
REVIEW

The influence of childhood traffic-related air pollution
exposure on asthma, allergy and sensitization: a systematic
review and a meta-analysis of birth cohort studies
G. Bowatte1, C. Lodge1, A. J. Lowe1, B. Erbas2, J. Perret1, M. J. Abramson3, M. Matheson1* &
S. C. Dharmage1,4,*

1Allergy and Lung Health Unit, Centre for Epidemiology and Biostatistics, School of Population and Global Health, The University of

Melbourne; 2School of Public Health and Human Biosciences, Department of Public Health, La Trobe University; 3School of Public Health &

Preventive Medicine, Monash University; 4Murdoch Children Research Institute, Melbourne, Vic., Australia

To cite this article: Bowatte G, Lodge C, Lowe AJ, Erbas B, Perret J, Abramson MJ, Matheson M, Dharmage SC. The influence of childhood traffic-related air

pollution exposure on asthma, allergy and sensitization: a systematic review and a meta-analysis of birth cohort studies. Allergy 2015; 70: 245–256.

Keywords

air pollution; allergies; asthma; NO2 and

PM2.5.

Correspondence

Professor Shyamali Dharmage, Allergy and

Lung Health Unit, Centre for Epidemiology

and Biostatistics, School of Population and

Global Health, The University of Melbourne,

L3, 207 Bouverie Street, Carlton, Vic. 3053,

Australia.

Tel.: +61-3-83440737

Fax: +61-3-9349-5815

E-mail: s.dharmage@unimelb.edu.au

*Equal senior authorship.

Accepted for publication 10 December 2014

DOI:10.1111/all.12561

Edited by: Douglas Robinson

Abstract

The impact of early childhood traffic-related air pollution (TRAP) exposure on

development of asthma and allergies remains unclear. Birth cohort studies are the

best available study design to answer this question, but the evidence from such

studies has not been synthesized to date. We conducted a systematic review and

meta-analyses of published birth cohort studies to understand the association

between early childhood TRAP exposure, and subsequent asthma, allergies and

sensitization. Increased longitudinal childhood exposure to PM2.5 and black car-

bon was associated with increasing risk of subsequent asthma in childhood

(PM2.5: OR 1.14, 95%CI 1.00 to 1.30 per 2 lg/m3 and black carbon: OR 1.20,

95%CI 1.05 to 1.38 per 1 9 10�5 m�1). Also, early childhood exposure to TRAP

was associated with development of asthma across childhood up to 12 years of

age. The magnitude of these associations increased with age, and the pattern was

prominent for PM2.5. Increasing exposure to PM2.5 was associated with sensitiza-

tion to both aero- and food allergens. There was some evidence that TRAP was

associated with eczema and hay fever. In summary, exposure to TRAP was

related to asthma and allergic diseases. However, the substantial variability across

studies warrants long-term birth cohort studies with regular repeated follow-ups

to confirm these findings.

The prevalence of asthma and allergic diseases has increased

in epidemic proportions in the developed world. While some

developed countries are now seeing a plateau in the preva-

lence of these conditions, a new epidemic is emerging in low-

and middle-income countries (1, 2). While the cause of these

trends is not yet clear, environmental changes have been sug-

gested as a major driver (1). Increase in exposure to traffic-

related air pollution (TRAP) is one such factor (3).

There is an emerging body of evidence about the influence

of TRAP on both asthma and allergic diseases (4). The pollu-

tants that have been implicated are particulate matter <2.5
and <10 lm in diameter (PM2.5 and PM10) and gases such as

nitrogen dioxide (NO2), nitric oxide (NO), nitrogen oxides

(NOX) and ozone (O3). While many studies have focused on

the association between TRAP and exacerbations of existing

respiratory conditions (5–7), there is less evidence of the
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impact of TRAP on the development of asthma and allergies

over time (8–10).
Infants and young children are most vulnerable to the

adverse effects of air pollution (11–13) because of the relative

immaturity of their immune and respiratory systems (14).

Furthermore, children spend more time outdoors, breathing

around 50% more air per kilogram of body weight compared

with adults, which exposes them to relatively higher doses of

ambient pollutants (15). As the human lung continues to

grow from the intra-uterine period to early adulthood (14,

16), this relatively high exposure to pollutants may increase

the vulnerability of children to adverse effects of air pollution

(11).

Recently, a number of narrative and systematic reviews

have been conducted to evaluate the body of evidence on

TRAP exposure and respiratory and allergy outcomes (17–
23). A recent meta-analysis (22) has shown evidence that

long-term exposure to PM2.5 and NO2 is associated with the

incidence of asthma and wheeze symptoms. However, this

review included both children and adults and did not sepa-

rately consider the potentially important different effects

related to exposure to TRAP in children. Birth cohort studies

with frequent follow-up data provide the strongest practically

available evidence to understand the incidence and progres-

sion of diseases. No systematic review to date has specifically

focussed on the evidence from birth cohorts. Therefore, we

aimed to systematically review and meta-analyse the evidence

of the effects of childhood TRAP exposure on subsequent

asthma, wheeze, allergic sensitization, hay fever and eczema.

Methods

Search strategy

MEDLINE, EMBASE and ISI Web of Science databases

were searched for English language, peer-reviewed articles

from 1960 to March 2014 by combining two sets of key-

words. One set of keywords included terms related to TRAP

exposure, while the second set of keywords included terms

related to respiratory or allergic outcomes (Fig. S1). The pri-

mary TRAP exposure markers considered were particulate

matter (PM10, PM2.5 and black carbon), gases (NO2, NO

and NOX) and proximity to roads. The primary outcomes

considered were asthma, wheeze, eczema, hay fever and sensi-

tization to allergens.

Inclusion criteria

This systematic review included only birth cohort studies that

have examined the association between TRAP exposure in

early childhood and subsequent respiratory or allergic out-

comes reported at any age.

Definitions

To overcome problems with the variation in definitions of

original studies, we used the following definitions for the pur-

pose of this systematic review.

Asthma was defined as current asthma or ‘asthmatic,

obstructive, spastic bronchitis diagnosis or asthma diagnosis’.

Wheeze was defined as any wheeze or current wheeze or

wheeze without a cold.

Sensitization was defined as an allergen-specific immuno-

globulin E (IgE) antibody level of 0.35 kUA/l or greater.

Eczema was defined as ‘doctor-diagnosed eczema’ or ‘par-

ent-reported eczema’.

Hay fever was defined as ‘doctor-diagnosed hay fever’ or

‘parent-reported hay fever’.

Black Carbon (BC) was defined as PM2.5 absorbance or

elemental carbon attributed to traffic (ECAT) with all studies

using similar methods.

Early childhood exposure was defined as exposure to TRAP

from birth to 5 years of age.

Late childhood exposure was defined as exposure to TRAP

after 5 years of age.

Longitudinal childhood exposure was defined as overall

exposure to TRAP from birth to last follow-up.

Data tabulation and assessment

Data were extracted using a standardized form. The study

quality was assessed by Newcastle-Ottawa scale for cohort

studies (Table S1). The quality assessment of this scale is

based on the selection of study sample, outcome assessment,

exposure assessment and adjustment for confounders. The

relevant effect estimates and 95% confidence intervals were

extracted for asthma, wheeze and sensitization and tabulated

according to the age at assessment and type of traffic pollu-

tion marker (Tables S2–S11). Authors of the published arti-

cles were contacted for further data when the numerical data

were not fully described.

Statistical analysis

Standardization of data

Some of the extracted data were standardized to enable com-

parison across studies. Odds ratios and 95% confidence inter-

vals for the exposures to NO2, PM2.5 and BC were

standardized into increase per 10 lg/m3, 2 lg/m3 and

1 9 10�5 m�1, respectively. To increase the number of quan-

titative estimates of pollution–outcome pairs, PM10 and NOX

were scaled into PM2.5 and NO2, respectively, by methods

previously described (22, 24). Similarly, extracted IgE results

were also scaled and standardized into the same magnitude.

Meta-analysis

Only studies with similar exposures and outcome measures

were combined for meta-analysis. Studies with significant

methodological or clinical heterogeneity were excluded when

pooling the data.

The first series of meta-analyses included studies that

investigated longitudinal childhood exposure to TRAP and

asthma incidence independent of the age at which the out-

come was measured. The second series of meta-analyses

investigated the exposure to TRAP at birth and asthma inci-

dence stratified by the age at which the outcome was
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assessed. Age-specific summary effect estimates were plotted

to investigate the temporal trends. Separate meta-analyses

were conducted for allergic sensitization. Studies reporting

hay fever or eczema as outcomes were not eligible for meta-

analysis due to the differences in reporting of the outcome

measures.

I2 statistics (25) were calculated as measures between study

heterogeneity. To estimate effect sizes and 95%CI, fixed- and

random-effect meta-analyses were performed. Statistical soft-

ware STATA version 13.1 (Stata Corp LP, College Station,

TX, USA) was used to perform the meta-analysis.

Results

The electronic search strategy generated 1768 articles. After

reading abstracts and applying inclusion criteria, 241 articles

were selected for full-text reviewing. Among these, 19 articles

fulfilled the inclusion criteria (Fig. S1).

Study characteristics

The 19 articles included in the review were based on eleven

birth cohorts (Table 1). Of the 11 birth cohorts, seven were

based in Europe (26–32) and four were based in North

America (33–36). The sample sizes ranged from 186 to

37 401 and follow-up periods varied from 1 to 12 years.

Some of the cohorts reported outcome data at multiple fol-

low-up points, while others reported outcome data at a single

time point (Table 2). The number of cohorts that reported

associations at different ages ranged from a single follow-up

(28, 32, 33, 36) to eight follow-ups (30, 37, 38) (Table 2).

Study quality

Among the 11 cohorts, eight were population-based, while

three were high-risk cohorts (i.e. included those with a fam-

ily history of asthma or allergies). Two cohorts recruited

children born in a single referral hospital (28, 34). Three

cohorts had more than 50% loss to follow-up (Table 1 and

Table S1). Second-hand smoking, a potential confounder of

the association between TRAP and asthma and allergy out-

comes, was not adjusted for in three cohorts (33, 36, 39).

Allergic predisposition, another potential confounder for

the association of TRAP and allergic diseases, was not

adjusted for in three population-based cohorts (28, 33, 34)

(Table S1).

Variability in exposures

Substantial variability in the exposure measurements was

observed across studies (Table 2). Land use regression

(LUR) models were the most common methods used to

assess TRAP exposure (27, 28, 32, 33, 36, 38, 39). Other

methods used were dispersion models, passive samplers, a

single central monitoring station and proximity to major

roads (Table 2). Early childhood TRAP exposure was

reported in all cohorts considered in the review, and four

cohorts reported both early and late childhood exposure for

TRAP (29, 32, 40, 41).

Oxides of nitrogen and PM were the most frequently

reported traffic pollutant markers. Oxides of nitrogen were

reported in eight cohorts (26–28, 32, 33, 36, 38, 42) where

seven of them reported it in the form of NO2 (27, 28, 32, 33,

36, 38, 42) and two as both NO2 and NO (33, 36). PM was

reported in different ways: six cohorts reported primary PM

either as PM10 or PM2.5 (26, 28, 31, 33, 36, 38, 42), while

some of the cohorts reported PM as BC, PM2.5 absorbance

or ECAT (27, 32, 33, 35, 36, 38). Only one study measured

ultrafine PM, carbon monoxide and ozone (33). All except

two studies reported exposure to pollutants per interquartile

range increase. One of the two reported the exposure as 5th

to 95th percentile increase (41), and the other reported both

as quartiles range increase and low/high exposures of average

daily ECAT (35) (Table 2).

Proximity to roads was used as a TRAP marker in six

cohorts (27, 32–34, 42) (Table 2). Four cohorts reported the

proximity to roads as a dichotomous variable with exposed

individuals defined as residents within a specified distance

from roads (<50, <100 or <150 m) (32, 33, 39, 40). The unex-

posed were defined as individuals living further away from

the roads than the exposed. Two cohorts reported exposure

to proximity to roads as quartiles of increasing distance

(29, 34).

Variability in outcomes

Asthma and wheeze were the most frequently measured clini-

cal outcomes. Asthma and wheeze were reported by nine and

eight cohorts, respectively. Hay fever and eczema were

reported by three cohorts (Table 2). The outcomes were

assessed mainly from parent-reported questionnaires (nine

cohorts). Two cohorts reported the outcomes using diagnosis

made by a single blinded paediatric allergist, physician billing

records and hospital discharge records (Table S1).

Allergen-specific IgE was documented in five cohorts (30,

32, 34, 37, 40, 43). Of the five cohorts, two measured IgE lev-

els at multiple stages of follow-up (30, 37, 41). IgE was

reported for a range of allergens including pollen, food, furry

pets, house dust mites and moulds.

Outcome variables were reported as prevalence (26, 27, 32,

34, 35, 40, 43, 44) and incidence (28, 29, 31, 33, 36, 37, 41,

43). Only one study reported the measure of association as a

risk ratio (RR) (32) with the remainder reporting odds ratios

(OR).

The association between TRAP and asthma and allergies

TRAP exposure, asthma and wheeze

The data concerning the incidence of asthma were meta-anal-

ysed separately for exposures of nitrogen oxides, PM and

BC. The outcome of wheeze incidence was unable to be

meta-analysed as of the three cohorts that reported this asso-

ciation (28, 31, 41), only one met the inclusion criteria for

meta-analysis (41).

Influence of nitrogen oxides on asthma and wheeze. The

pooled results of the five cohorts [BAMSE, PIAMA, Oslo,

Vancouver and BCO (29, 33, 36, 37, 41)] that estimated the
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Table 1 Study characteristics of the birth cohorts

Cohort, country,

recruitment and

study period References Original participants

Follow-ups and loss

to follow-up

IgE measurements

in different ages

Oslo birth cohort

Norway

1992/1993 – 2001/2002

(29)

(42)

n = 2871 children born

in Oslo 1992/93 and

living in Oslo until 2001/02

At birth, n = 2871 and at 8 years,

n = 1551

Other than the original birth cohort (n = 1551), a

cross-sectional sample of the 1991–92 born

children were included (n = 1320)

No IgE tests

BAMSE

Sweden

1994/1996 – 2008

(26)

(43)

(41)

n = 4089 children born between

1994 and 1996 municipalities in

Stockholm County

At 1 year, n = 4089

At 2 years, n = 3843 (94%)

At 4 years, n = 3721 (91%)

At 8 years, n = 3435 (84%)

At 12 years, n = 3353 (82%)

IgE at 4 years

n = 2543

IgE at 8 years

n = 2545

GINI & LISA

Germany

1995/1998 – 2005

(27)

(44)

(40)

GINI – original cohort n = 5991

LISA – original cohort n = 3097

At age 1 and 2 years, n = 1756 – a subset of

cohort lived in Munich city.

At age 4 years, n = 3577 – a subset of cohort

lived in Munich city and metropolitan area

At age 6 years, n = 2860

IgE at age 6 years

n = 1554

GINI plus & LISA plus

Germany

1995/1998 – 2005

(32)

GINI plus n = 3042

LISA plus n = 348

GINI plus LISA plus IgE at 6 years

n = 1004

(GINI plus = 888,

LISA plus = 116)

At birth, n = 3042 348

At 1 year, n = 2301 (76%) 277 (80%)

At 2 years, n = 2178 (72%) 262 (75%)

At 4 years, n = 1975 (65%) 267 (77%)

At 6 years, n = 1889 (62%) 223 (64%)

Vancouver birth cohort*

Canada

1995 – 2003

(36)

n = 272 children born in 1995,

Vancouver, Canada, to high-risk

parents

At 1 year, n = 272

At 7 years, n = 186 (68%)

No IgE tests
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Table 1 (continued)

Cohort, country,

recruitment and

study period References Original participants

Follow-ups and loss

to follow-up

IgE measurements

in different ages

PIAMA

The Netherlands

1996/1997 – 2005

(30)

(38)

(37)

n = 4146 pregnant mothers recruited

from a series of communities in the

north, west and central Netherlands

At 1 year, n = 3745 (91%)

At 2 years, n = 3740 (90%)

At 3 years, n = 3694 (89%)

At 4 years, n = 3563 (86%)

At 5 years, n = 3518 (85%)

At 6 years, n = 3473 (84%)

At 7 years, n = 3373 (81%)

At 8 years, n = 3269 (79%)

IgE at age 8 years

n = 1700

CCCEH

USA

1998 – 2006

(34)

n = 727 at birth, mothers were

recruited during pregnancy from

a reference hospital

At 1 year, n = 559 (77%)

At 2 years, n = 500 (69%)

At 3 years, n = 494 (68%)

At 5 years n = 341 (47%)

IgE at age 2 years

n = 419

IgE at age 3 years

n = 394

IgE at age 5 years

n = 248

COPSAC*

Denmark

1998/2001 – 2005

(31)

n = 411 Danish children born to

mothers with asthma; lived in

Copenhagen

At birth, n = 205 (lived in 15 km radius of the

monitoring station)

At 1 year, n = 202 (99%) at 2 years n = 199

(97%)

At 3 years, n = 194 (95%)

No IgE tests

British Columbia

birth cohort

Canada

1999/2000 – 2003

(33)

n = 37 401 a nested case–control

study. Children born in 1999/2000

in South-western British Columbia

At the end of the follow-up (average age

4 years), asthma cases = 3482;

controls = 33 919

No IgE tests

CCAAPS*

USA

2001/2003 – 2006

(35)

(39)

n = 762 children born to parents who

lived in Cincinnati, positive to

aeroallergens

At birth, n = 762

At 3 years, n = 624 (82%)

No IgE tests

INMA

Spain

2003/2005

(28)

n = 787 children born in Valencia

in 2004/05

At birth, n = 787

Air pollution data available at 1st yr

n = 352 (45%)

No IgE tests

*High-risk birth cohorts.
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Table 2 Exposure and outcome measures of birth cohorts

Cohort

Exposures assessed Exposure model Outcome

Ages where

the outcomes

assessed (years)PM10 PM2.5 BC UFPM NO2 NO NOX CO SO2 O3 Proximity

Traffic /

Road

density Dispersion LUR

Passive

sampler Proximity

Central

site Asthma Wheeze

Hay

fever IgE Eczema

BAMSE U – – – – – U – – – – – U – – – – U U – U – 1,2,4,8 and 12

GINI &

LISA

– U U – U – – – – – U – – U – U – U U U U U 1,2 and 6

GINI plus

& LISA

plus

– – U – U – – – – – U – – U – U – U – U U U 6

BCO U – U – U U – U U U U – – U – U – U – – – – 4

INMA – – – – U – – – – – – – – U U – – – U – – – 1

Oslo – – – – U – – – – – U – U – – U – U U – – – 1 and 8

Vancouver* – U U – U U – – – – – – – U – – – U – – – – 7

PIAMA – U U – U – – – – – – – – U – – – U U U U U 1,2,3,4,5,

6,7 and 8

CCCEH – – – – – – – – – – U U – – – U – U U – U – 1,2,3 and 5

COPSAC* U – – U – – – – – – – – – – – – U – U – – – 1,2 and 3

CCAAPS* – – U – – – – – – – U – – U – U – U U – – – 1,2 and 3

Total 3 3 6 1 7 2 1 1 1 1 6 1 2 7 1 6 1 9 8 3 5 3

*High-risk birth cohorts.
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association between longitudinal childhood exposure to NO2

and incidence of asthma showed a modest association (OR

1.09 95%CI 0.96 to 1.23 per 10 lg/m3 increase, Fig. 1A), but

the association was highly variable between studies

(I2 = 75.5%). There was an increasing association between

early childhood exposure to NO2 and asthma incidence with

increasing age until the age of 6 years although the heteroge-

neity (I2) in age-specific meta-analysis ranged from 0% to

62.6% across the years (Fig. 2A and Table S2). After

6 years, the association between exposure to NO2 and

asthma did not show a clear pattern.

Associations between nitrogen oxides (NO, NO2 and NOX)

and wheeze were reported in 10 papers (26–31, 37, 38, 41,

44), in relation to six cohorts (GINI & LISA, PIAMA,

BAMSE, Oslo, COPSAC and INMA). Six papers reported

the outcome as prevalence and four reported the outcome as

incidence. Among the six cohorts, only two (PIAMA and

COPSAC) (31, 37) reported significant associations of an

increased risk of wheeze following exposure to nitrogen oxi-

des at the age of 1, 2, 3, 4 and 6 years (Table S3).

Influence of PM on asthma and wheeze. Four birth cohort

studies [BAMSE, PIAMA, Vancouver and BCO (33, 36, 37,

41)] showed that increased longitudinal childhood exposure to

PM2.5 was significantly related to the incidence of asthma, but

there was substantial heterogeneity (OR 1.14 95%CI 1.00 to

1.30 per 2 lg/m3, I2 = 77.1%, Fig. 1B). The age-specific meta-

analysis showed that early childhood exposure to PM2.5 was

associated with increasing trend of asthma risk from 3 years

up to 12 years. The heterogeneity (I2) of the age-specific meta-

analysis ranged from 0% to 52.3% (Fig. 2B and Table S4).

Long-term exposure to PM and wheeze was reported by

eight papers (26, 27, 30, 31, 37, 38, 41, 44) from four cohorts

(GINI & LISA, PIAMA, BAMSE and COPSAC). Five of

those reported the association as prevalence and three as inci-

dence. Only one cohort (PIAMA) (37) showed a significantly

increased risk of wheeze related to early childhood PM expo-

sure at the ages of 1, 2, 3, 4, 5, 6 and 8 years (Table S5).

Influence of BC on asthma and wheeze. The meta-analysis of

studies that reported the OR for the association between BC

and asthma [PIAMA, Vancouver and BCO (33, 36, 37)]

showed that longitudinal childhood exposure to traffic-

related BC was significantly related to asthma incidence (OR

1.20 95%CI 1.05 to 1.38, I2 = 19.3%, Fig. 1C). The age-spe-

cific meta-analysis for early childhood exposure to BC up to

the age of 6 years showed an increasing trend of incidence of

asthma with minimal heterogeneity (I2 from 0% to 23.7%,

Fig. 2C and Table S6).

The prevalence of wheeze associated with exposure to PM

related to BC was reported in five papers based on two

cohorts (GINI & LISA and PIAMA) (27, 37) with only one

study (PIAMA) (37) reporting significantly increased risk of

wheeze at the ages of 2, 3, 4 and 6 years (Table S7).

Influence of road proximity to asthma and wheeze. The associ-

ation between proximity to roads and asthma was reported

by six cohorts [GINI & LISA, GINI plus & LISA plus,

A

C

B

Figure 1 Longitudinal childhood exposure to TRAP and asthma incidence in childhood. (A) Exposure per 10 lg/m3 increase in NO2. (B)

Exposure per 2 lg/m3 increase in PM2.5. (C) Exposure per 1 9 10�5 m�1 increase in BC.
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BCO, Oslo, CCCEH and CCAAPS (29, 32–34, 39, 40)]. Only

two of these studies reported significant associations at the

ages of 2 and 6 years (GINI & LISA) (27, 40). The associa-

tions between proximity to roads and wheeze was reported

by four cohorts, from which two (CCAAPS and CCCEH)

(34, 39) showed significant associations at ages 1 and 5 years

(Tables S8 and S9).

TRAP exposure and allergic sensitization

The association between exposure to TRAP and sensitization

was assessed in five cohorts, where four [BAMSE, GINI &

LISA, GINI plus & LISA plus and PIAMA (30, 32, 40, 43)]

defined the TRAP as oxides of nitrogen and PM, and two

[GINI plus & LISA plus and CCCEH (32, 34)], as proximity

to roads. All the studies assessed sensitization using serum

IgE levels. GINI plus & LISA plus reported the associations

as RR, while the other cohorts reported OR. The measured

allergens were diverse including ‘indoor aeroallergens’ com-

prising cat, dog and moulds; ‘outdoor aeroallergens’ compris-

ing pollens and grass; ‘food allergens’ comprising egg, milk,

peanut, soya and wheat; and ‘any allergens’ comprising any

inhalant or food allergens. Sensitization to any allergen was

reported by three cohorts, indoor aeroallergens by two

cohorts, outdoor aeroallergens by three cohorts and inhalant

allergens by three cohorts (Table S12).

The meta-analysis for indoor aeroallergens did not show

any significant associations with early childhood exposure to

NO2 or PM2.5 (Figs 3B and 4B). The meta-analysis for out-

door aeroallergens showed a significantly increased risk

associated with increase in PM2.5, although there was a high

degree of heterogeneity observed between studies

(I2 = 73.7%), and no association was found with NO2

(Fig. 4A). Early childhood exposure to NO2 significantly

increased the risk for sensitization to food allergens at the

age of 4 years (Fig. 3D). However, these associations were

found to be modest at the age of 8 years for both NO2 and

PM2.5 (Figs 3D and 4D).

TRAP exposure and hay fever/eczema

The association of TRAP exposure on eczema and hay fever

was reported by five papers from three birth cohorts (PIAMA,

GINI & LISA and GINI plus & LISA plus) (30, 32, 37, 38,

40). GINI & LISA showed an adverse impact of NO2 on the

prevalence of eczema and an adverse impact of BC on the

prevalence of hay fever (32, 40). GINI plus & LISA plus

showed that greater exposure to BC both at birth and at the

age of 6 years was significantly associated with the prevalence

of eczema, but not with hay fever (32). Living near a major

road, especially within 50 m, was found to be associated with

increased prevalence of eczema and hay fever in childhood

(GINI & LISA) (40). However, early childhood exposure to

NO2, PM2.5 and BC was not associated with eczema and hay

fever in the PIAMA study (37) (Tables S10 and S11).

Discussion

This systematic review and meta-analyses showed that both

early and late childhood exposure to TRAP were associated

A

C

B

Figure 2 Early childhood exposure to TRAP and age-specific incidence of asthma from birth to childhood. (A) Exposure per 10 lg/m3

increase in NO2. (B) Exposure per 2 lg/m3 increase in PM2.5. (C) Exposure per 1 9 10�5 m�1 increase in BC.
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C D

B

Figure 4 Early childhood exposure per 2 lg/m3 increase in PM2.5 and sensitization to (A) outdoor allergens, (B) indoor allergens, (C) food

allergens at the age of 4 years and (D) food allergens at the age of 8 years.

A

C D

B

Figure 3 Early childhood exposure per 10 lg/m3 increase in NO2 and sensitization to (A) outdoor allergens, (B) indoor allergens, (C) food

allergens at the age 4 of years and (D) food allergens at the age of 8 years.
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with increased incidence of asthma throughout childhood

and the magnitude of this risk increased with age. However,

this pattern varied between different TRAP pollutants.

Asthma incidence was related to early childhood exposure to

NO2 and BC with a trend of increasing risk over the first

6 years of life. The association between exposure to PM2.5

and asthma incidence showed a similar pattern over the first

12 years of life. Compared to NO2, PM2.5 was more strongly

associated with outdoor aeroallergen sensitization. While

exposure to both NO2 and PM2.5 was significantly associated

with food sensitization at the age of both 4 and 8 years, the

association seemed to diminish in magnitude from age 4 to

8 years. There was some evidence that childhood exposure to

TRAP may also be associated with increased risks of eczema

and hay fever.

One of the main strengths of this review is the in-depth

evaluation of the evidence from birth cohorts with frequent

follow-ups. The age-stratified meta-analysis allowed us to

demonstrate trends across age strata. However, substantial

heterogeneity was observed across the studies, which may be

related to diverse definitions in exposure (LUR, dispersion

models and proximity to roads) and outcomes (asthma and

wheeze as well as allergic sensitization) (Table S12). In the

age-stratified meta-analysis, some age categories had only a

small number of studies with few age categories having only

one study. Therefore, the age-specific estimates may be less

accurate in some categories. The heterogeneity of the study

findings may also be related to unmeasured confounding.

There are multiple other environmental factors such as

pollens, fungal spores and meteorological conditions and

their complex interactions that drive asthma and allergies,

which can confound or modify the effects of TRAP exposure.

Similarly, socio-economic factors that lead to living in more

polluted areas may also increase risk of asthma and allergic

diseases and thus confound the effect of TRAP.

There is considerable support from the existing literature

for the hypothesis that early childhood exposure to air pollu-

tion is an important predictor of respiratory morbidity

among children (33). One proposed mechanism behind the

lag between early childhood exposure and subsequent risk of

asthma is that TRAP exposure in early childhood leads to

structural changes in growing lungs with subsequent expres-

sion of asthma symptoms at an age when asthma can be

clearly identified (11). It is also possible that ongoing expo-

sures to other pollutants when children spend more time out-

doors (45), especially during preschool and school years, may

increase the impact of early childhood exposures leading to

the expression of symptoms.

Our systematic review highlights that early childhood

exposure to TRAP is associated with new onset of asthma

throughout childhood and there is evidence to suggest that

TRAP exposure may have an ongoing effect with a lag time

of about 3 years. This is a phenomenon that was previously

proposed for second-hand smoking exposure and onset of

respiratory diseases (46). In our review, BC is also an impor-

tant predictor of asthma onset during late childhood; how-

ever, the results of the age-specific meta-analysis for BC were

dominated by the PIAMA study. BC is a product of diesel

combustion and emitted mostly by diesel-fuelled vehicles,

especially from poorly maintained heavy vehicles, such as

trucks. In our review proximity to a major road, a TRAP

marker did not show a strong association with asthma and

allergic diseases. The null findings may be related to exposure

misclassification or due to most available cohort studies

being primarily designed for purposes other than investigat-

ing air pollution and respiratory morbidity. Additional well-

designed birth cohorts with frequent follow-ups, especially

for TRAP markers and respiratory diseases, are needed to

investigate these associations further in a robust manner.

Our systematic review provides evidence that early child-

hood PM2.5 exposure increases the subsequent risk of sensiti-

zation among children. It has been shown that major

allergens in pollen can bind to the diesel exhaust particles,

which in turn leads to aggregation of pollen allergens that

can lead to IgE-mediated reactions (47). Previous systematic

reviews report that the association between air pollution and

allergic sensitization was debatable due to the inconsistent

results across studies. This may, in part, because they did not

separately examine the different allergens such as outdoor

and indoor aeroallergens and food allergens (19). However,

the substantial heterogeneity across studies suggests that

more studies focused on the effects of TRAP on sensitization

to specific allergens are required to draw firm conclusions.

Furthermore, attempts to explain the apparent variation in

study results are needed.

In summary, our findings have public health and policy

implications as we have shown that exposure to TRAP levels

well below the guidelines provided by the World Health

Organization (PM2.5 10 lg/m3 annual mean and NO2 40 lg/
m3 annual mean) is associated with increased incidence of

asthma and increased risk of sensitization to common aller-

gens during childhood. However, the substantial heterogene-

ity of the findings suggests more long-term studies

investigating specific exposure ages, and lifetime outcomes

are needed to fill this gap in the literature.
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