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W) Check for updates

Before the first breath: why ambient air pollution and climate
change should matter to neonatal-perinatal providers
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Common outdoor air pollutants present threats to fetal and neonatal health, placing neonatal-perinatal clinical specialists in an
important role for harm reduction through patient counseling and advocacy. Climate change is intertwined with air pollution and
influences air quality. There is increasing evidence demonstrating the unique vulnerability in the development of adverse health
consequences from exposures during the preconception, prenatal, and early postnatal periods, as well as promising indications that
policies aimed at addressing these toxicants have improved birth outcomes. Advocacy by neonatal-perinatal providers articulating
the potential impact of pollutants on newborns and mothers is essential to promoting improvements in air quality and reducing
exposures. The goal of this review is to update neonatal-perinatal clinical specialists on the key ambient air pollutants of concern,
their sources and health effects, and to outline strategies for protecting patients and communities from documented adverse

health consequences.

Journal of Perinatology; https://doi.org/10.1038/s41372-022-01479-2

INTRODUCTION

Many neonatal-perinatal providers are unaware that climate
change-related and air pollution exposures during infancy,
pregnancy, and preconception (known critical windows of
vulnerability) can lead to multiple adverse health outcomes
including preterm birth, poor fetal growth, abnormal lung
development, and impaired neurodevelopment [1, 2]. We there-
fore outline the need for neonatal-perinatal providers to under-
stand the role of outdoor air quality, and how this can affect
maternal and infant health and influence clinical practice. Our
knowledge of the effects of tobacco smoke on pregnancy and
infancy is instructive to understanding similar concerns with
outdoor air pollution. This paper focuses on climate change, the
intersection with outdoor air pollution, and mitigation of effects,
which can also impact indoor air quality. We also review important
policies aimed at reducing air pollution, and their influence on
birth outcomes. Further, we delineate opportunities for neonatol-
ogists and perinatal care providers to address both air pollution
and climate change on individual, community, and regional/
national levels. The AAP Policy Statement and Technical Reports
on climate change and air pollution are key reference documents
that are important resources for clinicians [1-3].

CLIMATE CHANGE

Attention on climate change has increased over the past four
decades. In August 2021, the United Nations’ Intergovernmental
Panel on Climate Change released a comprehensive report
definitively identifying human activities as causation for the
accelerated warming of the planet and subsequent extreme

weather effects that are increasing in frequency, such as heat
waves, wildfires, droughts and floods, hurricanes, and rising sea
levels [4]. These human activities generate greenhouse gases,
predominantly carbon dioxide (CO,), from the combustion of fossil
fuels, and have contributed to altered levels of ozone and
particulate matter (PM) [5-71. Wildfires, which result from warmer,
drier conditions, are more intense and are lasting longer, thus
posing serious threats to human health, not just through
immediate loss of life, but with the release of toxic emissions
that have long-term effects [8]. Climate change is also contributing
to the production of extreme heat which is intensified in large
cities where urban heat islands are created from replacing trees
and vegetation with buildings and pavement that absorb instead
of reflect heat [9]. Air pollution is exacerbated by heat and climate
change, and as a result, more focus needs to be paid to declining
air quality and its adverse effects on human health worldwide.
This is especially critical during pregnancy and preconception,
vulnerable periods of time in which environmental exposures can
have harmful effects on both the mother and fetus.

KEY AMBIENT AIR POLLUTANTS AND THEIR MAJOR SOURCES
Air pollution is a mixture of gases and solid particles suspended in
the air, and encompasses a variety of inhaled substances that have
adverse effects on human health. Many of the components of
outdoor air pollution are similar to those in tobacco smoke, such
as carbon monoxide (CO), polycyclic aromatic hydrocarbons
(PAHSs), nitrogen dioxide (NO,), volatile organic compounds
(VOGs), and PM [10]. As perinatal providers are already familiar
with tobacco smoke and its resultant health effects on pregnancy
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and infancy, this established knowledge facilitates discussions on
outdoor air pollution.

Management of air pollution is focused on understanding the
contributors to these suspended mixtures [1, 6]. Hazardous air
pollutants such as PAHs, metals, and solvents, are toxicants that
are known or suspected to cause cancer or other serious health
effects [1]. In the United States, the Environmental Protection
Agency (EPA) regulates air quality under the Clean Air Act by
implementing limits on 187 air toxicants and six outdoor criteria
air pollutants, defined as PM, photochemical oxidants including
ozone, CO, sulfur oxides, nitrogen oxides, and lead, through the
National Emission Standards for Hazardous Air Pollutants and
National Ambient Air Quality Standards, respectively [11-14]. The
most common outdoor air pollutants are described in Table 1
along with their major sources and associated health effects
[6, 7, 13, 15].

Concentrations of air pollutants are dependent on wind,
temperature, altitude, time of day, and seasonal weather changes.
In addition, indoor air pollution can have a significant impact on
health outcomes. Not only can outdoor air pollution permeate
indoors depending on ventilation rate and insulation, but people
who may conceive, pregnant persons, and neonates can have
airborne exposure from secondhand smoke, pesticides, biological
materials, and other household chemicals derived indoors [5, 6].
Exposure to air pollution also does not exclusively occur through
inhalation, as pollutants can contaminate drinking water and soil,
ultimately impacting the food supply [16, 17].

THE INTERPLAY OF CLIMATE CHANGE AND AIR POLLUTION
Climate change and air pollution exist in a vicious feedback loop
where each exacerbates the other. The combustion of fossil fuels
produces ambient air pollutants of health concern, as well as
greenhouse gases that contribute to climate change and extreme
weather events, such as longer and hotter summers, and more
frequent and intense storms and wildfires [4, 7, 18]. In many areas
of the world, massive and prolonged forest fires have increased
PM and gaseous pollutant concentrations [18, 19]. Additionally,
there is secondary air pollution from the precursors produced in
combustion processes that then combine with other substances.
For example, tropospheric (low-altitude) ozone, a major contri-
butor to smog, is formed from oxygen and hydroxyl radicals
produced via a photochemical reaction from nitrogen oxide
species and VOCs [5, 71. These derive from automobile exhaust on
hot, sunny days which are increasingly common with climate
change. In contrast to stratospheric (high-altitude) ozone, which
naturally occurs in the upper atmosphere and forms a protective
layer against UV rays, ground-level ozone prevents solar heat
radiation from escaping [5].

EFFECTS OF AMBIENT AIR POLLUTION EXPOSURE DURING
FETAL DEVELOPMENT AND EARLY INFANCY

There are many parallels between outdoor air pollutants and the
harmful chemicals found in tobacco smoke, and the data on the
detrimental effects of tobacco smoke are illustrative for under-
standing the health impacts of air pollution [20]. It has been
shown through CT scans that exposure to outdoor air pollution
corresponds to the emphysematous lung changes as seen in
tobacco smokers [21]. Both ambient air pollution and tobacco
smoke are risk factors for pre-eclampsia, preterm births, poor fetal
growth, immune system alterations, neurodevelopmental
abnormalities, and childhood asthma [22-28]. In addition, multiple
studies have suggested that maternal exposure to the toxic gases
emitted from wildfire smoke, as well as PM,s as a major
component, increases the risk of preterm birth and term low
birth weight (LBW) [8, 29-32]. For these reasons, tobacco smoke,
itself a recognized air contaminant, is often used as an example to
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educate clinicians regarding the ill effects of ambient air pollution,
as clinicians are already familiar with its adverse outcomes.

Children and neonates are particularly susceptible to the effects
of air pollution due to their increased respiratory and metabolic
rates which lead to greater intake of air, food, and water per
kilogram of body weight. Additionally, both the fetus and child
have organ systems with critical windows of development for
formation and functionality. Children may also have an inability to
remove themselves from hazardous exposures and have
decreased thermoregulatory capabilities in response to extreme
heat [1, 5, 6, 28, 33]. In comparison to mature cells, germ and fetal
cells replicate and differentiate faster, and have higher sensitivity
to perturbations in cell signaling [24].

These vulnerabilities set the fetus and neonate up for higher risk
of adverse birth outcomes. It has been reported that indoor air
pollution contributes to 20% of LBW infants and 25% of stillbirths
in low-middle income countries, where high-polluting cooking
fuels are a major contributor [34]. A systematic review that
analyzed over 32 million births in the United States reported an
association of PM,s, ozone, and heat exposure with statistically
increased risks of preterm birth, term LBW, and stillbirth [35].
Trasande et al. have estimated that over 3% of all preterm births
nationwide can be attributed to PM,s exposure, equating to
15,808 preterm births, and over $5 billion in medical care and lost
economic productivity over a one year period [36]. Studies
support the hypothesis that the adverse consequences on lung
health of in utero and early postnatal exposure to air pollutants
are higher in preterm and LBW infants when compared to those
born at term [37, 38]. In 2020, Perera et al predicted that $66
million in public health and economic benefits could be attained if
the improvements in air quality achieved in New York City during
the COVID-19 lockdown were sustained over five years. This study
also estimated that $55 to $183 million of costs related to
childhood asthma (new cases, emergency department visits, and
hospitalizations) could be saved with improved air quality [39].

Research has suggested that air pollution exposure during
pregnancy can affect the fetus directly via the placenta or
indirectly through physiological changes in the mother, contribut-
ing to decreased fertility, pregnancy losses, pre-eclampsia and
other hypertensive diseases of pregnancy, and gestational
diabetes mellitus or insulin resistance [40-45]. This is supported
by multiple epidemiological studies, including meta-analyses
showing statistically increased risks for pre-eclampsia in associa-
tion with exposure to PM,s and NO, [46-48]. Studies have
hypothesized that air pollutants can impact maternal health via
multiple pathways, such as through endothelial dysfunction and
vascular remodeling which can affect maternal-placental oxygen
and nutrient transport to the fetus, endocrine disruption that
mimics the effect of androgens and estrogens, alterations in DNA
methylation processes, or promotion of oxidative stress and
inflammatory processes [49]. Smoking causes reproducible DNA
demethylation differences that can be used as markers for
smoking status, including length of time and number of cigarettes
[50]. In parallel to tobacco exposure, multiple studies have
demonstrated DNA hypomethylation in adults and cord blood
with exposure to PM and PAHs [51-53]. Animal and human
epidemiological studies, as reviewed by Carré et al. in 2017,
suggest these mechanisms can also negatively affect fertility in
both men and women by causing defects during gametogenesis
[54, 55]. This is an emerging field of study that holds promise for
use in future perinatal research and providing biological
plausibility for epidemiological studies. As our understanding of
these biological processes expands, our ability to further delineate
potential future implications of air pollution on pregnancy and
infancy will be enhanced. Mechanisms and related health effects
are shown in Fig. 1.

Studies have suggested that many toxicants readily cross the
placenta, and that ultrafine particles and nanoparticles are present

Journal of Perinatology



M. Leong et al.

*3|qe1-sbeeu/syuein|jod-ie-eua)io/aobedammm e d|qe|ieay ule J00PINO Ul sjueln|jod BLIILD XIS JO sUONeUSIUOd duaydsowse 31einbai 01 1y Iy UB3|D By} JaPUn Yd3 3Y1 Aq paysl|gelsa aIe SOVVN,
‘(esl/A0B edS'MMM) JUSWISSISSY SDUDIDS PajelBalul syd dy3 Buisn punoy aq ued
uoNeWIOJUI [BUORIPPE SIY) 510949 Yl|eay [ereuoau/jereuad uo sasndoy saded siyl ybnoy] “yieay ynpe o) s1ejas Apueuiwopaid asoys se 4aded siya jo 9dods syl puoAaq aie jeyl 5139449 yijesy Auew aue a19y],
‘[6£ ‘8] PV 41y UBS|D dY) UI passaippe Aj3da4ip 10u si Ing uonnjjod
J1e 0} S9INGLIIUOD SOWS IYP|IM ‘D30U JO 'SOVVN Aq paiejnbal Ajjeoyidads jou si 31 se Jueinjjod e se pazidijeyl sl \d duyell|n "y JIy Ues|D 3y} Jo ssa30ns 3y} bupjiewjey ‘A|9A1dadsal ‘og’0 PUR %0 e S|PA3] YIm
3w} J9A0 spuswaA0Idwi JURdYIUBIS pey SARY Pe3| pue (D) dPIXOUOW Uog4ed ‘3|qel 3yl Ul palsi| siueln|jod euaid Y} O} UOIHPPE U] ‘666 Ul %9/ WO} Paseadsp sey YdIym ‘05505 |[eI9A0 sem plepuels Aue Aq
papasdxa sem spiepuels Aujenb Jie Jo [9A3] 8yl Ydiym Ul saizuNnod ul Bulal s1eak /-0 sabe ualp|iyd jo abeiuadiad syl ‘610z Ul "sa1ba1el1s uonuaaaid/uonebniw dypads-uepiulp pue (SOVYN) spiepuels Aljenp
1Y JUSIqUIY [RUOIIBN SAOCR S|9A3| 03 Pasodxa SN Ul UIP|IYd JO Juddiad ‘s109))9 Yijeay [ereulad/[e}euoau ‘Uolde JO WSIUeYdaW ‘@Insodxa JO S92IN0S Uowwod Buipnipul ‘syueinjjod Jie Joopino Jofew jo Alewwng

SJUBUIWEIUOD JIe JUSIGUWIE O} Pale[ai
od pue sweiboid Hunuswaldwi usym sabeis ay1| [ereuosu
pue [ereunad ay1 HuudpIsuod jo sduepodwl ay) aziseydwy «
Syows a1yp|im
spnjaul 01 1Y Ay ues|D 3y buipuedxs JO Spilepuels SUOISSIWD
Jed [esapay 421013s se yons ‘Adijod 1oeus 03 siole|siba] sbesnodug .
(abuajley>
-noge/1aursjeyidsoyuaaibrmmm) abusjieyd arewi|d aied yijesH
pue (10123s-Yj|eay-s-n-ayi-buiziuogedsp-Uuo-aA11eioqe||0d
-uolde/yieay-uewny-pue-sbueyd-aiewi|d/sweiboid
/Npa'weummm) uoneziuebiQ YI0MIsN e se zz0zZ Ul dvv
Aq paulof 1101335 yiesH sn aY) buiziuogiessq uo aAieIOge|j0D
uolY SRUNIPaIA Jo Awspedy |euonep 'x3 :Aousdyje
ABisus pue Ayjiqeureisns ajowolid o) sjendsoy sbeinodus «
£Aoed0npYy

(610"Y3|eOYIOJDIRWIDI MMM) Yl|edH 10} djewl|D «
(B10°Y1|EDYD1RWI[D104SD11DID0SPIUIMMM)

U}|esH pue a1ewi|D Uo wniiosuo) A13150S |edIpajy dY] «

(610'9210}41EUBSISWOW MMM) 32104 Iy UBS|D SWO «

(1unsyad-mmm) suun Ayjernads yiesH |eIUSWUOIIAUT DLIRIPSd «

(x4/610523YydsAU'MMM) UOIIUSABI{ 10} suoidLDsSald 91e1S AN «
(AOB'MONJIY"MMM) $3INSOdXd JUBDIX0) puUe (JOY)

xapu| Aujenp Jiy s,pooyloqybiau Jidy) noge spuaned s1ednpy .

189y SAISS9IX3 10 suejd uondy .

$92UJ0 [edIpaw uj sis1sod uondy Sewl|d Aejdsiqg -

$92IN0S3l [eD0] AJ1IUIP] -

sbueyd a1ewi|d o) paje[as bulesunod yiesy [elus|y -

S9I1IPIQIOW-0D pue suonipuod Bulkpspun ssaIppy «

Mndeld [esuld

sasnq [00Yds dUII|T «

SI0PIIOD dyjes)

ey 1ed p|IYd ‘sjooyds jo Ajwixoad ywi «
9dUeUSIUIEW JDIYSA pue suondadsul

3uINOJ J0j sjuUsWIINbaL Sk [|]aMm Se spiepuels SUOISSILUD UlRIUIBIA «
JISUeJ) SSew |qissadde pue uolnelodsuely

paseq [an} |ISSOJ-UOU 0} SPIYS SPIM-AIUNLILIOD J0WOI] »

saoeds uaaib/syied 0} ssedde puedxa pue s99.1) Jueld «

uoiPy Aunwwod

0} S3DUS3PISaJ pue ‘s

sdnoib aAnIsuas
J0j Ayyjesyun Jo Ayijeayun si [QY USym sioopul swiy Buipuads «
(Wd 104 Ajuewnd) siayy vYd3H 4o asn -
(Wd 4104 Ajuewnd) Bupjsey «
uondY [enplaipul

uonnjjod
11y 100pInQ 104 sa1631RIIS UONUIABId/UONEBII [eIaUSD

%E'T

%L'0

%0l :(noy v7) °'d
%'t (lenuue) g
%0 ‘(oY +2) ““Nd

%T9Y

[98]
4610T J0 se SDVYVYN Vd3
anoqe sjaA3] 0} pasodxa

SN U u3Jp|IYd Jo %

ybam yuiq moT .
YuIg wilald -

eWYISe JO MSIY «
yb1am yuig moT «
YUIQ WIDldid «
uofewwepul
pue ssauaAisuodsal
Aemuie paseasdu] «
sasuayap Isoy pasiedw] .

ewiylse Jo ysiy «
JapIosip wnidads

wisiine JO Sid pasealdu| «

WbIeMm yuig mo1 «

YuIq wuR1ald »

uofduny bun| paseainaq «
eUWIYISE JO YSIY «
yb1em yuiq moT .

[vT ‘€ ‘61 ‘S-€]
<S1I33J3 [eIRULIdd/[eIeUOSN

'siopinoid |eyeusad-|eleuoaU 104 saINseaw uoieBIIW pue ‘S1ay9 Yijeay ‘syueinjjod e 10opIno Jofely

jueyLl Aiojendsay «

Ja11ew a)e|ndiued pue auozo se
yons syueinjjod Aiepuodas wioy
01 S|EDIWBYD 19YI0 YIIM SIDRIDU] «

sassad0id
uonejAyisw yYNQ SISV -
Aiojewweyul-old «

sa1pads uabAxo anndeal
40 uondNpoud /ssa13s SANRPIXQ -

saueIquIBW
SNdNW pue (1J0dA[e 0] dSou)
1oe1) A10jeiidsal ul sauelquisw
1192 ‘sebewep pue ‘Yiim s1oeay «

uoIy Jo wsiueydsy

|eod uing 1eys sjjiw Jaded pue
dind ‘sdiys ‘sis1pws ‘syuejd samogd

-Inj|ns pue ‘[3salp ‘[eod jo buiuing
ainisiow

J0 aduasald Ul elUOWIWE YIIM
PIdE dLNYNS JO UOIIDeAI DAEPIXO
wouy 219ydsowie Ul pawio4

(s19]10q ‘s121e3Y ‘SBA0]S "X3)
saoueljdde seb pajusa-Aiood yum
sawoy se yons sadeds pasojpug
syue|d Jjsamod

‘uonesauab A1dLIdBe Dyjel) peoy
|eod pue s9IYaA

‘uonsnquwiod [any ainjessdwial ybiH
SUOISSIWD

oyjeuy 10j Axoud se pasn usyO
uonsNqwiod ainjesadwal

yb1y Bbuunp assydsowie

ul duiqwod usabAxo pue usbosN

(10S ‘53204 "X3) I911BW PI|OS JO
umop>ealq [edlueyddwW Wwoly 1sng
salyp|im
‘S9A0]S poom pue sade|daly
ul [eud1ew dluebio Jo uonsnquiod
suonesado [eLsnpul
pue ‘syueid jamod ‘s3|d1yaA
10JOW WOoJy uonsSNQuIod [dn4
UoNDIN2IID JIWdISAS J2)UD
pup sanssiy [pijayaida oju sspd up) «
uiq
0] aMau A103o04j0 buojp [aADI)
ub> pup asou Jo uoibai Kio1pjj0 «

wrl [0> J2312WDbIq :duUYDIIN

1]0aAje
pue skemiie HudNPUOD [jews «

wrl g'z> Jsrswelq :(duy) STAY

uoiB6ai dpdeIoYy] «

wrl o> Ja18welq ©Otd

sobessed [eseu ssed 0} s|qeun

wrl QL < J918Welp yum ‘azis apnied
Aq pauiwialap uianed uonisodsqg
s19|dosp pinbi| pue

s3[onJed pljos Jo dINIXIW SuIoqIly

SJUDA|OS [eDIWaYD
pue ‘siodea aujjoseb ‘s9|diysn
Jojow pue saijioe) |euisnpul

WOJJ SUOISSIWD WOI) ALISP SDOA
2U0ZO W.o) 0}

uonoeal |edjwaydoloyd e obispun
(sDOA) spunodwod diuebio
3|l3ejoA pue saads ON ‘1ybiuns
pue jeay Jo aduasaid ayl uj «

seb asnoyuaalo .

Bows uequn jo Jusuodwod Jofep «

ainsodx3 jo
$324n0S uowwo) pue uondudsag

(0s)
apIXoIp Inyns

(FON)
apixolp usaboilN

(Wd) 4onew
?)e|ndiyied

(€Q) auozp

jueinjod

‘L °|qelL

SPRINGER NATURE

Journal of Perinatology


http://www.AirNow.gov
http://www.nyscheck.org/rx
http://www.pehsu.net
http://www.momscleanairforce.org
http://www.medsocietiesforclimatehealth.org
http://www.climateforhealth.org
http://www.nam.edu/programs/climate-change-and-human-health/action-collaborative-on-decarbonizing-the-u-s-health-sector
http://www.nam.edu/programs/climate-change-and-human-health/action-collaborative-on-decarbonizing-the-u-s-health-sector
http://www.nam.edu/programs/climate-change-and-human-health/action-collaborative-on-decarbonizing-the-u-s-health-sector
http://www.greenhospitals.net/about-challenge
http://www.greenhospitals.net/about-challenge
http://www.epa.gov/isa
http://www.epa.gov/criteria-air-pollutants/naaqs-table

M. Leong et al.

(_ AirPollution  Climate Change -

s
| Social determinants of health |
I

b

<)

Placenta/Fetus

Mother Infant
} | }
{8
Endothelial Epigenetic changes
dysfunction

Inflammation

Vascular

dali

Oxidative stress

Endocrine disruption

Impaired transport of oxygen and nutrients

Increased mortality

Preterm delivery
Term low birth weight
Small for gestational age

ncreased Childhood/Lifetime Risk of:

Neurodevelopmental abnormalities

* Age-related diseases (ex. ischemic heart disease, lower

respiratory tract infections, cerebrovascular disease)

* Asthma * Autism * Cancer

Small placenta
Intrauterine growth restriction

Pre-eclampsia/hypertensive diseases of
pregnancy

Decreased lung function growth
Neurodevelopmental abnormalities

* Otitis media
* Obesity

* Bronchiolitis
* Allergies

Fig. 1 Health impacts of air pollution across life stages. Air pollution, which is interlinked with climate change, has health impacts that are
important to neonatal-perinatal clinical specialists. The best-supported adverse health effects are listed here for individual life stages, while
the gray bars indicate mechanisms of action, some of which are multi-temporal and span across multiple timeframes. The severity of health
effects can be influenced by other social determinants of health, such as socioeconomic factors and race/ethnicity-related disparities.

on both the maternal and fetal sides [56, 57], with aggregates in
the cytoplasm of placental trophoblastic cells [58]. These studies
support the idea that the smallest components of PM can easily
pass into the maternal respiratory tract, translocate into the
systemic circulation, and ultimately impair placental growth as
well as transport of oxygen and nutrients to the fetus [56, 58].
Gaseous pollutants, such as CO, can also affect oxygen delivery to
the fetus after crossing the placental barrier, potentially causing
tissue hypoxia that can reduce fetal growth [59]. Air pollution
particles are able to generate free radicals or reactive oxygen/
nitrogen species, inducing oxidative stress. Telomeres are
particularly sensitive to oxidative stress and shorten prematurely.
Research has shown an association between telomere shortening,
and age-related diseases and mitochondrial dysfunction [60].
Although more studies are needed, air pollutants may have an
epigenetic impact, with changes in histone acetylation, global
DNA methylation, candidate gene methylation, and microRNA
expression [61-63]. These epigenetic alterations can affect
embryonic development of multiple organ systems, and have
long-term, even multi-generational, health effects [64].

An example of how these mechanisms interact to exert health
effects is the neuro-immuno-hormonal intersection. Recent
research has shown that air pollution can decrease leukocytes,
impair neonatal toll-like-receptor-mediated immune responses,
alter cytokine levels such as IL-10 and IL-18, and affect production
of T lymphocytes, B lymphocytes, and natural killer cells in infants
and cord blood [65-67]. Air pollution, specifically ultrafine PM (less
than 0.1 um in diameter), can enter the central nervous system via
the olfactory nerve or through the blood-brain barrier, causing
inflammation and neurodegeneration, alterations in the fine
balance of excitatory and inhibitory factors in the brain, and
impairment of cell proliferation, migration, differentiation, and
ultimately, synaptogenesis during critical windows of develop-
ment [68-70]. Higher pregnancy and infancy air pollution
exposures have also been associated with altered volumes of
brain structures, including the corpus callosum, hippocampus and
cerebellum [71, 72]. Consistent with volume changes, air
pollutants have been linked with reduced mental development
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index and 1Q scores, psychosocial symptoms such as anxiety and
depression, and delayed psychomotor development [73]. Addi-
tionally, autism spectrum disorders have been associated with
prenatal air pollutant exposure [74-76]. These neurologic and
neurodevelopmental effects can have lasting consequences into
childhood and adulthood.

POLICIES, PROGRAMS, AND REGULATORY ACTIVITIES TO
REDUCE EXPOSURE TO AMBIENT AIR POLLUTANTS

The United States Clean Air Act of 1970, further amended in 1990,
represents landmark legislation that is credited with a 70%
reduction in mean levels of six criteria air pollutants as of 2020,
and is believed to have extended the life expectancy of the
average American by 1.4 years [18, 77]. However, while wildfires
are becoming increasingly common, creating PM and contributing
to poor air quality, the Clean Air Act exempts wildfire smoke, which
is considered an “exceptional event” by the EPA [78, 79]. In August
2015, the Clean Power Plan was unveiled with the goal of reducing
greenhouse gas emissions from coal-burning power plants by
increasing the use of renewable energy; yet, its implementation
stalled in 2017 [80, 81]. Between 2017 and 2020, over 100
environmental regulations were either eliminated or weakened,
and in 2017, the United States officially withdrew from the Paris
Climate Agreement, ultimately rejoining in 2021 [82, 83]. Most
recently, in June 2022, the Supreme Court ruled that the Clean Air
Act does not provide the EPA with the broad authority to regulate
emissions from power plants, thus limiting the federal govern-
ment'’s ability to implement a progressive climate policy.

National regulations may appear to be slow in addressing air
pollution, but stricter regulations have often been implemented at
the community or state levels in advance of federal changes. One
example is California, a state that has exceeded federal car
emissions standards since the 1960’s, and where the successful
implementation of air pollution-reduction policies has been
associated with improved lung function in children [84, 85].
Thirteen additional states and Washington D.C. have adopted
California’s more stringent Clean Cars legislation, and as of 2021,
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five states, led by Pennsylvania in 1971, have had environmental
rights amended to their state constitutions [86, 87]. Most recently,
New York’s Proposal 2, effective in January 2022, establishes that
residents have a legal right to clean air and water, and a healthful
environment [88].

ENVIRONMENTAL JUSTICE

Perinatal providers are well aware of longstanding disparities in
maternal and neonatal mortalities and morbidities. Underscoring
this phenomenon is that the degree of exposure to air pollution is
also disparately related to both socioeconomic status and race/
ethnicity [35, 73, 89]. In 2019, it was reported that 50.5% of
children in the United States reside in a county that exceeds the
EPA standard for at least one criteria pollutant [90]. EPA data from
2017 demonstrated a lower percentage of white children living in
counties with pollutant concentrations above the standards
(76.4% for Hispanics and Asian/Pacific Islanders, and 64.1% for
non-Hispanic Blacks, compared to 53.7% for non-Hispanic Whites)
[90]. The effects of these exposures may be compounded by other
disparities, such as inadequate nutrition or food insecurity, low-
quality drinking water, substandard housing conditions, limited
access to high-quality health care, and toxic stress [18, 73, 911. In
addition, stark racial disparities persist regarding pregnancy
outcomes. In the United States, non-Hispanic Black and American
Indian/Alaska Native women have the highest rates of maternal
mortality and severe maternal morbidity compared to non-
Hispanic White women [92-94]. These groups also have increased
rates of infant mortality [95].

A perpetuating cycle of environmental injustice is created in
which those who are able to, will move away from less desirable
areas, thus protecting their future generations from the hazardous
effects of pollutants. People in communities of color or of lower
socioeconomic status, who commonly have health conditions
driven by social determinants of health, disproportionately reside
in areas with greater pollutant exposure. More often located near
major roadways, flood zones, or industrial plants, these commu-
nities will endure more toxicant exposures, adversely impacting
infant and fetal health [96-99]. Globally, 91% of premature deaths
related to air pollution occur in low-middle income countries [18].
Of concern is that emissions can migrate and affect the air quality
of other countries, further emphasizing the idea of air quality
being a global issue that requires an international approach.

Across the world, many countries have set their own air quality
standards based on their determination of adverse health effects
and acceptability of risk. National efforts to reduce pollution levels
have improved health and birth outcomes, such as with strict
regulations temporarily implemented by China prior to, and
during, the 2008 Olympic and Paralympic Games. During this time,
levels of most pollutants decreased by 20-60%, correlating with
greater birth weights compared to unrestricted periods [100, 101].
Another example is the COVID-19 pandemic, which resulted in an
unprecedented global shutdown. Studies have reported signifi-
cantly improved air quality and visibility in many cities, based on
satellite images and pollutant measurements, particularly PM, s
and NO, [102-104]. On average, there was a 23% and 34%
improvement in PM,5 and NO, levels, respectively, in New York
City [39], and a 20% reduction in daily global CO, emissions during
the 2020 COVID-19 lockdown [105]. It is possible that these
decreases in pollutant exposure will translate to improvement in
perinatal outcomes, such as preterm birth rates and term birth
weights; however, preliminary data worldwide has demonstrated
widely variable maternal and infant outcomes depending on
resource availability, access to healthcare, and worsening socio-
economic inequality [106]. Nevertheless, these natural experi-
ments suggest that although extreme lockdown measures are
unsustainable long term, decreased emissions are achievable
through reduced or altered human activities.
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ROLE OF THE NEONATAL-PERINATAL SPECIALIST

One of the most effective ways of improving outdoor air pollution
is to address pollutants that contribute to climate change.
Healthcare providers can be powerful advocates for reducing
reliance on fossil fuels and for improving air quality, both as
constituents and as educators for local legislators, on how policy
decisions can impact the health of families, particularly babies and
children. While the greatest impact depends on policy changes at
the local and federal level, neonatal-perinatal providers can
encourage local corporations and healthcare systems to prioritize
institutional accountability. The global healthcare system has a
large environmental impact, with energy-intensive buildings, the
manufacturing and use of complicated medical equipment, the
production of medical waste, and the use of unsustainable
materials and anesthetics that are themselves greenhouse gases
[107]. On its own, the United States’ healthcare system would rank
13th as a country for greenhouse gas emissions [107, 108]. Few
hospitals have instituted strategies to promote sustainability, citing
expenses, regulatory compliance, operational hours, and infection
control as main barriers. Neonatal-perinatal providers, who are
primarily hospital-based, have a unique opportunity to educate
administrators and advocate for change. In an effort to become
more “green”, some hospitals have successfully implemented more
efficient heating, ventilation, and air conditioning systems, used
more renewable energy sources such as solar and wind energy,
installed charging stations for electric cars, reprocessed medical
equipment, and adopted sustainable food practices [109, 110]. The
Health Care Climate Challenge (www.greenhospitals.net/about-
challenge) was launched at the Paris Climate Conference in 2015 as
an initiative for health care institutions worldwide to prioritize
clean, renewable, healthy energy, and serve as advocates for
improving patient and community health [111].

Clinicians are poised to connect with patients and parents to
encourage them to make positive changes to address environ-
mental health concerns. Pregnancy is a unique life stage that
offers a window of opportunity in which positive life changes and
healthy behavior can be significantly influenced by healthcare
providers. It is also important that clinicians recognize the
negative impact that air pollution, climate change, and heat
stress can have on the mental health of parents. Antenatal and
postnatal psychological distress can subsequently affect fetal and
neonatal well-being.

Pregnant individuals who live in highly polluted areas, such as
in wildfire-prone communities or traffic-dense urban environ-
ments, can benefit from using filtration devices [112, 113]. Holm
et al. reviewed studies that reported a significant decrease in PM; 5
levels and attributable asthma morbidity, as well as higher
standardized test scores, with the use of higher filtration efficiency
filters [114]. A recent randomized controlled trial demonstrated
that the use of high efficiency particulate air (HEPA) filter air
cleaners in highly polluted settings in Mongolia was associated
with significantly increased birth weights of term infants [115].

Neonatal-perinatal providers are in an ideal position to educate
families about their exposures and the air quality index in their
neighborhoods. Health promotion behaviors can be integrated
into routine office visits [116], and there are several existing
resources to facilitate provider discussions. For example, the New
York State Children’s Environmental Health Centers created
“Prescriptions for Prevention” (www.nyscheck.org/rx), one of
which is to specifically educate families on outdoor air quality,
local resources, and steps to reduce pollutant exposures [117]. The
nationwide Pediatric Environmental Health Specialty Units net-
work (www.pehsu.net) offers informational resources for clinicians
on air pollution, in relation to reproductive and pediatric health
[118]. In addition, the American Board of Pediatrics offers a
Maintenance of Certification module to provide clinicians with
additional education on climate, health, and equity. Additional
resources for clinicians are provided in Table 1.
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CONCLUSION

Air pollution and climate change contribute significantly to birth
outcomes and health effects that can persist into childhood and
adulthood, and a variety of mechanisms have been proposed,
similar to those described for tobacco smoke exposure. The ever-
changing climate and our increasing understanding of epigenetic
and biological mechanisms mandates an expansive 21st century
approach to reducing exposure to air pollution, such as broad-
ening air quality policies to include exposure from wildfires.
Neonatal-perinatal clinicians care for a uniquely vulnerable
population, and through direct education and public health
messaging, can have a significant influence on how patients and
their communities understand climate change. Greater focus
should be paid to clinically-relevant resources that allow
physicians to better evaluate and treat the impacts of air pollution
on health. For example, epigenetic screening may someday be of
utility in gauging and educating patients on the insidious impacts
of air pollution. Neonatal-perinatal providers can be role models
for their patients not just on an individual level, but also as
powerful advocates who can educate legislators on the impact to
patients who may not yet have a vote or a voice to speak for
themselves.
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