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ABSTRACT
Objectives The risk of incident asthma and bronchial
hyper-reactivity associated with early life exposure to
traffic-related air pollution has not been fully elucidated.
We aimed to evaluate the hypothesis that the risk of
new onset asthma is positively associated with early
exposure to traffic-related air pollution in a
well-characterised high-risk birth cohort.
Methods Infants at high-risk for asthma were recruited
for an intervention study. Birth year exposures to NO,
NO2, black carbon and PM2.5 were estimated by land use
regression. At 7 years of age, asthma was assessed by
a paediatric allergist and bronchial hyper-reactivity was
measured by methacholine challenge. Associations
between exposures and outcomes were analysed by
stepwise multiple logistic regression, adjusted for
potential confounding variables.
Results Exposure estimates were available for 184
children; 23 were diagnosed with asthma and 68 with
bronchial hyper-reactivity. The IQR (4.1 mg/m3) of birth
year PM2.5 was associated with a significantly increased
risk of asthma (OR 3.1, 95% CI 1.3 to 7.4) and with a trend
to increased risk of bronchial hyper-reactivity. Similar
findings were noted in association with NO and NO2,
while black carbon did not appear to confer increased risk.
Conclusion Modest elevations in exposure to some
traffic-related air pollutants during the year of birth are
associated with new onset asthma assessed at age 7.
That significant associations were revealed in spite of
a limited sample size emphasises the strengths of
a high-risk birth cohort model, along with individual air
pollution exposure estimates and well-characterised data
on covariates and outcomes.

INTRODUCTION
It is generally appreciated that traffic-related air
pollution is associated with asthma, but this has
been most commonly demonstrated for asthma
exacerbation or asthmatic symptoms.1e3 Evidence
for traffic-related air pollution-associated asthma
initiation is considerably less developed. Recently,
the association between ambient air pollution and
de novo asthma has been demonstrated in older
children4 and adults.5 6 The study of a birth cohort
has the distinct advantage of eliminating misclas-
sification regarding the presence or absence of
asthma at study initiation. Additionally, the use of
birth cohorts allows consideration of exposures
during the period of most intense immunological
and anatomical development and therein provides
insights of fundamental relevance to public health
and preventive medicine.7 8

The few studies to have so considered this
relationship between traffic-related air pollution

and incident asthma have been in populations of
average-risk children. Morgenstern and colleagues9

followed 3066 German children from birth to age 6.
They noted an increased risk of ‘asthmatic bron-
chitis’ (by parental questionnaire) with fine
particulate matter (PM2.5), although no association
was found with nitrogen dioxide (NO2). Brauer and
colleagues10 documented new asthma at 4 years of
age in 3538 children followed from birth in the
Netherlands. They noted an increased risk of
doctor-diagnosed asthma associated with both NO2

and PM2.5; similar findings were noted in follow-up
of this cohort to 8 years of age.11 In contrast to
these studies, at least one other study12 has failed
to demonstrate an association between asthma (as
assessed by parental questionnaire) and ambient
nitrogen oxides.
There is considerable interest in understanding

the risk due to environmental exposures within
vulnerable populations. Children are among those
so considered as particularly sensitive to toxic
inhalants13; those children with first-degree rela-
tives with asthma are known to have a consider-
ably increased risk of asthma.14 Therefore, the
objective of this study was to consider a population
that encompasses both of these vulnerabilities; we
hypothesised that the risk of new onset asthma
would be positively associated with early exposure
to traffic-related air pollution in a well-charac-
terised high-risk birth cohort.15 16

METHODS
Study subjects
As previously described,15 272 high-risk infants
from Vancouver were recruited (via their mothers,
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What this paper adds

< Traffic-related air pollution is associated with
asthma exacerbation, yet the association
between traffic-related air pollution and new
onset asthma is not well understood.

< This relationship has not previously been
explored in the specific context of a high-risk
population, although our ability to prevent incident
asthma may depend on such understanding.

< Our data suggest an increased risk of incident
asthma in high-risk children exposed to elevated
traffic-related air pollution in the year of birth.

< This supports the notion that policies related to
air pollution should consider effects most
demonstrable in vulnerable populations
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upon registration at a maternity hospital) and randomised into
usual care and intervention arms for a study of primary
prevention of asthma. High risk was defined as having,
according to parental report, at least one first-degree relative
with asthma or two first-degree relatives with other IgE-medi-
ated allergic disease (atopic dermatitis, seasonal or perennial
allergic rhinitis or food allergy). The multi-faceted intervention
arm included avoidance of house dust mites, pet allergens and
environmental tobacco smoke as well as encouragement of
breast feeding (with formula supplementation if necessary) and
delayed introduction of solid foods into the child’s diet,15 the
effect of which has been previously described.17

Overall study design
The main objective of our study was to determine the associa-
tion between early life exposure to traffic-related air pollution
and new onset asthma, in the context of a high-risk birth cohort.
To do so, we estimated birth year (1995) exposure to NO, NO2

and PM2.5 by land use regression and obtained paediatric allergist
assessment of asthma diagnosis, along with methacholine-based
measurements of airway reactivity, at 7 years of age.

Methods and analysis
Birth year exposures to traffic-related outdoor NO, NO2 and
PM2.5 were estimated using the residential address of each
subject and a land use regression model, as previously developed,
described and validated.18 Briefly, land use regression was
performed as follows. NO, NO2, black carbon and PM2.5 were
directly sampled at multiple sites throughout the study area in
the spring and autumn of 2003; black carbon data were collected
at 39 sites, PM2.5 data at 25 sites, and NO and NO2 data at 116
sites. Fifty-five variables describing each site in terms of location,
surrounding land use, population density and traffic patterns
were generated in a geographical information system. Linear
regression was used to model concentrations of the pollutant as
a function of the most predictive variables, and the geographical
information system was used to render the model as high
resolution (10 m) maps of annual (2003) average concentrations
across the study region. As these maps describe annual averages
for 2003, air pollution estimates for 1995 were generated by
adjusting for temporal trends using the regulatory ambient air
quality monitoring network data. Specifically, for each land use
regression model, the corresponding monitoring network data
for each pollutant were fit with monthly dummy variables and
a covariate for linear trend (Times Series Forecasting System,
SAS v 9.1). From these models, adjustment factors were applied
to each surface to estimate the 1995 annual average. Using these
data, we then computed individual subject exposure estimates
based on their residential address at birth. This approach is
supported by recent evidence of the stability of land use
regression-based exposure estimates over several years in diverse
settings.19 20

Skin testing, performed at 1 year of age, was considered
positive for atopy if both the histamine control and at least one
of the panel of 12 common antigens, administered by skin prick,
yielded a weal of at least 3 mm.15

Outcomes were assessed at 7 years of age. The primary
outcome was a diagnosis of asthma upon evaluation by a single
paediatric allergist, who was blinded to the subject’s group
assignment, residential and pollution exposure information, and
who did not provide healthcare to the child or their family.
Asthma was defined as at least two or more distinct episodes of
cough (each lasting at least 2 or more weeks), at least two
distinct episodes of wheeze (each lasting at least 1 or more

weeks), plus at least one of the following: nocturnal cough (at
least once a week) in the absence of a cold, hyperpnoea-induced
cough or wheeze at any time, or response to treatment with
b-agonist and/or anti-inflammatory drugs. Secondary outcomes
were bronchial hyper-reactivity, defined as a provocative
concentration of methacholine resulting in a 20% decrease in
forced expiratory volume from baseline (PC20) of#2 mg/ml, and
asthma defined as having both allergist-diagnosed asthma and
a PC20 of #2 mg/ml. For bronchial hyper-reactivity as the
endpoint, sensitivity analysis at a higher PC20 cut-off of 8 mg/ml,
more commonly applied to adults,21 was performed. The paedi-
atric allergist was blinded to the results of the methacholine
challenge in his assessment of asthma, as such data are rarely
available in typical clinical scenarios at 7 years of age.
All statistical analyses were performed using Stata, v 9.0.

Fisher ’s exact test was used to evaluate potential differences
between subsets of children (presented in table 1). The associ-
ations between exposure estimates and outcome measures
were analysed by multiple logistic regression analysis,
allowing an estimate of the ORs and 95% CIs associated
with an IQR increase for each pollutant. For consistency in
interpretation of ORs, and because IQRs did not differ con-
siderably between analytical subgroups (data not shown),
the IQRs determined from the total data of subjects were
used in all presentations of ORs. We selected a number of
potential confounders (maternal education, history of asthma
(in mother, father or siblings), atopic status at 1 year) and
entered these stepwise as covariates into regression models,
with a threshold significance of p<0.05 for entry into the
model, while intervention status was forced into the model.
A secondary model was run in which all covariates were
included. The following sensitivity analyses were also
performed: (a) for both asthma and bronchial hyper-reactivity,
stratifications by intervention, gender, racial and atopic status,
(b) quartile analyses for both asthma and bronchial hyper-reac-
tivity, and (c) for asthma alone, stratification by bronchial
hyper-reactivity status.
This study was approved by the Clinical Research Ethics

Board at the University of British Columbia.

RESULTS
Overall, 233 of the cohort members from Vancouver were
successfully contacted by telephone at 7 years of age; of these,
47 (21.2%) refused or were unable to travel to our study centre
for paediatric allergist assessment. Therefore, 186 children were

Table 1 Characteristics of children successfully contacted at 7 years
of age compared with Vancouver-based children in the original cohort

With
paediatric
assessment
(N[186),
n (%y)

Without
pediatric
assessment
(N[47),
n (%y)

Original
Vancouver
cohort
(N[267),
n (%y)

Male 97 (52.2)* 17 (36.2) 129 (48.3)

Caucasian 130 (69.9)* 40 (85.1) 191 (71.5)

Family history of asthma 135 (72.6) 40 (85.1) 203 (76.0)

Maternal post-secondary
education

155 (83.3) 41 (87.2) 227 (85.0)

Intervention group 100 (53.8) 27 (57.4) 138 (51.7)

Atopic at 12 months 50 (27.5) 7 (17.1)z 62 (25.3)x
*p<0.05 when compared to those without paediatric assessment.
yPercentages based on total subjects with available data for a given characteristic.
z41/47 had a skin test done at 12 months.
x251/267 had a skin test done at 12 months.
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available for follow-up at 7 years of age, representing 63% of the
Vancouver cohort entering the study at its onset. Table 1
describes the key characteristics of those who returned for
assessment and those who were unable to or refused; data for
the Vancouver-based children in the original cohort are also
provided. While those with paediatric assessment did not differ
significantly from those in the original cohort, those not assessed
by the allergist in this follow-up were disproportionately female,
Caucasian, with a family history of asthma, born to well-
educated mothers and non-atopic; all of these factors were
included in regression models. Dog ownership was rare (4.9% of
homes at any point in year 1) and did not alone significantly
predict any of the endpoints (data not shown).

Land use regression-based estimates were available for 184
children, of whom 23 (12.5%) were diagnosed with asthma. The
mean (SD) values of each pollutant, each in mg/m3 (except for
black carbon which is in absorbance units (AU) of 10�5 m), in
total and then stratified by asthma status were as follows
(figure 1): PM2.5 5.6 (2.6) (5.4 in controls, 7.0 in asthmatics), NO
35.7 (14.8) (35.2 in controls, 39.4 in asthmatics), NO2 32.6 (5.9)
(32.4 in controls, 34.4 in asthmatics) and black carbon 1.6 (1.2)

(1.6 in non-asthmatics, 1.8 in asthmatics); IQRs for each were
4.1, 12.7, 7.2 and 1.2, respectively. Pearson correlations between
pollutant measures were as follows: NOeNO2, r¼0.8;
NO2ePM2.5, r¼0.7; NOePM2.5, r¼0.5; black carboneNO, r¼0.5;
black carboneNO , r¼0.3; and black carbonePM2.5, r¼0.2.
Table 2 describes the risk for asthma, at 7 years of age, asso-

ciated with the IQR increase in the estimated exposure to each
pollutant in the year of birth. Among these outdoor air pollut-
ants, risk of asthma development is significantly (p<0.05)
increased in association with increased PM2.5, as noted in table 2.
Although PM2.5 had the largest effect estimates, there was
a trend to similarly increased risk for asthma in association with
an IQR increase in the levels of NO and NO2, but much less so
for black carbon in the total group and control subgroup. These
results did not change significantly when potential confounding
variables were included in the models. When stratified by gender
and by Caucasian (versus non-Caucasian) status, there was
a suggestion of increased risk in males and Caucasians (data not
shown).
Data for the secondary endpoint bronchial hyper-reactivity

were available for 169 children; bronchial hyper-reactivity was
present in 40% of these children at 7 years of age. There was
little risk association between bronchial hyper-reactivity and
traffic-related air pollution in terms of NO or NO2 IQRs
(respective ORs 1.1, 95% CI 0.8 to 1.5 and 1.0, 95% CI 0.6 to 1.5)
or of black carbon IQR, but there was an increased risk of
borderline significance associated with PM2.5 IQR (OR 1.4, 95%
CI 1.0 to 2.1). The use of higher PC20 cut-offs did not signifi-
cantly change these results. When stratified by bronchial hyper-
reactivity status, the risk of asthma associated with PM2.5 was
increased in those 68 subjects with bronchial hyper-reactivity
(OR 15.5 (95% CI 1.9 to 109.0) per IQR increase in PM2.5) but
not in those 101 subjects without bronchial hyper-reactivity; for
neither NO, black carbon nor NO2 did this stratification reveal
a subgroup at significant risk.
There were 13 children with both allergist-diagnosed asthma

and bronchial hyper-reactivity (PC20#2 mg/ml). The risk for
such dual conditions at year 7 associated with the IQR in esti-
mated exposure to each pollutant in the year of birth contrasted
somewhat with the risks, noted above, for asthma alone.
Notably, each of the risk estimates (for each pollutant and for
each group (total, control and intervention) was somewhat
increased in children with both conditions relative to those
having defined asthma by allergist diagnosis alone. In particular,
the risks associated with NO in both the total and control groups
achieved statistical significance (ORs 1.8, 95% CI 1.1 to 2.9 and
2.5, 95% CI 1.2 to 5.2, respectively), the risk associated with NO2

in the total group achieved borderline statistical significance
(OR 2.3, 95% CI 1.0 to 5.1; p¼0.05) and the PM2.5-associated OR,
including the lower end of the CI, increased to 14.1 although
with a wide CI (2.2 to 88.8), reflecting instability in this estimate
due to the small number of children with both conditions. The
risk associated with black carbon remained insignificant.
Regarding analyses by exposure quartile, risk for asthma

increased monotonically with increasing exposure quartiles for
NO and PM2.5. No such clear doseeresponse trend was evident
for NO2, although risk estimates for the second and higher
quartiles were elevated relative to the first quartile. While there
was no clear dose-related effect on bronchial hyper-reactivity
risk alone, the risk for the combined condition of allergist-diag-
nosed asthma and bronchial hyper-reactivity was most elevated
in the higher exposure quartiles (table 3). Given the relatively
attenuated risks noted above in association with black carbon,
black carbon quartiles were not included in this analysis.

Figure 1 Characteristics of exposure estimates for the study cohort
according to asthma status. The bars represent minimum and maximum
values, the box represents the first and third quartile and the line within
the box represents the median. (A) NO, NO2, PM2.5; (B) black carbon.
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DISCUSSION
In children at high risk for asthma, exposure to elevated PM2.5,
even at relatively low levels, is associated with risk of new onset
asthma. To our knowledge, this study is the first to have used
a high-risk birth cohort to examine the effect of traffic-related air
pollution on incident asthma and one of the first birth cohort
analyses associating traffic-related air pollution with incident
asthma in North America. The use of a high-risk design enriches
the cohort for asthma cases and empowers the study to detect
effect even with a relatively modest sample size. Compared to
a study of children drawn from the general population that
yielded similar risk estimates,10 our high-risk population had
three times the prevalence of asthma. Other strengths of this
study, to which our positive results likely are in part attribut-
able, include the use of a unique and blinded paediatric allergy
specialist to administer a structured interview for the clinical
diagnosis of asthma; it has been shown that allergy specialists’
diagnoses differ considerably from those of generalists.22

Furthermore, the use of land use regression to obtain more
precise individual exposure estimates may account in part for
our ability to document significant risk in this population.

The sensitivity analyses on the risk of asthma are supportive
of the overall findings, in particular the finding that asthma risk
was greatest in the control subset and that this was true for each
pollutant, although most clearly apparent for PM2.5. There was
concern that the intervention, in spite of having been accounted
for in multivariate regression, could distort analytical results, yet

this concern is moderated in the control group subset analysis.
Furthermore, the finding of increased risk in the control group is
concordant with the hypothesis of synergy between allergens
and non-allergen pollutants.23 In previous analyses, we have
shown that exposures to classical aeroallergens (ie, dog allergen)
that could so synergistically interact with particulate matter or
nitrogen oxide exposure were reduced by the study intervention
and were consequently higher in the control group.17 One might
further speculate on why the control group demonstrated higher
risk. For example, it is possible that breast feeding (part of the
intervention) in some way protected against asthma. However,
our study design does not allow formal testing for such
hypotheses. While it is possible that unmeasured confounding
could affect our results, we have tried to limit this by our
consideration and inclusion, in analyses, of covariates.
That the association with asthma was stronger for PM2.5 than

for nitrogen oxides reflects a pattern noted by the most similar
prior studies to date9 10 and thereby bolsters the suggestion that
the particulate pollution related to traffic may be somewhat
more potent in terms of asthma initiation. This may have
important public health, policy and regulatory implications and
so should be further investigated.
The suggestion of increased bronchial hyper-reactivity risk

associated with PM2.5 in the context of a birth cohort, although
of borderline statistical significance, is particularly noteworthy
in that it is rare to obtain such data at this age; one prior similar
analysis did not find increased risk.11 The risk of bronchial
hyper-reactivity associated with each of the measured pollutants
was modest relative to that noted for asthma. There are several
possible explanations for this. The most likely reason for the
discrepancy between traffic-related air pollution-associated risk
of asthma versus that of bronchial hyper-reactivity is that the
diagnosis of asthma is a clinical one reflecting a complex set of
pathophysiological processes that, in some, are highlighted by
active inflammation rather than airway reactivity alone.24 This
notion is supported by the markedly increased risk estimate
(admittedly, with a large CI) for the condition of both paedia-
trician-diagnosed asthma and bronchial hyper-reactivity. An
alternative explanation is that there was a bias towards over-
diagnosis of asthma, disproportionately in those with higher
traffic-related air pollution levels, but we can find no credible
hypothesis to support such a bias in this blinded clinical evalu-
ation. Regardless, evaluation of risk associated with the condi-
tion of having both allergist-diagnosed asthma and bronchial
hyper-reactivity, perhaps the most robust definition of clinically-
relevant asthma, showed the most pronounced traffic-related air
pollution-related risk.
Although attenuated by the above-noted strengths, the

greatest study limitation is probably the modest sample size,
which limits precision in effect estimates. Notably, however,
even the lower confidence limit for the risk of asthma associated
with the PM2.5 IQR (1.3) is of significant public health concern
and is remarkably consistent with estimates from several studies

Table 2 ORs* (95% CIs) for allergist-diagnosed asthma, per IQR increase in to outdoor NO, NO2, black
carbon and PM2.5

Pollutant (IQR) NO (12.7 mg/m3) NO2 (7.2 mg/m
3) Black carbon (1.2 AU) PM2.5 (4.1 mg/m

3)

Total (n¼184) 1.2 (0.9 to 1.7) 1.5 (0.9 to 2.5) 1.1 (0.7, 1.9) 3.1 (1.3 to 7.4)

Control (n¼84) 1.7 (1.0 to 2.8) 1.9 (0.9 to 4.0) 1.2 (0.6, 2.3) 4.1 (1.2 to 13.8)

Intervention (n¼100) 0.8 (0.4 to 1.6) 1.3 (0.6 to 2.9) 1.1 (0.5, 2.5) 2.1 (0.6 to 7.1)

NO, nitric oxide; NO2, nitrogen dioxide; PM2.5, particulate matter of mean aerodynamic diameter # 2.5 mm.
*ORs for total group adjusted for intervention group, atopy at 12 months, ethnicity, gender, mother, father or sibling history of asthma,
and maternal post-secondary education.
IQR, interquartile range, based on data from all subjects.

Table 3 Risk (ORy (95% CI)) of asthma, bronchial hyper-reactivity
(BHR) and both conditions by quartile (relative to first quartile) for NO,
NO2 and PM2.5

Asthma BHR (PC20 £2) Asthma and BHR

NO

#27.7 1 1 1

27.7e32.4 0.8 (0.2 to 3.3) 1.0 (0.4 to 2.4) 2.1 (0.3 to 15.1)

32.4e40.3 1.4 (0.4 to 5.2) 1.1 (0.5 to 2.6) 1.8 (0.2 to 12.8)

>40.3 1.8 (0.5 to 6.1) 1.0 (0.4 to 2.2) 3.3 (0.5 to 20.5)

NO2
#28.4 1 1 1

28.4e32.2 1.9 (0.3 to 5.7) 0.8 (0.3 to 2.0) 0.9 (0.1 to 7.7)

32.2e35.6 3.4 (0.8 to 14.0) 0.8 (0.3 to 1.9) 2.3 (0.4 to 15.1)

>35.6 2.1 (0.5 to 8.4) 0.7 (0.3 to 1.7) 3.1 (0.5 to 19.3)

PM2.5*

#3.70 1 1 1

3.70e5.11 2.3 (0.4 to 13.4) 0.7 (0.3 to 1.7) e

5.11e7.79 3.4 (0.6 to 18.7) 1.5 (0.6 to 3.5) 4.9 (0.8 to 29.5)

>7.79 7.0 (1.4 to 36.0) 1.4 (0.6 to 3.5) 11.7 (2.1 to 65.5)

NO, nitric oxide; NO2, nitrogen dioxide; PM2.5, particulate matter of mean aerodynamic
diameter #2.5 mm.
*Analysis performed based on lnPM2.5 given skewed distribution of PM2.5; equivalent
quartiles presented here.
yORs adjusted for intervention group, atopy at 12 months, ethnicity, gender, mother, father
or sibling history of asthma, and maternal post-secondary education.
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with larger sample sizes that also used land use regression to
assess traffic-related air pollution exposure as summarised by
a recent report.25 Our population was at higher risk for asthma
than a population-based cohort in the same geographical area
using the same land use regression model26 and by Brauer et al in
a larger birth cohort10; this may contribute to the higher overall
estimate of risk in our study. Another potential limitation is
extrapolation of the land use regression-based estimates over
time; however as previously noted, recent evidence suggests that
such extrapolation is reasonable over relatively few years as in
our study.19 20 Although it appears that there have not been
major changes in the road network between 1995 and 2003, this
issue of temporal stability of land use regression models is
a subject of current research by our group as well as others.

In summary, the IQR of PM2.5 (4.1 mg/m3) among children
with a family history of asthma in Vancouver, British Columbia
was associated with increased risk of new-onset asthma (OR 3.1,
95% CI 1.3 to 7.4) and a suggestion of increased risk of bronchial
hyper-reactivity. This has important implications for public
health, particularly regarding the protection of sensitive popu-
lations regarding ambient air pollution. The pollutant inter-
quartile ranges in our study are modest by international
standards but similar to those in related European studies,6 7

suggesting that even current ambient traffic-related air pollution
levels in the developed world may require further control.
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