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Abstract

Food allergies (FAs) in children have become increasingly prevalent. While early life factors such as gut microbiome disrup-
tions have been implicated, the association between neonatal antibiotic exposure and subsequent FAs remains a topic of ongo-
ing debate. This nationwide cohort study aimed to investigate the impact of neonatal antibiotic exposure on the development
of childhood FA. This population-based retrospective cohort study analyzed data from Clalit-Healthcare-Services, Israel’s
largest state-mandated healthcare provider. The cohort included neonates (aged 0—60 days) admitted with fever between 2011
and 2018. Patients with confirmed infectious etiologies were excluded. The cohort was divided into two groups: those who
received systemic antibiotics (Antibiotic (+)) and those who did not (Antibiotic (—)). FA cases were identified using ICD-9
codes up to age 6. Multivariate logistic regression and survival analysis models were utilized and adjusted for inflammatory
markers, maternal atopy, and socioeconomic status. Among 2780 neonates, 1220 received antibiotics, while 1560 did not.
The incidence of FAs was significantly higher in the Antibiotic (+) group compared to the Antibiotic (—) group (2.5% vs.
1.3%, P=0.02). Adjusted analysis revealed that systemic antibiotic exposure during the neonatal period was associated with
a threefold increased risk of FA up to age 6 (OR=2.89, 95% CI1=1.34-6.92, P=0.01).

Conclusions: This study provides strong evidence linking neonatal antibiotic exposure to an increased risk of childhood FAs,
particularly in the first 2 years of life. The findings highlight the importance of judicious antibiotic use in young infants.

What is Known:

o Early-life gut microbiome disruption is linked to an increased risk of food allergies (FA).

o Antibiotic use in infancy may contribute to FA, but the impact of neonatal antibiotics remains unclear.

What is New:

o [n this large nationwide cohort, neonatal antibiotic exposure was associated with a nearly threefold increased risk of FA by age six, high-
lighting the need for careful antibiotic use in young infants.
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Introduction

Food allergy (FA) is a common and increasingly prevalent
medical condition in the Western world, affecting an esti-
mated 7-10% of children in North America [1]. Over recent
decades, its rising prevalence has driven significant research
into potential etiological factors. The implications of FAs are
profound, encompassing medical risks such as anaphylaxis
and other life-threatening reactions [2]. Beyond the physical
health risks, FAs impose a substantial psychological burden
on both affected children and their families, often leading to
heightened anxiety and lifestyle limitations [3]. Addition-
ally, the economic impact of managing FAs—ranging from
medical expenses to specialized diets—is considerable, fur-
ther underscoring the importance of addressing this growing
public health challenge [4].

A range of multifactorial risk factors, including genetic
predisposition, dietary practices, and environmental condi-
tions influence the development of childhood food allergies
[5-7]. The composition and diversity of the gut microbiome
are crucial for immune regulation and have been linked to
an increased risk of developing atopic diseases including
FAs [8-10]. Evidence supporting the importance of nor-
mal development of the gut microbiome to prevent atopic
diseases includes associations between cesarean delivery
(compared to vaginal delivery), breastfeeding or maternal
diet, and allergy risk in the offspring [11, 12].

It is well-established that the gut microbiome can be
perturbed by numerous factors, including antibiotic treat-
ment [13]. At the same time, evidence suggests that prena-
tal exposure to antibiotics may increase the risk of chronic
diseases, including asthma and atopic dermatitis [14—-16].
However, data regarding the association between neonatal
antibiotic exposure and childhood FAs is inconclusive [17,
18]. Therefore, more data is needed to understand the asso-
ciations between early-life antibiotic treatment and future
FA development.

Neonates younger than 60 days of age presenting with
fever are typically admitted to the hospital and assessed
according to various protocols to classify their risk for
bacterial infections [19, 20]. Based on these criteria, some
patients undergo sepsis workups, which include blood, urine,
and cerebrospinal fluid (CSF) cultures, and are treated with
empiric antibiotics. Others are admitted for observation
without receiving antibiotics. By leveraging a nationwide
database, this study aims to compare the incidence of child-
hood FAs among those who received antibiotics (Antibiotic
(+) group) during their hospital admission and between
those who were only observed (Antibiotic (=) group), thus
not receiving early-life antibiotics.
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Methods
Study design and setting

This population-based retrospective cohort study uses a
nationwide computerized database record from Clalit-
Healthcare-Services (CHS). The study enrolled children
born between 2011 and 2018 who were admitted to a CHS
hospital for fever within the first 60 days of life. CHS is
the largest state-mandated healthcare provider in Israel with
over 5 million members, constituting about 50% of the popu-
lation of Israel. The CHS database includes extensive demo-
graphic data, anthropometric measurements, diagnoses from
community clinics and hospitals, medication dispensing
information, and comprehensive laboratory data. All data
were de-identified before analysis and this study involves
the secondary use of already collected clinical information
[21, 22].

The study received approval from the Institutional Review
Board at Soroka University Medical Center (SUMC), fol-
lowing the Helsinki Declaration (0355-23-SOR). The need
for informed consent was waived as data was retrospectively
collected, and participants’ identities were kept strictly
anonymous.

Study population

The analysis encompassed all CHS members who ful-
filled the above inclusion criteria, and who had a com-
prehensive medical history on record. Children born pre-
term (< 37 gestational weeks), small for gestational age
(SGA) [23], or with chronic heart or pulmonary disease
(Table S1) who had been diagnosed with neonatal fever
before admission, were excluded. To focus on the effect
of antibiotics and avoid potential confounding of infection
that can itself disrupt the microbiome, patients with a con-
firmed infectious etiology were excluded. This included
those who developed acute bronchiolitis or pneumonia
within the first 60 days of life. Furthermore, patients with
a positive sepsis workup were excluded, defined as hav-
ing a positive result in one or more of the following tests
conducted during their evaluation: nasal swab polymer-
ase chain reaction (PCR) or cultures from cerebrospinal
fluid (CSF), blood, or urine. Hence, this study evaluated
patients aged 0-60 days presenting with fever, comparing
those who received antibiotic therapy—typically intra-
venous ampicillin, gentamicin, and/or third-generation
cephalosporins—with those who did not. Patients with
confirmed infectious etiology were excluded from the
analysis.
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Data sources and organization

De-identified patient-level data extracted from CHS elec-
tronic medical records (MDCLONE system) was analyzed
[22]. This dataset comprised information such as date of
birth, sex, ICD- 9 diagnoses of allergic rhinitis, atopic der-
matitis, FAs, and data regarding birth history and family
history. Information regarding the sepsis workup results in
the neonate was extracted using the CHS electronic medical
records, including white blood cell (WBC) count, C-reac-
tive protein (CRP), viral PCRs, cerebral spine fluid (CSF),
and blood and urine cultures. Data on maternal asthma and
FA history was obtained by linking the child’s file to the
mother’s chart. Socioeconomic status (SES) was included,
utilizing each member’s enumeration area of residence
as reported by the Israeli Central Bureau of Statistics and
Points Business Mapping Ltd© 32. In the database, SES is
categorized into three levels: high, medium, and low. For
simplicity, SES was re-coded into a dichotomous variable:
low vs. medium/high socioeconomic status.

Study outcomes

ICD- 9 codes assigned between 0 and 6 years of age to deter-
mine the child’s diagnoses of FA primary outcome measures
were utilized (refer to Table S2). Additionally, secondary
outcomes including allergic rhinitis and atopic dermatitis
(identified using ICD- 9 codes) were investigated.

Statistical analysis

Initial descriptive analysis included single variable distribu-
tion, central tendency, and dispersion calculations. Further
univariate analysis was conducted employing Pearson’s chi-
square test for dichotomous variables, the student’s #-test for
normally distributed continuous variables, and the Wilcoxon
rank sum test for non-normally distributed continuous vari-
ables. Additionally, a univariate Kaplan—Meier analysis was
conducted. Subsequently, a multivariate logistic regression
model was executed while evaluating variation inflation fac-
tors. As maximum likelihood models provide point estima-
tion of the odds ratio (OR) and a confidence interval, the
Bayesian approach provides a more accurate estimation of
the uncertainty around the value of interest. This is due to
the method by which the OR is calculated in Bayesian sta-
tistics. To provide a better understanding of the uncertainty
around the OR point value, we have implemented a Bayesian
logistic regression using the brms package in R [18, 19].
The model used partially informative priors and provided
a distribution of the possible values of the OR instead of a
point estimate (and confidence intervals).

To examine the uncertainty around the OR, we have
employed a Bayesian analysis to be used as a sensitivity

analysis. Using the brms package in R [18, 19], the same
variables as in the original logistic model for FA were
entered, with brms default (partially informed) priors. This
analysis enabled looking at the sampled posterior distribu-
tion of the results, accounting for the use of antibiotics in
the sepsis workup, with the prior distribution of the results
[24, 25]. All statistical analyses were conducted using R
version 4.2.0.

Results

A total of 4847 infants met the initial inclusion criteria:
aged 0-60 days and admitted to a CHS hospital with a
fever between 2011 and 2018 (Fig. 1). Of this cohort, 789
were excluded due to underlying clinical conditions such
as prematurity, small for gestational age (SGA), or chronic
heart or pulmonary disease. Additionally, 421 patients were
excluded due to a diagnosis of acute bronchiolitis or pneu-
monia within their first 60 days of life, and 857 patients with
a positive sepsis workup were also excluded. In the final
analysis, 2780 patients were included. These patients under-
went a sepsis workup between 0 and 60 days of age without
evidence of a clear infectious etiology based on laboratory
results. Of this group, 1220 received systemic antibiotics
(Antibiotic (+) group), while 1560 did not receive systemic
antibiotics (Antibiotic (—) group).

Table 1 presents the demographic and clinical character-
istics, as well as laboratory results at admission for patients
included in the cohort. The Antibiotic (—) group had a larger
proportion of children from higher socioeconomic status
compared to the Antibiotic (+) group (61% vs. 53% in the
medium or high socioeconomic status categories, respec-
tively, P < 0.001). Delivery characteristics were similar
between the two groups, with comparable birth weights
(3298 +£400 g vs. 3319 +411 g, respectively, P=0.15) and
cesarean delivery rates (17% vs. 18%, respectively, P= 0.7).

Maternal age was slightly higher in the Antibiotic (—)
group compared to the Antibiotic (4+) group (30 5.2 years
vs. 29.5 5.5 years, respectively, P= 0.03), though this
difference likely lacked clinical significance. There was a
numerically higher proportion of family history of other
atopic diseases in the Antibiotic (—) group, as reflected by
maternal asthma (58% vs. 55%, P = 0.06) and maternal food
allergy (1.3% vs. 0.7%, P=0.07).

At admission, infants from both groups had similar white
blood cell counts (WBC) (11.7 5.4 in the Antibiotic (+)
group vs. 11.9 +5.8 in the Antibiotic (—) group, P = 0.6).
However, the Antibiotic (+) group had higher C-reactive
protein (CRP) levels (8 +£21 mg/dl vs. 6 + 15 mg/dl, respec-
tively, P = 0.002).

Table 2 presents a univariate analysis comparing atopic
outcomes in two age groups between the Antibiotic (+)
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4.847 patients were admitted with neonatal fever between
2011 and 2018. meeting the inclusion criteria

Excluded due to prematurity.
small for gestational age.
immunodeficiency. chronic
heart/pulmonary disease

N=789
4.058
Patients
N=1278
2.780
Patients

1.220 patients

Antibiotic (+) group

1.560 patients

Antibiotic (-) group

infectious etiol ogy

Excluded due to confirmed

Fig. 1 Flowchart depicting the selection process for patients included in this study. It outlines the number of premature babies born in CHS hos-
pitals between January 1 st and December 31 st, 2011-2018 and incorporates the exclusion criteria noted in the “Methods”’section

Table 1 Demographic and clinical characteristics and laboratory results at admission for patients included in the cohort

Antibiotic (+) group, N= 1220 Antibiotic (—) group, N= 1560 P-value!
Sex (male), n (%) 704 (58%) 891 (57%) 0.8
Medium or High Socioeconomic status, n (%) 559 (53%) 867 (61%) < 0.001
Birth weight (grams), mean + SD 3298 +400 3319 +411 0.15
Cesarean delivery, n (%) 208 (17%) 274 (18%) 0.7
Multiple embryos pregnancy, n (%) 18 (1.5%) 27 (1.7%) 0.6
Maternal age (years), mean +SD 29.5+5.5 30.0 £5.2 0.03
Maternal asthma, n (%) 668 (55%) 909 (58%) 0.06
Maternal food allergy, n (%) 8 (0.7%) 21 (1.3%) 0.07
WBC (10%/uL), mean +SD (IQR) 11.7 £5.4 (7.8, 14.6) 11.9 +£5.8 (7.8, 14.5) 0.6
CRP (mg/dl), mean +SD (IQR) 8 +21 (0, 6) 6+15(0,4) 0.002
WBC white blood cells; CRP C-reactive protein
Table 2 Univariate analysis comparing atopic outcomes in two age groups between the Antibiotic (+) and Antibiotic (—) groups
Characteristic Antibiotic (4+) group, Antibiotic (=) group, OR! 5%, 95% CI P-value

N=1220 N= 1560

The proportion of food allergy diagnoses (n, %) 30 (2.5%) 20 (1.3%) 1.94 1.10, 3.48 0.02
The proportion of atopic dermatitis diagnoses (1, %) 115 (9.4%) 165 (11%) 0.88 0.68, 1.13 0.3
The proportion of allergic rhinitis diagnoses (r, %) 32 (2.6%) 50 (3.2%) 0.81 0.51, 1.27 0.4

YOR odds ratio, CI confidence Interval
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and Antibiotic (—) groups. In the Antibiotic (+) 2.5% of
children had FAs compared to 1.3% in the Antibiotic ()
group (P = 0.02). The OR for FA in the Antibiotic (+)
group vs. the Antibiotic (=) group was 1.94, (95% CI,
1.10-3.48; P-value =0.023). A slightly higher rate of
atopic dermatitis was observed in the Antibiotic (—) group
compared to the Antibiotic (+) group (11% vs. 9.4%; P=
0.3; OR 0.3; 95% CI, 0.68-1.13; P-value =0.3). The pro-
portions of allergic rhinitis were similar in the Antibiotic
(+) and Antibiotic (=) groups (2.6% vs. 3.2%, P= 0.4,
respectively, OR 0.81, 95% CI 0.51-1.27, P-value =0.4).

To assess whether age influences the association
between antibiotic exposure and FA, a univariate survival
analysis was conducted. As shown in Fig. 2, a statistically
significant difference was observed between the Antibi-
otic (+) and Antibiotic (=) groups (P = 0.02). Notably,
the primary effect of antibiotic exposure on the difference
between the groups occurred within the first 2 years of life.

Next, multivariate analyses were conducted (Table 3).
The association between the administration of systemic
antibiotics during the neonatal period and the diagnosis of
FA was analyzed, adjusting for inflammatory parameters
at presentation (CRP levels at admission), maternal atopy
history (maternal asthma or food allergy), and SES. The
adjusted OR for antibiotic use was positively associated
with the incidence of FA, with the rate of FA being 2.89
times higher in the Antibiotic (+) group compared to the
Antibiotic (=) group (95% CI, 1.34-6.92, P=0.01).

A sensitivity analysis using a Bayesian approach was con-
ducted to evaluate the diagnosis of FA up to 6 years of age
(Fig. 3). This analysis employed a Bayesian logistic regres-
sion (with similar variables to the previously described
model, Table 3). The results portray the posterior distribu-
tion of FA for each of the antibiotic groups (Antibiotic (+)
in blue vs. Antibiotic (—) in red Fig. 3). These results are
consistent with the findings from the logistic regression,

Fig.2 Kaplan—Meier survival 1.00+
analysis for the development of
food allergy (FA) between birth
and 6 years of age, compar-
ing children with antibiotic
exposure (antibiotic [+] group) 0.991
and without antibiotic exposure ¥ == Antibiotic (-) group
(antibiotic [—] group). The
P-value was calculated using
the log-rank test (p= 0.02). >
Shaded areas represent the 95% E 0.981
confidence intervals §
s Antibiotic (+) group
g
€ 0.97
w
0.961 p=0.02
0.95 v N - v . -
0 12 24 36 48 60 72

Time (months)

Table 3 Multivariate logistic
regression analysis of factors

associated with diagnosing food
allergy in children aged 0-6
years

FA (+) N=50 FA(-)N=2730 OR 95%CI'’  P-value
Antibiotic (+) 30 (60%) 1190 (44%) 2.89 1.34,6.92 0.01
CRP (mg/dl) at admission (median, IQR) 4 (1, 11) 1(0,5) 1.01 1.00,1.02 0.02
Medium/higher socioeconomic status 16 (37%) 1410 (58%) 042 0.19,0.87 0.02
Maternal asthma 23 (46%) 1554 (57%) 0.53 0.26,1.08 0.08
Maternal food allergy 12%) 28 (1%) 5.06 0.27,27.9 0.13

The non-bolded items are the variables for which Antibiotic (4) was adjusted in the multivariate model

IOR interquartile range
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Fig.3 Bayesian analysis of
multivariate logistic regres-
sion examining the association
between antibiotic administra-
tion and food allergy diagnosis
up to 6 years of age. Compari-
son between the Antibiotic (+) 30+
group (blue) and the Antibiotic
(-) group (Red)

40

20+

Density

101

0.00

0.03 0.06 0.09

Probability

Red -posterior probability (Antibiotic (-)) for diagnosis of food allergy adjusted for
parameters in the m ultivariate analysis.
Blue — posterior probability (Antibiotic (+)) for diagnosis of food allergy adjusted for
parameters in the m ultivariate analysis.

showing approximately three times higher rate of FA in
children treated with antibiotics during the neonatal period
compared to those who did not receive systemic antibiotic
treatment.

Discussion

This nationwide retrospective cohort study identified a sig-
nificant association between neonatal exposure to systemic
antibiotics and approximately a threefold increase in the
prevalence of childhood food allergies (OR =2.89, 95%
CI =1.34-6.92, P= 0.01). These findings were consistent
across univariate analysis, multivariate logistic regression,
and sensitivity analyses using a Bayesian approach, with
adjustments for inflammatory markers at admission, mater-
nal atopy, and family socioeconomic status. The majority of
the impact occurs within the first 2 years of life. This aligns
with the proposed mechanism involving gut microbiota and
immune system development, supporting the idea that neo-
natal antibiotic exposure primarily influences early-onset
FAs.

There is growing evidence of the association between
early-life antibiotic exposure and food allergy in the litera-
ture, yet, the potential confounding effect of infection (for
which the antibiotics was prescribed) had not fully been
accounted for [26]. A large-scale study on Medicaid patients
found a strong association between antibiotic prescriptions

@ Springer

during the first year of life and food allergy [27], while a
nationwide South Korean study reported a 5% increased risk
of food allergy associated with antibiotic use during the first
six months of life [18]. Notably, most studies have focused
on antibiotic prescriptions during infancy (up to six months
of age) rather than the neonatal period, often facing limi-
tations such as small sample sizes and insufficient adjust-
ment for genetic factors, including maternal food allergies
or asthma [28, 29].

Several factors may modify the relationship between
neonatal antibiotic exposure and food allergies. The mode
of delivery, for instance, can independently influence the
composition of the neonatal microbiome, potentially inter-
acting with the effects of antibiotics [13]. A plausible mech-
anism underlying this association is the disruption of the
neonatal gut microbiome [30, 31]. Early life, particularly
the neonatal period, is critical for the establishment of a
healthy microbiome, which plays a central role in immune
system maturation [13, 32]. Systemic antibiotic use during
this time can disturb the gut microbiota, reducing microbial
diversity and altering the balance of beneficial bacteria [13].
It is caused by several mechanisms including reduction of
microbial diversity, altering gut composition, and impairing
the production of essential metabolites [33]. This disruption
can impair regulatory T-cell function, increase gut perme-
ability, and lead to immune dysregulation, raising the risk
of allergies and autoimmune diseases [33]. This dysbiosis
may hinder the development of oral tolerance to dietary
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antigens, potentially increasing the risk of food allergies.
Genetic predisposition, including maternal food allergies or
asthma, may also play a significant role [34]. Additionally,
disentangling the effects of the antibiotics themselves from
those of the underlying infections for which they were pre-
scribed remains challenging. Socioeconomic status was also
found to be associated with the likelihood of food allergies,
with lower socioeconomic status linked to a higher risk of
developing food allergies [35]. This relationship was evident
in the results of this study, prompting an adjustment for this
variable in the analysis.

The rate of food allergy in this cohort was approximately
2%, which is much lower than the reported prevalence of
childhood food allergies in North America and Europe,
which was estimated as 8—10% [1]. However, the food
allergy prevalence detected in our study is very similar to
the prevalence previously reported in Israel [36]. The lower
prevalence of food allergy in Israel compared to North
America is likely related to the earlier introduction of aller-
genic foods [37] but may be related to other environmental
factors. Nevertheless, the detected food allergy prevalence
in our cohort suggests that the cohort is representative of the
general population [38].

This is a large study, including the majority of hospital-
ized infants, leveraging the comprehensive and universal
EHRs used in the CHS. To minimize confounding factors,
we selected a control group of neonates admitted with fever,
assuming an infectious etiology even when not explicitly
identified. This approach helped mitigate the potential influ-
ence of the underlying infection. Additionally, we accounted
for baseline differences in immune activation by adjusting
for inflammatory markers. Notably, the antibiotic-treated
group exhibited higher CRP levels compared to the untreated
group; a clinically reasonable finding that likely explains the
decision to administer antibiotics at the time of admission.
By addressing these complexities, our study provides a more
refined understanding of the relationship between neonatal
antibiotic exposure and the subsequent risk of developing
food allergies.

A key strength of this study is the ability to link maternal
records, allowing for the identification of diagnoses indica-
tive of genetic atopic predisposition. Furthermore, unlike
many previous studies that relied on antibiotic prescriptions,
which do not always reflect actual usage, this study focused
exclusively on hospitalized patients, enhancing the accuracy
of antibiotic exposure assessment. By recruiting a control
group of hospitalized neonates with fever, the study also
effectively adjusted for factors such as early-life infections
and their severity, as both groups shared similar clinical con-
texts of hospitalization.

However, this study has several limitations. A major
limitation of this study is its cross-sectional design, which
prevents the establishment of causality and only allows for

the identification of associations. Its retrospective design
relies on ICD- 9 codes, which may underreport the true
incidence of diagnoses. Although this method of iden-
tifying FAs has been used in large database studies [39,
40], relying on ICD- 9 codes may result in misclassifying
true IgE-mediated food allergies. Furthermore, diagnoses
made by private physicians may not be recorded in real-
time or may be missing from the electronic medical system
altogether. This issue is more pronounced for conditions
like allergic rhinitis, mild atopic dermatitis, and asthma in
patients who do not receive preventive treatment, which
may be documented less consistently by physicians due
to less pronounced clinical symptoms. In contrast, the
clinical significance of food allergies likely ensures more
consistent documentation, reducing the extent of under-
reporting for this specific condition. Furthermore, atopic
dermatitis may be both a potential outcome of antibiotic
use and a contributing factor to the development of food
allergies. This complex interplay makes it challenging to
distinguish between cause and effect [41]. Additionally,
due to the nature of big-data studies, detailed information
on individual patient skin prick tests, food challenges, or
dietary and environmental exposures was unavailable.This
study provides strong evidence of an association between
neonatal antibiotic exposure and an increased risk of child-
hood food allergies, with a threefold higher prevalence in
those exposed to systemic antibiotics. The findings high-
light the importance of judicious antibiotic use in neonates
and emphasize the need for further prospective research
into the mechanisms underlying the association between
antibiotic use in the neonatal period and food allergies in
childhood, as well as strategies for preventing gut micro-
biome disruption following such exposure.
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