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Background: Early life exposures impact immune system development and therefore the risk of immune-
mediated diseases, including inflammatory bowel disease (IBD). We systematically reviewed the impact of
pre-, peri-, and postnatal exposures up to the age of five years on subsequent IBD diagnosis.
Methods: We identified case-control and cohort studies reporting on the association between early life envi-
ronmental factors and Crohn's disease (CD), ulcerative colitis (UC), or IBD overall. Databases were search
from their inception until May 24th, 2019 until July 14th, 2020. We conducted meta-analyses for quantitative
review of relevant risk factors that were comparable across studies and qualitative synthesis of the literature
for a wide range of early life exposures, including maternal health and exposures during pregnancy, perinatal
factors, birth month and related-factors, breastfeeding, hygiene-related factors and social factors, immigra-
tion, antibiotics, offspring health, including infections, and passive smoking. PROSPERO registration:
CRD42019134980.
Findings: Prenatal exposure to antibiotics (OR 1.8; 95% CI 1.2—2.5) and tobacco smoke (OR 1.5; 95% CI
1.2-1.9), and early life otitis media (OR 2.1; 95% CI 1.2—3.6) were associated with IBD. There was a trend
towards an association between exposure to antibiotics in infancy and IBD (OR: 1.7, 95% CI 0.97, 2.9), sup-
ported by positive data on population-based data. Breastfeeding was protective against IBD. Other early life
risk factors had no association with IBD, but data were limited and heterogenous.
Interpretation: Early life is an important period of susceptibility for IBD development later in life. Tobacco
smoke, infections and antibiotics were associated positively, and breastfeeding was associated negatively
with IBD. Our findings offer an opportunity to develop primary prevention strategies.
Funding: This study did not receive any funding.

© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/)
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1. Introduction

Inflammatory bowel disease (IBD) is a chronic progressive
immune-mediated disease with significant long-term morbidity and
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Research in context

Evidence before this study

Several lines of evidence, such as the rapid rise of disease in
developing countries, strongly implicate the environment in
IBD risk modulation. Adequate microbial colonization in early
life is an essential driver of immune maturation; subtle devia-
tions in this process can impact susceptibility to diseases later
in life, especially immune-mediated diseases. Several environ-
mental risk factors have been implicated in IBD risk.

Added value of this study

We synthetize all available data on exposures operative
between prenatal life to five years of age (early life), a period of
susceptibility, and subsequent IBD risk. We report that prenatal
exposure to tobacco smoke and antibiotics are associated with
increased risk of developing IBD in the offspring. Early life otitis
media increases the risk of IBD, early life exposure to antibiotics
may be associated with IBD risk, while breastfeeding is protec-
tive against IBD. We highlight the heterogeneity in existing lit-
erature, as well the need for prospective studies.

Implications of all the available evidence

This study helps provides evidence-based guidance to mitigate
exposures to potential early life IBD risk factors, and provides
insights for development of primary prevention strategies.

disability. The pathophysiology of IBD involves a complex interaction
between genetics and environmental exposures. Early life represents
a critical window during which exposures may have short and long-
term health consequences [1,2]. This hypothesis, collectively known
as the Developmental Origins of Health and Disease (DOHaD), sug-
gests that the developing foetus, and the growing child, will develop
adaptive responses when exposed to various exposures that may
lead to persistent alterations conferring increased resistance or sus-
ceptibility to diseases [3.] The recognition that the early life micro-
biome plays a central role in priming the immune system [4] has led
to interest in characterizing the effects of pre-, peri- and postnatal
exposures in immune-mediated diseases, especially IBD. While many
studies have reported inconsistent associations for different early life
exposures, no systematic appraisal of the evidence has yet been con-
ducted. The aim of the present study was to critically review, appraise
and synthesize the epidemiological evidence data linking exposures
in early life (defined as from in utero up to 5 years of age) with the
subsequent risk of developing IBD.

2. Methods
2.1. Literature search

We performed a rigorous literature search in collaboration with a
qualified medical librarian using a predetermined and registered pro-
tocol (PROSPERO—CRD42019134980), and report results in accor-
dance with the Preferred Reporting Items for Systematic Reviews and
Meta-Analyses checklist [5]. We searched for relevant studies in
Medline ALL, Embase Classic + Embase (Ovid), and Global Health
(Ovid) databases from their inception until May 24th, 2019.We ran
an update from January 2019 to July 14th, 2020. The search was
designed using a combination of free-text terms and subject headings
specific to each database. We did not apply any language or date
restriction. We applied a filter for observational studies, adapted
from the Observational Studies search filter developed by the Scottish

Intercollegiate Guidelines Network (SIGN) [6]. The detailed protocol
and search strategy are available in Supplementary Material.

2.2. Inclusion and exclusion criteria

We defined early life as extending from the prenatal period to
5 years of age. Exposures were categorized into (1) maternal health
and exposures during pregnancy (2) perinatal factors, (3) birth month
and related-factors, (4) breastfeeding, (5) hygiene-related factors and
social factors, (6) immigration, (7) antibiotics and other medications,
(8) offsprings health, including infections, and (9) passive smoking.
The outcomes of interest were IBD, Crohns disease (CD) and/or ulcer-
ative colitis (UC) diagnosis. Case-control and cohort studies were
included. Studies where the timing of exposure was not clearly
defined as <5 years were excluded. Given the number of studies to
be screened, and lack of relevant non-English studies, we excluded
non-English studies during abstract screening.

2.3. Study selection

Studies were organized using the software Covidence (Covidence
systematic review software, Veritas Health Innovation, Melbourne,
Australia), which also automatically removes duplicates. Two of
three independent reviewers (MA, ]S, CG) screened the titles and
abstracts, as well as full-texts that met inclusion criteria. Discrepan-
cies were resolved by discussion and, if needed, resolution by a third
arbitrator (JT).

2.4. Data extraction and quality assessment

The following variables were recorded using a standardized data
extraction template: study title and year, region, study period, popu-
lation, design, exposure(s), outcome(s), and measures of association
(estimates), along with other relevant variables. Quality of studies
was evaluated using the Newcastle-Ottawa Scale (NOS) [7].

2.5. Qualitative and quantitative data synthesis

We performed a qualitive analysis by synthesizing the literature
for each category of all relevant exposures. When feasible, we also
conducted random-effects meta-analyses (MA) to determine pooled
estimates with 95% confidence intervals (CI) for homogenous expo-
sures reported in >2 studies with comparable study design (cohort
or case-control) and outcome (CD, UC or IBD). When relevant data
were available from cohort studies, we calculated odds ratios (OR)
and pooled with ORs from case-control studies for corresponding
exposures. For such analyses, we also performed meta-regression to
determine if there were significant differences based on study
design. If so, we analyzed cohort and case control studies separately.
Heterogeneity was measured using the I score. Publication bias was
assessed using funnel plots, and when applicable, Egger's tests. MA
were performed using the Comprehensive Meta-Analysis (version
2.0; Biostat, Englewood, NJ). For exposures with recent MA, we
deferred quantitative analysis (mode of delivery and breastfeeding)
[8,9].

2.6. Role of the funding source

The funding source had no role in the study design and data anal-
ysis/interpretation.
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Fig. 1. PRISMA 2009 Flow Diagram for selection of studies in the meta-analyses and systematic review.

3. Results
3.1. Summary of literature search

The search strategy yielded 24,996 unique citations. After
excluding duplicates and screening abstracts, 20,295 full-text
articles were assessed for eligibility. One-hundred and fourteen
studies were included in the final qualitative systematic review, and
39 were appropriate for MA (Fig. 1). These studies pertained to the
following categories (specific exposures): (1) maternal health and
exposures during pregnancy (maternal age, smoking, and antibiotic
exposure), (2) perinatal factors (premature birth and birthweight),
(3) hygiene-related factors and social factors (rural vs urban living),
(4) antibiotics (during infancy), (5) offsprings health, including
infections (measles vaccination), and (6) passive smoking. Table 1
summarizes the pooled estimates for each exposure, based on our
MA. Supplementary Tables 1a-j summarize the extracted data, and
Supplementary Tables 2a and 2b summarize the NOS grading for all
studies. Supplementary Figures 1-33 present forest plots, meta-
regression graphs and funnel plots for all MAs, unless otherwise
stated.

3.2. Maternal health and exposures during pregnancy

3.2.1. Maternal tobacco smoking

We included nine studies in the MA (Fig. 2A, Table 1, Supplemen-
tary Table 1a)[10-18]. The odds of developing IBD were higher among
infants exposed to smoking during pregnancy compared to the unex-
posed [pooled OR (pOR) 1.49; 95% CI 1.17—1.90; I? 72.04%], but signif-
icant heterogeneity was identified (p value for heterogeneity test
<0.001). However, when analyzed according to IBD subtype, the
association was no longer significant (CD: pOR 1.21, 95% CI
0.75-1.96, 1% 83.55%, based on 6 studies and UC: pOR 1.51, 95% CI
0.99-2.31, I? 68.05% based on 4 studies) (Fig. 2B and C).

3.2.2. Maternal age

We found no association between older maternal age (>35 years)
vs younger age and the odds of IBD (OR 0.86; 95% CI 0.45—1.65; I?
87.05%) or CD (OR 0.77; 95% Cl 0.22—2.73; 12 95.27%) in the offspring
(Table 1, Supplementary Table 1a, Supplementary Figures
3-5).19-22 3¢k of estimates for UC as the outcome precluded MA.
There was significant heterogeneity between studies (p <0.001).
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Table 1
Summary data on the association between early life exposures and IBD on meta-analyses.
Exposure category Exposure analyzed Number of studies Type of Outcome Pooled 95%ClI 12 (%) P value for
meta-analyzed study estimate heterogeneity test
Maternal health and Maternal smoking 9 CC, cohort IBD 1.491 1.171-1.898 72.04 <0.001
exposures during Maternal smoking 6 CcC cD 1.208 0.747-1.956 83.55 <0.001
pregnancy Maternal smoking 4 cC uc 1.511 0.990-2.306 68.05 0.025
Maternal age 4 CC, cohort IBD 0.863 0.452-1.648 87.05 <0.001
Maternal age 2 Cohort cD 0.773 0.219-2.726 95.27 <0.001
Antibiotics 2 Cohort IBD 1.751 1.222-2.510 0 0.62
Perinatal factors Birth weight 10 CC, cohort IBD 0.92 0.727-1.164 76.75 <0.001
Birth weight 6 CC, cohort cD 0.875 0.624-1.225 70.72 0.004
Birth weight 3 CC, cohort uc 0.831 0.412-1.677 81.66 0.004
Premature birth 8 CC, cohort IBD 1.055 0.933-1.194 0 0.49
Premature birth 5 CC, cohort cD 1.073 0.890-1.293 533 0.38
Premature birth 5 CC, cohort uc 1.024 0.669-1.570 53.57 0.07
Hygiene factors Rural vs. urban 7 cC IBD 1.033 0.814-1.311 52.76 0.048
Rural vs. urban 3 CC cD 1.15 0.668-1.979 68.81 0.041
Rural vs. urban 4 cC uc 1.053 0.843-1.315 38.33 0.18
Antibiotics and other Antibiotics in first year 3 CC, cohort IBD 1.683 0.965-2.936 55.38 0.11
medications Antibiotics in first year 2 CC, cohort cD 1.19 0.512-2.765 49.29 0.16
Antibiotics in first year 2 CC, cohort uc 0.925 0.464-1.845 0 0.49
Child health and Passive smoking 3 cC cD 1.084 0.951-1.207 0 0.64
infections Measles vaccine 12 cC IBD 1.078 0.911-1.275 55.52 0.004
Measles vaccine 9 cC cD 1.06 0.822-1.366 64.69 0.004
Measles vaccine 6 cC uc 1.046 0.844-1.296 28.20 0.22
BCG vaccine 4 CC IBD 1.549 0.969-2.477 37.58 0.19
BCG vaccine 3 cC cD 1.773 0.846-3.714 53.17 0.12
Otitis media 2 cC IBD 2.105 1.224-3.619 36.85 0.21
Otitis media 2 CC cD 1.947 1.198-3.166 441 0.31

Abbreviations: CI = confidence interval; CC = case-control; IBD = inflammatory bowel disease; CD = Crohn's disease; UC = ulcerative colitis; BCG = Bacillus Calmette—Guérin.

3.2.3. Maternal diseases during pregnancy

Four studies reported no association of diseases during pregnancy
(preeclampsia, related disorders or others) and IBD on the offspring
(Supplementary Table 1a)[20 ,23-25]. A population-based cohort
study from Israel study reported higher odds of IBD in the offspring
of mothers colonized with group B Streptococcus (OR 1.29; 95% CI
1.03-1.60)[26]. Overall, maternal infections during pregnancy (mea-
sles, respiratory or urinary tract infection, non-specific) were not
associated with IBD risk in the offspring[25 ,27-30].

3.2.4. Antibiotic exposure during pregnancy

Two high-quality studies, one cohort and another case-control,
reported an association of intra-uterine exposure to antibiotics and
subsequent diagnosis of IBD in the offspring (OR 1.75; 95% CI
1.22-2.51; I? 0) (Fig. 3A)[11,31]. In one study, the risk of IBD was sig-
nificantly increased with antibiotic exposure in the third trimester
(aHR 2.57; 95% CI 1.10—6.01), but not earlier in pregnancy (Supple-
mentary Table 1a) [31]

3.2.5. Exposure to pollutants

In a population-based cohort study, Elten et al. [32] reported that
exposure to oxidant capacity (a measure of the oxidative potential of
nitrogen dioxide and ozone) during the second trimester was associ-
ated with IBD in the offspring (aHR 1.21; 95% CI 1.03—1.42), but not
when considering the overall duration of pregnancy (aHR 1.12; 95%
C10.79-1.59) (Supplementary Table 1a).

3.3. Perinatal factors

3.3.1. Mode of delivery

Multiple studies, of mixed quality, evaluated the association of
mode of delivery with IBD, CD or UC and yielded conflicting results,
with predominant studies reporting no association (Supplementary
Table 1b) [18,24,25,28 ,33-42].

3.3.2. Low birth weight (LBW)

Ten studies assessed the association of LBW (defined as
<2500 gram or <5th centile of gestational age) with a subsequent
diagnosis of IBD and reported mixed results (Supplementary Table
1b) [13,18-22 ,25 ,28 ,43 ,44]. MA of these studies demonstrated no
association between LBW and IBD (pOR 0.92; 95% CI 0.72—1.16; I?
76.75%), CD (pOR 0.86; 95% C1 0.62—1.23; I> 70.72%), or UC (pOR 0.83;
95% Cl 0.41—1.68; I 81.66%) (Table 1, Supplementary Figures 6—8).
However, effect estimates differed by cohort vs case-control studies
(meta-regression p<0.001) and on analyzing them separately, LBW
was associated with IBD in cohort studies (pOR 1.2; 95% CI
1.06—1.36; I2 42.67%), but not in case-control studies (pOR 0.85; 95%
Cl1 0.63-1.16; I2 73.39%, Supplementary Figures 9—11).

3.3.3. Premature birth

Eleven studies evaluated prematurity, which was variably defined
as <35-37 weeks of gestational age (Supplementary Table 1b) [19-
22 ,25,30,32,36 ,42 ,44-46]. On MA of eight eligible studies, prema-
turity was not associated with subsequent IBD (pOR 1.06; 95% CI
0.93-1.19, I2 0), CD (pOR 1.07; 95% CI 0.89—1.29, I? 5.33%), or UC
(pOR 1.02; 95% C1 0.67—1.57; I? 53.57%) (Table 1, Supplementary Fig-
ures 13-15) [20-22 ,24 ,25 ,30 ,44 ,46]. On meta-regression, there
was a significant difference in effect estimates between cohort and
case-control studies (p<0.001) (Table 1, Supplementary Figure 12).

3.3.4. Other perinatal factors

Apgar score >7 at one minute was associated with higher odds of
CD (OR 1.42; 95% CI 1.02—1.96) but not UC in one study (Supplemen-
tary Table 1b).3%In other studies, there was no association between
Apgar score and IBD[19 ,21]. No significant associations were found
between birth order[19], single versus multiple births[19 ,21], past
spontaneous abortion, [19] or paternal age and IBD [47].
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A - Association between maternal smoking during pregnancy and development of IBD in the offspring (1272.04%)

Study name Statistics for each study Odds ratio and 95% CI

Odds Lower Upper

ratio limit limit Z-Value p-Value
Greenbaum 2018 1493 1177 1.893 3.304 0.001 E 5
Blomster 2014 1594 1110 2289 2523 0.012 K
Russell 2005 4460 1.162 17124 2178  0.029 —
Radon, 2007 0668 0486 0918 -248 0.013 Hill-
Mahid, 2007 1720 1.096 2700 2358 0.018 ——
Han, 2010 1440 0967 2144 1796 0.073 BE
Gruber, 1996 0604 028 1279 -1317 0.188 —i—1
Yu, 2016 2124 0879 5131 1675 0.094 b
vander Sloot, 2020  1.890 1.380 2589 3964  0.000 I
Mahid, 2007* 1530 0935 2504 1693  0.091 —H—
Yu, 2016* 3503 1461 8399 2810 0.005 18—
van der Sloot, 2020* 1.610 1.161 2232 285  0.004 S 1N

1491 1171 1.898 3.246  0.001 <

01 02 05 1 2 5 10

Favours Exposure Favours No Exposure

B - Association between maternal smoking during pregnancy and development of CD in the offspring (12 83.55%)

Study name Statistics for each study Odds ratio and 95% CI
Odds Lower Upper
ratio limit limit Z-Value p-Value

Mahid, 2007 1.720 1.096 2700 2358 0.018

Han, 2010 1440 0967 2144 1.796 0.073

Gruber, 1996 0.604 0.285 1.279 -1.317 0.188

Yu, 2016 2124 0879 5131 1.675 0.094

van der Sloot, 2020 1.890 1.380 2.589 3.964 0.000

Radon, 2007 0514 0.334 0.788 -3.046 0.002
1.208 0.747 195 0.771 0.441

01 02 05 1

Favours Exposure

2 5 10

Favours No Exposure

C - Association between maternal smoking during pregnancy and development of UC in the offspring (12 68.05%)

Odds ratio and 95% CI

Study name Statistics for each study
Odds Lower Upper
ratio limit limit Z-Value p-Value
Mahid, 2007* 1530 0935 2504 1.693
Yu, 2016* 3503 1461 8399 2810
van der Sloot, 2020* 1.610 1.161 2232 2.856
Radon, 2007 0904 0599 1.364 -0.481
1511 0990 2306 1.913

0.091
0.005
0.004
0.630
0.056
01 02 05 1 2 5 10

Favours Exposure Favours No Exposure

Fig. 2. Forest plots of the association between maternal smoking during pregnancy and subsequent diagnosis of (A) IBD, (B) CD or (C) UC in the offspring.
Abbreviations: IBD — inflammatory bowel disease; CD — Crohn's disease; UC — Ulcerative colitis.

3.3.5. Birth month and related factors

Twelve studies from different regions reported on the associa-
tion of seasonality or birth month and IBD (Supplementary Table
1¢)[19,21 ,48-57]. There was significant heterogeneity across stud-
ies with respect to exposure categorization and reference groups,
precluding meaningful MA. Results were mixed and conflicting.
Three studies analyzed latitude of residence, vitamin D, and sun

exposure in early life and risk of subsequent IBD[22 ,58 ,59]. One
study reported null association between latitude of residence in the
United States at birth and subsequent IBD. [58] One population-
based study from Denmark reported no association between perina-
tal vitamin D levels and risk of pediatric onset IBD[22]. Lastly, a
study analyzing early life sun exposure and risk of IBD, reported no
significant association [59]
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A - Association between prenatal exposure to antibiotics and development of IBD in the offspring (12 0%)

Study name Statistics for each study

Odds Lower Upper

Odds ratio and 95% CI

ratio  limit limit Z-Value p-Value

Blomster, 2014 1.635 1.043 2564 2141
Ortqvist, 2019 1979 1.086 3.606  2.230
1751 1222 2510 3.051

0.032
0.026
0.002

0102 05 1 2 5 10

Favours Exposure Favours No Exposure

B - Association between antibiotic exposure during infancy and development of IBD in the offspring (12 55.38%)

Study name Statistics for each study

Odds Lower Upper

Odds ratio and 95% CI

ratio  limit limit Z-Value p-Value

Shaw, 2010 2900 1.209 6.955 2.386
Canova, 2020 1.070 0.640 1.789  0.258
Ortqvist, 2019 1.930 1.062 3.507 2.158

1.683 0.965 2936  1.833

0.017
0.797
0.031
0.067

0102 05 1 2 5 10

Favours Exposure Favours No Exposure

Fig. 3. Forest plots of the association between (A) prenatal exposure to antibiotics and (B) exposure to antibiotics during infancy and subsequent diagnosis of IBD.

Abbreviation: IBD — inflammatory bowel disease.

3.3.6. Breastfeeding

Two cohort studies and 40 case-control studies reported the asso-
ciation of breastfeeding with IBD (Supplementary Table 1d) [13 ,15
,16 ,18 ,23 ,24 ,29 ,30 ,33 ,39 ,40 ,44-46 ,49 ,60-84]. Overall, most
studies reported a significant protective effect of breastfeeding
against IBD risk. In case-control studies, this protective effect was
higher in studies from Asia, Australia and New Zealand, and when
longer than 12 months, but not universally confirmed.

3.3.7. Hygiene-related and social factors

A total of 32 studies analyzed rural vs urban residence and
hygiene-related factors meeting inclusion criteria (Supplementary
Table 1e) [13,15,18-20,23 ,29 ,32 ,34 ,36 ,38-40 ,42 ,46 ,63 ,65-67
,69,72 ,85-95]. The studies were globally diverse, but no studies from
East Asia met full inclusion criteria.

3.3.8. Rural versus urban living

In the only cohort study on rural vs urban residence in early life,
Benchimol et al.[85] reported that the risk of IBD later in life was sig-
nificantly lower in those who had spent early life in rural residence
(IRR 0.76; 95% CI 0.51—-1.00) (Supplementary Table 1e). Based on our
MA of seven case-control studies, [18 ,36 ,46 ,63 ,66 ,91 ,92] there
was no significant association between place of dwelling in early life
and risk of IBD (pOR 1.03; 95% CI, 0.81-1.31; I?> 52.76%), CD (pOR
1.15; 95% CI, 0.67—-1.98; I> 68.81%), or UC (pOR 1.05; 95% (I,
0.84—1.32; I? 38.33%) (Table 1, Supplementary Figures 18—20). There
was significant heterogeneity for the outcomes of IBD overall and CD
(p = 0.04), but not for UC (p = 0.18).

3.3.9. Other hygiene-related and social factors

Studies on exposure to pets or farm animals early in life and risk
of IBD offered mixed results (Supplementary Table 1e) [13,15,18 ,65
,66,72 ,87 ,91 ,92]. Unpasteurized milk consumption was generally
associated with an increased risk of IBD, particularly CD [66]. Regard-
ing primary drinking water source and risk of IBD, studies were het-
erogeneous with respect to exposure assessment and definition of
the reference group. A case-control study from South Africa reported
that piped/bottled water consumption as the primary drinking water
source between ages 0—5 years was associated with higher odds of
CD compared to the reference group of outside tap and well/river/
dam water consumption (OR 2.1; 95% CI 1.2—4.0)[66]. They also
reported that neither helminth infection, nor treatment for helminth
infection, in the age group 0-5 years were associated with risk of
subsequent CD [66]. We found no study that reported on early life
Helicobacter pylori infection and subsequent IBD risk.

Twelve studies examined household number and birth order
(Supplementary Table 1e) [19 ,29 ,39 ,42 ,65 ,66 ,69 ,72 ,86 ,88 ,90
,91]. Living in larger families seems to be protective against IBD[72
,86,88]. In one case-control study, a higher number of household res-
idents during early life was protective against CD (OR 0.90; 95% CI
0.83-0.97), but not UC[72]. Higher birth order, a proxy for family
size, was associated with lower odds of IBD (OR 0.68; 95% CI
0.51-0.91) [88]. However, in a large cohort study, birth order was
associated with subsequent IBD diagnosis (birth order of >5 vs 1, OR
2.35; 95% ClI 1.47-3.77), after adjusting for family size[86]. In the
same study, larger families were protective against IBD (1 sibling vs
>5, OR 2.63; 95% CI 1.49-4.62)[86]. Only in one small study, family
size was reported to have no association with IBD[29].
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Twenty studies reported on socioeconomic factors such as socio-
economic status and parental education (Supplementary Table 1f)
[15,19-21,23,36,39 ,45 ,49,59 ,63 ,65 ,66 ,69 ,88-92 ,96]. Significant
heterogeneity in exposures precluded MA. In two large studies, high-
est socioeconomic quintile, compared to lower, was associated with
higher odds of IBD[19 ,36], although this finding was not confirmed
in other reports [63 ,91]. Additional studies found no associations
between socioeconomic or household factors and IBD [15 ,39 ,65].
One study reported an inverse association between low vs high socio-
economic status at birth and UC diagnosis, as well as UC phenotype
(extensive UC: OR 0.27; 95% CI 0.09-0.75; non-progressive: UC OR
6.13; 95% C1 1.08—-34.53) [69]. One study analyzed parental education
level for offspring with and without IBD, reporting that parents of
individuals with IBD had lower education level compared to controls
(p<0.001) [96]. In contrast, a case-control study reported that higher
parental occupation (higher skill level) was associated with CD (OR
1.83; 95% CI 1.14-2.95) and UC (OR 2.04; 95% CI 1.31-3.17) in the
offspring.*°Other data on the impact of parental education were con-
flicting and inconclusive [20 ,21 ,23 ,45 ,59 ,65 ,90]. One study found
that unmarried mothers had a higher risk of having children with CD
(aHR 1.73; 95% C1 1.10-2.71) [19].

3.3.10. Immigration

Seven studies reported on IBD estimates among first-generation
immigrants who immigrated to the host country at age <5 years, or
among second-generation immigrants, who were born in the host
country, in order to capture the impact of early life exposures (Sup-
plementary Table 1 g) [18 ,72 ,97-101]. In these studies, host coun-
tries included countries in Europe and North America, where IBD
prevalence is high [102]. IBD incidence in second-generation immi-
grants was either comparable or higher than that in host population
for most immigrants, depending on the country of birth [18,97-100].
Agrawal et al. [97] performed a subgroup analysis by age at immigra-
tion to Denmark and did not find an association of age at immigration

with IBD risk, including among those who were born in a different
country and had immigrated at age <5 years.

3.3.11. Antibiotics and other medications

In a population-based cohort, Kronman et al. [103] reported that
exposure to antibiotics throughout childhood was associated with
developing IBD (<1 year of age: aHR 5.51; 95% CI 1.66—18.28 and <5
year of age 2.62; 95% CI 1.61-4.25) (Supplementary Table 1 h) [103].
Receiving a greater number of antibiotics prescriptions was associ-
ated with higher IBD risk (>2 antibiotic courses: aHR 4.77; 95% CI
2.13-10.68 versus 1-2 antibiotic courses: aHR 3.33; 95% CI
1.69-6.5) [103]. Lack of raw data precluded inclusion of this study in
the MA. Based on three studies eligible for MA, [21 ,31 ,104] there
was a non-significant trend for the association between antibiotic
exposure during infancy and IBD (pOR 1.68; 95% CI 0.97—2.94; I?
55.38%), CD (pOR 1.10; 95% C1 0.51—2.77; I 49.29%), or UC (pOR 0.93;
95% Cl 0.46—1.85; 12 0) (Table 1, Fig. 3B, Supplementary Figures
22-23).

3.4. Offspring health and infections

3.4.1. Vaccination

Results on vaccination were mixed, but mostly null (Supplemen-
tary Table 1i). Twelve studies reporting on measles vaccination and
the risk for IBD were eligible for MA [15 ,63 ,64 ,67 ,68 ,71,73 ,105-
109]. No association with IBD (OR 1.08; 95% CI 0.91—1.28; I? 55.52%),
CD (OR 1.06; 95% CI 0.82—1.37; 12 64.69%) or UC (OR 1.05; 95% CI
0.84-1.30; I 28.20%) was observed (Table 1, Supplementary Figures
25-27). The impact of the Bacillus Calmette—Guérin (BCG) vaccine
on the risk for IBD was studied in six studies[45 ,64 ,68 ,71,72,110].
On MA of three eligible studies, there was no association of BCG vac-
cine with IBD (OR 1.55; 95% CI 0.97—2.48; I 37.58%) or with CD (OR
1.77; 95% C10.85—3.71; 1> 53.17%) [64 ,68 ,110]. (Table 1, Supplemen-
tary Figures 29 and 30).

A - Association between otitis media infection and development of IBD (1236.9%)

Study name Statistics for each study Odds ratio and 95% CI
Odds Lower Upper
ratio limit limit Z-Value p-Value
Shaw, 2013 2800 1500 5228 3232 0.001
Hildebrand, 2010 1.610 0.889 2916 1571 0.116
2105 1224 3619 2691 0.007
0102 05 1 2 5 10
Favours Exposure Favours No Exposure
B - Association between otitis media infection and development of CD (124.41 %)
Study name Statistics for each study Odds ratio and 95% Cl
Odds Lower Upper
ratio limit limit Z-Value p-Value
Shaw, 2013 2690 1228 5891 2474 0.013
Hildebrand, 2010 1.610 0.889 2916 1571 0.116
1.947 1198 3.166 2688  0.007
0102 05 1 2 5 10
Favours Exposure Favours No Exposure

Fig. 4. Forest plot of the association between otitis media between 0 and 5 years of age and subsequent diagnosis of IBD (A) and CD (B)
Abbreviation: IBD - inflammatory bowel disease; CD — Crohn's disease.
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Fig. 5. Summary of prenatal and postnatal exposures that may modulate IBD risk.
Abbreviation: IBD — inflammatory bowel disease.

3.4.2. Appendectomy and tonsillectomy
No study reported these exposures definitively at age <5 years.

3.4.3. Infections

In our MA, otitis media between 0-5 years of age was associated
with subsequent IBD diagnosis (OR 2.1195% CI 1.22—3.62; I 36.9%)
and CD diagnosis (OR 1.95 95% CI 1.20-3.17, I? 4.41%)(Fig. 4A and B)
[111,112]. No studies examined upper respiratory tract or gastroin-
testinal infection specifically within the first 5 years of life and subse-
quent IBD risk.

3.4.4. Passive exposure to tobacco smoke

Three case-control studies that analyzed the association between
passive smoking during childhood and CD, with discordant conclu-
sions, were included in our MA [15 ,46 ,66]. We found no association
between passive smoking during childhood and CD (OR 1.08; 95% CI
0.95-1.2; 12 0) (Table 1, Supplementary Figure 32).

4. Discussion

Herein we have conducted a qualitative, and when applicable,
quantitative appraisal of the evidence, supported by a comprehensive
literature search, on early life exposures and risk for future IBD. Over-
all, 34 factors were studied and classified into 9 broader categories.
Based on our analysis, we found that foetal exposure to tobacco
smoke and antibiotics, and early life diagnosis of otitis media, were
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risk factors for IBD. A non-significant trend was observed for antibi-
otic exposure during the first year of life in our MA and a population-
based cohort showed a clear effect more prominent in early life, sug-
gesting that indeed antibiotic exposure in early life may also be an
important risk factor for subsequent risk of IBD [103]. Finally, breast-
feeding, especially of longer duration, was protective against CD or
UC development. Based on our systematic review and MA, no consis-
tent evidence was found to link mode of delivery, maternal age, pas-
sive smoking, perinatal factors, vaccination, socioeconomic factors
and most hygiene-related factors to subsequent risk of developing
IBD, although the heterogeneity and quality of studies may have lim-
ited analysis (Fig. 5).

Mounting epidemiological evidence and experimental data have
shown early life events may modulate the risk for certain chronic dis-
eases, including immune-mediated diseases, later in life [3,113]. In
IBD, the increasing incidence of disease in young children (<5 years),
[114] combined with reports pointing to a potential role for early life
events, further supports the need for interrogating this time period.
Moreover, recent data showing that healthy babies at-risk for IBD
development (based on maternal history of IBD) present different gut
microbiome, [115] and elevated fecal calprotectin, [116] as compared
to their counterparts, additionally suggests that this sensitive time
period may act as an important window of susceptibility.

Early variations in the pattern of immune response can influence
the likelihood and dynamics of inflammation later in life [117,118].
Maturation of the foetal immune system starts during the first
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trimester of pregnancy, and maternal exposures during this period
can have long-lasting consequences on the immune status of their
offspring and resultant susceptibility to diseases [119]. In the postna-
tal, and possibly in the prenatal period, gastrointestinal microbiota
drives maturation of the immune system, [4] and therefore, expo-
sures affecting microbiota assemblage and colonization during this
sensitive time period bear the potential to lead to long-lasting effects.
Although a wide umbrella review of MA on environmental risk fac-
tors for IBD has been recently published, [120] ours is the first to spe-
cifically focus on early life exposures and early life environmental
factors modulating IBD risk. We chose the five-year cut-off as it coin-
cides with early life microbiota development.

Based on our results, maternal smoking during pregnancy was
associated with 49% higher odds of subsequent IBD diagnosis. Foetal
tobacco smoke exposure has been linked to LBW, childhood obesity
and behavioural disorders, potentially through nicotine effects in foe-
tal immune homeostasis and hypoxia, placental vasoconstriction,
epigenetic modification and infants microbiome [121-123]. DNA
methylation changes, due to epigenetic modification, are implicated
in IBD [124]. While smoking is a well-established risk factor for CD,
[120] our results, even if significant, were associated with consider-
able heterogeneity. No association was found for passive exposure to
smoking; however, studies evaluating passive smoking during child-
hood (<5 years of life) were sparse and of low quality, suggesting
that further studies are needed to confirm our results.

Many studies have now shown that prenatal and perinatal factors
may impact microbiome composition, with inconsistent epidemio-
logical associations with chronic disease risk [125]. It is believed that
a lack of exposure to "immune-tolerizing" microbial products and
toll-like receptor-2 (TLR-2) tolerizing bacterial products, may result
in poorly regulated immune systems and increased immune-medi-
ated diseases [126]. Mode of delivery, antibiotic exposure, and feed-
ing behavior are amongst the most important factors shaping early
life microbiome colonization[127]. In a Danish population-based
study, a modest increase in IBD risk was observed in offspring deliv-
ered by C-section|128]. However in a MA, C-section was not associ-
ated with a higher risk for IBD, UC or CD [8]. While C-section leads to
different microbiota community structure and function, studies have
shown that these differences disappear by 6 weeks of life [129].
Therefore, C-section may be an insufficient perinatal factor to
increase the risk of IBD[130]. Similarly, other important perinatal fac-
tors such as prematurity, LBW or birth order did not consistently
affect IBD risk in our analysis.

We found that prenatal exposure to antibiotics was associated
with an increased risk for IBD development. Antibiotic exposure
could influence microbial colonization in utero, [131] the offspring of
antibiotic-exposed mothers has been shown to display reduced
abundance of Bifidobacterium and Lactobacillus, [132] and positive
associations have been reported with asthma/wheezing and eczema/
atopic dermatitis, [133] pointing to biological plausibility in our find-
ings. Our analysis for postnatal antibiotic exposure showed a trend
toward increased risk of IBD. Taken together with population-based
data pointing to a 5-fold increase in risk of IBD following exposure to
antibiotics in the first year of life [103], we can conclude that there
may be a link between antibiotic exposure in early childhood and
risk for IBD. Further studies are needed to confirm this association.
We may have been limited in our MA by the number of studies
included and the inability to study dose-estimates associations. It is
also plausible that frequent use of broad-spectrum antibiotics over a
longer period of time, not only in early life, may be linked to IBD
onset. A positive association with IBD risk was seen for early life and
infections, specifically otitis media, a common childhood infection.
Examining only two high-quality studies of otitis media, [111 ,112]
an early life diagnosis was associated with the subsequent onset of
IBD, and more specifically CD. In a Swedish cohort study, prior gastro-
intestinal infection and antibiotic therapy were associated with

higher IBD risk than infection alone [134]. Long-term prospective
and translational studies are needed to investigate how infections
and antibiotics may permanently alter the gut microbiome, contrib-
uting to the pathogenesis of IBD, and mitigation strategies to reduce
this risk.

A protective effect from breastfeeding has been observed for CD
and UC development based on a prior MA, with greater protective
effect in Asian cohorts and with breastfeeding for longer than 12
months, although with high heterogeneity across studies [9]. This
heterogeneity might be explained by differences in definition (exclu-
sive or nonexclusive) and duration of breastfeeding. Human breast
milk is enriched with bioactive substances and immune cells which
play crucial roles not only in providing passive immunity, but also in
shaping neonatal immune system [135]. Furthermore, human milk
oligosaccharides act as prebiotics, promoting healthy gut colonization
[136]. Even based on low-quality evidence, taken into account all the
putative benefits, [137] strategies directed at fostering breastfeeding
could potentially contribute to primary prevention of IBD.

While some hygiene-related factors, such as having pets, living
near farms, larger households, have been associated with reduced
risk of IBD [120], our analysis restricted to the first 5 years of age
offered mixed results, and the heterogeneity of results, mixed popu-
lations and reference population, precluded formal MA for most
exposures. Based on our qualitative review, larger households were
protective for IBD development, but quality of studies warrants cau-
tion in interpretation. In a recent population-based study by Benchi-
mol et al., [85] rurality in the first 1-5 years of life was associated
with lower risk of IBD (IRR range 0.75-0.78 depending on duration
of rural residence). However, in our MA of case-control studies, no
significant association between place of dwelling in early life and risk
of IBD was found. In the single study looking into immigration and
restricting to the age cut-off of <5 years of age in first-generation
immigrants no increased risk was observed for IBD [97].

Our study represents the largest, most comprehensive and sys-
tematic investigation of associations between a broad spectrum of
environmental exposures during early life and future risk of IBD. We
used systematic methods, including registration of our protocol, sys-
tematic literature search in three different databases, and used using
robust criteria for study selection, data extraction, and study quality
assessment, conducting a large number of MA for exposures where
data could be pooled. Acknowledging the increasing data on the early
life dysbiosis and risk of immune-mediated diseases, we believe our
study adds to the literature by focusing on a restricted time period of
life when microbiome and immune system may be more sensitive to
environmental incursions. However, our study is limited by the qual-
ity of the evidence that was analyzed. For most of the exposures, het-
erogeneity among studies, differences in adjusted variables,
unmeasured confounding, variable follow-up duration and age at IBD
diagnosis, and different comparison populations, limited the quality
of the evidence and precludes strong conclusions. Nevertheless, for
those exposures that were found to be protective or lead to higher
risk of IBD, biological plausibility exists, making the association more
credible, and prioritizing them for further investigations. We did not
find publication bias on quantitative analyses. Importantly, based on
our review, we cannot discount the possibility that there were unob-
served events that could be important such as parity, antibiotic expo-
sure during breastfeeding, and childcare attendance, that were not
studied and that could theoretically modulate risk. For example, pre-
and postnatal heavy metal exposures have been detected in decid-
uous teeth of individuals who developed IBD later in life [138].
Importantly, it is conceivable that some exposures may act synergis-
tically or cumulatively, and be more deleterious or beneficial during
restricted time periods, which could not be captured in our assess-
ment of the literature.

Despite these limitations, we report that early childhood is an
important susceptibility period for IBD risk modulation. Promoting
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breastfeeding, smoking cessation during pregnancy, and avoiding
unnecessary courses of antibiotics during pregnancy and early life,
could promote health, prevent microbiota deviation, and serve as pri-
mary prevention strategies. The ongoing MELODY (Modulating Early
Life Microbiome through Dietary Intervention in Pregnancy) trial,
aimed at modifying the maternal microbiome in pregnant women
with CD, will determine the effectiveness of dietary intervention in
balancing the microbiome during early life in the offspring, thereby
promoting the priming of a healthy immune system [139]. Follow-up
studies of birth cohorts like the MECONIUM (Exploring MEChanisms
Of disease traNsmission In Utero through the Microbiome) study,
[115] and new prospective cohorts, where sources of heterogeneity
and confounding factors could be accounted for, should be devel-
oped.
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