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Outdoor air pollution and asthma

Michael Guarnieri, John R Balmes

Traffic and power generation are the main sources of urban air pollution. The idea that outdoor air pollution can
cause exacerbations of pre-existing asthma is supported by an evidence base that has been accumulating for several
decades, with several studies suggesting a contribution to new-onset asthma as well. In this Series paper, we discuss
the effects of particulate matter (PM), gaseous pollutants (ozone, nitrogen dioxide, and sulphur dioxide), and mixed
traffic-related air pollution. We focus on clinical studies, both epidemiological and experimental, published in the
previous 5 years. From a mechanistic perspective, air pollutants probably cause oxidative injury to the airways, leading
to inflammation, remodelling, and increased risk of sensitisation. Although several pollutants have been linked to
new-onset asthma, the strength of the evidence is variable. We also discuss clinical implications, policy issues, and

research gaps relevant to air pollution and asthma.

Introduction

Outdoor air pollution contributed more than 3% of the
annual disability-adjusted life years lost in the 2010 Global
Burden of Disease comparative risk assessment, a notable
increase since the previous estimate was made in 2000.!
Previous assessments of global disease burden attributed
to air pollution were restricted to urban areas or by coarse
spatial resolution of concentration estimates.? In a study
of ten European cities, 14% of the cases of incident asthma
in children and 15% of all exacerbations of childhood
asthma were attributed to exposure to pollutants related to
road traffic.’ Urbanisation is an important contributor to
asthma and this contribution might be partly attributed to
increased outdoor air pollution (figure 1).** Because many
urban centres in the developing world are undergoing
rapid population growth accompanied by increased
outdoor air pollution, the global burden of asthma is likely
to increase. In this context, it is notable that the
populations of China, India, and Southeast Asia are equal
to the rest of the world combined.

In view of the burden of asthma attributed to outdoor air
pollution, a better understanding of why asthmatic
individuals are susceptible to this exposure should enable
the design of effective preventive strategies. The idea that
air pollution can cause exacerbations of pre-existing
asthma is supported by an evidence base that has been
accumulating for several decades,™ but evidence has
emerged that suggests air pollution might cause new-
onset asthma as well."*' Not all studies support a causal
link between air pollution and asthma, and a recent meta-
analysis® of cross-sectional studies that compared
communities with different levels of pollution showed no
effect of long-term exposure to pollution on asthma
prevalence. Although outdoor air pollution almost always
occurs as a mixture, air quality is regulated by most
jurisdictions in terms of its individual components. Such
regulation has meant that experimental studies of humans
and animals have been focused on individual pollutants.
Because epidemiological studies inherently involve
exposure to mixtures of pollutants, substantial efforts are
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usually made to try to identify the individual effects of
pollutants, which often obscures the health effect of the
mixture as a whole.

With increasing attention to traffic-related air pollution
(TRAP) as the exposure variable of interest, a shift has
occurred away from a focus on individual components of
the pollution mixture. In this Series paper, we will
attempt to discuss the effects of several gaseous
pollutants (ozone, nitrogen dioxide, and sulphur dioxide),
the independent effects of various forms of PM, and then
focus on the effects of TRAP as a mixture. We concentrate
on studies published in the past 5 years that report
results relevant to both exacerbation and onset of asthma.

We focus primarily, although not exclusively, on
epidemiological and experimental clinical studies.
Controlled exposure studies in human beings are
restricted by small sample size and an inability to study
the potentially most susceptible subgroups (eg, children
and adults with severe asthma) and the effects of chronic
exposure. Epidemiological studies are restricted by
imprecise methods of both exposure and asthma
outcome assessment and often inadequate data about
potentially confounding variables.

Search strategy and selection criteria

We searched Pubmed from Jan 1, 2009, to Feb 28, 2014,
with the search terms “Asthma” and any of the following
specific terms: “Air Pollution”, “Particulate Matter”, “PM2.5”,
“PM10”, “Ozone”, 03", “Sulfur Dioxide”, “Sulfur Oxides”,
“S02", "SOx", “Nitrogen Dioxide”, “Nitrogen Oxides”, “NO2”,
“NOx", “Traffic”, “Diesel”, “Elemental Carbon”, or “Black
Carbon”. We searched the reference lists of recent reports
and review articles produced with this search strategy to
include relevant publications older than 5 years. Additionally,
we included frequently referenced older publications with a
high impact based on our knowledge of the subject area,
particularly when more recent publications on the same
subject were not available.
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Although the potential effect of indoor air pollution on
asthma is an important concern, especially in developing
countries where much domestic cooking is done with
solid fuels, it is outside the scope of this review.

Mechanisms

Why are individuals with asthma so affected by exposure
to air pollution? At high concentrations, such as those
noted in megacities in India and China, air pollutants
might have direct irritant and inflammatory effects on
airway neuroreceptors and epithelium, but such levels of
exposure rarely occur in North America or Europe. At the
lower concentrations that are more typical in high-income
countries, other mechanisms are probably in operation.
Specific pollutants can induce airway inflammation (eg,
ozone, nitrogen dioxide, and PM <2-5 pm in diameter
[PM2-5])** and airway hyper-responsiveness (ozone and
nitrogen dioxide),®” two characteristic features of
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Figure 1: Sources, transport, transformation, and fate of atmospheric pollutants
Reproduced from the US Climate Change Science Program. CFC=chlorofluorocarbon. CH,=methane. CO=carbon monoxide. CO,=carbon dioxide. N,O=nitrous oxide.
NO,=nitrogen oxides.

Chemical
transformation

orests and other
ecosystems

asthma. In addition, oxidative stress (a feature of severe
asthma) has been associated with pollutant exposures
(ozone, nitrogen dioxide, and PM2-5).*22 Therefore,
exposure to these pollutants is unsurprisingly associated
with exacerbations and possibly even the onset of asthma.
The mechanisms by which pollutants induce these effects
are not completely clear.

A framework for how air pollution might contribute to
the development and exacerbation of asthma proposed by
the UK’'s Committee on the Medical Effects of Air
Pollutants identified four main mechanisms: oxidative
stress and damage, airway remodelling, inflammatory
pathways and immunological responses, and enhancement
of respiratory sensitisation to aeroallergens (figure 2).*
Variation in the genes that regulate these mechanisms
could confer increased susceptibility to development of
new-onset asthma or exacerbations of existing disease with
exposure to air pollution.
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Because the pollutants of interest, including TRAP, can
cause oxidative stress, the ability of antioxidant defences
to handle the increased load of reactive oxygen species
generated in the lungs after exposure is an important
determinant of risk for subsequent adverse effects.
Specific polymorphisms in antioxidant enzyme genes,
such as glutathione S-transferase genes, GSTM1 and
GSTP1, can modify risk of asthmatic responses to
pollutants*** and these variants (GSTM1 null and GSTP1
Ile105Val) might also interact with a tumour necrosis
factor (TNF) promoter variant (G-308A) that affects
expression of TNF and hence the early inflammatory
response.™ Additionally, neonatal rats are more prone to
oxidative stress from PM exposure at least in part due to
relative deficiency of nuclear factorlike 2 (Nrf2).”
Proinflammatory effects of oxidative stress are mediated
by the redox-sensitive MAP kinase and nuclear factor-«B
cascades that are responsible for the expression of
cytokines, chemokines, and adhesion molecules, and
reduced antioxidant capacity in the airways can result in
altered expression after pollutant exposure.*

Other pathways through which oxidising pollutants
might affect severity of asthma involve control of
immune responses. TRAP, specifically ambient
polycyclic aromatic hydrocarbons and diesel-exhaust
particles, affect regulatory T cell (Treg) function through
an epigenetic mechanism.** Hypermethylation of CpG
islands in Foxp3 associated with chronic exposure to
polycyclic aromatic hydrocarbons® or diesel-exhaust
particles® leads to suppression of Treg function and
increased asthma severity as assessed by symptoms and
lung function. Hypermethylation of interferon y in
effector T cells, contributing to a shift towards a
Th2 response, has also been associated with exposure to
air pollution.”

Studies in animals and in vitro®* suggest that exposure
to PM results in allergic inflammation with Th2 and
Th17 phenotypic differentiation, with a specific role for
environmentally persistent free radicals and polycyclic
aromatic hydrocarbon fractions of PM in this
differentiation. In addition, exposure to diesel-exhaust
particles is associated with increased serum inter-
leukin 17 and increased symptoms in children with
allergic asthma; a parallel study* that used a murine
model of allergic airway inflammation showed that
combined exposure to diesel-exhaust particles and
antigen from a house dust mite induced a mixed
Th2/Th17 response.

A potential enhancing effect of pollutant exposure on
responses to inhaled allergen has been studied in both
animals and man, with evidence for such an effect on
lung function and inflammatory responses to ozone,
nitrogen dioxide, sulphur dioxide, and diesel-exhaust
particles.** Several mechanisms through which air
pollutants could enhance sensitisation to aeroallergens
have been proposed and include increased deposition of
allergen in the airways due to carriage by particles,
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Figure 2: Mechanistic framework for air pollution effects in asthma

increased epithelial permeability due to oxidative injury,
increased antigenicity of proteins from chemical
modification, and a direct adjuvant effect (including for
diesel-exhaust particles in human beings).”

In summary, air pollutants might cause oxidative
injury to the airways that leads to inflammation and
remodelling, which in a genetically predisposed
individual could result in clinical asthma. One
predisposing factor might be atopy, and air pollutants
could increase the risk of sensitisation and the responses
to inhaled allergen in individuals with asthma.

Particulate matter

Ambient PM is a ubiquitous atmospheric aerosol with
both anthropogenic and natural sources that has been
associated with various health effects.” PM is categorised
on the basis of its aerodynamic diameter, with
implications for its typical site of deposition when
inhaled (figure 3). Coarse PM, with an aerodynamic
diameter of 2-5-10 pm, deposits mainly in the head and
large conducting airways. Fine PM or PM2-5 deposits
throughout the respiratory tract, particularly in small
airways and alveoli. Ultrafine PM (<0-1 pm) deposits in
the alveoli. PM10 includes the coarse, fine, and ultrafine
fractions (figure 4). The composition and size distribution
of PM varies according to the source, whether it is natural
or anthropogenic, and whether it is derived from
combustion or not.® Transition metals, polycyclic
aromatic hydrocarbons, and environmentally persistent
free radicals are constituents of PM of special interest
because of their potential to cause oxidative stress and
many of the phenotypic changes associated with asthma.
Additionally, PM  frequently contains  various
immunogenic substances, such as fungal spores and
pollen, which have been independently associated with
exacerbation of asthma symptoms.**
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Figure 3: Particulate matter size

Image modified with permission from the US Environmental Protection Agency. PM=particulate matter.

Experimental exposure to PM results in oxidative
stress, airway hyper-responsiveness, and airway
remodelling, either alone or in combination with allergic
sensitisation.”

Short-term exposure to ambient PM2-5 and PM of
diameter 2-5-10 pm in prospective cohorts of asthmatic
children and adults has been associated with asthma
symptoms, especially in children with allergic
sensitisation.”* Long-term exposure to PM is associated
with poorly controlled asthma and decrements in lung
function in children and adults.®* Several studies in
children and adults have shown associations between
short-term and long-term exposure to PM2-5 or
PM10 and increased health-care use; these associations
are generally partially attenuated but persistent after
adjustment for co-pollutants.”

Some evidence suggests PM is a cause of incident
asthma (aside from the literature on TRAP). Independent
associations between exposure to PM10 in utero and
during infancy with asthma diagnosed by a doctor were
identified in a nested case-control study within a large
birth cohort.® Although several studies have identified
associations between asthma prevalence and exposure to
outdoor PM,"** this finding has not always been
consistent.” Furthermore, PM is frequently strongly
correlated with ozone, nitrogen oxides, and sulphur
oxides, serving to confound these associations. In
summary, substantial evidence supports the idea that
ambient levels of PM exacerbate existing asthma,
particularly by contributing to oxidative stress and
allergic inflammation, and some evidence exists in
support of PM as a cause of new cases of asthma.

Gases

In view of the central role of oxidative stress in asthma
morbidity associated with air pollutants, oxidising gases
continue to be an area of substantial research.
Ground-level ozone is formed by photochemical
reactions between sunlight and pollutant precursors,
such as nitrogen oxides and volatile organic compounds,
especially in warm conditions and peaks in summer
temperatures.® Nitrogen oxides, including nitrogen
dioxide, are formed primarily by the reaction of ozone
with nitric oxide emitted during fossil fuel combustion;
as a result, steep concentration gradients of nitrogen
oxides exist near sites of nitrogen oxide emission (eg,
roadways) and relative depletion of ozone occurs in
these sites.” Indoor exposure to nitrogen dioxide derives
from appliances that burn natural gas. The main sources
of sulphur oxides in the developed world are primary
emissions during energy production or industrial
processes. These gaseous pollutants vary substantially in
their environmental persistence and oxidising capacity;
whereas ozone is a potent oxidising agent, nitrogen
dioxide is a relatively weak oxidant and much debate
surrounds whether it is a cause of asthma morbidity or
just a marker of TRAP. Because sulphur dioxide is a
reductant, it probably causes asthma symptoms through
a different mechanism.

Responses to controlled exposure of short-term ozone
and sulphur dioxide at relevant concentrations have been
studied extensively. Ozone exposure results in airway
inflammation, airway hyper-responsiveness, and
decrements in lung function in healthy and asthmatic
adults,” whereas sulphur dioxide causes more prominent
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bronchoconstriction, especially in asthmatic individuals
(table 1).”* Controlled exposure to nitrogen dioxide seems
to have a mild airway inflammatory effect at high levels
of exposure that are unlikely to be encountered in non-
experimental settings, but induces little lung
inflammation at common ambient concentrations.
A 1992 meta-analysis® identified an increase in airway
hyper-responsiveness with relevant concentrations of
nitrogen dioxide, but a 2009 review” showed this effect
to be small, inconsistent, and of unclear clinical
significance. Consequently, focus has been placed on the
adjuvant role nitrogen dioxide might have in combination
with exposure to copollutants or allergens.

By contrast with the inconsistent experimental data on
nitrogen dioxide, the body of observational data
supporting its role in the exacerbation of asthma and
asthma incidence continues to grow in breadth and
consistency. Studies of asthmatic children and adults in
the past 5 years have identified associations between
nitrogen dioxide and symptoms of asthma,*” reduced
response to bronchodilators,” decrements in lung
function,” and exacerbation of asthma.”® Notable,
several studies have identified an increase in asthma
incidence or prevalence associated with exposure to
nitrogen dioxide."™ Biological plausibility for nitrogen
dioxide as a cause of asthma is supported by experimental
data from animals™ and controlled exposures of healthy
and asthmatic adults,”” showing enhanced pulmonary
neutrophilic inflammation and the promotion of a
Th2/Th17 phenotype, although not all studies of
asthmatic patients showed such an effect of nitrogen
dioxide.” Despite weaknesses in toxicological data,
consistent results from observational studies over a
broad range of exposures and in diverse populations
suggest that nitrogen dioxide is associated with
significant morbidity in asthmatic individuals and might
be a cause of incident asthma.

Although short-term exposure to ozone has been well
documented as a cause of asthma exacerbation in adults
and children,”” whether long-term exposure can lead to
new-onset asthma is somewhat less clear. Studies of
adult-onset asthma have identified an increased risk
associated with ozone exposure, although this effect was
restricted to male individuals.”* In children, ozone has
been associated with incident allergic sensitisation, a
known risk factor for subsequent asthma, and prevalence
of wheeze and asthma as diagnosed by a doctor.”*
Studies of asthma incidence in children have identified
an association with ozone, although the risk might be
confined to heavily exposed, physically active children.”*
Taken together, the available evidence suggests that
ozone might be a cause of new-onset asthma in some
subgroups of children.

Although exposure to sulphur dioxide has been greatly
reduced in the developed world through the use of
scrubbing equipment in coal-fired power plants and
energy sources other than coal combustion, it is a
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Figure 4: Compartmental deposition of particulate matter

problem in developing countries. A study" from China
noted an association with sulphur dioxide and both
asthma prevalence and current symptoms among
children, especially in those with atopy.

TRAP

TRAP is a complex mixture of PM derived from
combustion (including elemental or black carbon) and
non-combustion sources (eg, road dust, tyre wear, and
brake wear) and primary gaseous emissions including
nitrogen oxides. These primary emissions lead to the
generation of secondary pollutants such as ozone,
nitrates, and organic aerosol. Intense experimental and
epidemiological research has greatly advanced our
understanding of the role of TRAP in asthma and disease
mechanisms underlying this association, facilitated in
part by advances in modelling that allow improved spatial
resolution of exposure than can be provided by central
site air quality monitors. Concentrations of many of the
constituent pollutants in TRAP diminish quickly with
distance from roadways. A 2010 review" suggested that
distances within 300-500 m of roadways were the most
relevant for effects on human health. In large North
American cities, 30-45% of people live within this
distance of a major roadway, and the burden of near-
roadway exposure seems to be even higher in many
European cities.?

Diesel-exhaust particles, in isolation, have inconsistent
effects in animals and in vitro.*** However, exposure to
such pollutants concomitant with or after sensitisation to
a variety of allergens, results in oxidative stress, airway
hyper-responsiveness, enhanced neutrophilic and
eosinophilic airway inflammation, and a switch to
Th2/Th17 phenotypes. Mice exposed prenatally to
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Ozone Nitrogen dioxide Sulphur dioxide
Bronchoconstriction +/- = ¥
Decreased FEV1 and FVC + - _
Increased airway responsiveness + + -
Airway inflammation + + .
Enhanced responses to inhaled allergen + + +

FEV1=forced expiratory volume in 1s. FVC=forced vital capacity.

Table 1: Acute effects of short-term exposures to pollutant gases in asthmatic adults
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diesel-exhaust particles develop more substantial
postnatal manifestations of allergic asthma after allergen
sensitisation and upregulation of genes involved in
oxidative stress responses and polycyclic aromatic
hydrocarbon metabolism.** Controlled human exposure
of asthmatic individuals enhances non-specific airway
hyper-responsiveness, but not airway inflammation. By
contrast, healthy individuals develop airway inflammation
without airway hyper-responsiveness.***

Epidemiological studies of TRAP relying on various
exposure metrics have identified increases in respiratory
symptoms,** changes in lung function,”” and health-
care use”™” in children and adults. Notably, the
phase 3 ISAAC study, representing over 500000 children
and adolescents across five continents, identified a dose-
response association between symptoms of asthma (ever
asthma, current wheeze, and severe asthma symptoms)
and self-reported exposure to truck traffic.® Effects of
short-term ambient exposure to PM2 -5, nitrogen oxides,
and carbon monoxide were increased by exposure to
higher than median modelled traffic exposure, showing
the strength of considering both regional air pollution
and long-term TRAP exposure in studies of health
effects.” A study” of two communities in Southern
California estimated that reductions in traffic-related
nitrogen dioxide and ozone to background levels would
reduce bronchitic episodes in asthmatics by 36-70%. The
London Low Emission Zone provides an opportunity to
study the impact of reduced TRAP on asthma morbidity.*
Collectively, these data suggest that TRAP exposure,
especially in urban areas, has a tremendous effect on
disease morbidity in individuals with asthma.

A growing body of evidence supports the notion that
TRAP exposure is also responsible for cases of incident
asthma. Several recent prospective studies of children
with never-asthma at enrolment have identified an
increased incidence associated with greater TRAP
exposure.”™ A future source of information on early
exposures related to asthma incidence will be the
ENRIECO project in Europe, a collaboration of multiple
birth cohort studies.” Adults with never-asthma at baseline
have an increased risk of incident asthma associated with
TRAP.”™ In two studies,*® asthma prevalence in ten
European cities at least partially attributable to near-road
TRAP was 14% and total cases of incident asthma in Los
Angeles County attributable to traffic proximity was 8%.

In view of this growing body of evidence supporting
TRAP’s role in exacerbation of underlying asthma and,
probably, development of new cases of asthma, we suggest
additional focus be placed on assessment of the effect of
strategies aimed at reduction of these exposures.

Risk modifiers

Young children with asthma have long been regarded as
a group who are very susceptible to adverse effects from
air pollution because of their developing lungs, immature
metabolic pathways, high ventilation rates per
bodyweight, and increased time exercising outdoors.”"*
Even exposures in utero might affect postnatal risk of
asthma and asthma exacerbations.™"" Low birthweight,
which might be associated with narrow airways during
early childhood, is a risk factor for symptoms of asthma
related to air pollution.™

Asthma exacerbations are more prevalent and severe in
young boys than in girls,” and this disparity has been
attributed, at least in part, to relatively narrow airways in
early life. No consistent difference in air pollution effects
on asthma has been evident between boys and girls,
although some studies have reported differential
responses based on sex.”™ In adults, active asthma is
more prevalent among women than men,"” but again no
consistent sex-based difference in risk has been noted for
exacerbations related to air pollution. Elderly individuals
with asthma are likely to be at increased risk for adverse
effects related to air pollution, but scant literature is
available to support this point.

Evidence to support differences in susceptibility to air
pollution on the basis of ethnicity in asthma is also
restricted, but the incidence of asthma was associated with
exposure to air pollution in African—American and Latino
children recruited from several US cities and Puerto Rico.”
Effects of ethnicity might be confounded with those effects
associated with low socioeconomic status. Asthmatic
children of such families seem to have greater exposure to
outdoor air pollution and greater susceptibility to the
effects of pollutants than do children from families of high
socioeconomic status."” The factors that might
contribute to this susceptibility include neighbourhood
characteristics (eg, increased levels of crime, less green
space, or poor food access), stress," and diet.

Dietary factors can play a part in susceptibility to
pollutant effects independent of socioeconomic status.
The body of evidence on the protective effects of a diet
high in fruits and vegetables and of antioxidant vitamin
supplements is sufficient to support an important role
for oxidative stress in the pathways by which outdoor
air pollution adversely affects asthma.®™™ Obesity
might also increase susceptibility to the adverse effects
of air pollution."*"*

Because secondhand tobacco smoke is a mixture that
includes gases and respirable PM and is known to
adversely affect asthma, it would be expected to be a
modifier of the effects of air pollution. Some evidence is

www.thelancet.com Vol 383 May 3, 2014



Series

available to support this expectation.”" What is clear is
that polymorphisms of genes (GSTM1, GSTP1, and TNF)
that have been associated with susceptibility to adverse
asthma outcomes from exposure to air pollutants have
also been associated with increased risks from exposure
to secondhand smoke."""®

Clinical implications

One strategy to reduce exacerbations of asthma related
to air pollution is for local governments to issue smog
alerts on days when ozone or PM2-5 levels are forecast
to be high (table 2). Individuals with asthma and other
pre-existing cardiopulmonary disorders are urged to stay
indoors on such days. Clinicians should encourage
patients with asthma (and advise parents of children
with asthma), to avoid unnecessary outdoor activity,
especially if it entails vigorous exercise that increases
minute ventilation and thus the total inhaled dose, on
days when air pollution levels are high. Avoidance of
outdoor activity on poor air quality days can be added to
a patient’s asthma management plan. For such an
avoidance strategy to be effective, however, jurisdictions
ought to publicise air quality monitoring data widely and
on a daily basis. Although data on the effectiveness of
smog alerts are scarce, some evidence suggests that
people do avoid going outdoors when alerts are issued in
Southern California (especially people with known
susceptibility).®=0"

Patients with asthma should ideally live at least 300 m
from major roadways, especially those with heavy truck
trafficc. TRAP can exacerbate asthma,®™ but
concentrations of motor vehicle emissions such as
ultrafine PM and black carbon particles decrease
substantially by 300 m.” In-vehicle exposure during
commuting with open windows can also be very high."

Treatment of exacerbations of asthma related to air
pollution need not differ from usual clinical practice. In
addition to avoidance of exposure on high pollution days,
exacerbations can be prevented by maintenance inhaled
corticosteroid therapy as several studies suggest this
approach decreases adverse responses to pollutant
exposures.”” Patients with severe asthma might be the
most likely to have respiratory symptoms with exposure
to air pollutants, despite treatment with steroids.”
Because of the potential interactive effects of air
pollutants with allergens or secondhand smoke,
avoidance of these exposures is prudent, especially
during high pollution days, which may be concurrent
with exposure to seasonal aeroallergens.

Policy issues

Motor vehicle emissions and power plants are the main
sources of both primary pollutants (eg, nitrogen oxides,
fine PM, and ultrafine PM) and secondary pollutants (eg,
ozone, nitrates, sulphates, and organic aerosol) in
developed countries. Although improved pollution
controls have reduced emissions of pollutants, growing
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less than 10 pm.

Value Health message for at-risk individuals

Low 1-3 Enjoy your usual outdoor activities.

Moderate 4-6 Adults and children with lung problems and adults with heart problems
who have symptoms should consider reducing strenuous physical
activity, particularly outdoors.

High 7-9 Adults and children with lung problems and adults with heart problems
should reduce strenuous physical exertion, particularly outdoors, and
particularly if they have symptoms. People with asthma might find they
need to use their reliever inhaler more often. Older people should also
reduce physical exertion.

Very high 10 Adults and children with lung problems, adults with heart problems, and

older people should avoid strenuous physical activity. People with asthma
might find they need to use their reliever inhaler more often.

UK Daily Air Quality Index is based on concentrations of nitrogen dioxide, sulphur dioxide, ozone, PM2:5, and PM10.
Similar air quality indices exist for many other countries, differing in the pollutants considered and recommendations
offered. PM2-5=particulate matter with a diameter of less than 2-5 um. PM10=particulate matter with a diameter of

Table 2: UK Daily Air Quality Index

evidence of adverse health effects at levels less than
present US, Canadian, and European Union standards
suggests that cleaner vehicles and energy production that
do not rely on combustion of fossil fuels will be necessary
to achieve good air quality. Climate change is projected to
increase ozone concentrations in many locations because
of increased sunshine and ambient temperature.”
Because mitigation of climate change and depletion of the
world’s oil reserves also require reduced reliance on fossil
fuels, policy initiatives to incentivise the development of
alternatively powered vehicles and renewable electricity
production might be advisable."”"*

Efforts to reduce greenhouse gas emissions would
have a major co-benefit in terms of lowering of primary
and secondary emissions of air pollution. Thus,
governments should coordinate their climate change
mitigation and clean-air regulation efforts as California is
trying to do.”” Governments could prioritise mitigation
measures that increase human health benefits from
clean air, for example by focusing on carbon sources with
the most toxic PM emissions such as coal and diesel
combustion.™ Elimination of coal burning, rather than
regulations requiring electrostatic precipitators or
scrubbers on power plant smokestacks, would maximise
reduction of carbon dioxide and PM2-5 emissions.
Increased production of power from non-fossil fuels is
key to reduction of reliance on coal combustion.

Control of air pollution in developing countries is
usually complicated by efforts to accelerate economic
growth, the costs of both alternative energy production
and control measures, and household air pollution from
the inefficient burning of solid fuels (eg, wood, dung,
crop waste, and coal). Cities in countries with rapid
economic and population growth, such as China and
India, have some of the worst air quality in the world."™
Both countries burn a lot of coal and the number of
motor vehicles on their roads is increasing rapidly.
Therefore, China’s commitment of substantial resources

1587




Series

PM 2.5 emissions per year NO, emissions per year
(kilotons per million population)

(kilotons per million population)

SO, emissions per year
(kilotons per million population)

120

100+

80

60

40

20

— USA
— UK
—— China

124

10

90+
80|
70
60|
50
40+
30
204

10

1990

T T T T T T
2000 2005 2010 2015 2020 2025 2030
Years

Figure 5: National emissions of key air pollutants for USA, UK, and China with projections to 2030
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Database.’
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into alternative power production is encouraging, as is
India’s recognition of the need to reduce domestic
cooking with biomass fuels. However, present efforts are
insufficient to address both the climate change and
public health imperatives of rapidly increasing fossil fuel
combustion for power and transportation needs
(figure 5). One concept that offers reduced reliance on
coal and provision of power in the less developed rural
areas of developing countries is decentralised or
distributed generation, referring to electricity production
at or near the point of use.”

Smart growth strategies are also necessary to reduce
vehicle travel in the megacities of developing countries
and in the developed world.”* Government investment in
efficient public transportation systems and support of
high-density, energy-efficient housing along transit
system corridors will reap long-term economic and
public health benefits. The paradox of urban
intensification is a major concern. At the neighborhood
level, improvements to public transportation will usually
be insufficient to counteract the traffic congestion effect
of increasing population density. This problem leaves
policy makers with a poor choice: intensify and accept
the local consequences or allow urban sprawl and accept
the wider consequences. To address this paradox, some
cities are implementing intensification accompanied by
parking restrictions, closing roads to traffic, congestion
pricing, and car-free zones.'

Research gaps

Although much research on air pollution and asthma
has been done in the past 5 years, major gaps in our
knowledge remain. Perhaps the most critical gap is in
our understanding of the mechanisms by which
exposure to air pollutants contributes to the onset of
asthma, especially in non-atopic children and adults.
Gene-environment interaction is an obvious focus of
future research. The biological basis for the interactive
effects of air pollution and psychological stress is
another especially intriguing area in which our
understanding is low.

In view of how important air pollution is as a trigger of
exacerbations, improved mechanistic understanding of
how these exacerbations occur is needed so that strategies
to prevent them can be developed. Although exposure to
PM2-5 and TRAP is associated with increased risk of
asthma exacerbations, which components of the
particulate mix are the most responsible is not known
(eg, fine vs ultrafine particles). Nitrogen dioxide, a
relatively mild oxidant at ambient concentrations, is
repeatedly noted in epidemiological studies as the
pollutant most associated with effects on asthma, but the
reason is unclear. Is nitrogen dioxide merely a good
marker of exposure to TRAP or is it involved in a
biological pathway leading to asthma exacerbation?
Polycyclic aromatic hydrocarbons are another class of
pollutants about which more information is needed.
Several recent papers have suggested that these
compounds play a part in both allergy and asthma in
children,®"*"* and the epigenetic pathway in which they
play a role makes these ubiquitous products of
combustion a prime target for future research.

In addition to the specific chemical characteristics of
air pollutants, another key question is whether short-
term peak exposures (eg, 1 h) versus time-weighted
averages over longer time periods (eg, 1-2 days) are
associated with increased risk of adverse asthma
outcomes. Some evidence points to peak exposures being
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more important than long-term exposure,” although
more data are needed to address this question.
Furthermore, what lag time exists between exposure to
air pollutants and clinical effect? Many studies show a
strong effect on the day after high-level pollutant
exposure, rather than on the day of exposure. Finally,
although exposure science has made great strides over
the years, assessment of individual-level exposure is
presently primarily based on either distance from air
quality monitoring stations or estimates from models.
Methods for personal monitoring might allow individuals
to assess their own exposure.

One of the most challenging tasks for air pollution
research has been how to address the fact that people are
almost always exposed to a mixture of pollutants. Effective
strategies to address this confounding are needed for both
epidemiological and toxicological studies. Cumulative
impacts of pollutant exposures in concert with other
environmental stressors (eg, stress, poor diet, or tobacco
smoke) is another challenging concept for which
innovative strategies are needed. The relative contributions
of pollutant exposures in indoor microenvironments—
home, school, workplace, transit—is also understudied,
but new technologies are in development that might allow
assessment of exposure in these locations."

The adverse effects of exposure to air pollutants might
vary over the life course such that future research should
be directed toward differential effects at different stages of
development. Even prenatal exposures to pollutants might
affect risk of disease later in life, including asthma."*"

Climate change will lead to increases in ambient
concentrations of pollutants, ozone (directly), and
nitrogen dioxide and PM2-5 (secondary to increased
energy production required for air conditioning).
Increased exposures to aeroallergens are also projected
because of lengthened growing seasons and increased
production of pollen.” Thus, improved understanding of
pollutant exposure-allergy interactions will be needed to
address the expected increased risk of asthma
exacerbations from the confluence of these effects of
climate change.

Conclusions

A substantial body of research on the effects of air pollution
on asthma has been published in the past 5 years, adding
to the body of knowledge that has accumulated over several
decades. Presently, shortterm exposures to ozone,
nitrogen dioxide, sulphur dioxide, PM2-5, and TRAP is
thought to increase the risk of exacerbations of asthma
symptoms. Increasing amounts of evidence also suggest
that long-term exposures to air pollution, especially TRAP
and its surrogate, nitrogen dioxide, can contribute to new-
onset asthma in both children and adults. Much more
about the mechanisms that are involved with exacerbations
induced by pollution and onset of asthma needs to be
understood, but oxidative stress and immune dysregulation
are probably both involved. Young children with asthma,
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especially those growing up in economically disadvantaged
neighbourhoods, are at increased risk of adverse effects
from exposures to air pollution. Unravelling which
components of the traffic pollution mixture are responsible
for asthma exacerbations and onset is a substantial
challenge. Improved air quality to prevent exacerbations
and new cases of asthma will require strong governmental
efforts to move economies in both developed and
developing countries away from combustion of fossil fuels
for transportation and energy production; this approach is
also needed to mitigate climate change.
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