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Introduction
Like the many-headed Hydra in Greek 
mythology, fossil fuel combustion inflicts a 
multitude of serious health and developmental 
harms in children through its emissions of 
toxic particles and gases and carbon dioxide 
(CO2), a co-pollutant that is a major driver 
of climate change. Each of the myriad pollut-
ants released from the burning of fossil fuels 
is capable of exerting multiple and cumulative 
adverse effects, either directly or indirectly. 
The developing fetus and young child, and 
especially the poor, are most vulnerable to 
the impacts of both toxic air pollutants and 
climate change. Were we, like Herakles, to 
succeed in slaying the Hydra, we would reap 
significant benefits for children, including 
fewer cases of preterm births, low birth weight, 
cognitive and behavioral disorders, and asthma 
and other respiratory illness—all of which 
have been linked to toxic air pollutants—as 
well as less heat-related disease, malnutrition, 
infectious disease, physical trauma, mental ill 
health, and respiratory illness related to climate 
change. The benefits would occur immedi-
ately and play out over the long term, because 
 exposure- related damage, disease, or impair-
ment in early life can affect health over the life 
course and even potentially across generations.

The present commentary builds on 
earlier reviews (McMichael et al. 2006; Patz 
et al. 2005; Perera 2014; Schwartz 2004; 
Sheffield and Landrigan 2011; Xu et al. 2012) 
to summarize the current scientific evidence 
regarding the array of current and projected 
health and economic impacts in children from 

air pollution and climate change resulting 
from the burning of fossil fuels. The data alone 
provide a powerful argument for an integrated 
and child-centered air pollution and energy 
policy. However, going beyond the scientific 
and economic arguments, as Pope Francis has 
reminded us in his recent Encyclical “Laudato 
Si’” (Pope Francis 2015), is the powerful 
moral imperative to protect children and the 
less fortunate from toxic pollution and climate 
change. The pope’s message that global capi-
talism, based on the burning of fossil fuels, 
has created unsustainable consumption and 
shocking inequities within and between coun-
tries was also sounded in the recent report of 
the Lancet Commission (Watts et al. 2015). 
By highlighting the disproportionately heavy 
burden that falls on the very young, and 
especially the poor, who are most vulnerable 
to toxic air pollutants, as well as CO2-driven 
climate change from the combustion of coal, 
oil, and natural gas, the large body of evidence 
reviewed here calls for urgent and coordinated 
action to protect children. Figures 1 and 2 
show the multiple combustion-related emis-
sions and their associated impacts on the health 
of children, and hence the scope of the benefits 
that would result from  decarbonization of 
the economy.

Why the Focus on Early 
Windows of Development?
The developing fetus and young child are 
more biologically and psychologically vulner-
able than adults to the many adverse effects 
of toxic air pollutants and physical trauma, 

psychosocial stress, nutritional deprivation, 
infectious agents, and heat waves associated 
with climate change from fossil fuel combus-
tion. Contributing factors include children’s 
rapid growth, dynamic developmental 
programming vulnerable to dysregulation, 
immature detoxification, immune, and ther-
moregulatory systems, and their dependence 
on adult caretakers (reviewed by Bateson and 
Schwartz 2008; Sheffield and Landrigan 2011; 
Xu et al. 2012). The importance of protec-
tion during these early windows of develop-
ment is indicated by the fact that most of the 
86 billion neurons of the brain are formed 
during the prenatal period (Crelin 1973), and 
the brain, lungs, and immune system continue 
to develop during infancy through age 6 years 
and beyond (WHO 2006). In addition to 
their increased developmental vulnerability, 
children have greater exposure to toxic air 
pollutants than do adults (WHO 2006) and 
require three to four times the amount of food 
on a body weight basis than adults (Xu et al. 
2012). Recent studies demonstrate that the 
fetal period and early childhood represent 
windows of susceptibility both to genetic 
damage (Perera et al. 2004) and epigenetic 
dysregulation from exposure to xenobiotics 
and stress (Dolinoy et al. 2007), with potential 
lifelong and transgenerational consequences 
(Heindel 2005).

The statistics attest to the differential 
vulnerability of the young and disadvantaged. 
According to the World Health Organization 
(WHO), one-third of the existing global 
burden of disease is caused by environmental 
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factors: More than 40% of that burden is 
borne by children < 5 years of age, although 
they constitute only 10% of the global popu-
lation (Smith et al. 1999; WHO 2002). 
Similarly, > 88% of the existing global burden 
of disease due to climate change also falls 
on children (Zhang et al. 2007), mainly in 
developing countries and populations of low 
socioeconomic status worldwide.

Air pollution and climate change dispro-
portionally affect children in low income 
populations, both in the United States and 
globally (IPCC 2014a; Morello-Frosch et al. 
2011). For example, low-income communi-
ties and communities of color in the United 
States have disproportionately high exposure to 
particulate air pollution and air pollution from 
coal-fired power plants (Bell and Ebisu 2012; 
Earthjustice 2011). In developing countries as 
well, there is a notable pattern of dispropor-
tionate exposure of the poor to air pollution 
(Mehta et al. 2014). Low-income populations 
are also most affected by climate change (Lynn 
et al. 2011; Stiglitz 2007). They often live 
in marginal areas most affected by floods or 
droughts. The effects of toxic exposures and 
climate change are magnified by inadequate 
nutrition, lack of adequate social support, and 
psychosocial stress due to poverty or racism 
(Wood 2003). The numbers of children living 
in poverty are staggering: 1.9 billion, of the 
total world population of 7 billion, are children 
< 15 years of age; and 1 billion of them are 
living in poverty (UNICEF 2015a). In the 
world’s most prosperous country, the United 
States, the child poverty rate is 22% (Annie 
E. Casey Foundation 2015). The striking 
socioeconomic inequalities that now exist in 
children’s health within and between coun-
tries will continue to grow under the projected 
trajectory of global fossil fuel consumption and 
climate change (Costello et al. 2009).

Health and Developmental 
Impacts of Air Toxics
Fossil fuel combustion (coal, diesel fuel, 
gasoline, oil, and natural gas) for electricity 
production, heating, transportation, and 
industry is the main source of air pollution 
(U.S. EPA 2016). In 2011, globally, fossil 
fuels represented 82% of the total primary 
energy supply (World Energy Council 2013). 
In the United States, oil, natural gas, and coal 
account for 81% of current fuel use nation-
ally (U.S. Energy Information Administration 
2014). Frequently treated as a sidebar or 
“co-benefit” in articles on the mitigation of 
climate change, the burden of disease and 
impairment from air pollution is huge and 
increasing. The WHO reports that air pollu-
tion is the number one environmental health 
risk. In 2012, about 3.7 million deaths were 
attributable to ambient air pollution and 
4.3 million deaths to household air pollution 

generated by indoor use of solid fuels (wood, 
charcoal, coal, crop wastes and dung) for 
cooking and heating (WHO 2016). The 
cumulative toll in terms of illness and impair-
ment is likely to be even greater. Children 
represent the subgroup of the population 
most affected by air pollution and will be the 
primary beneficiaries of policies to reduce 
fossil fuel emissions over the next two decades 
(Cifuentes et al. 2001).

The emissions from the burning of fossil 
fuels include directly emitted fine particulate 
matter (PM), black carbon, polycyclic aromatic 
hydrocarbons (PAHs), mercury, nitrogen 
dioxide (NO2), sulfur dioxide (SO2), and 
carbon monoxide (CO), all of which have been 
associated with multiple health impacts. Sulfate 
and nitrates are secondarily formed from their 
respective gases and augment directly emitted 
fine PM. Ozone (O3) is created by photo-
chemical reactions in the presence of sunlight 

involving its precursors—volatile organic 
chemicals (VOCs), CO, and NO2—reactions 
that are accelerated at higher temperatures. The 
best studied pollutants include deeply respi-
rable particles having an aerodynamic diameter 
of ≤ 2.5 μm (PM2.5), PAHs, which are a 
class of hazardous air pollutants that includes 
known carcinogens and neurotoxicants, and 
O3, a strong respiratory irritant. Also emitted 
(but omitted here because of length limits) 
from burning or evaporation of fossil fuels 
are metals such as mercury and VOCs such 
as benzene. Most PM2.5, PAHs, and O3 and 
their precursors are emitted to the outdoor 
air; however, small particles and gases are able 
to penetrate from the outdoor into the indoor 
environment. Indoor sources include stoves 
and furnaces used for cooking and heating.

Early-life exposures to traffic-related 
pollution, PM2.5, PAHs, and O3 are asso-
ciated with a multiplicity of effects on the 

Figure 1. The burning of fossil fuels affects children’s health and development via toxic pollutants and 
climate change. NOx, nitrogen oxides.
Photo sources from left: photo 1: Shutterstock (http://www.shutterstock.com/index-in.mhtml, http://www.shutterstock.
com/license); photo 2: iStock (http://www.istockphoto.com/, http://www.istockphoto.com/legal/license-agreement).

Figure 2. Multiple health impacts from the burning of fossil fuels.
Photo sources, clockwise: photo 1: Thinkstock (http://www.thinkstockphotos.co.uk/, http://www.thinkstockphotos.co.uk/
legal/license-information#); photo 2: Shutterstock (http://www.shutterstock.com/license, http://www.shutterstock.com/
index-in.mhtml); photo 3: iStock (http://www.istockphoto.com/, http://www.istockphoto.com/legal/license-agreement).
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developing fetus and child, which can have 
long-term consequences for child health.

Adverse Birth Outcomes
Exposure to air pollutants is associated with 
low or reduced birth weight, small size for 
gestational age (SGA), and preterm birth 
(Choi et al. 2006; Ritz and Wilhelm 2008b). 
Black women exposed to particulate pollution 
had the greatest odds for all of the morbidity 
outcomes, most pronounced for very low birth 
weight (Salihu et al. 2012). Preterm birth and 
low birth weight are known risk factors for 
an array of neurodevelopmental disorders in 
children (Morse et al. 2009). Although the 
increases in risk from air pollution are gener-
ally modest (10–30% for preterm birth and 
low birth weight and between 5% and 20% 
for infant mortality) (Ritz and Wilhelm 
2008a), the population exposed is very large 
(about 62 million women of reproductive age 
in the United States and 1.55 billion world-
wide). In one of the few “natural experiments” 
tracking the health benefits of reducing air 
pollution, during the period when the Utah 
Valley Steel Mill closed down (August 1986–
September 1987), particulate air pollution 
levels (measured as PM10; PM ≤ 10 μm) 
were reduced significantly (Pope 1996), and 
mothers who were pregnant around the time 
of the closure of the mill were less likely to 
deliver prematurely than mothers who 
were pregnant before or after (reviewed by 
Parker et al. 2008). The known or suspected 
mechanisms involved are reviewed elsewhere 
(Proietti et al. 2013).

Respiratory Effects
In many studies, exposure to air pollutants, 
including PM2.5, O3, and NO2, in child-
hood has been clearly linked to reduced lung 
function. For example, a prospective study 
of almost 2,000 schoolchildren found that 
children exposed to higher levels of air pollu-
tion, including NO2 and PM2.5, had signifi-
cantly lower lung function growth at 18 years 
of age, an age when the lungs are nearly mature 
and lung function deficits are unlikely to be 
reversed. Study children who had moved 
to new communities with lower particulate 
matter levels had increased growth in lung 
function, whereas subjects who had moved to 
communities with higher levels of particulate 
matter showed decreased lung function growth 
(Avol et al. 2001).

Exposures to ambient air pollution or 
traffic-related air pollution (O3, particulate 
matter, SO2, and/or NO2) are also well 
documented to exacerbate asthma in children 
(Tzivian 2011) and increase airway oxidative 
stress and airway inflammation in asthmatic 
children (Gasana et al. 2012; Kim et al. 2004; 
Li et al. 2012). Some studies have suggested a 
role of prenatal or early postnatal air pollution 

exposure in the development of asthma (Jung 
et al. 2012; Kim and American Academy 
of Pediatrics Committee on Environmental 
Health 2004). Prenatal or postnatal exposure 
to PAHs has been associated with decreased 
lung function in asthmatic children, asthma 
exacerbation, and possibly the onset of asthma 
itself (reviewed by Karimi et al. 2015). Long-
term exposure to O3 is associated with deficits 
in lung function growth among school-
children (Rojas-Martinez et al. 2007), the 
prevalence of wheeze and allergic rhinitis, and 
the rate of newly developed sensitization to 
outdoor allergens (Kim et al. 2011).

Providing evidence of causality, during the 
Utah Valley Steel Mill closure, local improve-
ments in respiratory disease (bronchitis 
and asthma), related hospital admissions, 
mortality, and school absenteeism paralleled 
the reduction in PM loadings (Pope 1989). 
Similarly, declining levels of NO2 and PM2.5, 
as a result of implementation of air quality–
control policies in Southern California over a 
13-year period, were associated with sustained 
improvements in lung function development 
of children over the same period (Gauderman 
et al. 2015). During the 2008 Beijing 
Olympics, when the central government 
temporarily restricted air pollution emissions 
in Beijing, statistically significant 27% and 
25% reductions were observed in the mean 
concentrations of PM2.5 and black carbon, 
respectively (Rich et al. 2012; Wang et al. 
2009), as well as a decrease in acute respiratory 
inflammation in children (Lin et al. 2011). 
The mechanisms by which air pollutants can 
affect children’s respiratory systems have been 
previously reviewed (Auten and Foster 2011; 
Huang et al. 2015; Klingbeil et al. 2014). 

Neurodevelopmental Effects
Data are more limited for neurodevelop-
mental effects than for birth outcomes and 
respiratory illness. However, air pollutants 
have been linked to an array of neurodevel-
opmental disorders in children. For example, 
in our cohort studies in New York City and 
Krakow, Poland, prenatal exposure to PAHs 
was associated with developmental delay, 
reduced IQ, symptoms of anxiety, depression, 
and inattention (Perera et al. 2012), ADHD 
(Perera et al. 2014a), and reductions in brain 
white matter surface in children (Peterson 
et al. 2015). We observed significant inter-
actions between prenatal PAH exposure and 
material hardship on IQ (Vishnevetsky et al. 
2015) and between prenatal PAH exposure 
and maternal demoralization on behavioral 
problems (Perera et al. 2013). Research in 
Tongliang, China, found that, compared with 
a cohort born before the closure of a centrally 
located coal power plant, a cohort conceived 
after plant closure had significantly lower 
cord blood levels of PAH–DNA adducts and 

higher levels of brain-derived neurotrophic 
factor (BDNF), a protein important in early 
brain development (Perera et al. 2008). A 
small study comparing school-age children in 
Mexico City with those in a less-polluted area 
of Mexico found that the cognitive deficits in 
highly exposed children matched the localiza-
tion of the volumetric differences detected in 
the brain (Calderón-Garcidueñas et al. 2011). 
Other studies have linked roadway proxi-
mity or traffic particles to decreased cogni-
tive function (Harris et al. 2015; Suglia et al. 
2008). There is some emerging evidence that 
prenatal exposure to traffic-related air pollut-
ants (Becerra et al. 2013; Volk et al. 2013) 
and PM2.5 (Raz et al. 2015) may be a risk 
factor for autism spectrum disorder (ASD). 
The suggested mechanisms involved in the 
neurotoxicity of air pollutants are reviewed 
elsewhere (Guxens and Sunyer 2012; Perera 
and Herbstman 2011).

In addition, respiratory illness associated 
with exposure to air pollution increases school 
absences, contributing to lower grades and 
test scores.

Finally, although the evidence on child-
hood cancer and air pollution is inconclusive, 
diesel exhaust particles and PAHs are known 
to be carcinogenic (ATSDR 1995). According 
to a recent review, exposure to residential 
traffic postnatally, but not prenatally, is associ-
ated with childhood leukemia (Boothe et al. 
2014). Prenatal exposure to PAHs has been 
linked to chromosomal aberrations, a validated 
biomarker of elevated cancer risk in adults, 
in cord blood of New York City newborns 
(Bocskay et al. 2005).

Health Impacts of Climate 
Change
The largest source of climate-altering green-
house gas emissions (GHG) from human 
activities in the United States and globally is 
combustion of fossil fuels (coal, natural gas, 
gasoline, and diesel) for energy, electricity, 
heat, and transportation. The combustion 
by-product, CO2, is the most important 
GHG. In the United States, coal and natural 
gas are the biggest contributors to carbon 
pollution (one-third of all domestic carbon 
emissions). Methane is second in impor-
tance, released by production of natural gas, 
oil, and coal. Deforestation, agriculture, and 
landfills also produce CO2 and methane. 
Nitrous oxide and fluorinated gases contribute 
a much smaller fraction of GHG (U.S. EPA 
2016). The present atmospheric concentra-
tions of CO2, methane, and nitrous oxide 
are unprecedented in at least 800,000 years 
(IPCC 2014b).

The direct effects of climate change 
include increased illness, injury, and deaths 
from heat stress, floods, drought, and 
increased frequency of intense storms. The 



Perera

144 volume 125 | number 2 | February 2017 • Environmental Health Perspectives

indirect effects are malnutrition and under-
nutrition, the spread of infectious disease 
vectors, food insecurity, illness due to 
increased air pollution and aeroallergens, and 
mental ill health from displacement and social 
and political instability (Perera 2014; Xu et al. 
2012). In addition, population displacement 
from sea-level rise and conflict-associated 
displacement has numerous downstream 
impacts, such as increased rates of sexually 
transmitted infections due to social network 
disruption (McMichael et al. 2012). These 
direct and indirect impacts of climate change 
are compounded by those of air pollution.

Although there are few quantitative 
estimates of the proportion of childhood 
morbidity and mortality due to human-
induced climate change, there is broad scien-
tific agreement that both direct and indirect 
effects of climate change have already taken 
a significant toll on children, and the impacts 
are predicted to increase dramatically unless 
forceful action is taken. Children bearing the 
greatest burden of climate-sensitive diseases 
are those living in regions that have the 
lowest capacity to adapt to risks, but have 
contributed the least in global emissions of 
 greenhouse gases (UNICEF 2015b).

Malnutrition and Infectious 
Disease
Malnutrition and infectious disease represent 
the largest share of the burden of childhood 
morbidity and mortality attributed to climate 
change. The WHO estimated that climate 
change since the mid-1970s contributed to 
about 5 million lost disability-adjusted life 
years (DALYs) worldwide in 2000 through 
increases in diseases such as diarrhea, malnu-
trition, and malaria, mainly in children and 
in developing countries (Patz et al. 2005). 
The number of children affected is expected 
to rise to 175 million per year in the next 
several years (Save the Children UK 2007). 
In certain highland areas of Ethiopia and 
Colombia, malaria incidence has increased 
due to warmer temperatures (Siraj et al. 
2014). Salmonella, a food-borne infectious 
disease, has become more prevalent across 
much of continental Europe as a result of 
higher temperatures (Patz et al. 2005). Their 
immature immune systems make children 
more susceptible to infectious disease 
pathogens (e.g., cholera and other diarrheal 
diseases) due to crop and water contamina-
tion from storms and floods. During early 
development, they are also more vulnerable 
to vector-borne diseases (e.g., malaria and 
dengue fever), which are likely to be increased 
in certain regions due to climate change 
(Patz et al. 2005). The Zika virus is the most 
recent addition to this list. Malnutrition 
places the young at further risk of such 
 infectious diseases.

Physical Trauma and Mental 
Health Impacts
Although no single extreme weather event, 
such as floods, droughts, bushfires, or hurri-
canes and cyclones, can be attributed entirely 
to climate change, there is agreement that the 
continuing patterns of global warming are 
contributing to the intensity and frequency of 
many such events (IPCC 2012; U.S. Global 
Change Research Program 2014). Weather-
related disasters have directly affected an 
estimated 66.5 million children world-wide, 
600,000 of whom died, every year from 
1990 through 2000 (Pronczuk and Surdu 
2008). Drowning is a major cause of fatality 
in children in developing countries. Sea-level 
rise due to global climate warming has 
made coastal storms increasingly dangerous 
for coastal infrastructure and inhabitants. 
According to a recent study, rates of sea-level 
rise between 1993 and 2011 exceeded by 60% 
the highest projections made in 2007 by the 
Intergovernmental Panel on Climate Change 
(IPCC) (Rahmstorf et al. 2012). Notable 
extreme weather events include the massive 
flooding across South East Asia in 2011 
(UNICEF 2011) and Hurricane Katrina in 
2005, which forced 1 million people in New 
Orleans from their homes and left 372,000 
children without schools (Save the Children 
UK 2007; UNICEF 2011). 

The psychological and emotional impacts 
of climate change include the acute or trau-
matic effects of extreme weather events and a 
changed environment; threats to emotional 
well-being based on direct experience or 
concern about future risks; chronic social and 
community impacts of heat, drought, migra-
tions, and climate-related conflicts; and stress 
of post-disaster adjustment (Doherty and 
Clayton 2011; Patz et al. 2014). For example, 
high rates of anxiety and depression were 
found among children affected by Hurricane 
Katrina (Save the Children UK 2007). The 
mental health impacts are considered signifi-
cant, but the effects in children as a vulner-
able population have not been adequately 
described (Patz et al. 2014).

Heat-Related Illness
A well-recognized direct effect of climate 
change is an increase in the frequency of 
deadly heat waves, such as that which resulted 
in 22,000–40,000 heat-related deaths in 
Europe in 2003 (Patz et al. 2005). Heat waves 
are predicted to become more frequent and 
severe in cities such as Chicago, Illinois, and 
Paris, France, with large increases predicted 
for western and southern United States and 
the Mediterranean region. New York City and 
Milwaukee, Wisconsin, may have three times 
their current average number of days hotter 
than 32°C (90°F) (Patz et al. 2014). Direct 
effects of heat waves on children include 

hyperthermia, heat stress, renal disease, and 
respiratory illness (Knowlton et al. 2009). 
During a deadly heat wave in California in 
2006, children 0–4 years of age and the elderly 
were at greatest risk, with 2,500 children 
admitted to emergency rooms (Knowlton 
et al. 2009). Increased temperatures in areas of 
decreased precipitation are also resulting in the 
volatilization of persistent organic pollutants 
and pesticides, to which children’s developing 
nervous systems are particularly vulnerable 
(Sheffield and Landrigan 2011).

More Illness from Increased Air 
Pollution and Allergens
An indirect effect of climate change is the 
increase in levels of certain toxic air pollutants. 
There is remarkable synergy between toxic air 
emissions from the burning of fossil fuels and 
climate change, in that higher temperatures 
due to climate change accelerate the formation 
of O3 from its precursors (VOCs, CO, and 
NO2). For example, O3 levels were substan-
tially elevated during the European heatwave 
of summer 2003 (Schär et al. 2004). Climate 
change is predicted to elevate O3 levels over 
large areas in the United States and Europe, 
especially in the summer (Watts et al. 2015). 
Daily average O3 levels have been predicted 
to rise measurably across the eastern United 
States, with an estimated median 4.5% 
increase in summer O3-related deaths from 
climate change in the 2050s, compared with 
the levels of the 1990s (Knowlton et al. 
2004). This seemingly small relative risk 
translates into a substantial attributable risk 
because many millions of adults and children 
are exposed. A median increase of 7.3% in 
summer O3-related emergency department 
visits for asthma in children 0–17 years of age 
is projected for the New York City metro-
politan region by the 2020s (Sheffield et al. 
2011). As reviewed above, in addition to 
increased mortality and asthma exacerbation, 
O3 is associated with decreased lung growth 
and lung function, as well as other respiratory 
problems in children.

Higher temperatures and greater CO2 
concentrations also promote the growth of 
aeroallergens (e.g., pollens such as ragweed and 
mold), leading to more allergic disease and 
asthma in children (Shea et al. 2008). As noted 
earlier, aeroallergens can interact with O3 to 
increase sensitization and allergic asthma. Both 
ambient and indoor air quality are affected by 
these increases due to the easy penetration of 
pollutants into the indoor environment.

Concentrations of air pollutants such 
as PM2.5 are expected to increase because 
of changes in temperature, precipitation 
frequency, and air stagnation due to climate 
change (Watts et al. 2015). In addition, forest 
fires are increased by higher temperatures and 
lower soil moisture due to climate change, 
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releasing large amounts of particulate matter, 
PAH, and black carbon. Given their small 
size, these pollutants can be transported 
hundreds of miles from their source, poten-
tially exposing large numbers of children. As 
we have seen, these pollutants are associated 
with multiple adverse effects, most immedi-
ately respiratory symptoms, exacerbation of 
asthma, and chronic bronchitis in children 
(Xu et al. 2012).

Finally, both air pollution and climate 
change contribute to social and political insta-
bility. Children’s mental and physical health 
is adversely affected by forced migration 
and population displacement, perpetuating 
poverty and civil unrest in low-income and 
developing countries. These countries already 
bear most of the global burden of poverty and 
childhood disease; and children < 18 years 
represent 50% of their population (Sheffield 
and Landrigan 2011).

Long-Term Health Impacts 
of Prenatal or Childhood 
Exposure to Air Toxics and 
Climate Change

Toxic air pollutants and climate change 
can affect health and functioning over the 
life course by launching a trajectory of 
adverse effects related to the initial physical 
or developmental impairment, and/or by 
“seeding” latent disease that becomes evident 
only in later life. For example, growth and 
developmental delays in utero associated 
with environmental exposures increase the 
risk for neurodevelopmental, respiratory, 
and other health problems in infancy and 
childhood, as well as heart disease, chronic 
obstructive pulmonary disease, and diabetes 
in adulthood (Ritz and Wilhelm 2008a). 
Prenatal exposure to certain environmental 
agents has also been linked to adult cancer 
(Heindel 2005). Developmental problems 
such as childhood ADHD (attention deficit/
hyperactivity disorder) have been associ-
ated with early-life exposure to air pollution 
(Newman et al. 2013; Perera et al. 2014a). 
These problems may persist into adulthood, 
adversely affecting professional and personal 
life and increasing health care costs for indi-
viduals and families (Harpin 2005). There is 
considerable empirical evidence that early-
childhood exposure to pollution affects not 
only health but also educational attainment 
and test scores (Currie et al. 2014). A reduc-
tion in child IQ can, in turn, have serious 
economic consequences in adulthood: 
Reduced IQ at 5 years of age associated with 
prenatal PAH exposure has been predicted to 
significantly lower lifetime earnings (Perera 
et al. 2014b). The impacts of climate change 
can also play out over a lifetime. For example, 
stunting of children’s bodies and brains due 

to malnutrition during the first 1,000 days 
results in lasting impaired functioning and 
reduced learning (Lake 2012). Early adversity 
and toxic stress are linked to later impair-
ments in learning, behavior, and physical 
and mental well-being (Sandman et al. 2012; 
Shonkoff et al. 2012). This is illustrated by 
the finding that exposure early in pregnancy 
to elevated levels of cortisol, the so-called 
“stress protein,” resulted in significantly lower 
scores on measures of mental development in 
children (Sandman et al. 2012).

There is growing evidence of trans-
generational impacts of early-life exposures 
to air pollutants, nutritional deprivation, and 
stress, possibly via the transmission of epigen-
etic changes (Champagne 2010; Heindel 
2005). In humans, PAH air pollutants from 
the burning of fossil fuels have been shown 
to alter epigenetic marks in newborns, 
potentially affecting the regulation of genes 
involved in disease pathways, which may then 
be inherited transgenerationally (Perera and 
Herbstman 2011).

Economic Benefits of Action
Lacking is a holistic assessment of the 
economic costs of the multiple health impacts 
of fossil fuel combustion on children’s health, 
hence the full economic benefits of action. 
First, estimates have largely been limited to 
a number of selected outcomes, mainly in 
adults, rather than on the multiple impacts 
on children and especially poor children as 
vulnerable populations. Second, a fundamental 
problem has been the lack of standardization 
in methods. For example, a range of economic 
outcomes has been used, such as cost per 
DALY averted, cost per quality-adjusted life 
year (QALY) gained, cost per case averted, cost 
per death averted, net cost or net present value, 
and economic benefits per unit of money 
invested (Hutton and Menne 2014). Further, 
widely varying outcomes, estimates of the value 
of life saved, and economic methods have been 
used, making it difficult to compare results 
among studies (Hutton and Menne 2014). 
For example, the value per life saved and the 
costs of health care in the United States are 
significantly higher than in most other coun-
tries and may not translate to lower-income 
countries. This has led to a patchwork of 
published estimates on air toxics or climate 
change. Despite these limitations, the avail-
able data indicate great economic benefits from 
coordinated reduction of pollution from fossil 
fuel combustion.

To give some examples for the United 
States: The estimated economic cost of preterm 
births attributable to airborne particulate matter 
in the United States in 2010 was $4.33 billion 
(Trasande et al. 2016). The cost of damages 
caused by air pollution in the United States 
was estimated to be at least $131 billion in the 

year 2011, with most of the cost attributable to 
health impacts (Jaramillo and Muller 2016). 
The U.S. EPA estimates the economic value 
of avoided premature deaths and health costs 
(benefits) attributed to the regulation of PM 
and other criteria air pollutants by the U.S. 
Clean Air Amendments will amount to almost 
$2 trillion for the year 2020—an amount that 
dwarfs the direct costs of putting those limits 
into effect ($65 billion) (U.S. EPA 2011).

The estimated monetary cost of the health 
impacts attributable to air pollution from 
existing coal plants in the United States in 2010 
exceeded $100 billion per year (CATF 2010). 
Our study in New York City predicted that the 
increase in lifetime earnings for each cohort of 
newborns born to low-income mothers in New 
York City as a result of IQ gain from a hypoth-
esized modest reduction of ambient PAH 
concentrations of 0.25 ng/m3 was $215 million 
per year (best estimate) (Perera et al. 2014b). 
Others have estimated the proportion of 
childhood illness from toxic environmental 
exposures more generally. In California, the 
environment contributes to an estimated 30% 
of the childhood asthma burden and 15% of 
the childhood cancer burden. Environmentally 
related costs of four childhood health condi-
tions in California amount to $254 million 
every year and $10–13 billion over the lifetime 
of all children born every year (California 
Environmental Health Tracking Program, 
Public Health Institute 2015). Asthma had the 
greatest financial impact on an annual basis, 
costing families and the state > $208 million 
every year (California Environmental 
Health Tracking Program, Public Health 
Institute 2015).

The costs for non-U.S. countries are 
 similarly large. The approximately 600,000 
premature deaths and the diseases caused 
by air pollution in the WHO European 
Region in 2010 cost European economies an 
estimated US$1.6 trillion in 2010 (WHO 
Regional Office for Europe and OECD 
2015). As recently reviewed in Lancet, the 
estimated cost of ambient air pollution in 
terms of the value of lives lost and ill health 
in OECD (Organisation for Economic 
Co-operation and Development) countries, 
plus India and China, is > US$3.5 trillion 
annually (Watts et al. 2015). The Clean Air 
for Europe (CAFE) Program estimates that 
achieving air quality targets for Europe has 
a benefit–cost ratio of between 6 and 19 
(Hutton and Menne 2014).

The estimated health costs of climate 
change in the United States are also substan-
tial. A recent study reported that six climate 
change–related events in the United States 
between 2000 and 2009 were associated with 
health costs of > $14 billion (95% due to 
premature mortality) and health care costs 
of $740 million (Knowlton et al. 2011). The 
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estimated health benefits from air quality 
improvement, specifically lowered O3 and 
PM2.5 concentrations, under various CO2 
mitigation policies in the United States are 
very large (from $140 to $290 billion), poten-
tially offsetting the cost of U.S. and interna-
tional carbon policies by as much as 10-fold 
(Thompson et al. 2014).

Globally, the WHO estimated that 
climate change contributed to > 150,000 
deaths and 5.5 million lost DALYs in 
2000 alone (McMichael and Butler 2004). 
According to WHO, the estimated cost of 
climate change from deaths and diseases 
such as diarrhea, malnutrition, malaria, and 
heat stress will be US$2–4 billion per year 
by 2030 (WHO 2015). The cost of acute 
and chronic mortality attributed to air pollu-
tion from climate change was estimated at 
€125 billion (US$141 billion) in 2050 for the 
27 European Union (EU) countries (Hutton 
and Menne 2014).

Benefits of action are correspondingly 
large. In the EU, reduced air pollution 
from policies to mitigate climate change 
could deliver benefits valued at €38 billion 
(US$42 billion) each year by 2050 through 
reduced mortality alone; and moving to 
a low-carbon economy could reduce the 
control costs of non-CO2 air pollutants 
by €50 billion (US$56 billion) by 2050 
(Watts et al. 2015). Up to US$230 billion 
of avoided external health costs annually by 
2030 could be accomplished with an increase 
to 36% renewables in global energy consump-
tion by 2030 (Watts et al. 2015). A study in 
Shanghai, China, estimated that, compared 
with the base case scenario, implementa-
tion of various low-carbon energy scenarios 
could bring health benefits worth US$2.6–
6.2 billion (mid-value) in 2020 (Chen et al. 
2007). In Taiyuan, China, policies to reduce 
coal burning emissions were correlated with 
a reduction in the ambient levels of air pollu-
tion and a 57% reduction in DALYs, with 
substantial estimated economic benefits (Tang 
et al. 2014). This summary underscores the 
need for comprehensive economic analyses of 
the full present and future benefits to children 
of reducing reliance on fossil fuels.

Conclusion
A full accounting is needed of the mounting 
health and economic costs of pollution and 
climate change from fossil fuel combustion 
that are borne by children, so as to spur the 
concerted global mitigation efforts required. 
This accounting must address growing 
regional and socioeconomic disparities and 
the escalating threat to future generations. It 
is generally agreed that, unless strong action 
is taken now, our children and their progeny 
will inherit an unsustainable world, lacking 
the necessary ecological resources and services 

to support them (Yohe et al. 2007). The data 
reviewed here call for a harmonized clean air 
and climate change policy (Thurston 2013) 
that addresses the biological vulnerability of 
the young to the full array of physical and 
psychosocial stressors resulting from pollu-
tion from fossil fuels. The politically powerful 
value of protecting the health and well-being 
of present and future children is shared by 
all cultures and communities (Schene 1998; 
United Nations World Commission on 
Environment and Development 1987) and 
provides a strong lever for action.

RefeRences

Annie E. Casey Foundation. 2015. Kids Count 
Data Book: State Trends in Child Well-Being. 
Baltimore, MD:Annie E. Casey Foundation. 
http: / /www.aecf.org/m/resourcedoc/aecf-
2015kidscountdatabook-2015.pdf [accessed 
10 May 2016].

ATSDR (Agency for Toxic Substances and Disease 
Registry). 1995. Toxicological Profile for Polycyclic 
Aromatic Hydrocarbons. http://www.atsdr.cdc.
gov/toxprofiles/tp69.html [accessed 10 May 2016].

Auten RL, Foster WM. 2011. Biochemical effects of 
ozone on asthma during postnatal development. 
Biochim Biophys Acta 1810:1114–1119.

Avol EL, Gauderman WJ, Tan SM, London SJ, 
Peters JM. 2001. Respiratory effects of relocating 
to areas of differing air pollution levels. Am J 
Respir Crit Care Med 164:2067–2072.

Bateson TF, Schwartz J. 2008. Children’s response to air 
pollutants. J Toxicol Environ Health A 71:238–243.

Becerra TA, Wilhelm M, Olsen J, Cockburn M, 
Ritz B. 2013. Ambient air pollution and autism in 
Los Angeles county, California. Environ Health 
Perspect 121:380–386, doi: 10.1289/ehp.1205827.

Bell ML, Ebisu K. 2012. Environmental inequality 
in exposures to airborne particulate matter 
components in the United States. Environ Health 
Perspect 120:1699–1704, doi: 10.1289/ehp.1205201.

Bocskay KA, Tang D, Orjuela MA, Liu X, Warburton DP, 
Perera FP. 2005. Chromosomal aberrations in cord 
blood are associated with prenatal exposure to 
carcinogenic poly cyclic aromatic hydrocarbons. 
Cancer Epidemiol Biomarker Prev 14:506–511.

Boothe VL, Boehmer TK, Wendel AM, Yip FY. 2014. 
Residential traffic exposure and childhood 
leukemia: a systematic review and meta-analysis. 
Am J Prev Med 46:413–422.

Calderón-Garcidueñas L, Engle R, Mora-Tiscareño A, 
Styner  M, Gómez-Garza G, Zhu  H, et  al. 2011. 
Exposure to severe urban air pollution influences 
cognitive outcomes, brain volume and systemic 
inflammation in clinically healthy children. Brain 
Cogn 77:345–355.

California Environmental Health Tracking Program, 
Public Health Institute. 2015. Costs of environmental 
health conditions in California children. http://www.
phi.org/CEHTPKidsHealthCosts [accessed 10 May 
2016].

CATF (Clean Air Task Force). 2010. The Toll From Coal: 
An Updated Assessment of Death and Disease 
from America’s Dirtiest Energy Source. Boston, 
MA:Clean Air Task Force. http://www.catf.us/
resources/publications/files/The_Toll_from_Coal.
pdf [accessed 10 May 2016].

Champagne FA. 2010. Epigenetic influence of social 
experiences across the lifespan. Dev Psychobiol 
52:299–311.

Chen C, Chen B, Wang B, Huang C, Zhao J, Dai Y, 
et al. 2007. Low-carbon energy policy and ambient 
air pollution in Shanghai, China: a health-based 
economic assessment. Sci Total Environ 373:13–21.

Choi H, Jedrychowski W, Spengler J, Camann DE, 
Whyatt  RM, Rauh V, et  al. 2006. International 
studies of prenatal exposure to polycyclic aromatic 
hydrocarbons and fetal growth. Environ Health 
Perspect 114:1744–1750, doi: 10.1289/ehp.8982.

Cifuentes L, Borja-Aburto VH, Gouveia N, Thurston G, 
Davis DL. 2001. Assessing the health benefits of 
urban air pollution reductions associated with 
climate change mitigation (2000–2020): Santiago, 
São Paulo, México City, and New York City. Environ 
Health Perspect 109(suppl 3):419–425.

Costello A, Abbas M, Allen A, Ball S, Bell S, Bellamy R, 
et al. 2009. Managing the health effects of climate 
change: Lancet and University College London 
Institute for Global Health Commission. Lancet 
373:1693–1733.

Crelin ES. 1973. Functional Anatomy of the Newborn. 
New Haven, CT:Yale University Press.

Currie J, Zivin JG, Mullins J, Neidell M. 2014. What do 
we know about short- and long-term effects of 
early-life exposure to pollution? Annu Rev Resour 
Economics 6:217–247. 

Doherty TJ, Clayton S. 2011. The psychological impacts 
of global climate change. Am Psychol 66:265–276.

Dolinoy DC, Weidman JR, Jirtle RL. 2007. Epigenetic 
gene regulation: linking early developmental envi-
ronment to adult disease. Reprod Toxicol 23:297–307.

Earthjustice. 2011. Communities of Color, Poverty Bear 
Burden of Air Pollution. http://earthjustice.org/news/
press/2011/communities-of-color-poverty-bear-
burden-of-air-pollution [accessed 10 May 2016].

Gasana J, Dillikar D, Mendy A, Forno E, Ramos Vieira E. 
2012. Motor vehicle air pollution and asthma in 
children: a meta-analysis. Environ Res 117:36–45.

Gauderman WJ, Urman R, Avol E, Berhane K, 
McConnell R, Rappaport E, et al. 2015. Association 
of improved air quality with lung development in 
children. N Engl J Med 372:905–913.

Guxens M, Sunyer J. 2012. A review of epidemiological 
studies on neuropsychological effects of air pollu-
tion. Swiss Med Wkly 141:w13322, doi: 10.4414/
smw.2011.13322.

Harpin VA. 2005. The effect of ADHD on the life of an 
individual, their family, and community from 
preschool to adult life. Arch Dis Child 90(suppl 
1):i2–i7.

Harris MH, Gold DR, Rifas-Shiman SL, Melly SJ, 
Zanobetti A, Coull BA, et al. 2015. Prenatal and 
childhood traffic-related pollution exposure and 
childhood cognition in the Project Viva Cohort 
(Massachusetts, USA). Environ Health Perspect 
123:1072–1078, doi: 10.1289/ehp.1408803.

Heindel JJ. 2005. The fetal basis of adult disease: role 
of environmental exposures—introduction. Birth 
Defects Res A Clin Mol Teratol 73:131–132.

Huang SK, Zhang Q, Qiu Z, Chung KF. 2015. Mechanistic 
impact of outdoor air pollution on asthma and 
allergic diseases. J Thorac Dis 7:23–33.

Hutton G, Menne B. 2014. Economic evidence on 
the health impacts of climate change in Europe. 
Environ Health Insights 8:43–52. 

IPCC (Intergovernmental Panel on Climate Change). 
2012. Managing the Risks of Extreme Events and 
Disasters to Advance Climate Change Adaptation. 
A Special Report of Working Groups I and II of 
the Intergovernmental Panel on Climate Change. 
Field CB, Barros V, Stocker TF, Qin D, Dokken DJ, 
Ebi KL, et al., eds. Cambridge, UK:IPCC. http://
ipcc-wg2.gov/SREX/images/uploads/SREX-All_
FINAL.pdf [accessed 10 May 2016].



Threats to child health from fossil fuel combustion

Environmental Health Perspectives • volume 125 | number 2 | February 2017 147

IPCC. 2014a. Climate Change 2014: Impacts, Adaptation, 
and Vulnerability. Part A: Global and Sectoral 
Aspects. Contribution of Working Group II to the 
Fifth Assessment Report of the Intergovernmental 
Panel on Climate Change. Field CB, Barros VR, 
Dokken DJ, Mach KJ, Mastrandrea MD, Bilir TE, 
et al., eds. Cambridge, UK:IPCC. https://ipcc-wg2.
gov/AR5/images/uploads/WGIIAR5-PartA_FINAL.
pdf [accessed 10 May 2016].

IPCC. 2014b. Climate Change 2014: Synthesis Report. 
Contribution of Working Groups I, II and III to the 
Fifth Assessment Report of the Intergovernmental 
Panel on Climate Change. Core Writing Team, 
Pachauri RK, Meyer LA, eds. Geneva:IPCC. http://
ar5-syr.ipcc.ch/ipcc/ipcc/resources/pdf/IPCC_
SynthesisReport.pdf [accessed 10 May 2016].

Jaramillo P, Muller NZ. 2016. Air pollution emissions 
and damages from energy production in the U.S.: 
2002–2011. Energy Policy 90:202–211.

Jung KH, Yan B, Moors K, Chillrud SN, Perzanowski MS, 
Whyatt RM, et  al. 2012. Repeated exposure to 
polycyclic aromatic hydrocarbons and asthma: 
effect of seroatopy. Ann Allergy Asthma Immunol 
109:249–254.

Karimi P, Peters KO, Bidad K, Strickland PT. 2015. 
Polycyclic aromatic hydrocarbons and childhood 
asthma. Eur J Epidemiol 30:91–101.

Kim BJ, Kwon JW, Seo JH, Kim HB, Lee SY, Park KS, 
et al. 2011. Association of ozone exposure with 
asthma, allergic rhinitis, and allergic sensitization. 
Ann Allergy Asthma Immunol 107:214–219.e1.

Kim JJ, American Academy of Pediatrics Committee on 
Environmental Health. 2004. Ambient air pollution: 
health hazards to children. Pediatrics 114:1699–1707.

Kim JJ, Smorodinsky S, Lipsett M, Singer BC, 
Hodgson  AT, Ostro B. 2004. Traffic-related air 
pollution near busy roads: the East Bay Children’s 
Respiratory Health Study. Am J Respir Crit Care 
Med 170:520–526.

Klingbeil EC, Hew KM, Nygaard UC, Nadeau KC. 2014. 
Polycyclic aromatic hydrocarbons, tobacco smoke, 
and epigenetic remodeling in asthma. Immunol Res 
58:369–373.

Knowlton K, Rosenthal JE, Hogrefe C, Lynn B, Gaffin S, 
Goldberg R, et al. 2004. Assessing ozone-related 
health impacts under a changing climate. Environ 
Health Perspect 112:1557–1563.

Knowlton K, Rotkin-Ellman M, Geballe L, Max W, 
Solomon GM. 2011. Six climate change-related 
events in the United States accounted for about 
$14 billion in lost lives and health costs. Health Aff 
(Millwood) 30:2167–2176.

Knowlton K, Rotkin-Ellman M, King G, Margolis HG, 
Smith  D, Solomon G, et  al. 2009. The 2006 
California heat wave: impacts on hospitalizations 
and emergency department visits. Environ Health 
Perspect 117:61–67, doi: 10.1289/ehp.11594.

Lake A. 2012. Our view: Stunting is the Global Crisis 
You’ve Never Heard of. http://www.unicefchina.
org/en/index.php?m=content&a=show&catid=51&
id=820 [Online 21 August 2015]. 

Li S, Williams G, Jalaludin B, Baker P. 2012. Panel 
studies of air pollution on children’s lung function 
and respiratory symptoms: a literature review. 
J Asthma 49:895–910. 

Lin W, Huang W, Zhu T, Hu M, Brunekreef B, Zhang Y, 
et  al. 2011. Acute respiratory inflammation in 
children and black carbon in ambient air before and 
during the 2008 Beijing Olympics. Environ Health 
Perspect 119:1507–1512, doi: 10.1289/ehp.1103461.

Lynn K, MacKendrick K, Donoghue EM. 2011. Social 
Vulnerability and Climate Change: Synthesis of 
Literature. General Technical Report PNW-GTR-
838. Portland, OR:U.S. Department of Agriculture, 

Forest Service, Pacific Northwest Research 
Station. http://www.fs.fed.us/pnw/pubs/pnw_
gtr838.pdf [accessed 10 May 2016].

McMichael AJ, Butler CD. 2004. Climate change, health, 
and development goals. Lancet 364:2004–2006.

McMichael AJ, Woodruff RE, Hales S. 2006. Climate 
change and human health: present and future 
risks. Lancet 367:859–869.

McMichael C, Barnett J, McMichael A. 2012. An ill 
wind? Climate change, migration, and health. 
Environ Health Perspect 120:646–654, doi: 10.1289/
ehp.1104375.

Mehta S, Sbihi H, Dinh TN, Xuan DV, Thanh LLT, 
Thanh CT, et al. 2014. Effect of poverty on the rela-
tionship between personal exposures and ambient 
concentrations of air pollutants in Ho Chi Minh 
City. Atmos Environ 95:571–580.

Morello-Frosch R, Zuk M, Jerrett M, Shamasunder B, 
Kyle  AD. 2011. Understanding the cumulative 
impacts of inequalities in environmental health: 
implications for policy. Health Aff (Millwood) 
30:879–887.

Morse SB, Zheng H, Tang Y, Roth J. 2009. Early school-
age outcomes of late preterm infants. Pediatrics 
123:e622–e629, doi: 10.1542/peds.2008-1405.

Newman N, Ryan P, LeMasters G, Levin L, Bernstein D, 
Hershey G, et al. 2013. Traffic-related air pollution 
exposure in the first year of life and behavioral 
scores at 7 years of age. Environ Health Perspect 
121:731–736, doi: 10.1289/ehp.1205555.

Parker JD, Mendola P, Woodruff TJ. 2008. Preterm 
birth after the Utah Valley Steel Mill closure: a 
natural experiment. Epidemiology 19:820–823.

Patz JA, Campbell-Lendrum D, Holloway T, Foley JA. 
2005. Impact of regional climate change on human 
health. Nature 438:310–317.

Patz JA, Frumkin H, Holloway T, Vimont DJ, Haines A. 
2014. Climate change: challenges and opportunities 
for global health. JAMA 312:1565–1580.

Perera F. 2014. “Children suffer most from climate 
change and burning of fossil fuels.” In: The 
Challenges of Climate Change: Children on the Front 
Line. Florence, Italy:UNICEF Office of Research, 
15–21. https://www.unicef-irc.org/publications/pdf/
ccc_final_2014.pdf [accessed 10 May 2016].

Perera FP, Chang HW, Tang D, Roen EL, Herbstman J, 
Margolis A, et al. 2014a. Early-life exposure to poly-
cyclic aromatic hydrocarbons and ADHD behavior 
problems. PLoS One 9:e111670, doi: 10.1371/journal.
pone.0111670.

Perera F, Herbstman J. 2011. Prenatal environmental 
exposures, epigenetics, and disease. Reprod 
Toxicol 31:363–373.

Perera F, Li TY, Zhou ZJ, Yuan T, Chen YH, Qu L, et al. 
2008. Benefits of reducing prenatal exposure to 
coal-burning pollutants to children’s neuro-
development in China. Environ Health Perspect 
116:1396–1400, doi: 10.1289/ehp.11480.

Perera FP, Tang D, Wang S, Vishnevetsky J, Zhang B, 
Diaz D, et al. 2012. Prenatal polycyclic aromatic 
hydrocarbon (PAH) exposure and child behavior at 
age 6–7 years. Environ Health Perspect 120:921–926, 
doi: 10.1289/ehp.1104315.

Perera FP, Tang D, Whyatt RM, Lederman SA, 
Jedrychowski W. 2004. Comparison of PAH-DNA 
adducts in four populations of mothers and 
newborns in the U.S., Poland and China. In: 
Proceedings of the AACR 94th Annual Meeting, Vol. 
45; 27–31 March 2004, Orlando, Florida. Orlando, 
FL:American Association for Cancer Research. 

Perera FP, Wang S, Rauh V, Zhou H, Stigter L, 
Camann D, et al. 2013. Prenatal exposure to air 
pollution, maternal psychological distress, and 
child behavior. Pediatrics 132:e1284–e1294. 

Perera F, Weiland K, Neidell M, Wang S. 2014b. 
Prenatal exposure to airborne polycyclic aromatic 
hydrocarbons and IQ: estimated benefit of pollu-
tion reduction. J Public Health Policy 35:327–336. 

Peterson BS, Rauh VA, Bansal R, Hao X, Toth Z, Nati G, 
et al. 2015. Effects of prenatal exposure to air 
pollutants (polycyclic aromatic hydrocarbons) on 
the development of brain white matter, cognition, 
and behavior in later childhood. JAMA Psychiatry 
72:531–540.

Pope CA III. 1989. Respiratory disease associated 
with community air pollution and a steel mill, Utah 
Valley. Am J Public Health 79:623–628.

Pope CA III. 1996. Adverse health effects of air pollutants 
in a nonsmoking population. Toxicology 111:149–155.

Pope Francis. 2015. Encyclical Letter Laudato Si’ of the 
Holy Father Francis on Care for Our Common Home. 
Vatican City State:Vatican Press. http://w2.vatican.
va/content/dam/francesco/pdf/encyclicals/
documents/papa-francesco_20150524_enciclica-
laudato-si_en.pdf [accessed 10 May 2016]. 

Proietti E, Röösli M, Frey U, Latzin P. 2013. Air pollu-
tion during pregnancy and neonatal outcome: a 
review. J Aerosol Med Pulm Drug Deliv 26:9–23. 

Pronczuk J, Surdu S. 2008. Children’s environmental 
health in the twenty-first century. Ann N Y Acad 
Sci 1140:143–154.

Rahmstor f  S ,  Fos ter  G ,  Cazenave  A .  2012 . 
Comparing climate projections to observa-
tions up to 2011. Environ Res Lett 7:044035, doi: 
10.1088/1748-9326/7/4/044035.

Raz R, Roberts AL, Lyall K, Hart JE, Just AC, Laden F, 
et al. 2015. Autism spectrum disorder and particu-
late matter air pollution before, during, and after 
pregnancy: a nested case–control analysis within 
the Nurses’ Health Study II cohort. Environ Health 
Perspect 123:264–270, doi: 10.1289/ehp.1408133.

Rich DQ, Kipen HM, Huang W, Wang G, Wang Y, 
Zhu P, et al. 2012. Association between changes 
in air pollution levels during the Beijing Olympics 
and biomarkers of inflammation and thrombosis in 
healthy young adults. JAMA 307:2068–2078.

Ritz B, Wilhelm M. 2008a. Air Pollution Impacts on 
Infants and Children. Los Angeles, CA:UCLA 
Institute of the Environment and Sustainability. 
http://www.environment.ucla.edu/media/files/
air-pollution-impacts.pdf [accessed 10 May 2016].

Ritz B, Wilhelm M. 2008b. Ambient air pollution and 
adverse birth outcomes: methodologic issues in 
an emerging field. Basic Clin Pharmacol Toxicol 
102:182–190.

Rojas-Martinez R, Perez-Padilla R, Olaiz-Fernandez G, 
Mendoza-Alvarado  L ,  Moreno-Macias H, 
Fortoul  T, et  al. 2007. Lung function growth in 
children with long-term exposure to air pollut-
ants in Mexico City. Am J Respir Crit Care Med 
176:377–384.

Salihu HM, Ghaji N, Mbah AK, Alio AP, August EM, 
Boubakari  I. 2012. Particulate pollutants and 
racial/ethnic disparity in feto-infant morbidity 
outcomes. Matern Child Health J 16:1679–1687.

Sandman CA, Davis EP, Buss C, Glynn LM. 2012. 
Exposure to prenatal psychobiological stress 
exerts programming influences on the mother and 
her fetus. Neuroendocrinology 95:8–21.

Save the Children UK. 2007. Legacy of Disasters: 
the Impact of Climate Change on Children . 
London, UK:Save the Children UK. http://www.
savethechildren.org.uk/sites/default/files/docs/
legacy-of-disasters_1.pdf [accessed 10 May 2016].

Schär C, Vidale PL, Lüthi D, Frei C, Häberli C, 
Liniger  MA, et  al. 2004. The role of increasing 
temperature variability in European summer heat-
waves. Nature 427:332–336.



Perera

148 volume 125 | number 2 | February 2017 • Environmental Health Perspectives

Schene PA. 1998. Past, present, and future roles of 
child protective services. Future Child 8:23–38.

Schwartz J. 2004. Air pollution and children’s health. 
Pediatrics 113(4 suppl):1037–1043.

Shea KM, Truckner RT, Weber RW, Peden DB. 2008. 
Climate change and allergic disease. J Allergy Clin 
Immunol 122:443–453.

Sheffield PE, Knowlton K, Carr JL, Kinney PL. 2011. 
Modeling of regional climate change effects on 
ground-level ozone and childhood asthma. Am J 
Prev Med 41:251–257.

Sheffield PE, Landrigan PJ. 2011. Global climate change 
and children’s health: threats and strategies for 
prevention. Environ Health Perspect 119:291–298, 
doi: 10.1289/ehp.1002233.

Shonkoff JP; Garner AS; Committee on Psychosocial 
Aspects of Child and Family Health; Committee 
on Early Childhood, Adoption, and Dependent 
Care; Section on Developmental and Behavioral 
Pediatrics. 2012. The lifelong effects of early 
childhood adversity and toxic stress. Pediatrics 
129:e232–e246.

Siraj AS, Santos-Vega M, Bouma MJ, Yadeta D, Ruiz 
Carrascal D, Pascual M. 2014. Altitudinal changes 
in malaria incidence in highlands of Ethiopia and 
Colombia. Science 343:1154–1158. 

Smith KR, Corvalán CF, Kjellström T. 1999. How much 
global ill health is attributable to environmental 
factors? Epidemiology 10:573–584.

Stiglitz J. 2007. The most global issue. Our Planet: 
Connected Dreams: Globalization and the 
Environment, 2:7–9. http://www.unep.org/pdf/
Ourplanet/2007/february/en/OP-2007-02-en-
ARTICLE1.pdf [accessed 10 May 2016].

Suglia SF, Gryparis A, Wright RO, Schwartz J, 
Wright RJ. 2008. Association of black carbon with 
cognition among children in a prospective birth 
cohort study. Am J Epidemiol 167:280–286.

Tang D, Wang C, Nie J, Chen R, Niu Q, Kan H, et al. 
2014. Health benefits of improving air quality in 
Taiyuan, China. Environ Int 73:235–242.

Thompson TM, Rausch S, Saari RK, Selin NE. 2014. 
A systems approach to evaluating the air quality 
co-benefits of US carbon policies. Nat Clim Chang 
4:917–923. 

Thurston GD. 2013.  Mit igation pol icy:  health 
 co- benefits. Nat Clim Chang 3:863–864. 

Trasande L, Malecha P, Attina TM. 2016. Particulate 
matter exposure and preterm birth: estimates 
of U.S. attributable burden and economic costs. 
Environ Health Perspect 124:1913–1918, 10.1289/
ehp.1510810. 

Tzivian L. 2011. Outdoor air pollution and asthma in 
children. J Asthma 48:470–481. 

U.S. Energy Information Administration. 2014. Primary 
Energy Consumption by Source and Sector, 
2014. Washington, DC:U.S. Energy Information 
Administration.

U.S. EPA (U.S. Environmental Protection Agency). 
2011. The Benefits and Costs of the Clean 
Air Act from 1990 to 2020. Final Report-Rev. A. 
Washington, DC:U.S. EPA, Office of Air and 
Radiation. https://www.epa.gov/sites/production/
files/2015-07/documents/fullreport_rev_a.pdf 
[accessed 10 May 2016].

U.S. EPA. 2016. Greenhouse gas emissions. https://
www3.epa.gov/climatechange/ghgemissions/ 
[accessed 10 January 2016].

U.S. Global Change Research Program. 2014. 2014 
National Climate Assessment. Washington, 
DC:U.S. Global Change Research Program. http://
nca2014.globalchange.gov/; Interactive full report: 
http://nca2014.globalchange.gov/report [accessed 
10 May 2016].

UNICEF (United Nations Children’s Fund). 2011. 
News Note: Massive Flooding in South East Asia 
Affecting Millions. http://www.unicef.org/media/
media_60185.html [accessed 4 August 2015].

UNICEF. 2015a. Children Living in Poverty. http://www.
unicef.org/sowc05/english/poverty.html [accessed 
4 August 2015].

UNICEF. 2015b. Unless We Act Now: The Impact of 
Climate Change on Children. New York, NY:UNICEF. 
http://www.unicef.org/publications/files/Unless_
we_act_now_The_impact_of_climate_change_
on_children.pdf [accessed 10 May 2016].

United Nations World Commission on Environment and 
Development. 1987. Our Common Future (Brundtland 
Report). Oxford, UK:Oxford University Press. 

Vishnevetsky J, Tang D, Chang HW, Roen EL, Wang Y, 
Rauh V, et al. 2015. Combined effects of prenatal 
polycyclic aromatic hydrocarbons and material 
hardship on child IQ. Neurotoxicol Teratol 49:74–80.

Volk HE, Lurmann F, Penfold B, Hertz-Picciotto I, 
McConnell R. 2013. Traffic-related air pollution, 
particulate matter, and autism. JAMA Psychiatry 
70:71–77.

Wang M, Zhu T, Zheng J, Zhang RY, Zhang SQ, Xie XX, 
et al. 2009. Use of a mobile laboratory to evaluate 
changes in on-road air pollutants during the 
Beijing 2008 Summer Olympics. Atmos Chem Phys 
9:8247–8263.

Watts N, Adger WN, Agnolucci P, Blackstock J, 
Byass P, Cai W, et al. 2015. Health and climate 

change: policy responses to protect public health. 
Lancet 386:1861–1914.

WHO (World Health Organization). 2002. Healthy 
Environments for Children: Initiating an Alliance 
for Action. Geneva:WHO. http://apps.who.int/iris/
bitstream/10665/67382/1/WHO_SDE_PHE_02.06.pdf 
[accessed 10 May 2016].

WHO. 2006. Principles for Evaluating Health Risks in 
Children Associated With Exposure to Chemicals. 
Environmental Health Criteria 237. Geneva:WHO. 
http://www.who.int/ipcs/publications/ehc/ehc237.
pdf [accessed 10 May 2016].

WHO. 2015. Climate Change and Health. Fact Sheet 
No. 266.  http://www.who.int/mediacentre/
factsheets/fs266/en/ [accessed 10 May 2016].

WHO. 2016. Household Air Pollution and Health. Fact 
Sheet No. 292. http://www.who.int/mediacentre/
factsheets/fs292/en/ [accessed 10 May 2016].

WHO Regional Office for Europe, OECD (Organization 
for Economic Co-operation and Development). 
2015. Economic Cost of the Health Impact of Air 
Pollution In Europe: Clean Air, Health and Wealth. 
Copenhagen, Denmark:WHO, OECD. http://www.
euro.who.int/__data/assets/pdf_file/0004/276772/
Economic-cost-health-impact-air-pollution-en.
pdf?ua=1 [accessed 10 May 2016].

Wood D. 2003. Effect of child and family poverty 
on child health in the United States. Pediatrics 
112(3 pt 2):707–711.

World Energy Council. 2013. World Energy Resources 
2013 Survey. London, UK:World Energy Council. 
https:/ /www.worldenergy.org/wp-content/
uploads/2013/09/Complete_WER_2013_Survey.pdf 
[accessed 10 May 2016].

Xu Z, Sheffield PE, Hu W, Su H, Yu W, Qi X, et al. 2012. 
Climate change and children’s health—a call for 
research on what works to protect children. Int J 
Environ Res Public Health 9:3298–3316.

Yohe GW, Lasco RD, Ahmad QK, Arnell NW, Cohen SJ, 
Hope C, et  al. 2007. Perspectives on climate 
change and sustainability. In: Climate Change 
2007: Impacts, Adaptation and Vulnerability 
Contribution of Working Group II to the Fourth 
Assessment Report of the Intergovernmental 
Panel on Climate Change. Parry ML, Palutikof JP, 
van der Linden JP, Hanson CE, eds. Cambridge, 
UK:Cambridge University Press, 811–841. http://
www.ipcc.ch/pdf/assessment-report/ar4/wg2/
ar4-wg2-chapter20.pdf [accessed 10 May 2016].

Zhang Y, Bi P, Hiller JE. 2007. Climate change and 
disability-adjusted life years. J Environ Health 
70:32–36.


