
RESEARCH ARTICLE

The impact of prenatal exposure to PM2.5 on childhood asthma
and wheezing: a meta-analysis of observational studies

Wu Yan1,2
& Xu Wang1,2

& Tianyu Dong1,2
& Mengqi Sun1,2

& Mingzhi Zhang1,2
& Kacey Fang3

& Yi Chen4
& Rui Chen5

&

Zhiwei Sun5
& Yankai Xia1,2

Received: 16 October 2019 /Accepted: 22 April 2020
# Springer-Verlag GmbH Germany, part of Springer Nature 2020

Abstract
With the accelerated pace of economic development and modernization, air pollution has become one of the most focused public
health problems. However, the impact of particulate matter exposure during pregnancy on childhood asthma and wheezing
remains controversial. We performed this meta-analysis to explore the relationship between prenatal exposure to PM2.5 and
childhood asthma and wheezing. Candidate papers were searched on PubMed, Web of Science, Embase, and Cochrane Library
before July 15, 2019. The main characteristics of the included studies were extracted, and the quality was evaluated by the
Newcastle–Ottawa Scale (NOS). A sensitivity analysis was performed to assess the impact of individual studies on the combined
effects. The Egger and Begg tests were conducted to examine the publication bias. Nine studies were included in the final
analysis. Prenatal exposure to PM2.5 significantly increased the risk of childhood asthma and wheezing (OR = 1.06, 95% CI
1.02–1.11; per 5 μg/m3). Maternal exposure was more strongly related to childhood asthma and wheezing before age 3 (OR =
1.15, 95% CI 1.00–1.31; per 5 μg/m3) than after (OR = 1.04, 95% CI 1.00–1.09; per 5 μg/m3). Children in developed countries
showed more severe effects (OR = 1.14, 95% CI 1.02–1.27; per 5 μg/m3). Children who were born to mothers with higher levels
of prenatal exposure were at higher risk of asthma and wheezing (OR = 1.07, 95% CI 1.02–1.13; per 5 μg/m3). This meta-
analysis indicated that the impact of PM2.5 on childhood asthma and wheezing begins as early as utero, so regulating pollutant
emission standards and strengthening prenatal protection are crucial to maternal and child health.

Keywords Maternal . Pregnancy . PM2.5
. Childhood . Asthma .Wheezing

Wu Yan and XuWang contributed equally to this work, Yankai Xia was
the corresponding author.

Responsible editor: Philippe Garrigues

Electronic supplementary material The online version of this article
(https://doi.org/10.1007/s11356-020-09014-6) contains supplementary
material, which is available to authorized users.

* Yankai Xia
yankaixia@njmu.edu.cn

Wu Yan
yanwu@njmu.edu.cn

Xu Wang
sepnine@njmu.edu.cn

Tianyu Dong
tydong@hotmail.com

Mengqi Sun
sunmengqi95@126.com

Mingzhi Zhang
mingzhizhang@njmu.edu.cn

Kacey Fang
kacey.fang@yale.edu

Yi Chen
bjfcyycy@sina.com

Rui Chen
ruichen@ccmu.edu.cn

Zhiwei Sun
zwsun@ccmu.edu.cn

Extended author information available on the last page of the article

https://doi.org/10.1007/s11356-020-09014-6

/ Published online: 21 May 2020

Environmental Science and Pollution Research (2020) 27:29280–29290

http://crossmark.crossref.org/dialog/?doi=10.1007/s11356-020-09014-6&domain=pdf
http://orcid.org/0000-0003-0484-4035
https://doi.org/10.1007/s11356-020-09014-6
mailto:yankaixia@njmu.edu.cn


Introduction

With the accelerated pace of economic and urban develop-
ment, air pollution had an increasingly adverse impact on
public health all over the world (Kelly and Fussell 2015;
Wang et al. 2016; Xie et al. 2016). Among air pollutants,
ambient particulate matter (PM) has aroused increased con-
cern, and the primary sources that threaten human health in-
clude construction work, road transport, fossil fuels, and to-
bacco consumption (Yang 2019). It consists of tiny solid or
liquid particles suspended in the air with many different chem-
ical components and physical properties (Kelly and Fussell
2012; Ngoc et al. 2017). PM2.5 is also known as fine inhalable
particulate matter, which has a small size and large surface
area, is light-weight, and has strong reactivity, as well as con-
taining acids, organic chemicals, metals, biological materials,
and allergens (de Kok et al. 2006; Guarnieri and Balmes
2014). Compared with coarse particulate matter, inhalable
particulate matter easily attaches to poisonous and harmful
substances like heavy metals and microorganism, and it often
travels for long time and distances in the atmosphere, enters
the alveoli via respiration, stimulates the alveolar walls and
impairs lung function, and even penetrates the blood vessels
and enters the blood circulation (Xing et al. 2016). Previous
epidemiological studies have shown that PM exposure have
significant impact on the morbidity and mortality of human
respiratory diseases (Analitis et al. 2006; Brunekreef and
Holgate 2002; Dominici et al. 2006), especially in pregnant
women, infants, and adolescents (de Oliveira et al. 2012;
Huynh et al. 2006).

Childhood asthma and wheezing are closely related to re-
spiratory tract infections, which are essentially inflammatory
hyperresponsiveness of the airway, and frequent wheezing in
children can induce asthma (Network 2018). Asthma is char-
acterized by recurrent and variable clinical features including
wheezing, chest tightness, persistent cough, shortness of
breath, and expiratory airflow limitation (Massoth et al.
2019; Mims 2015). It is estimated that almost 339 million
people worldwide suffer from asthma, and about 1000 people
die from it every day (Network 2018). Asthma could occur at
any stage of life but most commonly develop for the first time
in early childhood (Network 2018). Wheezing is a common
symptom in patients with bronchospasm and airway obstruc-
tion; it is often regarded as a precursor to childhood asthma
and has significant prognostic value for the early diagnosis of
asthma (Castro-Rodriguez et al. 2000; Martinez 2009;
Martinez and Helms 1998). It should be noted that not all
wheezing is asthma, although they have similar characteristics
(Martinez 2013).

In terms of childhood asthma and wheezing, environmental
factors were considered independent but can be combined
with genetic factors to affect health. Previous studies have
highlighted the impacts of air pollution on asthma and

wheezing based on birth region or current residence
(Gehring et al. 2015; Molter et al. 2015; Tetreault et al.
2016); however, the view remains controversial. Many studies
showed that prenatal exposure to PM2.5 significantly in-
creased the risk of offspring respiratory diseases, including
asthma, wheezing, and broncho-pulmonary infections (Chiu
et al. 2014; Jedrychowski et al. 2013; Pennington et al. 2018),
while some studies have found no similar associations
(Lavigne et al. 2018; Sbihi et al. 2016). Furthermore, air qual-
ity varies widely across countries with different economic
conditions and industrialization levels, which may affect the
concentration of pollutants. Multiple prospective birth cohort
studies from different developed countries have indicated that
exposure to ambient air pollution in early life is more likely to
cause asthma in childhood and adolescence (Gehring et al.
2015). Another study based on immigrant populations found
that the prevalence of asthma decreased in Japanese descent
who had lived in a developing country for at least 6 months,
suggesting that living in developing countries may reduce the
incidence of asthma (Sakai Bizmark et al. 2016).

There is a limited number of meta-analyses that assess the
relationship between prenatal exposure and childhood respi-
ratory diseases currently. Our study explored the association
between prenatal exposure to PM2.5 and asthma and wheezing
in offspring by meta-analysis. We also performed subgroup
analyses to explore the impact of each trimester of pregnancy,
different age groups, and economic levels, as well as potential
confounding factors on child health.

Methods

Search strategy

We searched for relevant papers on PubMed, Web of Science,
Embase, and Cochrane Library databases, which published
before July 15, 2019. The following search terms were used
in the databases:

#1 (maternal) or (antepartum) or (prenatal) or
(pregnancy) or (pregnant)
#2 (childhood) or (children) or (infant) or (offspring)
#3 (PM2.5) or (particulate matter) or (air pollution) or (air
pollutants)
#4 (asthma) or (wheeze) or (respiratory allergy) or (respi-
ratory sounds) or (allergic rhinitis) or (hay fever)
#5 #1 and #2 and #3 and #4

The terms were entered individually and as combinations
in the advanced search fields of each database. Furthermore,
we manually searched for relevant papers in reference lists of
reviews (Hehua et al. 2017; Yang 2019). All original articles
published in English were included, duplicate records and
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irrelevant topics were excluded, and all candidate literatures
were managed by Endnote.

Inclusion and exclusion criteria

The included studies met the following criteria: (1) original
research papers were selected; (2) published observational ep-
idemiological studies, including cohort, nested case-control,
and cross-sectional studies were included, because they can
provide evidence about disease risk factors based on reason-
able design; (3) studies were selected that had maternal expo-
sure to PM2.5 during pregnancy as the primary influencing
factor, strictly specified childhood “asthma” or “wheezing”
diagnosis as outcomes, and explored the relationships among
them; (4) the effect sizes that assessed the risk of PM2.5 and
corresponding 95% CI were included in research papers.

The exclusion criteria for studies were: (1) reviews, confer-
ence abstracts, editorial letters, and comments; (2) explored
PM2.5 exposure except during pregnancy; (3) explored other
air pollutant exposure except PM2.5 during pregnancy; (4)
explored the association between prenatal exposure to PM2.5

and other childhood respiratory diseases or symptoms rather
than asthma or wheezing; (5) only childhood asthma or
wheezing symptoms or onset was investigated, but no expo-
sure was found; (6) different studies with the same population
and overlapping ages.

Data extraction

We screened data from the selected research papers and ex-
tracted the main characteristics of each study, including the
first author’s last name, published year, study time, study
areas, study types, number of subjects, pregnancy phases, ex-
posure assessment methods, PM2.5 exposure distribution,
child ages, outcome definitions, effect size, and 95% Cl.
Covariates and other important information were also dis-
creetly extracted by reading the full text. If a study applied
different data analysis methods, we preferred to select results
from common statistical methods to enhance the comparabil-
ity across original studies. If various pollutant assessment
measures were used simultaneously, we tended to extract re-
sults from more accurate methods.

Quality assessment

The Newcastle–Ottawa Scale (NOS) was recommended for
reporting the quality of observational studies (Stang 2010);
NOS consists of 8 items in 3 categories: selection, compara-
bility, and outcome. Each item received a maximum of one
star in the selection and outcome categories, and a maximum
of two stars in the comparability category (Wells et al. 2011).
In our meta-analysis, NOS was used to assess the quality of
the included studies.

Statistical analysis

We obtained relative risk (RR), odds ratios (OR), and hazard
ratios (HR) as well as 95% confidence intervals (CI) for the
PM2.5 exposure during pregnancy. Since the absolute risk of
asthma/wheezing events was low, the OR can be approximat-
ed as RR (Davies et al. 1998); HR focuses on whether the
terminal event occurs, as well as the time and censored data
used to reach the terminal, which is essentially a risk ratio that
takes time into account. Based on previous meta-analysis ex-
perience, the combination of these three effect values is ac-
ceptable (Anderson et al. 2013; Khreis et al. 2017). The effect
values and 95% CI were extracted in the adjusted models. For
some studies where PM2.5 exposure concentration was cate-
gorized or the other concentration increment, it is necessary to
unify the unit of effect value to 5 μg/m3 through estimation
and conversion. The overall effect was estimated by the effect
size (ES) and the corresponding standard error (SE). The spe-
cific approach was that if included papers only reported the
odds ratio and its 95% confidence interval between PM2.5

exposure and asthma and/or wheezing, the effect size can be
calculated as ES = Ln OR, and the standard error of effect size
may be estimated as SE = OR[Ln (UCI/LCI)/3.92], where
UCI and LCI represents the upper and lower confidence
limits, respectively (Greenland 1987). Heterogeneity
was assessed by the Q and I2 statistics. If the Q statistic
corresponds to p < 0.1 or I2 ≥ 50%, it means that there
is significant statistical heterogeneity among different
studies; otherwise, there is no statistical heterogeneity
(Higgins et al. 2003). If there is no significant hetero-
geneity, the PetoMantel-Haenszel fixed effect model
would be performed in the meta-analysis; otherwise,
the Dersimonian-Laird random effect model would be
used. Subgroup analyses aimed to explain potential het-
erogeneity across multiple studies (Doi et al. 2015;
Mantel and Haenszel 1959). Sensitivity analysis was
used to evaluate the impact of individual studies on
the pooled effect size. Publication bias was estimated
with Egger’s and Begg’s tests. The presentation of the
meta-analyses adhered to the meta-analysis of observa-
tional studies in epidemiology guidelines. All statistical
analyses were performed with Stata 12.0.

Results

Study characteristics

Two thousand two hundred sixty-six records were initially
identified from different databases. After applying these
criteria, a total of 9 original papers met our inclusion criteria
(Hunt et al. 2011; Jedrychowski et al. 2010; Jung et al. 2019;
Lavigne et al. 2018; Lee et al. 2018; Norback et al. 2019; Rosa
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et al. 2017; Sbihi et al. 2016; Soh et al. 2018) (Fig. 1). These
papers were published between April 27, 2010, and April 5,
2019. The main characteristics of the included studies were
presented in supplementary materials (Table S1). Five studies
were conducted in developed countries, and 4 in developing
countries. The studies were comprised of 7 cohort studies, 1
nested case-control study, and 1 cross-sectional study. All
studies’ exposure assessments and outcome definitions met
our inclusion criteria. The longest period of follow-up was
10 years. The participants’ exposure was defined as over en-
tire pregnancy, and parts of reported each trimester exposure.
The children’s ages ranged from 0 to 10 years in these studies.
Different methods and models were applied to assess
maternal air pollution exposure levels. Three studies
used aerosol optical depth (AOD) measurements, com-
bined with land use regression (LUR) predictors to ob-
tain the exposure levels of each participant (Jung et al.
2019; Lee et al. 2018; Rosa et al. 2017). Three studies
provided the LUR models or the inverse-distance
weighted (IDW) averages to estimate pollutants based
on high spatial resolution (Lavigne et al. 2018;
Norback et al. 2019; Sbihi et al. 2016). Two studies used
personal environmental monitoring samplers (PEMS) and
24-h sampling instruments estimated exposure levels (Hunt
et al. 2011; Jedrychowski et al. 2010), and one study obtained
exposure information from the National Environment Agency
(Soh et al. 2018). Children’s health outcomes were deter-
mined mainly from hospital diagnosis or reports from the
main caregiver.

Quality of included studies

A quality assessment checklist ensured that the included stud-
ies met quality requirements. NOS results are shown in
(Table S2), indicating that the included studies have high
quality (at least six stars), but most of the studies were judged
insufficient in the assessment of outcome and adequacy of
following up. In terms of outcome assessment, several studies
used primary caregivers or questionnaire answers to obtain
children’s outcomes (Lee et al. 2018; Norback et al. 2019;
Rosa et al. 2017; Soh et al. 2018). Regarding for follow-up
adequacy, the loss of follow-up was more than 20% or not
mentioned in some studies (Hunt et al. 2011; Lee et al. 2018;
Norback et al. 2019; Rosa et al. 2017; Soh et al. 2018).

Systematic review

Some population-based studies have explored the association
between prenatal PM2.5 exposure and wheezing. In growing
up in Singapore towards healthy outcomes (GUSTO) study,
Soh et al. pointed out that maternal exposure to PM2.5 during
entire pregnancy or at each trimester significantly increased
the risk of wheeze in children in the first 2 years, and children
who were born to overweight or obese women were more
likely to suffer from wheezing (Soh et al. 2018). Lee et al.
constructed Bayesian distributed lag interaction models to
identify susceptible windows and higher risk subgroups in
Boston. It is identified that the 19 to 23 weeks of gestation
constituted sensitive window, and synergistic effects of

2266 records identified from

online databases

920 Pubmed; 837 Web of Science

483 Embase; 26 Crochrane library

1590 records remained

69 records remained

17 records remained

676 reduplicative records removed

1521 records excluded

1368 based on titles and abstract

41 comments or editorial materials

112 reviews

52 records excluded

31 other pollutants exposure

17 other periods exposure

4 other adverse outcomes

9 records included in quantitative

analysis

8 records excluded

4 without providing an effect size

4 with the same population and ages

Fig. 1 The process and
procedures of study screening
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prenatal stress and PM2.5 exposure on childhood asthma risk
(Lee et al. 2018). With a birth cohort of 76,172 participants in
Ontario, Canada, Lavigne et al. found that PM2.5 exposure in
the second trimester increased the risk of asthma in offspring
(HR 1.07, 95% CI 1.06–1.09). This study has a large sample
size, long longitudinal data, and strong causal analysis ability
(Lavigne et al. 2018). The study of birth cohort in Krakow
found that prenatal exposure was positively correlated with
the number of wheezing days in the first 2 years of life, while
no longer associated with the frequency of wheezing at age 3
to 4.Wheezing after 3 years old was no longer associated with
prenatal exposure, but its occurrence depends on the presence
of wheezing in the first 2 years (Jedrychowski et al. 2010).
Hunt et al. recruited pregnant women with a history of asthma
from inner-city neighborhoods of Syracuse, NY, and found
that elevated PM2.5 level was a significant risk factor for child-
hood wheezing (Hunt et al. 2011). Jung et al. designed the
large population-based birth cohort to explore the impact of
prenatal and postnatal exposure to PM2.5 on asthma onset, and
found that exposure during 6–22 weeks during pregnancy and
9–46 weeks after birth were significantly associated with in-
creased incidence of asthma. The risk ratio increased dramat-
ically when exposure to PM2.5 concentrations was higher than
93 μg/m3 (Jung et al. 2019).

Inconsistent results were found in other longitudinal stud-
ies. Rosa et al. found that mothers exposed to higher levels of
particulate pollution during pregnancy did not increase the
risk of wheezing in their offspring. It is worth noting that
pregnant womenwith high prenatal stress weremore frequent-
ly exposed to PM2.5 in the first trimester, and that their chil-
dren have slightly higher risk of wheezing than other children
(Rosa et al. 2017). In Greater Vancouver, Sbihi et al. used a
nested case-control design compared with cases of preschool
children and school-age children with their control group, re-
spectively. After adjusted for economic status and childbirth
characteristics, no relationship was found between PM2.5 ex-
posure during pregnancy and general childhood asthma, but
the effects of air pollution on children with low birth weight
were significant (Sbihi et al. 2016). Norback et al. recruited
infants from day care centers in six Chinese cities and found
prenatal exposure to PM2.5 was associated with the prevalence
of rhinitis; however, no significant association was found in
wheezing (Norback et al. 2019). Different studies have obtain-
ed controversial results on this subject, but we must recognize
that these researchers are constantly trying new methods to
accurately assess the association between PM2.5 exposure dur-
ing pregnancy and asthma and wheezing in children, so as to
explore the substantial association.

Meta-analysis

A pooled analysis included 9 studies and are shown in Fig. 2.
The reason why there were 10 items in our pooled analysis is

that a research paper assigned children into two groups based
on ages to explore the effects of prenatal exposure on children.
The results indicated that prenatal exposure to PM2.5 signifi-
cantly increased the risk of childhood asthma and wheezing
(OR = 1.06, 95% CI 1.02–1.11; per 5 μg/m3) (Fig. 2).

In order to explore trimester specific effects, we divided the
entire pregnancy into three trimesters, and found that PM2.5

exposure had no significant impact on children asthma and
wheezing in any trimester (1st trimester OR = 1.03, 95% CI
0.96–1.11; 2nd trimester OR = 1.07, 95% CI 0.98–1.17; 3rd
trimester OR = 1.02, 95% CI 0.95–1.09; per 5 μg/m3)
(Fig. 3a).

Taking the age of 3 as the boundary and dividing the chil-
dren into two groups, we found that maternal exposure was
more strongly associated with infant respiratory symptoms
before 3 years old (OR = 1.15, 95% CI 1.00–1.31; per 5 μg/
m3) than after (OR = 1.04, 95% CI 1.00–1.09; per 5 μg/m3)
(Fig. 3b).

The pooled effect size was also estimated based on the
economic development of the research area. The pooled effect
indicated that prenatal exposure has a more severe effect on
childhood asthma and wheezing in developed countries
(OR = 1.14, 95% CI 1.02–1.27; per 5 μg/m3) than in develop-
ing countries (OR = 1.05, 95% CI 1.00–1.10; per 5 μg/m3)
(Fig. 3c).

Based on the PM2.5 criterion values (25 μg/m3) set by the
World Health Organization (WHO), the studies were catego-
rized into two groups including higher and lower exposure
groups, and the effect values were pooled. The subgroup anal-
ysis revealed that the effects of maternal prenatal exposure on
asthma and wheezing in children were marginal and varied
widely in areas with lower average exposure concentrations
(OR = 1.10, 95% CI 0.99–1.21; per 5 μg/m3). However, this
effect was significant and stable in areas with higher average
exposure concentrations (OR = 1.07, 95% CI 1.02–1.13; per
5 μg/m3) (Fig. 3d).

Four studies examined the association between maternal
exposure to PM2.5 and childhood asthma, and 5 investigated
wheezing. The effect of prenatal exposure on childhood asth-
ma (OR = 1.06, 95%CI 0.98–1.14) and wheezing (OR = 1.08,
95% CI 1.01–1.15) is presented in Table 1. Exposure to PM2.5

during each trimester of pregnancy did not increase the risk of
asthma and asthma in children. The pooled effects of PM2.5 on
wheezing before the age of 3 was significant (OR = 1.15, 95%
CI 1.00–1.31). In the case of wheezing, the pooled effect
values for both developed and developing countries showed
that exposure to PM2.5 during pregnancy increased the risk of
childhood disease (OR = 1.37, 95% CI 1.01–1.86; OR = 1.03,
95% CI 1.02–1.04, respectively).

The pooled effects adjusted for various characteristics of
mothers and children are shown in Table 2. Prenatal exposure
to PM2.5 was significantly associated with childhood wheez-
ing after adjusting for maternal atopy (OR = 1.08, 95% CI
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Fig. 2 Forest plots for the risk of
prenatal exposure to PM2.5 on
childhood asthma and wheezing.
Nine studies showed that
maternal exposure to PM2.5

significantly increased the risk of
childhood asthma and wheezing
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Fig. 3 Forest plots of subgroup analyses results. a Maternal exposure to
PM2.5 at any single stage of pregnancywas not significantly associated with
offspring asthma and wheezing. b Maternal exposure to PM2.5 had strong
impact on child asthma and wheezing before 3 years of age. c Prenatal

exposure is more strongly associated with child asthma and wheezing in
developed countries than in developing countries. d Areas with higher
prenatal exposure levels had more stable risk ranges for child asthma and
wheezing
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1.01–1.15), while the association with asthma was not statis-
tically significant under the same conditions (OR = 1.07, 95%
CI 0.98–1.17). The pooled effect showed a significant associ-
ation between prenatal exposure and childhood asthma after
adjusting for ETS (OR = 1.06, 95% CI 1.01–1.12). In addi-
tion, after adjusting for children’s gender, parity, and
breastfeeding, the association between gestational exposure
and children’s composite outcomes were statistically signifi-
cant, but the effects on asthma and wheezing were different
respectively. Sensitivity analyses showed the contribution of
each study was balanced and our results were robust (Fig. 4a).
Egger’s and Begg’s tests showed no significant publication
bias (Egger’s test, p = 0.257; Begg’s test, p = 0.210), and the
funnel plot of intuitive expression is shown in Fig. 4b. There
was no apparent asymmetry in the funnel plot, indicating that
the included papers did not have potential publication bias.

Discussion

In this study, we performed systematic review and meta-
analysis to assess the association between prenatal PM2.5

and asthma and wheezing in children. A total of 1,030,823
mother-child pairs from 9 studies showed that exposure to
PM2.5 during pregnancy had significant effect on asthma and
wheezing in offspring. The most association remained signif-
icant after adjusting for mother and child characteristics as
well as performing the subgroup analysis, suggesting that
our results were reliable. Our results also showed that expo-
sure to PM2.5 during each trimester alone did not significantly
increase the risk of asthma and wheezing in children, suggest-
ing that exposure throughout pregnancy is harmful (Lee et al.
2018). Therefore, more effective preventive measures to con-
trol air pollution and prenatal care are particularly significant
during the entire pregnancy (Soh et al. 2018), such as reducing
the frequency of outdoor exercise or wearing dust masks in
hazy weather. The stronger association was also found be-
tween exposure and child asthma and wheezing in the first
3 years. Although there was a weaker significant association
after 3 years of age, the frequency and severity of the disease
remains dependent on the presence of respiratory symptoms in
early life (Jedrychowski et al. 2010). The pooled risk effect in
developed countries was higher than in developing countries,
which may be due to the large number of studies included in

Table 1 Meta-analysis on the risk
of maternal exposure to PM2.5

during pregnancy for childhood
asthma and wheezing
respectively

Confounders adjustment Number of studies Overall effects (95% CI) Heterogeneity

p value I2%

Childhood asthma

Entire pregnancy 4 1.06 (0.98, 1.14) < 0.001 84.6

Each trimester

The first trimester 2 1.01 (0.99, 1.03) 0.705 0.0

The second trimester 2 1.08 (0.99, 1.16) < 0.001 91.9

The third trimester 2 1.02 (1.00, 1.04) 0.323 0.0

Age groups

Before 3 years old 0 – – –

After 3 years old 3 1.07 (0.99, 1.15) < 0.002 84.6

Economy level

Developed countries 4 1.06 (0.98, 1.14) < 0.001 84.6

Developing countries 0 – – –

Childhood wheezing

Entire pregnancy 5 1.08 (1.01, 1.15) < 0.001 82.6

Each trimester

The first trimester 2 1.75 (0.62, 4.95) 0.007 86.3

The second trimester 2 1.67 (0.51, 5.44) 0.003 88.3

The third trimester 2 1.39 (0.60, 3.22) 0.002 90.1

Age groups

Before 3 years old 4 1.15 (1.00, 1.31) < 0.001 86.8

After 3 years old 2 1.01 (0.99, 1.02) 0.458 0.0

Economy level

Developed countries 2 1.37 (1.01, 1.86) 0.014 83.6

Developing countries 3 1.03 (1.02, 1.04) 0.768 0.0
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developed countries, and some of them use more accurate
exposure measurements (Hunt et al. 2011; Jedrychowski
et al. 2010). There were also some studies which indicated
that particulate matter in developed countries mainly comes
from automobile exhaust emissions (Hime et al. 2018), while
from industrial processes, fossil and biomass fuel in develop-
ing countries (Li et al. 2014). Both low-exposure and high-
exposure areas were associated with respiratory health in chil-
dren, but the effects of high exposure were more stable.

Our results are consistent with most of the included studies,
but there are still several inconsistencies. Sbihi et al. used a
nested case-control design to explore the relationship between
air pollution exposure during pregnancy and asthma in

offspring. The incidence of asthma in children aged 0–5 and
6–10 was 11.92% and 2.69%, respectively. Furthermore, the
air quality in the study area was quite good, with the average
concentration of PM2.5 being 4.10 ± 1.6 μg/m3 and per IQR
1.45 μg/m3, which may be the reason why no significant
correlation was found (Sbihi et al. 2016). Rosa et al. did not
find the effect of prenatal PM2.5 exposure on children’s
wheezing, but showed that psychological stress could regulate
the association between particulate exposure and children’s
wheezing. The study involved 552 mother and child pairs,
using a hybrid satellite-based method and residential ad-
dresses to estimate the exposure of pregnant women during
pregnancy. Asthma was assessed using a questionnaire: “ Has

Table 2 Meta-analysis on the risk
of maternal exposure to PM2.5

during pregnancy for childhood
asthma and wheezing after
adjusting for different
confounders

Confounders adjustment Number of studies Overall effects (95% CI) Heterogeneity

p value I2%

Maternal atopy 7 1.07 (1.03, 1.12) < 0.001 82.0

ETS 6 1.07 (1.01, 1.13) < 0.001 85.4

Child gender 7 1.07 (1.03, 1.11) < 0.001 85.8

Birth weight 5 1.09 (1.00, 1.19) < 0.001 85.0

Parity 4 1.05 (0.99, 1.11) < 0.001 81.7

Breastfeeding 4 1.02 (1.00, 1.05) 0.346 9.4

Childhood asthma

Maternal atopy 2 1.07 (0.98, 1.17) < 0.001 82.2

ETS 3 1.06 (1.01, 1.12) 0.001 85.0

Child gender 3 1.06 (1.01, 1.12) 0.001 86.0

Birth weight 3 1.04 (0.93, 1.17) 0.001 85.5

Parity 2 1.01 (0.96, 1.07) 0.191 39.6

Breastfeeding 3 1.03 (1.00, 1.06) 0.293 19.5

Childhood wheezing

Maternal atopy 5 1.08 (1.01, 1.15) < 0.001 82.5

ETS 3 1.14 (0.96, 1.37) < 0.001 86.4

Child gender 4 1.10 (1.02, 1.19) < 0.001 86.0

Birth weight 2 1.27 (0.81, 1.99) < 0.001 93.4

Parity 2 1.28 (0.88, 1.98) < 0.001 94.5

Breastfeeding 1 1.02 (0.98, 1.07) – –

Fig. 4 Sensitivity analysis and
funnel plot of meta-analysis. a
Sensitivity analysis showed that
none of the 9 studies had a strong
effect on the overall effect size. b
There is no obvious asymmetry in
funnel plot, indicating that there is
no potential publication bias in
the included studies
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your child ever had wheezing or whistling in the chest at any
time in the past?”; such assessments are highly subjective, and
it is difficult for most caregivers to tell whether the child has
asthma (Rosa et al. 2017). Norback et al. conducted a cross-
sectional questionnaire survey on the guardians of children
aged 3–6 in day care centers in 6 cities of China. The assess-
ment of pollutant exposure was based on the date of birth and
the location of day care centers, and retrospective modeling
was performed using official air pollution data to estimate
prenatal PM2.5 exposure levels. The research team suggested
that most children live close to day care centers in China,
where air pollution levels can be approximated as household
exposure levels, but this is different from the reality in Chinese
urban areas. Then, the retrospective modeling may be biased,
and the calculation of PM2.5 levels based on PM10 may make
the bias even greater (Norback et al. 2019). It also should be
noted that Hunt et al. focused on pregnant women with a
history of asthma, which may be an important potential con-
founding factor for offspring asthma, making the risk value
higher than in other studies (Hunt et al. 2011).

From the point of methodology, although randomized con-
trolled studies provide stronger evidence than observational
studies, observational studies are considered more appropriate
for meta-analyses based on the characteristics of air pollution
and its impact on health. Subgroup analyses and sensitivity
analysis were carried out for the included studies, and random
effect models were adopted. After applying the random effect
model, the interval of effect value was small, indicating that
the result was stable. However, considering that subgroup
analysis cannot eliminate the heterogeneity among studies,
the results still need to be viewed with caution and objectivity.
There were some possible explanations for large heterogene-
ity in the meta-analysis. First, there were significant regional
differences in the concentration of ambient particulate, from
an average exposure of 4.10 μg/m3 for pregnant women in the
greater Vancouver metropolitan region to 69 μg/m3 in six
provincial capitals in China (Norback et al. 2019; Sbihi et al.
2016). Second, different methods were measured and estimat-
ed exposure levels across the studies. PM2.5 evaluationmodels
included IDW, LUR, and AOD, as well as PEMS. IDW is less
accurate than LUR in estimating individual PM2.5 exposure
levels; AOD use satellite remote sensing inversion technology
to establish a high spatial and temporal resolution exposure
prediction model with better accuracy than LUR; PEMS are
considered the most accurate method currently used to moni-
tor individual exposures (Hehua et al. 2017). Some studies
have compared the evaluation effectiveness of different
models and concluded that different models were acceptable
(Yu et al. 2018). Furthermore, the estimated spaces in differ-
ent studies varied from indoor to outdoor, and the locations
included ZIP code, residential address, and day care center
address. Some measurements provided daily exposure, while
others provided average exposure levels over time. Third, the

number of subjects in different studies varied widely from 103
to 761,172 (Hunt et al. 2011; Lavigne et al. 2018); most of the
studies focused on symptoms before the age of 6 and only one
investigated child who aged 6–10 years. Four studies used
hospital diagnoses to determine the disease outcomes, while
others were obtained through questionnaires by primary care-
givers. Postnatal exposure is related to the outcome of child-
hood diseases, but some studies failed to adjust the PM2.5

pollution level after birth when focusing on the health effects
of exposure during pregnancy, and the underlying bias cannot
be ignored, which is also the fourth reason for the large het-
erogeneity. Atmospheric particulate matter is an important
risk factor in childhood allergic diseases. Prenatal exposure
to PM may affect children’s respiratory health through direct
placental exposure or compromising placental function (Yang
2019). Certainly, more evidence is needed on the potential
impacts of prenatal exposure to PM2.5 on children’s health to
reveal the underlyingmechanisms via which PM2.5 may cause
asthma and wheezing in offspring.

This is a comprehensive analysis about the effect of prena-
tal exposure to PM2.5 on childhood wheezing and asthma.
After identifying relevant studies through a strict publication
screening and quality assessment, we conducted a pooled
analysis to comprehensively assess the risk impact of prenatal
exposure on offspring’s asthma and wheezing. It not only
provides a timely contribution to antenatal care, but illustrates
the importance of preventing air pollution. However, there are
some limitations. First, we only examined the impact of a
single pollutant on children’s respiratory health. In fact, there
are various air pollutants that have synergistic effects, and
there is a high correlation between the different pollutants,
which may lead to a false positive association between expo-
sure and outcomes. Second, most of our included studies used
residential exposure instead of individual exposure, and we
only extracted exposure concentration and effect size, so we
could provide more concise and visual risk estimates. Third,
our results showed a high heterogeneity level across the in-
cluded studies, this may be due to the study design, exposure
assessment, and childhood age groups were different across
studies, but the good sign is the results were robust. Air pol-
lution and childhood respiratory health are significant prob-
lems in the current field of public health, so further research
with more scientific epidemiologic designs, more accurate
exposure assessment models, and larger sample sizes (Dong
et al. 2018) are urgently needed to clarify the causal associa-
tion between maternal exposure to PM2.5 and childhood asth-
ma as well as wheezing.

Conclusions

The results from the meta-analysis suggested that maternal
exposure to PM2.5 was significantly associated with childhood
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asthma and wheezing. Gestation is a crucial period of fetal
respiratory development, and exposure may increase the risk
of subsequent asthma and wheezing in children; however, our
conclusions need to be treated with caution because of hetero-
geneity. We suggest that regulating pollutant emission stan-
dards and enhancing prenatal care measures should be carried
out to promote maternal and child health.
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