DEVELOPMENTAL MEDICINE & CHILD NEUROLOGY INVITED REVIEW

Air pollution and neurological development in children
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Pregnancy and early childhood are periods with high plasticity in neurological development.
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Environmental perturbations during these sensitive windows can have lifelong developmen-
tal consequences. This review summarizes key findings relevant to the effects of air pollution
on neurological development. Mounting evidence suggests that exposure to air pollution,
both during pregnancy and childhood, is associated with childhood developmental outcomes

ranging from changes in brain structures to subclinical deficits in developmental test scores,

and, ultimately, developmental disorders such as attention-deficit/hyperactivity disorders or
autism spectrum disorders. Although the biological mechanisms of effects remain to be eluci-
dated, multiple pathways are probably involved and include oxidative stress, inflammation,
and/or endocrine disruption. Given the alarming global increase in developmental disorders
in recent years, and increased human exposures to pollution, it is critical to reduce personal
and community-level exposures through tight collaboration of interdisciplinary and
multi-level bodies including community partners, physicians, industry partners, policy
makers, public health practitioners, and researchers.

ABBREVIATIONS

ADHD Attention-deficit/hyperactivity
disorder

ASD Autism spectrum disorder

PAH Polyaromatic hydrocarbon

PM, 5 Particulate matter with
aerodynamic diameter less
than 2.5um

PM;o Particulate matter with
aerodynamic diameter less
than 10pm

WHO World Health Organization

Clean air is critical for health and well-being for people of
all ages. The World Health Organization (WHO) esti-
mates that more than 90% of the world’s population lives
in areas where air pollution levels exceed ambient air qual-
ity recommendations." There is unequivocal evidence
showing that air pollution affects nearly all vital body
organs and is associated with multiple health complications
across the lifespan, ranging from relatively minor acute
symptoms such as headache and respiratory irritation to
serious conditions such as chronic respiratory diseases, car-
diovascular events such as stroke and myocardial infarction,
cancer, and even premature death.” Air pollution is cur-
rently the fifth largest contributor to the global disease
burden and is responsible for 4.2 million premature deaths
and more than 103 million disability-adjusted life-years
lost each year.’

Pediatric populations are particularly vulnerable to air
pollution because of their underdeveloped natural defense
mechanisms (e.g. blood-brain barrier, immune system),
higher ratio of breathing rate to body size, and less aware-
ness of the conditions of their surrounding environment.
As the global prevalence of neurological developmental
disorders has been increasing at an alarming rate in recent
years, it is timely and important to evaluate whether air
pollution contributes to developmental risks.* Typical
brain development is a complex process that involves con-
trolled cell proliferation, neuronal migration, myelination,
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and the establishment of specific neuronal connections.
These complicated and tightly regulated events are sensi-
tive to environmental conditions, especially during periods
of rapid brain growth and high neuroplasticity such as
pregnancy and early childhood. However, as most existing
studies on the health effects of air pollution focus on car-
diovascular and respiratory health, the role of air pollution
on in utero and early-life neurological development —
which probably has lifelong effects — is under-recognized.’
Limited recognition about the developmental impacts of
air pollution has contributed to the lack of consistent glo-
bal public health efforts that target reduction in air pollu-
tion to protect pediatric populations. On the contrary,
mounting evidence suggests that air pollution adversely
affects neurological development in children, and that con-
certed efforts to address air pollution are a critical compo-
nent of local and global public health initiatives that aim
to improve pediatric health. Given the heterogeneity
between relevant studies, it is difficult to efficiently evalu-
ate or compare findings and make meaningful decisions or
recommendations. This review summarizes key findings
pertaining to developmentally relevant ambient air pollu-
tants, related biological mechanisms of neurotoxicity, and
epidemiological evidence linking air pollution to develop-
mental disorders. To further add to the literature, the
review focuses on exposures both in utero and in early
childhood as these windows are critical for neurological
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development, and offers multidisciplinary recommenda-
tions based on existing evidence.

AIR POLLUTION

Air pollution refers to a multifaceted environmental toxi-
cant comprising a diverse mixture of particulate matter,
metals, organic compounds, gases, and other chemicals
(e.g. organic volatile compounds) found in the air. Sources
of air pollution vary geographically but major contributors
include emission from mobile sources (e.g. transportation),
residential fuel combustion, power plants, trash burning/
incineration, wildfires, refineries, and agricultural and
industrial processes. Indoor sources include tobacco smok-
ing, emission from cook stoves, mold, faulty appliances,
and household products (e.g. building materials, solvents,
cleaning products, flame retardants, pesticides, etc.).

WHO makes air quality recommendations based on pol-
lutants with significant health implications, including par-
ticulate matter with diameter less than 10pm (PM;q) and
less than 2.5pm (PM,s), ground-level ozone, nitrogen
dioxide (NO,), carbon monoxide, sulfur dioxide, and lead.
However, regulated pollutants and calculation/interpreta-
tion methods for air quality indices may vary by country
and region. WHO also has guidelines for selected indoor
air pollutants including PM, 5, carbon monoxide, polyaro-
matic hydrocarbons (PAHs), benzene, formaldehyde, naph-
thalene, NO,, radon, trichloroethylene, and
tetrachloroethylene.*” Within the context of neurological
development, NO, and PM,; s and its constituents, includ-
ing PAHs and black carbon, have been identified as impor-
tant pollutants.® Heavy metals such as lead, arsenic, and
mercury have also been implicated but their exposures are
often assessed by blood concentrations, which also reflect
exposures from sources other than air.” Some common
synthetic chemicals including bisphenol A, polychlorinated
biphenyls, phthalates, perfluorinated compounds, and pes-
ticides can also be found in the air and have been identified
as having developmental impacts.'”!" In general, smaller
particles, also known as ultrafine or nanoparticles, are espe-
cially concerning owing to their greater abundance, larger
combined surface area, stronger oxidant capacity, greater
inflammatory potential, and higher pulmonary deposition
efficiency.

A WHO global air pollution assessment of nearly 3000
cities (2008-2015) shows that approximately 98% of cities
in low- and middle-income countries and over 54% of
high-income countries do not meet WHOQO’s PM,, safety
guidelines.12 Meanwhile, approximately 2 billion children
are exposed to potentially unhealthy levels of air pollution,
and 300 million live in areas with extremely toxic levels."?
In the USA and Europe, where air pollution is relatively
low, the health effects of air pollution are already equiva-
lent to that of smoking 0.4 to 1.6 cigarettes per day.'* As
about 70% of the world’s population is forecasted to be in
living urban areas by 2050, air pollution is expected to be
an increasingly complex and pressing public health prob-
lem.
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What this paper adds

® Exposure to air pollution is associated with a range of childhood develop-
mental complications.

® Biological mechanisms may include oxidative stress, inflammation, and endo-
crine disruption.

In recent decades, while there have been large-scale
improvements in air quality in some parts of the world,
less developed countries still suffer from poor outdoor and
indoor air quality. Profound disparities also exist on the
basis of individual- and population-level indicators of
socioeconomic status, with those from lower positions
exposed to a disproportionately higher burden."” Further-
more, individuals and populations with lower socioeco-
nomic status may also experience other risk factors such as
stress and lack of resources, which can act synergistically
with air pollution to influence risk of developmental com-
plications."

Studies of animals and humans suggest that sustained
exposures to significant levels of pollution, both in utero
and in early childhood, can adversely affect the developing
central nervous system through multiple pathways (Fig. 1).
Although the exact underlying mechanisms remain to be
elucidated, these studies provide insights that have guided
research to date.

DEVELOPMENTAL EFFECTS OF IN UTERO
EXPOSURES

Biological mechanisms linking in utero exposures and
neurological development

Pollutants, especially fine and ultrafine particles, can invade
a pregnant female’s respiratory barrier, pass into the mater-
nal bloodstream, and cross the placental barrier by direct
transport.'”'® A recent landmark study found the presence
of black carbon particles on both the fetal and maternal
sides of human placentae, and the amount of black carbon
was positively correlated with the mother’s residential
exposures.'’ These findings suggest that pollutants inhaled
by pregnant females can directly reach the placenta and
developing fetus. Once in the placenta, pollutants can trig-
ger multiple omics-scale changes (i.e. genomics, epigenet-
ics, transcriptomics, metabolomics, and proteomics), many
of which are capable of altering transplacental oxygenation
and nutrient transport, or trigger other mechanisms (e.g.
preterm birth, restricted growth) that can adversely affect
the developing fetal brain.”**!

In addition to placental impairment mechanisms, pollu-
tants can potentially pass the fetal blood-brain barrier,
although this has yet to be observed in human studies. In
pregnant mice, injected fine particles can be detected in
the fetal brain.”” Once in the brain, pollutants can trigger
permanent fetal neurological impairments such as neuroin-
flammation, microglia activation, and neuronal cell death/
damage through oxidative stress and inflammatory mecha-
nisms.”?

Meanwhile, respiratory uptake by pregnant females can
also increase production of systemic oxidative stress and
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Figure 1. Biological mechanisms linking air pollution exposures to neurological developmental complications. ADHD, attention-deficit/hyperactivity disor-

der.

inflammatory markers, which can further exacerbate pla-
cental impairments, or cause direct developmental damages
by directly crossing the blood-brain barrier’>** (Fig. 1).
Lastly, emerging evidence also shows that some synthetic
pollutants resulting from industrial, agricultural, and
household applications (i.e. polychlorinated biphenyl,
bisphenol A, phthalates, etc.) can also act as endocrine dis-
ruptors by disrupting normal homeostasis by either mim-
icking or blocking hormones.”*

Epidemiological findings linking prenatal exposure and
neurological development

On the basis of the Developmental Origins or Health and
Diseases framework (also known as the Barker hypothe-
sis),”> both in utero and early-life exposures to air pollu-
tion have lifelong developmental consequences as the
central nervous system is actively forming and growing
during these vulnerable periods. Consistent with the bio-
logical mechanisms described above, a growing body of
human studies suggests that prenatal exposures to combus-
tion-related pollutants including PAHs, PM, 5, and NO,
are associated with developmental complications in early
childhood. These complications range from changes in
brain structures to subclinical deficits in developmental test
scores, and, ultimately, readily identifiable symptoms of
developmental disorders such as attention-deficit/hyperac-
tivity disorder (ADHD) or autism spectrum disorders

(ASDs).?® For example, in utero exposure to PAH, a com-
ponent of PM, s, is associated with a reduction in the sur-
face of white matter (largely on the left side of the brain),
slower processing speed, ADHD symptoms, lower global
IQ scores, and externalizing problems in young children
after adjusting for potential confounders.”’*® Higher
PM, s is also correlated with reduced cortical thickness,
thinner gray matter, reduction in the volume of the corpus
callosum, and smaller cerebral cortex, all of which have
major implications for information processing, learning,
memory, and impulse control.”*° In addition, exposure to
NO; is associated with impaired psychomotor development
after birth.”! Pregnant females who lived closer to major
roadways and are exposed to higher traffic-related pollu-
tants have a higher risk of having a child with autism,
decreased cognitive functions, and deficits in communica-
tion, memory, and attention functions.®?**? A new cohort
study also suggests pre- and postnatal exposures to pollu-
tion are associated with white matter microstructural
changes (lower fractional anisotropy and higher mean dif-
fusivity) in pre-adolescent years.*> ADHD and ASD have
also been linked to higher prenatal exposure to air pollu-
tants including PM, s and NO,.*** In recent extensive
reviews, endocrine-disrupting chemicals such as PAHs,
polychlorinated biphenyls, and phthalates have been linked
with developmental complications such as altered brain
functions, ASD, ADHD, global developmental delay,
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intellectual ~ disability, communication disorders, and
unspecified developmental disorders.'”!" In addition, stud-
ies in different parts of the world also report that indoor
pollutants from woodstoves (e.g. carbon monoxide) and gas
stoves (e.g. sulfur dioxide) during the third trimester also
affect neurological development in young children.*®*’

A few studies also suggest that exposure to air pollution
may have sex-specific effects. For example, prenatal expo-
sure to fine particles is related to lower memory and atten-
tion scores; and at the same level of exposure, males are
more affected than females.”® This pattern of finding is
consistent with the higher prevalence of developmental
complications among males and warrants further investiga-
tion. A critical timing of exposure is currently unclear
given the limited number of studies that aim to address
this question. Nevertheless, a few studies have suggested
that exposures during later pregnancy (e.g. second and
third trimester) have the strongest neurological effects.’**’

DEVELOPMENTAL EFFECTS OF POSTNATAL
EXPOSURES

Biological mechanisms linking postnatal exposures to
neurological development

Owing to their higher ratio of breathing rate to body
size, less developed natural barriers and immune system,
and less awareness of the conditions of their surrounding
environment, children have increased vulnerability to air
pollution. Although pollutants reaching a developing fetus
must pass through the maternal defense system, children
are directly exposed. Thus, healthy natural barriers such
as the blood-brain barrier and nasal and lung epithelium
are critical components to protect children (and people
in general) against air pollutants. Studies have shown that
these barriers are more compromised in young children
exposed to higher levels of air pollution than those living
in less polluted areas.*’ Human pathological studies sug-
gest that, when exposed, pollutants such as fine/ultrafine
particles can be directly translocated to the brain through
the nasal pathway involving the olfactory bulb, and
potentially other cranial nerve pathways (Fig. 1).2*
Once in the brain, pollutants can induce neurological
impairments including structural changes, neuroinflamma-
tion, neuron damage/loss, DNA damage, oxidative stress,
astrogliosis, microglial activation, and accumulation of
proteins critical in the development of neurological dis-
eases such as tau protein and AB42,*"* all of which are
known to be major contributors to common developmen-
tal disorders.

Pollutants can also enter the bloodstream through the
respiratory system, pass the blood-brain barrier, and reach
the brain, where they can induce neural impairments. Par-
ticles smaller than 100nm have been found in the frontal
lobe and trigeminal ganglia capillaries in the brain.* Alter-
natively, these pollutants can cause endocrine disruption
and/or induce systemic production of inflammatory and
oxidative stress markers (e.g. interleukin [IL]-1B, IL-6,
tumor necrosis factor [TNF]-o) that can compromise the
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tight junctions and pass the blood-brain barrier (Fig. 1).
21,41,42

Epidemiological evidence about postnatal exposures and
child neurological development

Epidemiological reports across the world generally support
positive associations between developmental complications
and postnatal exposures to air pollution, particularly PAH,
PM, s, nitrogen oxides, and a few heavy metals such as
lead, arsenic, and mercury.”® These complications range
from alteration in the subclinical brain structure to overt
signs and symptoms or diagnosis of neuropsychological
disorders such as ADHD and ASD. Neuroimaging studies
show that childhood exposures to traffic-related air pollu-
tants such as PM, 5 can induce changes in the brain’s cere-
bral white matter, cortical gray matter, and the basal
ganglia, all of which may have implications for cogni-
tion.””** A literature review of 31 studies on the effects
of air pollution and developmental health across the lifes-
pan suggest that higher pollution exposure in childhood is
inversely associated with academic achievement and cogni-
tive performance in children.*® Early-life exposure is also
associated with a reduction in fundamental cognitive abili-
ties, including working memory, conflict attentional net-
work, and, more recently, atypical excitatory
neurotransmission and glial inflammatory responses that
may have important implications on anxiety disorders.*’**

Although studies are still limited, systematic reviews sug-
gest detrimental effects of elemental carbon, black carbon,
particulate matter, and NO, on ADHD* as well as risk of
ASD.*® A study of almost 4500 children also found that
ambient lead, mercury, and arsenic concentrations, as mea-
sured by the US EPA National-Scale Air Toxics Assess-
ment, positively associated with higher ASD
prevalence at the census tract level.”! Removal of lead from
fuel and paint in the USA led to significant decreases in
ambient air lead concentrations and levels of blood lead in
children, which are known to be strong predictors of
developmental complications.’” Direct effects of these poli-
cies on neurological development are beneficial but diffi-
cult to quantify given there are other sources and routes of
exposures. Many US children are still exposed to elevated
levels of blood lead based on the US Centers for Disease
Control and Prevention reference value of Spg/dL.”* Natu-
ral experiments related to closures of coal-power plants,
which are known to be major sources of air pollution, have
been shown to have positive effects on longitudinally mea-
sured developmental outcomes among children within the
proximity.”* Lastly, like prenatal exposures, postnatal expo-
sures to endocrine-disrupting chemicals such as PAHs,
polychlorinated biphenyls, phthalates, and heavy metals
have also been associated with a range of developmental
outcomes including ASD and ADHD.'*!!

In terms of potentially susceptible subgroups, a few stud-
ies have also suggested that males, those from lower
socioeconomic status, and children carrying the &4 allele of
apolipoprotein E (APOE) gene, a known major genetic risk
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factor of Alzheimer disease, are more susceptible to devel-
opmental problems when exposed to air pollution.”” % A
critical window of exposure has not been clearly identified
for postnatal exposures but there is some evidence suggest-
ing that exposures after birth have stronger and more con-
sistent effects than prenatal exposures.’”

Despite the mounting evidence suggesting that air pollu-
tion has deleterious effects on neurological development, it
is important also to acknowledge that not all studies con-
firmed this association.’**'*%" For example, in a recent
systematic review/meta-analysis that examined the effects
of fine particulate exposures on ADHD, three of the 12
studies that met inclusion criteria did not find any associa-
tion.” The discrepancies in findings across some studies
are probably a result of heterogeneity in various aspects of
study design. It is also important to note that while most
associations identified between air pollution and develop-
mental outcomes are weak (but statistically significant), the
public health significance is still high given the high preva-
lence of exposures across the world.

IMPLICATIONS AND FUTURE DIRECTIONS

The growing recognition and evidence supporting air pol-
lution as a risk factor for developmental health suggests
that it may be a contributor to the global increase in devel-
opmental disorders. While a full understanding of how air
pollution affects development is still emerging, on the basis
of the Precautionary Principle adopted by the United
Nations in 1992, a precautionary approach should be
widely applied. In places where threats of serious or irre-
versible damage posed by air pollution are present, lack of
tull scientific certainty should not be a reason for postpon-
ing cost-effective measures. Despite challenges, exposure to
air pollution is a modifiable public health problem and can
be addressed by using multi-level strategies ranging from
individual awareness to clinical practice, research efforts,

and public policy.

Public health policy

Given that air pollution has no natural geographic bound-
aries, effective mitigation strategies require concerted mul-
tidisciplinary efforts at the local, regional, and global
levels. Although the composition of air pollution varies by
region depending on the sources, combustion-related pol-
lutants consistently appear to have important developmen-
tal implications (and many other health outcomes beyond
this review) and merit attention. Thus, emission reduction
strategies for existing sources, judicious permission and
careful review of new sources (especially those in proximity
to vulnerable populations), and promotion and expansion
of fuel efficiency and clean energy should be public policy
priorities aiming to improve public/pediatric health.
Reducing combustion-related emissions also has other ben-
efits, including reduction of greenhouse gases and preven-
tion of many other health complications across the lifespan
such as preterm birth and low birthweight, both of which
also contribute to risk of developmental complications.

Meanwhile, air pollution regulatory standards should give
more consideration to the growing evidence on the delete-
rious effects of air pollution on neurological development.
All children and pregnant females should be considered
vulnerable populations as opposed to the traditional belief
that air pollution mainly affects those with respiratory
complications.

Clinical practice

Air pollution is generally not a traditional risk factor that
physicians discuss with their patients. Studies show that
few physicians discuss the effects of air pollution with their
patients, and many are not prepared for such discus-
sion.?"%? In the US study of 1751 health professionals, the
proportion that reported talking with patients about limit-
ing air pollution exposures was 56% in pediatrics and 0%
in obstetrics and gynecology.’' Thus, there is a clear need
for more discussion between physicians and patients, espe-
cially to vulnerable populations such as pregnant females
and young children, as well as tools and resources to help
healthcare providers communicate the deleterious effects of
air pollution. Strategies to minimize exposures and
resources are available to help physicians in their discus-
sion,"* but formal environmental health training in med-
ical schools and continuing education requirements have
also been suggested as valuable.* In addition, well-de-
signed and accessible public resources that provide critical
information on risk mitigation behaviors and health
impacts are recommended. In areas where indoor cook-
stoves are prevalent, alternative cleaner options should be
considered.

Research
Several important research gaps need to be addressed.
First, research to further understand the biological mecha-
nisms linking air pollution and neurological development
is critical. This understanding will also inform efforts to
find effective strategies to mitigate community and individ-
ual exposures and/or target negative physiological/patho-
logical effects of air pollution are warranted. For example,
given systemic oxidative stress and inflammation are major
mechanisms mediating the adverse effects of air pollution,
antioxidants and anti-inflammatory nutrients may play an
important role and can be further studied. One study of
more than 1000 births showed that while prenatal PM,,
exposure was associated with lower 1Q, this relation was
not present among children of mothers with high levels of
serum folate.”” Other studies suggest that dietary supple-
mentations (e.g. antioxidants, folate) may mitigate some
negative effects of air pollution, although the direct effects
on developmental outcomes are unclear and should be
investigated.* %’ Such understanding may shed light on
novel cost-effective interventions that can help mitigate the
negative effects of air pollution.

Second, research on the effects of air pollution on neu-
rological development, particularly in vulnerable popula-
tions such as pregnant females and young children, are
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mostly limited by indirect exposure measurements, some of
which are based on outdoor monitors close to residential
addresses and/or mathematical models. Indirect measures of
air pollution often cannot account for small spatial variations
of pollution nor account for daily activities patterns (e.g.
times spent indoors, time away from residence, residential
relocations, temporary migration), leading to exposure mis-
classification. The recent emergence of wearable devices and
more sophisticated modelling approaches offer novel oppor-
tunities to better estimate personal exposures for longitudinal
health investigation beyond the early childhood years. These
approaches have been implemented in more recent studies
and should be utilized in future research. Third, given the
increasingly diverse population and complexity of environ-
mental threats, future studies should identify specific con-
stituents of air pollution that are responsible for
developmental effects, explore the interactions between pol-
lutants, identify critical windows of exposures and sensitive
subgroups, and investigate the developmental effects of
cumulative exposures over the life course. Ideally, there
should also be consensus on how to design and report find-
ings from such studies to ensure consistency and repro-
ducibility, and facilitate clinical and policy decisions.
Currently, there is a high degree of heterogeneity in terms of
approaches to air pollution assessment, neurological develop-
ment complication assessment, and reporting of results,
which hinders efforts to make comparisons and summarize
current knowledge. Nevertheless, existing evidence, espe-
cially that from more robust study designs (e.g. large prospec-
tive cohorts), is compelling in showing that children living in
more polluted areas experience higher risks of developmental
complications.

In addition, provision of timely, accurate, and accessi-
ble surveillance data on air pollution, social determinants
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