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Mode of Birth Is Not Associated With Food Allergy
Risk in Infants
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What is already known about this topic? Previous research on the association between mode of birth and risk of food
allergy has produced mixed findings. Caveats of prior studies include food allergy not confirmed by food challenge and
insufficient details regarding delivery conditions.

What does this article add to our knowledge? Using challenge-confirmed food allergy and detailed information on
delivery conditions in a population-based cohort, we found that caesarean delivery, whether elective or emergency, or with
or without labor, was not associated with risk of food allergy.

How does this study impact current management guidelines? There was insufficient evidence that mode of delivery
has a meaningful impact on the risk of developing food allergy in infants. These findings can assist caregivers in evaluating
the risks and benefits of caesarean delivery and may provide reassurance for mothers who require such interventions that
there is little evidence that their infants will be at an increased risk of food allergy after caesarean delivery.
BACKGROUND: The association between mode of delivery and
the risk of food allergy remains unclear due to the absence of
studies with both challenge-proven food allergy outcomes and
detailed information on the type of caesarean delivery.
OBJECTIVE: We assessed whether emergency or elective
caesarean, or caesarean delivery in the presence or absence of
labor initiation, is associated with the risk of food allergy.
METHODS: The HealthNuts study recruited 5276 12-month-
old infants who underwent skin prick testing and oral food
challenge to ascertain food allergy status, and linked the child’s
study data to additional birth data from the Victorian Perinatal
Data Collection.
RESULTS: Parents of 3006 children consented to data linkage,
and birth data were obtained on 2045. In this subgroup, 30%
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were born by caesarean and 13% had food allergy. Caesarean
delivery, compared with vaginal birth, was not associated with
the risk of food allergy (adjusted odds ratio [aOR]: 0.95, 95%
confidence interval [CI]: 0.70, 1.30). Neither caesarean delivery
before the onset of labor, nor after the onset of labor, was
associated with the risk of food allergy (aOR: 0.83, 95% CI:
0.55-1.23 and aOR: 1.13, 95% CI: 0.75-1.72, respectively).
Delivery by elective or emergency caesarean, compared with
vaginal delivery, was not associated with risk of food allergy
(aOR: 1.05, 95% CI: 0.71-1.55 and aOR: 0.86, 95% CI:
0.56-1.31). There was no evidence of effect modification by
breastfeeding, older siblings, pet dog ownership, or maternal
allergy.
from Pfizer, and is an inventor on patents owned by MCRI “A method for of
inducing tolerance to an allergen” and “Allergy Treatment.” S. C. Dharmage and
A. J. Lowe have received an investigator-initiated grant from GlaxoSmithKline for
unrelated research, and S. C. Dharmage holds a similar grant from AstraZeneca.
A. J. Lowe has received in-kind contributions of emollients from PuraCap and
Primus for unrelated research. The rest of the authors declare that they have no
relevant conflicts of interest.

Received for publication November 24, 2021; revised March 22, 2022; accepted for
publication March 23, 2022.

Available online May 18, 2022.
Corresponding author: Rachel L. Peters, PhD, Murdoch Children’s Research Insti-
tute, the Royal Children’s Hospital, 50 Flemington Rd, Parkville, VIC 3052,
Australia. E-mail: Rachel.peters@mcri.edu.au.

2213-2198
� 2022 American Academy of Allergy, Asthma & Immunology
https://doi.org/10.1016/j.jaip.2022.03.031

2135

mailto:Rachel.peters@mcri.edu.au
https://doi.org/10.1016/j.jaip.2022.03.031
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jaip.2022.03.031&domain=pdf


J ALLERGY CLIN IMMUNOL PRACT
AUGUST 2022

2136 CURRELL ETAL
Abbreviations used

aHR- A
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aOR- A
djusted odds ratio

aRR- A
djusted risk ratio
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ternational Classification of Disease
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verse probability weighting
nTreg- N
aïve regulatory T cells

OFC-O
ral food challenge

OR- O
dds ratio

SPT- S
kin prick test
VPDC- V
ictorian Perinatal Data Collection

WGA-W
eight for gestational age
CONCLUSION: Caesarean delivery, either with or without
labor, or elective or emergency, was not associated with the risk
of food allergy in a population-based cohort of 12-month-old
infants. � 2022 American Academy of Allergy, Asthma &
Immunology (J Allergy Clin Immunol Pract 2022;10:2135-43)

Key words: Caesarean; Food allergy; Egg allergy; Peanut
allergy; Labor; Emergency caesarean; Elective caesarean; Data
linkage

The microbial exposure hypothesis proposes that altered
exposure to a variety of microbes and infections in early life can
influence the developing immune system, predisposing to allergic
disease.1 Consistent with this hypothesis, children with food
allergy exhibit altered gut microbial composition compared with
children without food allergy.2,3 Furthermore, it has been shown
that mode of delivery may influence the composition of the in-
fant microbiome,4-6 suggesting a plausible pathway by which
mode of delivery can modify the risk of developing allergic
disease.

Caesarean delivery in the absence of labor may bypass the
opportunity for neonatal gut colonization with maternal gut and
vaginal flora. Compared with vaginally born infants, the micro-
biome of caesarean born infants have more bacteria species that
are usually found on the skin, mouth, and the surrounding
environment, whereas infants born vaginally have microbiota
dominated by vaginal or intestinal bacteria species.7-10 On the
other hand, the gut microbiome of infants born by caesarean
delivery after the initiation of labor have higher diversity
compared with those born by caesarean before the onset of labor
and membrane rupture.11 Alternatively, aberrations in infant
immune programming have been associated with the presence or
absence of labor. Infants exposed to labor (vaginal delivery and
cesarean after the onset of labor) compared with infants not
exposed to labor (cesarean in the absence of labor) have reduced
naïve regulatory T cells (nTreg) at birth. Although mode of
delivery was not associated with food allergy, this lower nTreg at
birth was associated with an increased risk of food allergy, sug-
gesting that labor-associated immune activation is associated with
the risk of allergic disease.12

A systematic review in 2013 that included 13 studies that
assessed the association between mode of delivery and the risk of
food allergy showed mixed associations with generally small effect
sizes, and few studies used gold standard food allergy outcomes.1

Of the 4 studies that included challenge-confirmed food allergy
outcomes, only 1 (n ¼ 2656) found that mode of delivery was
associated with increased risk of cow’s milk allergy up to age 2
years, which was seen only in children with maternal allergy.13 A
major caveat of these findings is that early studies failed to
consider additional details of the caesarean delivery.

Few studies distinguish between the types of caesarean, that is,
elective or emergency, or with or without labor, which is relevant
to the proposed biological pathways. Of the studies that did
consider the different types of caesareans, unfortunately they
relied on imprecise measures of food allergy, such as self-
report.14,15 Recently, a large prospective Swedish study (n ¼
1,086,378) found that compared with vaginal birth, caesarean
birth was associated with an increased risk of food allergy diag-
nosis (adjusted hazard ratio [aHR]: 1.21, 95% confidence in-
terval [CI]: 1.18-1.25) with the association being similar when
caesarean delivery was categorized into elective (aHR: 1.17, 95%
CI: 1.10-1.24) versus emergency caesarean (aHR: 1.25, 95% CI:
1.18-1.32).16 However, food allergy was measured using Inter-
national Classification of Disease (ICD) codes from health care
registries, which have low sensitivity to true of IgE-mediated food
allergy and may have captured non-IgE food allergies. In addi-
tion, this finding may reflect differential health care seeking
behavior across the exposure groups, which may have over-
estimated the association.

Our HealthNuts study that measured food allergy using the
gold standard oral food challenge (OFC) did not find evidence
that mode of delivery increased the risk of egg allergy;17,18

however, this analysis could not account for type of caesarean
(with or without labor) as data were not available at the time of
analysis. We have now addressed this limitation by linking
HealthNuts study data to Victorian Perinatal Data Collection
(VPDC) and assessed whether delivery by elective or emergency
caesarean, or caesarean in the absence or presence of labor, is
associated with the risk of food allergy.
METHODS

Study design
The HealthNuts study is a population-based longitudinal cohort

study based in Melbourne, Australia, that was established to measure
the prevalence and risk factors of food allergy. Detailed methodology
for the HealthNuts study has been described previously.19,20 Briefly,
5276 infants aged 11 to 15 months attending council run immu-
nization sessions were recruited between September 2007 and
August 2011. At recruitment, questionnaires captured information
on the infant’s demographics, environmental exposures, and allergy
history. Infants underwent skin prick testing (SPT) to ascertain
sensitization to egg, peanut, sesame, and either shellfish or cow’s
milk. Infants with a wheal diameter of �1 mm to egg, peanut, or
sesame were invited to attend the HealthNuts study clinic at the
Royal Children’s Hospital for an OFC. At the OFC visit, blood
samples were collected and measured for food-specific IgE using the
ImmunoCAP FEIA system. Food sensitization was defined as SPT
�2 mm and/or food-specific IgE �0.35 kU/L. During the OFC,
infants consumed a maximum of 2 teaspoons of peanut butter, 1
whole egg white, or 2 teaspoons of tahini, unless a reaction occurred.
The criterion for a positive OFC was one of the following reactions
within 2 hours of last allergen dose: 3 or more concurrent
noncontact hives lasting for more than 5 minutes, perioral or peri-
orbital angioedema, vomiting, or evidence of anaphylaxis, in a child
with a positive test of sensitization.19,21 Infants were also considered
food allergic if they had a reaction consistent with the OFC stopping
criteria within the previous 1 month for egg and 2 months for



HealthNuts Cohort
n=5276

Par�cipated at age 
6
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FIGURE 1. Flow chart showing participation of HealthNuts and
data linkage. VPDC, Victorian Perinatal Data Collection.
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peanut and sesame, and a positive test of sensitization. Food toler-
ance was defined as a negative OFC or negative SPT (0 mm) at
recruitment. Infants with a positive OFC but no evidence of
sensitization were deemed inconclusive.22 Ethical approval was ob-
tained from the Office for Children HREC (ref. no. CDF/07/492),
Department of Human Services HREC (ref. no. 10/07), and Royal
Children’s Hospital HREC (ref. nos. 27047 and 32294).

Data linkage

Data have also been collected from participants at later ages;
however, the methods from these subsequent follow-up visits are not
described in detail here as the present study only used food allergy
outcome data at age 1 year. When participants were 6 years old,
consent was requested to link the participant’s study data to data
from other registries including VPDC. The VPDC records detailed
obstetric and neonatal information relating to every birth in Victoria.
Hospitals and birth centers document and submit birth-related data
to the VPDC.23 A request was submitted to the VPDC to release
data of those who consented; the VPDC also sought permission
from hospitals to release the data for the purpose of the study
(Figure 1). For the present study, data relating to mode of birth were
requested from the VPDC. Mode of delivery was defined as either a
vaginal delivery or delivery by caesarean section, which included all
types of caesareans. For additional analyses, caesarean delivery was
further classified as elective (planned) or emergency (unplanned),
and if the caesarean (elective or emergency) was performed before or
after the onset of labor; vaginal delivery was the comparison group
for all analyses.

Potential confounders and effect modifiers
To identify possible confounders for the association between

mode of delivery and food allergy risk, a directed acyclic graph was
constructed using Dagitty software (Figure E1, available in this ar-
ticle’s Online Repository at www.jaci-inpractice.org).24 Variables
that were potentially associated with both the exposure and outcome
were adjusted for. These included maternal country of birth (born in
Australia, far east Asia, UK/Europe, or other),25,26 maternal age at
infant’s birth,27-30 premature birth (�36 weeks of gestation),16,31,32

socioeconomic status (measured by Socio-Economic Indexes for
Area),33-35 and weight for gestational age (WGA).16 WGA was
included in addition to prematurity, as in addition to capturing
gestational age, it also captures growth of the fetus that has been
associated with the risk of food allergy.36 WGA was based on
Australian standards for birth WGA37 and derived from birthweight
and estimated gestational age data obtained from both the Health-
Nuts recruitment questionnaire and linked VPDC data. WGA was
categorized into 3 categories: small for gestational age (birthweight
below the 10th percentile), large for gestational age (greater than the
90th percentile for gestational age), and normal WGA (between
10th and 90th percentile).

Factors related to the microbial hypothesis that were assessed as
effect modifiers for the association between mode of delivery and
food allergy included pet dog exposure, breastfeeding (never, �6
months, and >6 months), and having siblings. Maternal allergy was
assessed as a potential effect modifier based on previous research
showing evidence for an interaction between mode of delivery and
maternal allergy.13,15

Statistical analysis

Logistic regression was used to model the association between
mode of delivery and the risk of food allergy, with models adjusted
for potential confounders as described above. Separate models were
constructed for the different caesarean variables (all caesarean,
caesarean with or without labor, and elective or emergency caesar-
eans) with all caesarean variables compared with the baseline of
vaginal delivery. As a secondary analysis, the outcomes of any food,
egg, and peanut sensitization were also considered, with sensitization
defined as SPT �2 mm only as this was available for the whole
cohort. Effect modification was assessed by fitting models with and
without interaction terms between mode of delivery and the effect
modifier, and was compared using likelihood ratio tests; P value <.1
was considered evidence of effect modification.

To assess for potential selection bias between participants who did
and did not have linked VPDC data and whether this may have
influenced effect estimates, demographic and clinical characteristics
were compared using the Pearson c2 test for categorical variables and
the unpaired t-test for continuous variables; characteristics with a P
value of <.05 from comparisons were considered different. Inverse
probability weights (IPW) were calculated as the inverse of the
probability of having VPDC data or not, obtained from a logistic
regression model that included variables that were associated with
the presence linked VPDC data.38 A sensitivity analysis was con-
ducted in which these sampling weights were applied to the logistic
regression models of the association between delivery mode and food
allergy. Stata 16.0 was used for all statistical analyses.
RESULTS

Participation
Of the 5276 original participants of the HealthNuts cohort

study, 4455 participated at age 6 and 3006 families (67%)

http://www.jaci-inpractice.org


TABLE I. Characteristics of the HealthNuts cohort presented separately for those with and without linked VPDC data

Characteristic

Linked with VPDC

(N [ 2045), % (n/N)

Did not link with VPDC

(N [ 3231), % (n/N) P value*

Any food allergy at 12 mo 13.0 (253/1944) 9.5 (281/2963) <.001

Any food sensitization at 12 mo 18.7 (367/1965) 16.5 (509/3094) .04

Mode of birth (HealthNuts data)

Vaginal birth 70.0 (1428/2041) 64.7 (2072/3203) <.001

Caesarean 30.0 (611/2041) 35.3 (1131/3203)

Mode of birth (VPDC data)

Vaginal birth 69.9 (1428/2042) e

Caesarean 30.1 (614/2042) e

Vaginal birth 69.9 (1428/2042) e

Caesarean with labor 12.5 (256/2042) e

Caesarean without labor 17.5 (358/2042) e

Vaginal birth 69.9 (1428/2042) e

Emergency caesarean 14.9 (304/2042) e

Elective caesarean 15.2 (310/2042) e

Mother’s country of birth

Australian 76.2 (1526/2004) 69.0 (2161/3133) <.001

Far east Asian 8.6 (172/2004) 11.0 (343/3133)

UK/Europe 7.6 (153/2004) 10.0 (314/3133)

Other 7.6 (153/2004) 10.1 (315/3133)

Parent’s country of birth

Both Australian 62.2 (1240/1995) 57.3 (1783/3113) .005

1 or both far east Asian 10.4 (208/1995) 12.5 (390/3113)

1 or both UK/Europe 14.5 (290/1995) 15.6 (485/3113)

Other 12.9 (257/1995) 14.6 (455/3113)

Mother’s age at birth years

Mean (SD) 33.1 (4.6) 32.8 (4.9) .02

Mother smoked during pregnancy 3.9 (78/2000) 5.2 (161/3117) .036

Socioeconomic status† (1 ¼ most disadvantaged)

1 19.4 (397/2042) 20.7 (665/3219) .002

2 19.1 (389/2042) 20.5 (661/3219)

3 23.7 (483/2042) 19.2 (619/3219)

4 19.5 (399/2042) 19.3 (620/3219)

5 18.3 (374/2042) 20.3 (654/3219)

Family history of allergy (asthma, eczema, food allergy, hay fever) 73.0 (1492/2045) 67.1 (2169/3231) <.001

Female sex 48.1 (979/2034) 49.8 (1600/3210) .23

Gestational age at birth weeks (HealthNuts data)

Mean (SD) 39.6 (1.5) 39.4 (1.5) <.001

Gestational age at birth weeks (VPDC data)

Mean (SD) 39.2 (2.6) e

Prematurityz 5.4 (106/1954) 6.5 (199/3052) .11

Birthweight grams (HealthNuts data)

Mean (SD) 3429 (553) 3370 (554) <.001

Birthweight grams (VPDC data) 3437 (540) e

Weight for gestational agex (HealthNuts data)

Normal 84.2 (1721/2045) 83.4 (2696/3231) .02

SGA 7.3(150/2045) 9.3 (300/3231)

LGA 8.5 (174/2045) 7.3 (235/3231)

Weight for gestational agex (VPDC data)

Normal 83.3 (1704/2045) e

SGA 6.3 (128/2045)

LGA 10.4 (213/2045)

Any breastfeeding 95.8 (1919/2003) 93.5 (2943/3147) <.001

(continued)
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TABLE I. (Continued)

Characteristic

Linked with VPDC

(N [ 2045), % (n/N)

Did not link with VPDC

(N [ 3231), % (n/N) P value*

Duration of breastfeeding

Never 4.1 (84/2045) 6.3 (204/3231) <.001

<6 mo 25.1 (514/2045) 29.6 (955/3231)

>6 mo 70.8 (1447/2045) 64.1 (2072/3231)

No. of siblings

None 50.4 (1021/2027) 49.0 (1561/3188) .70

1 32.4 (657/2027) 33.8 (1077/3188)

2 12.9 (262/2027) 12.7 (405/3188)

3 or more 4.3 (87/2027) 4.6 (145/3188)

Any siblings 49.3 (1004/2035) 51.1 (1643/3216) .22

Pet dog inside first 12 mo 22.4 (458/2044) 19.0 (614/3228) .003

Denominators may differ from the column header due to some missing data for characteristics.
SD, Standard deviation; VPDC, Victorian Perinatal Data Collection.
*P values calculated from the c2 test comparing infants from the HealthNuts cohort with VPDC linkage with those without VPDC-linked data.
†Socioeconomic status was defined using socioeconomic indexes for area (SEIFA) based on measures of disadvantage assigned to postcodes using Australian census data.33

zPrematurity was defined as birth <36 weeks of gestation.
xWeight for gestational age was categorized based on an infant’s birthweight and gestational age at birth, according to Australian birthweight standards.37 Small for gestational
age (SGA) was defined as birthweight <10th percentile for gestational age and large for gestational age (LGA) was defined as birthweight >90th percentile for gestational age.
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consented to data linkage. Nine percent (n ¼ 275) of partici-
pants, despite consenting, could not be matched, and of those
who were matched, 25% did not have data released because the
governing hospital did not consent. Overall, data from a sample
of 2045 participants (39% of the original cohort) were able to be
linked and were included in this data analysis. Figure 1 presents
the participation flow.

Table I describes the family and infant characteristics between
HealthNuts participants with and without linked VPDC data. The
proportion of infants with food sensitization and allergy was higher
in the VPDC-linked group (13.0% and 18.7%, respectively),
compared with those without linked data (9.5% and 16.5%,
respectively). Caesarean delivery accounted for 30.0% of births in
the VPDC-linked group and 35.3% of births in the group without
linked data. Of those with linked data, 70% (n ¼ 1428) of infants
were born via a vaginal birth, 12.5%were born by caesarean after the
onset of labor, and 17.5%were born by caesarean before the onset of
labor. In the VPDC-linked group, emergency caesarean accounted
for 14.9% of births and elective caesarean accounted for 15.2%.
Other characteristics differed between those who did and did not
have linked data including parent’s country of birth, mothers age at
birth, maternal smoking in pregnancy, socioeconomic status, family
history of allergy, WGA, breastfeeding initiation, and exposure to
pet dogs in the household.

Cesarean delivery and the risk of food allergy
In the entire HealthNuts cohort, food allergy occurred in

10.3% of infants born by caesarean compared with 11.3% of
infants born vaginally. In the subgroup with linked data, food
allergy was present in 12.7% of infants born by caesarean
compared with 13.2% of those born vaginally. In both the whole
cohort and the subgroup with linked data, there was no evidence
of an association between mode of delivery and the risk of any
food allergy, egg allergy, or peanut allergy (Table II).

Cesarean with or without labor and the risk of food

allergy
Cesarean delivery was further categorized into whether it

occurred with or without labor. Food allergy occurred more
frequently among infants who were born by cesarean after labor
had started (14.2%) compared with infants who were born
vaginally (13.3%) or via cesarean without labor (11.0%). In
adjusted models, there was no evidence that cesarean delivery,
either with or without labor, was associated with the risk of any
food allergy, egg allergy, or peanut allergy (Table II). The di-
rection of effect for cesarean with labor and the risk of peanut
allergy suggested a possible increase in risk; however, the confi-
dence intervals indicate that the possibility of no effect or
reduced risk cannot be excluded.

Elective or emergency cesarean and the risk of food

allergy
Food allergy occurred less frequently in infants born by

emergency cesarean (11.2%) compared with elective cesarean
(13.4%) and vaginal delivery (13.3%). There was insufficient
evidence that the risk of food allergy differed by elective or
emergency cesarean for any food allergy, egg allergy, or peanut
allergy (Table II).

Assessment of effect modifiers

There was no evidence that the following factors modified the
association between mode of delivery and risk of food allergy:
duration of breastfeeding (P ¼ .41), older siblings (P ¼ .61),
having a pet dog inside within the first year (P ¼ .55), or
maternal history of allergy (P ¼ .68). Results were similar for egg
and peanut allergy (data not shown).

Sensitivity analysis
In the sensitivity analysis where sampling weights were applied

to account for possible selection bias due to differences in
characteristics between those with and without linked data, the
direction and magnitude of the odds ratio estimates for the as-
sociation between mode of delivery and food allergy outcomes
were consistent with the unweighted models (Table III).

Cesarean delivery and the risk of food sensitization

There was no evidence that mode of birth (any cesarean, ce-
sarean with or without labor, or elective or emergency cesarean,
all compared with vaginal birth) was associated with the risk of



TABLE II. The association between mode of delivery and any food allergy, egg allergy, and peanut allergy

Any food allergy Egg allergy Peanut allergy

n/N (%)

Crude OR

(95% CI)

P
value

Adjusted OR*

(95% CI)

P
value n/N (%)

Crude OR

(95% CI)

P
value

Adjusted OR*

(95% CI)

P
value n/N (%)

Crude OR

(95% CI)

P
value

Adjusted OR*

(95% CI)

P
value

Whole HealthNuts cohort

Vaginal birth 333/2989
(11.1)

Reference Reference 301/3035 (9.9) Reference Reference 92/2972 (3.1) Reference Reference

All caesarean 153/1483
(10.3)

0.92 (0.75, 1.12) .41 0.95 (0.77, 1.16) .60 127/1508 (8.4) 0.84 (0.67, 1.04) .10 0.85 (0.68, 1.07) .17 48/1475 (3.3) 1.05
(0.74, 1.50)

.78 0.99 (0.69, 1.42) .94

Subgroup linked with VPDC data

Vaginal birth 168/1259
(13.3)

Reference Reference 149/1276 (11.7) Reference Reference 50/1283 (3.9) Reference Reference

All caesarean 67/544
(12.3)

0.91 (0.67, 1.23) .55 0.95 (0.70, 1.30) .76 52/553 (9.4) 0.79 (0.56, 1.10) .15 0.80 (0.57, 1.13) .21 25/559 (4.5) 1.15
(0.71, 1.89)

.57 1.11 (0.69, 1.91) .61

Vaginal birth 168/1259
(13.3)

Reference Reference 149/1276 (11.7) Reference Reference 50/1283 (3.9) Reference Reference

Cesarean with
labor

32/225
(14.2)

1.08 (0.72, 1.62) .72 1.13 (0.75, 1.72) .55 23/228 (10.1) 0.85 (0.53, 1.35) .49 0.89 (0.56, 1.42) .63 14/232 (6.0) 1.58
(0.86, 2.91)

.14 1.61 (0.86, 3.01) .14

Cesarean
without
labor

35/319
(11.0)

0.80 (0.54, 1.18) .26 0.83 (0.55, 1.23) .35 29/325 (8.9) 0.74 (0.49, 1.1) .16 0.74 (0.48, 1.14) .18 11/327 (3.4) 0.86
(0.44, 1.67)

.65 0.82 (0.41, 1.64) .58

Vaginal birth 168/1259
(13.3)

Reference Reference 149/1276 (11.7) Reference Reference 50/1283 (3.9) Reference Reference

Emergency
cesarean

30/267
(11.2)

0.82 (0.54, 1.24) .35 0.86 (0.56, 1.31) .48 22/274 (8.0) 0.66 (0.41, 1.05) .08 0.68 (0.42, 1.10) .12 13/278 (4.7) 1.21
(0.65, 2.26)

.55 1.19 (0.62, 2.27) .60

Elective
cesarean

37/277
(13.4)

1.00 (0.68, 1.47) 1.0 1.05 (0.71, 1.55) .82 30/279 (10.8) 0.91 (0.60, 1.38) .66 0.92 (0.60, 1.41) .71 12/281 (4.3) 1.1
(0.58, 2.09)

.77 1.10 (0.56, 2.14) .78

CI, Confidence interval; OR, odds ratio; SEIFA, socioeconomic index for areas; VPDC, Victorian Perinatal Data Collection; WGA, weight for gestational age.
*Adjusted for maternal country of birth, maternal age at birth, maternal smoking during pregnancy, prematurity (�36 weeks of gestational age), SEIFA, and WGA.
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TABLE III. The weighted association between mode of delivery and any food allergy, egg allergy, and peanut allergy, weighted for factors
that were associated with the presence of linked birth data

Any food allergy Egg allergy Peanut allergy

Adjusted OR* (95% CI) P value Adjusted OR* (95% CI) P value Adjusted OR* (95% CI) P value

Vaginal birth Reference Reference Reference

All caesarean 0.90 (0.63, 1.28) .56 0.78 (0.53, 1.14) .19 1.20 (0.67, 2.16) .55

Vaginal birth Reference Reference Reference

Cesarean with labor 1.06 (0.66, 1.69) .81 0.88 (0.53, 1.48) .64 1.51 (0.73, 3.14) .27

Cesarean without labor 0.78 (0.50, 1.22) .28 0.70 (0.44, 1.13) .15 0.97 (0.48, 1.98) .93

Vaginal birth Reference Reference Reference

Emergency cesarean 0.84 (0.52, 1.36) .48 0.74 (0.44, 1.24) .25 1.12 (0.51, 2.46) .77

Elective cesarean 0.96 (0.62, 1.48) .85 0.82 (0.51, 1.32) .40 1.28 (0.64, 2.56) .49

CI, Confidence interval; OR, odds ratio; SEIFA, socioeconomic index for areas; WGA, weight for gestational age.
*Adjusted for maternal country of birth, maternal age at birth, maternal smoking during pregnancy, prematurity (<36 weeks of gestational age), SEIFA, and WGA. Covariates
that were included in the inverse probability weighting model were any food allergy, any food sensitization, mode of delivery, maternal and parent country of birth, mother’s age
at infant’s birth, maternal smoking in pregnancy, SEIFA, family history of allergy, WGA, breastfeeding, and pet dog exposure.
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any food, egg, or peanut sensitization (see Tables E1 and E2 in
this article’s Online Repository at www.jaci-inpractice.org).
DISCUSSION
In this population-based cohort with linked birth registry data

and objective measures of food allergy, there were no meaningful
differences in the likelihood of food allergy observed for infants
born by caesarean delivery compared with those born by vaginal
delivery. In addition, there was no evidence of a difference in
likelihood of food allergy if the caesarean was performed before
or after the onset of labor, or whether it was an emergency or
elective caesarean. There was no evidence of effect modification
by several factors examined including breastfeeding, the presence
of older siblings, having a pet dog within the first 12 months of
life, or maternal history allergy.

The infant immune system undergoes rapid development
during the neonatal period. Mode of delivery and the presence or
absence of labor may interfere with the normal development of
the immune system; proposed pathways include altered micro-
bial exposure at birth and reduced activation of the immune
system at birth due to the absence of labor.39-43 One of the
biological mechanisms by which microbiota influences the
developing immune system is that the composition of gut
microbiota triggers differentiation of certain immune cells, which
affect regulation of immune system responses, including
inflammation or promotion of tolerance.44 Labor may also play
an important role, with the presence of labor associated with
reduced regulatory T cells at birth.12 If the immune system is
programmed toward inflammatory responses during the critical
intrapartum period, an infant may be predisposed toward an
allergic phenotype.11,45 However, our findings do not support
that mode of delivery, in the presence or absence of labor, has a
meaningful impact on food allergy outcomes.

There is a body of literature that supports the null findings of
the present study. The odds ratio estimates of 8 of 13 studies
included in a systematic review, which examined the effect of
caesarean birth on the risk of food allergy, found no clear asso-
ciation.1 However, some studies have reported associations be-
tween mode of delivery and the risk of food allergy. A large
Swedish study (n ¼ 1,086,378) found that caesarean delivery,
compared with vaginal delivery, increased the risk of food allergy
in children aged less than 13 years (aHR: 1.21, 95% CI: 1.18-
1.25) and this association was similar when caesarean was further
classified as elective or emergency.16 Food allergy was defined
using ICD codes that was not corroborated with measures of IgE
sensitization, and therefore may have low specificity to true IgE-
mediated food allergy and capture noneIgE-mediated food al-
lergies as well. This finding may also reflect differential health
care seeking behavior across the exposure groups; that is, health
care seeking behavior could be stronger in those receiving a
caesarean who in turn may be more likely to seek a diagnosis for
adverse food reactions, which may have overestimated the
association.

The Upstate KIDS cohort found that although there was no
evidence of an association between all caesarean deliveries and
risk of self-reported food allergy (adjusted risk ratio [aRR]: 1.59,
95% CI: 0.73-3.44), emergency (aRR: 3.02, 95% CI: 1.26-
7.25) and not elective caesarean (aRR: 0.48, 95% CI: 0.14-1.65)
were associated with increased risk of self-reported food allergy.
The authors noted that this finding was not consistent with the
proposed hypothesis that altered immune development and
susceptibility to food allergy would be greater in the infants
delivered by elective caesarean compared with those born by
emergency caesarean or vaginal delivery, and speculate that
misclassification of type of caesarean delivery indication, or the
inclusion of twins that are more likely to be delivered by
caesarean, may have contributed to the unexpected finding.14

Emergency caesarean can also occur before the onset of labor
and membrane rupture, and without differentiating between
whether the caesarean was performed before labor may have
limited their ability to directly address the proposed hypothesis.
The Swedish study and Upstate KIDS study did not distinguish
whether the elective or emergency caesarean occurred before or
after the onset of labor and membrane rupture, which is an
important consideration given the proposed biological pathways.
Exposure to labor has been associated with immunological
changes in infants at birth that are subsequently associated with
the risk of food allergy. Although the Barwon Infant Study did
not observe an association between mode of delivery and
challenge-confirmed food allergy, the presence of labor (vaginal
delivery and cesarean after the onset of labor) was associated with
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reduced nTreg at birth that were subsequently associated with
food allergy at age 1 year.12 Several factors relating to birth, such
as mode of delivery, duration of labor and membrane rupture,
and microbial or antibiotic exposure, may impact immunological
responses and predisposition to allergic disease. Unfortunately,
the data received from VPDC on these factors were too
incomplete to examine this hypothesis further.

The long-held paradigm that the uterus and infant gut are
sterile before birth has also been recently contested, with some
studies proposing that initial colonization of the neonatal gut
occurs in utero.46,47 If the process of gut colonization begins in
utero, factors that occur during pregnancy may impact the in-
fant’s microbiome and associated risk of allergic disease, rather
than only the mode of delivery. Of note, studies that have re-
ported an association between mode of delivery and food allergy
have higher rates of caesarean (around 50%)15 compared with
the present study. If these higher rates of caesarean are reflective
of higher rates of maternal complications indicating the need for
a caesareans, for example, gestational diabetes that has been
shown to impact the gut microbiota of their week old infants,48

this may potentially explain why these studies found a greater
effect size than the present study.

The strengths of this study are that food allergy was measured
using the gold standard OFC that reduces potential for
misclassification when less precise measures such as SPT, serum
IgE, or self-report are used. Data linkage with VPDC added
additional information on birth factors to the HealthNuts
cohort. These data specified whether the caesarean delivery
occurred in the presence or absence of labor, providing an op-
portunity to explore a potentially important microbial exposure
at birth, which other studies have been unable to.

There were several limitations of this study. Differences exis-
ted in some characteristics between the subgroup whose data
were linked to VPDC. The resulting subgroup that formed the
basis of this analysis was over-represented by those with food
allergy and vaginal birth, compared with the group without
VPDC-linked data. These differences may have resulted in se-
lection bias; however, IPW, which reweighted characteristics of
included participants to reflect the characteristics of the original
cohort, did not materially affect our findings. In addition, some
requested birth factor data relevant to the hypotheses proposed,
such as duration of membrane structure or antibiotic exposure
during labor, were missing substantial amounts of data. This
limited the exploration of other potential pathways or con-
founders and should be explored in future research.

In conclusion, we found insufficient evidence that mode of
delivery and conditions surrounding caesarean delivery have a
meaningful impact on the risk of developing food allergy in in-
fancy. These results may be useful for caregivers when consid-
ering the risks and benefits of caesarean delivery, and provide
reassurance for mothers who require such intervention that there
is little evidence that their infants are likely to be at a substan-
tially increased risk of food allergy.
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FIGURE E1. Directed acyclic graph showing possible causal pathways for factors associated with mode of delivery (exposure) or food
allergy (outcome). *Data requested from VPDC, but were incomplete. #COB (country of birth). þSEIFA (a measure of socioeconomic
status as described in methods). SEIFA, Socioeconomic index for areas; VPDC, Victorian Perinatal Data Collection.



TABLE E1. The association between mode of delivery and any food sensitization, egg sensitization, and peanut sensitization

Any food sensitization Egg sensitization Peanut sensitization

n/N (%)

Crude OR

(95% CI) P value

Adjusted OR*

(95% CI)

P
value n/N (%)

Crude OR

(95% CI)

P
value

Adjusted OR*

(95% CI)

P
value n/N (%)

Crude OR

(95% CI)

P
value

Adjusted OR*

(95% CI)

P
value

Whole HealthNuts cohort

Vaginal birth 423/2941 (14.4) Reference Reference 328/3004 (10.9) Reference Reference 195/2934 (6.7) Reference Reference

All caesarean 198/1459 (13.6) 0.93 (0.78, 1.12) .46 0.99 (0.84, 1.18) .98 155/1492 (10.4) 0.95 (0.77, 1.16) .59 1.01 (0.84, 1.21) .92 96/1458 (6.6) 0.99
(0.77, 1.27)

.94 0.97 (0.76, 1.22) .79

Subgroup linked with VPDC data

Vaginal birth 207/1236 (16.8) Reference Reference 161/1260 (12.8) Reference Reference 97/1258 (7.7) Reference Reference

All caesarean 83/530 (15.7) 0.92 (0.70, 1.22) .57 1.0 (0.77, 1.31) .99 63/544 (11.6) 0.89 (0.66, 1.22) .66 0.95 (0.70, 1.28) .70 43/545 (7.9) 1.03
(0.71, 1.49)

.90 0.94 (0.65, 1.37) .75

Vaginal birth 207/1236 (16.8) Reference Reference 161/1260 (12.8) Reference Reference 97/1258 (7.7) Reference Reference

Cesarean with
labor

36/217 (16.6) 0.99 (0.67, 1.46) .95 1.09 (0.76, 1.57) .64 31/222 (14.0) 1.11 (0.73, 1.68) .63 1.18 (0.79, 1.75) .42 18/224 (8.0) 1.05
(0.62, 1.77)

.87 0.92 (0.55, 1.56) .77

Cesarean
without
labor

47/313 (15.0) 0.88 (0.62, 1.24) .46 0.94 (0.67, 1.31) .71 32/322 (9.9) 0.75 (0.50, 1.12) .17 0.79 (0.53, 1.16) .23 25/321 (7.8) 1.01
(0.64, 1.60)

.96 0.96 (0.61, 1.50) .84

Vaginal birth 207/1236 (16.8) Reference Reference 161/1260 (12.8) Reference Reference 97/1258 (7.7) Reference Reference

Emergency
cesarean

36/259 (13.9) 0.80 (0.55, 1.18) .26 0.94 (0.66, 1.33) .72 30/269 (11.2) 0.86 (0.57, 1.30) .47 0.93 (0.63, 1.38) .86 18/270 (6.7) 0.85
(0.51, 1.44)

.56 0.77 (0.46, 1.28) .33

Elective
cesarean

47/271 (17.3) 1.04 (0.74, 1.48) .81 1.07 (0.76, 1.51) .70 33/275 (12.0) 0.93 (0.62, 1.39) .72 0.97 (0.65, 1.43) .86 25/275 (9.1) 1.20
(0.76, 1.90)

.44 1.13 (0.71, 1.79) .61

CI, Confidence interval; OR, odds ratio; SEIFA, socioeconomic index for areas; VPDC, Victorian Perinatal Data Collection; WGA, weight for gestational age.
*Adjusted for maternal country of birth, maternal age at birth, maternal smoking during pregnancy, prematurity (�36 weeks of gestational age), SEIFA, and WGA.
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TABLE E2. Theweighted association between mode of delivery and any food allergy, egg allergy, and peanut allergy, weighted for factors
that were associated with the presence of linked birth data

Any food sensitization Egg sensitization Peanut sensitization

Adjusted OR* (95% CI) P value Adjusted OR* (95% CI) P value Adjusted OR* (95% CI) P value

Vaginal birth Reference Reference Reference

All caesarean 0.87 (0.65, 1.18) .38 0.83 (0.59, 1.17) .28 0.96 (0.64, 1.45) .85

Vaginal birth Reference Reference Reference

Cesarean with labor 0.91 (0.61, 1.37) .65 1.03 (0.67, 1.60) .88 0.98 (0.55, 1.72) .94

Cesarean without labor 0.85 (0.59, 1.22) .38 0.68 (0.44, 1.06) .09 0.95 (0.58, 1.55) .84

Vaginal birth Reference Reference Reference

Emergency cesarean 0.74 (0.49, 1.12) .15 0.82 (0.52, 1.29) .38 0.77 (0.44, 1.38) .39

Elective cesarean 1.01 (0.70, 1.46) .94 0.84 (0.55, 1.28) .43 1.16 (0.72, 1.91) .55

CI, Confidence interval; IPW, inverse probability weighting; OR, odds ratio; SEIFA, socioeconomic index for areas; WGA, weight for gestational age.
*Adjusted for maternal country of birth, maternal age at birth, maternal smoking during pregnancy, prematurity (�36 weeks of gestational age), SEIFA, and WGA. Covariates
that were included in the IPW model were any food allergy, any food sensitization, mode of delivery, maternal and parent country of birth, mother’s age at infant’s birth,
maternal smoking in pregnancy, SEIFA, family history of allergy, WGA, breastfeeding, and pet dog exposure.
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