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ABSTRACT: The aim of this study was to evaluate the impact of urban air pollution, assessed

through reliable indicators of exposure, on asthma and allergies in schoolchildren.

A validated dispersion model combining data on traffic conditions, topography, meteorology

and background pollution was used to relate 3-yrs averaged concentrations of major urban

pollutants at the sites of schools to skin prick tests, exercise-induced asthma and reported

asthma and allergies in 6,683 children (9–11 yrs) attending 108 schools randomly selected in six

French communities.

For the 4,907 children who had resided at their current address for the past 3 yrs, asthma

(exercise induced, past year and lifetime) was significantly positively associated with benzene,

SO2, particles with a 50% cut-off aerodynamic diameter of 10 mm (PM10), nitrogen oxides (NOx)

and CO. In the same children, eczema (lifetime and past year) was significantly positively

associated with benzene, PM10, NO2, NOx and CO, lifetime allergic rhinitis with PM10 and

sensitisation to pollens with benzene and PM10. Among the 2,213 children residing at their current

address since birth, the associations persisted for lifetime asthma with benzene (adjusted OR per

interquartile range (95% CI) 1.3 (1.0–1.9)) and PM10 (1.4 (1.0–2.0)), and for sensitisation to pollens

with volatile organic compounds (1.3 (1.0–1.9)) and PM10 (1.2 (1.0–1.9)).

Accurately modelled urban air pollution was associated with some measures of childhood

asthma and allergies.
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O
ver the past 35 yrs, the prevalence of
asthma and allergies has increased con-
siderably worldwide, particularly in

industrialised countries [1]. This phenomenon is
attributable to multiple factors. Air pollution has
also considerably changed over the last decades.
Since 1980, concentrations of SO2 and coarse
particles, mainly emitted from industry, have
significantly decreased in industrialised coun-
tries, while concentrations of traffic-related air
pollutants (TAP) (nitrogen oxides (NOx), small
particles and organic compounds) have increased
steadily due to the growing number of motor
vehicles, especially in urban areas where road
traffic has become the main source of air
pollutant emissions [2]. The evolution of the
nature of the air pollution mix may have
contributed to the epidemic of asthma and
allergies [3].

Numerous epidemiological studies have demon-
strated that short-term exposure to elevated
concentrations of urban air pollutants can exacer-
bate pre-existing asthma [3, 4]. Nevertheless,
adverse effects of long-term exposure are less
clear. Whereas most of the initial studies
described no relationship between the long-term
exposure indicators and asthma and allergies
[5–7], recent studies suggest that TAP may
increase the prevalence of asthma and allergies
[8–15], even if the results remained mixed [16].

The inconsistency in these results may be due to
the use of different urban air pollution indicators,
which are prone to exposure misclassification
[17]. Some studies have used direct measure-
ments outside the home, but most of the time
only during periods of several weeks [9, 15].
Indeed, direct measurements of pollutants are
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more complex to implement when the number of subjects is
high and the duration of exposure is long. Thus, most studies
have used pollutant concentrations measured at central
monitoring stations [5, 6]. These measurements provide a
good estimate of background concentrations; however, they
underestimate the actual levels of TAP and fail to account for
their local spatial variability within a community. To overcome
these problems, numerous studies have included surrogate
measures such as traffic density or distance to a major road
[7, 13, 14, 16]. A disadvantage of these exposure indicators is
that they describe the pollutant emissions without taking
dispersion conditions into account. A potential solution to
obtain reliable estimates of urban air pollution exposure is the
use of regression [18, 19] or dispersion models [20, 21].
However, to date, these models have rarely been implemented
in population-based studies [8–10, 13, 22].

The objective of our cross-sectional study was to assess the role
of urban air pollution in the prevalence of respiratory and
allergic outcomes in a representative population-based sample
of French schoolchildren living in six communities. There were
three unique aspects of this study. 1) The use of long-term
exposure estimates derived from one of the most sophisticated
dispersion models capable of capturing the important small-
area variations in major traffic pollutants within communities.
2) The repeated sensitivity analysis among children residing at
their current address since birth to reduce exposure misclassi-
fication. 3) The important number of potential confounders or
modifiers that were taken into account. To date, this study has
already reported associations between allergic health and air
pollution indicators, namely long-term background concentra-
tions from fixed stations [23], and 1-week measurements at
school [24], which were used to assess long-term exposure to
background air pollution and short-term exposure to proxi-
mity urban air pollution, respectively. These indicators are
easy to obtain but are less reliable at assessing exposure to
urban air pollution than the more accurate indicators built
through a dispersion model that we propose [21]. The use of
more reliable exposure indicators will reduce exposure
misclassifications, which may have led to an attenuation of
air pollution effect estimates.

MATERIAL AND METHODS

Participants
Between March 1999 and October 2000, 9,615 children (mean
age 10.4 yrs) were recruited to participate in the French Six
Cities Study, which was intended to estimate the prevalence
and the severity of asthma and allergies, and to identify the
associated risk factors. The sample was taken from all pupils in
the 401 relevant classes from 108 schools randomly selected in
the six French communities (Bordeaux, Clermont-Ferrand,
Créteil, Marseille, Strasbourg and Reims), which were chosen
for the contrast in their air quality.

Protocol
The study design included a standardised questionnaire,
completed by the parents, and a clinical examination,
conducted by a trained physician, according to an enhanced
version of the International Study of Asthma and Allergies in
Childhood (ISAAC) standardised protocol (ISAAC II) [25].

The questionnaire contained the core ISAAC questions on
respiratory and allergic diseases [26], how these were managed
and their potential risk factors. The clinical examination
included a skin prick test (SPT) to common aeroallergens to
assess allergic sensitisation and the standardised protocol of
the run test to assess exercise-induced asthma (EIA) (refer to
supplementary material). The research protocol was approved
by the National Ethics Board (Comité Consultatif de Protection
des Personnes se prêtant à des Recherches Biomédicales) and
all children and parents gave written informed consent.

Health outcomes
Health outcomes were classified as follows. 1) Objective
diagnosis during the clinical examination: EIA, defined as a
decrease in peak expiratory flow after the run test .10%, and
sensitisation to pollens, defined as at least one positive SPT to
the tested pollens. 2) Reported symptoms during the last
12 months: asthma, rhinoconjunctivitis and eczema in the last
1 yr. 3) Reported diagnosis during life: lifetime asthma, allergic
rhinitis and eczema. The methods used to assess the six
reported outcomes through the replies to the ISAAC questions
[23] are briefly summarised in the supplementary material.

Exposure assessment
Long-term exposure of the 6,683 children for whom complete
health data were available (refer to the supplementary material
for details on the participation rate) was assessed through 3-yr
averaged (from 1998 to 2000) concentrations of major urban air
pollutants (benzene, volatile organic compounds (VOC), SO2,
particles with a 50% cut-off aerodynamic diameter of 10 mm
(PM10), NO2, NOx and CO), estimated through the validated
STREET 5 software (Targeting, Versailles, France), at the 108
school addresses. Home addresses were not available.

The implemented methods, as described previously [21], are
briefly summarised below. To obtain annual mean concentra-
tions of air pollutants, STREET, which is based on a dispersion
model, combines data on both a regional component (back-
ground air pollution) and a local component, which depends
on both traffic emissions and local dispersion conditions
(topography and meteorology) in the modelled street segment
(refer to supplementary material).

Statistical analysis
The analyses were restricted to the children residing at their
current address for o3 yrs (n54,907), in order to limit
exposure misclassification. Sensitivity analyses were repeated
among the children residing at their current address for
o8 yrs (n52,834), and among those residing at their current
address since birth (n52,213).

Marginal models were applied to assess the associations
between exposure to each air pollutant and health outcomes,
in order to take into account the potential non-independence of
data for children living in the same community. The
parameters of the marginal models were estimated by the
generalised estimating equation approach using SAS PROC
GENMOD (SAS Institute, Cary, NC, USA) with an exchange-
able working correlation structure using the community as a
stratum. The models were adjusted for age, sex, older siblings,
family history of allergy, parental education, mother’s ethnic
origin and potential sources of indoor pollution at home
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(smoking, mould or dampness, natural gas used for heating,
cooking or water-heater, and pets). Details on the selection of
adjustment factors including the study of the interactions
between potential modifiers and air pollutants are available in
the supplementary material. All odds ratios (ORs) are
presented against interquartile range increases in air pollution
concentrations.

Statistical significance was assessed using a two-sided test at a
5% level of significance. Regarding the power of the study,
even after excluding children who changed residence during
the last 3 yrs, our study was able to detect with a power of 80%
(associated to a two-sided test and a type I risk a55%) an OR
of 1.17 (and ORs of 1.19, 1.23, 1.25 and 1.36, respectively) for an
outcome with a prevalence of 25% (and 20%, 12%, 10% and 5%,
respectively) among children with a low exposure to PM10

(low exposure: n52,447; high exposure: n52,460; the two
categories of exposure low versus high were defined with
respect to the median value of the distribution of the
concentrations at schools). Version 9.1 of SAS System for
Windows (SAS institute, Cary, NC, USA) was used for the
analyses.

RESULTS

Exposure to air pollutants
Figure 1 shows the distribution of the pollutant concentrations
calculated by STREET at the 108 schools. 64% of the schools had
concentrations of NO2 above the World Health Organization
guideline value of 40 mg?m-3 and 76% of the schools had
concentrations of PM10 above the World Health Organization
guideline value of 20 mg?m-3. Modelled concentrations of
pollutants were highly correlated (refer to supplementary
material). For each pollutant, concentrations differed consider-
ably between the six communities (table 1). Concentrations are
also shown separately for each school in the supplementary
material. Associations between pollution exposure and poten-
tial confounders are described in the supplementary material.

Population characteristics
Table 2 summarises the characteristics of the study population,
namely the 4,907 children residing at their current address for
o3 yrs. The 1,776 children excluded from the analysis did not
differ significantly from the others in terms of the recorded
characteristics; however, they did differ in the following four
factors: 1) family history of allergy was less prevalent among
them than among the study population (33.5% versus 37.1%,
p50.007); 2) they were less likely to have an older sibling
(41.5% versus 43.1%, p,0.001); 3) their parents were less
frequently natives of metropolitan France (p,0.001); and 4)
there were fewer cases of mould or dampness in their home
(15% versus 17.6%, p50.01).

Table 3 shows the prevalence of health outcomes. When
comparing the study population with the children excluded
from the analysis no significant differences were found for all
health outcomes listed in table 3 (refer to supplementary
material).

The associations between health outcomes and potential
confounders are described in the tables within the supple-
mentary material. To summarise, health outcomes, except EIA,
were related to sex and family history of allergy. Parental

education, mother’s ethnic origin and the four potential
sources of indoor pollution at home were related to several
health outcomes. No significant relationship was observed
with older siblings.

Associations between pollutants exposure and health
outcomes
The associations between pollutants exposure and health
outcomes are described in table 3. An increment for an
interquartile range of the concentrations of benzene, SO2,
PM10, NOx and CO was associated with an increased risk for
suffering from EIA. Interquartile range increases in concentra-
tions of benzene, SO2, NOx and CO were associated with
asthma in the past year; benzene, SO2, PM10 and CO with
lifetime asthma; benzene, PM10, NOx and CO with past year
eczema; PM10, NO2, NOx and CO with lifetime eczema;
benzene and PM10 with sensitisation to pollens; and PM10

with lifetime allergic rhinitis.

Sensitivity analyses repeated in the 2,834 children residing at
their current address for o8 yrs resulted in similar or even
higher ORs. However, the confidence intervals were slightly
wider, most likely due to the smaller sample size. The
associations which remained significant or for which ORs
were not stable are shown in figure 2. The associations of
lifetime asthma with benzene, SO2 and PM10 and of sensitisa-
tion to pollens with PM10 were particularly robust. Restricting
the analyses to the 2,213 children who have resided in their
current home since birth yielded ORs similar to those obtained
for the 2,834 8-yr resident children. In spite of the reduction of
the sample size, the associations of lifetime asthma with
benzene (1.3 (1.0–1.9); p50.04) and PM10 (1.4 (1.0–2.0); p50.05)
remained significant. Moreover, a borderline significance
existed in the case of the associations of sensitisation to pollens
with VOC (1.3 (1.0–1.9); p50.07) and PM10 (1.2 (1.0–1.9);
p50.10).

Three additional analyses, including stratification on potential
modifiers, application of a two-stage mixed model and
application of a single-stage logistic model confirmed the
results (refer to supplementary material).

DISCUSSION
For children residing at their current address for o3 yrs, the
risk for suffering from asthma, eczema, allergic rhinitis and
sensitisation to pollens was significantly higher in neighbour-
hoods of schools with higher concentrations of some of the
major urban pollutants, mainly influenced by traffic emissions.
The associations of lifetime asthma with benzene and PM10 are
particularly robust because they remain significant even
among children residing at their current address since birth.
Among these same children, the associations of sensitisation to
pollens with VOC and PM10 reached borderline significance.

Our associations between asthma and urban pollution are
consistent with results reported by recent epidemiological
studies. Indeed, TAP have been associated with increased
prevalence of wheezing [8, 10], symptoms [10], diagnosis [8, 9,
12, 13] and incidence [8, 15] of asthma, even though several
studies failed to show significant associations [7, 16], most likely
due to exposure misclassification. The few studies, which
analysed associations of traffic exposure with allergic rhinitis
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[7, 10, 11, 14] and eczema [8, 14], however, showed mixed
results. Our results for sensitisation to pollens are consistent
with previous reports of associations between outdoor particles
with a 50% cut-off aerodynamic diameter of 2.5 mm and
sensitisation to pollens [14]. Two studies have also shown
associations between allergic sensitisation and TAP, but only if
the analyses were restricted to urban areas [11] or to the children
additionally exposed to smoking at home [10].

Observed associations of urban pollutants with asthma and
allergies are also biologically plausible [27]. Experimental
studies have shown that TAP, specifically diesel exhaust
particulates, one of the major contributors to PM10 in urban
areas, enhance allergic response to inhalants allergens [28] and
even have a direct inflammatory effect [29]. Long-term
exposure to TAP mixtures, which contain small particles and
organic compounds, like benzene, may provoke chronic
oxidative stress and can eventually contribute to the develop-
ment of asthma and allergies [30].

To our knowledge, our study is the first with model-based
concentrations of such a large number of urban pollutants.
Although the high correlations between the different pollu-
tants prevents us from analysing the effect of specific
pollutants [21], associations with PM10 and benzene, which is
an excellent indicator of exposure to TAP mixtures, are
particularly robust. Despite low outdoor levels, SO2, which is
not a good proxy for traffic exposure, may still contribute to
asthma, which is consistent with previous reports [31]. NO2

might be a marker of some other TAP that is responsible for
increasing asthma risk [9] because indoor NO2 is not related to
asthma, contrary to outdoor NO2 [11].

A major strength of our study lies in the exposure assess-
ment. First, we used STREET 5, which is capable of model-
ling small-scale variations in urban pollution thus reducing
misclassifications in exposure [21]. However, because pollu-
tant concentrations were calculated only at schools exposure
errors might have occurred, even if children generally live
within 500 m of their school in urban areas in France and
even if exposure at school represents an important compo-
nent of their exposure experience. These exposure misclassi-
fications would err towards an underestimation of the effects,
but in no way to a bias. Secondly, we built 3-yr averaged
concentrations of pollutants, whereas studies based on
direct measurements generally used average concentrations
obtained over several weeks to estimate long-term exposure.
Moreover, to limit exposure misclassification due to moving,
analyses were restricted to the children residing at their
current address for o3 yrs. The sensitivity analyses in long-
term residents (o8 yrs at the same address) also corroborate
our findings.

Another strength of our study is our use of internationally
validated indicators [25] of asthma and allergic morbidities,
and objective tests to determine EIA and allergic sensitisation.
Moreover, because parents were not aware of the specific focus
of the study on air pollution at the time the questionnaire was
completed and because clinical examination was performed
blindly with respect to exposure status by physicians certified
in their ability to obtain comparable measures, reporting bias
and misclassification are minimised.
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TABLE 1 Concentrations of air pollutants calculated by STREET 5 according to the communities in the French Six Cities Study

Air pollutants

mg?m-3

Bordeaux# Clermont-Ferrand" Créteil+ Marseille1 Reims+ Strasbourge

Benzene*** 2.4 (1.0–4.4) 2.3 (1.5–4.1) 2.3 (1.7–3.6) 3.3 (2.2–5.1) 1.5 (1.3–2.0) 2.5 (1.6–4.3)

VOC*** 20.6 (0.4–62.0) 18.2 (0.5–53.4) 19.0 (0.7–55.1) 30.1 (0.5–73.5) 3.8 (0.5–15.6) 12.3 (0.9–46.2)

CO*** 521.8 (303.8–873.8) 560.2 (424.1–872.4) 619.0 (504.7–870.6) 637.5 (433.5–988.1) 381.4 (304.5–509.9) 584.6 (407.5–893.8)

NO2*** 37.0 (17.8–59.3) 44.7 (29.3–63.0) 56.6 (51.6–78.9) 50.6 (40.5–62.6) 30.5 (22.6–40.0) 42.8 (34.8–58.6)

NOx*** 69.6 (23.3–148.0) 79.0 (44.1–144.3) 108.6 (70.6–195.2) 88.1 (44.6–138.5) 51.6 (40.8–73.6) 75.8 (43.5–138.2)

PM10*** 26.4 (10.0–40.0) 25.4 (13.0–39.0) 30.3 (23.0–52.0) 33.3 (27.0–41.0) 19.7 (18.0–24.0) 24.9 (20.0–35.0)

SO2*** 8.5 (5.0–11.2) 4.8 (2.4–6.9) 8.8 (7.7–11.1) 13.2 (10.7–16.4) 4.1 (3.1–6.7) 10.6 (7.4–14.8)

Data are presented as mean concentrations among the n schools of the community (minimum of the concentrations of the n schools of the community-maximum of the

concentrations of the n schools of the community). VOC: volatile organic compound; NOx: nitrogen oxides; PM10: particles with a 50% cut-off aerodynamic diameter of

10 mm. #: 16 schools; ": 18 schools; +: 21 schools; 1: 17 schools; e: 15 schools. ***: p,0.001 ANOVA (Fischer test).
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The high number of potential confounders and modifiers that
were taken into account, either directly through adjustment
and stratification or through the marginal model (climate,
pollens, socio-cultural factors and diet), which enabled us to
control the potential community effect, is another strength of
our study.

In future studies we hope to be able to measure indoor
pollutants even if questionnaire-derived data on indoor home
air quality are available and taken into account through
adjustments. Although recent studies have shown that indoor
concentrations of major TAP are highly correlated with
outdoor levels [32], some non-differential misclassification
would probably not have been avoided.

The cross-sectional nature of our study constitutes a limitation
on causal inference. However, the rank order of the 3-yr
averaged concentrations calculated at schools is likely to have
remained stable over the lifetimes of these children, due to the
fact that no major road works were undertaken in the six
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TABLE 2 Characteristics of the study population#

Factors Child Mother Father

Socio-demographics factors

Age yrs 10.4¡0.7 38.7¡5.1 41.7¡6.2

Male 49.9

Weight kg 36.1¡8.1

Height m 1.42¡0.08

BMI kg?m-2 17.8¡2.9

Older siblings 46.1

Parental education"

Primary or secondary 51.1

High school and university 48.9

Ethnic origin

Metropolitan France 76.3 74.8

French overseas departments 3.2 2.0

South Europe 4.0 4.5

Morocco, Algeria, Tunisia 8.1 9.6

Sub-Saharan Africa 2.6 2.7

Asia 2.9 3.2

Other 3.0 3.2

Family history of allergy+ 37.1

Potential sources of indoor pollution at

home

Smoking1 43.6

Mould or dampnesse 17.6

Gas## 82.1

Pets"" 47.3

Data are presented as mean¡SD or %. BMI: body mass index. #: 4,907 children

residing at their current address for at least three years; ": the highest

educational level achieved of either parent; +: if the child’s father or mother had

ever suffered from asthma, allergic rhinitis, or eczema; 1: any current exposure

to cigarettes, pipes or cigars at home; e: the current presence of damp or mould

stains at home; ##: natural gas used for heating, cooking or for a water-heater

at home (except in cellar or in garage); "": the presence of furry or feathered

pets at home (dogs, cats, rodents, ferret or polecat).
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communities between 1990 and 2000, although there may
have been some changes in the absolute traffic density. Thus,
the fact that the associations of benzene and PM10 with
asthma, and of VOC and PM10 with sensitisation to pollens,
remained robust among the children who had never moved
argues in favour of an effect of these pollutants on asthma
and allergies. However, distinguishing new incident asthma
from a recrudescence of previous symptoms remains difficult,
except in birth cohort. In a Dutch birth cohort, NO2, particles
with a 50% cut-off aerodynamic diameter of 2.5 mm and
soot modelled through a regression model were associated
with some outcomes of asthma and allergy during the first
4 yrs of life [8].

To conclude, our study showed associations between long-
term exposure to urban air pollution, assessed using a

dispersion model capable of capturing small-scale variations
within communities, and asthma and allergies. The most
robust associations were found with PM10 and benzene,
primarily emitted by traffic in urban areas. These results
corroborate an emerging body of evidence that traffic-related
air pollution could induce asthma and allergies. Because of this
emerging evidence and because of the enormous costs related
to childhood asthma and allergies, the development of
alternative fuels and transportation to reduce traffic emissions
is called for. However, additional research is needed to study
the impact of specific pollutants which are included in a
complex mixture of urban emissions. Future cohort studies
that assess intra-urban exposure by combining day-time
activity and model-based concentrations of pollutants are
needed to better understand the role of TAP on the develop-
ment of asthma and allergies.
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FIGURE 2. Associations between exposure to air pollutants and health outcomes according to the duration of residence at the address recorded during the

survey. a) Lifetime asthma, b) asthma in the last 1 yr and c) sensitisation to pollens. A: 4,907 children residing at their current address for o3 yrs; B: 2,834 children

residing at their current address for o8 yrs; C: 2,213 children residing at their current address since birth. VOC: volatile organic compounds; PM10: particles with a

50% cut-off aerodynamic diameter of 10 mm. Data are presented as OR and 95% CI obtained with a marginal model adjusted for age, sex, older siblings, family

history of allergy, parental education, mother’s ethnic origin, smoking at home, mould or dampness at home, natural gas used for heating, cooking or for

water-heater at home, and pets at home, with an exchangeable working correlation structure using the community as a stratum. OR were calculated per incre-

ment for the interquartile range (1.1 mg?m-3, 25.2 mg?m-3, 5 mg?m-3, 10.5 mg?m-3, 18.5 mg?m-3, 52.1 mg?m-3 and 199 mg?m-3 for benzene, VOC, SO2, PM10, NO2,

NOx and CO, respectively) successively among children in group A, B and C. The whiskers extend to the lower bound and the upper bound of the 95% CI

(6: adjusted OR).
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