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Take Home Message:
We found that exposure to total oxidants at birth increased the risk of developing asthma by 17%
and eczema by 7%. Therefore, adverse impacts of exposure to air pollutants, particularly ozone
and nitrogen dioxide, may have their origins in early life.

ABSTRACT
Rationale: There is growing evidence that air pollution may contribute to the development of
childhood asthma and other allergic diseases. In this follow-up of the Toronto Child Health
Evaluation Questionnaire (T-CHEQ) study, we examined associations between early life
exposures to air pollution and incidence of asthma, allergic rhinitis and eczema from birth
through adolescence.
Methods: 1,286 T-CHEQ participants were followed from birth until outcome, March 31, 2016,
or loss-to-follow-up with a mean of 17 years of follow-up. Concentrations of NO2, O 3 and PM2.5
from January 1, 1999, to December 31, 2012 were assigned to participants based on their postal
codes at birth using ground observations, chemical/meteorological models, remote sensing and
land use regression (LUR) models. Study outcomes included incidence of physician-diagnosed
asthma, allergic rhinitis and eczema. Cox proportional hazard regression models were used to
estimate hazard ratios (HR) per interquartile range of exposures and outcomes, adjusting for
potential confounders.
Results: HRs of 1.17 (95%CI: 1.05, 1.31) for asthma and 1.07 (95%CI: 0.99, 1.15) for eczema
were observed for total oxidants (O3 and NO2) at birth. No significant increase in risk was found
for PM2.5.
Conclusion: Exposures to oxidant air pollutants (O3 and NO2), but not PM2.5 were associated
with an increased risk of incident asthma and eczema in children. This suggests that improving
air quality may contribute to the prevention of asthma and other allergic disease in childhood and
adolescence.
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Introduction
Earlier studies have shown that immunological development and maturation starts during
pregnancy and continues during early childhood [1]. Health risks from exposures at birth may
serve as a surrogate indicator of exposures throughout pregnancy. Exposures during the first 3
years of life represent a critical period of immune development that may modify immune
responses and cells, and thus influence the risk of allergies and other immune diseases later in
life. Recent systematic reviews by Bowatte et al and Khreis et al suggested that childhood
exposure to traffic-related air pollution (TRAP) contributes to the development of asthma [2, 3].
Assessing exposures both at birth and during early life is therefore important.

While a number of studies have examined the longitudinal association between childhood air
pollution exposure and incidence of asthma or other allergic diseases [3-8], few have
investigated this association into late adolescence. Furthermore, fewer have examined
independent or concurrent associations with other environmental exposures such as greenness
[9]. Thus, a gap in evidence exists on longitudinal studies of how air pollution may affect the
development and persistence of new and prevalent cases of asthma and other allergic conditions
(such as allergic rhinitis and eczema) in the adolescent population.

The Toronto Child Health Evaluation Questionnaire (T-CHEQ) study established a populationbased cohort of 5,619 grades one and two (aged 5 to 9 years) Toronto school children in 2006
using modified International Study of Asthma and Allergies in Childhood (ISAAC) methodology
[10]. Parent-reported lifetime asthma prevalence in this population of Toronto children was high

(16.1%) [10]. This study reported that NO2, a surrogate measure of traffic-related air pollution
(TRAP) exposure was associated with the development and persistence of asthma in early
childhood [11, 12]. In the 2006 T-CHEQ survey, participants were asked to provide
permission/consent to use their unique Health Card Number (HCN) for data linkage in future
research. The consented T-CHEQ participants who were born in Ontario were linked to the
Ontario population-based health administrative databases. It has been suggested O3 and NO2 can
trigger an oxidative stress process in the lungs which can lead to cell death, inflammation, injury
and loss of function [13]. Therefore, in addition to measuring the associations between individual
air pollutant and disease risks, our current study also estimated the impact of these pollutants
together as total oxidants. With this linked birth cohort, we aimed 1) to determine the incidence
of asthma and other common allergic conditions (allergic rhinitis, eczema) in children through
prospective follow-up from birth to adolescence, and 2) to examine the associations between air
pollution and incidence of asthma and other allergic diseases.

Methods
Study population and data linkage (online S4)
The original T-CHEQ study included 5,619 grade 1 and 2 school children aged 5-9 years who
were recruited in 2006 from 283 randomly sampled public schools in Toronto, Canada to
participate in the survey. About half of the T-CHEQ participants (n=2,735, 48.7%) gave consent
to use their unique HCN for future data linkage and 1,286 of them were born in Ontario, were
successfully linked to the Ontario Registered Persons Database housed at the Institute for
Clinical Evaluative Sciences (ICES) and had complete data on all covariates. These children
made up the T-CHEQ birth cohort for this study.

Measures
Outcome measures: Children and youths were classified as having incident asthma by
International Classification of Disease codes (ICD-9: 493 and ICD-10: J45, J46) if they had: ≥ 1
asthma hospital admission or ≥ 2 asthma Ontario Health Insurance Plan (OHIP) claims for
physician services in 2 consecutive years (where the first claim is considered the diagnosis date).
This case definition has been validated with 84% sensitivity and 76% specificity [14]. Allergic
rhinitis (ICD-9: 477 and ICD-10: J301-J304) and eczema (ICD-9: 691.8 and ICD-10: L20) were
identified by any physician health services claim for these conditions by their respective ICD
codes. With the unique HCN, the T-CHEQ participants who met the inclusion criteria were
traced back to their birth records to recreate the birth cohort for this study. All children in this
study were followed prospectively from birth to their index date of outcomes of interest, death,
end-of-study or loss-to-follow-up. The health administrative databases used in this study
included the National Ambulatory Care Reporting System (emergency department visits),
Canadian Institute for Health Information Discharge Abstract Database (hospital admissions),
and the Ontario Health Insurance Plan Claims Database (physician outpatient claims), to capture
health services use.

Air pollution exposures (online S1): The Ontario Registered Persons Database (RPDB) was used
to compile the history of residential address of the birth cohort from birth to the end of the study.
Given the peak incidence of asthma and other allergic disease in early childhood [15], we
focused on air pollution exposures at baseline (birth) and early life (0 to 3 years of age). The

exposures in the first 3 years of life were calculated based on all reported addresses during the
first 3 years of life. a) Pollutants - PM2.5 exposures were derived from total column aerosol depth
retrievals from the Moderate Resolution Imaging Spectroradiometer (MODIS) that were related
to near-surface PM2.5 using the GEOS-Chem chemical transport model and adjusted with local
ground-based observations through geographically weighted regression [16]. NO2 exposures
were estimated from a temporally adjusted national land use regression model that combined
National Air Pollution Surveillance (NAPS) fixed-site monitoring data, satellite NO2 estimates,
road length within 10 km, industrial land use areas within various buffers, and summer rainfall
[17]. Ozone exposures were estimated for the months of May to October (8 hour daily
maximum) using a temporally adjusted model combining modeled O 3 from the Canadian
Hemispheric Regional Ozone and NOx system (CHRONOS) operational regional air quality
forecast model [18] with ground-based observations from monitors in Canada and the United
States [19]. In addition to individual pollutants, we also employed total oxidants =
[(1.07*NO2)+(2.075*O3)]/3.145 as a composite measure, with pollutant weights equivalent to
their respective redox potentials [20]. Exposure surface concentrations of air pollution were then
assigned to participants using the centroids of their postal codes at birth and cumulated from
birth onwards. The PM2.5 estimates showed good agreement (R 2=0.82) with monitors over North
America, the NO2 LUR model explained 74% of the variability in fixed-site monitoring
concentrations and 43% of within-city NO2 concentrations from an independent dataset
measured using OGAWA passive samplers in 7 Canadian cities [17]. b) Greenness - The
Normalized Difference Vegetation Index (NDVI) Landsat Time Series was used to measure
greenness (15-19). Annual NDVI metrics were linked to all 6-digit DMTI Spatial single postal
code locations and surrounding areas within 100m [9]. NDVI values typically range from −1 to

+1 where −1 represents water, zero corresponds to bare surfaces such as rock, sand, rooftops and
roads and +1 represents healthy green vegetation [21]. The greenness data surfaces for Ontario
from 1996 to 2015 were obtained from the CANadian Urban Environmental Health (CANUE)
research consortium (https://canue.ca/).

Covariates (online S2): There were three domains of covariates collected by the 2006 T-CHEQ
survey: child, parental/demographics and home environmental factors. Child factors include:
age, sex, low birth weight (<2500g), prematurity (<37 weeks gestation), breastfeeding and
enrollment in childcare. Parental/demographic factors include: parental asthma and atopy,
parental education level and income adequacy. Home environmental factors include: crowding
(number of people living in household), home exposures during first year of life (damp spots, use
of gas to cook or heat, exposure to environmental tobacco smoke (ETS), pets, cockroaches and
mold in the home).

Statistical Analysis
The number and proportion of children who developed asthma, allergic rhinitis or eczema were
stratified by child, parental/demographics and home environmental factors to compare children
who developed these outcomes of interest to those who did not. Chi-squared tests were used to
assess differences in proportions by group where a p-value of < 0.05 indicates a statistically
significant difference. The relationship between outcomes of interest and exposure was examined
using the Cox proportional hazards (PH) regression model. All hazard ratios (HR) were
presented with 95% confidence intervals (CI), and were calculated per pollutant/NDVI

interquartile range (IQR). The Cox PH regression models were repeated for exposures: at birth,
averaged over the first 3 years of life, and by 3 health outcomes: asthma, allergic rhinitis and
eczema. All three domains of covariates (child, parental/demographics and home environmental
factors) were included in the multivariable Cox PH regression models to adjust for potential
confounding. Plots of the Martingale-based residuals were examined to check for evidence of
violation of the PH assumption [22]. Covariates that did not meet the PH assumption were
removed from the regression model. None of the covariates kept in the final Cox models violated
the PH assumption.

We used the Moran’s I to measure the overall spatial autocorrelation and to test for clustering of
exposures and cases. Our Moran’s Is on air pollutants and cases were all below 0.2 (close to 0)
indicating no autocorrelation.

We also modelled NO2 and O3 together as total oxidants and examined the hazards of PM2.5 and
outcomes stratifying by tertile of total oxidants [23], an approach suggested by Weichenthal et al
[23], which showed that PM2.5 were associated with mortality in the highest tertile of the HRs of
oxidants but not in lower tertiles. All analyses were carried out using SAS Enterprise guide 6.1
(SAS Institute Inc., Cary, NC).

Ethics approval
Ethics approval for this study was obtained from the Hospital for Sick Children and Health
Canada Research Ethics Boards (Toronto and Ottawa, Ontario, Canada respectively). Individual
informed study consent was received from each study participant’s parent or guardian at the time

of participation in the T-CHEQ survey and permission was given for the HCN to be used for data
linkage.

Results
1,286 children were linked to birth records and health administrative databases using their unique
health card number. They were born between 1996 and 2001 and were followed to March 31,
2016 for an average of 17 years.

Descriptive Statistics
Figure 1 shows that amongst the 1,286 children, 28.5% had asthma (N=366), 39.7% had allergic
rhinitis (N=511) and 74.5% had eczema (N=958), while nearly 14% (N=177) had all three
conditions. Only 2.3% had asthma alone (N=30) and 12.4% had asthma and either allergic
rhinitis or eczema (N=159). Table 1 compares child, parent/demographic and home
environmental factors amongst children who had asthma, allergic rhinitis and eczema to those
who did not. A higher proportion of children with asthma compared to children who did not have
asthma were born with low birthweight (9.0% versus 5.8%, p=0.035), were male (62.0% versus
49.2%, p<0.001), were not breastfed (11.5% versus 6.4%, p=0.002), and had a parental history of
asthma (28.7% versus 19.5%, p<0.001). On the other hand, a lower proportion of children with
asthma had pets in their home in the first year of life (31.1 versus 38.0%, p=0.02). Similar
patterns were observed comparing children with allergic rhinitis to those without and children
with eczema to those without (Table 1).

Mean levels of exposures
Table 2 shows the mean distributions of exposures to pollutants and greenness at birth and
averaged over the first 3 years of life. The levels did not differ significantly between those with
versus without asthma, allergic rhinitis or eczema. Furthermore, the mean levels of pollutants at
birth did not differ significantly from those averaged over the first 3 years of life. Table 3 shows
correlations among exposures. O3 and NO2 at birth were strongly negatively correlated, while O3
and PM2.5 at birth were moderately positively correlated and NO2 and PM2.5 at birth were weakly
negatively correlated. With the exception of O 3 and NO2 , correlations were weaker based on
exposures over the first 3 years.

Hazard ratios from Cox regression models
The results of single and multi-pollutant adjusted Cox PH regression models are shown in Table
4 and Figure 2. All regression models were fully adjusted for child, parental/demographics and
home environmental factors (detailed in the methods section). Exposure to O3 at birth was not
associated with asthma, allergic rhinitis or eczema in single pollutant models, but a 1.2-fold
higher risk of asthma (HR=1.22, 95% CI: 1.04, 1.43, Table 4) and allergic rhinitis (HR=1.15,
95% CI: 1.00, 1.31, Table 4) per IQR was observed adjusting for NO2, PM2.5 and NDVI in the
multi-pollutant model. Exposure to NO2 at birth was more strongly associated with asthma and
eczema in a multi-pollutant model also including O3, PM2.5 and NDVI (HR=1.17, 95% CI: 1.05,
1.31, and HR=1.07, 95% CI: 0.99, 1.15, respectively, Table 4). In multi-pollutant models,
exposures to NO2 and O3 in the first 3 years of life showed a similar trend of increasing the risk

of asthma, allergic rhinitis and eczema. Total oxidants (the weighted sum of NO2 and O3) were
associated with asthma and eczema in both single (HR 1.14, 95% CI: 1.02, 1.28, and HR 1.07,
95% CI: 1.00, 1.15 respectively, Table 4) and multi-pollutant models with PM2.5, NDVI and
other covariates (HR 1.17, 95% CI: 1.05, 1.31, and HR 1.07, 95% CI: 0.99, 1.15 respectively,
Table 4). We repeated the multi-pollutant regression model to examine the association stratified
by age groups (onset of asthma ≤ 4 years old and > 4 years). Results from the age-stratified
analysis (Table 5) showed that there was no difference in the HRs by age at onset. The HRs of
PM2.5 and outcomes when stratified by tertile of total oxidants showed similar results with that of
the multi-pollutant model of total oxidants and PM2.5 (online S3). Our results did not
demonstrate a gradient effect of oxidants on PM2.5 and outcomes.

Discussion
This study represents the longest longitudinal study of the health of school-aged children in
Canada with over 17 years of follow-up. The lifetime incidence of asthma in the T-CHEQ cohort
(28.5%) was somewhat higher than our previous estimate using the same methods of case
ascertainment of 22% by age 20 based on Ontario-wide data from 1996-2007 [15], which could
be attributable to differences between the T-CHEQ cohort and the Ontario population. We found
a 17% increase in risk of developing asthma and 8% increase in risk of allergic rhinitis for each
IQR increase in exposure to total oxidants (O3 and NO 2) at birth. Associations with O3 and NO2
in single vs. multi-pollutant models were less stable than for total oxidants, probably because of
their strong negative correlation. These findings are important because they examined the effects
of early life exposures to air pollution and their subsequent influence on health throughout
childhood to adolescence.

Our study provides reliable exposure measurements as we compiled complete address histories
from birth and assigned exposures according to residential address throughout those periods. Our
results showed that the association of exposure and outcomes throughout early childhood is
rather consistent. The point estimates of the HRs at birth and those at the first 3 years differed by
less than 10% and the direction of the point estimates was consistent over time. The wider 95%
CI of HRs at first 3 years could be partially attributable to a larger variance of exposures from
year to year.

Exposures to ambient air pollutants including O 3, PM2.5 and NO2 have been associated with
worsening lung function and asthma symptoms in children [24-27]. Respiratory viruses and air
pollutants such as O3 target the airway epithelium specifically as a means of entry to the
underlying airways, and when combined with an impaired ability to mount an anti-oxidant
response, results in an already susceptible airway epithelium that is more easily damaged [28].
Wendt et al used data from Texas between 2005 and 2007, a large population at high risk for
asthma, and living in an area with historically high O 3 levels to study the risk of incident asthma
and O3. Similar to our study, Wendt et al found a significant association of exposure to O 3 and
incident asthma in children [29].

Our birth cohort study did not find a positive association of early life exposure to PM 2.5 and risks
of developing childhood respiratory or allergic conditions. This lack of association might reflect
weak or partially unresolved spatial gradients across the study area. Yang et al used the
Netherland PIAMA (Prevention and Incidence of Asthma and Mite Allergy) birth cohort data to

measure the associations of long-term exposure to oxidative potential (OP) with respiratory
health in 3,701 children until they turned 12-14 years of age. Our risk estimates of exposure to
NO2 and asthma and rhinitis are consistent with those Yang et al reported in the PIAMA birth
cohort. They also did not find a significant association between respiratory health and PM 2.5 mass
[30].

Gehring et al used a combined cohort of 14,126 participants from four prospective birth cohort
studies from Germany, Sweden, and the Netherlands to measure the longitudinal associations
between exposure to air pollution and development of asthma and rhinoconjunctivitis throughout
childhood and adolescence. This multiple birth cohort study found that the risk of incident
asthma up to age 14 to 16 years increased with increasing exposure to NO2 and PM2.5 at the birth
address and suggested that exposure to air pollution early in life might contribute to the
development of asthma throughout childhood and adolescence [31]. Their estimates of risk of
asthma and NO2 are consistent with our findings.

Bowatte et al conducted a systematic review and meta-analysis that included 19 studies, 11 of
which were birth cohort studies, from the late 1990s to 2014. While there was a wide variability
in the ORs across studies, the point estimates of NO2 at ages 1, 2, 3, 4 and 6 years were
consistent with ours in the single-pollutant model [3]. The results of this study highlighted that
early childhood exposure to TRAP from birth to 5 years of age was associated with new onset of
asthma throughout childhood and there was evidence to suggest that TRAP exposure may have
an ongoing effect with a lag time of about 3 years [3].

Khreis et al published a systematic review in 2017 and included 21 studies in their quantitative
analyses. Our overall estimate of risk of NO 2 and asthma was consistent with their finding that
increase in exposure to NO2 in early childhood increases the risk of asthma [2]. However, while
Khreis et al suggested an overall increase in risk of exposure to PM2.5 and asthma, we did not
find an independent increase in risk of early life exposure to PM 2.5 and asthma in our multipollutant model [2]. The authors concluded that based on their meta-analysis, they supported the
hypothesis that childhood exposure to TRAP contributes to the development of asthma [2].

Recent studies suggested that residential greenness may play a role in the aetiology of allergic
respiratory diseases. However, the literature has been inconsistent, with some reported protective
effects [9, 32] and others suggesting that trees along roadsides can trap air pollution, decrease the
air quality in the immediate vicinity [33] and therefore may pose a negative impact on health [32,
34]. The recent systematic reviews and meta-analysis conducted by Lambert et al assessed the
role of residential greenness on allergic respiratory diseases in children and adolescents [35, 36].
The results of the meta-analysis showed no significant overall association between residential
greenness and asthma or allergic rhinitis. Similarly, our study did not find significant
associations with exposure to residential greenness and allergic respiratory diseases.

It is well established that short-term exposure to air pollution can decrease lung function,
exacerbate asthma, increase the risk of respiratory infections, and contribute to hospitalization
and mortality [37], and it has been reported that long-term exposure can lead to disease
progression, such as from asthma to COPD (chronic obstructive pulmonary disease) [38, 39].
Meta-analyses of 18-41 primary studies have consistently reported significant positive pooled

estimates of the association between NO 2 and asthma prevalence and/or incidence, while
associations with particulate matter were less consistent [2, 3, 5, 40]. A recent systematic review
of ozone and asthma incidence reported that findings were inconsistent among 11 primary
studies [41]. Our T-CHEQ Birth Cohort Study has a 17-year follow up which allowed us to study
exposures to air pollution from birth and in early life and to quantify their long-term subsequent
risks of development of common childhood respiratory and allergic conditions such as asthma,
allergic rhinitis and eczema. Some studies have suggested that ozone depletes antioxidant
activity and increases indications of inflammation in the respiratory tract fluid lining and affects
lung growth [42, 43]. Short-term exposure to ozone can decrease lung function and increase the
risk of respiratory infections in children. Children are at a higher risk because their lungs and
other respiratory organs are smaller, and their immune, metabolism and detoxification systems
are not well developed [44, 45]. Our observed elevated risks for asthma and allergic rhinitis
associated with exposure to ozone, and eczema to nitrogen dioxide, imply that the adverse
impact of exposure to air pollutants particularly to ozone and nitrogen dioxide may have their
origins in early life.

This study has several strengths, including the use of a birth cohort design with 17 years of
follow-up with complete data on the residential history (home address) of every child. Data were
linked to population health administrative databases to ascertain physician -diagnosed (instead of
self- or parental-report) incidence of asthma, allergic rhinitis and eczema. The study is also
strengthened by adjustment for a multitude of potential confounding risk factors including child
and parental demographics and home environmental factors. Additionally, although survey
questions in which respondents are asked to recall events/behaviours in the past may be subject

to potential recall bias, recall bias did not seem to be substantial in this study. For example, none
of the home environment variables in the first year of life were significantly different in
prevalence between children with or without asthma or eczema. Despite these strengths, a few
limitations should be noted. Firstly, exposures in this study were assigned based on
concentrations of air pollution estimated for place of residence. Therefore, misclassification
(over- or under-estimation) of exposures is possible. Despite the small sample size, the study has
sufficient statistical power to detect the effects of NO 2, O 3 on asthma, O3 on allergic rhinitis and
NO2 on eczema in the multi-pollutant and multi-covariate adjusted model. However, it is a
limitation that we may not have sufficient statistical power to measure smaller effects of
pollutants on some of the outcomes. Additionally, we did not have data on the incidence of
conditions by month to permit analysis by seasons, or data to differentiate asthma types such as
atopic and non-atopic asthma. Lastly, while we have adjusted for many potential confounding
risk factors, residual confounding may still exist in relation to unmeasured confounders. Future
research should explore spatiotemporal correlation between pollutants and how they may be
influenced by meteorological factors such as wind speed and relative humidity.

In conclusion, this birth cohort study adds evidence of associations between early life exposure
to air pollutants and risks of major respiratory and allergic conditions in young children.
Improving air quality and providing advice on reducing air pollution exposure especially to O3
and NO2 may contribute to the prevention of asthma and other allergic disease in childhood and
adolescence.
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Abbreviations
Acronym
AR
CANUE
CI
COPD
ETS
FSA
HCN
HR
ICD
ICES

Definition
allergic rhinitis
Canadian Urban Environmental Health Research Consortium
confidence interval
chronic obstructive pulmonary disease
environmental tobacco smoke
forward sortation area
health card number
hazard ratio
International Classification of Diseases
Institute for Clinical Evaluative Sciences

IQR
ISAAC
LCI
LUR
MODIS
NDVI
NO2
O3
OHIP
OP
Ox
PH
PIAMA
PM2.5
PST
SD
T-CHEQ
TRAP
UCI

interquartile range
International Study of Asthma and Allergies in Childhood
lower 95% confidence interval
land use regression
Moderate Resolution Imaging Spectroradiometer
normalized difference vegetation index
nitrogen dioxide
Ozone
Ontario Health Insurance Plan
oxidative potential
Oxidant
proportional hazard
Prevention and Incidence of Asthma and Mite Allergy
particulate matter with a diameter of 2.5 μm
postal code
standard deviation
Toronto Child Health Evaluation Questionnaire
traffic-related air pollution
upper 95% confidence interval

References
1.
Martikainen MV, Ronkko TJ. Integrating farm and air pollution studies in search for
immunoregulatory mechanisms operating in protective and high-risk environments. 2018: 29(8):
815-822.
2.
Khreis H, Kelly C, Tate J, Parslow R, Lucas K, Nieuwenhuijsen M. Exposure to trafficrelated air pollution and risk of development of childhood asthma: A systematic review and
meta-analysis. Environment international 2017: 100: 1-31.
3.
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(3): 245-256.
4.
Fuertes E, Standl M, Cyrys J, Berdel D, von Berg A, Bauer CP, Kramer U, Sugiri D,
Lehmann I, Koletzko S, Carlsten C, Brauer M, Heinrich J. A longitudinal analysis of
associations between traffic-related air pollution with asthma, allergies and sensitization in the
GINIplus and LISAplus birth cohorts. PeerJ 2013: 1: e193.
5.
Gasana J, Dillikar D, Mendy A, Forno E, Ramos Vieira E. Motor vehicle air pollution
and asthma in children: a meta-analysis. Environmental research 2012: 117: 36-45.
6.
Takenoue Y, Kaneko T, Miyamae T, Mori M, Yokota S. Influence of outdoor NO2
exposure on asthma in childhood: meta-analysis. Pediatrics international : official journal of the
Japan Pediatric Society 2012: 54(6): 762-769.
7.
Anderson HR, Butland BK, van Donkelaar A, Brauer M, Strachan DP, Clayton T, van
Dingenen R, Amann M, Brunekreef B, Cohen A, Dentener F, Lai C, Lamsal LN, Martin RV,
One IP. Satellite-based estimates of ambient air pollution and global variations in childhood
asthma prevalence. Environmental health perspectives 2012: 120(9): 1333-1339.
8.
Hasunuma H, Sato T, Iwata T, Kohno Y, Nitta H, Odajima H, Ohara T, Omori T, Ono M,
Yamazaki S, Shima M. Association between traffic-related air pollution and asthma in preschool
children in a national Japanese nested case-control study. BMJ open 2016: 6(2): e010410.
9.
Sbihi H, Tamburic L, Koehoorn M, Brauer M. Greenness and Incident Childhood
Asthma: A 10-Year Follow-up in a Population-based Birth Cohort. American journal of
respiratory and critical care medicine 2015: 192(9): 1131-1133.
10.
Dell SD, Foty RG, Gilbert NL, Jerret M, To T, Walter SD, Stieb DM. Asthma and
allergic disease prevalence in a diverse sample of Toronto school children: results from the
Toronto Child Health Evaluation Questionnaire (T-CHEQ) Study. Canadian respiratory journal
2010: 17(1): e1-6.
11.
Dell SD, Jerrett M, Beckerman B, Brook JR, Foty RG, Gilbert NL, Marshall L, Miller
JD, To T, Walter SD, Stieb DM. Presence of other allergic disease modifies the effect of early
childhood traffic-related air pollution exposure on asthma prevalence. Environment international
2014: 65: 83-92.
12.
Shankardass K, Jerrett M, Dell SD, Foty R, Stieb D. Spatial analysis of exposure to
traffic-related air pollution at birth and childhood atopic asthma in Toronto, Ontario. Health &
place 2015: 34: 287-295.
13.
Lodovici M, Bigagli E. Oxidative stress and air pollution exposure. Journal of toxicology
2011: 2011: 487074.

14.
Gershon AS, Wang C, Guan J, Vasilevska-Ristovska J, Cicutto L, To T. Identifying
patients with physician diagnosed asthma in health administrative databases. Canadian
respiratory journal 2009: 16(6): 183-188.
15.
To T, Wang C, Guan J, McLimont S, Gershon AS. What is the lifetime risk of physiciandiagnosed asthma in Ontario, Canada? American journal of respiratory and critical care
medicine 2010: 181(4): 337-343.
16.
van Donkelaar A, Martin RV, Spurr RJ, Burnett RT. High-Resolution Satellite-Derived
PM2.5 from Optimal Estimation and Geographically Weighted Regression over North America.
Environmental science & technology 2015: 49(17): 10482-10491.
17.
Hystad P, Setton E, Cervantes A, Poplawski K, Deschenes S, Brauer M, van Donkelaar
A, Lamsal L, Martin R, Jerrett M, Demers P. Creating national air pollution models for
population exposure assessment in Canada. Environmental health perspectives 2011: 119(8):
1123-1129.
18.
Pudykiewicz J, Kallaur A, Smolarkiewicz P. Semi-Lagrangian modelling of tropospheric
ozone. Tellus, Series B: Chemical and Physical Meteorology 1997: 49: 231-248.
19.
Robichaud A, Menard R, Zaitseva Y, Anselmo D. Multi-pollutant surface objective
analyses and mapping of air quality health index over North America. Air quality, atmosphere, &
health 2016: 9(7): 743-759.
20.
Bratsch SG. Standard electrode potentials and temperature coefficients in water at 298.15
K. J Phys Chem Ref Data 1989: 18: 1-21.
21.
Weier J, Herring D. Measuring vegetation (NDVI & EVI). 2000 [cited 2019 Feb 20];
Available from: http://earthobservatory.nasa.gov/Features/MeasuringVegetation/
22.
Lin D, Wei LJ, Ying Z. Checking the Cox Model with Cumulative Sums of MartingaleBased Residuals. Biometrika 1993: 80: 557-572.
23.
Weichenthal S, Pinault LL, Burnett RT. Impact of Oxidant Gases on the Relationship
between Outdoor Fine Particulate Air Pollution and Nonaccidental, Cardiovascular, and
Respiratory Mortality. Scientific reports 2017: 7(1): 16401.
24.
Akinbami LJ, Lynch CD, Parker JD, Woodruff TJ. The association between childhood
asthma prevalence and monitored air pollutants in metropolitan areas, United States, 2001-2004.
Environmental research 2010: 110(3): 294-301.
25.
Babin S, Burkom H, Holtry R, Tabernero N, Davies-Cole J, Stokes L, Dehaan K, Lee D.
Medicaid patient asthma-related acute care visits and their associations with ozone and
particulates in Washington, DC, from 1994-2005. International journal of environmental health
research 2008: 18(3): 209-221.
26.
Lewis TC, Robins TG, Dvonch JT, Keeler GJ, Yip FY, Mentz GB, Lin X, Parker EA,
Israel BA, Gonzalez L, Hill Y. Air pollution-associated changes in lung function among
asthmatic children in Detroit. Environmental health perspectives 2005: 113(8): 1068-1075.
27.
O'Connor GT, Neas L, Vaughn B, Kattan M, Mitchell H, Crain EF, Evans R, 3rd,
Gruchalla R, Morgan W, Stout J, Adams GK, Lippmann M. Acute respiratory health effects of
air pollution on children with asthma in US inner cities. The Journal of allergy and clinical
immunology 2008: 121(5): 1133-1139.e1131.
28.
Papadopoulos NG, Arakawa H, Carlsen KH, Custovic A, Gern J, Lemanske R, Le Souef
P, Makela M, Roberts G, Wong G, Zar H, Akdis CA, Bacharier LB, Baraldi E, van Bever HP, de
Blic J, Boner A, Burks W, Casale TB, Castro-Rodriguez JA, Chen YZ, El-Gamal YM, Everard
ML, Frischer T, Geller M, Gereda J, Goh DY, Guilbert TW, Hedlin G, Heymann PW, Hong SJ,
Hossny EM, Huang JL, Jackson DJ, de Jongste JC, Kalayci O, Ait-Khaled N, Kling S, Kuna P,

Lau S, Ledford DK, Lee SI, Liu AH, Lockey RF, Lodrup-Carlsen K, Lotvall J, Morikawa A,
Nieto A, Paramesh H, Pawankar R, Pohunek P, Pongracic J, Price D, Robertson C, Rosario N,
Rossenwasser LJ, Sly PD, Stein R, Stick S, Szefler S, Taussig LM, Valovirta E, Vichyanond P,
Wallace D, Weinberg E, Wennergren G, Wildhaber J, Zeiger RS. International consensus on
(ICON) pediatric asthma. Allergy 2012: 67(8): 976-997.
29.
Wendt JK, Symanski E, Stock TH, Chan W, Du XL. Association of short-term increases
in ambient air pollution and timing of initial asthma diagnosis among Medicaid-enrolled children
in a metropolitan area. Environmental research 2014: 131: 50-58.
30.
Yang A, Janssen NA, Brunekreef B, Cassee FR, Hoek G, Gehring U. Children's
respiratory health and oxidative potential of PM2.5: the PIAMA birth cohort study. Occupational
and environmental medicine 2016: 73(3): 154-160.
31.
Gehring U, Wijga AH, Hoek G, Bellander T, Berdel D, Bruske I, Fuertes E, Gruzieva O,
Heinrich J, Hoffmann B, de Jongste JC, Klumper C, Koppelman GH, Korek M, Kramer U,
Maier D, Melen E, Pershagen G, Postma DS, Standl M, von Berg A, Anto JM, Bousquet J, Keil
T, Smit HA, Brunekreef B. Exposure to air pollution and development of asthma and
rhinoconjunctivitis throughout childhood and adolescence: a population-based birth cohort study.
The Lancet Respiratory medicine 2015: 3(12): 933-942.
32.
Lovasi GS, O'Neil-Dunne JP, Lu JW, Sheehan D, Perzanowski MS, Macfaden SW, King
KL, Matte T, Miller RL, Hoepner LA, Perera FP, Rundle A. Urban tree canopy and asthma,
wheeze, rhinitis, and allergic sensitization to tree pollen in a New York City birth cohort.
Environmental health perspectives 2013: 121(4): 494-500.
33.
Vos PE, Maiheu B, Vankerkom J, Janssen S. Improving local air quality in cities: to tree
or not to tree? Environmental pollution (Barking, Essex : 1987) 2013: 183: 113-122.
34.
Andrusaityte S, Grazuleviciene R, Kudzyte J, Bernotiene A, Dedele A, Nieuwenhuijsen
MJ. Associations between neighbourhood greenness and asthma in preschool children in Kaunas,
Lithuania: a case-control study. BMJ open 2016: 6(4): e010341.
35.
Lambert KA, Bowatte G, Tham R, Lodge CJ, Prendergast LA, Heinrich J, Abramson MJ,
Dharmage SC, Erbas B. Greenspace and Atopic Sensitization in Children and Adolescents-A
Systematic Review. International journal of environmental research and public health 2018:
15(11).
36.
Lambert KA, Bowatte G, Tham R, Lodge C, Prendergast L, Heinrich J, Abramson MJ,
Dharmage SC, Erbas B. Residential greenness and allergic respiratory diseases in children and
adolescents - A systematic review and meta-analysis. Environmental research 2017: 159: 212221.
37.
Thurston GD, Kipen H, Annesi-Maesano I, Balmes J, Brook RD, Cromar K, De Matteis
S, Forastiere F, Forsberg B, Frampton MW, Grigg J, Heederik D, Kelly FJ, Kuenzli N,
Laumbach R, Peters A, Rajagopalan ST, Rich D, Ritz B, Samet JM, Sandstrom T, Sigsgaard T,
Sunyer J, Brunekreef B. A joint ERS/ATS policy statement: what constitutes an adverse health
effect of air pollution? An analytical framework. The European respiratory journal 2017: 49(1).
38.
To T, Zhu J, Larsen K, Simatovic J, Feldman L, Ryckman K, Gershon A, Lougheed MD,
Licskai C, Chen H, Villeneuve PJ, Crighton E, Su Y, Sadatsafavi M, Williams D, Carlsten C.
Progression from Asthma to Chronic Obstructive Pulmonary Disease. Is Air Pollution a Risk
Factor? American journal of respiratory and critical care medicine 2016: 194(4): 429-438.
39.
To T, Zhu J, Gray N, Feldman LY, Villeneuve PJ, Licskai C, Gershon A, Miller AB.
Asthma and COPD Overlap in Women: Incidence and Risk Factors. Annals of the American
Thoracic Society 2018.

40.
Favarato G, Anderson HR, Atkinson R, Fuller G, Mills I, Walton H. Traffic-related
pollution and asthma prevalence in children. Quantification of associations with nitrogen
dioxide. Air quality, atmosphere, & health 2014: 7(4): 459-466.
41.
Zu K, Shi L, Prueitt RL, Liu X, Goodman JE. Critical review of long-term ozone
exposure and asthma development. Inhalation toxicology 2018: 30(3): 99-113.
42.
Behndig AF, Blomberg A, Helleday R, Duggan ST, Kelly FJ, Mudway IS. Antioxidant
responses to acute ozone challenge in the healthy human airway. Inhalation toxicology 2009:
21(11): 933-942.
43.
World Health Organization. Ambient air pollution: a global assessment of exposure and
burden of disease. World Health Organization, Geneva, Switzerland, 2016.
44.
Sacks JD, Stanek LW, Luben TJ, Johns DO, Buckley BJ, Brown JS, Ross M. Particulate
matter-induced health effects: who is susceptible? Environmental health perspectives 2011:
119(4): 446-454.
45.
Vinikoor-Imler LC, Owens EO, Nichols JL, Ross M, Brown JS, Sacks JD. Evaluating
potential response-modifying factors for associations between ozone and health outcomes: a
weight-of-evidence approach. Environmental health perspectives 2014: 122(11): 1166-1176.

Table 1. Distribution of covariates by prevalence of asthma, allergic rhinitis and eczema in the study cohort
Asthma
Covariates

Allergic Rhinitis
With
Without
N=511
N=775

With
N=366

Without
N=920

Female
Male

139 (38.0%)
227 (62.0%)

467 (50.8%)
453 (49.2%)

<0.001

216 (42.3%)
295 (57.7%)

390 (50.3%)
385 (49.7%)

Child age at survey

Mean ± SD
Median (IQR)

6.70 ± 0.67
7.00 (6.00-7.00)

6.67 ± 0.63
7.00 (6.00-7.00)

0.383
0.498

6.67 ± 0.63
7.00 (6.00-7.00)

6.68 ± 0.65
7.00 (6.00-7.00)

Child age at asthma, AR or eczema

Mean ± SD
Median (IQR)

3.33 ± 3.60
2.00 (1.00-5.00)

NA

6.31 ± 4.41
5.00 (3.00-10.00)

NA

Low birthweight (< 2500g)

33 (9.0%)

53 (5.8%)

0.006

33 (6.5%)

53 (6.8%)

Born within 3 weeks of the calculated date

37 (10.1%)

60 (6.5%)

0.028

38 (7.4%)

59 (7.6%)

Child breastfed

324 (88.5%)

861 (93.6%)

0.002

460 (90.0%)

725 (93.5%)

232 (63.4%)

629 (68.4%)

0.087

322 (63.0%)

3.80 ± 3.61
2.42 (1.06-5.52)

17.00 ± 1.84
17.22 (16.70-17.76)

<0.001
<0.001

6.79 ± 4.43
5.98 (3.29-10.28)

Home Environmental Factors:
Mould in home first year of life

34 (9.3%)

65 (7.1%)

0.177

Roaches in home in first year of life

32 (8.7%)

59 (6.4%)

0.141

261 (71.3%)

704 (76.5%)

32 (8.7%)

Eczema
With
N=958

Without
N=328

0.005

438 (45.7%)
520 (54.3%)

168 (51.2%)
160 (48.8%)

0.085

0.825
0.915

6.69 ± 0.65
7.00 (6.00-7.00)

6.66 ± 0.62
7.00 (6.00-7.00)

0.462
0.578

2.89 ± 4.12
1.00 (0.00-4.00)

NA

0.789

68 (7.1%)

18 (5.5%)

0.314

0.907

77 (8.0%)

20 (6.1%)

0.251

0.021

880 (91.9%)

305 (93.0%)

0.512

539 (69.5%)

0.015

640 (66.8%)

221 (67.4%)

0.849

16.95 ± 2.00
17.20 (16.68-17.75)

<0.001
<0.001

3.32 ± 4.17
1.42 (0.44-4.75)

16.85 ± 2.24
17.22 (16.66-17.75)

<0.001
<0.001

42 (8.2%)

57 (7.4%)

0.569

78 (8.1%)

21 (6.4%)

0.308

42 (8.2%)

49 (6.3%)

0.194

76 (7.9%)

15 (4.6%)

0.041

0.051

357 (69.9%)

608 (78.5%)

<0.001

707 (73.8%)

258 (78.7%)

0.079

62 (6.7%)

0.213

36 (7.0%)

58 (7.5%)

0.767

74 (7.7%)

20 (6.1%)

0.329

114 (31.1%)

350 (38.0%)

0.02

159 (31.1%)

305 (39.4%)

0.003

337 (35.2%)

127 (38.7%)

0.249

Lowest
Lower Middle
Upper Middle
Highest

37 (10.1%)
53 (14.5%)
93 (25.4%)
183 (50.0%)

65 (7.1%)
98 (10.7%)
163 (17.7%)
594 (64.6%)

<0.001

51 (10.0%)
86 (16.8%)
94 (18.4%)
280 (54.8%)

51 (6.6%)
65 (8.4%)
162 (20.9%)
497 (64.1%)

<0.001

88 (9.2%)
117 (12.2%)
197 (20.6%)
556 (58.0%)

14 (4.3%)
34 (10.4%)
59 (18.0%)
221 (67.4%)

0.006

≤3
4
≥5

50 (13.7%)
186 (50.8%)
130 (35.5%)

126 (13.7%)
467 (50.8%)
327 (35.5%)

0.997

79 (15.5%)
256 (50.1%)
176 (34.4%)

97 (12.5%)
397 (51.2%)
281 (36.3%)

0.076

138 (14.4%)
489 (51.0%)
331 (34.6%)

38 (11.6%)
164 (50.0%)
126 (38.4%)

0.433

100 (27.3%)

205 (22.3%)

0.02

147 (28.8%)

158 (20.4%)

<0.001

246 (25.7%)

59 (18.0%)

0.001

87 (23.8%)
130 (35.5%)
49 (13.4%)

178 (19.3%)
341 (37.1%)
196 (21.3%)

116 (22.7%)
172 (33.7%)
76 (14.9%)

149 (19.2%)
299 (38.6%)
169 (21.8%)

205 (21.4%)
349 (36.4%)
158 (16.5%)

60 (18.3%)
122 (37.2%)
87 (26.5%)

Either of the parents ever had asthma

105 (28.7%)

179 (19.5%)

<0.001

132 (25.8%)

152 (19.6%)

0.009

215 (22.4%)

69 (21.0%)

0.596

Parent history of atopy

217 (59.3%)

496 (53.9%)

0.08

291 (56.9%)

422 (54.5%)

0.378

537 (56.1%)

176 (53.7%)

0.451

Child Factors:
Sex

Child ever attend a childcare facility/nursery school
Years to asthma, AR, eczema/end of
follow-up

Mean ± SD
Median (IQR)

Gas cook/heat first year of life
ETS exposure in first year of life
Pets in home in the first year of life
Parental/Demographic Factors:
Income adequacy

Number of people in the household

Parent's highest level of education

Some college or
below
College diploma
University degree
Master/doctorate

Abbreviations: AR = allergic rhinitis; SD = standard deviation; IQR = interquartile range

p-value

p-value

p-value

Table 2. Mean distributions of exposures to air pollution and greenness at birth and averaged over first 3 years of life
Pollutant Time of exposure
NO2
at birth

Asthma
N=366 (28.5%)
Mean ± SD
27.00 ± 4.95
M edian (IQR)

averaged over first 3 years Mean ± SD
M edian (IQR)

O3

at birth

at birth

at birth

Non-Eczema
N=328
25.99 ± 4.46

27.03 (24.77-29.24)

26.50 (24.54-28.56)

26.73 (24.56-28.81)

26.59 (24.61-28.68)

26.73 (24.71-28.94)

26.45 ± 4.57

26.01 ± 4.32

26.07 ± 4.22

26.18 ± 4.51

26.28 ± 4.40

26.37 (24.03-28.21)

25.70 ± 4.35

26.53 (24.38-28.52)

26.24 (24.17-28.08)

26.27 (24.06-28.22)

26.29 (24.38-28.24)

26.37 (24.38-28.42)

26.01 (23.76-27.70)

43.63 ± 1.72

43.61 ± 1.52

43.67 ± 1.60

43.58 ± 1.57

43.60 ± 1.58

43.65 ± 1.59

M edian (IQR)

43.26 (42.41-44.26)

43.39 (42.53-44.24)

43.36 (42.52-44.32)

43.34 (42.49-44.20)

43.32 (42.51-44.23)

43.40 (42.52-44.29)

43.75 ± 1.61

43.71 ± 1.49

43.78 ± 1.54

43.68 ± 1.51

43.71 ± 1.52

43.75 ± 1.52

M edian (IQR)

43.37 (42.60-44.38)

43.48 (42.69-44.35)

43.52 (42.69-44.42)

43.44 (42.62-44.30)

43.44 (42.66-44.34)

43.47 (42.65-44.38)

Mean ± SD

10.04 ± 2.29

10.21 ± 2.14

10.08 ± 2.29

10.22 ± 2.11

10.16 ± 2.19

10.18 ± 2.18

M edian (IQR)

10.63 (8.60-11.80)

10.80 (8.70-11.80)

10.70 (8.60-11.80)

10.80 (8.70-11.90)

10.70 (8.70-11.80)

10.80 (8.70-11.80)

10.82 ± 1.44

10.90 ± 1.28

10.83 ± 1.36

10.91 ± 1.31

10.88 ± 1.35

10.87 ± 1.25

M edian (IQR)

11.00 (10.13-11.80)

11.10 (10.33-11.73)

10.97 (10.13-11.70)

11.15 (10.33-11.80)

11.13 (10.23-11.80)

11.00 (10.33-11.71)

Mean ± SD

0.32 ± 0.11

0.33 ± 0.11

0.32 ± 0.10

0.34 ± 0.12

0.33 ± 0.11

0.34 ± 0.11

M edian (IQR)

0.32 (0.25-0.40)

0.33 (0.26-0.41)

0.32 (0.25-0.39)

0.34 (0.27-0.41)

0.32 (0.26-0.40)

0.34 (0.26-0.41)

0.34 ± 0.10

0.35 ± 0.11

0.34 ± 0.10

0.36 ± 0.11

0.34 ± 0.10

0.36 ± 0.11

0.35 (0.27-0.41)

0.35 (0.29-0.43)

0.34 (0.27-0.41)

0.36 (0.29-0.43)

0.35 (0.28-0.42)

0.36 (0.28-0.43)

averaged over first 3 years Mean ± SD
NDVI
(PST)

Allergic Rhinitis Non-Allergic Rhinitis
Eczema
N=511 (39.7%)
N=775
N=958 (74.5%)
26.55 ± 4.44
26.48 ± 4.71
26.68 ± 4.64

Mean ± SD

averaged over first 3 years Mean ± SD
PM 2.5

Non-asthma
N=920
26.31 ± 4.45

averaged over first 3 years Mean ± SD
M edian (IQR)

Abbreviations: NO2 =nitrogen dioxide; O3 =ozone; PM 2.5 =particulate matter with a diameter of 2.5 μm; NDVI=normalized difference vegetation index; PST =postal code; SD=standard deviation; IQR=interquartile

Table 3. Correlations among exposure variables
Pearson Correlation Coefficient (r)

NO2
O3
PM2.5
NDVI

Exposure period

N=1,286
Mean ± SD

at birth
averaged over first 3 years
at birth
averaged over first 3 years
at birth

26.51 ± 4.60
26.14 ± 4.40
43.61 ± 1.58
43.72 ± 1.52
10.16 ± 2.19

averaged over first 3 years
at birth
averaged over first 3 years

10.88 ± 1.33
0.33 ± 0.11
0.35 ± 0.11

NO2

O3

PM2.5

-0.6139 (p<0.0001) -0.1600
-0.6220 (p<0.0001) -0.0516
0.4442
0.1890

NDVI
(p<0.0001)
(p=0.0648)
(p<0.0001)
(p<0.0001)

-0.2313
-0.2055
0.0060
-0.0313
-0.0810

(p<0.0001)
(p<0.0001)
(p=0.8296)
(p=0.2630)
(p=0.0037)

0.0114 (p=0.6835)

Abbreviations: NO2 = nitrogen dioxide; O3 = ozone; PM 2.5 = particulate matter with a diameter of 2.5 μm; NDVI = normalized difference vegetation index; SD = standard deviation

Table 4. Adjusted hazard ratios for asthma, allergic rhinitis, eczema and exposures at birth and first 3 years from single, multi-pollutant
and oxidants models

Single Pollutant Model
NO2
O3
Oxidants*
PM 2.5
NDVI

Asthma
Allergic Rhinitis
Eczema
At birth
First 3 years
At birth
First 3 years
At birth
First 3 years
HR LCI UCI
HR LCI UCI
HR LCI UCI
HR LCI UCI
HR LCI UCI
HR LCI UCI
1.09 ( 0.99 , 1.20 ) 1.06 ( 0.96 , 1.16 ) 0.97 ( 0.90 , 1.05 ) 0.94 ( 0.87 , 1.02 ) 1.05 ( 0.99 , 1.12 ) 1.05 ( 0.99 , 1.11 )
1.01
1.14
0.88
1.02

( 0.90
( 1.02
( 0.76
( 0.88

, 1.14
, 1.28
, 1.02
, 1.18

)
)
)
)

1.02
1.10
0.94
1.02

( 0.90
( 0.98
( 0.83
( 0.88

, 1.14
, 1.23
, 1.06
, 1.19

)
)
)
)

1.07
1.02
0.92
0.92

(
(
(
(

0.98
0.93
0.82
0.82

,
,
,
,

1.18
1.12
1.05
1.04

)
)
)
)

1.08
0.98
0.94
0.95

(
(
(
(

0.99
0.89
0.85
0.84

,
,
,
,

1.19
1.08
1.04
1.07

)
)
)
)

0.99
1.07
0.98
0.96

(
(
(
(

0.92
1.00
0.89
0.88

,
,
,
,

1.06
1.15
1.07
1.04

)
)
)
)

0.99
1.06
1.01
0.95

(
(
(
(

0.92
0.99
0.93
0.87

,
,
,
,

1.06
1.14
1.09
1.03

)
)
)
)

Multi-Pollutant Model (N0 2 + O 3 + PM 2.5 + NDVI)
NO2

1.17 ( 1.05 , 1.31 ) 1.12 ( 1.00 , 1.26 ) 1.02 ( 0.92 , 1.12 ) 0.97 ( 0.88 , 1.08 ) 1.07 ( 0.99 , 1.15 ) 1.05 ( 0.98 , 1.14 )

O3

1.22 ( 1.04 , 1.43 ) 1.13 ( 0.97 , 1.31 ) 1.15 ( 1.00 , 1.31 ) 1.07 ( 0.95 , 1.22 ) 1.05 ( 0.95 , 1.16 ) 1.03 ( 0.93 , 1.13 )

PM 2.5
NDVI

0.82 ( 0.69 , 0.97 ) 0.92 ( 0.81 , 1.04 ) 0.85 ( 0.74 , 0.98 ) 0.92 ( 0.83 , 1.03 ) 0.97 ( 0.87 , 1.07 ) 1.00 ( 0.93 , 1.08 )
1.05 ( 0.91 , 1.22 ) 1.06 ( 0.91 , 1.23 ) 0.91 ( 0.81 , 1.03 ) 0.94 ( 0.83 , 1.07 ) 0.97 ( 0.89 , 1.06 ) 0.96 ( 0.88 , 1.05 )

Oxidants Model (Oxidant * + PM 2.5
Oxidants*
1.17 ( 1.05
PM 2.5
0.85 ( 0.73
NDVI
1.06 ( 0.91

+ NDVI)
, 1.31 ) 1.12 ( 1.00 , 1.25 ) 1.01 ( 0.92 , 1.12 ) 0.98 ( 0.88 , 1.08 ) 1.07 ( 0.99 , 1.15 ) 1.05 ( 0.98 , 1.13 )
, 0.99 ) 0.92 ( 0.81 , 1.05 ) 0.91 ( 0.80 , 1.04 ) 0.94 ( 0.85 , 1.05 ) 0.96 ( 0.88 , 1.06 ) 0.99 ( 0.92 , 1.08 )
, 1.23 ) 1.06 ( 0.91 , 1.23 ) 0.92 ( 0.81 , 1.04 ) 0.94 ( 0.82 , 1.07 ) 0.97 ( 0.89 , 1.06 ) 0.96 ( 0.88 , 1.05 )

* Oxidants = [(1.07*NO2 )+(2.075*O3 )]/3.145
Abbreviations: NO2=nitrogen dioxide; O3=ozone; PM2.5=particulate matter with a diameter of 2.5 μm; NDVI=normalized difference vegetation index; HR=hazard ratio; LCI=lower 95% confidence
interval; UCI=upper 95% confidence interval.
Hazard ratios are calculated per IQR (interquartile range) increase in exposure; all Cox models presented in the table met the proportional hazard assumption according to the Schoenfeld residuals.
Cox models for asthma and allergic rhinitis are adjusted for all covariates: age, sex, parental education level, income adequacy, number of people in household, low birthweight, breastfeeding,
enrollment in childcare, whether child was born within 3 weeks of due date, home exposures during first year of life (damp spots, use of gas to cook or heat, exposure to environmental tobacco
smoke, pets, roaches and mould) and parental history of asthma and atopy.
Covariates excluded in the Cox models for eczema due to violation of the proportionality assumption: income adequacy, low birthweight, child was born within 3 weeks of due date, breastfeeding, use
of gas to cook or heat, parental history of asthma and atopy.

Table 5. Adjusted hazard ratios for asthma and exposures at birth from multi-pollutant models stratified by age groups (onset of asthma
≤ 4 years old and > 4 years).
Asthma
≤ 4 years
> 4 years
(N=258)
(N=108)
HR LCI UCI
HR LCI UCI
Multi-Pollutant Model (N02 + O3 + PM2.5 + NDVI)
NO2
1.19( 1.04 , 1.36 ) 1.19 ( 0.96 , 1.46
O3
1.23( 1.02 , 1.49 ) 1.24 ( 0.91 , 1.68
PM2.5
0.82( 0.67 , 1.01 ) 0.80 ( 0.59 , 1.09
NDVI
1.05( 0.88 , 1.25 ) 1.10 ( 0.83 , 1.44

)
)
)
)

Abbreviations: NO2=nitrogen dioxide; O3=ozone; PM2.5=particulate matter with a
diameter of 2.5 μm; NDVI=normalized difference vegetation index; HR=hazard ratio;
LCI=lower 95% confidence interval; UCI=upper 95% confidence interval.
Hazard ratios are calculated per IQR (interquartile range) increase in exposure; all Cox
models presented in the table met the proportional hazard assumption according to the
Schoenfeld residuals.
Cox models for asthma are adjusted for all covariates: age, sex, parental education
level, income adequacy, number of people in household, low birthweight, breastfeeding,
enrollment in childcare, whether child was born within 3 weeks of due date, home
exposures during first year of life (damp spots, use of gas to cook or heat, exposure to
environmental tobacco smoke, pets, roaches and mould) and parental history of
asthma and atopy.

Figure 1. Distribution of asthma, allergic rhinitis and eczema in study cohort

Groups
Number
Percent*
Asthma
Asthma only
30
2.3%
Asthma + Allergic Rhinitis
28
2.2%
Asthma + Eczema
131
10.2%
Asthma + Allergic Rhinitis + Eczema
177
13.8%
Total Asthma
366
28.5%
Allergic Rhinitis
Allergic Rhinitis only
Allergic Rhinitis + Asthma
Allergic Rhinitis + Eczema
Allergic Rhinitis + Asthma + Eczema
Total Allergic Rhinitis

66
28
240
177
511

5.1%
2.2%
18.7%
13.8%
39.7%

Eczema
Eczema only
Eczema + Asthma
Eczema + Allergic Rhinitis
Eczema + Asthma + Allergic Rhinitis
Total Eczema

410
131
240
177
958

31.9%
10.2%
18.7%
13.8%
74.5%

Note : Groups are not mutually exclusive
* Percentages are calculated of the total

Asthma
Allergic Rhinitis
Eczema
28
30
131

66
177
240

410

Figure 2. Forest plot of hazard ratios for asthma, allergic rhinitis and eczema by air pollutants and NDVI
from multi-pollutant models (blue and orange symbols represent exposures at birth and green and purple
symbols represent exposures during first 3 years)

* Oxidants = [(1.07*NO2)+(2.075*O3)]/3.145

ONLINE SUPPLEMENTS

Online Supplement S1. Measuring air pollution exposures.
a) Pollutants - PM2.5 exposures were derived from total column aerosol depth retrievals from
the Moderate Resolution Imaging Spectroradiometer (MODIS) that were related to nearsurface PM2.5 using the GEOS-Chem chemical transport model and adjusted with local
ground-based observations through geographically weighted regression [1]. The resulting
yearly (2004 to 2012) average surface layers gridded at approximately 1 km2 resolution were
extended to prior years (until 1998) by applying inter-annual variation from Boys et al [2].
Estimates of PM2.5 greater than 20 μg/m3 were excluded from the analysis because they are
believed to be due to inaccurate satellite retrievals. NO2 exposures were estimated for 2006
from a national land use regression model that combined National Air Pollution Surveillance
(NAPS) fixed-site monitoring data, satellite NO2 estimates, road length within 10 km,
industrial land use areas within various buffers, and summer rainfall [3]. Ground-level NO2
estimates were derived using GEOS-Chem [4] from satellite tropospheric NO2 columns.
Local variation in NO2 was captured by applying kernel density measures of highways and
major roads as a multiplier to the model [3]. Ozone exposures were estimated for the months
of May to October for the period of 2002 to 2009 (8 hour daily maximum) using an air
pollution-specific interpolation technique to generate a 21 km2 grid [5]. The model combines
modeled O3 from the Canadian Hemispheric Regional Ozone and NOx system (CHRONOS)
operational regional air quality forecast model [6] with ground-based observations from
monitors in Canada and the United States. NO2 and ozone data were adjusted for annual
differences using a time series (1981 to 2012) of ground measurements from 24 census

divisions (CD). Annual means were calculated from NAPS daily mean concentrations (if ≥18
hourly readings available), and these were averaged for any CDs with more than one
monitoring station [7]. Any gaps in the time series were imputed using an interpolation
algorithm that combines classical prediction techniques and the phase-and frequency-fitting
tools via the multitaper method [8], using the R package tsinterp [9]. For each of the 24 CDs,
a cubic spline function was fitted to model the association between year and air pollutant.
Ratios were determined for each year of follow-up and the source data year. For each year of
follow-up, all locations were matched to the closest CD using Geographic Information
Systems (GIS; ArcGIS v.10, ESRI 2010), and the corresponding time adjustment ratio was
used to adjust data for annual differences in concentration. In addition to individual
pollutants, we also employed total oxidants = [(1.07*NO2)+(2.075*O3)]/3.145 as a
composite measure, with pollutant weights equivalent to their respective redox potentials
[10]. Exposure surface concentrations of air pollution were then assigned to participants
using the centroids of their postal codes at birth and cumulated from birth onwards. Given
the peak incidence of asthma and other allergic disease in early childhood [11], we focused
on exposures at baseline (birth) and early life (0 to 3 years of age).

b) Greenness - The Normalized Difference Vegetation Index (NDVI) Landsat Time Series was
used to measure greenness (15-19). Composite measures of NDVI calculated by Google are
created from all the scenes via Google Earth Engine in each annual period beginning from
the first day of the year and continuing to the last day of the year. All the images from each
year are included in the composite, with the greenest pixel as the composite value, where the
greenest pixel is the maximum value of the NDVI. Annual NDVI metrics were linked to all

6-digit DMTI Spatial single postal code locations and surrounding areas within 100m [12].
NDVI provides an indication of the presence and condition of green vegetation with values
typically ranging from −1 to +1. Values of −1 generally represent water, while values of zero
(−0.1 to 0.1) correspond to bare surfaces such as rock, sand, rooftops and roads. Higher
values (0.2 to 0.4) represent grassland or bush land and values of +1 represent healthy green
vegetation [13]. The greenness data surfaces for Ontario from 1996 to 2015 were obtained
from the CANadian Urban Environmental Health (CANUE) research consortium
(https://canue.ca/).
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Online Supplement S2. Definition of covariates.
T-CHEQ Variable
Child Factors
Sex
Child age at survey
Child age at asthma, allergic rhinitis or
eczema
Low birthweight (<2500g)
Child breastfed
Child ever attend a childcare
facility/nursery school
Child born within 3 weeks of due date
Years to asthma, allergic rhinitis,
eczema, or end of follow-up
Home Environmental Factors
Mould in home first year of life
Roaches in home first year of life
Gas cook/heat first year of life
ETS exposure in first year of life
Pets in home in first year of life
Parental/Demographic Factors
Income adequacy
Number of people in the household
Parent's highest level of education

Type of Variable

Categories

Binary
Continuous
Continuous

Female; Male

Binary
Binary
Binary

Yes; No
Yes; No
Yes; No

Binary
Continuous

Yes; No

Binary
Binary
Binary
Binary
Binary

Yes; No
Yes; No
Yes; No
Yes; No
Yes; No

Categorical

Lowest; Lower Middle; Upper Middle;
Highest
≤3, 4, ≥5
Some college or below; College
diploma; University degree;
Master/doctorate
Yes; No
Yes; No
Definition

Categorical
Categorical

Either of the parents ever had asthma
Parent history of atopy
Pollutant Variable
NO2

Binary
Binary
Type of Variable
Continuous

O3

Continuous

PM2.5
NDVI
Oxidants

Continuous
Continuous
Continuous

[(1.07*NO 2 )+(2.075*O 3 )]/3.145

Abbreviations: ETS=environmental tobacco smoke; NO2 =nitrogen oxide; O3 =ozone; PM 2.5 =particulate matter with a
diameter of 2.5 μm; NDVI=normalized difference vegetation index.

Online Supplement S3. Hazard ratios of PM2.5 and outcomes stratified by tertile of total oxidants.
a) At birth.

Hazard ratios for PM2.5 reflect changes of 4.26 µg/m3. Ox = oxidant.

b) During the first 3 years of life.

Hazard ratios for PM2.5 reflect changes of 2.66 µg/m3. Ox = oxidant.

Online Supplement S4. The original and current study cohort.
a) Flow diagram showing study cohort assembly.

T-CHEQ participants
N=5,619

Excluded N=2,884 (51.3%) *
- who did not provide consent or consented but did not
provide a health card number (HCN) for data linkage

Consented and provided HCN
N=2,735
Excluded N=55 (2.0%) *
- who provided invalid HCN for data linkage

Successfully linked to ICES
N=2,680
Excluded: N=1,394 (52.0%) *
- who had missing data in any covariates
Had complete covariate data
N=1,286

* Proportion excluded from previous step.

b) Distribution of parent-reported conditions at the time of the T-CHEQ survey.
Parent Reports
Ever asthma
Ever rhinitis
Ever eczema

TCHEQ Total Cohort
(N=5,619)
16.20%
24.10%
24.30%

Consented Birth Cohort
(N=1,286)
16.74%
22.04%
23.44%

p-value
0.6365
0.1174
0.5159

The distribution of parent-reported conditions does not show any statistically significant differences between
the original cohort and the current study cohort.

