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Abstract In this review, we identified 15 studies in children
and 10 studies in adults that assessed the association between
long-term exposure to air pollution and incident asthma and
that conducted stratified analyses to explore potential suscep-
tibility factors. Overall, adult never-/former smokers seem to
be at higher risk of incident asthma due to air pollution.
Children without atopy and children from low socioeconomic
status families also seem to be at higher risk of incident asthma
due to air pollution. While interaction between air pollution
and genes involved in the response to oxidative stress path-
ways have been explored, results are somewhat inconsistent
and in need of replication. To evaluate interactions, large sam-
ple sizes are necessary, and much more research, including
data pooling from existing studies, is needed to further explore
susceptibility factors for asthma incidence due to long-term air
pollution exposure.
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Introduction

Ambient air pollution has been associated with several health
outcomes such as cardiovascular and respiratory diseases [1],
lung cancer [2] or low birth weight [3]. Some specific popu-
lation groups seem to be more sensitive to air pollution effects
such as children, elderly people, overweight or obese individ-
uals [4], and subjects with chronic respiratory disease such as
asthma [5] or chronic obstructive pulmonary disease [6]. Sex
differences have also been found [7]. Regarding air pollution,
there is no consensus on specific susceptibility factors that
would be common across all health outcomes. The association
between air pollution and asthma has been widely studied.
Some studies evaluated acute exposure to air pollution and
its relation with asthma exacerbation or hospitalization [8];
others have evaluated long-term air pollution and its relation
with prevalence and incidence of asthma [9]. To our knowl-
edge no (systematic) review has evaluated potential suscepti-
bility factors in relation to the effects of air pollution on inci-
dent asthma. Thus, the aim of this review is to fill in this gap
by summarizing results from studies that reported on air pol-
lution and incident asthma while stratifying according to pos-
sible susceptibility factors.

Methods

This review focuses on studies that assessed the effect of long-
term air pollution on asthma incidence and reported stratified
analysis on possible susceptibility factors. Through PubMed
research, we selected articles in peer-reviewed journals. The
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search terms included “air pollution” and “asthma or
wheeze”—in the title or abstract—and “inciden*” or “onset.”
The search resulted in 272 papers, for which we screened the
title, abstract and full article when necessary to identify studies
according to the criteria that will be described here. We also
compared the list with recent reviews based on the effect of air
pollution on asthma [8—10], confirming that our search did not
miss any eligible papers. We included only articles in English,
in adults or children (not animals), that studied long-term pol-
lution effects on incidence asthma and that stratified according
to possible susceptibility factors (a flow chart of the article
selection is available in Fig. 1).

Pollution Exposure

Pollutants studied in the articles were: nitrogen oxides (NOXx),
nitrogen dioxide (NO,), particulate matter up to 10 um
(PM,), particulate matter up to 2.5 um (PMj, s5), ozone (Os),
sulfur dioxide (SO,) and soot. Most of the papers included in
this review used modeled [land-use regression (LUR) or dis-
persion models] exposure at individuals’ residential addresses
[11-18, 19, 20-25, 26¢]; one study used modeled individual
exposures at both home and school addresses [27]. Three ar-
ticles used proximity to traffic/major roads as a proxy of air
pollution exposure; one relied on the residential address [28],
one on school and home addresses [29], and one only on the
school address [30]. Two studies used community exposure to
air pollution as proxies of individual exposure [31, 32], and
three studies used zip code level exposures corresponding to
home and work/school [33-35].

Asthma Incidence

In adults, incident asthma was the variable of interest, whereas
in children incident asthma or incident wheeze was consid-
ered. Incident asthma or wheeze was assessed mostly using
questionnaires, and questions used across studies vary from
report of asthma symptoms to report of diagnosed asthma
(parental report for children). Five studies used a physician
diagnosis of incident asthma (personal visit to the physician)
[17, 18, 20, 29, 35]. One study used the asthma symptom
score as a proxy to identify asthma incidence [23].

Susceptibility Factors

The susceptibility factors of a priori interest were:

Age: the effect of air pollution exposure could differ accord-
ing to each stage of life [4] (in particular in the prenatal period
[36], early childhood and the elderly [37]). Actually, regarding
age, two concepts appear: on the one hand the age of exposure
and on the other the age at diagnosis. Regarding the first, it is
possible that there are different windows of susceptibility.
Regarding the latter, it is well known that childhood asthma is
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References identified: 280

* Pubmed Search: 272

Air pollution (title/abstract)
AND (asthma (title/abstract) or
wheeze (title/abstract))

AND inciden* OR onset

* HandSearch: 8

Identification

Excluded: 253
* Not inthe subject area: 89
* Review, editorial, ... : 67
* Short-term air pollution: 30
* Not incidence asthma: 27
* No stratified analysis: 15
* Not in english: 26

Screening

Included in final review: 25
(15 in children, 10 in adults)

Inclusion

L Number of articles according to
susceptibility factors:

¢ Sex:13

e Age:5

* Smoking: 6
e Atopy: 10

* Geneticvariant: 3
* SES/Familial environment: 2
¢ Others: 4

Fig. 1 Flow chart of the article selection

different from adulthood asthma, and, within adulthood asth-
ma, teenage or elderly asthma can be also different phenotypes;
thus, air pollution could have a different effect on these different
phenotypes. Most of the studies stratified their analyses on age
using age at inclusion or follow-up (possibly trying to integrate
both concepts). However, some birth cohorts have air pollution
exposure during pregnancy or early in life and therefore strati-
fied by age of exposure.

Sex/gender: exposure to air pollution could be different ac-
cording to gender (for example, women spending more time at
home), or the effect of air pollution could be biologically differ-
ent according to sex. Throughout the manuscript we will use the
term “sex” as it is very difficult to disentangle what is related to
sex—biological differences—and what is related to gender—
life habit differences—regarding air pollution effects [38].

Tobacco and secondhand smoke for children: air pollution
effects could be masked among smokers (or passive smokers)
as smoking and air pollution share several mechanisms [24];
furthermore, recently it has been suggested that there could be
an interaction between smoking and air pollution [39].
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Atopy: atopic and non-atopic asthma are possibly two dif-
ferent diseases with different mechanisms, and air pollution
may have a different effect according to atopic status [40].

Body mass index (BMI): subjects with obesity have been
found to be more susceptible to air pollution in terms of lung
function (and as lung function is an asthma-related phenotype,
it seems plausible that susceptibility factors related to lung
function may also be interesting to study regarding asthma
incidence) and asthma [41-43].

Genetic variants [4]: mainly the ones associated with oxi-
dative stress or inflammation have been investigated so far.

During the review we also identified a posteriori socioeco-
nomic status (SES, individual SES for adults, family SES for
children) or family environment (such as parental stress or
exposure to violence), race, wheeze or bronchial
hyperresponsiveness at baseline and parental history as being
other potentials susceptibility factors that we will examine in
the manuscript.

Results and Discussion

Twenty-five articles fulfilled the inclusion criteria (17 from the
PubMed research and 8 from the hand research) (Fig. 1) and
are presented separately for adults and children. Study char-
acteristics and main results for each study are summarized in
Table 1 for children and in Table 2 for adults.

Sex

Seven studies stratified the effects of air pollution on asthma by
sex [13, 14,17, 18, 19, 30, 35] in children. In Canadian children
at high risk for asthma [17], the association between exposure,
measured at year of birth, and incident asthma at 7 years old was
reported as higher among boys, but no further details were given.
In a pregnancy cohort in the US [19¢], the association between
in-utero exposure to PM, 5 and asthma onset at age 6 showed a
sensitive exposure window between 12-26 weeks of gestation for
boys but not for girls, and the authors reported a significant
interaction term for sex [p-interaction=0.01, OR (PM, s*boys):
1.33 (1.05-1.69)]. In the five other studies, associations were
similar in boys and girls: in children aged 6-9 years from the
Chiba prefecture in Japan [30], the association between air pol-
lution, measured as school proximity to traffic and asthma inci-
dence, was similar in boys and gitls [OR (95 % CI): 3.75 (1.00-
14.06) for boys and 4.06 (0.91-18.10) for girls]. The same result
was found among more than 4000 children aged 8-21 years from
the US and Puerto Rico [18], for NO, and PM (PM, 5 and PM;),
considering air pollution exposures during the first year of life or
first 3 years of life [first year of life: NO,: OR (95 % CI): 1.26
(1.05-1.52) in boys, 1.11 (0.96-1.29) in girls; PM,: 1.10 (0.89-
1.36) in boys, 1.15 (0.97-1.37) in girls; the p-interaction was not
significant; the first 3 years of life: PM;q: 1.08 (0.86-1.35) in

boys, 1.19 (1.00-1.41) in girls, p-interaction NS]. In a Swedish
birth cohort [13], an association between traffic NOx and persis-
tent wheezing was also similar whatever the sex [OR (95 %
CDhH=1.94 (1.07-3.50) in girls, OR: 1.55 (0.92-2.63) in boys, p-
interaction=0.43]. In another birth cohort conducted in Oslo,
NO, was not associated with asthma incidence among girls
[RR (95 % CI): 1.05 (0.74-1.49)], while the effect estimate was
negative among boys [RR: 0.73 (0.56-0.95), p-interac-
tion=0.10]. Finally, in Canadian children aged between 36 and
59 months [35], associations were similar in boys and girls for
both NO and NO, [OR (95 % CI) for NO,: 1.17 (1.09-1.26) for
girls and 1.09 (1.03-1.16) for boys, OR for NO: 1.13 (1.06-1.20)
for girls and 1.05 (1.00-1.10) for boys].

In adults, six studies stratified by sex when they assessed the
associations between air pollution and asthma [22-24, 28, 33,
34]. In American non-smokers [34], for an IQR increase in the
20-year average of Os-8 h concentration, the association was
positive in men, while there was no association in women [RR
(95 % CI): 2.09 (1.03-4.16) in men, 0.86 (0.58-1.26) in wom-
en]; in the same study population, another paper [33] reached a
similar conclusion when considering the 1-year O3-8 h average
as exposure. In a European study conducted in seven countries
[23], the association between NO, concentration and incident
asthma was similar but slightly stronger among men [OR (95 %
CI): 1.32 (1.12-1.56)] than among women [1.14 (0.97-1.34; p-
interaction=0.13]. Among Swiss never-smokers [24], the OR
per 1 ug.m™ increase in traffic-related PM; (TPM, ) was also
slightly higher in men, but no precise ORs were available as the
results were only presented in a figure. Other studies found no
significant difference between men and women in the associa-
tion between air pollution and asthma [22, 26e, 28]: no differ-
ence according to sex was found in a European study conduct-
ed in seven countries [OR for NO»: 1.31 (0.76-2.27) in men and
1.53 (0.99-2.38) in women (p-interact=0.69)] [22] or in a
Swedish cohort (OR for NO,: 1.32 (0.64-2.74) in men, 1.67
(0.98-2.74) in women (p-interact=0.63)] [28]. Similarly, in a
European study regrouping six cohorts, no difference was
found according to the sex, and no association between air
pollution and incident asthma was found [OR for NO,: 1.06
(0.92-1.24) in men, 1.07 (0.97-1.19) in women, p-inter-
act=0.66, PM;o: 1.00 (0.63-1.59) in men, 1.07 (0.91-1.26) in
women, p-interact=0.80] [26¢].

In both adults and children, sex was the most studied sus-
ceptibility factor. Among children, the effect of air pollution
on incident asthma was similar in boys and girls. Among
adults, results are discordant, with some studies showing a
higher effect of air pollution exposure on incident asthma in
men, whereas others reported no difference according to sex.
This contradicts what Clougherty [38] pointed out in her re-
view where she found a higher effect of air pollution among
women. Overall, in both adults and children, evidence mostly
supports no effect modification between air pollution mea-
sures and sex on incident asthma.
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Age

In children, three studies stratified their analysis according to
age, [11, 16, 27]. In children from Lanceister aged 1-5 years at
baseline [11], no evidence for a modifier effect of age (1-
2.9 years vs. 3-4.9 years) was found. In a Netherlands birth
cohort [16], a slightly higher association of air pollution and
onset asthma at 6-8 years vs. younger (age at follow-up, no
exact OR available, only OR showed in a figure) was found.
Among children followed-up at 1,2, 4 and 12 years of age ina
Swedish birth cohort [27], an association between air pollu-
tion during the first year of life and asthma risk increased with
age [OR (95 % CI)=1.48 (0.85-2.57) for NOx and 1.59 (0.83-
3.05) for PM; at 4 years of age at follow-up and 1.87 (1.01-
3.44) for NOx and 2.39 (1.18-4.86) for PM,, at 12 years at
follow-up].

In adults, we found only two studies stratifying the analysis
of the association between air pollution and incident asthma
according to age at baseline [24, 26¢]. Among Swiss non-
smokers [24], the association between traffic-related PM,,
and incident asthma was slightly higher among participants
aged >40 years at baseline (OR ~ 1.65 significant in >40 years,
OR=1.3 NS in <40 years, no exact OR available, p-inter-
act>0.1). In a meta-analysis of six European studies [26¢],
no difference was found in the association between NO, and
incident asthma in participants with more or less than 50 years
old at baseline.

In children as in adults, only few studies stratified accord-
ing to age—whatever age at baseline or at follow-up—and no
particular patterns were found, except perhaps stronger esti-
mated effects among children between 6 to 12 years at diag-
nosis. As epidemiological studies are either conducted among
adults or among children, and often focus on a specific age
range, few studies stratify the results according to age.
However it is of special interest that one study reported a
higher incidence of asthma in children (even if only boys)
who were more exposed in utero during 12-26 weeks of ges-
tation, pointing out to a possible prenatal susceptibility win-
dow [19¢]. This result is concordant with a study that found
that prenatal exposure to air pollution was associated with
long-term lung function deficits at preschool age [44].

Smoking

In children, we found no study that stratified according to
passive smoking or maternal smoking. A study in children
from Lanceister, however, stated that the “effect of PM;( on
health outcomes did not depend on whether children were
exposed to secondhand tobacco smoke (p-interaction>0.1)”
[11]. Generally, this factor was taken into account in the ad-
justed models.

In adults, five studies stratified their analysis on smoking
status, but classification of smoking was not homogeneous
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across studies. An American study of women and a
European study grouped never- and ex-smokers together. In
both studies, they found a higher association between NO,
and asthma or wheeze incidence among ex-/never-smokers:
American study: OR (95 % CI)=1.14 (1.04-1.24) in never-/
ex-smokers and 0.89 (0.74-1.06) in current smokers, p-inter-
action=0.01 [25]; European study: 1.30 (1.11-1.52) in never-/
ex-smokers and 1.07 (0.92-1.26) in current smokers, p-inter-
action=0.005 [23]. The interactions were significant in both
studies, but the first one only stratified according to smoking
status for incident wheeze because of a lack of power for
incident asthma, and this population was restricted to women.
Another study conducted in seven European countries [26¢]
considered ex-smokers and current smokers together, and as-
sociations were slightly stronger for NO, among ever-
smokers [OR (95 % CI): 1.13 (0.99-1.29)] than never-
smokers [OR=1.01 (0.88-1.16; p-interact=0.35)], and no dif-
ference was found for PM,, in ever-smokers [1.17 (0.79-
1.74)] versus never-smokers [OR=1.10 (0.87-1.39)].
Among American non-smokers [34], the association between
ozone and incident asthma was similar among ex-smokers and
never-smokers, but stratification was only done for men. In
another study, for non-smokers only [24], there was an asso-
ciation between traffic-related PM,, and incident asthma
among never-smokers [HR (95 % CI) =1.30 (1.05-1.61)] but
no association among ex-smokers [HR=0.99 (0.64-1.53)].
They also reported no association between air pollution and
asthma in smokers.

Overall, the association between air pollution and incident
asthma according to smoking status was studied only in
adults, and while the results were not always consistent, the
effects of air pollutants on incident asthma seemed to be stron-
ger among never-/ex-smokers. This susceptibility might be
explained by the fact that any air pollution effect may be
masked among smokers, who may already have a higher risk
of asthma [45].

Atopic Status

Five studies stratified their analyses according to atopy status
in children. Atopy status was defined according to the level of
specific immunoglobulin E (IgE >35 kU/I) [13, 16, 27], pos-
itive skin-prick test (SPT) [29] or levels of total IgE (total IgE
>200) [18]. Two birth cohorts [13, 16, 27] reported a stronger
association between air pollution and incident asthma in non-
atopic children: a Swedish birth cohort [13] reported an asso-
ciation between NOx exposure and incident asthma in non-
atopic children and no association in atopic children at age 4
[OR (95 % CI): 1.46 (1.00-2.13) in non-atopic, 1.11 (0.55-
2.22) in atopic, p-interaction NS]. Another study conducted in
the same birth cohort [27] reached similar results for exposure
to PM,( and NOx and incident asthma at age 8 [OR (95 % CI)
for NOx: 2.6 (0.9-8.1) in non-atopic, 0.8 (0.2-2.4 in atopic)].
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In a Dutch birth cohort [16], the association between NO,,
PM, 5 and soot and incident asthma was higher among non-
atopic children at age 8, but in this study it was not possible to
adjust for any type of confounding because of the small sam-
ple size [OR (95 % CI) for NO,: 1.85 (0.92-3.73) in non-
atopic, 0.95 (0.64-1.40) in atopic]. Contrary to all of these
results, a French case-control study examined traffic densi-
ty—expressed in tertiles—before age 3 [29], and associations
between traffic density and incident asthma were stronger
among atopic children, but with wide confidence intervals,
and the results were probably mainly driven by the way they
categorized exposure [tertile 1 as reference, OR (95 % CI):
tertile 2: 0.61 (0.1-3.6) and tertile 3: 11.03 (1.3-100.9) and in
non-atopic tertile 2: 1.23 (0.29-5.31) and tertile 3: 1.47 (0.32-
6.97), p-interact=0.20]. Finally, in a study in children from
the US and Puerto Rico [18], there was no differences in
estimated effects according to low or high total IgE levels.

In adults, five studies stratified the analyses according to
allergic sensitization. Atopy status was defined by a positive
SPT [20, 24], high levels of specific IgE [22, 23] or using the
report of hay fever as a proxy of allergic sensitization [28]. No
difference according to atopic status was found in a European
study, regardless of how asthma incident cases were defined:
OR for NO»: (95 % CI): 1.20 (1.02-1.41) in non-atopic, 1.37
(1.14-1.65) in atopic, p-interaction=0.63], using asthma
symptom reports [23], and 1.31 (0.84-2.04) in atopic, 1.57
(0.92-2.67) in non-atopic, p-interaction=0.77, using asthma
symptom scores [22]. On the one hand, a study in Swiss non-
smokers [24] reported an association between TPM;, concen-
tration and asthma incidence among atopic but no association
among non-atopic participants (OR = 1.35 in atopic, CI higher
than 1, OR~1.2, Clincluding 1 in non-atopic; OR available in
a figure). In a Swedish case-control study [20], association
only reached significance in atopic subjects [OR for NO,
(95 % CI: 1.2 (1.0-1.3) in those with >1 SPT, 1.0 (0.9-1.1)
in those with no SPT]; however, no significant associations
were found for the whole population. On the other hand, in a
prospective Swedish cohort [28], the association between
NO, and asthma incidence was higher in participants without
hay fever [OR (95 % CI): 1.15 (0.59-2.24) in those with hay
fever, 1.79 (1.04-3.05) in those without, p-interaction=0.30].

Stratification according to atopy status was one of the
most commonly assessed susceptibility factors, particular-
ly in children. Estimated effects of air pollution on incident
asthma seem to be stronger in non-atopic children’ possi-
bly because air pollution effects may be masked among
atopic participants, a sensitive population who already is
at higher risk of asthma. In adults, the results were too
discordant to come to a conclusion. Allergic and non-
allergic asthma could be two distinct diseases, and it can
be hypothesized that the biological response to air pollu-
tion differs according to allergic sensitization.
Furthermore, studying the effect or air pollution with and

without atopy may help to better understand the mecha-
nism that air pollution exhibits on asthma.

Genetic Factors

Only two papers—both conducted in the same study—inves-
tigated interactions between genetic variants and air pollution
on asthma incidence during childhood and adolescence [31,
32]. Among children from 12 Southern Californian commu-
nities, non-Hispanic white children carrying at least one
“short” allele (<23 repeats) in the HMOX-1 gene and residing
in low ozone communities had a twofold lower risk of new-
onset asthma than those residing in high ozone communities:
HR (95 % CI): 0.44 (0.23-0.83) for low-ozone communities,
0.88 (0.33-2.34) for high ozone communities, p-interac-
tion=0.003 [31]. Associations did not vary according to chil-
dren’s participation in sports or time spent outside [31]. No
interaction was found with PM;q [31]. Among children from
the same cohort, those homozygous for Ile105 in the GSTP1
gene and playing more than two team sports had an increased
risk of asthma, and the risk was highest in those living in high
ozone communities: HR (95 % CI): 1.06 (0.3-4.0) in low-
ozone communities, 6.15 (2.2-7.4) in high-ozone communi-
ties, p-interaction=0.10 [32].

In adults, only one study investigated interactions between
genetic variants and NO, concentration on asthma incidence
[21]: in a European prospective cohort, subjects homozygous
for the NOO1 15291766 C allele were at greater risk for devel-
oping asthma due to air pollution compared with those with
CG/GG genotypes [OR (95 % CI): 2.02 (1.16-3.73)] in those
homozygous for the NQOI1 rs291766 C allele compared with
those with CG/GG genotypes: OR (95 % CI): 1.26 (0.83—
1.99), p-interaction=0.04.

Polymorphisms in few genes involved in xenobiotic me-
tabolism or in the NRF2-mediated oxidative stress response
modified associations between ozone and asthma incidence in
children and adolescents and between NO, and adult onset-
asthma. No association was observed with PM, suggesting a
different chemical mechanism of action between pollutants.
Overall, results confirm the complex interplay among pollut-
ants, ethnicity, exercise and antioxidant defenses on the devel-
opment of asthma.

Familial Environment and SES

Among Californian children age 5-9 years at baseline [15],
those exposed to a higher level of parental stress were more
susceptible to the association between NOx and incident asth-
ma [HR (95 % CI): 1.51 (1.16-1.96) in high parental stress,
1.05 (0.74-1.49) in low parental stress, p-interaction=0.05],
and this association was greater in boys. A stronger associa-
tion was also found among children with low SES: 1.20 (0.93-
1.55) in high SES, 1.55 (1.09-2.19) in low SES, p-
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interaction=0.25. In a US birth cohort [12], susceptibility due
to exposure to violence was reported: associations between
NO, concentration and incident asthma were stronger among
children most exposed to violence [OR (95 % CI): 1.63 (1.14-
2.33) lower than median exposure, 2.40 (1.48-3.88) above
median ].

In adults, we found no study that stratified according to
SES.

Two studies included in our review reported that children
with low SES or exposed to a harmful familial environment
were at a higher risk of asthma due to air pollution, concordant
with results related to short-term air pollution [46] or mortality
[47] and with the fact that low SES has been traditionally
associated with higher air pollution exposure even if recent
studies found that this is not always the case [48]. The asso-
ciation between air pollution and SES still needs to be better
understood to explore more effectively whether SES could be
a susceptibility factor in the association between asthma and
air pollution.

Some studies assessed others potential susceptibility fac-
tors. In Canadian children at high risk for asthma [17], the
association between air pollution and incident asthma seemed
stronger among Caucasian participants. In adults, two studies
had looked at the association between air pollution and inci-
dent asthma according to baseline characteristic associated
with asthma: wheeze [28] and BHR [23]. In a Swedish cohort,
the association was positive among those with wheezing at
baseline, but not in those without wheeze at baseline [28]. In
the same way, in a European study, the association was posi-
tive and significant among those with BHR at baseline, where-
as those without BHR at baseline had a nonsignificant associ-
ation [23]. In a Swiss non-smokers population, the association
between incident asthma and PM, level was higher among
those with a parental history of allergy [24]. These results may
suggest that participants who are already predisposed to de-
velop asthma or at higher risk of developing asthma may be
more susceptible to air pollution.

Overall Discussion and Conclusion

In this review, we identified 15 studies in children and 10 in
adults with stratified analyses on potential susceptibility fac-
tors assessing associations between long-term exposure to air
pollution and incident asthma. Overall, never-/former smoker
adults seem to be more susceptible to air pollution in relation
to incident asthma. Children without atopy seem to have a
higher risk of incident asthma due to air pollution, as well as
children with low SES. Some early studies also suggest a role
for gene involvement in the response to oxidative stress.

We focused on incident asthma, but incident asthma is
strongly associated with prevalent asthma, and as they share
commons features, we could expect to find similar

@ Springer

susceptibility factors for both outcomes. Papers that had spe-
cifically studied susceptibility factors of the association be-
tween air pollution and prevalence of asthma found discordant
results about sex [49, 50], parental asthma or allergic symp-
toms [50, 51]. As for incident asthma, it seems difficult to
draw a firm conclusion on who could be more susceptible to
the effects of air pollution. It also seems plausible that suscep-
tibility factors involved in the association between air pollu-
tion and lung function have a role in the association between
air pollution and asthma onset as lung function is an asthma-
related phenotype. More previous studies investigated possi-
ble susceptibility factors in regard to air pollution and lung
function. Downs et al. [52] showed that lung function in adults
declined less in areas where air pollution improved more, but
they did not find any interaction with sex, atopy or smoking
status. Another study [53] reported that the association be-
tween NO, concentration and lung function decline was stron-
ger among girls and older children, and stronger but not sig-
nificantly so among children of high SES and in those ex-
posed to parental smoking. However, the association was
not modified by asthma status.

Surprisingly, very few studies have assessed the potential
role of SES as a susceptibility factor in the association be-
tween air pollution and asthma incident, although asthma is
known to be socially patterned [54] and SES is very probably
associated with air pollution exposure [55]. We found no
study with stratified analysis on BMI or dietary factors despite
of the known association between BMI and asthma [43].
Several papers suggested that obesity can play a role in sus-
ceptibility to pollutants effects [41, 42] in lung function, and in
arandomized trial [56] antioxidant intake was associated with
a moderate impact of ozone exposure on lung function in
children with moderate to severe asthma. Whereas suscepti-
bility of older adults to the health effects of air pollution is well
recognized, and particularly concerning lung function [57]
where frailty was associated with a higher decline of forced
vital capacity due to air pollution, we did not find a study
stratifying according to these factors. Other potential suscep-
tibility factors such as low birth weight, second-hand tobacco
smoke or ethnicity have also been proposed in a recent review
as risk modifiers of the association between air pollution and
asthma in general [58¢], but none of these were taken into
account in the articles included in this review.

One of the limitations of this review is that most of the
studies used different methodologies to assess air pollution
exposure and also different definitions for some susceptibility
factors. Some studies assessed the association between several
pollutants and incident asthma, and correlations between pol-
lutants were not always taken into account or reported. Some
studies did not report the year of exposure assessment and did
not clearly define the window of exposure. Whether in chil-
dren or adults, half of the studies had considered the problem
of participants having moved during the window of exposure
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to air pollutants. Among those assessing this problem, several
had conducted sensitivity analyses, and basically the results
among non-movers were only either stronger or similar to
those among all participants. Another limitation of this review
is that several studies did not assess the interaction term relat-
ed to the susceptibility factor, and for those who presented it,
only a few reported a significant p-value. Among the 25 arti-
cles identified, a majority assessed air pollution exposure to
NO, and few assessed PM or other pollutants, making it dif-
ficult to identify which pollutants could be more important for
which susceptibility factor and not allowing the conducting of
any meta-analyses. The definition of the susceptibility factors
also differed according to the study; for example, for atopy
some studies used IgEs, others SPT and others total IgE or
concomitant allergic disease. In children, all studies that found
stronger associations among non-atopic participants used spe-
cific IgEs to define atopy, while studies using other definitions
did not find interactions between atopy and air pollution.
Therefore, the question arises whether the results depend on
the way atopy is defined. Differences in exposure or pheno-
typic characterization may explain, at least in part, the hetero-
geneity of results across studies.

Regarding genetic factors, it is now well established that
asthma is due to a complex interplay of environmental and
genetic factors. There have been considerable efforts to char-
acterize the genetic determinants of asthma; however, the
identified genetic factors explain only a small part of its ge-
netic component. One of the reasons is that many genetic
factors are likely to be involved in the development of asthma
through complex mechanisms that involve interactions with
environmental factors and with other genes through pathways
or networks. Furthermore, the effect of such genetic factors
may be missed if genes are considered alone, regardless of the
biological functions they share or the pathways they are in-
volved in [59]. Studies of candidate genes and long-term air
pollution in relation to incident asthma are scarce, have only
been conducted on genes involved in the response to
oxidative/nitrosative stress and have explored a limited num-
ber of genes. Future studies should investigate a greater num-
ber of candidates genes selected from a pathway-based ap-
proach [60]. The gene selection process may need to integrate
information on the biological processes shared by genes, the
pathways to which genes belong and the biological knowl-
edge related to the environmental exposure under study.

Overall, so far no clear susceptibility factors concerning the
relation between outdoor air pollution and incident asthma
have been established. Discordant results could be due to mis-
classification of exposure, such as not taking into account
time-activity patterns, as is usually the case in epidemiological
air pollution studies. Among the papers included, no study
was explicitly designed to assess susceptibility factors
concerning the association between air pollution and incident
asthma. Few studies had enough power to stratify or find

significant interaction terms. A major challenge in the future
would be to have studies specifically designed, or pooling data
from existing studies, to address the role of susceptibility fac-
tors in the association between air pollution and asthma and
also to explore which pollutant is the most relevant for which
susceptibility factors. For this purpose, we would need both a
detailed characterization of the disease together with a precise
modeled individual exposure to air pollution and a better def-
inition of some susceptibility factors such as atopy or
smoking.
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