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It is well known that outdoor air pollution can affect the health of
patients with asthma. Epidemiologic studies have shown that increased
levels of outdoor pollutants are associated with acute and chronic changes
in lung function, increased risk for asthma exacerbations, increased risk
for work or school absenteeism, and need for rescue bronchodilators. For-
tunately, we have also learned that reducing ambient levels of air pollutants
can decrease acute health care use for asthma and therefore improve the
quality of life of these patients [1].

The epidemiology of asthma and outdoor air pollution has shown that re-
spiratory health effects can vary in relation to different emission sources, types
of pollutants, underlying nutritional status, medication use, and genetic poly-
morphisms. Using sophisticated exposure assessment methods in conjunction
with clinical tests and biomarkers that provide mechanistic information, the
study of outdoor epidemiology and asthma has evolved into a complex mul-
tidisciplinary field. This article presents an overview of the mechanisms by
which outdoor air pollution and traffic-related emissions lead to changes in
respiratory health and lung function in subjects with asthma.
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The outdoor air pollution mix

Polluted outdoor air contains a complex mixture of particle and gas-
phase pollutants. Most epidemiologic studies on asthma and air pollution
have focused on understanding the health effects of criteria air pollutants,
which are routinely monitored by the Environmental Protection Agency
and include ozone, nitrogen dioxide, sulfur dioxide, lead, carbon monoxide,
E-mail address: fholgui@emory.edu

0889-8561/08/$ - see front matter � 2008 Elsevier Inc. All rights reserved.

doi:10.1016/j.iac.2008.03.008 immunology.theclinics.com

mailto:fholgui@emory.edu
http://www.immunology.theclinics.com


578 HOLGUIN
and particulate matter (PM) [2,3]. PM is further subdivided into coarse par-
ticulate matter or PM10 (PM with an aerodynamic diameter %10 mm), fine
particulate matter or PM2.5 (PM with an aerodynamic diameter %2.5 mm),
and ultrafine or PM1.0 (PM with an aerodynamic diameter %1.0 mm) [4].

The criteria pollutants are derived from different emissions sources. For
example, nitrogen dioxide and ground-level ozone (which results from the
effect of ultraviolet light on nitrogen dioxide) are primarily derived from
vehicle exhaust, whereas sulfur dioxide derives from combustion of sulfur-
containing fuels (eg, coal burning plants). Coarse particulate matter is
primarily derived from dispersed ground or fugitive dust; fine and ultrafine
particulate matter comes primarily from vehicular exhaust [5]. Coarse and
fine particulates differ not only in their size and physical properties, but
also in their chemical composition. PM10 is largely composed of geological
materials, in contrast to PM2.5 and PM1.0, which have larger fractions of
elemental and organic carbon [6]. These PM variations in chemical compo-
sition are associated with different toxicity profiles and can be used as
tracers of vehicular emissions. For example, elemental carbon can be used
for tracking traffic-related emissions [7].

The first challenge in studying the impact of air pollution on asthma sta-
tus is to accurately quantify exposure. Determining that a patient with
asthma may be more or less susceptible to different pollutants is easy, but
trying to understand the pollution mixture actually inhaled is practically
impossible. Exposure to different pollution mixtures can vary by location,
proximity to roads, time of day, seasonality, and other factors. Epidemio-
logic research on outdoor air pollution employs different methodologies
to overcome many of these limitations. This may include relating health out-
comes to emission sources as the main exposure of interest (eg, proximity to
roads, traffic density estimates, road densities) and use of personal air pol-
lution monitors in smaller, better-characterized panel studies. An in-depth
review of epidemiologic and exposure assessment methods used in outdoor
air pollution is beyond the scope of this article. However, there are many
different ways of associating air pollution exposure with respiratory health
outcomes and this methodological variation is often the source inconsistent
results across studies.
Outdoor air pollution and mechanisms of injury pertinent to asthma

Airway inflammation

Outdoor air pollutants are known to exacerbate asthma by causing
inflammation in the airways [8,9]. Even short-term exposures to vehicular
traffic emissions (PM2.5, PM1.0, elemental carbon, and nitrogen dioxide) in
subjects with asthma are associated with evidence of neutrophilic inflamma-
tion and reduced airway pH [7]. Evidence that outdoor air pollution leads to
airway inflammation in asthma is also supported by studies using exhaled
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nitric oxide as a biomarker. In a panel of 19 children with asthma in Seattle,
a same-day increase of 10 mm/m3 of PM2.5 was associated with increased in
exhaled nitric oxide of 4.3 ppb [95% CI 1.4–7.29] [10]. Exposure to ambient
elemental carbon has also been associated with increased exhaled nitric
oxide, suggesting that vehicular emissions may lead to increased airway in-
flammation [11].
Allergy sensitization
Outdoor air pollution may increase the risk for asthma by mechanisms
that involve increased allergic sensitization. Exposure to diesel exhaust par-
ticles (DEP) before an allergen challenge has been shown to increase Th-2
cytokine levels, when compared with allergen exposure alone. Furthermore,
DEP exposure favors lymphocyte-B cell differentiation and IgE production
[12,13]. Short-term ambient exposure to PM2.5 has also been associated with
increased allergic inflammation by increasing the proportion of eosinophils
in the nasal lavage of asthmatic children but not in healthy controls [14].
However, large-scale epidemiologic studies, such as the European Commu-
nity Respiratory Health study, did not demonstrate an association between
variations of annual average regional PM2.5 and sulfur levels and allergic
sensitization [15]. In contrast, the Study on Air Pollution and Lung Diseases
in Adults (SAPALDIA) found significant associations between allergic sen-
sitization to pollen and living near streets with higher vehicular traffic [16].
Whether or not air pollution induces allergic sensitization is debatable and
inconsistencies across studies may be the result of methodological differ-
ences [17].
Clinical and physiologic lung changes associated with outdoor air pollution

Acute changes in lung volumes

Subjects with asthma are far more susceptible than healthy subjects to the
effects of outdoor air pollution. Most studies have found that increased con-
centrations of outdoor air pollution can be associated with acute reductions
in forced vital capacity (FVC) and forced exhaled lung volume in one second
(FEV1) among persons with asthma. The magnitude and lag between
exposure and change in lung function varies considerably according to the
exposure assessment (type of pollutants being measured) and study design.
Outdoor PM10 and PM2.5 have been associated with acute reductions in
FEV1 and FVC. These reductions in lung volumes are observed either
within the same day, a few hours after exposure, or days after exposure
(lag response) [7,18].

Sulfur dioxide is oxidized in the atmosphere to sulfuric acid with resulting
acid aerosol and acid rain production. Acid aerosols are associated with
significant reductions in FEV1 and FVC. Sulfur dioxide can acutely induce
bronchoconstriction in subjects with asthma [19,20]. Moreover, ozone is
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a strong oxidizing agent well known to reversibly reduce FEV1 and FVC,
promote bronchial hyperresponsiveness, increase airway resistance, and
reduce peak expiratory flows [21,22].

Compared to subjects without chronic airway obstruction, subjects with
asthma exhibit larger reductions in FEV1 in association with exposure to
ambient nitrogen dioxide [23]. In controlled exposure chamber studies, how-
ever, investigators have failed to show FEV1 reductions in asthmatics
exposed to nitrogen dioxide [24]. Discrepancies between chamber exposure
and epidemiologic studies are not uncommon and may derive from the
fact that, in an epidemiologic study, what we attribute to be the exposure
of interest functions as a tracer or surrogate for other pollutants or a com-
plex mixture of pollutants, such as a mixture of nitrogen dioxide, PM2.5, and
other vehicular traffic–related emissions.
Chronic lung-volume changes
Understanding the chronic respiratory health effects of outdoor air pol-
lutants is more complex. It requires either a longitudinal approach in large
study populations with repeated measures of lung function and air pollution
exposure over time, or an ecological approach in which lung function values
are compared in populations across a gradient of outdoor air pollution
levels. The Children’s Health Study is a large cohort study that enrolled chil-
dren from 12 communities with varying air pollution exposure profiles
across California. Results from this cohort show that children from ages
10 to 18 years exposed to higher air pollutant concentrations have reduced
lung growth. Deficits in lung function were associated with nitrogen dioxide,
acid vapor, and PM2.5, but not with ozone [25]. Importantly, air pollution–
related lung-growth deficits occurred in children with and without asthma.
In a dynamic cohort from Mexico City that included 3120 healthy children
8 years of age at baseline and followed for 3 years, exposure to ozone, PM10,
and nitrogen dioxide were associated with significant deficits in lung growth
[26]. Results from these studies suggest that air pollution–related deficits in
lung growth prevents many children from achieving their peak lung volume.

Chronic exposure to outdoor air pollutants is also associated with in-
creased rate of lung-volume decline over time. Results from the SAPALDIA
show that long-term exposure to pollutants (nitrogen dioxide, PM10, and
sulfur dioxide) is associated with increased decline in FEV1 and FVC. For
FVC, an increment of 10 mg/m3 in PM10 was associated with a 3.4% change
in FVC [27]. The good news is that lung function can improve once exposure
to air pollution is reduced, even after long-term exposure. In the same study,
9651 adults (18 to 60 years of age and assessed in 1991 and 2002), experi-
enced an overall reduction in their outdoor PM10 exposure. The net effect
of a decline of 10 mg of PM10 per cubic meter over an 11-year period was
to reduce the annual rate of decline in FEV1 by 9% and of FEF25–75 by
16% [28]. In the California Children’s Study, participants who moved to
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communities with lower PM10 showed increased lung growth, whereas mov-
ing to higher PM10 environments was associated with reduced lung growth.
These associations were predominantly observed in children who had been
living in their new communities for at least 3 years [29].
Outdoor air pollution and asthma health status
Many epidemiologic studies have shown that increased outdoor air
pollutant levels are a significant morbidity risk for subjects with asthma.
Increased outdoor exposure to air pollution has been associated with in-
creased severity of respiratory symptoms, increased risk for asthma exacer-
bations requiring emergency department evaluation or hospitalization, and
more frequent urgent medical visits and use of asthma medications [2,4,30].
Also, higher levels of air pollution are associated with increased school and
work absenteeism resulting in a large economic cost to society [31,32].

Clearly not every subject with asthma experiences adverse respiratory
outcomes when exposed to higher levels of outdoor air pollutants. Several
factors have been shown to either increase susceptibility or confer resistance
to air pollution. The interaction between environment and genetic polymor-
phisms is an area of intense research and some recent studies are worth
reviewing.

In asthmatics, the presence of GSTM1 (glutathione s-transferase null
polymorphism) and GSTP1 (val/val genotype) has been associated with in-
creased to susceptibility to ambient ozone exposure [33,34]. The GSTM1
polymorphism, which is present in approximately 40% of the general pop-
ulation, has been associated with increased levels of nasal biomarkers of
inflammation and reduced peak expiratory flows in asthmatic children in as-
sociation with ozone [33]. Both GSTM1 and GSTP1 polymorphisms are
also associated with increased dyspnea in children with asthma exposed to
ozone [33]. The presence of GSTM1 also increases the risk for systemic
inflammation in association with traffic-related particles (black carbon
and concentration of particles) [35]. Children who are GSTM1 homozygous
and most susceptible to outdoor air pollution benefit the most from
antioxidant supplementation. Romieu and colleagues [34] showed that,
compared with placebo, children receiving antioxidant supplementation
did not exhibit ozone-related reductions in lung volumes. Antioxidant sup-
plementation was most effective in protecting children who were GSTM1
null homozygous.

Not all genetic polymorphisms have been associated with increased sus-
ceptibility. Among 3699 children participating in the children’s health study
in California, those who were homozygous for the tumor necrosis factor
a (TNF-a) 308G polymorphism (range from 71% non-Hispanic whites to
87% in Asians) had a reduced risk for lifetime asthma prevalence and
wheezing, compared with those carrying one allele. Furthermore, homozy-
gous children living in lower-ozone communities were protected from
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wheezing in relation to ozone exposure, particularly in those with the
GSTM1 polymorphism [36]. It is thought that the homozygous TNF-
a 308G polymorphism may protect from ozone exposure by reducing the
inflammatory response to oxidative stress [36].
Air pollution as a risk factor for asthma incidence
Outdoor air pollution not only exacerbates asthma, but is also a risk fac-
tor for developing new-onset asthma. For example, increased asthma
incidence has been described in children playing outdoor sports exposed
to higher ozone levels. In this study, children who played three or more out-
door sports in communities with high ozone concentrations during the sum-
mer had a relative risk of developing asthma of 3.3 [95% CI 1.9–5.8],
compared with children playing no sports. Also, the risk for asthma preva-
lence increases proportionately with increased vehicular emission exposures,
suggesting that chronic exposure to these pollutants may increase the risk of
developing asthma [37,38]. In a large study of 6000 children from six French
cities, the 3-year averaged concentration of ozone, PM10, sulfur dioxide, and
nitrogen dioxide were associated with increased odds of developing allergic
rhinitis, atopy (positive skin test), and lifetime asthma [39]. A matched case
control study by Zmirou and colleagues evaluated the risk for incident
asthma (recent medical diagnosis within the preceding 2 years) in children
of ages between 4 and 14 years and exposure to traffic density. Exposure
to traffic density was calculated retrospectively and divided into an overall
cumulative life exposure and an early life exposure (birth to 3 years). Early
life exposure to traffic density, but not the cumulative measure, was associ-
ated with increased odds for asthma incidence [40]. Results from these stud-
ies suggest that outdoor air pollutants may play a role in increasing the risk
for developing asthma and atopy, particularly early in life.
Reducing the health burden associated with outdoor air pollution
Relocating to cities with less air pollution can reduce the risk for some of
the chronic lung effects and improve respiratory health. However, this
option is probably not feasible or practical for most patients with asthma.
Health care providers should advise their patients with asthma to follow
their local air pollution forecasts to avoid outdoor exposure as much as pos-
sible during alerts. This means cutting out exercise during peak air pollution
hours [41]. This advice is useful for reducing ozone exposure in subjects who
live or work in air-conditioned environments. Outdoor avoidance may not
provide the same degree of protection from fine and ultrafine particles,
which have higher filtration coefficients and can achieve relatively high con-
centrations indoors.

Whether treatment with inhaled corticosteroids or other antiasthma med-
ications can provide relief from air pollution is unclear. In a panel of 19 chil-
dren with asthma, exposure to ambient PM2.5 was associated with increased
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exhaled nitric oxide. This association was not observed in children taking
inhaled corticosteroids (change in exhaled nitric oxide per 10 mg/m3 increase
in PM2.5 in children with inhaled corticosteroids: 6.3 [95%CI 2.6–10]; change
in exhaled nitric oxide per 10 mg/m3 increase in PM2.5 in children not on
inhaled corticosteroids: –0.77 [95% CI -4.6, 3]) [42]. In the California Chil-
dren’s Health Study, ambient ozone exposure was associated with increased
prevalence of medication use and wheezing among asthmatic children, partic-
ularly in those who spent more time outdoors [43]. However, the prevalence
of medication use in this study was a proxy for increased susceptibility to the
exposure and no data was provided to determine whether use of inhaled cor-
ticosteroids modified the association with outdoor air pollutants. Rundell
and colleagues showed that one dose of montelukast prevented bronchocon-
striction in young males exercising during exposure to high PM concentra-
tions [44]. This suggests that particulate air pollution could induce lung
function deficits via leukotriene inflammatory pathways. Two other small
exposure studies have shown that long-acting theophylline and salmeterol
may prevent sulfur dioxide–mediated bronchoconstriction [45,46]. These
results clearly need to be replicated in a larger study population. The use
of antioxidant supplementation has been shown to reduce the impact of out-
door air pollution on respiratory symptoms and decline in lung volumes [34].
However, these results stem from small panel studies and do not provide the
level of evidence needed to make broader clinical or public health recommen-
dations to use antioxidants as a secondary prevention strategy.
Traffic and asthma

Asthma and traffic-related emissions

Evidence that there is considerable spatial variability in the concentration
of traffic-related pollutants has sparked interest in assessing the health
effects associated with vehicular emissions. Several studies have found
that exposure to traffic-related emissions are associated with higher rates
of adverse respiratory health outcomes in comparison with background
air pollution exposure [47–51]. This phenomenon may be explained by the
pollutant mix properties near vehicular emission sources, including larger
concentration of fine and ultrafine particles [52] and higher concentrations
of carbon monoxide and nitrogen dioxide levels [53]. Although there is no
clear consensus on what constitutes exposure to vehicular-related emissions,
most studies have found that the rate of adverse respiratory health effects
appears to increase proportionately in relation to road-proximity [38] and
with increasing traffic density [54]. Proximity to major traffic roads and
high traffic density has been associated with higher rates of wheezing [50],
atopy [55,56], respiratory symptoms, and health care use in children [57–59].

In a cohort of 200 children aged 6 to 12 years (half of them with asthma),
the author and colleagues determined the associations between road
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densities (defined as total kilometers of roads within a defined area) near
schools and homes and exposure to outdoor air pollution (nitrogen dioxide,
elemental carbon, and PM2.5). These exposures were then related to changes
in lung volumes and exhaled nitric oxide. This study found that road density
(a proxy measure for vehicular traffic) within the 50- and 100-m buffers (ra-
dius around a geographically designated area), particularly at home, was as-
sociated with reduced FEV1 and FVC and increased exhaled nitric oxide
only in children with asthma [60]. Because road density and related traffic
volumes remain constant or change slowly, road density constitutes a persis-
tent traffic exposure. In contrast, no significant associations with the ambi-
ent levels of measured pollutants (a longitudinal exposure) were observed.
One possibility to explain this finding is the potential for exposure misclas-
sification. For example, the study’s pollutant exposure assessment may not
accurately represent exposure during a critical time window that would be
associated with changes in exhaled nitric oxide or lung volumes. Alterna-
tively, cumulative long-term exposure may be more relevant than shorter-
term peak exposures to pulmonary function in this cohort.

The effect of exposure to traffic-related emissions on respiratory health,
above and beyond the background air pollution, remains controversial.
Other studies have not shown significant associations [61–63]. Discrepancies
among studies can be partly explained by different exposure measures,
including subjective quantification of traffic density, direct measurement of
traffic counts, and exposure defined at different proximity levels to roads
with greater traffic densities. Also, an important source of bias when evaluat-
ing the effects of vehicular emissions is socioeconomic status position (SEP).
Lower SEP has been associated with road proximity and with increased vul-
nerability to the effects of air pollutants [64]. Disentangling the extent of bias
attributed to SEP in traffic studies can be quite difficult, as the SEP definition
among studies was highly variable. Additionally, other unmeasured factors,
such as noise and related stress, can be important sources of bias [65,66].
Summary

There is growing evidence that exposure to traffic-related emissions is dif-
ferent than that of background air pollutants in terms of the composition of
the pollution mix and the health risks. However, given the broad differences
in methodology and exposure assessment, it is difficult to reach a consensus
on what constitutes an exposure to ‘‘traffic- or vehicle-related emission.’’
This limitation leaves many important questions unanswered and hampers
the capacity of research to translate results into community environmental
improvements aimed at reducing health risks. For example, there is no con-
sensus regarding exposure thresholds. That is, at what distance from roads
or traffic emission sources would the exposure to vehicular emissions be
diminished to safe levels? Should we advise patients with asthma to avoid
prolonged exposure in close proximity to roads. If so, how much time
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constitutes prolonged exposure? What distance is far enough away? What
volume of traffic is tolerable? Should an asthmatic be advised not to reside
or attend school or work based on the potential for nearby traffic exposure?
The answers to these questions could have clinical implications for the car-
ing of patients with asthma and for public health policies, urban planning
and development, and other areas of society.
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