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A B S T R A C T

Background: High-income nations have the highest rates of inflammatory bowel disease (IBD). The incidence of
pediatric-onset IBD is increasing faster than IBD diagnosed in older individuals. Previous epidemiological studies
have shown that air pollution might be a risk factor for development of earlier-onset IBD, but results remain
mixed.
Objectives: The objective of this study was to evaluate the associations between maternal and early-life exposures
to nitrogen dioxide (NO2), fine particulate matter (PM2.5), ozone (O3,) and oxidant capacity (Ox) and risk of
pediatric-onset IBD diagnosis.
Methods: We conducted a retrospective cohort study using linked population-based health administrative data.
Singleton livebirths in Ontario, Canada between April 1st, 1991 and March 31st, 2014 were included. We in-
vestigated the association between weekly exposures during pregnancy and annual exposures from birth until
the age of 18 years, and IBD diagnosed< 18 years of age using Cox proportional hazards models. We reported
hazard ratios (HR) and 95% confidence intervals (CI) for an associated increase in the interquartile range (IQR)
of each pollutant. Models were mutually adjusted for exposures in both prenatal and postnatal periods, as well as
for sex, rurality of residence at birth, maternal IBD, and neighborhood income.
Results: 2,218,789 newborns were included in this study, of whom 2491 developed IBD during follow-up.
Increased associations with pediatric-onset IBD were noted for childhood exposure to Ox (HR 1.08, 95% CI
1.01–1.16). IBD development was also associated with Ox during the second trimester (HR 1.21, 95% CI
1.03–1.42), but not the overall pregnancy period (HR 1.12, 95% CI 0.79–1.59). There were no associations of
IBD with exposure to NO2, PM2.5, or O3.
Discussion: Exposure to Ox during childhood was associated with IBD < 18 years. This suggests that air pol-
lution may impact the developing child physiology in such a way that leads to early onset of IBD.

1. Introduction

Inflammatory bowel diseases (IBD) are a group of chronic immune-
mediated digestive diseases comprised of two subtypes: Crohn’s disease
(CD) and ulcerative colitis (UC). Both are characterized by inflamma-
tion of the gastro-intestinal tract, caused by an inappropriate response

of the host immune system (Sartor, 2006). Incidence of inflammatory
bowel disease increased in high-income nations during industrializa-
tion, and have since plateaued. Newly developed and developing na-
tions are currently experiencing a similar rise in incidence (Ng et al.,
2017). IBD diagnosed during childhood and adolescence is becoming
more frequent worldwide, with incidence in Canada among the highest
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in the world (Benchimol et al., 2009; Ng et al., 2017).
Although its etiology is complex and not fully understood, both

environmental and genetic factors play a role in IBD (Aujnarain et al.,
2013). Exposure to air pollution in-utero and throughout childhood is
responsible for many adverse health outcomes including other immune-
mediated diseases (e.g., type 1 diabetes, asthma) (Lavigne et al., 2018;
Malmqvist et al., 2015) and may similarly contribute to the develop-
ment of IBD (Ritz, 2010). In previous observational studies, nitrogen
dioxide (NO2, commonly used as a proxy for traffic related air pollu-
tion) was associated with CD in a subgroup of individuals diagnosed
before 23 years of age (Kaplan et al., 2010), as was a measure of nearby
traffic intensity on major roads (Opstelten et al., 2016). Null and in-
verse associations with other air pollutants were also reported in these
studies. Air pollution is hypothesized to contribute to the risk of IBD
through disturbances to the gut microbiome and immune system de-
velopment (Kish et al., 2013).

Several knowledge gaps remain on the potential effects of air pol-
lution among childhood-onset IBD, and on the association between
prenatal exposures of air pollution and IBD incidence. To address this,
we conducted a large population-based retrospective cohort study to
investigate the associations between maternal and childhood exposures
to NO2, fine particulate matter with a diameter≤2.5 μm (PM2.5), ozone
(O3), and redox-weighted oxidant capacity (Ox, a measure that takes
into account the oxidative potential of both NO2 and O3), and risk of
developing pediatric-onset IBD.

2. Methods

Ethics approval for this study was granted by the Research Ethics
Boards of Health Canada and the Ottawa Health Science Network.

2.1. Study sources

We used population-based health administrative data from the
province of Ontario, Canada (population: 13.6 million in 2014),
(Statistics Canada, n.d) comprising all legal residents with a valid
health card (> 99% of the population). These data are housed at ICES,
an independent, non-profit research institute whose legal status under
Ontario’s health information privacy law allows it to collect and ana-
lyze health care and demographic data. We used the following datasets:
the Registered Persons Database (RPDB) (contains demographic in-
formation on those registered for health insurance), MOMBABY (an
ICES-derived cohort that links hospital admission records of mothers
with their newborns for all hospital births in the province using the
Discharge Abstract Database from the Canadian Institute for Health
Information), and the Ontario Crohn’s and Colitis Cohort, a validated
cohort of all people diagnosed with IBD in Ontario (Benchimol et al.,
2009). Additional area-level information was obtained from the
CENSUS dataset that contains information collected from previous
Canadian census surveys. Information on the air pollution datasets are
described below. The administrative datasets were linked using unique
encoded identifiers based on encrypted health care number and ana-
lyzed at ICES. Full unedited datasets were available to researchers for
this study.

2.2. Study design and population

This study was a retrospective cohort comprised of all live births
occurring in hospitals in Ontario, Canada between April 1st, 1991 and
March 31st, 2014 (fiscal years (FY) 1991–2013). Children were ex-
cluded from the analyses if they had an invalid health card number (or
a mother without a valid health card number), were part of a multiple
birth, had an invalid recorded sex, were ineligible for provincial health
insurance at birth, or were missing their 6-digit postal code for exposure
ascertainment. As a final step, those that had missing or invalid cov-
ariate and missing or invalid exposure estimates to all pollutants during

either pregnancy or childhood were excluded from the analysis.

2.3. Outcome ascertainment

Children diagnosed with IBD before 18 years of age were identified
from the Ontario Crohn’s and Colitis Cohort using an algorithm that has
been previously validated in the Ontario pediatric population
(Benchimol et al., 2009). Children undergoing colonoscopy who had
four physician contacts or two hospitalizations with an IBD diagnostic
code (International Classification of Diseases [ICD]-9: 555, 556; ICD-10:
K50, K51) within a 3-year period were classified as IBD cases. Children
who did not have a colonoscopy were classified as IBD cases if they had
seven physician contacts or three hospitalizations for IBD within a 3-
year period. The date of the first code for IBD was considered the date
of diagnosis. The algorithm identified children with IBD within On-
tario’s health administrative databases with a sensitivity of 91.1%,
specificity of 99.5%, positive predictive value of 59.2–76.0%, and a
negative predictive value of> 99.9%. In addition, a validated algo-
rithm based on the diagnoses assigned to the last five of seven out-
patient visits distinguished CD from UC patients with a sensitivity of
95.1% and a specificity of 86.0%. For a small proportion of IBD diag-
noses (less than 10%), the disease subtype could not be determined
from the health records and these were assigned a classification of IBD-
type unclassifiable. These were included in overall IBD analyses but
excluded from subtype analyses.

2.4. Exposure assessment

Residential exposures to nitrogen dioxide (NO2), fine particulate
matter with a diameter ≤ 2.5 μm (PM2.5), ozone (O3), and redox-
weighted oxidant capacity (Ox) were assigned to the study population
at the geographic centre of each 6-digit postal code area. This assign-
ment was facilitated by the Postal Code Conversion File Plus which was
used to convert residential postal codes into geographic coordinates
(Wilkins and Peters, 2012). The mother’s residence at the time of de-
livery was used for determining exposure assignment during pregnancy,
while the annual address as of July 1st in the RPDB was used for
childhood exposures.

NO2 was assessed based on a national land-use regression (LUR)
model, using data from the Canadian National Air Pollution
Surveillance (NAPS) monitoring network, combined with information
on 2005–2006 satellite-derived NO2 estimates, road lengths within
10 km (km), area of industrial land use within 2 km and the mean
summer rainfall (Hystad et al., 2011). Kernel density functions de-
scribing the density of the roadways were then applied to capture lo-
calised variations in vehicle emissions. This final spatial model pre-
dicted 73% of the variability in fixed ground monitor NO2

concentrations. NO2 estimates were available from April 1, 1990 -
December 25, 2016.

A spatial PM2.5 surface was derived using satellite-based estimates
that were combined with ground-level monitor information, as de-
scribed by van Donkelaar et al. (van Donkelaar et al., 2015). First,
aerosol optical depth estimates were produced at a 1 km resolution
across North America using an optimal estimation algorithm. A che-
mical transport model and geographically weighted regression techni-
ques were then used to improve the accuracy of the exposure estimates,
resulting in an overall agreement R2 of 0.82. PM2.5 estimates were
available from Dec. 28, 1997 – Dec. 28, 2014.

O3 was assessed using 21 km grid values, based on a surface that
represents an average of daily maximum concentrations in the warm
seasons (May 1st to October 31st) using an optimal interpolation
technique described previously (Robichaud and Ménard, 2014). O3

estimates were available from April 1, 1990 to December 25, 2016.
As the modelled exposures are provided on an annual basis, spa-

tiotemporal interpolation was conducted using information from
monitors from the NAPS network to obtain estimates on a weekly scale.
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Briefly, a scaling factor was calculated for each NAPS ground monitor
location by taking the weekly mean concentration measured by that
monitor and dividing it by the previously described long-term surface
estimates at the monitor location. A scaling surface was then created
through a spatial interpolation technique that used inverse distance
weighting to these assigned scaling factors to all postal codes within
25 km of a NAPS monitor. Finally, these scaling surfaces were multi-
plied back to the long-term estimates to obtain estimated weekly con-
centrations of each pollutant at the 6-digit postal code level (Bechle
et al., 2015).

NO2 and O3 concentrations are linked together as a result of che-
mical reversible conversion processes between the two gaseous pollu-
tants (Seinfeld and Pandis, 2016). As a result, these pollutants are often
highly correlated, and their combined exposure can cause greater oxi-
dative stress than their individual contributions (Weichenthal et al.,
2016; Williams et al., 2014). This would be important to measure as
increased markers of oxidative stress in both Crohn’s disease and ul-
cerative colitis have been noted in several studies (Thomson et al.,
1998). Using the weekly NO2 and O3 surfaces derived previously,
redox-weighted oxidant capacity was calculated as the weighted
average according to the following formula: Ox = [(1.07 × NO2)
+(2.075 × O3)]/3.145). An advantage of using this metric is that it
captures the impact of both NO2 and O3 exposures while avoiding the
collinearity involved of including two correlated predictors in the same
statistical model (Williams et al., 2014).

Weekly exposures during pregnancy were assigned using the re-
corded gestational age available in the MOMBABY dataset. Air pollu-
tion estimates may be missing due to several reasons, including from
errors and downtime of NAPS monitors. When one NAPS monitor had
missing data but there was another within 25 km, the second monitor
was used for the temporal interpolation. When this substitution was not
possible, analytical methods to handle missing exposure estimates were
implemented as follows. When a week of pregnancy was missing an
exposure estimate, the previous week’s estimate was extrapolated for-
ward. If the previous week was also missing, the following week’s ex-
posure estimate was extrapolated backward. For exposures after birth, a
time-varying exposure estimate for each pollutant was derived by
taking a running average of the weekly exposures from birth until the
end of each year of life. For instance, the estimate in the third year of
life is the average exposure from birth until the end of year three. When
a year of exposure was missing, the average up to the previous year was
extrapolated forward. If a child’s first years of exposure were missing,
the first non-missing annual exposure estimate was considered to be
their average exposure up to that year, but the previous missing years
were left as missing. This was done to increase the number of ob-
servations available to be modelled in the analyses, as otherwise an
individual missing even one week of exposure estimates during preg-
nancy would be excluded entirely from this study. We conducted a
sensitivity analysis excluding those with extrapolated exposure esti-
mates to see if this noticeably affected the observed associations.

2.5. Missing gestational age variable

For births occurring prior to 2002, no recorded gestational age (GA)
is available. We validated and used an algorithm to estimate GA in this
subpopulation. If a diagnostic code for preterm birth was not present on
the mother’s (ICD-9: 765; ICD-10: P07) or child’s (ICD-9: 644; ICD-10:
O60) health record, a gestational week of 39 weeks was assumed. In
mother-infant pairs that had at least one preterm birth code, birth-
weight was used to assign gestational age. From a birthweight reference
table derived from a Canadian population of singleton live births, the
gestational age with the closest sex-specific median birthweight was
selected (Kramer et al., 2001). In the validation cohort of births born
from FY 2002–2015, this method was able to estimate gestational age
with relative accuracy, and had a within 1-week accuracy of 77% and a
within 2-week accuracy of 97%, with minimal bias.

2.6. Statistical analyses

Cox proportional hazards models were used to evaluate the asso-
ciations between the continuous measure of each of the four air pol-
lutants and incidence of childhood IBD. Separate models were fitted to
obtain associations for disease subtypes. We used years since birth,
rounded to one decimal as the underlying timescale. Children were
followed until IBD diagnosis, their 18th birthday, death, loss of elig-
ibility for provincial health insurance, or until the final available out-
come ascertainment date of March 31st 2017. Maximum follow-up time
was 3 years for the youngest children in the cohort (born in 2014) and
18 years for the oldest children (born in 1991). Results are expressed as
the hazard ratio (HR) and 95% confidence interval (CI) corresponding
to an increase across the interquartile range (IQR) of the pollutant of
interest.

Both pregnancy and childhood exposure periods were included in
the same mutually adjusted model in order to characterize which period
was implicated for any observed association. Estimates were then fur-
ther adjusted for potential confounding factors chosen a priori which
have been associated with air pollution or pediatric IBD in previous
research (Aujnarain et al., 2013). Potential confounders available in our
study included sex, maternal IBD as identified from the Ontario Crohn’s
and Colitis Cohort using validated algorithms (Benchimol et al., 2014,
2009), rural/urban area of residence at birth using Statistics Canada
definition of rurality in the 2006 Census (du Plessis et al., 2001), and
median neighborhood household income (also based on the 2006
Census, and calculated at the dissemination area level, which are small
geographic units of 400–700 persons), which is a validated proxy for
individual-level income, and was divided into quintiles (Glazier et al.,
1996). For the 1.2% of the cohort that were missing neighborhood in-
come, the mean household income at the census subdivision level
(roughly equivalent to municipalities) were used if available, leaving
only 0.4% missing.

An extension of the distributed lag non-linear model (DLNM) was
used to simultaneously investigate each of the first 40 weeks of ex-
posure during pregnancy (when pregnancies spanned less than
40 weeks, any weeks after their birth were given exposure estimates of
zero) (Gasparrini, 2014). This method allows for identification of cri-
tical windows of exposure for complex exposure-response relationships.
To select the appropriate model, different lag structures (natural and B
splines) and number of knots (2–5 knots) were used to define the
crossbasis of pregnancy exposures. The crossbasis that minimized the
Akaike Information Criterion (AIC) was selected as the final model.
Estimates of association were obtained by calculating the cumulative
hazard over weeks 0–12 (trimester 1), 13–26 (trimester 2), and 27–40
(trimester 3), or over weeks 0–40 (pregnancy average).

We investigated for potential effect modification by stratifying the
main analyses by maternal IBD status (yes or no), sex, and rural/urban
residence at birth. We also quantitatively assessed for effect measure
modification by adding a multiplicative interaction term between the
main exposure and effect modifier along with first-order terms to the
fully adjusted model. Effect measure modification was considered
present if the Wald chi-square p-value was< 0.05. In pre-planned
sensitivity analyses, we restricted to children diagnosed with
IBD ≤ 10 years of age (representing the most aggressive phenotypes),
as it has been hypothesized that early-life exposures are the most im-
portant as it is during this time period that the gut microbiome is being
established (Perez-Muñoz et al., 2017).

Statistical analyses were conducted using R version 3.0.1, (R Core
Team, 2019) using the survival (version 2.42-3) and dlnm (version 2.1.3)
packages (Gasparrini, 2011; Therneau, 2015).

3. Results

We identified 2,994,625 hospital mother-infant pairs occurring be-
tween FY 1991–2013. After initial exclusions, there were 2,731,403
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children remaining before an additional 512,614 were removed for
missing covariate or exposure information, leaving 2,218,789 eligible
for inclusion in the study population (see Supplementary Fig. 1 for
study population flowchart). Of these, 2491 children developed IBD
during follow-up, including 1375 cases of CD, 899 cases of UC, and 217
IBD-type unclassifiable using the administrative data. Characteristics of
the final study population are shown in Table 1, while characteristics of
those excluded for missing covariate or exposure information are shown
in Supplementary Table 1. Children were followed-up for a total of
25,641,625.3 years, giving an average of 11.6 years per person. The
average follow-up time for those born at least 18 years before the end of
study date of March 31st, 2017 (and thus able to attain full follow-up)
was 16.9 years. Mean (standard deviation) exposures during pregnancy
were 12.73 (7.43) ppb for NO2, 7.96 (2.66) μg/m3 for PM2.5, 24.14
(4.58) ppb for O3, and 20.41 (3.10) ppb for Ox. Descriptive statistics for
exposures to pollutants are described in Supplementary Table 2. In
general, O3 and NO2 exposures were negatively correlated, while Ox

was more strongly correlated with O3 than NO2 (which was expected,
based on the formula used to derive it).

Fig. 1 shows the estimated association for exposure to each pollu-
tant as a function of gestational week after adjustment for childhood
exposures, sex, rural/urban residence at birth, maternal IBD status, and
neighborhood income. The crossbasis that minimized the AIC was a B-
spline with two degrees of freedom and we used this for all four models.
The graph for NO2, exposure showed a u-shaped curve with a weak
increased association in early and late pregnancy and a weak inverse
association during mid pregnancy, while PM2.5 exposure does not in-
dicate any significant association. The graphs for O3 and Ox show an n-
shaped curve with a weak association between exposures during the
mid-pregnancy period and development of IBD, and a weak inverse
association during early and late pregnancy.

Table 2 shows the estimated hazard ratios for each pollutant and
exposure period. Statistically significant positive associations were de-
tected for second trimester exposure to Ox (HR 1.21, 95% CI 1.03–1.42)
and childhood exposure to Ox (HR 1.08, 95% CI 1.01–1.16). First tri-
mester exposure to NO2 (HR 1.03, 95% CI 1.00–1.07) and second tri-
mester exposure to O3 (HR 1.08, 95% CI 1.00–1.16) were not statisti-
cally significant. No other significant associations were detected for in-
utero or childhood exposures to any of the pollutants.

Associations are for an interquartile range increase in each combi-
nation of pollutant and exposure period. All models were adjusted for
the crossbasis representing weekly pregnancy exposures, time-varying
childhood exposures, sex, maternal IBD status, rural/urban residence,
and neighborhood income quintile. HR: hazard ratio, CI: confidence
interval.

Analyses stratified by disease subtype are presented in Table 3.
Associations were not uniformly stronger for one disease subtype, al-
though subtle differences in the effect estimates were present. Second
trimester exposures to NO2 were the only to differ in statistical sig-
nificance (HRCD 0.94, 95% CI 0.91–0.98; HRUC 1.01, 95% CI
0.96–1.06), though the absolute difference in the effect estimates was
small. Second trimester exposure to Ox (HRCD 1.18, 95% CI 0.95–1.47;
HRUC 1.26, 95% CI 0.97–1.64) and childhood exposure to Ox (HRCD

1.05, 95% CI 0.96–1.16; HRUC 1.10, 95% CI 0.98–1.24) were both
slightly more strongly associated with UC.

Results of tests for effect measure modification by rural/urban re-
sidence at birth are presented in Supplementary Table 3. First trimester
exposure to NO2 was associated with an increased risk of IBD among
those living in rural areas at birth but not among those living in urban
areas at birth (HRRural 1.42, 95% CI 1.10–1.84; HRUrban 1.03, 95% CI
0.99–1.07; P = 0.01). Second trimester exposures to Ox also had a
stronger association with IBD among those born to rural residences
(HRRural 3.08, 95% CI 1.35–7.04; HRUrban 1.17, 95% CI 0.99–1.38;
P = 0.03). This pattern was also similar for second trimester exposures
to O3 (P = 0.05). Results of effect measure modification analyses by
maternal IBD are presented in Supplementary Table 4. The most no-
table instance of effect modification was for PM2.5 exposure during the
childhood period (P = 0.06), with a significant positive association
being observed among children born to mothers with IBD (HR 2.03,
95% CI 1.17–3.52), but no association in those born to mothers without
IBD (HR 0.95, 95% CI 0.83–1.09). Exposures to O3 during overall
pregnancy were not modified by maternal IBD status (P = 0.10),
however there was a negative association detected among those born to
mothers with IBD (HR 0.25, 95% CI 0.06–0.98) and no association
among those born to mothers without IBD (HR 0.93, 95% CI
0.75–1.14). Effect modification by sex is shown in Supplementary
Table 5. The estimates of association tended to be similar for all pol-
lutants in all exposure periods except for PM2.5 exposures during
pregnancy which were different in females (HR 1.10, 95% CI
0.88–1.38) compared to males (HR 0.81, 95% CI 0.69–0.96, P = 0.01).

Sensitivity analyses restricted to early-onset IBD (diag-
nosed ≤ 10 years of age) are shown in Supplementary Fig. 2 and
Supplementary Table 6. All curves and associations were qualitatively
similar to the main analysis. The sensitivity analysis that determined
how extrapolation of missing exposures may have affected the results
(Supplementary Table 7) was also very similar to the main analyses,
with slightly increased effect sizes for the previously highlighted asso-
ciations of NO2 exposure during the first trimester (HR 1.06, 95% CI
1.01–1.11), O3 and Ox exposure in the second trimester (HR 1.13, 95%
CI 1.00–1.29 and HR 1.41, 95% CI 1.00–1.98 respectively), and Ox

exposure during childhood (HR 1.14, 95% CI 0.94–1.37).

4. Discussion

In this large retrospective cohort study, we observed an association
between childhood exposure to oxidant capacity (Ox) and increased risk
of pediatric-onset IBD, but did not find an association for any of the
three individual pollutants investigated. This suggests that the potential
of pollutants to cause oxidative stress is more relevant to IBD devel-
opment than their individual concentrations. We also detected an as-
sociation between second trimester exposure to Ox with IBD, but when
the effects of Ox across the whole pregnancy period was considered, the
increased association was not conserved, suggesting that the observed
association may be caused at least in part by collinearity of the other
trimesters, which had effects in the other direction. These associations

Table 1
Demographic characteristics of study population at birth stratified by IBD
status.

Characteristic IBD cases
(n = 2491)

Non-IBD cases
(n = 2,216,298)

Sex
Male 1417 (56.9%) 1,137,224 (51.3%)
Female 1074 (43.1%) 1,079,074 (48.7%)

Median neighborhood income quintile
1st quintile (lowest) 428 (17.2%) 445,901 (20.1%)
2nd quintile 507 (20.4%) 445,899 (20.1%)
3rd quintile 504 (20.2%) 439,199 (19.8%)
4th quintile 505 (20.3%) 445,358 (20.1%)
5th quintile (highest) 547 (22.0%) 439,941 (19.9%)

Mother with IBD
Yes 70 (2.8%) 9982 (0.5%)
No 2421 (97.2%) 2,206,316 (99.5%)

Residence at birth
Urban 2323 (93.3%) 1,994,073 (90.0%)
Rural 168 (6.7%) 222,225 (10.0%)

Maternal age (years) 29.9 (5.0) 29.5 (5.9)
Birth weight (grams) 3429 (577) 3406 (554)
Gestational age (weeks) 38.8 (1.6) 38.9 (1.6)

Results reported as counts (percentages) for categorical variables or means
(standard deviations) for continuous variables. Percentages may sum to 100
due to rounding.
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were slightly stronger for UC and persisted in a sensitivity analysis that
looked at very early onset IBD cases, and in a sensitivity analysis that
excluded extrapolated exposure estimates.

The inverse association observed between NO2 exposure in the
second trimester and Crohn’s disease could possible be explained by the
fact that there was a moderate negative correlation between NO2 and
O3 during this exposure period, so this inverse might be reflecting areas
low in O3 rather than high in NO2. We also noted that the effects of
pollutants in urban vs rural areas were different in some trimesters,
showing higher associations in rural areas. However, the increased risk
may be partially explained by the fact that rural areas high in NO2 are
likely to more closely resemble urban areas, and urban regions have
been associated with a higher risk of IBD, noted in previous studies
(Benchimol et al., 2017).

Childhood exposures to Ox may lead to increased risk of IBD
through direct effects on epithelial tissue, dysregulation of the immune
system, or through changes in the gut microbiota (Beamish et al.,
2011). Direct epithelial cell effects can occur when air pollutants reach
gut tissue through the blood stream, and cause changes such as re-
arrangement of tight junction proteins, leading to increased perme-
ability of the intestinal barrier (Maeda et al., 2010; Salim et al., 2013).

Systemic inflammation caused by initiation of pro-inflammatory cyto-
kines by air pollution exposure may also be a way that IBD is initiated
(Ritz, 2010). Previous research has also shown that air pollution in-
duced changes in the microbial composition of the gut microbiota in
mice in such a way that may increase the susceptibility to mucosal
inflammation (Salim et al., 2013).

Our study did not confirm the results of a previous study which
demonstrated an association between postnatal NO2 exposure and
Crohn’s disease in people under 23 years of age (Kaplan et al., 2010).
This could be due to differences in the way that NO2 exposure was
modelled; specifically, we modelled NO2 as a continuous variable (in-
stead of categorical) and using time-varying exposure estimates (in-
stead of single exposure estimates), it could also be due to other im-
portant differences such as the comparison of a pediatric vs adult
population. The null association for NO2 that we found was consistent
with another study that reported null associations for NO2 and IBD
(Opstelten et al., 2016). PM2.5 was not found to be associated in either
of the two previously mentioned studies on air pollution and IBD
(Kaplan et al., 2010; Opstelten et al., 2016), and was also generally not
an important predictor of IBD in the current study, though we did ob-
serve an association between childhood exposures to PM2.5 and IBD

Fig. 1. Curves of the associations between in-utero air pollutant exposures and pediatric-onset IBD. Hazard ratios (red lines) and 95% confidence intervals (shaded
areas) present the risk of developing pediatric-onset IBD per interquartile range increase for (A) NO2, 10.1 ppb, (B) PM2.5, 3.5 μg/m3, (C) O3, 5.8 ppb, and (D) Ox,
3.6 ppb during the pregnancy period after adjustment for childhood air pollutant exposures, sex, maternal IBD status, rural/urban residence and neighborhood
income quintile. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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among those born to mothers with IBD.
This study had several strengths worth noting. This study popula-

tion is the largest retrospective birth cohort ever assembled to examine
the association between environmental risk factors and IBD, and our
findings are generalizable to similar populations that have comparable
exposures to air pollution. The large sample size allowed for sufficient
statistical power to detect potential associations that might be relatively
small in magnitude, and to investigate smaller but relevant subgroups.
We were also able to capture residential mobility during the childhood
period to some extent. Using sophisticated statistical modelling, we
were able to assess exposures on a weekly basis within pregnancy, a
unique strategy in the IBD literature that can also help to identify cri-
tical windows of vulnerability and isolate developmental pathways that
link exposure to disease.

There were also limitations to consider when interpreting the results
of this study. The health administrative data were not collected for the
purpose of research, so there may be errors or changes in how the data

were recorded over time. Exposure misclassification is possible, from
residential mobility during pregnancy and from only considering ex-
posures at the residential area. However, mothers tend to move small
distances in the same exposure regions so the level of misclassification
is expected to be small (Chen et al., 2010; Fell et al., 2004). Limitations
in spatial resolution, particularly for O3 (and Ox as a consequence) may
also have introduced exposure misclassification, although O3 tends to
have the least spatial variation of the three studied pollutants. Ad-
ditionally, these examples of exposure misclassification would likely
occur non-differentially across IBD outcomes, and would have biased
our presented results towards the null, underestimating the associations
between air pollutant exposures and IBD. Accurate prescription records
are not available for children in Ontario health administrative data, so
we were unable to adjust our estimates for antibiotic use, as well as for
other important potential confounders that weren’t available such as
individual ethnicity, smoking, or indoor air exposures.

In this population-based retrospective cohort study, we found some
evidence of an association between exposure to oxidant capacity during
childhood, and increased risk of being diagnosed with IBD before
18 years of age. These findings suggest that there may be important
effects of air pollution exposure on the gut, the immune system, or the
gut microbiome that can subsequently result in IBD in childhood.
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Table 2
Associations between exposures to air pollutants and risk of overall IBD.

Pollutant Exposure period Cohort size (Cases of IBD) HR (95% CI)

NO2 Trimester 1 1,523,588
(1645)

1.03 (1.00–1.07)
Trimester 2 0.97 (0.94–1.00)
Trimester 3 1.00 (0.97–1.03)
Pregnancy 1.00 (0.96–1.03)
Childhood 0.96 (0.86–1.06)

PM2.5 Trimester 1 1,230,762
(793)

0.99 (0.86–1.15)
Trimester 2 0.96 (0.86–1.07)
Trimester 3 0.95 (0.84–1.08)
Pregnancy 0.91 (0.79–1.04)
Childhood 0.98 (0.86–1.12)

O3 Trimester 1 1,671,124
(1748)

0.90 (0.80–1.02)
Trimester 2 1.08 (1.00–1.16)
Trimester 3 0.90 (0.80–1.01)
Pregnancy 0.90 (0.73–1.10)
Childhood 0.99 (0.94–1.04)

Ox Trimester 1 956,421
(873)

0.97 (0.77–1.23)
Trimester 2 1.21 (1.03–1.42)
Trimester 3 0.93 (0.76–1.14)
Pregnancy 1.12 (0.79–1.59)
Childhood 1.08 (1.01–1.16)

Table 3
Associations between exposures to air pollutants and risk of Crohn’s disease and ulcerative colitis.

Pollutant Exposure period Crohn’s disease Ulcerative colitis

Cohort size (Cases of CD) HR (95% CI) Cohort size (Cases of UC) HR (95% CI)

NO2 Trimester 1 1,522,856
(913)

1.03 (0.98–1.09) 1,522,524
(581)

1.04 (0.98–1.11)
Trimester 2 0.94 (0.91–0.98) 1.01 (0.96–1.06)
Trimester 3 1.03 (0.98–1.08) 0.95 (0.90–1.01)
Pregnancy 1.00 (0.95–1.04) 1.00 (0.94–1.06)
Childhood 0.92 (0.80–1.06) 1.01 (0.85–1.20)

PM2.5 Trimester 1 1,230,377
(408)

1.06 (0.87–1.29) 1,230,274
(305)

0.98 (0.77–1.23)
Trimester 2 0.90 (0.77–1.04) 1.05 (0.87–1.25)
Trimester 3 1.01 (0.85–1.19) 0.84 (0.68–1.02)
Pregnancy 0.94 (0.79–1.14) 0.86 (0.69–1.07)
Childhood 1.00 (0.83–1.19) 0.95 (0.77–1.17)

O3 Trimester 1 1,670,329
(953)

1.02 (0.87–1.21) 1,670,023
(647)

0.83 (0.67–1.02)
Trimester 2 1.06 (0.96–1.18) 1.09 (0.96–1.24)
Trimester 3 0.94 (0.80–1.09) 0.89 (0.74–1.08)
Pregnancy 1.02 (0.77–1.34) 0.84 (0.59–1.18)
Childhood 1.00 (0.93–1.07) 0.94 (0.87–1.03)

Ox Trimester 1 956,018
(470)

1.19 (0.86–1.63) 955,869
(321)

0.83 (0.56–1.22)
Trimester 2 1.18 (0.95–1.47) 1.26 (0.97–1.64)
Trimester 3 0.92 (0.70–1.21) 0.86 (0.61–1.21)
Pregnancy 1.28 (0.80–2.05) 0.94 (0.52–1.70)
Childhood 1.05 (0.96–1.16) 1.10 (0.98–1.24)
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