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Abstract
An increasing number of studies investigated the association between air pollution during pregnancy and the risk of eczema in offspring. However, no
meta-analysis has con�rmed the existence and size of their association to date. We systematically searched PubMed, Web of Science, Cochrane Library,
and Embase databases to select the observational controlled studies published from the inception date to October 16, 2021. Quality evaluation was
guided by the Newcastle-Ottawa Scale (NOS). Sensitivity analysis was applied to assess the impact of each included study on the combined effects,
and publication bias was examined by the Begg’s tests and Egger’s tests. A total of 12 articles involving 69,374 participants met our eligibility criteria.
The signi�cant association between the maternal exposure to NO2 (per 10 μg/m3 increased) and childhood eczema was observed, with a pooled risk
estimate of 1.13 (95% CI: 1.06-1.19), but no association was observed between exposure to PM10, PM2.5, and SO2 and the risk of eczema in offspring.
Besides, the effect of maternal NO2 exposure on childhood eczema was signi�cant in the �rst and second trimesters, but not in the third trimester. There
was notable variability in geographic location (p = 0.037) and air pollutant concentration (p = 0.031) based on meta-regression. Our �ndings indicated
that prenatal exposure to NO2 was a risk factor for elevated risk of eczema in childhood, especially in the �rst and second trimesters. Further studies
with larger sample sizes considering different constituents of air pollution and various exposure windows are needed to validate these associations.

1. Introduction
Eczema, also termed as atopic dermatitis (AD), is a major health issue in childhood affecting a child’s life-quality, often associated with rhinitis, asthma,
and other atopic disorders and is characterized by pruritic skin lesions including redness, cracking, scaling, and potential super-infection of the skin
(Kanchongkittiphon et al. 2015; Nutten 2015). Eczema occurs most often in early childhood, which generally begins in infancy and can even emerge as
early as 1–2 months after birth (Odhiambo et al. 2009). The World Allergy Organization reported that the childhood prevalence of eczema was
approximately 10.7% and 15% ~ 20% of children in US and Europe, respectively (Drucker et al. 2017). Moreover, it has imposed a signi�cant burden on
the life quality of patients and their families. For example, it was conservatively estimated that the total annual cost of treating eczema in the United
States was $5.297 billion (in 2015 USD) (Drucker et al. 2017). Risk factors for having eczema are known to include climate, urban versus rural setting,
diet, breastfeeding, time of weaning, obesity, physical exercise, tobacco smoke, and ambient air pollution (Nutten 2015).

Data from the Global Burden of Disease Study indicated that ambient air pollution was responsible for 7.5% of deaths and ranked the sixth biggest
attributable cause of disability-adjusted life years (DALYs) in 2016 (Bae and Kwon 2019). Numerous previous studies focused on investigating whether
postnatal exposure to air pollutants increased the risk of eczema in children or exacerbated eczema symptoms (Brauer et al. 2002; Fuertes et al. 2020;
Kim et al. 2016; Liu et al. 2016; Liu et al. 2020; Lu et al. 2021). Although it is well accepted that early life exposure factors are likely to be responsible for
the recently rapid rising incidence rate of eczema in childhood, on the other hand there is growing concern on the correlation between gestational
exposure and childhood eczema. Furthermore, emerging evidence suggested that prenatal exposure to ambient air pollution could impact the
intrauterine fetal developmental programming through a variety of mechanisms, such as immune dysfunction, oxidative stress, and DNA methylation
(Grieger et al. 2016; Kingsley et al. 2016; Lockett et al. 2015).

To date, there have been no consistent conclusions to summarize the previous evidence on the relationship between maternal air pollution exposure and
the risk of eczema in the offspring. Abundant researches have demonstrated that prenatal exposure to air pollution was positively associated with the
risk of eczema (Deng et al. 2016; Deng et al. 2019; Lee et al. 2018; Liu et al. 2020; Lu et al. 2021), but a few studies have not found the signi�cant
association (Aguilera et al. 2013; Granum et al. 2020; Huang et al. 2015). Therefore, we conducted this meta-analysis to evaluate the potential effects of
maternal exposure on childhood eczema. The speci�c goals were a) to pool the effect estimates of maternal air pollution exposure on childhood
eczema; b) to explore sources of heterogeneity based on gestational windows of exposure, geographic location, sample size, age of disease onset,
exposure assessment method, study quality scores, and air pollutant concentration; c) to identify the crucial air pollutants and susceptible gestational
windows which can provide insights on effective prevention and interventions for childhood eczema.

2. Method And Materials
The protocol of this meta-analysis was performed according to the Preferred Reporting Items for Systematic Review and Meta-analysis (PRISMA)
guideline (Moher, et al. 2010). Also, we have registered and published the protocol for this study on the International Prospective Register of Systematic
Reviews (PROSPERO, www.crd.york.ac.uk/PROSPERO, ID: CRD42021288028).

2.1. Search strategy and study selection
We comprehensively searched articles published before October 16, 2021 in the following electronic bibliographic databases without any limits on the
date of �rst publication: PubMed, EMBASE, Cochrane Library, and Web of Science. Our search strategy is listed as follows.

#1: (air pollution) or (particulate matter) or (air pollutants) or (tra�c pollution) or (outdoor pollution) or (carbon monoxide) or (sulphur dioxide) or
(nitrogen dioxide) or (ozone) or (PM10) or (PM2.5)

#2: (eczema) or (ecz) or (atopic eczema) or (atopic dermatitis) or (AD) or (SASSAD) or (atopic)

#3: (children) or (childhood) or (child) or (pediatric) or (offspring)

http://www.crd.york.ac.uk/PROSPERO
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#4: (prenatal) or (gestation) or (pregnancy) or (maternal)

#1 AND #2 AND #3 AND #4

Manual searches of the reference lists of included studies were scanned to identify more comprehensive studies. Potentially eligible studies were
initially screened by title and abstract after removing duplicates, and further evaluated through the details of full texts by two authors independently
(Dengyuan Yue and Jiaqing Mao). All discrepancies were resolved by discussing with the third author (Ting Shen).

2.2. Inclusion criteria and exclusion criteria
We identi�ed eligible articles of this meta-analysis utilizing the following inclusion criteria: (1) Study design was observational, including cohort studies,
cross-sectional studies, and case-control studies; (2) The outcome of interest was childhood eczema or atopic dermatitis with clear de�nition; (3)
Maternal exposure to at least one pollutant (PM2.5, PM10, NO2, and SO2) was assessed; (4) Risk estimates of the association between pregnant
exposure to air pollutants and risk of childhood eczema were reported, including relative risk (RR), odds ratio (OR), hazard ratio (HR), and their 95%
con�dence intervals (CI), or providing su�cient data to calculate them; (5) If study populations overlapped, the study with larger sample size was
included.

The exclusion criteria were as follows: (1) Studies were reviews, conference papers, letters, experimental studies, or other non-epidemiological studies;
(2) The exposure level during trimester-speci�c or entire pregnancy period was not reported, and the effects of speci�c pollutants were not related to
ambient air pollution; (3) Duplicate studies retrieved from different databases.

2.3. Data extraction and quality assessment
Two investigators (Dengyuan Yue and Jiaqing Mao) extracted and recorded the following crucial information independently using a prede�ned data
items template: study characteristics (�rst author, year of publication, country, data collection years, study location, study design, sample size), age of
children at evaluation, types and concentrations of air pollutants, exposure window, exposure assessment method, variables adjusted and
corresponding risk estimates with 95% CIs. When more than one risk estimates were provided in the same article, we ultimately extracted the risk
estimates adjusted for the largest number of covariates. The quality of each study included was assessed by The Newcastle Ottawa Quality Scale
(NOS), which was applied because most of the selected studies fall under cohort studies and case-control studies. This tool consists of 8 questions
from three domains to evaluate the quality, namely selection of participants, comparability of cases and controls, and ascertainment of outcomes of
interest. Scores ranged from 0 to 9 points, and the studies with a quality score of more than 7 points were considered as high quality. Two investigators
(Dengyuan Yue and Jiaqing Mao) independently gave one score to each item if the criteria were ful�lled. Any disagreement was resolved through joint
discussion, and the third investigator (Ting Shen) was available to determine eligibility until a consensus was reached.

2.4. Statistical methods
All statistical analyses were conducted utilizing STATA version 14.0. For given data in each study, we sought to obtain the adjusted ORs, RRs, HRs and
their 95% CIs for any prenatal exposure to the NO2, SO2, PM10, and PM2.5. Considering that highly correlated types of air pollutants simultaneously
included in one model may cause multicollinearity and inverse regression results, we extracted the corresponding results from the single pollutant model
(Wang et al. 2018). We regarded RR as OR approximately due to the relatively low incidence of eczema in children (Nelissen et al. 2011), and HR was
essentially close to the RR on account of the timing of the development of child outcomes. Based on a previous analysis (Yan et al. 2020), the
combination of the three effect values was appropriate to synthesize the effect estimates. Therefore, we directly equated the effect estimates (HRs and
RRs) with ORs in our analysis. To compare the effects of air pollutants on childhood eczema across different studies, ORs (and 95% CIs) were scaled to
10 µg/m3 increments by taking the natural logarithm of the risk estimates (and con�dence limits) and then standardized to 10 µg/m3 by dividing by the
original risk increment and multiplying by 10 (Huangfu and Atkinson 2020), also harmonized the unit of air pollution from ppb to µg/m3 (Klepac et al.
2018). Standardized risks for each study were estimated using the speci�c formulas were listed as follows (Yang, et al. 2018).

β(standardized) = β(original) × Increment(10)/Increment(original) (1)

OR (standardized) = OR (original)
Increment(10)/Increment(original) (2)

Conc 2  = 24.45×Conc1/M (3)

(Conc1 is reported concentration of air pollutant in the original articles [µg/m3], Conc2 stands for the calculated concentration of the air pollutant [ppb],
M is molecular weight of an air pollutant.)

We used random-effects models in the DerSimonian and Laird methods to pool the effect estimates and 95% CIs in our meta-analysis whatever the �nal
degree of heterogeneity (DerSimonian and Laird 2015). I2 statistic and Cochran’s Q test were conducted as measures to assess heterogeneity. I2 values
of < 25%, 25–50% and > 50% usually corresponded to small, medium, and high heterogeneity, respectively, and engaged in subgroup analysis and meta-
regression to further search potential mechanisms and sources of heterogeneity using study characteristic variables including: geographic location
(Asia versus Europe), sample size (≤ 2000 versus > 2000), age of disease onset (cut-off point: 3 years old), exposure assessment method, study quality
scores (< 7 versus ≥ 7), and air pollutant concentration (low levels versus high levels). In addition, we used visual inspection of funnel plots and Egger’s
test as well as Begg’s test in order to detect publication bias, and the p value < 0.05 was assumed as signi�cant publication bias. Since the results of
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publication bias test and meta-regression analysis were not reliable among limited studies, we did not conduct related analysis when the number of
included studies was less than �ve.

3. Results

3.1. Identi�cation of studies
As shown in the PRISMA �ow chart (Fig. 1), a total of 1497 studies were yielded through searching the databases. Following the removal of 84 duplicate
studies, we excluded 1373 studies described irrelevant air pollutants or other non-eczema allergic diseases according to the titles and abstracts. After
further reviewing the full-texts of the 40 records, among which 7 studies were meeting abstract, letters or other non-epidemiological studies, 8 studies
used non-pregnant period for air pollution exposure, 8 studies had no access to full-texts or no available data for extraction and 5 studies enrolled the
same cohort with other studies. Finally, 12 studies that conformed to the inclusion criteria were eligible for our quantitative synthesis of the current
meta-analysis (Aguilera et al. 2013; Deng et al. 2019; Granum et al. 2020; Huang et al. 2015; Jedrychowski et al. 2011a; Jedrychowski et al. 2011b; Lee
et al. 2018; Liu et al. 2016; Liu et al. 2020; Lu et al. 2021; Yang et al. 2020).

3.2. Study characteristics
The basic characteristics of these 12 individual studies are presented in Table 1. Among the studies, the effects of PM2.5, PM10, NO2, and SO2 exposure
during pregnancy on childhood eczema were �ve, eight, nine, and four articles, respectively. There were 9 prospective birth cohort studies and 3 cross-
sectional studies. Regarding research regions, the majority of articles were conducted in Asia, including 6 in China and 2 in Korea, and 4 articles from
Europe. The sample size ranged from 322 to 39,782, and altogether 69,374 participants were employed occurring during 2010–2018, among which ages
of children with eczema ranged from 0 to 11 years old. In terms of the assessment methods of air pollutant concentrations during pregnancy, four
studies used Land Use Regression (LUR) model, and three for inverse distance weighted method (IDW), two for Personal Environmental Monitoring
Sampler (PEMS), two for air-monitoring stations, and one for Ordinary Kriging (OK) model. Most studies collected information about the outcome based
on the structured interviews (N = 6), and the remaining studies used self-reported questionnaires �lled out by parents (N = 2) or obtained by clinical
diagnosis (N = 4). Based on NOS scores, there were 11 studies scored 7 (Aguilera et al. 2013; Deng et al. 2016; Deng et al. 2019; Granum et al. 2020;
Huang et al. 2015; Jedrychowski et al. 2011a; Jedrychowski et al. 2011b; Lee et al. 2018; Liu et al. 2020; Lu et al. 2021; Yang et al. 2020), which were
considered as high-quality studies in total 12 studies and only one was considered to be moderate-quality study (Table S1).
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Table 1
Characteristics of studies included in the meta-analysis.

First author,
Year, Country

Data
Collection
Years

Location Design No. of
Cases/

Controls

Child
Age

Air
Pollutant

Exposure
Window
Reported

Exposure

Assessment

Method

Variables
Matched or
Adjusted

NOS

Jedrychowski
et al, 2011,

Poland

2001–
2004

Poland cohort 199/123 3–60
months

PM2.5 second
trimester

PEMS maternal
characteristics
(age,
education,
atopy), gender
of child, older
siblings,
damp/mold
house

9

Jedrychowski
et al, 2011,

Poland and
England

2001–
2004

USA and
Poland

cohort 183/286 12
months

PM2.5 second
trimester

PEMS gender of the
child,
maternal age
and
education,
maternal
atopy, older
siblings,
exclusive
breastfeeding 
> 3 months
and damp
house

9

Aguilera et al,

2013,

Spain

2003–
2008

Spanish cohort 460/1739 12–18
months

NO2 entire
pregnancy,
�rst
trimester,
second
trimester,
third
trimester

LUR child’s sex and
age at follow-
up, Child care
attendance,
siblings at
birth, maternal
asthma,
parental
allergy,
maternal age
at delivery,
pre-pregnancy
body mass
index, and
cotinine levels
in urine at 32
weeks of
gestation et al

8

Abbreviations: USA, the United States of America; UK, United Kingdom; PM10, particulate matter with aerodynamic diameter ≤ 10 µm; PM2.5,
particulate matter with aerodynamic diameter ≤ 2.5 µm; NO2, nitrogen dioxide; SO2, sulfur dioxide; LUR, land use regression models; PEMS, personal
environmental monitoring sampler; OK, Ordinary Kriging; IDW, Inverse Distance Weighting models; SES, socioeconomic status; ETS, environmental
tobacco smoke; GDP, gross domestic product; BMI, body mass index.
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First author,
Year, Country

Data
Collection
Years

Location Design No. of
Cases/

Controls

Child
Age

Air
Pollutant

Exposure
Window
Reported

Exposure

Assessment

Method

Variables
Matched or
Adjusted

NOS

Huang et al,

2015,

China

2005 China cohort 1206/15480 6–36
months

NO2, CO,
O3, SO2,
PM10

entire
pregnancy,
�rst
trimester,
second
trimester,
third
trimester

air-quality-
monitoring
stations, OK

basic
demographic
pro�les (infant
sex,
birthweight,
birth order,
gestational
age, maternal
age, maternal
education,
atopy of
parents,
annual
household
income,
maternal
environmental
tobacco
smoke
exposure, birth
season and
county of
residence),
domestic
environmental
factors (moldy
walls,
postnatal
environmental
tobacco
smoke
exposure, and
nearby
factories) and
two climatic
factors
(ambient
temperature
and relative
humidity)

8

Liu et al,

2016,

China

2011–
2012

China cross-
sectional

504/2023 4–6
years

SO2,
NO2,
PM10

entire
pregnancy

air-
monitoring
stations

age, sex,
family history
of atopy,
ownership of
the residence,
breastfeeding,
home
dampness,
ETS at home,
distance of
residence
from the
nearest main
tra�c road,
use of heating
during winter,
and renovated
residence or
bought new
large furniture
during early
lifetime

6

Abbreviations: USA, the United States of America; UK, United Kingdom; PM10, particulate matter with aerodynamic diameter ≤ 10 µm; PM2.5,
particulate matter with aerodynamic diameter ≤ 2.5 µm; NO2, nitrogen dioxide; SO2, sulfur dioxide; LUR, land use regression models; PEMS, personal
environmental monitoring sampler; OK, Ordinary Kriging; IDW, Inverse Distance Weighting models; SES, socioeconomic status; ETS, environmental
tobacco smoke; GDP, gross domestic product; BMI, body mass index.
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First author,
Year, Country

Data
Collection
Years

Location Design No. of
Cases/

Controls

Child
Age

Air
Pollutant

Exposure
Window
Reported

Exposure

Assessment

Method

Variables
Matched or
Adjusted

NOS

Deng et al,

2016,

China

2011–
2012

China cohort 737/1861 3–6
years

SO2,
NO2,
PM10

entire
pregnancy,
�rst
trimester,
second
trimester,
third
trimester

IDW the child-
related
covariates
included sex,
age, birth
season, and
breastfeeding;
parent-related
covariates
included
parental
atopy,
maternal
productive
age, and
parental SES;
residential-
related
covariates
included, ETS,
new furniture,
house
redecoration,
visible
mold/damp
stains,
condensation
on windows,
mosquito
repellent use,
and pets
keeping
during
pregnancy
and the past
years

8

Lee et al,

2018,

Korea

2006–
2010

Korea cohort 167/492 6
months

NO2,
PM10

entire
pregnancy,
�rst
trimester,
second
trimester,
third
trimester

LUR the mother’s
age, body
mass index,
gestational
age, parity,
infant sex,
exposure to
environmental
tobacco
smoke,
educational
level, parental
history of
allergy, family
income,
presence of
pets,
residential
mobility
during
pregnancy,
season of
birth,
breastfeeding,
type of birth,
temperature,
and humidity

7

Abbreviations: USA, the United States of America; UK, United Kingdom; PM10, particulate matter with aerodynamic diameter ≤ 10 µm; PM2.5,
particulate matter with aerodynamic diameter ≤ 2.5 µm; NO2, nitrogen dioxide; SO2, sulfur dioxide; LUR, land use regression models; PEMS, personal
environmental monitoring sampler; OK, Ordinary Kriging; IDW, Inverse Distance Weighting models; SES, socioeconomic status; ETS, environmental
tobacco smoke; GDP, gross domestic product; BMI, body mass index.
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First author,
Year, Country

Data
Collection
Years

Location Design No. of
Cases/

Controls

Child
Age

Air
Pollutant

Exposure
Window
Reported

Exposure

Assessment

Method

Variables
Matched or
Adjusted

NOS

Deng et al,
2019,

China

2017 China cross-
sectional

848/2319 3–6
years

NO2,
PM2.5,
PM10

entire
pregnancy

IDW age, gender,
low birth
weight,
preterm birth,
breastfeeding
duration,
eating milk
powder,
secondhand
smoke
exposure,
parental
education
level and
overall health
status,
maternal
secondhand
smoke
exposure,
paternal
smoking, self-
assessment
of family
economic
situation and
distance of
residence
from the
nearest main
tra�c road

7

Granum et al,
2020,

Norway

2018 UK,
France,
Spain,
Lithuania,
Norway,
and
Greece

cohort 262/1008 6–11
years

NO2,
PM2.5,
PM10

entire
pregnancy

air-
monitoring
stations

child’s sex and
ethnicity,
trimester of
conception,
parity,
maternal and
paternal
education, pre-
pregnancy
maternal BMI
and maternal
age

7

Abbreviations: USA, the United States of America; UK, United Kingdom; PM10, particulate matter with aerodynamic diameter ≤ 10 µm; PM2.5,
particulate matter with aerodynamic diameter ≤ 2.5 µm; NO2, nitrogen dioxide; SO2, sulfur dioxide; LUR, land use regression models; PEMS, personal
environmental monitoring sampler; OK, Ordinary Kriging; IDW, Inverse Distance Weighting models; SES, socioeconomic status; ETS, environmental
tobacco smoke; GDP, gross domestic product; BMI, body mass index.
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First author,
Year, Country

Data
Collection
Years

Location Design No. of
Cases/

Controls

Child
Age

Air
Pollutant

Exposure
Window
Reported

Exposure

Assessment

Method

Variables
Matched or
Adjusted

NOS

Liu et al,

2020,

China

2011–
2012

China cohort 648/2529 4–6
years

SO2,
NO2,
PM10

entire
pregnancy,
�rst
trimester,
second
trimester,
third
trimester

air-
monitoring
stations

the child’s age,
sex, family
history of
atopy,
ownership of
residence,
breastfeeding,
home
dampness,
distance of
residence
from the
nearest main
tra�c road,
usage of
heating during
winter,
renovating the
residence
during early
lifetime,
household
ETS, birth
month, and
ambient air
temperature,
as well as the
other two
pollutants in
the same
duration

8

Yang et al,

2020,

Korea

2007–
2017

Seoul
and
Korea

cohort 355/616 3 years PM2.5 entire
pregnancy,
�rst
trimester,
second
trimester,
third
trimester

LUR sex, parental
history of
allergic
disease,
maternal age
at delivery,
maternal
education
level, and
maternal
secondhand
smoke
exposure
during
pregnancy

8

Lu et al,

2021,

China

2010–
2012

China cross-
sectional

2593/32736 0–2
years

NO2,
PM10

entire
pregnancy

IDW sex, follow up
years, birth
season, birth
weight,
number of
individuals
(adults and
children) in
current home,
type of
cooking fuel
in current
home, size of
the current
home(m2),
mother's
occupation
during
pregnancy,
GDP per
capita

7

Abbreviations: USA, the United States of America; UK, United Kingdom; PM10, particulate matter with aerodynamic diameter ≤ 10 µm; PM2.5,
particulate matter with aerodynamic diameter ≤ 2.5 µm; NO2, nitrogen dioxide; SO2, sulfur dioxide; LUR, land use regression models; PEMS, personal
environmental monitoring sampler; OK, Ordinary Kriging; IDW, Inverse Distance Weighting models; SES, socioeconomic status; ETS, environmental
tobacco smoke; GDP, gross domestic product; BMI, body mass index.

3.3. The association between air pollutants and eczema
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3.3.1. Prenatal PM10 exposure and eczema risk
Eight studies reported the estimates for the relation of PM10 exposure (per 10 µg/m3 increase) to the risk of offspring eczema for the entire pregnancy

period. The pooled effect estimates showed that PM10 exposure had a non-signi�cant in�uence on childhood eczema (OR = 0.98, 95% CI: 0.90–1.07, I2 
= 54.5%). Additionally, when the exposure period was taken into account, the pooled effect estimates of PM10 exposure were 1.03 (95% CI: 0.96–1.10),
1.00 (95% CI: 0.95–1.05), 1.00 (95% CI: 0.95–1.04) during the �rst, second, and third trimesters, respectively (Fig. 2). There was no indication of
publication bias present based on the results from Begg’s test (p = 1.000) and Egger’s test (p = 0.589) for the association of PM10 with eczema
(Supplementary material, Fig. S1). Meta-regression analysis detected no signi�cant differences in geographic location (p = 0.764), sample size (p = 
0.539), age of disease onset (p = 0.579), exposure assessment method (p = 0.733), study quality score (p = 0.207), and air pollutant concentration (p = 
0.764). The effect values of the PM10 exposure on childhood eczema in above subgroups yielded the similar negative results (Table S2). One-study-
removed analysis was used to adjust the bias, and the results altered after discarding Shuming Deng's investigation (Deng et al. 2019), with the pooled
risk estimate of 0.93 (95% CI: 0.88–0.99) (Supplementary material, Fig. S2), indicating that the results may be unstable.

3.3.2. Prenatal PM2.5 exposure and eczema risk
Four studies reported the association between prenatal PM2.5 exposure and eczema risk, and results showed a non-signi�cant effect of 1.14 (95% CI = 

0.89–1.45, I2 = 46.0%) (Fig. 3). We found that the associations of prenatal PM2.5 exposure in the respective three trimesters and childhood eczema were
also not signi�cant when strati�ed by exposure to gestational windows (Fig. 3). Subgroup analysis by location and exposure assessment method found
a statistically signi�cant link between prenatal PM2.5 exposure and childhood eczema among the studies conducted in Asia (OR = 1.62, 95% CI: 1.12–
2.34) and using the IDW exposure assessment method (OR = 1.62, 95% CI: 1.12–2.34) (Table S3), with no signi�cant association observed in any of the
other subgroups. The one-study-removed analysis indicated that exclusion of each study did not signi�cantly shift the results (Supplementary material,
Fig. S3).

3.3.3. Prenatal NO2 exposure and eczema risk
The pooled effect estimates from nine studies revealed that with per 10µg/m3 increase of maternal exposure to NO2 during the entire pregnancy, the risk

of eczema would rise 13% (OR = 1.13, 95% CI: 1.06–1.19, I2 = 41.3%) (Fig. 4). In �ve of the nine publications, risk estimates for each trimester were
provided. Of these, we detected that the most hitting positive effect occurring in the �rst trimester (OR = 1.10, 95% CI: 1.01–1.21), followed by a
signi�cant correlation between prenatal NO2 exposure and childhood eczema in the second trimester (OR = 1.09, 95% CI: 1.01–1.18), while there was no
signi�cant correlation observed in the third trimester (OR = 1.04, 95% CI: 0.97–1.11) (Fig. 4). The funnel plot exhibited an asymmetric distribution, and
the p-values of Begg’s test and Egger’s test were 0.348 and 0.238, respectively (Supplementary material, Fig. S4). The subgroup analysis for the impact
of prenatal exposure to NO2 on childhood eczema, heterogeneity might be induced by variances in geographic location (p = 0.037) and air-pollutant
concentrations (p = 0.031) according to the results of meta-regression (Table 2). The subgroup analysis of geographic location exhibited a positive
signi�cant correlation across Asian studies (OR = 1.15, 95% CI: 1.09–1.21), while non-signi�cant effect in Europe (OR = 1.00, 95% CI: 0.91–1.09). The
effect was more considerable in the regions with higher average exposure concentrations (OR = 1.18, 95% CI: 1.09–1.28) in comparison to lower
exposure level (OR = 1.11, 95% CI: 1.03–1.19) (Table 2). Furthermore, we also conducted subgroup analysis and meta-regression analysis on the
association between prenatal exposure to NO2 and childhood eczema during the �rst and second trimesters, aiming to �nd out evidence to explain the
high heterogeneity. Heterogeneity might be induced by geographic location (p = 0.046) for the analysis of �rst trimester in meta-regression (Table S4).
However, there was no substantial heterogeneity between strata in the subgroup analysis for second trimester (Table S5). The one-study-removed
analysis showed that excluding all studies did not signi�cantly alter the results (Supplementary material, Fig. S5).

Table 2 Subgroups of included studies of NO2 exposure and eczema.
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Subgroup No. of studies OR (95%CI) p-value I2 (%) p-value for heterogeneity p in meta regression

Geographic location           0.037

Asia 7 1.15(1.09,1.21) 0.000 8.0 0.367  

Europe 2 1.00(0.91,1.09) 1.000 0.0 1.000  

Sample size           0.919

≤2000 1 1.14(0.97,1.33) 0.104 / /  

2000 8 1.13(1.06,1.20) 0.000 48.3 0.060  

Age of disease onset           0.241

Before the age of 3 4 1.08(1.01,1.16) 0.036 28.9 0.239  

After the age of 3 5 1.17(1.08,1.26) 0.000 38.1 0.167  

Exposure Assessment           0.396

Air monitoring station 2 1.27(1.14,1.40) 0.000 0.0 0.379  

IDW 3 1.11(1.04,1.17) 0.001 0.0 0.739  

LUR 3 1.03(0.96,1.12) 0.421 0.1 0.368  

OK 1 1.20(0.99,1.46) 0.066 / /  

Study quality score           0.323

7 4 1.16(1.08,1.26) 0.000 28.9 0.239  

≥7 5 1.10(1.01,1.19) 0.028 45.3 0.120  

Air pollutant concentration   μg/m³           0.031

Lower exposure level 4 1.11(1.03,1.19) 0.005 0.0 0.699  

Higher exposure level 4 1.18(1.09,1.28) 0.000 35.8 0.197  

3.3.4. Prenatal SO2 exposure and eczema risk
There were four studies investigating the relation between prenatal SO2 exposure and childhood eczema, and the pooled analysis showed a positive

non-signi�cant effect of SO2 in the entire trimester (OR = 1.03, 95% CI: 0.98–1.07, I2 = 0.0%) (Fig. 5). In the subgroup analysis of SO2 exposure, there
were no statistically signi�cant effect values on the risk of eczema in children in any subgroup and no signi�cant differences in the heterogeneity
between strata (Table S6). The exclusion of each study at a time did not signi�cantly alter the results of the analysis, indicating that no individual study
signi�cantly affected the pooled results (Supplementary material, Fig. S6).

4. Discussion
To the best of our knowledge, this is the unprecedented systematic review and meta-analysis to focusing on mother-offspring relationship to inquire into
the effects of prenatal air pollution exposure on incidence of eczema in early-life children. We conducted a synthesis of the evidence from 12 studies
and demonstrated that maternal exposure to NO2 was related to 13% increased risk of eczema. Moreover, we found that exposure to NO2 during the �rst
and second trimesters were slightly more correlated with childhood eczema, rather than the third trimester. Whereas, the association of other air
pollutants (PM10, PM2.5 and SO2) with the risk of childhood eczema was not statistically signi�cant throughout pregnancy or at any stage of pregnancy.

In our current study, we discerned that maternal NO2 exposure was associated with an increased risk of eczema, which was concordant with a majority
of preceding parallel individual studies. Furthermore, this result was consistent in the subgroup with a larger sample size (OR = 1.13, 95% CI: 1.06–1.20)
and higher study quality (OR = 1.10, 95% CI: 1.01–1.19), which implied the stability and reliability of this result. Our study also found slightly stronger
effect of NO2 exposure on eczema in the �rst (OR = 1.10, 95% CI: 1.01–1.21) and second (OR = 1.09, 95% CI: 1.01–1.18) trimesters of pregnancy in
contrast with the third trimester (OR = 1.04, 95% CI: 0.97–1.11). This agreed with the analysis by Lu et al. based on local data from Chongqing city,
reporting that prenatal NO2 exposure in the �rst and second trimesters were associated with lifelong eczema (Lu et al. 2021). Whereas, Liu et al.
discovered that exposure to NO2 in the later trimesters (OR = 1.68, 95% CI: 1.19,2.37) was more strongly associated with eczema than in the early
trimesters (OR = 1.59, 95% CI: 1.16, 2.18), which was inconsistent with our �ndings (Liu et al. 2020). Besides, we yielded the pooled effects of PM2.5

(1.14, 95% CI: 0.89–1.45) and PM10 (0.98, 95% CI: 0.90–1.07) for the entire pregnancy, respectively, which did not provide su�cient evidence to support
that exposure to particulate matter was signi�cantly associated with an increased risk of eczema. A study from Shanghai, China, also found no
correlation between exposure to environmental PM10 during pregnancy and childhood eczema (Liu et al. 2016). Yet another study conducted in Wuhan,
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China, found that PM2.5 and PM10 exposure during pregnancy was signi�cantly associated with a positive increase in the risk of childhood eczema, and
this inconsistency may be due to the high levels of particulate matter pollution in this study (Deng et al. 2019). As for SO2, neither the pooled effect
estimates nor the risk estimates from the subgroup analysis, non-signi�cant association between SO2 exposure and the risk of eczema in children were
found. Prior studies have also put forward little evidence of association between exposure to SO2 and eczema risk (Deng et al. 2016; Huang et al. 2015;
Liu et al. 2020; Wang et al. 2018), which may mirror that SO2 is less likely than other pollutants to increase the risk of eczema, but additional studies are
warranted. Although our results did not con�rm a positive correlation between air pollutants other than NO2 and eczema, this discrepancy may be
partially owing to various period-averaged concentrations of the pollutants studied or lagged effects of air pollutants on the incidence and prevalence of
eczema.

The exact mechanism whereby in utero exposure to ambient air pollution might increase the risk of postnatal eczema is not known, but it has been
hypothesized that the embryo in utero is highly sensitive to the external environment for which it is particularly susceptible to various toxic substances.
As a marker of tra�c-derived combustion pollutants (Ezratty et al. 2014), exposure to NO2 during pregnancy was found to be positively associated with
the risk of eczema in the offspring, consistently with the previous studies (Deng et al. 2016; Deng et al. 2019; Liu et al. 2020; Lu et al. 2021). There were
several potential explanations for the process of physiopathology (Fig. 6). First, maternal NO2 exposure signi�cantly increases the intensity of allergic
sensitization and the risk of allergic sensitization manifestations in the postnatal offspring, including in�ammatory cell in�ltration and T helper 2 (Th2)
polarization (Muehling et al. 2017; Romagnani 1994). In a pilot mouse toxicology study, it was found that elevated maternal NO2 levels may induce the

polarization of naive CD4+ T cells towards Th2 cells (Yue et al. 2017), resulting in substantially higher interleukin 4 (IL-4) and IL-13 levels and lower
interferon-γ (IFN-γ) expression in the offspring. Second, epigenetic regulation presents an alternative mechanistic interpretation. As demonstrated in an
epigenome-wide meta-analysis (Gruzieva et al. 2017), the differences in epigenomic DNA methylation of several mitochondria-related genes may be
attributed to prenatal exposure to NO2. DNA methylation in the promoter regions of the IL-4 and IL-13 genes may activate the allergic phenotype of Th2
(Bégin and Nadeau 2014). Third, oxidative stress caused by NO2 pollution leads to an imbalance between oxidants and antioxidants, and reactive
oxygen species and reactive nitrogen species can also reinforce the polarization of Th2 and thus damage the skin barrier (Ahn 2014). It is worth noting
that as fetal skin structures develop rapidly during the �rst trimester (Huang et al. 2015), air pollution is more likely to contribute to fetal immune
dysregulation or skin barrier dysfunction in this period, and this fact is consistent with the �ndings of our study. Future studies are still necessary to
elucidate how air pollutants induce epigenetic changes, what level of exposure is required to induce pathophysiological changes, and whether other
genes whose expression is altered by methylation (Ahn 2014). In addition, several studies implied that PM-induced oxidative stress could lead to
epigenetic changes in DNA repair genes, and thus interfere and affect the development of fetal skin structures (Bowatte et al. 2015; Jedrychowski et al.
2011a, Kannan et al. 2006; Lee et al. 2020; Lu et al. 2021).

As for heterogeneity, PM10 exposure in the entire pregnancy was the greatest among the studies and that for the exposure to PM2.5 and NO2 displayed
moderate heterogeneity. First of all, heterogeneity may be partially explained by the regions with different levels of economy and industrialization, and
the correspondingly varying air pollution concentrations across the studies. After stratifying by geographic location, we found that maternal exposure to
NO2 increased 15% offspring eczema risk in Asian countries, whereas such signi�cant association was not found in Europe. The urbanization and
economic growth in many Asian countries are widely known to have increased industrial activities and vehicle emissions, and has contributed to a surge
in air pollution compared to developed countries (Chen et al. 2018), which can explain our �ndings. For instance, only East Asia had a population-
weighted increase of ambient NO2 concentrations compared to North America, Western Europe, and the Asia-Paci�c region, which tripled at the 50th
percentile between 1996 and 2012 (from 1.0 ppb to 2.9 ppb) (Geddes et al. 2016). WHO reported that less-developed regions such as Asia and Africa
suffer 4–5 times greater PM2.5 exposure than more-developed regions (Stahl et al. 2019). We also detected that heterogeneity was declined in both the

European (I2 = 8.0%) and Asian (I2 = 0.0%) subgroups of the NO2 group compared to the overall heterogeneity, and similar results were presented in the
PM2.5 group, implying that region may be a factor contributing to heterogeneity. But since there was no situation where subgroups of all air pollutants
were lower heterogeneity, we cannot determine the source. On the basis, we performed meta-regression and detected that regional (p = 0.046) as well as
air pollutant concentration (p = 0.031) factors had an impact on heterogeneity in the NO2 group where a su�cient amount of literature included. It is
therefore reasonable to assume that regional factors of different levels of economic and industrial development and corresponding air pollution
concentrations are sources of heterogeneity.

In addition, we also looked for other characteristics that may cause heterogeneity by reviewing the literature. The heterogeneity may arise from the
differences in the age proportion among the included children. It is reported that age has a strong effect on the incidence rate of eczema, with the
highest incidence in infancy and 85% of children are affected before the age of 5 (Ban et al. 2018), while the incidence decreases as children get older.
Lower heterogeneity was observed after subgroup analysis based on age at onset than in the overall estimates of heterogeneity in PM10 exposure.
Furthermore, different types of air pollution models can be applied to epidemiological studies, resulting in variation across studies. Subgroup analysis
by measures of NO2 exposure levels indicated reduced heterogeneity in the air monitoring station group (I2 = 0.0%), the IDW group (I2 = 0.0%), and the

LUR group (I2 = 0.1%) compared to the heterogeneity of the overall result (I2 = 41.3%) in our study. Finally, inadequate or inconsistent adjustments for
confounding factors across studies may be a source of heterogeneity. Most included studies adjusted the confounders of socioeconomic status and
maternal age; however, maternal tobacco exposure was not be taken into account in several studies (Aguilera et al. 2013; Granum et al. 2020;
Jedrychowski et al. 2011a; Jedrychowski et al. 2011b; Lu et al. 2021). Given that maternal tobacco exposure during pregnancy is more likely to carry
and pass on allergy risk alleles to their offspring than those who are not exposed (Ducci et al. 2011), the offspring of tobacco-exposed mothers would
be at higher risk for eczema. The above potential sources of heterogeneity that might weaken the robustness of the results were not su�ciently evident
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in the subgroup analyses and meta-regressions, such that I2 in some subgroups still exceeded 50%, so we cannot consider these as exact sources of
heterogeneity.

A major strength of our study was the high-quality birth cohort studies accounted for the vast majority of our meta-analysis, which enhanced the
reliability of the results in comparison with case-control and cross-sectional studies. According to the NOS risk assessment, eleven studies were at low
risk and only one study was at moderate risk of bias. Overall, risk of bias of these studies was low or probably low, was of great signi�cance to support
adequate quality. At the same time, it was plausible that the study had several limitations. First, considering the high interaction between prenatal and
postnatal exposure, we failed to conclude whether exposure during one or both periods in�uenced the development of eczema, especially for children
who were at an older age of onset. This may lead to false positive effects of prenatal air pollution on eczema risk in early childhood. Second, the
included studies were only implemented in Asia and Europe, thus the �ndings may provide limited information when extrapolated to populations in other
regions. Third, focusing on the relationship of single air pollutant and eczema regardless of the interactions between multiple pollutants may bias the
risk estimates on account of the inherent limitations of the studies included. Since people in the urban atmosphere are not exposed to a single pollutant
but a complex combination of various pollutants at different times and seasons (Han et al. 2018). Multiple pollutants models were expected to provide
a more realistic appreciation of bene�ts and risks of estimates than single pollutant models. Fourth, the reports of eczema onset in children enrolled
were derived from parental or physician diagnosis, so the results were inevitably affected by recall bias. In addition, some air pollutants and subgroups
included relatively small number of studies and may cause marginal signi�cance of eczema risk, it is still warranted to be considered whether prenatal
PM10, PM2.5, and SO2 exposure is associated with the risk of childhood eczema and more epidemiological evidence is needed to con�rm the
association.

5. Conclusions
In summary, our results suggested that exposure to NO2 during pregnancy was a risk factor for childhood eczema. Additionally, we uncovered that the
susceptible gestational window may originate in the �rst and second trimesters. It was bene�cial to implement corresponding measures to minimize
maternal exposure to tra�c air pollutants represented by NO2, such as reducing outdoor activities or wearing masks when the concentration of air
pollutants of air pollution is high. Albeit it was not observed a signi�cant association regardless of PM10, PM2.5, and SO2, we cannot rule out the
limitations and should consider generating hypothesis rather than conclusive. Future studies are warranted to explore the correlation between different
components of air pollutants during pregnancy and childhood eczema, and experiments studies are also encouraged to investigate the underlying
mechanisms involved in the association between exposure to air pollution during speci�c trimester in utero and childhood eczema.
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Figures

Figure 1

Flow chart of identi�cation of eligible studies

Figure 2

Pregnant exposure in the �rst, second, third, and entire trimesters to PM10 and risk of childhood eczema

Figure 3

Pregnant exposure in the �rst, second, third, and entire trimesters to PM2.5 and risk of childhood eczema

Figure 4

Pregnant exposure in the �rst, second, third, and entire trimesters to NO2 and risk of childhood eczema

Figure 5

Pregnant exposure in the �rst, second, third, and entire trimesters to SO2 and risk of childhood eczema

Figure 6

Potential physiological mechanisms linking maternal exposure to NO2 and risk of eczema in the offspring
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