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IMPORTANCE The incidence and risk (predictive) factors for early life food allergy
development remain uncertain.

OBJECTIVE To estimate the incidence and quantify risk factors for food allergy development.

DATA SOURCES MEDLINE and Embase were systematically searched to January 1, 2025.
Data were analyzed from June 1, 2025, to November 25, 2025.

STUDY SELECTION Incidence estimates included studies confirming food allergy via food
challenge. Risk factor analyses included cohort, case-control, and cross-sectional studies
in any language assessing children younger than 6 years using multivariable analyses.

DATA EXTRACTION AND SYNTHESIS Paired reviewers independently extracted data.
Random-effects meta-analyses pooled incidence and adjusted odds ratios (ORs). Risk of
bias was assessed using the QUIPS tool, and certainty of evidence assessed using GRADE.

MAIN OUTCOME AND MEASURE The primary outcome was food allergy to age 6 years.

RESULTS A total of 190 studies involving 2.8 million participants across 40 countries were
analyzed. Among studies using food challenge, overall food allergy incidence was likely 4.7%
(moderate certainty). Among 176 studies identifying 342 risk factors with varying certainty,
the strongest and most certain factors included prior allergic conditions (eg, atopic dermatitis
[eczema] within the first year of life [OR, 3.88; risk difference [RD], 12.0%; 95% CI,
8.8%-15.7%], allergic rhinitis [OR, 3.39; RD, 10.1%; 95% CI, 6.7%-14.4%], and wheeze [OR,
2.11; RD, 5.0%; 95% CI, 2.1%-8.8%]), severity of atopic dermatitis (OR, 1.22; RD, 1.0%; 95% CI,
0.6%-1.6%), increased skin transepidermal water loss (OR, 3.36; RD, 10.0%; 95% CI,
6.3%-14.8%), filaggrin gene sequence variations (OR, 1.93; RD, 4.2%; 95% CI, 2.4%-6.4%),
delayed solid food introduction (eg, peanut after age 12 months [OR, 2.55; RD, 6.8%; 95% CI,
1.9%-14.6%]), infant antibiotic use (first month [OR, 4.11; RD, 12.8%; 95% CI, 0.4%-40%],
first year [OR, 1.39; RD, 1.8%; 95% CI, 0.8%-3.1%], during pregnancy [OR, 1.32; RD, 1.5%; 95%
CI, 0.6%-2.5%]), male sex (OR, 1.24; RD, 1.1%; 95% CI, 0.7%-1.6%), firstborn child (OR, 1.13;
RD, 0.6%; 95% CI, 0.3%-1.0%), family history of food allergy (eg, mother [OR, 1.98; RD, 4.4%;
95% CI, 2.5%-6.8%], father [OR, 1.69; RD, 3.2%; 95% CI, 1.3%-5.5%], both parents [OR, 2.07;
RD, 4.8%; 95% CI, 1.3%-5.5%], siblings [OR, 2.36; RD, 6.0%; 95% CI, 4.4%-8.0%]), parental
migration (OR, 3.28; RD, 9.7%; 95% CI, 4.9%-16.3%), self-identification as Black (vs White
[OR, 3.93; RD, 12.1%; 95% CI, 5.2%-22.5%], vs non-Hispanic White [OR, 2.23; RD, 5.5%; 95%
CI, 3.0%-8.7%]), and cesarean delivery (OR, 1.16; RD, 1.0%; 95% CI, 0.3%-1.2%). Factors like
low birth weight, postterm birth, maternal diet, and stress during pregnancy showed no
significant risk difference.

CONCLUSIONS AND RELEVANCE In this meta-analysis, the most credible risk factors associated
with development of childhood food allergy are a combination of major and minor risk
factors, including early allergic conditions (atopic march/diathesis), delayed allergen
introduction, genetics, antibiotic exposure, demographic factors, and birth-related variables.
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F ood allergy is a growing global health burden and in the
US alone affects more than 33 million people.1-3 Immu-
noglobulin E (IgE)–mediated food allergy, the most com-

mon type of food allergy, often develops early in life, lasts a
lifetime, and can cause acute, life-threatening reactions called
anaphylaxis.4 Understanding why food allergy is rising and pre-
dicting who will or will not develop it remains challenging, as
there is no systematic evidence-based consensus on at-risk
populations to target for prevention.5,6

Despite the need for evidence-based food allergy preven-
tion strategies, the incidence of food allergy and the risk
factors for developing it remain uncertain.5 Risk factors help
identify individuals likely to develop an outcome and, as
associations, may or may not be causal. Incidence and risk
factors are closely linked, as quantifying incidence is critical
to interpreting the absolute risk of each identified risk factor.
Ongoing uncertainty leaves parents, clinicians, policymak-
ers, and researchers without clear guidance on recognizing chil-
dren at high risk or on influencing modifiable factors for al-
lergy prevention. Therefore, we systematically reviewed and
synthesized the incidence of and risk factors for the develop-
ment of food allergy in infants and children.

Methods
We followed the Grading of Recommendations Assessment,
Development, and Evaluation (GRADE), Cochrane, Preferred
Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA), and Meta-Analysis of Observational Studies in
Epidemiology (MOOSE) guidance for conducting and reporting
this systematic review (eMethods 1 in Supplement 1).7-10

The protocol was registered prospectively (PROSPERO:
CRD42021282358). The eMethods 2 in Supplement 1 present
additional methods details. The CHILD cohort study was
approved by research ethics boards at each recruitment site
and the Hamilton Integrated Research Ethics Board.

Data Sources and Search Strategy
Supported by an information specialist (R.J.C.), MEDLINE
(from 1946) and Embase (from 1974) were systematically
searched through January 1, 2025 (eMethods 3 in Supple-
ment 1). Forward and backward citation analyses were addi-
tionally performed using Web of Science (all databases).

Study Selection
To assess risk (ie, predictive) factors, cohort, case-control, and
cross-sectional studies published in any language evaluating
1 or more factors for the development of IgE-mediated food al-
lergy (accepting the definitions within the Outcomes section)
in children 6 years of age or younger that used multivariable-
adjusted analyses at least including age or sex were included. To
estimate food allergy incidence, only studies that confirmed
food allergy through food challenge(s) were included. Whether
assessing risk factors or incidence, studies addressing posttrans-
plant populations or alpha-gal food allergy were excluded.

Paired reviewers (among 14 reviewers) independently
screened titles and abstracts and, subsequently, full texts of

potentially eligible studies using Covidence (Veritas Health
Innovation). The reviewers discussed and resolved disagree-
ments by consensus, and, if necessary, the senior investiga-
tor (D.K.C.) adjudicated.

Data Extraction
Consistent with routine guidance from the Cochrane Handbook11

and previous American Academy of Allergy, Asthma & Immu-
nology (AAAAI)/American College of Allergy, Asthma & Im-
munology (ACAAI) Joint Task Force systematic reviews,12-14

the same pairs of reviewers independently extracted data using
a standardized data extraction form. Calibration during screen-
ing and extraction involved completing the first 10 studies, dis-
cussing discrepancies, and refining consistency before pro-
ceeding with the remaining studies. Information regarding
study characteristics, exposures, and outcomes, such as ad-
justed odds ratios (ORs) and 95% confidence intervals for each
risk factor, were extracted. Study definitions of sex, gender,
race, and ethnicity were used.

Outcomes
Food allergy diagnostic definitions were stratified based on
whether a food challenge was conducted. If no food chal-
lenge was performed, the diagnosis was further stratified based
on whether they were derived from skin testing alone, a com-
bination of blood and skin testing and clinical history, or clini-
cal history alone. In all cases, we ensured consistency with defi-
nitions of IgE-mediated food allergy as outlined by the AAAAI/
ACAAI Joint Task Force on Practice Parameters15,16 and the US
National Academies of Sciences, Engineering, and Medicine.2

Risk of Bias Assessment
Paired reviewers assessed risk of bias independently for each
outcome using the Quality in Prognosis Studies (QUIPS) tool
for predictive factor studies.17 The tool’s 6 domains address
study participation, attrition, prognostic factor measure-
ment, outcome measurement, study confounding, and
statistical analysis. The prognostic factor measurement
and study confounding domains did not apply when address-
ing incidence.

Key Points
Question What are the risk factors associated with the
development of food allergy in children?

Findings This systematic review and meta-analysis of 2.8 million
participants in 190 studies identified the following largest and
most certain risk factors associated with the development
of food allergies in children: prior allergic conditions (atopic
march/diathesis), atopic dermatitis, increased skin transepidermal
water loss, filaggrin gene sequence variations, delayed solid food
introduction, infant and intrapartum antibiotic exposure, male
sex, being first born, family history of allergy, parental migration,
self-identification as Black, and cesarean delivery.

Meaning This systematic review and meta-analysis clarifies
the major and minor risk factors associated with developing
early-onset food allergy to inform optimal prevention clinical
practice, policy, and research.
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Certainty of Evidence Assessment
We rated the overall certainty (ie, quality) of evidence for
each risk factor as high, moderate, low, or very low using
the GRADE approach.10,18 GRADE domains include risk of
bias, imprecision, inconsistency, indirectness, and publica-
tion bias, as well as factors that enhance the certainty of the
evidence (eg, large effects). Heterogeneity (between-study
variability of estimates) was assessed according to the
GRADE approach.10,19,20 Consistent with established AAAAI/
ACAAI Joint Task Force on Practice Parameter trustworthy
guideline development methods,21-23 this study’s linked
multistakeholder guideline development group, including
frontline clinicians (eg, pediatricians), allergy experts (eg,
allergists-immunologists), patient and caregiver partners
(people with food allergy and/or their family or caregivers),
and methodologists, established a risk difference (RD) of 1%
as a threshold for a minimally important difference increase,
the smallest change that patients perceive as important24,25

in food allergy risk.

Data Synthesis and Analysis
Logistic-normal random-effects meta-analysis using maxi-
mal likelihood estimation26 synthesized food allergy inci-
dence. The mean and variance (τ) are pooled on the logit scale
and then back-transformed to the proportion scale to facili-
tate interpretation. Exact (Clopper-Pearson) 95% confidence
intervals were calculated.

For risk factor meta-analyses, random-effects generic in-
verse variance models pooled adjusted ORs with their 95%
confidence intervals. If studies reported hazard ratios (HRs)
or risk ratios (RRs), established methods27 were used to con-
vert estimates to ORs using baseline risks (ie, incidence of food
allergy in each respective study). The associations of high-,
moderate-, and low-certainty factors with absolute effects that
exceed the minimally important difference threshold of 1%
for developing food allergy are summarized in forest plots.24,25

The following 3 a priori subgroup analyses28 were con-
ducted for each outcome: (1) high vs low risk of bias, with stud-
ies at high risk of bias expected to show stronger associa-
tions; (2) food allergy definition, where studies using food
challenges were anticipated to show weaker associations com-
pared to those using other diagnostic tests (eg, skin testing,
blood testing, self-report); and (3) study year (pre- vs post-
2015), reflecting the change in recommendations to intro-
duce food allergens early in life to prevent allergy.29 It was hy-
pothesized that while the association between risk factors
might remain similar across these periods, the baseline risk for
developing food allergy could be lower in studies conducted
after 2015 due to the change in food allergen introduction rec-
ommendations. Subgroup analyses were also conducted based
on the number of foods participants were allergic to (single vs
multiple). The credibility of subgroup effects was assessed
using the following Instrument to assess the Credibility of
Effect Modification Analyses (ICEMAN) criteria30: within- vs
between-study comparisons, number of comparisons, a lim-
ited number of prespecified hypotheses, support by prior evi-
dence, and statistical support and cutpoints. Analyses were
performed using Stata version 16.1 (StataCorp).

Results

The systematic search identified 11 826 unique records, from
which 19031-220 studies were included, enrolling 2 750 495 par-
ticipants (Figure 1). Of these, 156 were cohort studies,31, 33-38,

40-42, 44-48, 50-55, 57-60, 62-65, 67-73, 75-80, 82-88, 90, 93-99, 101-133, 135-148,

150,153-155,157,159-162,168,170-176,179,181-186,188,190-198,201,203-208,210-220

22 were case-control studies,32, 43, 49, 56, 61, 66, 81, 89, 91, 92, 100, 149,

158, 164, 165, 167, 169, 178, 180, 187, 189, 199 and 12 were cross-sectional
studies.39, 74, 134, 151, 152, 156, 163, 166, 177, 200, 202, 209 Among the in-
cluded studies, 174 evaluated risk factors, 14 addressed inci-
dence, and 2 addressed both.

The Table summarizes the characteristics of the included
studies. The median (IQR) sample size was 1184 (459-2834) par-
ticipants, with studies conducted across 40 countries in the
following regions: Europe (36.8%), the Americas (27.9%), Asia
(16.3%), Australia and New Zealand (15.3%), the Middle East
(3.2%), and Africa (0.5%). The included studies were pub-
lished between 1973 and 2024. eTable 1 in Supplement 1 pre-
sents the characteristics of each individual study.

Overall, 125 studies (66.0%) were at high or probably high
risk of bias for at least 1 criterion (eTable 2 in Supplement 1).
The most frequent concern, detected in 65 studies, was mea-
surement of prognostic factors, often due to inconsistent tools
or methods across participants.

Incidence of IgE-Mediated Food Allergy
A total of 16 studies40, 48, 51, 52, 67, 99, 115, 148, 181, 185, 186, 193, 200, 202,

219, 220 (n = 18 279 participants) assessed the incidence of IgE-
mediated food allergy diagnosed by food challenge. Moderate-
certainty evidence suggests that the average baseline inci-
dence of food allergy is likely 4.7% (95% CI, 3.2%-6.9%).
Regional variations include possible higher incidence in Aus-
tralia (10.2%; 95% CI, 6.1%-16.5%) and the US (6.7%; 95% CI,
1.8%-22.2%) and lower incidence in the Middle East (2.4%; 95%
CI, 1.7%-3.3%) and in Africa (1.8%; 95% CI, 1.3%-2.6%) (Figure 2;
eTable 3 in Supplement 1).

Risk Factors (Predictors) of IgE-Mediated Food Allergy
A total of 176 studies31-39,41-47,49,50,53-66,68-98,100-114,116-147,149-184,

186-192,194-199,201,203-218 reported 342 risk factors associated with
the development of food allergy. Of these, 38 were supported
by high-certainty evidence, 69 by moderate-certainty, 120 by
low-certainty, and 115 by very low–certainty evidence.

Figure 3 and eTable 4 in Supplement 1 summarize the
high- and moderate-certainty evidence for risk factors asso-
ciated with the development of food allergy in early life, while
eTable 5 in Supplement 1 summarizes factors with low or very
low certainty.

The high- and moderate-certainty factors include preced-
ing allergic diseases (also referred to as the atopic march221 or
diathesis), a history of atopic dermatitis (AD) (eg, eczema)
within the first year of life (eFigure 1 in Supplement 1; OR, 3.88;
RD, 12.0%; 95% CI, 8.8%-15.7%), allergic rhinitis and/or con-
junctivitis (eFigure 2 in Supplement 1; OR, 3.39; RD, 10.1%; 95%
CI, 6.7%-14.4%), or wheezing (eFigure 3 in Supplement 1; OR,
2.11; RD, 5.0%; 95% CI, 2.1%-8.8%). The association with AD
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persisted within the first 3 years of life (OR, 3.34; RD, 10.0%;
95% CI, 3.1%-21.1%), among those with mild disease (OR, 3.91;
RD, 12.1%; 95% CI, 3.2%-27.1%), and increased with severity
of AD (eFigure 4 in Supplement 1; OR, 1.22 per 5-10 points as
measured by Scoring Atopic Dermatitis [SCORAD; 0-103, with
higher scores indicating greater severity, averages 20-30]; RD,
1.0%; 95% CI, 0.6%-1.6%). Consistent with this, increased skin
transepidermal water loss (eFigure 5 in Supplement 1; OR, 3.36;
RD, 10.0%; 95% CI, 6.3%-14.8%), the presence of filaggrin gene
loss-of-function sequence variation (eFigure 6 in Supple-

ment 1; OR, 1.93; RD, 4.2%; 95% CI, 2.4%-6.4%), and child’s
age (per 1-month increase) (eFigure 36 in Supplement 1; OR,
1.06; RD, 0.3%; 95% CI, 0.0%-0.6%) were also risk factors.

In terms of oral allergen exposure, it was found that de-
layed introduction of peanut after 12 months (eFigure 7 in
Supplement 1; OR, 2.55; RD, 6.8%; 95% CI, 1.9%-14.6%) was
associated with developing food allergy. Similar associations
were found with delayed fish (eFigure 8 in Supplement 1; OR,
1.53; RD, 2.5%; 95% CI, 0.2%-5.6%), egg (eFigure 9 in Supple-
ment 1), and fruit introduction (eFigure 10 in Supplement 1).

In terms of peripartum exposures, infant systemic antibi-
otic use within the first month of life was a stronger risk fac-
tor (eFigure 11 in Supplement 1; OR, 4.11; RD, 12.8%; 95% CI,
0.4%-40%) than exposure within the first year of life (eFig-
ure 12 in Supplement 1; OR, 1.39; RD, 1.8%; 95% CI, 0.8%-
3.1%) or during pregnancy (eFigure 13 in Supplement 1; OR, 1.32;
RD, 1.5%; 95% CI, 0.6%-2.5%).

Social and genetic risk factors include male sex (eFig-
ure 14 in Supplement 1; OR, 1.24; RD, 1.1%; 95% CI, 0.7%-
1.6%) and being the firstborn child (eFigure 15 in Supple-
ment 1; OR, 1.13; RD, 0.6%; 95% CI, 0.3%-1.0%); similarly
increased risk was found with a family history of any allergy
(eFigure 16 in Supplement 1), asthma (eFigure 17 in Supple-
ment 1), AD (eFigure 18 in Supplement 1), food allergy (eFig-
ure 19 in Supplement 1), or allergic rhinitis (eFigure 20 in
Supplement 1) in either parent or sibling, and greatest risk when
both parents had allergies (eg, a family history of food allergy

Figure 1. Flow Diagram of Study Selection in Systematic Review Addressing Food Allergy Incidence
and Risk Factors

17 437 References from databases and registers

11 826 Titles and abstracts screened

909 Studies sought for retrieval

909 Full-text articles assessed for eligibilitya

190 Studies included in review
174 Assessment of predictive factors

14 Assessment of incidence
2 Assessment of both

5611 References removed
5565 Duplicates identified by Covidence

46 Duplicates identified manually

719 Full-text articles excluded
298 No risk factors or incidence reported
153 Wrong outcome (not development of food allergy)153
112 Wrong population (nonpediatric or adult)

66 Wrong study design
38 Not minimally adjusted for age or sex
28 Wrong type of allergy (non-IgE mediated)
22 Exact duplicate

1 Researcher accused of fraud in several papers
1 Retracted by the journal

10 917 Studies excluded after title and abstract screening

aFor risk factor analysis, the following
eligibility criteria were applied:
observational studies (cohort,
case-control, cross-sectional),
children aged 6 years or younger,
evaluated �1 risk factors for
immunoglobulin E (IgE)–mediated
food allergy, used multivariable-
adjusted analyses (at least age or
sex), and food allergy diagnosis
based on clinical history, physician
assessment, sensitization tests,
or food challenge. For incidence
estimation, the following eligibility
criteria were applied: observational
studies (cohort or cross-sectional),
children aged 6 years or younger,
and confirmed food allergy through
food challenge.

Table. Summary of Characteristics of 190 Included Studies in Systematic
Review Addressing Food Allergy Incidence and Risk Factors

Study characteristic No. (%)
Study design

Cohort 156 (82.1)

Case-control 22 (11.6)

Cross-sectional 12 (6.3)

No. of participants, median (IQR) 1184 (459-2834)

Regions

Europe 70 (36.8)

Americas 53 (27.9)

Australia and New Zealand 29 (15.3)

Asia 31 (16.3)

Middle East 6 (3.2)

Africa 1 (0.5)
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in either the mother [OR, 1.98; RD, 4.4%; 95% CI, 2.5%-
6.8%], father [OR, 1.69; RD, 3.2%; 95% CI, 1.3%-5.5%], both par-
ents [OR, 2.07; RD, 4.8%; 95% CI, 1.3%-5.5%], or siblings [OR,
2.36; RD, 6.0%; 95% CI, 4.4%-8.0%]). We also found parental
migration prior to birth (eFigure 21 in Supplement 1; OR, 3.28;
RD, 9.7%; 95% CI, 4.9%-16.3%) and children born and raised
in the same country (eFigure 21 in Supplement 1; OR, 2.10; RD,
5.0%; 95% CI, 2.3%-8.5%) were associated with an increased
risk for developing food allergy. Self-identification, as re-
ported in the individual studies, as Black vs White (eFig-
ure 22 in Supplement 1; OR, 3.93; RD, 12.1%; 95% CI, 5.2%-
22.5%) or vs non-Hispanic White (eFigure 22 in Supplement 1;
OR, 2.23; RD, 5.5%; 95% CI, 3.0%-8.7%) was also associated
with increased risk.

In terms of birth-related factors, cesarean delivery (eFig-
ure 23 in Supplement 1; OR, 1.16; RD, 1.0%; 95% CI, 0.3%-
1.2%) was likely associated with an important increased risk,
and increasing maternal age may be (eFigure 26 in Supple-
ment 1; OR, 1.05 per year). Low birth weight (defined as weight

<2500 g), postterm birth (defined as ≥42 weeks of gestation),
partial breastfeeding, maternal intake of fish or cheese dur-
ing pregnancy, maternal stress during pregnancy, and high
household income showed no important risk difference
(eFigures 24-29 in Supplement 1).

Factors with low-certainty evidence for possibly being an
important risk factor included facial AD lesions with and with-
out exudates, AD affecting beyond the flexural folds, expo-
sure to pollutants, social history (eg, higher parental educa-
tion, having a general [primary care] physician, family history
of farming), birth-related factors (eg, preeclampsia, in-
creased duration of ruptured membranes), maternal intake of
acid suppressant medication during pregnancy, maternal use
of antibiotics during the postnatal period, maternal intake of
allergenic foods and nutrients during pregnancy and the post-
natal period, maternal depression during pregnancy or the
postnatal period, delayed introduction of other solid foods
(eg, meat, cabbage, bread, carrots, soy), presence of a dog or
cat at home, pacifier sanitization by antiseptic, household pea-

Figure 2. Systematic Review and Meta-Analysis of Incidence of Food Allergy Diagnosed by Food Challenge
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nut protein (environmental exposure to allergen), metabolic
biomarkers (eg, low vitamin D in children, high vaccenic acid),
genetic biomarkers (C11orf30 [EMSY] variant LRRC32, SPINK5
variant rs9325071, MALT1 variant rs57265082), and the
elevated ratio of infant gut Enterobacteriaceae to Bacterioi-
daceae relative abundance detected from stool (eFigures
30-34 in Supplement 1). Factors that may have no important
risk difference are presented in eFigures 35 through 43 in
Supplement 1.

Subgroup Analyses
No credible subgroup differences were found across any of the
risk factors based on risk of bias, food allergy definitions, study
year (pre- vs post-2015), or the number of allergenic foods (single
vs multiple) (eTables 6 and 7 in Supplement 1). Subgroup analy-
sis of incidence suggested possible but uncertain lower inci-
dence of food allergy after early introduction guidelines were
issued compared to before (ratio of incidence, 0.92; 95% CI, 0.77-
1.10; low certainty) and no other credible effect modifiers.

Figure 3. Systematic Review and Meta-Analysis of High- and Moderate-Certainty Risk Factors Associated With Developing Food Allergy
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Forest plot showing pooled associations between risk factors and development
of food allergy in children, summarized across 190 studies (2.8 million
participants). Risk factors are grouped into categories, including prior allergic
diseases, delayed introduction of allergenic foods, peripartum exposures
(during pregnancy primarily second or third trimester), social and genetic
factors, family history of allergy or food allergy, nativity and migration history,
reported self-identification, and birth-related factors. Each point estimate is
shown as an odds ratio (OR) with 95% confidence intervals; squares represent
pooled estimates. Certainty of evidence was graded using Grading of

Recommendations Assessment, Development, and Evaluation (GRADE)
methodology. AD indicates atopic dermatitis; FLG; filaggrin gene;
SCORAD, Scoring Atopic Dermatitis (score ranges 0-103, with higher scores
indicating greater severity); TEWL, transepidermal water loss.
aHigh skin TEWL: �9 g/m2/h; low skin TEWL: <9 g/m2/h.
bDelayed introduction of other foods showed a similar magnitude and direction.
cFamily history of any immunoglobulin E (IgE)–mediated allergy (eg, asthma,
AD, food allergy, allergic rhinitis, and/or conjunctivitis).
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Discussion

This systematic review and meta-analysis of 190 studies in-
volving 2.8 million participants found an average 5% inci-
dence of food allergy by age 6 years and evaluated the strength
and credibility of 342 associated risk (predictive) factors. The
strongest and most credible risk factors can be classified as ma-
jor (OR ≥2 and RD ≥5%) or minor (OR ≤1.5, RD 1%-2%). Major
risk factors include early life antibiotic use, self-identifica-
tion as Black, early onset of allergic conditions (atopic march
or diathesis,221 AD, rhinitis, asthma or wheezing), elevated skin
transepidermal water loss, parental migration before birth, de-
layed introduction of solid foods, and family history of food
allergy or related allergies. Minor risk factors include filag-
grin gene sequence variations, male sex, cesarean delivery, and
firstborn status. Factors like low birth weight, postterm birth,
maternal age, breastfeeding promotion, and maternal stress
during pregnancy showed no important risk difference.

Strengths of this review compared to previous reviews222-224

include being the first to systematically synthesize a large num-
ber of risk factors and contextualize them among each other,
rather than focusing on isolated exposures (eg, breastfeeding
alone). Further, this systematic synthesis of the evidence clari-
fies associations that were uncertain or contentious in indi-
vidual reports, such as cesarean delivery, family history, male
sex, child age, and maternal age. Methodological strengths com-
pared to previous reviews include requiring adjusted analy-
ses and using structured tools, such as the GRADE approach,
to systematically appraise evidence certainty for each out-
come and factor.

By systematically quantifying and classifying both major
and minor predictors, this study reconciles inconsistencies in
definitions of at-risk populations for developing food allergy
in clinical guidelines and trials,6 advances the concept that the
development of food allergy is multifactorial rather than solely
driven by eczema or timing of allergen introduction, and pro-
vides systematically appraised evidence directly responsive
to the patient- and US National Academies of Medicine–
identified priority gaps in food allergy prevention evidence,2,225

which are crucial not only for allergists and pediatricians, but
also for internists, obstetricians and gynecologists, family medi-
cine, public health, infectious disease, dermatology, nutrition-
ists and dieticians, immigrant health, equity-deserving groups,
policymakers, and researchers.

The implications of our findings to advancing understand-
ing of food allergy pathophysiology and optimal manage-
ment include structured interpretation of the risk factors for
food allergy and contextualizing competing paradigms226,227

attempting to explain the incidence and factors promoting the
development of food allergy with one another. For example,
Strachan’s228 hygiene hypothesis suggested a microbial basis
for food allergy (eg, antibiotic-induced promotion of food al-
lergic immunity229,230); others have advanced a genetic basis
for food allergy, and, most recently, a dual-allergen exposure
hypothesis suggested skin exposure on eczematous skin pro-
motes allergy, and oral exposure promotes tolerance. Rather
than representing competing paradigms, our findings sup-

port a unifying multifactorial model in which food allergy arises
from intersecting microbial, genetic, environmental, aller-
gen exposure, and social influences, driven by a major risk fac-
tor or a combination of multiple major or minor risk factors.
For example, migration may impact allergen exposure tim-
ing, worsen eczema, and alter the microbiome. Together, this
concept and the associated quantitative risk estimates should
inform updated food allergy guidelines, clinical practice, and
research.

The clinical implications of our findings include clarify-
ing which children are at highest risk and therefore enabling
targeted prevention strategies. From a practice and policy
standpoint, these findings support global consensus on de-
fining high-risk infants. For researchers, the findings high-
light key variables to prioritize in future randomized clinical
trials and mechanistic studies, helping refine study design and
improve intervention development. For instance, addressing
risk factors enables robust and efficient trials that are critical
to understanding the origins and mechanisms of food allergy
and developing new prevention strategies.

Limitations
The limitations of this systematic review largely stem from the
limitations of the available literature. First, many risk factors
were supported by low- or very low–certainty evidence (often
single small studies). Informed by this large meta-analysis, in-
vestigators can target future rigorous observational and inter-
ventional studies to address the identified evidence gaps. Sec-
ond, not all studies adjusted for the same variables, and they
rarely adjusted for all identified risk factors. Thus, inferences
regarding the effect or interaction between combinations of the
identified factors may not be additive. For example, estimates
of increased food allergy risk with filaggrin sequence varia-
tion, skin transepidermal water loss, and AD were consistent
among studies that did or did not adjust for all 3 factors, imply-
ing that each factor might be independently associated with de-
veloping food allergy, but being limited to between-study com-
parisons does not fully rule out that these factors might represent
a single major skin risk factor. Likewise, the inconsistent find-
ings among studies examining exclusive breastfeeding for more
than 5 to 6 months and low certainty for increased food allergy
might be confounded and partly explained by delayed intro-
duction of foods. Our findings therefore strengthen calls to har-
monize birth cohorts231 and suggest that future studies should
adjust for common core factors and/or make their datasets pub-
licly available. Third, while we identify several important fac-
tors associated with food allergy development, causality re-
mains uncertain and requires further investigation through
robust randomized trials. Fourth, most included studies were
conducted in higher-income countries, which may limit the gen-
eralizability of findings to low- and middle-income settings.
Fifth, while food allergy incidence estimates pooled only stud-
ies using food challenge, risk factor analyses included studies
that did and did not confirm food allergy by challenge, albeit
their estimates were consistent with each other. Noting the lack
of modern US birth cohorts using study-protocolized food chal-
lenge(s), the ongoing SunBEAm birth cohort232 may help ad-
dress this gap.
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Conclusions

This systematic review and meta-analysis of 2.8 million par-
ticipants in 190 studies identified the strongest and most cred-
ible risk factors for developing food allergy in children. The

findings support a unifying paradigm in which food allergy
arises from the convergence of genetic, microbial, environ-
mental, social, and comorbid mechanisms, in addition to req-
uisite allergen exposure, often driven by 1 or more major risk
factors in combination with additional minor contributors,
to inform optimal clinical practice, policy, and research.
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