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Beginning before birth, children’s 
health and development are powerfully 
affected by influences from their 
developmental environment—the full 
range of experiences and exposures they 
have in the places they live, grow, play, 
and learn—with implications for their 
lifelong health and well-being. All of these 
influences, positive and negative, interact 
to shape the development of a child’s brain, 
the integrated systems in their body—
including the immune, metabolic, and 
cardiovascular systems—and even how 
their genes are expressed.1  Clean air is an 
essential part of a healthy developmental 
environment, and ensuring that all of 
us have clean air to breathe in all the 
spaces where we spend time—indoors 
and out—offers a vital opportunity to 
support children’s healthy development.2  

The reduction of outdoor air pollution 
in the United States was, until recently, a 
great success story. The Clean Air Act of 
1970 (with major updates in 1977 and 1990 
in response to new data) reduced outdoor 
air pollution from a variety of sources 
by more than 70% and saved trillions of 
dollars in health care costs, even as the 
population, economy, and number of cars 
continued to grow substantially.3 Through 
2020, the Act was estimated to have 
prevented 2.4 million days of worsened 

asthma symptoms, 120,000 emergency 
room visits, 5.4 million lost school days, 
200,000 heart attacks, and more than 
230,000 premature deaths.4 More recently, 
however, wildfire smoke fueled by 
excessive heat and drought brought on by 
climate change has increased some types 
of air pollutants, causing a significant 
deterioration in air quality in nearly 
three-quarters of the contiguous US—
effectively erasing four years of air quality 
progress in reducing those pollutants.5 

The importance of outdoor air quality 
for health has long been recognized. 
However, most adults spend more than 
90% of their time enclosed in buildings 
and vehicles.6 During pregnancy and 
early childhood, it’s likely even more7—in 
childcare facilities, schools, community 
centers, summer camp buildings, offices, 
cars, and homes. In all these places, the 
air contains a wide range of particles 
and chemicals, some of which have the 
potential to adversely affect children’s 
development and health. In addition, 
the Environmental Protection Agency 
(EPA) estimates that levels of indoor 
air pollutants can be two to five times 
higher than outdoor levels due to poor 
ventilation; chemicals released from 
furniture, carpets, and cleaning products; 
indoor sources of pollution, such as 
byproducts of gas stove use; tobacco smoke; 
and outdoor pollution coming in.8,9 

While many factors contribute to how 
much outdoor pollution gets indoors—from 
“leaky” buildings with poorly sealed walls, 
windows, and doors to missing or low-
grade air conditioning filters—on average, 
about half of what’s in the air outside 
makes its way in. And, because we typically 
spend more than 21 hours inside every day, 
the majority of our exposure to outdoor 
air pollution actually occurs indoors.10 

When it comes to air quality, our 
indoor air environment itself has changed 

Air Pollution Affects Us All 

This working paper is the third 
in a series focusing on the ways 
that conditions in developmental 
environments shape young children’s 
health and well-being. Air quality 
is just one component of a set of 
interrelated conditions that affect how 
children’s bodies and brains develop. 
This working paper offers a summary 
of current knowledge about how 
air quality, particularly air quality 
in indoor environments, impacts 
developing biological systems.
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significantly in the last 50 years. As 
composite-wood furniture, synthetic 
carpets, polymeric flooring, flame-
retardant fabrics and additives, foam 
cushions, “forever chemicals” known as 
PFAS, and scented cleaners (e.g., personal 
care products, cleaning agents, laundry 
soap, and dryer sheets) have become 
nearly ubiquitous indoors, so has an 
array of airborne chemicals known as 
“volatile organic compounds” (VOCs).11,12 
Concentrations of VOCs, many of which are 
known to cause cancer, can be one hundred 

times higher indoors than outdoors.13 
These compounds are emitted as gases 
from numerous household products and 
materials, including those noted above, as 
well as auto emissions or attached garages 
that can penetrate into buildings.9 As one 
example of the known harms of VOCs, 
studies associate frequent use of cleaning 
products during infancy and pregnancy—
particularly scented spray products—with a 

higher risk of wheezing in early childhood 
and the development of asthma and lower 
respiratory tract infections in childhood.14 
Additionally, evidence suggests that 
exposure to VOCs in cleaning products 
preconception and during pregnancy 
is associated with an increased risk of 
asthma in children, and occupational 
exposure to these compounds has been 
associated with higher rates of lung 
cancer and cardiovascular mortality.14,15 

Actionable solutions to improve indoor 
air quality already exist. These range 
from policy and regulation options; to 
pollutant-free cleaners, healthier housing 
and furniture materials, and new building 
technologies; to simply maintaining and 
using ventilation systems with high-quality 
filters. Yet, these solutions have not been 
widely adopted. And all of the pollutants 
outlined above disproportionately affect 
families with fewer resources and families 
of color because discriminatory zoning, 
lending, and housing policies have left 
many low-income and minoritized 
communities living in overcrowded 
housing constructed with poor-
quality materials and often situated 
near congested roads and industrial 
pollution.16,17 Solution strategies should 
prioritize marginalized communities as 
we work to improve air quality in the 
spaces where we spend the most time 
during pregnancy and early childhood. 

Indoor Air Pollution Has Especially Powerful Effects on Babies 
and Young Children 

Not only are babies and young children 
exposed to more indoor air pollutants, but 
they are also more affected by this pollution 
than most adults because they breathe 
more rapidly, they inhale a larger volume 
of air relative to their body size, and their 

respiratory, reproductive, endocrine, 
immune, digestive, and neurological 
systems are still developing.18 The flip 
side of this increased sensitivity is the 
powerful opportunity it presents to support 
healthy development by improving indoor 

Most adults spend more than 90% of 

their time enclosed in buildings and 

vehicles. During pregnancy and early 

childhood, it’s likely even more—in 

childcare facilities, schools, community 

centers, summer camp buildings, 

offices, cars, and homes. 
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While the consequences of exposure to 
airborne particles and chemicals during 
pregnancy and early childhood can be 
dire, they are not inevitable. The biological 
systems in the human body—from the 
brain to the immune, cardiovascular, and 
metabolic systems—have a powerful ability 
to adapt throughout life in response to 
influences from the environment. Scientists 
call this “developmental plasticity,” and 
while the body is most plastic in the early 
years, it never loses the ability to adapt.1 
Every developmental outcome is the 
result of an interaction among genes, 
exposures, and experiences, and the timing 
of those exposures and experiences during 
development. In other words, the health 
outcomes for any individual exposed to 
air pollution depend on the nature, length, 

intensity, and timing of their exposure in 
combination with the individual’s genetic 
predispositions. This explains why two 
people—even twins—can have the same 
exposure, but one may be unaffected 
while the other is severely affected.22 
The studies cited in this report all relate 
to the increased likelihood—but not 
inevitability—of adverse outcomes after 
exposure to toxicants present in indoor air. 

With this adaptability in mind, it is even 
more critical that we improve the quality of 
the air that surrounds us during pregnancy 
and early childhood—cleaner air is always 
beneficial, even when children have 
been exposed to pollutants in the past. 

It’s Never Too Late: The Power of Developmental Plasticity 

air quality during pregnancy and early 
childhood. During pregnancy, hormonal 
and physical changes lead to an increase 
in the amount of air breathed in and out.19 
When microscopic airborne particles and 
chemicals such as flame retardants or PFAS 
are inhaled, they enter the lungs, then 
the bloodstream, through which they can 
cross the placenta and reach the fetus, 
where the lungs, brain, and reproductive, 
immune, and endocrine systems are 
undergoing rapid development and are 
especially sensitive to such exposures.20  

During early development, the body’s 
systems “read” the environment around 
them and adapt to what they experience. 
For example, if an infant experiences 
significant or prolonged exposure to 
contaminants in the air, it can set off 
a chain of consequences. The immune 
and inflammation systems respond 
protectively, activating cells and proteins 

that can cause changes in the structure of 
the lungs, excessive mucous production, 
and scar tissue formation near the airways. 
These changes can lay the foundation for 

developing asthma during childhood.21 In 
the short term, biological adaptations like 
these immune and inflammatory system 
reactions are healthy and help our bodies 
respond to the environment—without 
that short-term immune response, we 
could not survive. But, if conditions are 
prolonged or extreme, some short-term 
adaptations can become harmful in the 
long term by over-activating systems that 
were meant to be activated temporarily.1 

During pregnancy, hormonal and 

physical changes lead to an increase in 

the amount of air breathed in and out. 
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As noted above, there are many sources 
of air pollution that originate indoors. 
However, knowing that up to half of what’s 
in the air outside can also make its way in, 
it is critical to consider current research 
on air quality and children that is focused 
on outdoor air pollution. These studies and 
their findings, many of which we draw 
on below, offer important considerations 
related to the composition and effects of 
the indoor air our children breathe, as well 
as opportunities to make that air cleaner.

Out-of-balance immune response—When 
airborne particles, chemicals, and allergens 
(for example, mold spores) pass through 
the lungs and into the body, they trigger the 
immune system to respond. Inflammation, 
an important part of our immune response, 
protects the body from both physical 
particles and toxic components absorbed on 
the particles.23 But too much inflammation 
for too long, especially if it occurs during 
highly sensitive periods when the organs 
and brain are still developing, can weaken 
the immune system and contribute to 
lifelong inflammatory conditions such as 
heart disease, diabetes, and autoimmune 
disorders.1 Another part of the immune 
response is the release of signaling 
molecules known as “reactive oxygen 
species,” which are normally kept in 
balance by antioxidants in the body.24 
Too many reactive oxygen species can 
overpower the antioxidant defense system 
and cause damage to cells.25 This is known 
as “oxidative stress,” a sign that the body’s 
systems are out of balance, which is 
especially problematic during pregnancy 
when it can affect the placenta’s ability 
to function as a protector and nurturer 
of fetal development.26 Oxidative stress 
is connected to numerous pregnancy 
complications, including preeclampsia, 
gestational diabetes, poor fetal growth, 

pregnancy loss, and stillbirth.25,26 For 
example, formaldehyde, a VOC emitted 
from many common furniture and 
building materials, as well as cleaning 
products,27 can cause oxidative stress 
in fetal cells and tissues28 and adversely 
affect the hormones necessary for 
fetal growth, which may explain the 
relationship between formaldehyde 
exposure and low-birth-weight babies.19 

Altered gene expression—During fetal 
development, genes determine which 
cells will perform each of the body’s 
critical functions and carry instructions 
for how the cells will do their jobs. But 
a child’s experiences and exposures can 
activate proteins that attach to their genes 
in distinctive patterns, which control 
whether and how a gene’s instructions 
will be carried out. This epigenetic process, 
which can lead to changes passed down 
from parents to offspring, affects the 
proliferation, differentiation, and stability 
of all cells in the body, including brain 
cells—and it can be altered by indoor 
air pollutants during pregnancy and the 
first years of life. The resulting epigenetic 
changes can affect organ development, 
sleep patterns, energy levels, and 
inflammation20—or even cause changes 
to DNA that increase the risk of autism, 
developmental delays, and cancer.20,29 For 
example, black carbon, a tiny airborne 
particle that can be emitted from wildfires, 
gas and diesel engines, and coal-fired 
power plants, can cross the placenta and 
may enter the developing fetus.19 When 
air pollution particles cross the placenta, 
they may cause epigenetic changes in how 
the placenta functions that can lead to 
disruptions in healthy fetal development.20 
For example, the placenta’s capacity to 
repair damaged DNA in the fetus may be 
impaired, which may increase the risk 

How Indoor Air Quality Affects Fetal and Child Development
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for cancer later in life.20,23 It’s unknown 
how many generations these kinds of 
changes affect—for example, there is 
evidence that epigenetic changes seen in 
mothers who were exposed to lead can 
be passed on not only to their children 
but also to their grandchildren.30

Preterm birth—When the immune 
and inflammation systems respond 
for an extended period of time during 
pregnancy, this takes energy away from 
fetal development.1 This may explain why 
exposure during pregnancy to airborne 
particles and gases such as nitrogen 
dioxide (a typical ingredient of smog from 
car and industrial exhaust, which can 
make its way indoors) is associated with 
an increased risk of premature birth and 
low birth weight, both risk factors for a 
range of neurodevelopmental problems 
in childhood and later in life.30 Preterm 
birth, defined as birth that occurs before 
37 weeks, as well as being born with low 
birth weight, carries both short- and 
long-term risks, including higher risk 
of infant death, delays in developing 
cognitive and motor skills, vision and 
hearing problems, diminished lung 
capacity, and developmental disabilities 
such as cerebral palsy, as well as higher 
risk of chronic conditions such as 
obesity and diabetes.26,31,32 Preterm birth 
and low birth weight are also linked to 
reduced lung function in babies,25 which 
can lead to increased risk of asthma in 
childhood.17 Treating the complications 
of preterm birth requires medical care, 
special education, and early intervention 
services that have been estimated to cost, 
on average, nearly $65,000 per child more 
than the costs of a full-term birth.33 We 
can avoid such costs—and more effectively 
promote healthy development—by 
preventing these pollutants from entering 
children’s developmental environments 
to begin with. In addition to the above 
implications for preterm birth, exposure 
to dust-borne contaminants such as 
flame retardants—even newer, “safer” 
retardants—has been linked to increased 

rates of miscarriage and decreased rates of 
fertilization and embryo implantation in 
couples undergoing in vitro fertilization. 

Diminished lung function—Lung 
development is a dynamic process that 
begins early during prenatal development 
and continues throughout childhood 
and into early adulthood.23 The lungs can 
be affected by air pollution even before 
birth.26 When airborne chemicals or 
particles enter the lungs and bloodstream 
during pregnancy, they can cross the 
placenta and reach the fetus, where they 
can influence how fetal lung cells form, 
the number and quality of blood vessels 
in the lung, and how the lung’s branches 
take shape, which affect how well they 
distribute oxygen to the rest of the body.20 
Exposure to air pollution can restrict 
the amount of oxygen sent to the fetus 
through placental blood and may cause the 
lungs to develop with a lower capacity to 
breathe.33 Poor lung function itself early 
in life is problematic, but it can also lead 
to many forms of respiratory disease later, 
from asthma to bronchitis to chronic 
obstructive pulmonary disease (COPD).26

Disrupted brain development—The 
early phases of brain development involve 
several processes that are critical to brain 
function across the lifespan. Neurons 
migrate to their ultimate location, begin 
to connect with each other, and optimize 
well-used connections between cells. At this 
early stage of development, the protective 
barrier around the brain has yet to fully 
form, which makes it easier for pollutants 
to move through the circulatory system 
into the brain than later in childhood 
and adulthood when the barrier is less 
permeable.34 Even in later stages of 
development, the most common airborne 

We can promote healthy development 

by preventing pollutants from entering 

children’s developmental environments to 

begin with. 
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particles can affect the brain, entering 
through nasal passages and passing across 
the protective blood barrier into the brain. 
The regions of the brain where cells are 
most affected include those associated with 
memory, learning, reactivity to stress, 
and regulating emotions and behavior.36 
Inflammation caused by exposure to air 
pollution prenatally and in the earliest years 
can also damage brain cells and change 
gene expression in ways that increase the 
risk of brain diseases later in life, including 
Alzheimer’s and Parkinson’s.29 Flame 
retardants, many of which can migrate into 
indoor air and dust, have been shown to 
readily pass through the placenta to affect 
development through negative effects 
on the neurological system, thyroid, and 
reproductive system of the fetus. 37,38 

Early in life, developmental disorders 
such as autism spectrum disorder (ASD) 
have also been connected to prenatal 
exposure to outdoor airborne particles, 
particularly in boys. These studies focus 
on exposure to outdoor air pollution, but 
because much of what starts outdoors 
comes indoors and stays there, it is 
reasonable to hypothesize that these 
pollutants may have similar adverse 
effects when they occur indoors.39-41 These 
neurological outcomes may be the result 
of fetal oxidative stress disrupting the 
differentiation and organization of cells 
in the developing brain in combination 
with a genetic predisposition to the 
disorder.39 Evidence increasingly suggests 
that exposure to a type of air pollution 
known as PM2.5 during critical periods 
of fetal development and infancy raises 
the risk of developing ASD, even when 
exposures occur at low levels.42

Endocrine disruption—Exposure to 
certain chemicals in the air can impact 
the body’s endocrine system, which is 
responsible for regulating hormones. 
Chemicals found in air fresheners, 
personal care products, and building 
materials can mimic thyroid activity, 
impact the start of puberty, and potentially 
disrupt developmental pathways during 

pregnancy and early childhood. One 
study found that the mix of chemicals 
within indoor dust mimicked testosterone 
and estrogen, meaning even everyday 
dust can be hormonally active.95

Damage across systems—Different 
airborne chemicals have distinctive effects 
on the interconnected systems and organs 
in the body, including the respiratory and 
cardiovascular systems, with potential 
impacts on neurodevelopment, allergic 
reactions, cancer risk, and premature 
death.12 As one example of how this works, 
when benzene—a toxic VOC found in car 
exhaust, tobacco smoke, some glues and 
paints, plastics, dyes, and detergents—is 
breathed in, it causes cells to stop working 
correctly in multiple ways. It can damage 
the immune system by changing levels 
of antibodies in the blood and causing 
the loss of white blood cells. Benzene is 
toxic to bone marrow’s platelet and red 
blood cell formation, which can lead to 
anemia.43 It can also alter the expression 
of numerous genes and proteins and may 
interfere with the liver’s ability to detoxify 
blood and other body fluids. Combined, 
these gene, blood, and immune system 
changes can create the conditions for 
leukemia in children and adults and may 
also affect the lymph nodes, causing 
lymphoma.1,44 And because such chemicals 
can have both indoor sources and outdoor 
sources that make their way in, levels 
of exposure can be multilayered.

Unequal multiplier effects—We know 
that poor-quality indoor air can be 
more harmful when different chemicals 
combine. One recent study found that 
exposure to a mixture of air pollutants 
during fetal development was associated 
with poor memory functioning and 
increased attention problems during 
childhood.34 Just as important to consider 
is the potential combined impact of indoor 
air pollution and psychosocial factors 
such as depression, exposure to violence, 
and economic status, all of which can 
influence levels of stress in caregivers and 
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What Pollutes Indoor Air

Over time, regulations have 
successfully reduced our exposure to 
indoor pollutants such as carbon monoxide, 
tobacco smoke, and radon due to their 
long-established, significant health 
risks. Many other sources of indoor air 
pollution are less well-known and remain 
unregulated. These pollutants are present 
in children’s environments and can cause 
serious harm when exposure occurs. 

Volatile organic compounds (VOCs)—
VOCs are released into the air from 
many common household products 
and construction materials. VOCs can 
accumulate in the placenta and fetus, 
disrupt gene expression and organ 
development at the cellular level, and 
trigger inflammation and oxidative 
stress. They are associated with an 
increased risk of asthma, skin and 
throat irritations, and several forms of 
cancer.12,13 Numerous products that use 

safer chemicals (tested by the EPA’s “Safer 
Choice” service) and biobased solvents 
from citrus, seed, vegetable, and pine 
oils are readily available, yet products 
containing hazardous chemicals remain 
unregulated and widely marketed.49 “Air 
freshener” sprays, plug-ins, and hangers 
do not clean the air; they add fragrances 
to it—and fragranced products have been 
associated with a range of adverse health 
effects, such as migraine headaches, 
asthma attacks, respiratory difficulties, 
neurological problems, mucosal 
symptoms, and contact dermatitis.14,50 

Pesticides, phthalates, forever 
chemicals, and flame retardants—Dust in 
our indoor spaces often contains hazardous 
chemicals from plastics, cleaning products, 
flame retardants, pesticides, fragrances, 
and forever chemicals used in some 
fabrics and non-stick coatings.13 Dust 
can enter our bodies when it is stirred 

children.23 For example, the effects of 
indoor air pollutants may be exacerbated 
by the stress experienced by children 
living in disadvantaged environments 
because stress is also a potent cause of 
inflammation and oxidative stress.45,46 
Neighborhoods with the fewest resources 
due to lack of investment (e.g., limited 
access to health care and safe green 
space) and the most sources of stress 
(e.g., poverty, discrimination, and lack 
of opportunity) also show the strongest 
associations between ASD and prenatal 
exposure to airborne particles.47 Other 
studies have noted that the combination of 
pollutants with high levels of psychosocial 
stress during pregnancy—for example, 
significant stress caused by poverty, 
racism, mental illness, violence in the 
home or community, or environmental 

disasters such as wildfires—is associated 
with hypertension, preterm birth, 
and respiratory illness.23,48 There is 
likely a multiplier effect when stress 
and pollution—both known triggers 
for inflammation—combine to cause 
even greater and longer-lasting spikes 
in the inflammatory response.1,23 This 
is important to understand, given the 
strong link between inflammation and 
a range of adverse health outcomes, 
including conditions like heart disease, 
depression, and cancer. To ensure that 
all children can thrive in environments 
that support their well-being, it is critical 
that we prioritize strategies aimed 
at lessening psychosocial stress and 
addressing air pollution in communities 
facing the greatest disadvantages. 
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up off the floor and inhaled.95 Dust can 
also land on our skin and permeate into 
our bloodstream, or it can be ingested.10 
Inside the body, these chemicals can 
mimic our body’s hormones because of 
their chemical structure, leading to a 
range of disruptions in thyroid function 
and reproductive system development.

Particulate matter (PM)—Particles of 
varying sizes float in the air, both indoors 
and out, with a range of sources, including 
construction sites, smokestacks, wildfires, 
cooking, and aerosol air fresheners. 
Researchers have categorized particles 
of three distinct sizes (PM10, PM2.5, and 
ultrafine particles, or UFP), all of which 
can enter the lungs when we breathe. 
The smallest of these particles can cross 
into the bloodstream and, in some cases, 
the brain, where they may disrupt fetal 
brain development.51 PM exposure has 
been associated with a number of adverse 
health effects, ranging from increased risk 
of preterm birth to reduced lung function 
and worsening of asthma in children.52 

Wildfire smoke—It may begin outside, 
but wildfire smoke also gets inside 
buildings through open windows, invisible 
cracks and crevices in buildings, and air 
ventilation systems without high-quality 
filters.53 A major threat to the health and 
development of young children, it includes 
a potent mixture of fine particles, black 
carbon, and chemicals such as carbon 
monoxide and nitrogen dioxide.25 Exposure 
to wildfire smoke during pregnancy and 
early childhood can have a significant 
negative impact on healthy deliveries 
and both short- and long-term effects 
on young children, such as increased 
rates of asthma attacks, pneumonia, and 
decreased school performance. For more 
information on how wildfire smoke affects 
prenatal and early childhood development, 
please refer to the brief “Growing Up in 
a Warming World: How Wildfire Smoke 
Affects Early Childhood Development.”

Germs, viruses, bacteria, microbes, and 
allergens—Any parent, teacher, childcare 
professional, or pediatric care provider 
can attest to the rapid spread of germs 
through the air among children, whether 
colds, flu, or RSV. The COVID-19 pandemic 
was a vivid, global reminder of the role 
of ventilation and high-quality filters in 
preventing the spread of viruses. Mold, 
household pests such as cockroaches or 
mice, and pets all shed microbial allergens 
that attach to dust or float in the air and 
can trigger asthma and other respiratory 
symptoms as well as skin rashes.19 

Gases—Exposure to a range of gases can 
have adverse effects on people who inhale 
them. For example, ozone is a gas produced 
by chemical reactions in the atmosphere, 
particularly when heated. Due to our 
warming climate, cities around the world 
have increasingly exceeded acceptable levels 
of ozone in the air, and hot indoor air can 
contain even more ozone.54 Inhaling ozone 
can inflame and damage the airways, make 
the lungs more susceptible to infection, and 
aggravate lung diseases such as asthma, 
emphysema, and chronic bronchitis.55 
Longer-term exposure is associated 
with developing COPD in adulthood.56 

Heat—While not a direct source of 
pollution, temperature plays a significant 
role in shaping how various pollutants 
behave in a space and affect children’s 
health and development, and heat is an 
important factor in indoor air quality. For 
example, extreme heat can cause winds 
to weaken, leading the atmosphere to 
stagnate, essentially “cooking” the air and 
everything in it—fine particles, chemicals, 
and VOCs.57 When there is inadequate 
ventilation, indoor air also “cooks,” causing 
the air to produce ozone more rapidly54 
and VOCs to be released from household 
materials in greater quantities. Once mixed 
in the air, ozone can interact with VOCs to 
increase concentrations of formaldehyde, 
which is known to cause cancer.12
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Air Pollution Does Not Act Alone 

The neighborhoods where children 
live, grow, play, and learn have a significant 
bearing on the quality of the air they 
breathe—indoors and out. As a result 
of discriminatory lending and zoning 
practices—both historical and current—a 
higher proportion of Black, Hispanic, and 
low-income families live in neighborhoods 
with lower‐quality, substandard school 
buildings and housing compared with 
White and higher-income families.17,58 These 
neighborhoods are disproportionately 
zoned for heavy commercial and industrial 
uses that expose residents to industrial 
air pollution and traffic.17 Strategies that 
address inequities in zoning, housing, 
schools, and community buildings are 
critically important to public health 
overall and could have broad benefits 
for children and their caregivers.59 

Instead, many current-day policies 
perpetuate longstanding inequities in 
housing. These practices include ongoing 
discriminatory housing and zoning 
policies, subprime mortgage loans, and 
other barriers to accessing affordable, 
healthy housing.17 For example, the 
practice of zoning wealthy, primarily White 
neighborhoods as exclusively single-family 
and low-density further prevents multi-
unit buildings with affordable rent from 
being available in communities with greater 
opportunity and cleaner air.58 These kinds of 
policies represent decisions that determine 
which places benefit from investments 
in infrastructure and maintenance and 
which do not. Such investments—or the 
lack of them—have direct effects on the 
health and development of our children. 

The historical lack of investment 
in infrastructure for the common good 
and failure to ensure that housing is 
available at affordable rates not only affect 
public housing and urban schools—it 
can have other consequences that are 
equally hazardous to the health and 

development of young children. 
Airborne particles, dust, chemicals, 

viruses/bacteria, vermin, and stress 
are all known contributors to a range 
of respiratory and allergic conditions, 
including asthma. Whether a child develops 
asthma or asthma symptoms become 
worse depends on how often and how 
much the child is exposed to these triggers 
and how the exposures interact with each 
individual’s genetic predispositions.60 In 
susceptible individuals, these triggers can 

initiate a more extreme inflammatory 
response in the body, which can damage 
cells in the lungs. Fine particles can also 
block passages in the lungs, contributing to 
reduced lung function.26 Household mold 
and poor ventilation alone contribute to 21% 
of all asthma cases in the US,61 and asthma 
disproportionately affects low-income Black 
and Puerto Rican children.17,62 It has been 
estimated that the elimination of residential 
risk factors such as these would result 
in a 44% decline in physician-diagnosed 
asthma among US children under age 6.63 

Beyond the inequities in housing 
outlined above, many children and 
caregivers in the US lack permanent 
housing altogether. This is a critical 
issue for child health and development, 
with major implications for indoor air 
exposures. In 2023, a minimum estimate of 
100,000 children were without permanent 
housing in the US; nearly 60% of them 
lived in shelters.64 While further research 
is needed to understand the exposures for 
children living in shelters, initial studies 

Strategies that address inequities in zoning, 

housing, schools, and community buildings 

are critically important to public health overall 

and could have broad benefits for children and 

their caregivers.
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demonstrate that there are two to six 
times more asthma cases among young 
children in these settings than the national 
average,65-67 and children and youth who are 
unhoused are hospitalized for asthma at 31 
times the rate of housed children.68 Perhaps 
because shelters tend to be poorly ventilated 
and overcrowded, and many shelters are 
only available overnight,17 those who use 
shelters are exposed to similar amounts of 
air pollution as unhoused people who do 
not. In one study, 90% of unhoused people 
reported seeking medical attention for 
conditions associated with poor air quality, 
with no significant differences between 
sheltered and unsheltered individuals.69 

Solutions do exist, but they can be 
difficult to implement, pointing to the 
critical need to increase access to safe 
and healthy housing for everyone during 
pregnancy and early childhood. For 
example, during the COVID-19 pandemic, 
the Department of Public Health in Seattle 
and King County, Washington, distributed 
more than 4,000 portable air cleaners 
with HEPA filters to shelters. A follow-up 
study showed that these filters could be an 
effective short-term strategy for reducing 
indoor particle levels but also found that 
often shelters did not have the resources to 
keep the portable cleaners on and running.70

Effective Strategies to Advance Fairness in Air Quality Can 
Create a Multiplier Effect 

Cleaner indoor air and improved 
lifelong health for our children are within 
reach, starting with better ventilation and 
filtration, particularly in the spaces where 
we spend the most time during pregnancy 
and early childhood. With this in mind, for 
greatest effect, improvement should begin 
by prioritizing childcare facilities, schools, 
kitchens, and bedrooms.7,71 Other important 
indoor spaces include community centers, 
offices, medical facilities, single- and 
multi-family homes, apartment buildings, 
mobile and manufactured homes, shelters, 
and entertainment venues like movie 
theaters, as well as micro-environments 
such as cars, buses, and trains.72,73

A balanced approach to cleaner indoor 
air would include taking action across three 
distinct levels of solutions. First, we can 
protect children from the greatest harm 
through immediate actions that improve 
air quality in specific indoor spaces and 
support those who have been exposed to 

poor indoor air quality and are experiencing 
adverse effects as a result. Second, we can 
adapt our building, zoning, and public 
health practices to ensure full, equitable 
availability of indoor spaces with clean air. 
This includes allocating resources to retrofit 
or update spaces to enhance a variety of 
features that contribute to good air quality. 
Third, we must prevent the causes of air 
pollution at the source—through policies, 
pressure from the public on policymakers 
and leaders with decision-making power, 
and the same type of industrial ingenuity 
that took on the outdoor air pollution 
problems of the 1970s and ’80s. We must 
apply similar strategies to 21st-century 
air-quality problems, such as reducing the 
burning of fossil fuels that are warming 
our planet and leading to more intense heat 
and wildfires, as well as reducing the use of 
toxic chemicals in cleaning products and 
manufacturing and enforcing existing EPA 
regulations. Equally important is ensuring 
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that disadvantaged neighborhoods, 
especially those located close to sources 
of air pollution, receive equal monitoring 
compared with neighborhoods with 
more economic resources and higher 
percentages of White residents.74 All 
these approaches are necessary, all have 
ready solutions, and all will contribute to 
dramatically improving the prospects of 
every child to live a longer, healthier life.

Protect: Take immediate 
actions to reduce harm

Monitor indoor air quality in early 
care centers and schools. To adjust 
systems to improve air quality, those 
responsible for public buildings, such as 
schools, need to know what substances 
are contaminating their air, where these 
pollutants come from, and how big the 
problem is. This can be done through 
inexpensive indoor air quality sensors 
in childcare centers and classrooms. 

Switch to safer building, cleaning, and 
other household products. Commercial 
cleaning products, paints, and glues are a 
significant source of VOCs in indoor air.14 

Requiring the use of low-VOC products 
in childcare facilities, schools, camps, 
and offices would reduce exposure to 
these chemicals12 during pregnancy and 
early childhood and decrease the risk 
of a range of lung conditions, including 
childhood asthma and respiratory 
infections.14 Finally, requiring products 
that are free of forever chemicals, flame 
retardants, and phthalates in schools 
and childcare centers can significantly 
decrease exposure to these harmful 
pollutants. Find more about this topic in 
“Resources for Taking Action” below.

Use a hooded kitchen exhaust fan that 
vents to the outside. In homes and other 
buildings where these exhaust fans are 
already in place, using them consistently 
before, during, and after cooking can 
help because kitchen use is one of the 

biggest sources of indoor pollution 
in homes.13,19 Venting to the outside is 
critically important, as many exhaust 
fans simply recirculate air into the home. 
Window fans can also be used to blow 
indoor air outside—air conditioner units 
in windows typically just recycle indoor 
air. Buildings can also be adapted to install 
exhaust fans or update the ventilation so 
that the uptake is vented to the outside 
rather than back into the kitchen. 

Utilize portable, room-based air 
purifiers with HEPA filters in childcare 
centers, classrooms, and homes as 
a supplement to improve indoor air 
quality. These free-standing filters are cost-
effective and can be useful when heating, 
ventilation, and air conditioning (HVAC) 
system updates are not possible or as an 
additional way to ensure good air quality. 
They can remove 99.97% of airborne 
particles and bacteria, but they must be 
sized correctly for the space that they are 
in. Resources like the Portable Air Cleaner 
Sizing Tool (PACS) can be used to select an 
appropriately sized portable air cleaner 
based on factors such as building type 
and ventilation features. (Buyers should 
avoid portable purifiers with ionizers that 
also generate ozone, which can reduce air 
quality.75) By reducing indoor air pollution 
and airborne allergens, HEPA filters can 
also reduce asthma symptoms and improve 
lung function.76 Location is important: For 
preventing illness, deploying a portable 
air cleaner at the center of the room is 
recommended, and adjusting it to sit at 
the breathing height of occupants (e.g., 
3-4 feet for seated children in schools, 
closer to the floor for childcare centers) 
can enhance effectiveness in spaces with 
poor air mixing.77 Allowing physicians 

Requiring products that are free of forever 

chemicals, flame retardants, and phthalates in 

schools and childcare centers can significantly 

decrease exposure to these harmful 

pollutants.
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to “prescribe” HEPA or MERV 13 filters 
for air systems for childcare facilities 
and homes near polluted roadways and 
those in areas affected by wildfire smoke 
could give low-income families and 
childcare providers access to subsidies 
to improve air quality for children.

Adapt: Allocate resources toward 
improving current systems, 
services, and infrastructure

Reduce and absorb emissions by 
creating vegetation barriers. Adding 
natural vegetation barriers near childcare 
centers, schools, and other buildings 
in high-traffic zones can help reduce 
exposure to air pollution both outdoors and 
indoors.78 One study showed that barriers 
of bushes and trees that are sufficiently 
tall and deep can reduce polluting 
particles that reach the inhabitants 
of nearby buildings by up to 60%.79

Transition to less polluting appliances. 
In homes and childcare facilities that 
use gas heat and stoves, concentrations 
of harmful air pollution that contains 
nitrogen dioxide and airborne particles 
can be higher than outdoors.76 Induction 
cooktops, which use a copper coil to 
create electromagnetic energy, are three 
times more efficient than gas stoves and 
produce 40 times fewer emissions of 
ultrafine particles.76 Converting from 
gas to induction cooktops is costly, 
but subsidies for this transition would 
protect health, save energy, and reduce 
greenhouse gas emissions. Phasing out 
natural gas for heating and cooking will 
not only improve respiratory health by 
reducing hazardous by-products and 
secondary pollutants such as ozone 
but also will mitigate climate change 
impacts by reducing leaks of greenhouse 
gases such as methane.76 US cities, like 
Cleveland, are already implementing 
kitchen appliance replacement programs 
to good effect to support efforts to 
improve indoor air quality and increase 

their communities’ climate resilience.  

Make buildings healthier. According 
to the Healthy Buildings Program at the 
Harvard T.H. Chan School of Public Health, 
an approach to providing air quality 
that truly supports good health would 
include implementation of the following 
measures by those responsible for building 
construction, maintenance, and oversight: 
•	 using ventilation that controls 

indoor sources of odors, chemicals, 
and carbon dioxide and filters 
out at least 75% of particles; 

•	 providing regular maintenance and 
monitoring of ventilation systems; 

•	 choosing supplies, furnishings, 
and building materials with 
low chemical emissions; 

•	 installing a vapor barrier 
(material that controls moisture 
and prevents mold); and 

•	 implementing an integrated pest 
management plan with a focus on 
preventative measures such as sealing 
entry points, preventing moisture 
buildup, and removing trash.80 

Install and maintain adequate 
ventilation and filtration systems 
in schools located in low-income 
neighborhoods and verify that their 
building systems are operating as 
designed. Filters for HVAC systems use 
an effectiveness rating system known 
as Minimum Efficiency Reporting Value 
(MERV).79 Centralized HVAC systems 
are designed primarily for heating and 
cooling, but when equipped with high-
efficiency MERV 13 filters, which are 
feasible in nearly all systems, they can 
remove up to 90% of airborne particles.79 
Upgrading filters in existing HVAC 
systems to those with ratings of MERV 13 
or higher reduces children’s exposure to 
indoor air pollutants that are generated 
indoors (including those generated 
by cleaning, vacuuming, cooking, or 
frequent printer use) as well as those that 
come from the outdoor environment but 
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make their way in (such as PM2.5 from 
traffic, wildfires, and outdoor dust).

Proper maintenance and use of recently 
retrofitted and upgraded HVAC systems in 
schools would improve children’s health 
and school performance significantly 
yet is surprisingly rare. For example, a 
California study of schools with recently 
retrofitted HVAC systems found that 
only 5% of classrooms met minimum 
ventilation rates due to improperly selected 
equipment, incorrect fan control settings, 
and maintenance issues like not changing 
filters.81,82 Installing and properly using 
these systems could have a significant 
effect on child health: One study of a 
school located near a high-traffic roadway 
found that using a ventilation system 
with fine-particle filters (rated MERV 14) 
reduced the exposure of schoolchildren 
to traffic exhaust by about one-third.83 

Prevent: Address the root causes of 
poor indoor air quality by reducing our 
reliance on fossil fuels and investing 
in renewable energy sources 

Enact regional, state, and local policies 
and regulations that improve indoor air 
quality by reducing pollution sources 
in all developmental environments. The 
federal Clean Air Act of 1970 and many 
examples of state and community policies 
have demonstrated the power of regulation 
to improve air quality and health. For 
example, New York City’s 2012 Clean 
Heat Program supported the transition 
from fossil fuel heating sources to cleaner 
energy forms. In just four years, it achieved 
documented reductions in outdoor air 
pollution gases with a demonstrated 
impact on health outcomes.76,84 In 2023, 
New York became the first state to pass a 
law phasing out gas and other fossil fuels 
in new residential buildings.85 Expanding 
these and other policies that reduce 
outdoor air pollution would contribute 
to improving the air we breathe indoors 
as well, but they are insufficient without 

new regulations that specifically address 
indoor air quality. For example, it should 
be common sense and sound policy to 
require that the cleaning and building 
products, carpets, furniture, and cooking 
appliances we use in places where we 
spend the most time during pregnancy 
and childhood are safe and free of toxins. 

Develop and enforce health-based 
regulatory standards for indoor air 
quality so this becomes the norm when 
buildings are designed, constructed, 
and renovated. The current standards for 
minimum ventilation rates for indoor air 
quality that were established by ASHRAE—
an international membership organization 
focused on improving the sustainability of 
heating, ventilation, and air conditioning—
are based on odor control, not on health, 
despite many studies that demonstrate that 
meeting these standards are insufficient 
for our health.86 Higher ventilation rates 
are associated with improved performance 
on reading and math tests, decreased 
risk of respiratory infection, improved 
cognitive function scores, and a decrease 
in absenteeism.87 Despite the robust 
research demonstrating the health and 
economic benefits of higher ventilation 
rates, the standards for “acceptable” 
rates continue to be the foundation 
for many building codes. Professional 
organizations, including a group of more 
than 40 international experts as well as 
the Lancet COVID-19 Commission,88 have 
proposed indoor air quality standards 
for ventilation based on health, and 
these standards could be implemented 
across the range of spaces where children 
spend time, including schools, early 
care centers, and housing units.

Presently, no national standards exist 
for indoor air quality in schools, and the 
EPA does not require air monitoring in 
schools (although at the time of publication 
of this paper, proposed bipartisan 
legislation would empower the EPA to 
take steps toward addressing indoor 
air quality in schools), further driving 
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inequities in health and learning that 
are exacerbated by a lack of consistent 
funding for school facility maintenance 
and repairs. While many schools around 
the country have taken steps to address 
indoor air quality, the responsibility 
presently lies within the school 
districts rather than the state or federal 
government, leading to wide variability 
and inequities in indoor environments 
for children based on where they live. 

Site new childcare centers and schools 
in areas with less air pollution. Across 
the US about 8,000 schools serving 4.4 
million students—1 in 11 schools—are 
sited within 500 feet of a high-volume 
road (with daily traffic of at least 30,000 
vehicles).89 Living and going to school 
near busy roads is associated with a higher 
risk of asthma and chronic bronchitis, 
stunted lung development, and cancer,90 

as well as lower academic performance.59 
A 2024 study of infant care rooms in two 
different locations showed that the one 
closest to a highway had 68% higher 
concentrations of large particles indoors. 
The EPA has issued voluntary school 
siting guidelines,91 and, in 2003, California 
enacted a law that prevents new schools 
from being built within 500 feet of busy 
roads to address air quality problems. 

Develop policies and regulations 
that limit bus and vehicle idling near 
schools and residential neighborhoods 
and require buses that are electric or 
use cleaner-burning fuels to reduce 
children’s exposure to particles carried by 
emissions that blow from roadways into 
buildings.78 Children riding cleaner buses 
also experience less air pollution and tend 
to show less evidence of inflammation 
and more rapid lung growth over time, 
while schools see reduced absenteeism.79,92 
Researchers estimated the health benefits 

of replacing one diesel bus with an electric 
bus are $43,800 (largely from reductions 
in pollution-related deaths and new 
childhood asthma cases), with the greatest 
benefits coming from replacing the oldest 
buses in the most densely populated 
areas.93 Establishing low-emission 
zones, as has been done in more than 
200 cities in Europe, is another effective 
approach—a 2024 study documented 
a 13% reduction in prescriptions for 
asthma medications by age 5 for children 
who were in a low-emission zone in the 
first year of life and during pregnancy, 
compared to children outside the zone.94  

Enacting all three levels of solutions—
protect, adapt, and prevent—will require 
individuals and organizations in both 
private and public sectors to work together. 
While each of these solution levels is 
effective in addressing specific needs and 
opportunities, none will be sufficient in 
isolation, particularly because indoor air 
pollution does not act alone. Excessive heat, 
contaminated water, sociodemographic 
variables, and many other factors such 
as stress, poverty, discrimination, and 
lack of opportunity also affect whether 
children and their caregivers have what 
they need to thrive.60 Investing in solutions 
at all levels is essential to ensuring the 
healthy development of all children. 
Longer term, the deeper solutions lie 
upstream—reducing the causes of air 
pollution and wildfires and eliminating 
the toxic chemicals hidden in products 
sold widely to the public. Although the 
challenges are significant, there are 
available solutions that we can implement 
now to protect ourselves and our children 
and to adapt local systems in response 
to our current needs. The future health 
and well-being of our communities—
and our children—depend on it. 
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Resources for Taking Action

Agency for Toxic Substances 
and Disease Registry
Formaldehyde in Your Home 

American Lung Association
Healthy Air Initiatives 

Centers for Disease Control and Prevention 
About Ventilation and Respiratory Viruses

Citizen Science
Learn how the public can get involved 
to advance inclusive research  

Enterprise
How Affordable Housing Can Address 
Harm Caused by Air Pollution 

Children’s Environmental Health Network
Eco-Healthy Child Care 
Fact Sheets: Air Quality 

Johns Hopkins Bloomberg 
School of Public Health
How States Can 
Better Regulate Indoor Air Quality

Public Health Insider
How Childcare and Early Learning 
Programs Are Taking Simple Steps 
to Improve Indoor Air Quality  

Respiratory Health Association
Advocacy opportunities

US Environmental Protection Agency
•	 Air Sensor Toolbox
•	 Clean School Bus Program
•	 Healthy School Environments
•	 Identifying Greener Cleaning Products
•	 Indoor Air Quality by Building Type
•	 Recommendations for Constructing 

Roadside Vegetation Barriers to 
Improve Near-Road Air Quality

•	 Regional and State Contacts 
for Indoor Air Quality

Further Reading

Designing vegetation barriers for urban 
air pollution abatement: a practical review 
for appropriate plant species selection 
(Barwise & Kumar, Nature Partner Journal 
Climate and Atmospheric Science) 

Engaging communities in addressing 
air quality: a scoping review (Ward 
et al., Environmental Health) 

Lancet: COVID Commission Report July 2022 

The 9 Foundations of a Healthy Building 

Air Quality Affects Early Childhood Development and Health 15DEVELOPINGCHILD.HARVARD.EDU

https://archive.cdc.gov/www_atsdr_cdc_gov/formaldehyde/home/index.html
https://archive.cdc.gov/www_atsdr_cdc_gov/formaldehyde/home/index.html
https://www.lung.org/policy-advocacy/healthy-air-campaign
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