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Abstract

Introduction: Air pollution exposure has been associated with general negative effects on the nervous system and,
consequently, on children’s neurodevelopment. This review aims to assess the main damages of prenatal air pollution
exposure on the offspring’s neurodevelopment.
Methods: A systematic review was conducted using PubMed/Medline, Cochrane, Ovid, and Scopus. The studies from the
last ten years were assessed in compliance with PRISMA 2020 Guidelines and evaluated regarding quality.
Results: From an initial 675 references, 24 observational studies encompassing 115,228 children aged 0 to 10 years were
deemed eligible. On average, the women in the studies were around 30 years old at delivery. Various exposure assessment
methods, pollutants, and neurodevelopmental outcome scales were utilized. All the studies included found an association
between air pollutant exposure and neurodevelopment in different magnitudes. All 24 studies included in our review were
observational and, therefore, assessed using the Newcastle-Ottawa Scale (NOS). Of them, 19 were considered good quality,
1 was fair quality, and 4 were poor quality.
Conclusion: This comprehensive review presents evidence suggesting that prenatal exposure to air pollution has a harmful
impact on cognitive and neurological development in offspring. However, future studies are needed to corroborate these
results.
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Introduction

Air pollution is one of the most crucial worldwide
health hazards associated with up to 6.7 million
deaths globally and can affect almost all organs of the
human body (Schraufnagel et al., 2019; World Health
Organization, 2022). Several studies have shown the
negative effect of air pollution on the nervous sys-
tem, including decreased cognitive function, auditory
deficits, and neurodevelopmental and psychological
consequences (Costa et al., 2014, 2017; Lee et al., 2019;
Russ et al., 2019; Sram et al., 2017).

Neurodevelopmental delay (NDD) is a broad term
that describes delays in the developmental skills of
infants and young children. There are a lot of defi-
nitions of NDD in the literature. However, all refer
to a significant delay in one or more developmental
domains than expected for a typical development
(Villagomez et al., 2019). Several factors can lead to
NDD, including genetic, biochemical, psychosocial,
and environmental factors, like air pollution, is one
of the significant elements (Blazkova et al., 2022; Har-
ris et al., 2015; Hurtado-Díaz et al., 2021; Khan &
Leventhal, 2023). Some air pollutants, such as del-
icate particulate matter with a diameter of 2.5 µm
(PM2.5), nitrogen dioxide (NO2), and polycyclic aro-
matic hydrocarbons (PAHs), can cross the placental
barrier and potentially affect the fetal development
Field (Chiarello et al..(Chiarello et al., 2023; Johnson
et al., 2021).

Despite some studies recognizing the impact of
prenatal exposure to air pollution on brain architec-
ture and development, there is no consensus on the
neurodevelopmental outcomes (Johnson et al., 2021;
Veras et al., 2022). While some studies found impair-
ments in neurodevelopment in general (Li et al., 2021;
P. Wang et al., 2021), others found only some affected
domains (Guxens et al., 2014; Su et al., 2022). This
review aims to assess the main damages of prenatal
air pollution exposure on the offspring’s neurodevel-
opment.

Materials and Methods

Search Strategy
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A systematic search was conducted between July 15th
and July 28th, 2023, to investigate the effects of prena-
tal outdoor air pollution exposure on the neurological
development of the offspring. We used the follow-
ing databases: PubMed/Medline, Cochrane, Ovid,
and Scopus, following the PRISMA 2020 guidelines.
Through a background search, 112 possible keywords
were found. After deleting duplicates and organizing
them using our search topic, population, exposure,
and outcome definitions, 43 keywords were initially
eligible to build a search strategy in Pubmed. The
search terms used in the title, abstract, and MeSH
terms fields for this initial Medline-Pubmed search,
keywords, and combinations are available in the Ap-
pendix (Appendix 1, Keywords). The search strat-
egy was manually translated and adapted for Ovid,
Cochrane, and Scopus databases. The reference lists
of selected and recent systematic review reports were
manually examined during August 2023 to identify
potentially relevant studies that met the inclusion
criteria and were not achieved within the search strat-
egy.

We included references from the last ten years
in the English language without excluding study
design to conduct a comprehensive search, as there
was uncertainty about the amount of evidence
available in the field.

Eligibility Criteria

Titles and abstracts were reviewed according to the
following inclusion criteria: Studies with a popula-
tion of pregnant women (any trimester) and their
children, with no age limit for the outcome assess-
ment during childhood, exposure to any outdoor
air pollutant during pregnancy and early childhood,
outcomes related to overall neurodevelopment or its
psychomotor, cognitive, language, or behavioral do-
mains.

In addition, studies were excluded if they assessed
occupational exposure, other air pollutants (e.g.,
organophosphates, pesticides, or tobacco), indoor
isolated pollutants, or solely physical abnormalities
or birth defects. Related diagnoses like attention-
hyperactivity disorder (AHD) or autism spectrum
disorder (ASD) were excluded from the analysis.

Data Extraction and Quality Assessment

Utilizing Rayyan app® (Ouzzani et al., 2016) in a
rigorously blinded manner, a pair of independent
reviewers (E.B, S.M) initiated the preliminary records
screening, with a third impartial reviewer (Y.A) re-
solving conflicts arising from the initial blinded re-
view of titles and abstracts.
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Figure 1: PRISMA flow diagram.

The retrieved full-text articles were reviewed
by independent researchers (M.O, P.D, I.M) to
confirm inclusion and exclusion criteria and to
assess quality using the Newcastle-Ottawa Scale
(NOS) for observational studies (Wells et al., 2000),
its adapted version for cross-sectional studies
NOA and Cochrane collaboration risk of bias
tool (CCRBT) for RCT’s (Chung et al., 2012).
The included articles were analyzed for data
extraction and synthesis. At the end of the analysis,
the studies are classified as good, fair, or poor quality.

Results

A comprehensive examination of 675 references
sourced from databases effectively eliminated 165
duplicate entries. Subsequently, out of the remaining
510 entries, 475 were excluded based on the title and
abstract following the pre-defined inclusion and ex-
clusion criteria. A total of 35 reports were sought for
retrieval and then assessed in full text for eligibility.
After a full-text review, 24 articles were included in
the main analysis, as shown in Figure 1 (Appendix 2,
PRISMA Flow Chart.)

All 24 studies included in our review were
observational (Appendix 3, Table 1) and, therefore,
were assessed using the NOS (Wells et al., 2000). Of
them, 19 were considered good quality, 1 was fair
quality, and 4 were poor quality (Appendix 4, Table

2).

Study Characteristics

Of the 24 observational studies deemed eligible, 23
were cohort studies, and one was cross-sectional, and
together, they encompass 115,228 children aged 0
to 10 years. On average, the study’s mothers were
around 30 years old at delivery. Our review found
that air pollution exposure during pregnancy was
associated with neurodevelopment in offspring. The
pollutants measured across studies included black
carbon (BC), NH4+, sulfate (SO42-), dust, carbon
oxide (CO), SO2, total hydrocarbons (THCS), non-
methane hydrocarbons (NMHCS), ozone (O3), nitro-
gen oxides (NOx), nitrogen dioxide (NO2), particu-
late matter with a diameter of 10 micrometers or less
(PM10) and particulate matter with a diameter of 2.5
micrometers or less (PM2.5), with the latter being
measured most frequently.

Six studies were undertaken in Europe, five in the
United States, one in Mexico, and twelve in Asia.
Several methods were used to assess air pollution
exposure and ND outcomes. Exposure periods and
outcome assessment age vary across studies, with
details shown in Table 1 (Appendix 3, Table 1), and
the main findings are summarized as follows:

Pollutant Measure Methods
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Table 1: Summary of characteristics among included studies.
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Table 1: Summary of characteristics among included studies.
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Table 2: Newcastle-Ottowa Scale (NOS) assessment.

Air pollutant exposure levels during pregnancy were
assessed through a range of methods. These meth-
ods included utilizing air quality monitoring data
from stations situated in cities, states, or countries.
Additionally, statistical prediction models relying on
regression analyses were employed. Furthermore,
geolocation data was used to determine proximity
to major roadways. Spatiotemporal techniques com-
bined air quality data from monitoring stations with
supplementary measurements, such as aerosol opti-
cal depth (AOD) data collected from satellites. The
data obtained from environmental databases or net-
works played a significant role in the assessment
process.

Sometimes, entire air pollution estimations were
based on comprehensive air quality databases and
specialized air pollution platforms. These extensive
datasets were instrumental in estimating pollu-
tant concentrations at specific locations and time
intervals. The frequency of data collection varied
across studies, with measurements obtained hourly,
daily, monthly, or yearly. This variation allowed
researchers to capture different temporal patterns
and trends in air pollutant exposure. Notably, two
studies utilized air sampling methods. Blaskova et
al. (2022) conducted air monitoring at two distinct
locations to measure PM2.5 concentrations directly,
providing precise data on particulate matter levels.
In Wang et al. (2022), pregnant women participated

in personal air sampling using SKC INC (Seoul,
South Korea) equipment, which calculated their
exposure to PM2.5. (Appendix 5, Table 3)

Air Pollution Exposure Period

All analyzed studies assessed the effect of air pollu-
tants during pregnancy and ND on the offspring.
Air pollution exposure was measured during the
prenatal period in all the included studies and the
postnatal period in seven. (Appendix 5, Table 3)

Neurodevelopmental Measurement and Scales Used

The 24 observational studies measured ND and cat-
egorized it into cognitive, motor, or behavioral do-
mains. Depending on the scale or questionnaire used,
studies focused on different developmental charac-
teristics. The cognitive development dimension in-
cluded verbal and nonverbal intelligence, problem-
solving abilities, visual motor performance, and vi-
sual memory. Language was included in some stud-
ies and measured both receptive and expressive com-
munication. Behavioral development included socio-
emotional adaptive behavior and social response,
among others. Motor performance was assessed
through fine and gross domains.

A diversity of scales/questionnaires was used
to measure ND. They included the Child Behav-

50 Principles and Practice of Clinical Research (2023) 9; 4



Review

ior Checklist (CBCL), Kaufman Brief Intelligence
Test Second Edition (KBIT-2), Bayley Scales of In-
fant Development (BSID-I to III), Developmental Pro-
file Three (DP3), Ages and Stages Questionnaires
(ASQ), Bender-Gestalt Test (BGT), Raven Colored Pro-
gressive Matrices Test (RCMPT), Neuropsychological
Examination Scale for Chinese Children (NESCC),
Wechsler Intelligence Scale for Children III-IV (WISC
III-IV), Comprehensive Neuropsychological Battery
for Children Ages 3-12 (NEPSY-II) and Gesell Devel-
opmental Schedules (GDS). One study assessed the
association of pollution with structural changes in
Magnetic resonance imaging (MRI) scans along with
the NEPSY-II test for cognitive function (Guxens et
al., 2018).

The BSID-III scale was the most used because it
has been tested internationally with adaptations
showing high validity and reliability (Cronbach’s
alpha coefficient was above 0.77 for all subscales),
making adjustments for different cultures. Another
advantage of this scale is that it is less susceptible
to recall and response bias compared to other ques-
tionnaires, as two parts rely on the responses, while
the other three rely on the neurological evaluation
(Hurtado-Díaz et al., 2021; McLester-Davis et al.,
2021; Pitchik et al., 2023; Torras-Mañá et al., 2016).
Regarding time for assessment, the age range was
between two months and ten years (Guxens et al.,
2018; Shih et al., 2023; P. Wang et al., 2021; Yu et al.,
2022). (Appendix 5, Table 3)

Leading Associations Found Regarding Air Pollution
and ND

There is a consensus among the students regarding
the negative impact of prenatal air pollution exposure
on the offspring’s neurodevelopment. However, they
differ regarding the affected neurodevelopment do-
main and the magnitude of the effect. Additionally,
while some studies address air pollutants in general,
others focus on specific pollutant components. Prox-
imity to major roadways and exposure to particular
pollutants (PM2.5 and ozone) during pregnancy was
associated with significant developmental delays in
children (Ha et al., 2019). Additionally, Harris et al.
(2015) found that living close to a major roadway was
the most harmful factor linked with low performance
in both verbal and nonverbal IQ and visual motor
abilities. Both prenatal and early postnatal exposure
to PM2.5 and PM10 were associated with decreased
offspring general neurodevelopment (H. Wang et al.,
2022). Average SO2 exposure during pregnancy and
up to 12 months of age was associated with subclin-
ical neurodevelopmental issues in early childhood
(Lin et al., 2014). A positive association between pre-

natal exposure to various air pollutants and risk of
neurodevelopmental delay was found, with stronger
associations during the first trimester (Su et al., 2022).
In the cognitive domain, maternal exposure to PM10
and PM2.5 was negatively associated with cognitive
scores in infants during the first 24 months of life
and early school age (Guilbert et al., 2023; Kim et al.,
2014). Physical activity and prolonged breastfeeding
may mitigate these effects (Sun et al., 2023). Also,
higher NO2 exposure during pregnancy was associ-
ated with lower verbal IQ scores, suggesting cogni-
tive effects (Porta et al., 2016), and air pollution was
associated with a thinner cerebral cortex, inhibition
errors, and reduced cognitive abilities in a neuroimag-
ing study (Guxens et al., 2018). A possible mediation
by oxidative stress in the mother’s blood at deliv-
ery relative to PM2.5 exposure in cognitive function
was also addressed (Blazkova et al., 2022). Behavior
was studied by three authors, where higher prenatal
and postnatal NO2 levels appear to be associated
with increased behavior problems (Loftus et al., 2020;
Ni et al., 2022) and an increased risk of behavioral
development delays for each air pollutant exposure
(Yorifuji et al., 2016). A decrease in language function
in children was associated with exposure to PM2.5
during the third trimester of pregnancy (Hurtado-
Díaz et al., 2021). In the motor domain, PM2.5, PM10,
and SO42- were associated with an increased risk
of non-optimal gross motor development in infants
and decreased offspring motor development or mo-
tor skills (Lei et al., 2022; H. Wang et al., 2022; Xu et
al., 2022). (Appendix 5, Table 3)

Discussion

Most of the studies included in our review have
demonstrated that both prenatal and postnatal expo-
sure to air pollution, particularly PM2.5, PM10, and
NO2, is associated with a variety of neurodevelop-
ment impairments in children (Guxens et al., 2018;
Kim et al., 2014; Lei et al., 2022; Lin et al., 2014; Porta
et al., 2016; H. Wang et al., 2022; Xu et al., 2022).
These delays include lower IQ and visual motor abil-
ities (Ha et al., 2019), decreased cognitive function
(Guilbert et al., 2023), increased behavior problems
(Loftus et al., 2020; Ni et al., 2022), decreased lan-
guage function (Hurtado-Díaz et al., 2021), and im-
paired motor development (Lei et al., 2022; H. Wang
et al., 2022; Xu et al., 2022).

Previous reviews reported similar findings that
found an association between exposure to PM10 and
NO2 and negative gross motor development in chil-
dren (Parasin et al., 2023). Another systematic review
and meta-analysis by (Shang et al., 2020) found that
prenatal exposure to NO2 is associated with impaired
neural development in children. Moreover, a liter-
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Table 3: Exposure measurement, outcome assessment and association.
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Table 3: Exposure measurement, outcome assessment and association.
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ature review by Johnson et al. (2021) also found
that maternal exposure to PM particles, especially
fine (PM2.5) and ultrafine (PM0.1) particles, can lead
to various adverse health effects in children, includ-
ing adverse birth outcomes, respiratory problems,
reduced lung function, impaired immune function,
brain development, and cardiometabolic problems.
Furthermore, (Volk et al., 2021) conducted a literature
review on the relationship between prenatal air pol-
lution exposure and neurodevelopmental outcomes,
which also found evidence supporting the impact
of prenatal air pollution with several limitations re-
garding spatial and temporal variation in exposure
across existing studies. While variations in study
designs, populations, and exposure assessment meth-
ods contribute to heterogeneity, the consistent efforts
to mitigate potential bias enhance the confidence in
the observed associations. The authors addressed po-
tential bias and confounding by making rigorous ad-
justments and conducting sensitivity analyses. Thus
strengthening the credibility of their findings. It has
been discovered that socioeconomic status plays a
significant role in the connection between prenatal
air pollution exposure and developmental outcomes.
Researchers have used various approaches to address
potential biases and confounding factors in studies,
such as adjusting for birth-related factors and mater-
nal characteristics, including health behaviors during
pregnancy. Despite the observational complexities,
these strategies have enhanced the credibility of the
studies. However, other studies in this systematic
review have limitations regarding confounder consid-
erations and inaccurate exposure assessment. Con-
founders such as maternal education, smoking and
alcohol consumption during pregnancy, pregnant nu-
trition status, and other environmental exposures
were not always assessed. The variability of air pollu-
tion levels and the reliance on self-reported measures
also affected the accuracy of the measured air pollu-
tion exposure. These limitations made establishing a
true association between independent and dependent
variables difficult. (Please refer to Appendix 3, Table
1 for studies 1-15, 17-24.)

Detecting significant associations could be prob-
lematic in studies with small sample sizes. However,
20 of the included studies had more than 500 partici-
pants. Many included articles with large sample sizes
were population-based cohorts in different countries,
which could favor generalizability. Additionally, less
frequently discussed limitations encompassed con-
cerns about missing data during follow-up, which
was more relevant in longer periods and was only
sometimes addressed.

One of the main strengths of our study is the broad
eligibility criteria regarding the type of pollutant and

outcome. While other systematic reviews focused on
specific pollutants such as PM (Parasin et al., 2023)
and/or distinct disorders such as ADHD (Donzelli et
al., 2019), our approach allowed us to examine a great
variety of these variables. In turn, these variables pre-
sented different exposure and outcome assessments,
allowing us to evaluate the current state of research
on this topic thoroughly. However, the possibility of
publication bias remains as we included only articles
published in peer-reviewed journals without regis-
ters, gray literature, or other sources of information.
In addition, the interpretation of results should con-
sider the high heterogeneity of the included studies.

Conclusion

Observational studies published in the last ten years
support the hypothesis that prenatal outdoor air pol-
lution exposure is associated with neurodevelopmen-
tal delay in children. The major air pollutants in-
volved included PM2.5, PM10, ozone, SO2, and NO2.
The differences in neurodevelopmental outcomes oc-
curred regardless of the scales used to perform this
evaluation. However, the BSID-III was utilized in the
vast majority of analyzed studies.

This review is significant because it highlights the
increasing amount of information on the impact of
air pollution exposure during pregnancy on child
neurodevelopment. Pregnant women should reduce
their exposure to air pollution when air quality levels
are poor, as our review results show that prenatal
air pollution exposure is linked to neurodevelopmen-
tal delays in offspring. This evidence substantiates
the need for policymakers and public health author-
ities to focus on developing long-lasting strategies
to mitigate these consequences. However, caution is
advised in interpreting the results presented due to
the limitations of the studies included in this review.

Future research is needed to improve the scope
of this review. Additionally, studies should stan-
dardize exposure assessment using objective meth-
ods, carefully controlling for potential confounding
factors, and relying on validated neurodevelopment
scales. By addressing the knowledge gaps in this area
through the lens of different research areas, a better
understanding of the association between prenatal air
pollution exposure and neurodevelopmental delay
will allow us to take concrete steps toward protecting
the optimal development of newborns.

Supplementary materials

Appendix 1, 2, 3, 4, 5.
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