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Abstract

This study was conducted to assess this association between early life antibiotic exposure and the risk of autism spectrum
disorder (ASD) and attention deficit hyperactivity disorder (ADHD) in later life. The results showed that early life antibiotic
exposure was associated with an increased risk of ASD (OR =1.13, 95% confidence interval (CI): 1.07-1.21) or ADHD
(OR=1.18, 95% CI: 1.1-1.27). However, this association for ASD (OR=1.04, 95% CI: 0.97-1.11) or ADHD (OR =0.98,
95% CI: 0.94-1.02) disappeared when data from sibling-matched studies were pooled. The statistically significant associa-
tion between early life antibiotic exposure and ASD or ADHD in later life can be partially explained by unmeasured genetic

and familial confounding factors.
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Introduction

Human microbial colonization begins prior to birth, in
utero, and continues to develop early in life, which is a criti-
cal period for gut microbial colonization (Lozupone et al.,
2012). The recent proposal of a gut microbiota-brain axis
has generated significant interest regarding the effects of
bacterial microbiota composition on brain function (Cong,
2016). Recent research has supported the idea that inter-
ruption of bacterial intestinal colonization might promote
permanent shifts in the microbial composition and result
in abnormal neurodevelopment, thereby increasing the risk
of neurodevelopmental disorders(Vuong, 2020). Mount-
ing evidence from animal studies have supported the idea
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that early life antibiotic exposure causes long-term changes
in gut microbiota composition and affects brain signaling
pathways involved in social and emotional behavior(Hoban,
2016; Lach, 2020). Altered gut microbiota composition has
been characterized in several neurodevelopmental disorders
(Jiang, 2018b; Liu et al., 2019; Strati, 2016). Therefore, anti-
biotic use in early life may, hypothetically, contribute to the
etiology of neurodevelopmental disorders.

Autism spectrum disorder (ASD) and attention deficit
hyperactivity disorder (ADHD) are the two most common
neurodevelopmental disorders, and their incidence has
sharply increased in recent years (Lord et al., 2018; Posner
et al., 2020). This increase has not been explained by any
change in established risk factors; therefore, determining
other potential risk factors for ASD and ADHD is important.
In several epidemiological studies(Aversa, 2020; Axelsson,
2019a, 2019b; Bittker & Bell, 2018; Grossi et al., 2016;
Hamad et al., 2018, 2019; Kohler-Forsberg, 2019; Lavebratt,
2019; Slob, 2020; Vargason et al., 2019; Wimberley, 2018),
the long-term effects of antibiotic exposure on neurodevel-
opment were investigated; however, the reported results were
inconsistent. In the earliest case—control study, Grossi et al.
(Grossi et al., 2016) reported that antibiotic use during the
first 3 months of life was associated with an increased risk
of ASD; however, in three other studies (Bittker & Bell,
2018; Hamad et al., 2018; Lavebratt et al., 2019), ASD was
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reportedly not associated with antibiotic exposure early in
life. In several studies (Aversa et al., 2020; Lavebratt et al.,
2019; Slob et al., 2020), early life antibiotic exposure was
also shown to increase the risk of ADHD later in life; how-
ever, the results were inconsistent based on further sub-
group analysis. Due to the increasing prevalence of ASD
and ADHD, determining the long-term effects of early life
antibiotic use on neurodevelopment, including a possible
effect on the incidence of either of these disorders, is impor-
tant. Therefore, we conducted a systematic literature review
and meta-analysis to assess the association between early
life antibiotic exposure and the subsequent risk of neurode-
velopmental disorders.

Methods
Data Sources and Search Strategy

Our systematic review was conducted by following the
Preferred Reporting Items for Systematic Reviews and
Meta-Analysis (PRISMA) (Table S1) and the Meta-Anal-
ysis for Observational Studies in Epidemiology (MOOSE)
checklist (Stroup, 2000). PubMed and EMBASE databases
were searched to identify relevant studies written in Eng-
lish and published before November 2020. We used search
terms relating to ASD, ADHD, antibiotic exposure, and
study design and limited all results to studies on humans;
Table S2 shows the full search strategy. In addition, the ref-
erence lists of relevant papers were manually searched for
additional studies. Study review selection was independently
completed by two reviewers, with any differences resolved
by consensus and further discussion with a third reviewer.
Because this was secondary data analysis, ethical approval
was not required.

Selection Criteria

Observational studies were included if they met the fol-
lowing inclusion criteria: (1) peer-reviewed study with a
case—control or cohort design; (2) the studies compared early
life antibiotic exposure and non-exposure; (3) the included
participants were 18 years or younger; (4) they explored
whether early life antibiotic exposure increased the risk of
subsequent risk of ASD or ADHD; and (5) they had suffi-
cient available data to allow calculation of risk estimates if
adjusted data were not provided. Case reports, case series,
animal studies, editorials and reviews were excluded.

Data Extraction

Two authors independently extracted the data and any dis-
crepancies were resolved by a third author. The extracted
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data included first author, publication year, study design,
country, exposure age, ascertainment of antibiotic exposure,
outcome measurement, sample size, adjusted confounders
and study quality. The most-adjusted effect size estimate was
used when more than one estimate was provided.

Risk of Bias and Quality Assessment

As recommended by the Cochrane Collaboration, the New-
castle-Ottawa Scale (NOS) was used to assess the risk of
bias and study quality (Higgins, 2014). In brief, the scale
has eight criteria, and the scores range from 0 (high risk of
bias) to 9 (low risk of bias). A total star rating of <5 was
considered a high risk of bias, a star rating between 6 and 7
intermediate risk of bias, and a maximal star rating > 8 was
considered low risk of bias.

Outcome Assessment

Our primary analysis calculated the odds ratios (ORs) of
ASD or ADHD in children with early life exposure to anti-
biotics and compared these results with comparable data
from children with no exposure. A secondary analysis was
performed to rule out genetic and familial confounding. We
compared outcomes between siblings or twins exposed or
unexposed to antibiotics.

Statistical Analysis

All statistical analyses were conducted using Stata SE soft-
ware (ver. 13.0; StataCorp, College Station, TX, USA). A
random-effects model was used to pool the odds ratios (ORs)
and 95% confidence intervals (CI) of individual studies; such
models are optimal in terms of allowing the results to be
generalized because they can account for potential hetero-
geneity (Higgins et al., 2003). Random-effects models were
used to analyze pooled effects when significant heterogene-
ity was present; otherwise, fixed-effects models were used.
An I? of > 50% or a P-value of < 0.05 for the Q-statistic was
considered to indicate significant heterogeneity. Splitting
one study into several estimates confers substantially more
weight to that study in the meta-analysis, especially in a
random-effects model. Therefore, we used a fixed-effects
model to produce a pooled OR if >2 estimates from one
study were provided; this pooled OR was then included in
the meta-analysis. The presence of publication bias was
quantitatively assessed using Egger’s regression test and
qualitatively assessed by visual inspection of funnel plots of
the logarithm of OR versus the standard error (Egger et al.,
1997). Statistical significance was defined using a two-sided
test and P-value <0.05.
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Results
Search Results

Figure 1 shows the number of articles excluded at each stage
of eligibility assessment with the reasons for exclusion.
After using the keywords, 1812 potentially eligible articles
were initially identified in searches of the two databases.
Among these, 1559 articles, as well as 253 duplicates, were
excluded after reading the titles and abstracts; 35 citations
were eligible for full-text screening. After close review,
10 publications were excluded due to lack of usable data
and failure to meet the inclusion criteria. From these stud-
ies, three studies included children born in Denmark. We
included these three studies in the meta-analysis because
they had been conducted by different investigators and used
different patient eligibility criteria, although the study period
of Axelsson et al. (Axelsson et al., 2019b)fully covered the
periods of studies conducted by Wimberley et al.(Wimber-
ley et al., 2018) and Kohler-Forsberg et al.(Kohler-Forsberg

Embase (N = 1149)

et al., 2019). Finally, 12 studies (10 on ASD and six on
ADHD) were included in our analysis.

Study Characteristics

Table 1 shows the characteristics of the 12 studies in which
the association between early life antibiotic exposure and
ASD or ADHD risk was investigated; there were 10 cohort
studies and two case—control studies involving more than
3,365,000 participants. The majority of the included stud-
ies were published in the past 2 years, with sample sizes
ranging from 113 to 990,098. All studies were performed
among Western populations. The exposure to antibiotics
during childhood was assessed using parental interviews
or a drug prescription database. The extent of adjustment
for potential clinical risk factors varied considerably across
studies. Based on the methodological quality assessment
scores, eight studies were of high quality and the mean score
of the 12 studies was 8.2. The breakdown of scores is shown
in Table S3 and S4.

| Pubmed (N = 663)
T

Records identified through
database searching (N = 1812) duplicates removed
(N =253)
Records after duplicates
removed (N = 1559)
I |
Excluded with titles and abstracts Initial selected papers
(N =1527) (N =32)
Basic science/ Excluded
animal studies (N = 289) (N =20)
. Not relevant outcomes
Language restriction (N = 6) (N =6)
Review, editorial,
meeting abstract(N = 356) Cazsl\?-iei))ort
| Topic not relevant (N = 724) l_
Editorials Review
l No extractable data (N = 57) — N=4) (N=6)
‘No antibiotic exposure (N = 63)|—
’ Outcome not relevant (N = 32) |—

Final selected

N=12)
Studies evaluated Studies evaluated
ASD ADHD
(N=9) (N=6)

Fig. 1 Flow chart of the studies considered and finally selected for review
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Meta-Analysis

ASD

The association between exposure to antibiotics during
childhood and ASD diagnosis was evaluated in 10 studies.
As shown in Fig. 2A, early life antibiotic exposure was sig-
nificantly associated with an increased risk of ASD devel-
opment (risk OR=1.13, 95% CI: 1.07-1.21; I>=60.8%).
No evidence of publication bias was observed (Egger test,
P=0.37), as shown in Figure S1. In a sensitivity analysis
that excluded two studies relying on interviews, the asso-
ciation remained unchanged (OR=1.13, 95% CI: 1.06-1.2;
I>=63.7%). Further analysis excluded the studies conducted
by Wimberley et al. and Kohler-Forsberg et al.; the associa-
tion remained unchanged (OR=1.11, 95% CI: 1.04-1.18;
I =50.8%). Subgroup analyses found that both narrow-
(OR=1.04, 95% CI: 0.89-1.21; ’=82.9%) and broader-
(OR=0.99, 95% CI: 0.86-1.14; >=80.2%) spectrum anti-
biotic exposure was not associated with an increased risk
of ASD.

A sibling-matched analysis was conducted in three stud-
ies to control for confounding genetic and social factors. As
shown in Fig. 2B, no significant difference was observed
in the risk of ASD between siblings who were or were not
exposed to antibiotics during childhood (OR =1.04, 95%
CI: 0.97-1.11; I?=0%). Subgroup analyses found both nar-
row- (OR=1.07,95% CI: 0.97- 1.18; Iz=0%) and broader-
(OR=1.08, 95% CI: 0.99— 1.18; I>’=80.2%) spectrum anti-
biotic exposures were not associated with an increased risk
of ASD.

ADHD

The association between exposure to antibiotics during
childhood and ADHD diagnosis was evaluated in six stud-
ies. As shown in Fig. 3A, early life antibiotic exposure was
significantly associated with an increased risk of ADHD
development (OR=1.18, 95% CI: 1.1-1.27, IZ=88.8%).
Evidence of publication bias was not observed (Egger test,
P=0.80) as shown in Figure S2. In a subsequent analysis
that excluded studies conducted by Kohler-Forsberg et al.,
the association remained unchanged (OR=1.14, 95% CI:
1.07-1.22; 1>=86.5%). Subgroup analyses found that both
narrow- (OR=1.11, 95% CI: 1.06, 1.16; >’=14.1%) and
broader- (OR =1.22, 95% CI: 1.18-1.27; I =0%) spectrum
antibiotic exposures were associated with an increased risk
of ADHD.

A sibling-matched analysis was conducted in three stud-
ies to control for confounding genetic and social factors. As
shown in Fig. 3B, no significant difference was observed in
the risk of ADHD between siblings who were or were not
exposed to antibiotics during childhood (OR=0.98, 95% CI:

Statistical Manual of Mental Disorders, NA not available, /CD International Classification of Diseases

ADHD attention deficit hyperactivity disorder, ASD autism spectrum disorder, CPRS-R Conners’s Parental Rating Scale Revised, CBCL Child Behaviour Checklist, DSM The Diagnostic and

Table 1 (continued)
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Fig.2 Relative risk of sub-
sequent ASD (a) unexposed A)
vs exposed (b) unexposed vs study

exposed in sibling matched "

Grossi et al (2016)

%

ES (95% Cl) Weight

<+ 273(1.01,7.34) 038

i

:

Bittker et al (2018) —— 1.22(0.96,1.53) 5.29

Hamad et al (2018) 1.03 (0.86, 1.23) 7.62

Axelsson et al (2019) * 1.10 (1.06, 1.15) 19.68

Lavebratt et al (2019) -~ 0.99 (0.91,1.08) 15.19

Vargason et al (2019) == 1.20 (1.08, 1.34) 13.03

Slob et al (2020) - 1.15(1.06, 1.25) 15.52

Aversa et al (2020) —— 1.19(0.81,1.75) 228

Wimberley et al (2018) - 1.29 (1.17,1.43) 1368

Kohler-Forsberg et al (2018) —— 1.11(0.92,1.33) 7.33

Overall (l-squared = 60.8%, p = 0.006) o 1.13(1.07,1.21) 100.00
I

NOTE: Weights are from random effects analysis E

(B)
Study %
ID ES (95% Cl) Weight
[
Hamad et al (2018) ——— 1.03 (0.86, 1.23) 15.15
H
Slob et al (2020) < g E 0.64 (0.37, 1.10) 1.63
Axelsson et al (2019) - 1.05(0.97, 1.13) 83.22

Overall (I-squared = 35.9%, p =0.210)

1.04(0.97,1.11)  100.00

0.94-1.02; I>=0%). Subgroup analyses found that both nar-
row- (OR=1.01, 95% CI: 0.95-1.06; I>’=0%) and broader-
(OR =1.06, 95% CI: 0.96—1.16; I>=42.8%) spectrum anti-
biotic exposures were not associated with an increased risk
of ADHD.

Discussion

Our meta-analysis indicated that early life antibiotic expo-
sure was associated with a subsequent increased risk of ASD
or ADHD. However, such association was not found in the
sibling-matched analysis, indicating that genetic and famil-
ial confounding factors may largely explain the observed

@ Springer

association. However, because a small number of sibling-
matched studies were included in our review, the results
should be interpreted with caution.

The association between antibiotic use during childhood
and neurodevelopmental disorders in later life has been a
controversial topic in recent years (Champagne-Jorgensen
et al., 2019). The observed behavior changes following
exposure to antibiotics may be due to the effects of antibiot-
ics on gut microbiota. Dysbiosis of gut microbiota could
interfere with brain function through inflammation and the
hypothalamic—pituitary—adrenal axis, thus affecting neuro-
transmission (Borre et al., 2014). In preclinical studies, the
investigators reported that antibiotic-induced depletion of
gut microbiota in early life results in long-lasting effects on
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Fig.3 Relative risk of subse-
quent ADHD (a) unexposed A
vs exposed (b) unexposed vs Study

exposed in sibling matched
ID

Hamad et al (2019)
Lavebratt et al (2019)
Slob et al (2020)
Axelsson et al (2019)
Aversa et al (2020)

Kohler-Forsberg etal (2018)

Overall (l-squared = 88.8%, p = 0.000)

NOTE: Weights are from random effects analysis

%

ES(95%Cl)  Weight

t

1.02(0.97, 1.08) 19.04
= 1.16 (1.11, 1.22) 19.47

1
—+—f 1.10 (1.02,1.17) 17.92
af- 1.19 (1.16, 1.23) 20.45

1
——— 1.32(1.15, 1.53) 11.93

——) 156(1.34,1.82) 11.19

1.18 (1.10, 1.27) 100.00

(B)

Study

ID

%

ES (95% Cl) Weight

Hamad et al (2019) —— 0.96 (0.89, 1.03) 36.62
" . .
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behavior, characterized by impaired attention, uncontrolled
impulses and altered cognitive ability (Aguilera et al., 2013;
Champagne-Jorgensen, 2020; Hoban et al., 2016). However,
animal studies are not always generalizable to the clinical
setting. In a previous systematic review (Lukasik et al.,
2019), the association between antibiotic exposure during
childhood and ASD was summarized but the inconsistencies
regarding this association were not addressed.

ASD and ADHD both have been shown to have a high
heritability, estimated to range from 60 to 80% in twin stud-
ies (Lord et al., 2018; Posner et al., 2020). In previous stud-
ies, other parental psychiatric diseases were also reportedly
associated with the development of ASD and ADHD (Jiang
et al., 2018a; Manzari et al., 2019; Morales et al., 2018);
thus, investigation of the association between antibiotic use

during childhood and ASD or ADHD should take paren-
tal psychiatric conditions into consideration. Furthermore,
several prenatal factors, such as smoking, maternal infec-
tion and maternal and perinatal health problems have been
determined to be associated with the risk of neurodevel-
opmental disorders (Kim, 2020). In a more recent meta-
analysis (Lee et al., 2019), a significantly increased risk of
ASD was observed in children exposed to antibiotics. This
meta-analysis included only four studies with small sample
sizes, and omitted important studies regarding the influence
of unmeasured confounders on the risk of ASD. Their results
were consistent with our overall findings, but were slightly
more precise, most likely because their population was
almost fourfold larger. However, the significant association
between antibiotic exposure and ASD risk disappeared when
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we pooled data from the sibling-matched studies, which par-
tially controlled for confounding familial and genetic fac-
tors. This condition was observed in our analysis of ADHD
risk, suggesting that unmeasured confounding may largely
explain the observed association. Importantly, only three
studies were included in the sibling-matched analysis.

Our study included an additional four studies, which
attempted to control for a wide range of potentially con-
founding factors. Although the association between antibi-
otic exposure and ASD was identified in our primary and
sensitivity analyses, any observed association could be the
result of genetic factors and due to confounding maternal
characteristics. Therefore, the ideal control for unmeasured
confounding factors is using a sibling-matched analysis
design, which should minimize the effects of these factors
on the observed association. Contrary to the primary analy-
sis, our secondary analysis based on a sibling-matched study
design found the relationship between exposure to antibiot-
ics and ASD or ADHD disappeared, and the heterogeneity
was reduced to 0% among three sibling-matched studies.
Furthermore, subgroup analysis based on type of antibi-
otic did not show increased risk of ASD or ADHD rates in
children exposed to antibiotics in early life, indicating the
magnitude of microbiota changes may be too small to affect
neurodevelopment. However, the sample sizes in the sibling-
matched studies were small, and further studies are needed
to verify these results.

Our study has several notable strengths as well as impor-
tant limitations. To the best of our knowledge, this is the first
systematic review and meta-analysis in which the effects of
antibiotic exposure during childhood on the risk of ADHD
in later life were evaluated. The main strength of this meta-
analysis is the careful consideration of potential confounding
factors, especially in subgroup analysis based on sibling-
matched study conducted to exclude the potential genetic
and familial confounding factors. Second, the heterogeneity
of subgroup analysis was mild (I*=0%), which increased the
strength of the pooled results. Third, most of the included
studies were cohort studies, which are less prone to bias in
terms of assessing exposure during childhood.

Nevertheless, the study had several limitations. First, the
number of included studies in which ADHD risk was evalu-
ated was small, specifically when subgroup analyses based
on sibling-matched study were used. Second, all reviewed
studies included Western populations and not subjects from
Asian or African countries, which may have affected the
generalizability of our findings. Third, sufficient data on the
dose of antibiotics used in the included studies could not
be extracted; therefore, any exposure parameter possibly
associated with ASD or ADHD risk in later life could not
be defined.

In conclusion, the findings in this systematic review and
meta-analysis suggested that the associations between early

@ Springer

life antibiotic exposure and ASD or ADHD risk may be
overestimated because previous studies failed to control for
unmeasured familial or genetic confounding factors. Future
research should adjust for potential confounders and con-
sider genetically sensitive designs, such as sibling compari-
sons or twin and adoption studies.
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