollutants. The evaluation 367 

encompasses three distinct categories of particulate matters (PMs) and diverse gaseous air pollutants 368 

from a variety of pollution sources, spanning both the prenatal and postnatal stages. Thirdly, a high 369 

level of precision was attained in evaluating individual exposure to six air pollutants at each child's 370 

precise residential address, achieved by setting the longitude and latitude to six decimal places. This 371 

methodology produced accurate and precise individual exposure estimations. Regarding children's 372 

DDA, we also considered cumulative personal exposure to air pollution during gestational months and 373 

postnatal years. Fourthly, this study is the first to conduct a comprehensive and comparative 374 

examination of the DDA risk associated with children's exposure to ambient air pollution across a wide 375 

range of time windows. Through our remarkable discoveries and analysis, it is possible to identify the 376 

key air pollutant(s) exposure, during specific vulnerable time windows and periods of the day, 377 

associated with specific pollution source(s), that have the most significant impact on the development 378 

of DDA in early childhood. 379 

This study has several limitations that must be acknowledged. First, the collection of data was 380 

based on a questionnaire survey, which could potentially introduce recall bias. It is essential to not, 381 

however, that the majority of the questionnaires were completed by parents of young children, who 382 

typically have excellent recall, particularly when recalling events from their child's early years. In 383 

addition, all enrolled families maintained accurate medical records containing vital information, such 384 

as regular prenatal exams, birth-related information, and the health status of family members, obtained 385 

from hospitals or routine health screenings in kindergartens. This should have reduced the significant 386 

recall bias present in our study. Second, we were unable to accurately measure indoor pollutant 387 

concentrations. Notably, in Chinese cities, the ratio of indoor to outdoor air pollution is nearly equal 388 

due to the frequent opening of windows and doors, which allows for adequate indoor natural 389 

ventilation. Therefore, the exposure levels in both indoor and outdoor environments are comparable. 390 
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The concentration of outdoor air pollution should closely resemble that of indoor air pollution. Thus, 391 

the absence of indoor air pollution data is unlikely to have a substantial impact on the conclusions 392 

regarding the association between outdoor pollution exposure and childhood asthma. Thirdly, it is 393 

essential to recognize that this study was carried out in a single city, which may not be representative 394 

of the situation in other regions of China. The levels of air pollutants and climate characteristics vary 395 

from region to region, necessitating multi-center research for a complete understanding. Fourthly, we 396 

lacked information on lifestyle habits, dietary habits, and medical history in this study, which may have 397 

had an impact on the findings. Therefore, future research should take these into account. 398 

Conclusions 399 

This research represents a pioneering effort to comprehensively evaluate the links between exposure 400 

to various outdoor air pollutants at various crucial time windows. It includes the intrauterine phase, 401 

40 gestational weeks (including three trimesters), the postnatal period encompassing the first year 402 

after birth and the year preceding the completion of questionnaires, as well as cumulative exposure 403 

over gestational months and early years after birth. In addition, this study investigated DDA exposure 404 

throughout the entire day and at various time intervals. The remarkable results indicate that both 405 

prenatal and postnatal exposure to PMs and TRAP have a substantial impact on childhood DDA. 406 

Specifically, prenatal exposure to fine particles (PM2.5) and postnatal exposure to inhalable particles 407 

(PM10) were identified as the more significant factors for asthma. Recent research identified the entire 408 

duration of pregnancy, the second trimester, and the entire postnatal period as critical exposure 409 

windows for PM2.5, PM2.5-10, and PM10 exposure, respectively. Both daytime and nighttime exposure to 410 

TRAP exerted a significant influence on children's asthma for the first time in our observations, with 411 

nighttime exposure exhibiting relatively greater significance. Our findings support the "fetal origin of 412 

asthma" hypothesis. Moreover, our study could aid policymakers in formulating environmental 413 

protection and public health policies, particularly for vulnerable subgroups. On one hand, it is 414 

recommended that the Environmental Protection Bureau enact pertinent policies centered on energy 415 

conservation and reducing emissions. These measures could include restricting vehicle traffic, 416 

conducting road cleaning, promoting the use of cleaner gasoline and green transportation alternatives, 417 

and reducing industrial emissions and improving desulfurization processes. Furthermore, pregnant 418 

women and children should avoid exposure to significant air pollutants, particularly PMs and TRAP. It 419 

is also recommended that they reside far from major roads and highways. Moreover, young children 420 

are encouraged to avoid inhaling inhalable PM (PM10), especially those originating from heavy industry, 421 

during their early years. Lastly, our study calls for coordinated action (e.g., pediatricians should 422 

collaborate with children and parents) to make pediatric healthcare more resource-efficient, 423 

recommending the implementation of specific strategies for the effective reduction and early 424 

prevention of asthma risk, particularly in vulnerable populations.51 425 
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Table 1 Demographic information and prevalence of doctor-diagnosed asthma among children aged 3-6 years (n=8,689) 606 

 Total  Childhood asthma p-value 
 Number (%) Case (n) (%) 

 

Total 8,689 (100.0)  372 (4.3)  
Sex      <0.001 
Boys 4,667 (53.7)   240 (5.1)   
Girls 4,022 (46.3)   132 (3.3)   
Age (years)      0.861 
3-4 4,820 (55.5)   208 (4.3)   
5-6 3,869 (44.5)   164 (4.2)   
Birth season      0.154 
Spring 2,168 (25.0)   95 (4.4)   
Summer 2,378 (27.4)   90 (3.8)   
Autumn 2,089 (24.0)   106 (5.1)   
Winter 2,054 (23.6)   81 (3.9)   
Parasitic infection      0.316 
No 6,658 (76.6)   259 (3.9)   
Yes 275 (3.2)   14 (5.1)   
Number of people living with child      0.008 
≤3 2,739 (31.5)   140 (5.1)   
4-5 4,740 (54.6)   174 (3.7)   
>5 1,210 (13.9)  58 (4.8)  
Parental atopy      <0.001 
No 6,032 (69.4)   172 (2.9)   
Yes 2,657 (30.6)   199 (7.5)   
Staying with child everyday      0.083 
No 1,122 (12.9)   59 (5.3)   
Yes 7,567 (87.1)   313 (4.1)   
Parental education level 0.223 
Low a 1,538 (17.7)   54 (3.5)   
Middle b 5,926 (68.2)   260 (4.4)   
High c 1,225 (14.1)  58 (4.7)  
Parental annual income      0.001 
Low 1,405 (16.2)   74 (5.3)   
Middle 7,025 (80.8)   277 (3.9)   
High 259 (3.0)  21 (8.1)  
House size (m2) 0.290 
<100 2,792 (32.1)   128 (4.6)   
≥100 5,767 (66.4)   236 (4.1)   
New furniture         0.026 
No 5,708 (65.7)  224 (3.9)  
Yes 2,972 (34.2)  147 (4.9)  
House redecoration      0.003 
No 6,868 (79.0)   271 (3.9)   
Yes 1,812 (20.9)   100 (5.5)   
Mold/damp stains      <0.001 
No 6,514 (75.0)   225 (3.5)   
Yes 2,166 (24.9)   146 (6.7)   
Damp clothing or bedding      <0.001 
No 7,325 (84.3)   287 (3.9)   
Yes 1,355 (15.6)   84 (6.2)   
Kitchen ventilation styles      0.588 
No 12 (0.1)   0 (0.0)   
Only natural d 171 (2.0)   8 (4.7)   
Only mechanical e 3,613 (41.6)   144 (4.0)   
Both natural and mechanical 4,893 (56.3)   220 (4.5)   
Opening windows in four seasons    0.065 
No 392 (4.5)   24 (6.1)   
Yes 8,297 (95.5)   348 (4.2)   
Living near traffic main road or highway    0.174 
No 7,306 (84.1)   54 (0.7)   
Yes 1,011 (11.6)   318 (31.5)   

Sum of the number is not 8,689 due to missing data. 607 
The prevalence of childhood asthma was calculated by the formula: (number of case / number of total children) * 100%. 608 
Parental education level: a Low level was indicated as primary school, junior high school, high school, or vocational high 609 
school; b Middle level was indicated as undergraduate or junior college; c High level was indicated as master's or PhD. 610 
Kitchen ventilation styles: d Natural ventilation was indicated as opening windows; e Mechanical ventilation was 611 
indicated as using smoke exhaust ventilator, exhaust fan, air cleaner, or others. 612 
The p-values <0.05 in bold was indicated as statistically significant.  613 
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Table 2 Odds ratio (95% CI) of children’s asthma for exposure to outdoor air pollutants during intrauterine and post-614 

natal periods (n=8,689) 615 

 Single-pollutant model # Multi-pollutant model † 
Multi-pollutant + window 
model § 

1st trimester 
PM2.5 1.18 (0.91, 1.53) 1.20 (0.91, 1.58) 1.27 (0.94, 1.71) 
PM2.5-10 1.03 (0.89, 1.19) 1.08 (0.90, 1.29) 1.01 (0.84, 1.22) 
PM10 0.94 (0.76, 1.16)  0.84 (0.65, 1.09) 0.86 (0.66, 1.12) 
SO2 1.15 (0.90, 1.46) 1.15 (0.85, 1.55) 1.01 (0.72, 1.43) 
NO2 1.10 (0.83, 1.46) 0.91 (0.59, 1.38) 0.84 (0.55, 1.29) 
CO 1.10 (0.89, 1.37) 1.05 (0.80, 1.37) 1.02 (0.76, 1.37) 
2nd trimester 
PM2.5 1.27 (1.00, 1.63)* 1.28 (1.00, 1.64)* 1.27 (0.99, 1.63) 
PM2.5-10 1.17 (1.03, 1.33)* 1.23 (1.07, 1.43)** 1.24 (1.04, 1.46)* 
PM10 1.07 (0.87, 1.33) 0.82 (0.63, 1.06) 0.82 (0.63, 1.07) 
SO2 1.16 (0.93, 1.45) 1.12 (0.86, 1.46) 1.04 (0.75, 1.45) 
NO2 1.41 (1.06, 1.87)* 1.27 (0.85, 1.91) 1.24 (0.80, 1.91) 
CO 1.04 (0.92, 1.17) 0.93 (0.70, 1.24) 0.80 (0.54, 1.17) 
3rd trimester 
PM2.5 1.11 (0.85, 1.46) 1.13 (0.85, 1.50) 1.22 (0.89, 1.69) 
PM2.5-10 1.07 (0.91, 1.27) 1.03 (0.83, 1.27) 1.01 (0.81, 1.26) 
PM10 1.12 (0.92, 1.38) 1.06 (0.81, 1.38) 1.03 (0.78, 1.36) 
SO2 1.00 (0.80, 1.24) 0.97 (0.74, 1.27) 0.83 (0.62, 1.13) 
NO2 1.12 (0.85, 1.49) 1.04 (0.70, 1.53) 0.90 (0.59, 1.36) 
CO 1.04 (0.83, 1.30) 1.02 (0.76, 1.37) 0.89 (0.61, 1.29) 
Entire pregnancy 
PM2.5 1.44 (1.08, 1.93)* 1.42 (1.06, 1.91)* 1.45 (1.06, 1.98)* 
PM2.5-10 1.11 (0.91, 1.35) 1.10 (0.84, 1.45) 1.09 (0.82, 1.43) 
PM10 1.01 (0.85, 1.20) 0.90 (0.72, 1.14) 0.92 (0.73, 1.16) 
SO2 1.13 (0.87, 1.47) 1.10 (0.82, 1.48) 1.04 (0.74, 1.45) 
NO2 1.29 (1.00, 1.68)* 1.13 (0.82, 1.57) 1.11 (0.77, 1.59) 
CO 1.09 (0.88, 1.35) 0.95 (0.74, 1.24) 0.95 (0.73, 1.23) 
First year 
PM2.5 1.05 (0.78, 1.40) 0.94 (0.67, 1.33) 0.86 (0.60, 1.22) 
PM2.5-10 1.04 (0.91, 1.19) 0.99 (0.81, 1.20) 0.97 (0.77, 1.20) 
PM10 1.23 (0.98, 1.53) 1.23 (0.93, 1.63) 1.25 (0.94, 1.67) 
SO2 1.09 (0.84, 1.43) 1.04 (0.76, 1.43) 1.03 (0.69, 1.54) 
NO2 1.00 (0.85, 1.16) 0.98 (0.81, 1.18) 0.87 (0.71, 1.07) 
CO 0.93 (0.81, 1.06) 0.95 (0.80, 1.12) 0.95 (0.79, 1.16) 
Past year 
PM2.5 1.26 (1.01, 1.57)* 1.28 (0.98, 1.67) 1.24 (0.94, 1.62) 
PM2.5-10 1.08 (0.95, 1.23) 1.48 (0.97, 2.26) 1.48 (0.96, 2.26) 
PM10 1.14 (0.96, 1.35) 0.53 (0.26, 1.07) 0.53 (0.26, 1.07) 
SO2 1.16 (0.96, 1.40) 1.40 (0.98, 2.00) 1.43 (0.99, 2.06) 
NO2 1.26 (1.04, 1.51)* 1.29 (0.97, 1.72) 1.24 (0.87, 1.76) 
CO 0.97 (0.87, 1.08) 0.96 (0.84, 1.09) 0.96 (0.82, 1.12) 
Entire postnatal 
PM2.5 1.04 (0.83, 1.31) 0.70 (0.49, 1.00) 0.73 (0.50, 1.06) 
PM2.5-10 1.14 (0.97, 1.35) 0.72 (0.44, 1.17) 0.72 (0.44, 1.17) 
PM10 1.28 (1.01, 1.62)* 2.43 (1.09, 5.44)* 2.60 (1.16, 5.81)* 
SO2 1.16 (0.95, 1.42) 1.10 (0.79, 1.53) 1.02 (0.67, 1.55) 
NO2 1.08 (0.95, 1.24) 1.04 (0.88, 1.23) 1.00 (0.84, 1.20) 
CO 1.01 (0.94, 1.07) 0.96 (0.70, 1.31) 0.96 (0.70, 1.31) 

OR (95%CI) was estimated for per IQR increase in each outdoor air pollutant during each time window. 616 
# Single-pollutant model was adjusted for all covariates in Table 1. 617 
† Multi-pollutant model was further adjusted for the other pollutants during the same time window based on single-618 
pollutant model. 619 
§ Multi-pollutant + window model was further adjusted for the same air pollutant during the other time window(s) 620 
based on multi-pollutant model. 621 
* p<0.05.  ** p<0.01.  622 
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Table 3 Odds ratio (95% CI) of first episode of doctor-diagnosed asthma for exposure to outdoor air pollution during 623 

intrauterine and post-natal periods among children aged 3-6 years using multinomial model (n=8,689) 624 

 First episode of doctor-diagnosed asthma 

 No (n=8,317) 1 year (n=97) 2 years (n=115) 3 years (n=89) ≥4 years (n=71) 

1st trimester 

PM2.5 1.00 0.83 (0.50, 1.37)  0.98 (0.62, 1.54) 1.68 (0.96, 2.95) 1.91 (1.08, 3.37)* 

PM2.5-10 1.00 0.98 (0.74, 1.31)  0.95 (0.72, 1.25) 1.11 (0.81, 1.53) 1.07 (0.80, 1.45) 

PM10 1.00 1.18 (0.78, 1.79)  0.81 (0.56, 1.19) 0.90 (0.57, 1.40) 0.94 (0.62, 1.44) 

SO2 1.00 0.88 (0.55, 1.40) 1.30 (0.86, 1.97) 1.31 (0.79, 2.19) 1.28 (0.76, 2.14) 

NO2 1.00 0.97 (0.56, 1.68) 0.81 (0.49, 1.32) 2.11 (1.19, 3.75)* 1.15 (0.61, 2.17) 

CO 1.00 0.71 (0.44, 1.14) 1.01 (0.68, 1.50) 1.00 (0.62, 1.62) 1.92 (1.31, 2.80)*** 

2nd trimester 

PM2.5 1.00 1.10 (0.69, 1.76) 1.32 (0.86, 2.02) 1.08 (0.64, 1.82) 1.74 (1.02, 2.94)* 

PM2.5-10 1.00 1.02 (0.79, 1.31) 1.06 (0.85, 1.33) 1.37 (1.05, 1.77)* 1.25 (0.97, 1.61) 

PM10 1.00 0.92 (0.62, 1.39) 0.85 (0.59, 1.23) 1.03 (0.65, 1.63) 1.60 (0.99, 2.58) 

SO2 1.00 1.10 (0.73, 1.68) 1.16 (0.79, 1.71) 1.14 (0.72, 1.82) 1.29 (0.81, 2.06) 

NO2 1.00 1.42 (0.83, 2.44) 1.43 (0.88, 2.32) 1.40 (0.77, 2.54) 1.32 (0.71, 2.46) 

CO 1.00 0.97 (0.64, 1.47) 1.05 (0.84, 1.31) 0.91 (0.56, 1.48) 1.05 (0.94, 1.18) 

3rd trimester 

PM2.5 1.00 1.04 (0.62, 1.75) 0.87 (0.52, 1.45) 1.13 (0.64, 1.99) 1.58 (0.92, 2.71) 

PM2.5-10 1.00 1.06 (0.77, 1.47) 1.10 (0.82, 1.48) 1.10 (0.76, 1.57) 1.02 (0.72, 1.46) 

PM10 1.00 0.96 (0.65, 1.40) 1.06 (0.74, 1.52) 1.51 (0.96, 2.37) 1.10 (0.72, 1.67) 

SO2 1.00 1.16 (0.78, 1.74) 0.80 (0.52, 1.24) 0.86 (0.53, 1.38) 1.19 (0.76, 1.87) 

NO2 1.00 1.32 (0.79, 2.22) 0.78 (0.47, 1.32) 1.31 (0.74, 2.33) 1.24 (0.67, 2.27) 

CO 1.00 0.87 (0.56, 1.33) 0.92 (0.61, 1.39) 1.02 (0.63, 1.64) 1.51 (0.98, 2.34) 

Entire pregnancy 

PM2.5 1.00 0.94 (0.54, 1.63) 1.09 (0.65, 1.81) 1.81 (0.99, 3.31) 3.82 (1.97, 7.42)*** 

PM2.5-10 1.00 1.12 (0.77, 1.62) 1.05 (0.74, 1.49) 1.29 (0.84, 1.96) 1.02 (0.66, 1.55) 

PM10 1.00 0.97 (0.70, 1.35) 0.86 (0.63, 1.17) 1.15 (0.80, 1.67) 1.06 (0.74, 1.51) 

SO2 1.00 1.04 (0.63, 1.71) 1.11 (0.69, 1.77) 1.16 (0.67, 2.01) 1.35 (0.78, 2.32) 

NO2 1.00 1.29 (0.79, 2.11) 0.97 (0.62, 1.52) 2.09 (1.23, 3.53)** 1.26 (0.70, 2.27) 

CO 1.00 0.79 (0.51, 1.22) 1.02 (0.69, 1.51) 0.98 (0.61, 1.58) 1.76 (1.24, 2.48)*** 

First year 

PM2.5 1.00 0.89 (0.50, 1.59) 1.23 (0.71, 2.13) 0.70 (0.37, 1.32) 1.39 (0.83, 2.35) 

PM2.5-10 1.00 0.98 (0.76, 1.27) 1.15 (0.93, 1.43) 0.86 (0.63, 1.15) 1.12 (0.86, 1.47) 

PM10 1.00 0.98 (0.65, 1.47) 1.11 (0.77, 1.60) 1.30 (0.82, 2.06) 2.17 (1.24, 3.81)** 

SO2 1.00 0.97 (0.58, 1.62) 0.94 (0.57, 1.56) 1.29 (0.75, 2.24) 1.32 (0.78, 2.22) 

NO2 1.00 0.93 (0.69, 1.25) 0.98 (0.75, 1.28) 1.05 (0.76, 1.45) 1.09 (0.78, 1.53) 

CO 1.00 0.84 (0.64, 1.12) 0.93 (0.73, 1.20) 0.88 (0.65, 1.20) 1.08 (0.84, 1.40) 

Past year 

PM2.5 1.00 1.25 (0.82, 1.92) 1.17 (0.79, 1.72) 1.35 (0.85, 2.16) 1.30 (0.80, 2.10) 

PM2.5-10 1.00 1.00 (0.78, 1.28) 1.12 (0.90, 1.41) 0.97 (0.74, 1.27) 1.30 (0.97, 1.74) 

PM10 1.00 1.01 (0.73, 1.40) 1.23 (0.92, 1.63) 1.09 (0.77, 1.55) 1.24 (0.86, 1.79) 

SO2 1.00 1.06 (0.75, 1.51) 1.31 (0.95, 1.82) 1.14 (0.77, 1.67) 1.06 (0.71, 1.58) 

NO2 1.00 0.99 (0.80, 1.22) 0.83 (0.70, 0.98)* 1.12 (0.88, 1.42) 1.08 (0.84, 1.40) 

CO 1.00 1.25 (0.82, 1.92) 1.17 (0.79, 1.72) 1.35 (0.85, 2.16) 1.30 (0.80, 2.10) 

Entire postnatal 

PM2.5 1.00 0.98 (0.62, 1.54) 0.94 (0.61, 1.45) 0.86 (0.52, 1.42) 1.43 (0.97, 2.10) 

PM2.5-10 1.00 0.94 (0.68, 1.30) 1.12 (0.84, 1.49) 0.99 (0.69, 1.42) 1.74 (1.23, 2.45)** 

PM10 1.00 0.95 (0.61, 1.49) 1.16 (0.78, 1.75) 1.11 (0.67, 1.83) 2.84 (1.63, 4.95)*** 

SO2 1.00 1.00 (0.64, 1.57) 0.99 (0.65, 1.53) 1.20 (0.79, 1.81) 1.32 (1.04, 1.67)* 

NO2 1.00 1.07 (0.83, 1.38) 1.00 (0.79, 1.26) 1.19 (0.91, 1.56) 1.13 (0.84, 1.51) 

CO 1.00 1.00 (0.89, 1.13) 0.88 (0.60, 1.30) 0.99 (0.73, 1.35) 1.01 (0.95, 1.08) 

OR (95%CI) was estimated for IQR increase in each outdoor air pollutant during each time window. 625 
Model was adjusted for all covariates in Table 1. 626 
* p<0.05.  ** p<0.01.  *** p<0.001.  627 
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Table 4 Odds ratio (95% CI) of children’s asthma for intrauterine and post-natal exposure to outdoor air pollution 628 

during different timing stages of a day (n=8,689). 629 

 Daytime 

(08:00-19:00) 

Morning peak  

(07:00-09:00) 

Working hours  

(10:00-16:00) 

Evening peak 

(17:00-19:00) 

Night hours 

(20:00-6:00) 

1st trimester 

PM2.5 1.18 (0.92, 1.51) 1.15 (0.92, 1.43) 1.21 (0.92, 1.58)  1.19 (0.94, 1.51) 1.14 (0.93, 1.39) 

PM2.5-10 0.96 (0.76, 1.21) 0.95 (0.76, 1.19) 0.97 (0.77, 1.22) 1.02 (0.77, 1.35) 0.93 (0.74, 1.16) 

PM10 1.10 (0.91, 1.33)  1.11 (0.89, 1.39) 1.12 (0.92, 1.37) 1.13 (0.93, 1.37) 1.11 (0.88, 1.41) 

SO2 1.16 (0.91, 1.48) 1.19 (0.94, 1.51) 1.19 (0.92, 1.55) 1.22 (0.92, 1.61) 1.19 (0.93, 1.53) 

NO2 1.16 (0.83, 1.61) 1.07 (0.78, 1.45) 1.18 (0.86, 1.62) 1.23 (0.89, 1.72) 1.10 (0.82, 1.48) 

CO 1.22 (0.94, 1.58) 1.19 (0.93, 1.53) 1.24 (0.96, 1.59) 1.26 (0.96, 1.67) 1.22 (0.93, 1.59) 

2nd trimester 

PM2.5 1.43 (1.10, 1.86)** 1.41 (1.10, 1.79)** 1.45 (1.10, 1.91)** 1.37 (1.09, 1.73)** 1.31 (1.09, 1.58)** 

PM2.5-10 1.19 (0.95, 1.49) 1.18 (1.07, 1.31)** 1.12 (0.90, 1.40) 1.10 (0.86, 1.40) 1.37 (1.13, 1.65)*** 

PM10 1.34 (1.10, 1.63)** 1.40 (1.13, 1.73)** 1.34 (1.09, 1.64)** 1.30 (1.09, 1.55)** 1.39 (1.13, 1.70)*** 

SO2 1.26 (1.01, 1.58)* 1.20 (0.96, 1.50) 1.29 (1.01, 1.65)* 1.26 (0.98, 1.62) 1.30 (1.01, 1.68)* 

NO2 1.37 (1.04, 1.81)* 1.48 (1.12, 1.96)** 1.37 (1.03, 1.82)* 1.29 (0.97, 1.72) 1.36 (1.06, 1.76)* 

CO 1.27 (1.05, 1.53)* 1.26 (1.05, 1.51)* 1.27 (1.04, 1.56)* 1.29 (1.05, 1.58)* 1.26 (1.05, 1.50)* 

3rd trimester 

PM2.5 1.17 (0.94, 1.47) 1.14 (0.93, 1.41) 1.19 (0.94, 1.49) 1.18 (0.96, 1.44) 1.14 (0.94, 1.38) 

PM2.5-10 1.06 (0.87, 1.28) 1.08 (0.94, 1.25) 1.05 (0.87, 1.27) 1.06 (0.84, 1.33) 1.06 (0.84, 1.33) 

PM10 1.16 (0.94, 1.44) 1.17 (0.94, 1.45) 1.16 (0.94, 1.43) 1.16 (0.96, 1.40) 1.17 (0.93, 1.49) 

SO2 1.12 (0.92, 1.37) 1.08 (0.89, 1.31) 1.13 (0.92, 1.38) 1.14 (0.95, 1.37) 1.08 (0.90, 1.30) 

NO2 1.17 (0.90, 1.51) 1.13 (0.87, 1.46) 1.16 (0.90, 1.49) 1.24 (0.94, 1.65) 1.07 (0.85, 1.33) 

CO 1.11 (0.92, 1.35) 1.11 (0.93, 1.33) 1.12 (0.92, 1.36) 1.14 (0.93, 1.41) 1.10 (0.90, 1.35) 

Entire pregnancy 

PM2.5 1.17 (0.96, 1.42) 1.15 (0.97, 1.38) 1.19 (0.97, 1.47) 1.15 (0.98, 1.35) 1.11 (0.98, 1.26) 

PM2.5-10 1.16 (0.88, 1.54) 1.10 (0.98, 1.24) 1.15 (0.78, 1.68) 1.15 (0.90, 1.47) 1.09 (0.95, 1.26) 

PM10 1.18 (0.96, 1.45) 1.19 (0.98, 1.44) 1.20 (0.95, 1.51) 1.17 (0.99, 1.38) 1.14 (0.98, 1.33) 

SO2 1.20 (0.94, 1.53) 1.20 (0.92, 1.56) 1.18 (0.94, 1.48) 1.21 (0.98, 1.48) 1.16 (0.94, 1.44) 

NO2 1.09 (0.94, 1.26) 1.10 (0.96, 1.25) 1.09 (0.94, 1.27) 1.09 (0.96, 1.23) 1.08 (0.93, 1.24) 

CO 1.16 (0.94, 1.43) 1.15 (0.94, 1.40) 1.17 (0.93, 1.46) 1.16 (0.97, 1.39) 1.11 (0.95, 1.30) 

First year 

PM2.5 1.14 (0.87, 1.51) 1.21 (0.88, 1.64) 1.13 (0.88, 1.45) 1.14 (0.88, 1.48) 1.16 (0.90, 1.49) 

PM2.5-10 1.04 (0.94, 1.15) 1.05 (0.91, 1.22) 1.03 (0.94, 1.12) 1.08 (0.92, 1.26) 1.02 (0.94, 1.11) 

PM10 1.06 (0.90, 1.25) 1.14 (0.88, 1.46) 1.05 (0.92, 1.21) 1.08 (0.90, 1.29) 1.08 (0.91, 1.29) 

SO2 1.27 (0.90, 1.81) 1.43 (0.93, 2.20) 1.29 (0.89, 1.86) 1.32 (0.89, 1.97) 1.42 (0.93, 2.18) 

NO2 1.05 (0.86, 1.27) 1.03 (0.82, 1.30) 1.08 (0.84, 1.37) 1.03 (0.91, 1.16) 1.00 (0.84, 1.20) 

CO 1.00 (0.92, 1.09) 1.01 (0.93, 1.10) 1.00 (0.94, 1.07) 0.99 (0.93, 1.06) 1.01 (0.93, 1.10) 

Past year 

PM2.5 1.30 (1.02, 1.66)* 1.36 (1.01, 1.82)* 1.32 (1.03, 1.68)* 1.28 (1.00, 1.65)* 1.30 (1.01, 1.67)* 

PM2.5-10 1.20 (0.96, 1.49) 1.31 (1.00, 1.71)** 1.16 (0.93, 1.44) 1.39 (0.96, 2.02) 1.28 (1.01, 1.61)* 

PM10 1.28 (1.01, 1.63)* 1.30 (1.01, 1.68)* 1.30 (1.02, 1.66)* 1.27 (1.00, 1.60)* 1.39 (1.03, 1.88)* 

SO2 1.09 (0.89, 1.34) 1.04 (0.77, 1.41) 1.05 (0.88, 1.25) 1.42 (1.02, 1.97)* 1.37 (1.02, 1.85)* 

NO2 1.43 (1.07, 1.92)* 1.36 (1.05, 1.77)* 1.45 (1.07, 1.98)* 1.39 (1.06, 1.82)* 1.35 (1.05, 1.75)* 

CO 1.31 (1.00, 1.71)* 1.31 (1.02, 1.68)* 1.27 (0.98, 1.64) 1.34 (1.00, 1.79)* 1.39 (1.02, 1.91)* 

Entire postnatal 

PM2.5 1.07 (0.85, 1.34) 1.06 (0.87, 1.30) 1.08 (0.84, 1.39) 1.10 (0.83, 1.46) 1.09 (0.87, 1.39) 

PM2.5-10 1.14 (0.99, 1.31) 1.21 (0.99, 1.47) 1.09 (0.98, 1.20) 1.26 (1.00, 1.60)* 1.06 (0.97, 1.15) 

PM10 1.20 (0.89, 1.63) 1.21 (0.90, 1.63) 1.21 (0.89, 1.64) 1.27 (0.90, 1.80) 1.22 (0.90, 1.66) 

SO2 1.45 (0.94, 2.24) 1.32 (0.98, 1.76) 1.45 (0.95, 2.21) 1.30 (0.95, 1.79) 1.39 (0.98, 1.99) 

NO2 1.10 (0.90, 1.33) 1.06 (0.90, 1.27) 1.12 (0.89, 1.40) 1.11 (0.90, 1.35) 1.07 (0.90, 1.26) 

CO 0.96 (0.88, 1.05) 1.04 (0.88, 1.23) 0.96 (0.85, 1.07) 0.95 (0.83, 1.08) 1.00 (0.82, 1.21) 

OR (95%CI) was estimated for IQR increase in each air pollutant. 630 
ORs were adjusted for all covariates in Table 1. 631 
* p<0.05.  ** p<0.01.  *** p<0.001.  632 
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 633 

Figure 1. Map for the locations of 36 participating kindergartens, 10 ambient air quality monitoring stations, and 8 634 

meteorological monitoring stations in Changsha, China (n=8,689).635 
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  637 

 638 
Figure 2. Odds ratio (95% CI) of children’s doctor-diagnosed asthma (DDA) for accumulated exposure to outdoor air 639 
pollution during accumulated 9 months of gestational age (A) and accumulated first 3 years after birth (B). 640 
ORs (95%CI) were estimated for IQR increase in each air pollutant during each time window. 641 
Models were adjusted for all covariates in Table 1. 642 
  643 Jo

urn
al 

Pre-
pro

of



24 

 

Supplemental materials 644 

 645 

Table S1 Statistics of intrauterine and post-natal personal exposure to outdoor air pollution among children aged 3-6 646 

years (n=8,689) 647 

 Mean SD 25% 50% 75% IQR 

1st trimester 
PM2.5 69 25 50 65 84 34 
PM2.5-10 29 8 24 28 33 9 
PM10 79 19 65 80 93 28 
SO2 23 8 16 21 28 12 
NO2 42 12 32 40 49 17 
CO 1.05 0.28 0.85 1.00 1.21 0.36 
2nd trimester 
PM2.5 67 23 51 64 79 28 
PM2.5-10 29 7 25 28 32 7 
PM10 80 18 67 81 93 26 
SO2 22 8 16 20 26 10 
NO2 41 10 33 40 49 16 
CO 1.02 0.36 0.85 0.98 1.16 0.31 
3rd trimester 
PM2.5 66 24 48 62 79 31 
PM2.5-10 29 7 24 28 33 9 
PM10 79 18 66 80 93 27 
SO2 21 8 15 18 25 10 
NO2 40 11 32 39 48 16 
CO 1.00 0.24 0.81 0.95 1.13 0.32 
Entire pregnancy 
PM2.5 68 13 58 67 76 18 
PM2.5-10 30 5 27 30 34 7 
PM10 82 11 75 82 89 14 
SO2 22 6 17 21 26 9 
NO2 41 6 37 41 46 9 
CO 1.03 0.17 0.91 0.98 1.14 0.23 
First year 
PM2.5 59 9 52 55 66 14 
PM2.5-10 30 4 28 29 32 4 
PM10 79 10 73 81 86 13 
SO2 18 4 15 17 21 6 
NO2 40 4 37 39 42 5 
CO 0.95 0.11 0.88 0.93 0.99 0.11 
Past year 
PM2.5 44 2 43 44 47 4 
PM2.5-10 23 2 22 23 24 2 
PM10 57 2 55 56 58 3 
SO2 6.9 0.5 6.5 6.9 7.3 0.8 
NO2 31 2 30 31 33 3 
CO 0.86 0.03 0.85 0.87 0.88 0.03 
Entire postnatal 
PM2.5 50 3 48 50 52 4 
PM2.5-10 26 3 24 26 28 4 
PM10 63 6 58 62 68 10 
SO2 12 2 11 12 13 2 
NO2 36 3 34 35 37 3 
CO 0.82 0.52 0.64 0.89 0.93 0.29 

PM2.5 (μg/m3) = particulate matter ≤ 2.5μm in aerodynamic, PM2.5-10 (μg/m3) = 2.5μm ≤ particulate matter particulate 648 

matter ≤ 10μm in aerodynamic, PM10 (μg/m3) = particulate matter ≤ 10μm in aerodynamic, SO2 (μg/m3) = sulphur 649 

dioxide, NO2 (μg/m3) = nitrogen dioxide, CO (mg/m3) = carbon monoxide. SD = standard deviation, IQR: Inter quartile 650 

range. 651 
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Table S2 Pearson correlations between outdoor air pollutants within different time windows (n=8,689). 652 

Air pollutants PM2.5 PM2.5-10 PM10 SO2 NO2 CO 

1st trimester       

PM2.5 1 0.22** 0.26** 0.74** 0.86** 0.76** 

PM2.5-10  1 0.55** 0.08** 0.23** 0.24** 

PM10   1 0.04** 0.33** 0.12** 

SO2    1 0.68** 0.57** 

NO2     1 0.66** 

CO      1 

2nd trimester       

PM2.5 1 0.13** 0.27** 0.74** 0.85** 0.48** 

PM2.5-10  1 0.53** -0.07** 0.18** 0.01 

PM10   1 0.01 0.35** -0.01 

SO2    1 0.64**  0.52** 

NO2     1 0.49** 

CO      1 

3rd trimester       

PM2.5 1 0.14** 0.32** 0.82** 0.85** 0.78** 

PM2.5-10  1 0.53** -0.02 0.19**  0.08** 

PM10   1 0.13** 0.38** 0.10** 

SO2    1 0.71** 0.60** 

NO2     1 0.68** 

CO      1 

Entire pregnancy       

PM2.5 1 0.38** 0.01 0.75** 0.72** 0.66** 

PM2.5-10  1 0.51** 0.04** 0.40** 0.21** 

PM10   1 -0.21** 0.18** -0.20** 

SO2    1 0.51** 0.48** 

NO2     1 0.48** 

CO      1 

First year       

PM2.5 1 0.36** 0.69** 0.86** 0.51** 0.45** 

PM2.5-10  1 0.47** 0.12** 0.43** 0.04** 

PM10   1 0.63** 0.38** 0.06** 

SO2    1 0.43** 0.29** 

NO2     1 0.29** 

CO      1 

Last year       

PM2.5 1 -0.08** 0.21** 0.28** 0.64** 0.18** 

PM2.5-10  1 0.85** 0.24** 0.14** -0.51** 

PM10   1 0.62** 0.34** -0.47** 

SO2    1 0.16** -0.20** 

NO2     1 0.16** 

CO      1 

Entire postnatal       

PM2.5 1 0.37** 0.71** 0.77** 0.48** 0.14** 

PM2.5-10  1 0.85** 0.22** 0.35** 0.24** 

PM10   1 0.55** 0.45** 0.16** 

SO2    1 0.46** 0.32** 

NO2     1 0.13** 

CO      1 

** Correlation is significant at the 0.01 level (2-tailed).  653 

Jo
urn

al 
Pre-

pro
of



26 

 

Table S3 Odds ratio (95% CI) of children’s asthma for exposure to outdoor air pollution during intrauterine and post-654 

natal periods stratified by personal factors (n=8,689). 655 

 Age (years)  Number of people living with child 

 3-4 (n=4,820) 5-6 (n=3,869)  ≤3 (n=2,739) >3 (n=5,950) 

1st trimester      

PM2.5 1.35 (0.85, 2.13) 0.84 (0.57, 1.23)  1.25 (0.82, 1.89) 1.14 (0.82, 1.60) 

PM2.5-10 1.03 (0.80, 1.34) 1.04 (0.86, 1.25)  0.96 (0.75, 1.22) 1.08 (0.89, 1.31) 

PM10 1.13 (0.78, 1.64)  0.94 (0.72, 1.24)  0.71 (0.50, 1.00) 1.15 (0.87, 1.50) 

SO2 1.30 (0.88, 1.91) 0.95 (0.68, 1.33)  1.33 (0.91, 1.96) 1.04 (0.76, 1.43) 

NO2 1.49 (0.99, 2.26) 0.73 (0.48, 1.10)  0.95 (0.61, 1.49) 1.22 (0.85, 1.76) 

CO 1.02 (0.69, 1.53) 0.97 (0.72, 1.31)  1.02 (0.72, 1.46) 1.15 (0.87, 1.51) 

2nd trimester         

PM2.5 1.13 (0.74, 1.75) 1.41 (1.01, 1.95)*  1.32 (0.89, 1.95) 1.22 (0.89, 1.68) 

PM2.5-10 1.14 (0.88, 1.48) 1.13 (0.98, 1.32)  1.08 (0.89, 1.31) 1.24 (1.05, 1.46)** 

PM10 1.20 (0.81, 1.79) 1.13 (0.82, 1.54)  1.03 (0.73, 1.44) 1.10 (0.84, 1.46) 

SO2 1.45 (1.03, 2.04)* 1.11 (0.82, 1.50)  1.19 (0.83, 1.70) 1.13 (0.86, 1.50) 

NO2 1.42 (0.95, 2.12) 1.45 (0.95, 2.21)  1.20 (0.73, 1.95) 1.50 (1.06, 2.14)* 

CO 0.91 (0.62, 1.34) 1.04 (0.90, 1.19)  1.24 (0.87, 1.77) 0.99 (0.79, 1.25) 

3rd trimester          

PM2.5 1.44 (0.90, 2.29) 1.06 (0.74, 1.52)  0.99 (0.62, 1.59) 1.16 (0.83, 1.62) 

PM2.5-10 0.97 (0.70, 1.35) 0.98 (0.78, 1.23)  1.04 (0.79, 1.37) 1.08 (0.87, 1.34) 

PM10 1.07 (0.73, 1.58) 0.93 (0.69, 1.24)  1.04 (0.74, 1.46) 1.14 (0.88, 1.47) 

SO2 1.28 (0.87, 1.87) 1.05 (0.78, 1.42)  0.83 (0.56, 1.23) 1.09 (0.83, 1.43) 

NO2 1.21 (0.81, 1.82) 1.19 (0.78, 1.81)  0.97 (0.59, 1.60) 1.19 (0.84, 1.68) 

CO 0.99 (0.67, 1.48) 1.10 (0.84, 1.45)  1.13 (0.78, 1.64) 0.99 (0.74, 1.30) 

Entire pregnancy        

PM2.5 1.36 (0.93, 2.00) 1.35 (0.81, 2.25)  1.47 (0.91, 2.37) 1.41 (0.97, 2.04) 

PM2.5-10 1.05 (0.74, 1.47) 0.94 (0.71, 1.25)  0.85 (0.62, 1.18) 1.29 (1.00, 1.65)* 

PM10 1.15 (0.84, 1.57) 0.90 (0.71, 1.13)  0.84 (0.63, 1.12) 1.11 (0.89, 1.38) 

SO2 1.52 (1.01, 2.28)* 1.02 (0.72, 1.45)  1.17 (0.76, 1.80) 1.11 (0.80, 1.55) 

NO2 1.47 (1.05, 2.05)* 1.07 (0.70, 1.64)  1.02 (0.65, 1.59) 1.46 (1.06, 2.02)* 

CO 0.96 (0.65, 1.41) 1.06 (0.81, 1.40)  1.18 (0.83, 1.69) 1.03 (0.78, 1.37) 

First year          

PM2.5 2.28 (0.98, 5.29) 0.92 (0.67, 1.28)  0.93 (0.57, 1.50) 1.12 (0.77, 1.61) 

PM2.5-10 1.15 (0.95, 1.39) 1.00 (0.82, 1.22)  0.86 (0.68, 1.09) 1.12 (0.96, 1.31) 

PM10 1.29 (0.99, 1.69) 1.12 (0.73, 1.71)  1.08 (0.75, 1.54) 1.28 (0.97, 1.70) 

SO2 1.49 (0.88, 2.54) 0.96 (0.68, 1.37)  0.97 (0.62, 1.51) 1.17 (0.83, 1.64) 

NO2 1.08 (0.87, 1.33) 0.90 (0.71, 1.15)  0.81 (0.62, 1.06) 1.11 (0.92, 1.35) 

CO 0.82 (0.64, 1.03) 1.02 (0.87, 1.21)  0.92 (0.74, 1.16) 0.94 (0.79, 1.12) 

Past year       

PM2.5 1.20 (0.89, 1.64) 1.24 (0.89, 1.73)  1.32 (0.91, 1.91) 1.20 (0.90, 1.59) 

PM2.5-10 1.03 (0.87, 1.22) 1.13 (0.92, 1.38)  1.00 (0.80, 1.24) 1.13 (0.96, 1.34) 

PM10 1.09 (0.87, 1.36) 1.17 (0.91, 1.51)  1.03 (0.78, 1.36) 1.21 (0.98, 1.49) 

SO2 1.06 (0.82, 1.38) 1.24 (0.95, 1.62)  1.16 (0.86, 1.56) 1.15 (0.91, 1.45) 

NO2 1.33 (1.04, 1.70)* 1.12 (0.84, 1.49)  1.06 (0.77, 1.47) 1.35 (1.07, 1.70)* 

CO 0.95 (0.82, 1.10) 1.01 (0.86, 1.20)  0.93 (0.78, 1.10) 0.99 (0.86, 1.14) 

Entire postnatal        

PM2.5 1.04 (0.70, 1.55) 1.02 (0.76, 1.38)  0.96 (0.65, 1.43) 1.07 (0.80, 1.43) 

PM2.5-10 1.08 (0.87, 1.34) 1.19 (0.91, 1.55)  0.99 (0.75, 1.31) 1.21 (0.99, 1.49) 

PM10 1.18 (0.87, 1.60) 1.33 (0.90, 1.97)  1.10 (0.74, 1.61) 1.36 (1.01, 1.84)* 

SO2 1.52 (1.04, 2.21)* 0.98 (0.70, 1.37)  1.14 (0.75, 1.71) 1.15 (0.92, 1.44) 

NO2 1.17 (0.98, 1.39) 0.97 (0.78, 1.19)  0.90 (0.71, 1.14) 1.18 (1.00, 1.38)* 

CO 0.98 (0.73, 1.32) 1.01 (0.93, 1.08)  1.13 (0.76, 1.67) 1.00 (0.91, 1.10) 

ORs were adjusted for all covariates in Table 1. 656 

* p<0.05.  ** p<0.01.   657 
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Table S4 Odds ratio (95% CI) of children’s asthma for exposure to outdoor air pollution during intrauterine and post-natal periods stratified by socio economic status (SES) (n=8,689). 658 

 House size (m2)  Parental annual income  Parental education level 
 <100 (n=2,792) ≥100 (n=5,767)  Low (n=1,405) High (n=7,284)  Low (n=1,538) Middle/high (n=7,151) 
1st trimester         
PM2.5 1.19 (0.77, 1.82) 1.17 (0.85, 1.63)  1.20 (0.66, 2.20) 1.17 (0.87, 1.55)  1.49 (0.77, 2.89) 1.11 (0.84, 1.48) 
PM2.5-10 1.17 (0.91, 1.49) 0.97 (0.80, 1.17)  1.17 (0.83, 1.64) 1.00 (0.85, 1.19)  0.79 (0.55, 1.15) 1.08 (0.92, 1.27) 
PM10 0.88 (0.62, 1.25) 0.99 (0.76, 1.30)  0.85 (0.51, 1.40) 0.96 (0.76, 1.21)  0.84 (0.50, 1.42) 0.96 (0.76, 1.21) 
SO2 1.22 (0.82, 1.80) 1.09 (0.80, 1.49)  1.15 (0.68, 1.95) 1.13 (0.86, 1.49)  1.12 (0.61, 2.05) 1.15 (0.88, 1.50) 
NO2 1.04 (0.65, 1.68) 1.13 (0.79, 1.61)  0.94 (0.48, 1.83) 1.12 (0.82, 1.54)  1.05 (0.50, 2.21) 1.10 (0.81, 1.49) 
CO 1.14 (0.81, 1.62) 1.07 (0.81, 1.42)  1.03 (0.62, 1.69) 1.12 (0.88, 1.43)  1.47 (0.94, 2.31) 1.03 (0.80, 1.32) 
2nd trimester             
PM2.5 1.46 (0.98, 2.17) 1.14 (0.84, 1.56)  1.36 (0.76, 2.43) 1.24 (0.95, 1.62)  1.36 (0.71, 2.60) 1.24 (0.96, 1.62) 
PM2.5-10 1.08 (0.87, 1.33) 1.22 (1.04, 1.42)*  1.22 (0.89, 1.66) 1.16 (1.01, 1.33)*  1.29 (0.95, 1.75) 1.15 (1.00, 1.32)* 
PM10 1.16 (0.81, 1.65) 1.02 (0.78, 1.34)  1.10 (0.66, 1.83) 1.06 (0.84, 1.34)  1.06 (0.60, 1.88) 1.08 (0.85, 1.36) 
SO2 1.03 (0.72, 1.48) 1.24 (0.93, 1.63)  0.81 (0.49, 1.34) 1.26 (0.99, 1.62)  0.86 (0.50, 1.48) 1.23 (0.97, 1.57) 
NO2 1.45 (0.91, 2.29) 1.34 (0.93, 1.92)  1.42 (0.73, 2.78) 1.39 (1.02, 1.91)*  1.13 (0.54, 2.40) 1.43 (1.05, 1.95)* 
CO 1.01 (0.82, 1.25) 1.11 (0.84, 1.46)  0.97 (0.57, 1.63) 1.04 (0.92, 1.17)  1.55 (0.86, 2.80) 1.01 (0.86, 1.20) 
3rd trimester              
PM2.5 0.77 (0.49, 1.22) 1.36 (0.97, 1.92)  0.97 (0.50, 1.91) 1.15 (0.85, 1.55)  0.98 (0.50, 1.89) 1.16 (0.86, 1.56) 
PM2.5-10 0.92 (0.69, 1.22) 1.18 (0.95, 1.45)  1.08 (0.71, 1.64) 1.08 (0.89, 1.29)  1.00 (0.64, 1.57) 1.09 (0.90, 1.31) 
PM10 0.96 (0.70, 1.33) 1.24 (0.95, 1.61)  1.44 (0.87, 2.38) 1.07 (0.85, 1.34)  1.00 (0.60, 1.65) 1.15 (0.92, 1.44) 
SO2 0.88 (0.60, 1.28) 1.06 (0.80, 1.39)  0.85 (0.50, 1.45) 1.03 (0.80, 1.32)  0.72 (0.43, 1.21) 1.07 (0.84, 1.38) 
NO2 0.90 (0.56, 1.45) 1.24 (0.87, 1.77)  0.72 (0.35, 1.50) 1.22 (0.90, 1.66)  0.75 (0.37, 1.53) 1.21 (0.89, 1.66) 
CO 1.00 (0.69, 1.45) 1.06 (0.80, 1.40)  0.88 (0.50, 1.55) 1.07 (0.84, 1.37)  0.90 (0.50, 1.59) 1.07 (0.84, 1.37) 
Entire pregnancy             
PM2.5 1.37 (0.84, 2.23) 1.45 (1.01, 2.08)*  1.51 (0.74, 3.08) 1.41 (1.02, 1.94)*  1.50 (0.74, 3.02) 1.40 (1.02, 1.93)* 
PM2.5-10 1.34 (0.96, 1.86) 0.99 (0.77, 1.26)  1.01 (0.61, 1.66) 1.13 (0.91, 1.40)  1.00 (0.60, 1.67) 1.12 (0.90, 1.38) 
PM10 1.10 (0.83, 1.46) 0.95 (0.77, 1.19)  1.12 (0.73, 1.70) 0.98 (0.81, 1.19)  0.89 (0.59, 1.35) 1.03 (0.85, 1.25) 
SO2 1.04 (0.68, 1.60) 1.17 (0.84, 1.63)  0.86 (0.48, 1.55) 1.20 (0.90, 1.62)  0.76 (0.41, 1.42) 1.24 (0.92, 1.66) 
NO2 1.24 (0.81, 1.91) 1.29 (0.93, 1.80)  1.03 (0.56, 1.92) 1.35 (1.01, 1.80)*  0.84 (0.43, 1.65) 1.38 (1.04, 1.84)* 
CO 1.10 (0.77, 1.58) 1.08 (0.82, 1.41)  0.94 (0.55, 1.60) 1.12 (0.89, 1.42)  1.35 (0.88, 2.08) 1.04 (0.82, 1.33) 
First year            
PM2.5 0.79 (0.49, 1.25) 1.28 (0.88, 1.87)  0.41 (0.19, 0.90) 1.28 (0.93, 1.76)  0.54 (0.26, 1.13) 1.20 (0.87, 1.65) 
PM2.5-10 0.88 (0.70, 1.12) 1.12 (0.96, 1.30)  0.68 (0.47, 0.98) 1.11 (0.97, 1.27)  0.75 (0.51, 1.10) 1.10 (0.95, 1.28) 
PM10 0.97 (0.67, 1.40) 1.39 (1.05, 1.84)*  0.79 (0.47, 1.32) 1.33 (1.04, 1.70)*  0.95 (0.55, 1.67) 1.28 (1.01, 1.63)* 
SO2 1.15 (0.73, 1.80) 1.07 (0.76, 1.49)  0.70 (0.37, 1.34) 1.21 (0.90, 1.62)  0.66 (0.34, 1.27) 1.23 (0.91, 1.66) 
NO2 0.95 (0.74, 1.23) 1.01 (0.83, 1.24)  0.66 (0.44, 0.98) 1.08 (0.91, 1.28)  1.07 (0.71, 1.61) 0.99 (0.83, 1.17) 
CO 0.88 (0.69, 1.12) 0.95 (0.80, 1.13)  0.96 (0.69, 1.35) 0.92 (0.79, 1.08)  1.02 (0.72, 1.46) 0.91 (0.78, 1.07) 
Past year           
PM2.5 0.97 (0.67, 1.39) 1.45 (1.09, 1.93)*  1.23 (0.72, 2.10) 1.26 (0.98, 1.61)  2.80 (1.51, 5.19)*** 1.12 (0.88, 1.42) 
PM2.5-10 1.07 (0.86, 1.33) 1.09 (0.92, 1.28)  1.23 (0.89, 1.71) 1.05 (0.91, 1.22)  1.12 (0.77, 1.63) 1.07 (0.93, 1.23) 
PM10 1.19 (0.89, 1.58) 1.11 (0.90, 1.37)  1.51 (1.01, 2.27)* 1.08 (0.90, 1.31)  1.39 (0.87, 2.22) 1.10 (0.92, 1.32) 
SO2 1.17 (0.87, 1.58) 1.15 (0.91, 1.46)  1.63 (1.05, 2.55)* 1.09 (0.89, 1.34)  1.57 (0.95, 2.60) 1.10 (0.90, 1.34) 
NO2 1.01 (0.75, 1.35) 1.44 (1.12, 1.84)**  1.06 (0.67, 1.68) 1.30 (1.05, 1.60)*  1.25 (0.76, 2.04) 1.27 (1.03, 1.56)* 
CO 0.92 (0.77, 1.09) 1.00 (0.87, 1.15)  0.89 (0.68, 1.17) 0.98 (0.87, 1.11)  1.16 (0.85, 1.60) 0.95 (0.85, 1.07) 
Entire postnatal          
PM2.5 0.77 (0.53, 1.12) 1.25 (0.95, 1.65)  0.72 (0.40, 1.30) 1.12 (0.87, 1.44)  0.95 (0.52, 1.73) 1.06 (0.82, 1.36) 
PM2.5-10 0.87 (0.64, 1.17) 1.30 (1.07, 1.59)**  1.06 (0.70, 1.60) 1.16 (0.96, 1.39)  1.39 (0.87, 2.23) 1.12 (0.93, 1.34) 
PM10 0.84 (0.55, 1.27) 1.58 (1.18, 2.11)**  1.07 (0.60, 1.90) 1.33 (1.02, 1.72)*  1.68 (0.90, 3.12) 1.23 (0.95, 1.59) 
SO2 0.95 (0.64, 1.42) 1.24 (1.01, 1.52)*  0.68 (0.38, 1.21) 1.23 (1.02, 1.49)*  0.74 (0.41, 1.34) 1.22 (1.01, 1.48)* 
NO2 0.94 (0.76, 1.17) 1.19 (1.00, 1.41)*  0.76 (0.55, 1.07) 1.16 (1.00, 1.34)*  1.02 (0.72, 1.43) 1.10 (0.95, 1.28) 
CO 0.70 (0.48, 1.03) 1.01 (0.97, 1.06)  1.09 (0.64, 1.87) 1.00 (0.93, 1.08)  1.25 (0.71, 2.22) 1.00 (0.93, 1.09) 

ORs were adjusted for all covariates in Table 1. 659 

* p<0.05.  ** p<0.01.  *** p<0.001. 660 
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Table S5 Odds ratio (95% CI) of children’s asthma for exposure to outdoor air pollution during intrauterine and post-661 

natal periods stratified by living environmental factors (n=8,689). 662 

 Redecoration  Opening windows in four seasons 

 No (n=6,868) Yes (n=1,812)  No (n=392) Yes (n=8,297) 

1st trimester      

PM2.5 1.04 (0.77, 1.40) 1.77 (1.03, 3.05)*  0.55 (0.16, 1.86) 1.25 (0.95, 1.63) 

PM2.5-10 1.03 (0.87, 1.23) 1.05 (0.77, 1.44)  0.52 (0.23, 1.17) 1.06 (0.91, 1.24) 

PM10 0.93 (0.73, 1.18) 1.00 (0.64, 1.54)  0.50 (0.19, 1.34) 0.98 (0.79, 1.22) 

SO2 1.10 (0.83, 1.46) 1.25 (0.78, 2.02)  0.60 (0.18, 2.02) 1.16 (0.91, 1.49) 

NO2 1.06 (0.76, 1.47) 1.23 (0.71, 2.13)  0.78 (0.23, 2.61) 1.11 (0.83, 1.49) 

CO 1.11 (0.86, 1.44) 1.05 (0.68, 1.60)  1.53 (0.55, 4.22) 1.11 (0.89, 1.39) 

2nd trimester         

PM2.5 1.20 (0.91, 1.59) 1.53 (0.91, 2.57)  1.25 (0.52, 3.00) 1.27 (0.98, 1.64) 

PM2.5-10 1.23 (1.06, 1.42)** 1.02 (0.79, 1.32)  1.03 (0.61, 1.72) 1.18 (1.03, 1.34)* 

PM10 1.10 (0.86, 1.41) 1.01 (0.65, 1.55)  0.70 (0.27, 1.81) 1.10 (0.88, 1.37) 

SO2 1.11 (0.86, 1.43) 1.39 (0.88, 2.19)  0.82 (0.30, 2.24) 1.17 (0.93, 1.47) 

NO2 1.31 (0.95, 1.82) 1.97 (1.08, 3.60)*  1.23 (0.37, 4.16) 1.41 (1.05, 1.89)* 

CO 0.97 (0.76, 1.23) 1.58 (1.01, 2.47)*  2.14 (0.91, 5.02) 1.02 (0.88, 1.19) 

3rd trimester         

PM2.5 1.16 (0.85, 1.58) 0.90 (0.51, 1.60)  2.84 (0.79, 10.19) 1.03 (0.78, 1.37) 

PM2.5-10 1.03 (0.85, 1.25) 1.13 (0.81, 1.59)  0.95 (0.48, 1.89) 1.09 (0.91, 1.29) 

PM10 1.07 (0.84, 1.35) 1.24 (0.82, 1.89)  0.85 (0.37, 1.95) 1.16 (0.94, 1.43) 

SO2 0.97 (0.75, 1.25) 1.12 (0.71, 1.77)  2.03 (0.64, 6.43) 0.96 (0.76, 1.21) 

NO2 1.18 (0.86, 1.63) 0.93 (0.50, 1.73)  1.92 (0.56, 6.57) 1.07 (0.80, 1.44) 

CO 1.01 (0.78, 1.31) 1.12 (0.70, 1.79)  2.34 (0.95, 5.79) 0.97 (0.76, 1.22) 

Entire pregnancy         

PM2.5 1.28 (0.92, 1.79) 2.06 (1.10, 3.86)*  1.34 (0.38, 4.80) 1.44 (1.06, 1.94)* 

PM2.5-10 1.12 (0.89, 1.41) 1.08 (0.73, 1.58)  0.66 (0.29, 1.51) 1.17 (0.95, 1.44) 

PM10 1.02 (0.84, 1.24) 0.95 (0.66, 1.37)  0.59 (0.29, 1.21) 1.06 (0.88, 1.27) 

SO2 1.07 (0.79, 1.44) 1.38 (0.81, 2.34)  0.85 (0.23, 3.14) 1.13 (0.86, 1.48) 

NO2 1.26 (0.93, 1.69) 1.54 (0.88, 2.69)  1.24 (0.37, 4.23) 1.28 (0.98, 1.67) 

CO 1.02 (0.79, 1.32) 1.31 (0.84, 2.04)  2.60 (1.03, 6.58)* 1.05 (0.84, 1.32) 

First year          

PM2.5 1.07 (0.77, 1.49) 0.97 (0.53, 1.77)  0.55 (0.14, 2.18) 1.05 (0.78, 1.41) 

PM2.5-10 1.07 (0.92, 1.24) 0.89 (0.66, 1.20)  0.95 (0.52, 1.74) 1.03 (0.90, 1.18) 

PM10 1.21 (0.93, 1.56) 1.18 (0.75, 1.86)  0.67 (0.28, 1.59) 1.26 (1.00, 1.58)* 

SO2 1.04 (0.76, 1.43) 1.28 (0.75, 2.17)  0.13 (0.02, 0.74)* 1.16 (0.88, 1.53) 

NO2 1.00 (0.83, 1.19) 0.99 (0.72, 1.35)  0.73 (0.34, 1.55) 1.00 (0.85, 1.18) 

CO 0.95 (0.81, 1.12) 0.88 (0.67, 1.15)  1.52 (0.83, 2.78) 0.90 (0.77, 1.04) 

Past year         

PM2.5 1.10 (0.85, 1.43) 1.83 (1.14, 2.93)*  1.47 (0.58, 3.77) 1.22 (0.97, 1.54) 

PM2.5-10 1.13 (0.97, 1.31) 0.94 (0.71, 1.24)  1.61 (0.88, 2.93) 1.05 (0.92, 1.20) 

PM10 1.17 (0.97, 1.42) 1.05 (0.73, 1.49)  1.66 (0.82, 3.36) 1.10 (0.92, 1.31) 

SO2 1.22 (0.99, 1.51) 0.96 (0.66, 1.41)  2.02 (0.87, 4.70) 1.12 (0.92, 1.35) 

NO2 1.14 (0.92, 1.41) 1.69 (1.14, 2.49)**  1.20 (0.52, 2.76) 1.24 (1.02, 1.51)* 

CO 0.93 (0.82, 1.05) 1.08 (0.86, 1.37)  0.94 (0.57, 1.56) 0.97 (0.87, 1.09) 

Entire postnatal       

PM2.5 1.03 (0.79, 1.33) 1.04 (0.64, 1.71)  0.82 (0.30, 2.24) 1.03 (0.81, 1.31) 

PM2.5-10 1.16 (0.96, 1.41) 1.05 (0.73, 1.50)  1.62 (0.77, 3.41) 1.11 (0.93, 1.32) 

PM10 1.28 (0.98, 1.68) 1.20 (0.73, 1.96)  1.38 (0.51, 3.69) 1.24 (0.97, 1.59) 

SO2 1.10 (0.87, 1.39) 1.47 (0.88, 2.45)  0.37 (0.11, 1.23) 1.19 (0.98, 1.45) 

NO2 1.05 (0.90, 1.23) 1.14 (0.87, 1.50)  0.80 (0.41, 1.56) 1.09 (0.95, 1.25) 

CO 0.99 (0.84, 1.17) 1.43 (0.88, 2.33)  1.07 (0.34, 3.38) 1.00 (0.94, 1.08) 

ORs were adjusted for all covariates in Table 1. 663 

* p<0.05.  ** p<0.01.   664 
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 665 
Figure S1. Flow chart of number and proportion as well as prevalence of doctor-diagnosed asthma among studying 666 

populations. 667 
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 673 

 674 

Figure S2. Odds ratio (95% CI) of children’s doctor-diagnosed asthma for PM2.5 (A), PM2.5-10 (B), and PM10 (C) exposure 675 
in 40 gestational weeks. 676 
Models were adjusted for all covariates in Table 1.  677 

  678 

Jo
urn

al 
Pre-

pro
of



31 

 

 679 

 680 

 681 

 682 

 683 

 684 

Figure S3. Odds ratio (95% CI) of children’s doctor-diagnosed asthma for SO2 (A), NO2 (B), and CO (C) exposure in 40 685 
gestational weeks. 686 
Models were adjusted for all covariates in Table 1. 687 
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H I G H L I G H T S 1 

⚫ Traffic-related air pollution (TRAP) exposure was related with childhood asthma 2 

⚫ Pregnancy, 2nd trimester, and postnatal period were critical widows for PM exposure 3 

⚫ Daytime and nighttime TRAP exposure played an important role in the risk of asthma 4 

⚫ There were cumulative effects of PM2.5 and NO2 over gestation in relation to asthma 5 

⚫ Our study supports and develops the “fetal origin of childhood asthma” hypothesis 6 
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