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Abstract

Air pollution is associated with a diversity of health effects, and
evidence for a causal relationship with specific diseases exists.
Exposure to air pollution is ubiquitous and typically beyond the
control of the individual; the resulting health burden for the
population can be high. Disproportionate effects are seen in
individuals who have increased susceptibility to air pollution owing
to individual- or community-level characteristics. As studies grow
increasingly sophisticated, the understanding of who comprises the
susceptible population continuously expands. Characteristics of
susceptibility include genetic predisposition; socioeconomic factors;
life stage; the presence of preexisting diseases, such as asthma, chronic
obstructive pulmonary disease, cystic fibrosis; and the unique
population of lung transplant recipients. This review explores how

select populations, namely individuals with preexisting pulmonary
disease and those living in communities of low socioeconomic
status, have an increased susceptibility to the health effects of
ambient air pollution. Genetic susceptibility, though a fundamental
determinant of risk, is beyond the scope of this review and is not
discussed. Strategies designed to mitigate air pollution-related
health effects are discussed using a framework that addresses
pollution exposure at multiple levels—government, state,
community, and the individual. Emission reduction strategies
remain the basis for public health protection; however, ancillary
harm reduction measures are explored that can be adopted by
susceptible communities and individuals.
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Modern air pollution health effects research
began after discrete episodes of extremely
high pollution levels when industrialization
and urbanization met especially stagnant
meteorological conditions. The 1952
London and 1930 Meuse Valley fog
tragedies are among the most commonly
cited environmental episodes in this
category. In 1930 in Belgium’s Meuse
Valley, more than 60 people died over a
2-day period when stagnant weather and

a temperature inversion led to the
accumulation of high concentrations of
sulfur compounds, including sulfur dioxide
(SO,), fluoride gases, and particulate matter
generated from the nearby industrial center
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of Liege, Belgium. This mortality figure
represented a greater than 10-fold increase
over the normal mortality rate (1). Despite
the public outcry and prescient warnings
from the scientific community regarding
the public health risk posed by a similar
episode in a more populated center, some
20 years later the City of London experienced
a lethal smog of historic proportions (2).

A temperature inversion in early
December 1952 coupled with London’s
residential and industrial dependence on
coal fires led to a toxic smog that resulted
in more than 3,000 excess deaths in the
3 weeks after the episode (3). Although the
acute health effects of the extreme pollution

exposure were immediately recognized,
perhaps the more striking findings came
from later analyses showing chronic health
effects and persistently elevated mortality
for months after the acute episode. In an
analysis by Bell and Davis, the true scale
of the London fog was likely closer to
12,000 excess deaths in the year after the
event (3). The persistent elevation in
mortality above background levels in the
months after the event suggest that this was
not simply a “mortality displacement
phenomenon” whereby the most fragile
people died a few weeks earlier than they
would have without the acute pollution
exposure. Instead, the susceptible
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population extended beyond those already
at the mortality tipping point to include
the broader population (3). It is this
observation that laid the groundwork
for studies that have broadened the
understanding that the spectrum of
individuals susceptible to the health effects
of air pollution encompasses a wider scope
of increasingly healthy individuals.
Modern-day air quality standards are
motivated by the protection of all people, but
particularly of susceptible individuals. In the
United States, the National Ambient Air
Quality Standards mandated by the Clean Air
Act are set with the explicit intent to protect
susceptible groups with an “adequate margin
of safety” based on the best available
evidence (4). In fact, it is data from
susceptible subpopulations that show a
greater risk of adverse health outcomes
resulting from a given exposure that have
driven the standards for air pollutants to
increasingly lower levels (5). Protection of
susceptible groups is the fundamental
motivation for the regulation of air pollution.

Defining Susceptibility

The interplay between varying levels and
types of air pollution and the dynamic
physiologic response is complex. It is
generally accepted that there are individuals
in the population who, by virtue of
preexisting disease or genetic factors, will
bear the brunt of health effects resulting from
increased pollutant concentrations. Although
public health efforts to reduce exposures will
protect all members of the population,
questions remain about whether additional
protections are needed for some individuals.
The concept of susceptibility, at both the
individual and population levels, describes the
characteristics that increase the risk of
experiencing adverse health outcomes in
response to air pollution exposure. The terms
susceptibility and vulnerability are often used
interchangeably in the literature; however,
there is value in understanding their distinct
definitions. In this review, we define
vulnerability as referring to external factors
that confer increased risk for an adverse
outcome, whereas we use susceptibility to
refer to intrinsic characteristics that increase
risk. These characteristics might include not
only the presence of underlying disease, age,
and genetic background but also sex, race,
ethnicity, epigenetic changes, socioeconomic
position, nutritional status, and personal

behaviors. Some elements of these
susceptibility characteristics are dynamic over
an individual’s lifetime. Coupled with
variability in air pollution exposures, the risk
assessment for an individual may be fluid
and vary substantially over the course of the
individual’s life.

Preexisting Disease Increases
Susceptibility

Advances in modern epidemiological methods
and exposure assessment methods, combined
with experimental studies, have increased
confidence in the causal effects of air pollution
exposures in communities. The literature base
convincingly supports the association between
short-term acute spikes in air pollution and
exacerbations of underlying diseases, including
asthma, chronic obstructive pulmonary disease,
myocardial infarction, and heart failure.

Asthma is perhaps the most well
studied of these, so much so that, regarding
traffic-related pollution, the Health Effects
Institute concluded that there is sufficient
evidence to infer a causal association with
childhood asthma exacerbations (6).
Asthma exacerbations, characterized by
emergency room visits, hospitalizations,
and increased medication use, are increased
for both children and adults during
episodes of peak air pollution (7).

In persons with underlying chronic
obstructive pulmonary disease, short-term
exposure to particulate matter (particulate
matter <2.5 pm in aerodynamic diameter
[PM, ;] and particulate matter <10 pm in
aerodynamic diameter [PMj,]), nitrogen
dioxide (NO,), carbon monoxide (CO), SO,,
and ozone are all associated with exacerbation
frequency. Among these, particulate matter
and NO, showing the strongest effect (8).

Persons with cystic fibrosis are a particularly
at-risk population because cystic fibrosis is a
disease whose clinical course is characterized by
chronic and recurrent infections and progressive
loss of lung function over time. Particulate
matter, specifically PM, s, may facilitate the first
acquisition of Pseudomonas aeruginosa
infection in children (9). Exposure to PM, 5,
PM,, and ozone appears to be associated
with increased frequency of exacerbations and
decline in lung function in cystic fibrosis (10).

Lung transplant recipients represent a
unique population in their susceptibility to
environmental exposures, particularly
regarding the direct inhalational contact
between air pollutants and allografted lungs.
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With interstitial lung disease, chronic
obstructive pulmonary disease, and cystic
fibrosis leading the list of indications for
lung transplant, the transplant population is
remarkable in its diversity of age, underlying
disease, comorbidities, and degree of
immunosuppression. The harmful effects of
air pollution exposure to lungs is known
(11). Extending these implications to the
long-term health of lung allografts is a
plausible concern (12). Two recent studies
have shown associations between air
pollution exposures and markers of poor
prognosis in post-lung transplant cohorts,
specifically lower vital capacity and
increased risk of mortality related to chronic
lung allograft dysfunction (13, 14). Current
data are insufficient to answer whether lung
transplant recipients, or transplant recipients
in general, are at higher risk from the
damaging effects of air pollution. However,
transplanted lungs represent an indisputably
precious resource that clinicians and
recipients alike have a vested interest in
protecting from environmental threats.

New-Onset Pulmonary Disease
Linked to Air Pollution
Exposure

Susceptibility to air pollution health effects
is not limited to persons at the extremes of
age or those with preexisting diseases.
Increasingly sophisticated exposure
assessments employed in large prospective
cohort studies are uncovering evidence
that air pollution exposure is linked to
new-onset cardiovascular and pulmonary
diseases in previously unaffected individuals
(15). Lung cancer is a principal example.
On the basis of compelling evidence,
notably the evidence derived from the
landmark ESCAPE (European Study of
Cohorts for Air Pollution Effects) analysis,
the International Agency for Research on
Cancer classified outdoor air pollution,
inclusive of particulate matter and diesel
exhaust, as a group I carcinogen; air
pollution is acknowledged as a cause of
lung cancer (16, 17).

A growing literature base supports the
link between long-term ambient pollution
exposure and incident asthma in both
children and adults. In the Southern
California Children’s Health Study,
exposure to traffic-related pollution at
home and school is associated with an
increased risk of developing asthma in
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previously asymptomatic children (18). The
association with traffic-related pollution
was again demonstrated in a British
Columbia cohort which showed that
early-life exposure to PM;, SO,, and black
carbon were all associated with significant
odds of an incident asthma diagnosis in
children under 5 years of age (19). The data
on adults are less robust, but at least two
large cohort studies suggest associations
between NO, and PM, 5 exposure and
adult-onset incident asthma (20, 21).
Linking air pollution exposure with
incident disease in previously healthy
persons challenges the idea that there is a
population at no risk from the health effects
of ambient pollution. Susceptibility exists
on a spectrum, and there is clearly a
concentration-response curve between
pollution exposure and health effect risk.
The striking feature in several of these
cohort studies of incident disease is that the
health effects occurred at levels of pollution
common in developed countries, if not at or
below the regulatory standards (15, 16). It
is unknown whether the concentration-
response curve exhibits a threshold
below which health effects are not seen.
Abatement efforts to reduce exposure levels
would be sensitive to both the presence of a
threshold and the shape of the curve at low
levels (22). More precise information on
the health effects at low exposure levels is
needed to inform regulatory policies.

Socioeconomic Position as an
Effect Modifier

Apart from preexisting diseases and
intrinsic factors such as age, ethnicity, race,
genetic background, and sex, socioeconomic
determinants contribute to the effects of air
pollution on health. Individuals at the lowest
end of the socioeconomic spectrum are
burdened by the so-called triple jeopardy of
environmental injustice; they are exposed to
higher levels of air pollutants, have a
susceptibility to poorer baseline health
status, and lack access to the resources

to cope with pollution threats (23).
Socioeconomic status is known to covary
with the spatial distribution of air pollution,
with poorer communities experiencing
higher pollution exposure (23). This is
compounded by the higher prevalence of
preexisting disease that is linked to food
insecurity, psychosocial stressors, built
environments not conducive to
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health-promoting behaviors, educational
disadvantage, and reduced access to medical
care (24). This confluence of circumstances
suggests that low socioeconomic status is
best characterized as a state of increased
susceptibility and vulnerability.

Recent research suggests that
neighborhood-level socioeconomic status
may modify the health effects of particulate
air pollution exposure. Living in
socioeconomically disadvantaged
communities appears to interact with PM, 5
exposure and synergistically increase the risk
of cardiovascular disease (25). This is
consistent with earlier findings that living in a
disadvantaged neighborhood is an
independent risk factor for coronary artery
disease, even after controlling for traditional
coronary artery disease risk factors and
independent markers of socioeconomic
status, including income, occupation, and
education (26). The mechanisms by which
community-level disadvantages may increase
susceptibility to particulate air pollution
health effects need further study. Theories
include food scarcity, leading to reduced
antioxidant intake; limited access to medical
care, including preventive services; and
exposure to copollutants (27). This area of
research challenges the traditional view
attributing increased susceptibility to specific
intrinsic or acquired individual factors and
suggests that recognition of exposure to
disadvantaged socioeconomic circumstances
may identify broader subgroups with elevated
susceptibility to air pollution’s harmful effects.

Interventions

Abundant evidence supports the
relationship between reductions in air
pollution and improved health outcomes,
including reductions in mortality (28-30).
Regulations that target emission reductions
are the mainstay of current efforts to curb
the health effects of air pollution. The
singular importance of government-level
policies to limit emissions and reduce
exposures for the population at large is
indisputable. However, given the broad
spectrum of susceptible subgroups with
ubiquitous ambient pollution exposure, a
framework is needed that incorporates
individual- and community-level strategies
for harm reduction. Such a framework
would acknowledge the primary role of
government-level regulatory policies with

community and individual measures seen
as complementary but not sufficient.

Government-Level Policies

With the passage of the Clean Air Act and
the subsequent implementation of National
Ambient Air Quality Standards, aggregate
emission of and population exposure to
criteria pollutants in the United States have
declined dramatically despite population
and economic growth over the same period
(31). Current emission reduction policies
regulate existing energy production
processes while promoting cleaner fuel
sources and energy technologies.

Efforts to address climate change
represent an important opportunity for
simultaneously reducing key sources of air
pollution. Measures to reduce air pollution and
limit climate change exist in overlapping
spheres (32). Fossil fuel combustion is the
primary source of both greenhouse gas
emissions and the air pollutants most strongly
linked to adverse health outcomes, particulates,
oxides of nitrogen, and SO,. Action to slow
climate change will have ancillary public health
benefits derived from reductions in air
pollution, with the reverse also being true: two
sides of the same coin. For many, the future
benefits of reducing climate impacts may
resonate less than the near-term personal
health gains that will be achieved with air
pollution reduction. Opinion leaders and
policymakers need to understand the short-
and long-term public health cobenefits
associated with policies designed to reduce
emissions from fossil fuel combustion, both to
address the public’s concerns and to achieve
improved public health.

Community-Level Interventions
Concurrent with broader efforts to reduce
emissions, rethinking land use could reduce
air pollution exposures for particularly
susceptible populations. Typical urban
design tends to locate residential
developments and key community resources
(i.e., schools, hospitals) along transit
corridors. This has the net effect of
collocating the primary sources of traffic-
related air pollution and the populations
with increased susceptibility to air pollution
health effects (33). The State of California, a
national leader in air quality initiatives, has
made formal distance recommendations
for the siting of sensitive land uses such

as healthcare facilities, daycare centers,
schools, and playgrounds (34). Forethought
in city planning exercises that incorporate
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knowledge of exposure sources (i.e.,
transit corridors and railway yards) and
community susceptibility profiles might
promote physical separation of susceptible
subpopulations from pollution sources.

Smarter urban planning relies on
balancing the relative benefits and hazards of
active travel (e.g., walking, cycling) with
increased urban density and traffic-related
pollution exposure. Minimizing sprawl to
decrease vehicle travel dependence must be
evaluated in the context of increasing urban
density whereby active travel tends to locate
in close proximity to high-traffic streets
(33, 35). Physical activity remains a mainstay
of the recommendations to improve public
health. For the general population, except in
the most extreme circumstances of high
levels of ambient pollution, the benefits of
physical activity seem to outweigh the health
risks related to pollution exposure (36). It is
unknown where the risk-benefit balance lies
for the most susceptible subgroups; however,
urban planning efforts that increase
walkability and endeavor to reduce traffic-
related pollution through improved public
transportation will undoubtedly benefit
communities as a whole.

Individual Measures
Individual interventions are not the primary
solution, but certain highly susceptible
subgroups may benefit from short-term
personal risk reduction measures. In China,
where average pollution levels routinely
exceed the World Health Organization’s
recommendations, members of the general
populace routinely turn to face masks to
filter the polluted air (37). Particulate
respirators designed to filter 95% of
particulates may reduce the health effects of
urban pollution (38). However, ineffective
and flimsy surgical-style masks are perhaps
the most widely used as a result of
availability, knowledge gaps, and cost (39).
This highlights a key challenge of shifting
responsibility to the individual; personal
harm reduction measures that require
knowledge and resources may have reduced
efficacy when implemented in the most
vulnerable populations.

Evidence suggests that indoor
particulate matter concentrations, from

both indoor and outdoor sources, can be
decreased by the use of high-efficiency air
cleaners and confer potential health benefits
(33, 40, 41). It is premature to recommend
air cleaners as a strategy to reduce air
pollution health effects in the general
population, and the cost-to-benefit ratio is
unlikely to be favorable in this broad
context. However, for the most susceptible
subgroups and the most polluted areas, it is
reasonable to conclude that the potential
benefit of this low-risk and relatively low-
cost intervention favors early adoption
rather than waiting for definitive data.
Borne out of the mechanistic literature,
dietary and pharmacologic interventions to
modify the health effects of air pollution
exposure are intriguing but inconclusive.
Inhalation of air pollutants triggers a
local and systemic inflammatory cascade
(42). Statins have been investigated in
animal models and may attenuate the
inflammatory effects of particulates, but
evidence in humans is limited (43).
Similarly, supplementation with dietary
antioxidants has shown mixed results in
attenuating the vascular effects of PM, 5
and diesel exhaust exposure (44-46).
Although outdoor exercise is
overwhelmingly encouraged because of its
known health benefits, short-term episodes
of high pollution can challenge the clinician
to provide evidence-based guidance on
limiting outdoor activity. The Air Quality
Index is a standardized measure of air quality
based on the Environmental Protection
Agency’s National Ambient Air Quality
Standards. As a tool, the index is imperfect
but clinically useful because it takes into
account the potential health effects of daily
pollution levels on increasingly vulnerable
subgroups in the general population. More
data are needed to risk stratify various
susceptible subgroups and tailor their
appropriate response to peak pollution days.

Recommendations and Future
Directions

The data for individual-level interventions
provide insufficient evidence to support
guideline-quality recommendations.

However, for certain susceptible subgroups,
the question for the scientific community is
what degree of certainty is required before
reasonable exposure mitigation strategies
should be endorsed? The lung transplant
population provides an instructive example.
The societal investment in prolonging
survival in this population is substantial.
Lung transplant recipients are susceptible to
environmental pollutants, and the current
state of the science would suggest that
in-home air purifiers reduce pollutant
concentrations, but data supporting this
intervention in this population do not exist.
In this unique population, an intervention
with a favorable risk-reward relationship
is a prudent recommendation even in the
absence of trial-supported care guidelines
(12). More widely prevalent lung

diseases may also benefit from similar
recommendations based on imperfect

but suggestive evidence. However,
recommending interventions on the basis
of imperfect evidence must be approached
with caution if applied more broadly to
increasingly less susceptible populations
who may experience diminishing benefits
relative to the personal burden of adopting
the intervention.

Successful national efforts to reduce air
pollution levels are generating important
public health gains. However, it is unknown
how deleterious to the lungs are the lower
concentrations of pollutants now typical in
North America: Is there a threshold level
below which respiratory health effects will
not occur? For the most vulnerable groups,
it is conceivable that such a threshold—if
present—is below the current level of
regulatory concern. As the evidence builds
for a causal relationship between air
pollution exposure and harmful respiratory
health effects, data supporting specific
intervention strategies are still needed,
particularly for the most susceptible
groups. Identifying and prioritizing these
susceptible communities to guide
clinician and public health practitioner
recommendations should be a focus of
future research. M

Author disclosures are available with the text
of this article at www.atsjournals.org.
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