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Summary

The extensive evidence regarding the effects of ambient air pollution on child health is well documented, but limited
review summarized their health effects during infancy. Symptoms or health conditions attributed to ambient air
pollution in infancy could result in the progression of severe diseases during childhood. Here, we reviewed previous
empirical epidemiological studies and/or reviews for evaluating the linkages between ambient air pollution and
various infant outcomes including adverse birth outcomes, infant morbidity and mortality, early respiratory health,
early allergic symptoms, early neurodevelopment, early infant growth and other relevant outcomes. Patterns of the
associations varied by different pollutants (i.e., particles and gaseous pollutants), exposure periods (i.e., pregnancy
and postpartum) and exposure lengths (i.e., long-term and short-term). Protection of infant health requires that
paediatricians, researchers, and policy makers understand to what extent infants are affected by ambient air pollution,
and a call for action is still necessary to reduce ambient air pollution.
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Introduction

The United Nations Sustainable Development Goals
(SDGs) call for action to promote infant health by
developing Target 3.2 of reducing neonatal mortality
(less than 12 per 1000 livebirths) for all countries by
2030." Despite of the declined global child mortality in
recent decades, progress remains slow in neonates and
one-third of the 204 countries are not on track to meet
SDG 3.2 target by 2030." The achievement of newborn
survival goals depends on a multitude of diverse factors,
which can either contribute to their success or lead to
their failure. Herein, we focus on discussing ambient
air pollution and infant health, which is a major
contributor to the burden of disease worldwide.

Ever since the London smog event of 1952, tech-
nology, society, and energy transitions have been driving
an enormous change in ambient air pollution globally.
Today, ambient air pollution is multi-pollutant mixtures
of particles, vapours, and gases emitted from sources of
fossil fuel combustion (i.e., industry, power generation,
motorised traffic and anthropogenic heating) as well as
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non-combustion sources (i.e., emissions from livestock
farming and the resuspension of soil and dust).” Several
health-related air pollutants are regularly monitored in
air quality networks worldwide, including particulate
matter (PM), ozone (O3), nitrogen dioxide (NO,), carbon
monoxide (CO) and sulphur dioxide (SO,). Among
these air pollutants, fine particulate matter (PM, ;) and
O3 were regularly recorded in annual Global Burden of
Disease (GBD) risk factor summaries, contributing to
4.14 million and 0.365 deaths in 2019 according to the
newest data.*’

Numerous studies have already examined the asso-
ciations between ambient air pollution and health out-
comes among children, and the extensive evidence
regarding the effects of ambient air pollution on child
health is well documented.® These associations start very
early and persist from the pregnancy to childhood and
adolescence, but limited review summarized their
health effects during infancy.” Particles and gaseous
pollutants can be inhaled by mothers into the blood
stream and impair the placental function by altering
plasma viscosity, disturbing endothelial dysfunction,
triggering intrauterine oxidative stress and inducing
intrauterine inflammation.® During the whole preg-
nancy, the above conditions might result in the decrease
in trans-placental oxygen and nutrient transport,
chronically affecting various health outcomes related to
newborns. After birth, infants are extremely susceptible
to air pollutants due to their relatively high metabolic
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rate with under-developed respiratory systems, and
therefore they breathe more air per body weight than
adults. An infant’s developing organs, systems, and
functions can all be harmed by ambient air pollution,
which will continue to take a significant toll on devel-
oping children’s physical and mental health. Symptoms
or health conditions attributed to ambient air pollution
in infancy could result in the progression of severe
diseases during childhood. This review focused on
previous empirical epidemiological studies and/or re-
views for evaluating the linkages between ambient air
pollution and infant health (Fig. 1). Paediatricians, re-
searchers, and policy makers can benefit from knowing
to what extent infants are affected by ambient air
pollution.

Ambient air pollution and adverse birth
outcomes

Adverse birth outcomes associated with ambient air
pollution were the most studied topics of the assessed
health impacts on newborns/infants. Adverse birth
outcomes were sensitive to long-term prenatal PM
exposure especially with smaller size fractions,
including abnormal birth weight,’ preterm birth,"
congenital anomalies' and stillbirth.”” Regarding
different birth weight outcomes, the associations were
mostly consistent between higher prenatal PM exposure
and higher risks of birthweight reduction, low birth

weight or small-for-gestational-age, while the associa-
tions were controversial between PM exposure and
macrosomia or large-for-gestational-age.”” Miscarriage
associated with ambient air pollution were less investi-
gated without systematic review of quantitative synthe-
sis, but prenatal exposure to PM appears to increase
risks of miscarriage according to several high-quality
surveys with large sample size across the world."
More consistent findings were found regarding the
health effects of PM instead of gaseous pollutants on
adverse birth outcomes. Acute toxicity of PM can also
trigger sudden and unexpected events during preg-
nancy. For example, short-term effects of PM,s and
PM;, on preterm birth were summarized, and the
exposure time windows were lag two and three days for
PM, s (high heterogeneity) and two weeks prior to pre-
term birth for PM;, (small heterogeneity), despite the
information of spontaneous preterm birth was not ob-
tained.” Recent evidence with limited studies also
linked short-term gaseous pollutants to spontaneous
abortion, although the outcome definitions varied.”
Among all adverse birth outcomes, the overall evi-
dence was more pronounced for the whole pregnancy
than trimester-specific exposure due to the different
lengths of gestational age related to birth outcomes. On
one hand, exposure periods of each trimester are
defined based on gestational age, which might be sub-
jected to exposure misclassification because of recall
bias (i.e., uncertainty of self-reported last menstrual
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Fig. 1: Infant outcomes associated with ambient air pollution summarized by recent evidence.
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period).’* On the other hand, healthy survivor bias might
exist because exposure in the early stage of pregnancy
would shorten the gestational age of high-risk preg-
nancies vulnerable to ambient air pollution, introducing
biased associations when calculating effect estimates for
each trimester.”” These issues could be resolved through
the validation of ultrasound biometry for gestational age
and practical use of statistical analyses (i.e., time-to-
event models with time-varying exposures'®). These
explanations and solutions could also shed light for
similar investigations in other infant outcomes related
to prenatal exposure mentioned in this review.

Ambient air pollution and infant morbidity

and mortality

Over the past two decades, although the global number of
newborn deaths declined from 3.8 million in 2000 to 2.4
million in 2019, the first 28 days of life remains the most
vulnerable period for newborns’ survival.! During this
period, ambient air pollution might induce higher risks for
neonatal morbidity and mortality. The effects of long-term
exposure of ambient air pollution on infant mortality were
less conclusive compared to their shortterm effects.
Broad-scale evidence comes from developed countries
with low levels of pollution, indicating the only positive
associations between short-term PM;, exposure and post-
neonatal all-causes mortality (i.e., 28 days to 1 year) based
on meta-analyses." In recent years, researchers focused on
the effects of smaller particles especially in developing
countries with higher levels of pollutants. For example, He
et al.” conducted a national study in China and reported
that short-term exposure to PM, s was associated with a
1.51% (95%CI: 0.84-2.19%) increase in neonatal all-causes
mortality (i.e.,, <28 days). Liao et al.” constructed a na-
tionally representative cohort in India and observed the
adverse health effects of PM, 5 exposure during pregnancy
and post-delivery on neonatal and infant mortality (i.e., <12
months) with the increase from 1.5% to 2.1%. Bach-
wenkizi et al”' have further investigated the health effects
of specific PM, 5 constituents in Africa, and they found
that carbonaceous fractions and sulphate might play a
major important role among PM, s constituents on infant
mortality. The lag patterns for cause-specific mortality
might vary little by different end-points, but their re-
sponses to different pollutants might be different. For
example, short-term exposure to particles was associated
with preterm birth complications (i.e., low birth weight,
congenital abnormalities, etc.) and mortality from respi-
ratory causes.” Shortterm gaseous pollutants exposure
was found to be associated with a significant increase in
sudden infant death syndrome, which is the sudden and
unexplained death of an infant younger than one year old,
with the latency of preceding days before death.”” More
studies are needed to distinguish the magnitude of effect
size regarding different types of mortality and the sensitive
exposure windows.
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Ambient air pollution and early respiratory
health

It has been well documented that both long-term and
short-term exposure to particles was associated with
poorer lung function in children.”” Soon after birth, in-
fants breathe in more polluted air at a higher frequency
than adults, resulting in respiratory-related and lung-
related symptoms or conditions during this period and
reducing lung function development up to adoles-
cence.”* Generally, infants were more sensitive to par-
ticles instead of gaseous pollutants with regards to the
development of lung function. Epigenome-wide meta-
analysis indicated that prenatal exposure to particles was
associated with methylation differences in several genes
related to respiratory health (ie., FAMI13A and
NOTCH4).” Preterm infants showed higher suscepti-
bility to prenatal exposure to particles than term infants,
leading to increased impairment of postnatal lung
function contributed by the differences in inflamma-
tory/oxidative stress response.” During postnatal
period, both long-term and short-term exposure to par-
ticles instead of gaseous pollutants were associated with
acute lung function impairments related to airway
calibre and lung volume.”””* In addition, ambient air
pollution might also increase the likelihood of both
upper and lower respiratory infection among infants.
For example, both long-term exposure to particles and
acute exposure to gaseous pollutants were associated
with increased risks of hospitalization for bronchiolitis
after birth,” and short-term exposure to particles was
associated with the symptom severity among infants
with bronchiolitis.” The short-term effects on paediatric
pneumonia have been meta-analysed, and all regulated
air pollutants were associated with hospital admissions
due to pneumonia among children aged under five years
except for PM,s.*" Although the effects were not
examined only among infants due to the limited num-
ber of relevant studies, the meta-regression did not
reveal age-specific effects.”” Most of the above-
mentioned findings came from cohort studies with
small sample size, meta-analyses with high heteroge-
neity or systematic review without quantitative synthe-
sis, which might limit the generalizability of our
interpretation.

Ambient air pollution and early allergic
symptoms

As infants’ immune systems are still evolving at this
stage, early exposure to ambient air pollution may also
induce allergic symptoms. Several meta-analyses have
reported significant associations of ambient air pollu-
tion with allergic diseases including asthma,* allergic
rhinitis® among older children, and eczema,*
wheezing”® among younger children. These reviews
summarized results of both short-term and long-term
exposure with significant heterogeneity across studies
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and limited evidence from cohort studies. They revealed
similar effect estimates when exposed to both particles
and gaseous pollutants,”* highlighting the critical
exposure windows in pregnancy.” Although none of
these reviews focused on infants, several perspective
cohorts have attempted to investigate the associations as
early as possible during infancy with inconsistent find-
ings. Sbihi et al.** found that early postnatal but not
prenatal exposure to NO, increased the risk for devel-
opment of atopy to inhalant and food-related allergens
among one-year-old infants. However, Gehring et al.”
observed null associations of exposure to PM,s and
NO, with allergic symptoms (i.e., wheezing, bronchial
asthma, sneezing, runny and/or stuffed nose without a
cold, etc.) among infants during the first or second year
of life. Similarly, Ranciére et al.** observed null associ-
ations between NO, exposure in the first year of life and
early-transient signs of allergic symptoms (i.e., rhinitis
and wheezing) within the first two years, and the asso-
ciations became significant when considering persistent
symptoms during the first four years. Recently, growing
attention has focused on the impact of ambient air
pollution on the altered microbiome of the respiratory
tract in early life, which plays a significant role in
maintaining airway immune homeostasis and health, as
a potential mechanism by which air pollutants increases
the risk for allergic diseases.” Gisler et al.* collected
microbiota characterization using 846 nasal swab sam-
plings of 47 healthy infants selected from a birth cohort
in Switzerland, and they found that low-to-moderate
exposure to both exposure to PM,s and NO, were
associated with the change of nasal microbiota during
the first year of life. It should be noted that the change of
nasal microbiome in early life has been shown to be
associated with subsequent asthma development.*
Although current evidence on this topic remains
scarce, this offers a potential explanation for the null
association during infancy with the significant associa-
tion after infancy.

Ambient air pollution and early

neurodevelopment

Both pregnancy and infancy could be susceptible pe-
riods to ambient air pollution exposure for the normal
brain development since the foetal brain is developing
in the womb and continue to evolve rapidly in early
childhood.”' Particles and gaseous pollutants can reach
the infant’s brain via inhalation either indirectly from
the lungs into the bloodstream and crossing the blood-
brain barrier”” or directly from the nose through the
olfactory epithelium and binding to the olfactory neu-
rons in the olfactory bulb.” In 2022, the SAFeR study
provided the first evidence that black carbon particles
were present in both foetal brain and placenta during
pregnancy.” An altered placental expression of neuro-
development related genes (BDNF and SYN1) could be

also part of a potential mechanism via which particles
might affect placental processes.” The accumulated ex-
posures of ambient air pollution can cause chronic brain
inflammation, oxidative stress and microglia activation,
linking to cognitive impairment and causing neuro-
development disorders in children.” For example, one
recent review evaluated the associations between pre-
natal and/or postnatal exposure to ambient air pollution
and specific neurodevelopmental skills among pre-
school- and school-age children.”” The most affected
domains were global intellective functioning and atten-
tion or executive functions, and the most sensitive air
pollutants were PM, s and NO2.” Another recent meta-
analysis comprehensively reviewed the associations be-
tween ambient air pollution and neurodevelopment
disorders during childhood, and it identified a signifi-
cant association between particles and autism spectrum
disorders, while evidence for other neurodevelopmental
disorders remained unclear.”” Some cohorts have
tracked the signs of early neurodevelopment related to
ambient air pollution especially particles, and they have
reported that prenatal exposure to particles was associ-
ated with (1) poor neurobehavioral performance and
motor function of newborns*°% (2) infant negative
affectivity at age six months, which is a life-long
temperamental trait related to the later development of
behavioural and mental health in children®; (3) poor
language development,”” psychomotor development™**
and risk of suspected developmental delay”” among
two-year-old infants. These studies highlighted the
sensitive windows of pregnancy,”° and the associations
might vary by neurodevelopmental subdomains and
infant sex (i.e., stronger associations in girls**"*). In
addition, the Jiangsu Birth Cohort in China provide the
first evidence linking postnatal PM,s constituents,
particularly with high ammonium concentration and
non-optimal gross motor development among one-year-
old infants.”* Although these studies were conducted
using longitudinal design, their relatively small sample
size might restrict the generalizability of the findings,
which should be confirmed by further studies.

Ambient air pollution and early infant growth
Children undergo rapid physical development during
infancy, and their weight gain and height growth
increased quickly during the first two years.”” Early-life
growth patterns are important predictors of subse-
quent cardiometabolic phenotypes.” Air pollutants
especially fine particles might induce adipose inflam-
mation and insulin resistance causing reallocating en-
ergy at the price of abnormal infant growth.” Meta-
analyses have provided evidence regarding the associa-
tions of higher levels of ambient air pollution with
higher risks of high blood pressure and obesity among
children and adolescents,”*' and these associations have
already existed during infancy. Although studies
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regarding infant blood pressure were limited, both the
Boston Birth cohort and the ENVIRONAGE birth cohort
indicated that prenatal air pollution exposure, might
affect offspring blood pressure from birth onwards.®**
Adiposity outcomes associated with ambient air pollu-
tion have been studied more often. A prospective cohort
of 62,540 births conducted in Wuhan, China indicated
that high prenatal exposure of gaseous pollutants (NO,,
SO,, and Os;) were associated with higher risk of
abnormal growth trajectory from birth to six years old.*
Another birth cohort of 10,547 births conducted in
Beijing, China also found that prenatal exposure to
submicron and fine particles were associated with an
increased risk of weight gain for one-year-old infants.*
Similar findings were reported in Hispanic infants,
and the cohort in Southern California indicated that
both particles and gaseous pollutants were associated
with higher body fat during the first six months.®
Epigenetic, microbial and molecular mechanisms
might shed light on how ambient air pollution can affect
infant growth. Prenatal PM, s exposure was associated
with abnormal longitudinal growth via alteration of
ARRDC3/IGF2/H19 methylation, which has the func-
tion related to weight gain.*® Megasphaera might
function as mediator in the association between early
postnatal PM, 5 exposure during birth-3rd month and
abnormal infant growth at one year age, which are
Gram-negative anaerobes enriched in people with
metabolic syndromes, contributing to the microbial
community of saliva, tongue dorsum and tonsils.” In
addition, molecular adaptations in placental mitochon-
drial DNA and mitochondrial mutational load were
associated with postnatal consequence of abnormal in-
fant growth induced by prenatal exposure to NO,” or
PM, .77 Further studies are warranted to establish
whether these epigenetic, microbial and molecular
variability could explain the influence of ambient air
pollution on infant growth.

Ambient air pollution and other relevant

outcomes

In addition to the DNA methylation mentioned in the
above sections, it has been reported that exposure to
ambient air pollution during the 1000 days of life, from
conception to two years, was associated with alterations
of global DNA methylation patterns or the promoter
methylation of candidate genes, measured in placenta or
newborn cord blood, that are involved in other key
biological processes (i.e., circadian rhythm, DNA repair,
inflammation, cell differentiation and organ develop-
ment).”””* Moreover, telomeres are nucleoprotein com-
plexes that located at the end of chromosomes to ensure
prevention of genomic instability and complete replica-
tion of chromosomes, and their length might be shorten
in newborns associated with prenatal exposure of
ambient air pollution” especially O;.”°

www.thelancet.com Vol 93 July, 2023

In the previous sections, we have already summa-
rized that postnatal exposure to ambient air pollution
was associated with early alterations of oral and nasal
microbiota.”*® The Southern California Mother’s Milk
Study also provide evidence that postnatal ambient air
pollution was associated with the balance of the gut
microbiota among six-month infants.” These findings,
although the sample size of these studies was generally
small, indicated that postnatal exposure to ambient air
pollution could alter microbiome dysbiosis in human
beings.

Several preliminary findings regarding other infant
outcomes or biomarkers associated with ambient air
pollution were also reported in recent years. Both pre-
natal and postnatal exposure to ambient air pollution
especially gaseous pollutants were associated with a
higher risk of neonatal hyperbilirubinemia, and the as-
sociation was stronger in male newborns.”””* Short-term
exposure to particles was associated with acute otitis
media among infants under two years of age.”” Prenatal
exposure to PM;, was associated with some of the
inflammation markers such as creactive proteins,
alteration of immune response (i.e., decreased levels of
CD4+ T cells) and cytokines.* A pooled analyses of two
birth cohorts in Stockholm revealed significant longi-
tudinal associations of postnatal PM, s exposure and
inflammation-related proteins at the proteome level, and
similar associations with PM;, and NO, among female
infants.” Prenatal exposure to particles and gaseous
pollutants (i.e., NO, and O;) were associated with some
cardiometabolic or homeostasis biomarkers such as
blood glucose, insulin and HOMA-IR among
newborns.®*

Conclusion

Epidemiological studies on ambient air pollution and
infant health have been growing worldwide, comprising
multi-city/country/centre studies, prospective cohort
studies and observational studies with omics ap-
proaches. Our review provides comprehensive overview
related to ambient air pollution and infant health, and
ambient air pollution can affect various infant outcomes
either indirectly through the health of the mother and
the exposure period during pregnancy, or directly by
affecting developing organs and systems, which could
generate a permanent influence on human beings
throughout the life course.** Patterns of the associations
varied by different pollutants (i.e., particles and gaseous
pollutants), exposure periods (i.e., preghancy and post-
partum) and exposure lengths (i.e., long-term and short-
term). The findings also showed heterogeneity, which
could be probably due to the differences in the protocols
or designs of the study, the variations of vulnerability of
included sample, the characteristics of ambient air
pollution, the exposure assessments and modelling, the
outcome definitions and measurements, the use of
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statistical analyses and the selections of confounding
adjustments.

Today, ambient air pollution remains an important
public health issue across the world especially in low
and middle-income countries, and even low-level air
pollution will still produce both acute and chronic ef-
fects on human health.” We still have a long way to go,
and a call for action is still necessary to reduce ambient
air pollution.

Outstanding questions

We proposed two important challenges which remain to
be solved in this area. First, although cohort design is
optimal to reveal causality inference, this design is
generally inefficient with long latency periods and a
high loss to follow-up rate. Panel studies, a subtype of
cohort, could be used to understand the short-term ef-
fects of ambient air pollution with the dynamics of
changes in a short period. It should be noted that
although panel design has been widely used to investi-
gate associations between ambient air pollution and
lung function or respiratory symptoms among older
children,” it is seldomly used targeting pregnant
women or infants. Personalized interventions might be
helpful to decrease exposure to ambient air pollution
and mitigate their hazardous effects. Most of the pre-
vious interventions targeting pregnant women and
children aged under five years with the aims to reduce
household air pollution from solid biomass fuels, which
has been shown to reduce the risks of adverse birth
outcomes or acute respiratory infections.*® Previous
studies have applied interventions targeting healthy
adults (including pregnant women) to reduce individual
exposure to ambient air pollution via educational in-
terventions, masks, cycle routes, air quality alerts plus
additional messaging and portable high efficiency par-
ticulate air (HEPA) filter air cleaner use.”* Specifically,
HEPA filter air cleaner use during pregnancy was
associated with greater birth weight among term-birth
infants™ and improvements in obesity-related out-
comes among two-year-old infants.”” However, to some
extent, it might introduce unexpected ethic issues to
design a randomized intervention targeting ambient air
pollution among pregnant women or infants. Quasi-
experimental approaches might be powerful to over-
come ethic issues, which could observe the natural
process of the health effects of ambient air pollution on
infant health via large-scale events (i.e., Olympic and
COVID-19) or environmental policies (i.e., the Clean Air
Campaign in China and the Clean Air Act in the
USA).*” Recent studies employing quasi-experimental
designs have been increasing, and these studies indi-
cated that air pollution abatement might reduce risks of
adverse birth outcomes and infant mortality.”” We
encouraged researchers to apply quasi-experimental
techniques and panel design to investigate the role of

Search strategy and selection criteria

Data for this Review were identified by searches of PubMed,
and references from relevant articles using the search terms
“air pollution” and “infant”. We reviewed identified studies
that reported the associations between ambient air
pollution and outcomes related to infant health. Abstracts
and reports from meetings were included only when they
related directly to previously published work. Only articles
and/or reviews published in English for the past 5 years
were included, and we also reviewed the references of all
included papers and relevant reviews.

ambient air pollution on infant outcomes, providing
valuable evidence in addition to cohort and intervention
design.

Second, compared to the health effects of PM and
NO,, the health effects of other ambient air pollutants
such as O3, CO and SO, were less investigated with
limited evidence regarding their associations with infant
health. For example, O; at ground level is detrimental to
human health especially for cardiorespiratory health as a
strong oxidant. A recent review indicated that long-term
O; exposure decreases both lung function and lung
function growth in children despite that none of the
included studies up to 2020 targeted infants.” In addi-
tion, regarding the health effects of PM, only few studies
have differentiated the health effects of particles by
considering their features related to chemical constitu-
ents, sources, and size fractions. Most studies have
focused on investigating the effects of PM;o and PM, 5,
while very few of them have evaluated the health effects
of particles with smaller size fractions (i.e., PM; or
PMy;) or their complex chemical compositions (i.e.,
organic carbon, inorganic carbon, inorganic ions,
metallic and non-metallic elements). Human beings are
exposed to multi-pollutant air pollution in a real-world
scenario, and the health effects of single air pollutant
can be confounded by other air pollutants. Currently,
there is no consensus yet as to what a multi-pollutant
approach involves for environmental epidemiology.
Novel multi-pollutant approaches and exposomics have
great application potential for studying the associations
between multiple ambient air pollutants and infant
health, which should be well addressed in future
studies.”
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