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A B S T R A C T   

This study investigated the effects of early antibiotic exposure on ADHD risk by (1) integrating meta-analytical 
evidence from human observational studies examining the association between prenatal or early postnatal 
antibiotic exposure on the risk of developing ADHD; and (2) reviewing evidence from experimental animal 
studies on the effects of early antibiotic exposure on behavior. Sixteen human studies and five rodent studies 
were reviewed. A quantitative meta-analysis with 10 human studies indicated an increased risk for ADHD after 
prenatal antibiotic exposure (summary effect estimate Hazard Ratio (HR) 1.23, 95% CI 1.09–1.38; N = 2,398,475 
subjects) but not after postnatal exposure within the first two years of life (summary effect estimate HR 1.12, 
95% CI 0.95–1.32; N = 1,863,867 subjects). The rodent literature suggested that peri-natal antibiotic exposure 
has effects on social behavior, anxiety and aggression, alongside changes in gut microbial composition. Human 
and rodent findings thus suggest prenatal antibiotic exposure as a possible risk factor for ADHD, and suggest that 
an early disruption of the gut microbiome by antibiotics may interfere with neurodevelopment.   

1. Introduction 

Attention deficit hyperactivity disorder (ADHD) is one of the most 
diagnosed neurodevelopmental disorders worldwide and is character
ized by symptoms of inattention, and/ or hyperactivity/ impulsivity. 
Despite evidence for a strong genetic component, with heritability es
timates from twin studies of 70–80% (Biederman, 2005), ADHD is not 
fully explained by genetics. Instead, ADHD is due to combination of 
genetic factors, environmental factors, and their interplay. In particular, 
non-shared environmental risk factors that act through interactions with 
genes and DNA variants that regulate gene expression - such as those in 
promoters, untranslated regions of genes or loci that encode microRNAs 

- seem to play an important role in ADHD (Faraone et al., 2015). Indeed, 
environmental factors that include psychosocial adversity, dietary fac
tors or environmental toxins (Thapar et al., 2012) are thought to account 
for 10–40% of the variance in obtaining a diagnosis of ADHD (Sciberras 
et al., 2017). As a disorder with onset in early childhood, the investi
gation of environmental risks for ADHD has focused on pre- and early 
postnatal insults. Studies have, for example, identified maternal sub
stance use (especially alcohol; see Eilertsen et al., 2017; Mick et al., 
2002), stress during pregnancy (Grizenko et al., 2012), and 
pre-pregnancy obesity (Sanchez et al., 2018) as likely prenatal risk 
factors for ADHD. 

Emerging evidence has also suggested an important role of the gut́s 
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internal environment, or more specifically the gut microbiome, in the 
etiology of various mental disorders including Autism Spectrum Disor
der (ASD) (e.g. Saurman et al., 2020), depression (e.g. Capuco et al., 
2020), eating disorders (e.g. Seitz et al., 2020), and ADHD (e.g. Aarts 
et al., 2017; Mathee et al., 2020). The influence of the gut microbiome 
on human health and the brain is exerted via different pathways. First, 
the microbiome secrets various peptides and metabolites that affect and 
shape the stress response via the hypothalamic-pituitary-adrenal (HPA) 
axis (Checa-Ros et al., 2021; Cryan and Dinan, 2012; Foster et al., 2017). 
Second, certain bacteria have the capacity to produce different neuro
transmitters and neuromodulators and thereby influence neurotrans
mitter concentrations (Cryan and Dinan, 2012). The metabolism and 
availability of tryptophan – the sole precursor of the neurotransmitter 
serotonin – is, for example, strongly influenced by the gut microbiota 
(Gao et al., 2020). Additionally, the gut microbiome is critical for the 
development and functioning of the immune system (Checa-Ros et al., 
2021; Gensollen et al., 2016; Shamriz et al., 2016). This is of note as 
elevated markers of inflammation have been reported for various 
neuropsychiatric disorders in children and adolescents, including ADHD 
(Mitchell and Goldstein, 2014). Lastly, gut bacteria can directly influ
ence vagus nerve signaling to the brain. The vagus nerve is involved in 
processes related to homeostasis, and increasing evidence highlights its 
role in mood regulation, stress reactivity, anxiety-related behavior and 
cognition (Breit et al., 2018; Fülling et al., 2019). Indeed, certain gut 
bacteria influence vagal nerve signaling and can thereby alter cognition 
and behavior (Fülling et al., 2019). In a nutshell, the gut microbiome 
influences health, cognition and behaviour and thus likely plays a role in 
the development of various neurodevelopmental disorders (Rogers 
et al., 2016). 

With regard to ADHD, preliminary evidence shows that gut microbial 
profiles differ between patients with ADHD and neurotypical controls 
(Aarts et al., 2017; Prehn-Kristensen et al., 2018). Moreover, several 
conditions that are associated with ADHD have been associated with 
alterations in the gut microbiota composition. For example, atopic dis
eases, such as asthma or eczema, are more common in ADHD patients 
compared to healthy controls (Deckert et al., 2014; Kaas et al., 2021), 
and a link between these conditions and the composition of the intes
tinal microbiome has been demonstrated (Zimmermann et al., 2019). 
Further evidence for a role of the gut microbiome in ADHD comes from a 
recent study in which transferring fecal bacteria from ADHD patients 
into germ-free mice resulted in “ADHD-like” changes in brain structure 
and function as well as changed animal behavior (Tengeler et al., 2020). 
Given the heterogeneous findings, however, it is not yet possible to pin 
down a specific ADHD microbial profile (Checa-Ros et al., 2021). 

One approach to better understand the ADHD microbial profile is to 
consider a disruption of the gut’s bacterial homeostasis via the use of 
antibiotics. Such research has focused on developmental periods with 
high vulnerability for deviant brain development = the prenatal and 
early postnatal time windows. These early windows are not only critical 
for neurodevelopment but also coincide with the initial colonization of 
the gut (Borre et al., 2014). As the gut microbiome is involved in shaping 
the immune system, hormone secretion, and metabolism, disruptions 
during developmentally critical time windows likely affect neuro
development (Shamriz et al., 2016). 

With respect to the initial colonization of the gut, non-human animal 
studies have shown that brain development as well as behavior are 
altered in germ-free mice, demonstrating the interaction of gut coloni
zation and brain development early in life (Heijtz et al., 2011). Addi
tionally, in early human development, cognitive outcomes of infants 
have been linked to three distinct bacterial composition clusters, 
demonstrating the importance of the microbiome on cognition in in
fancy (Carlson et al., 2018). Both findings suggest that antibiotic 
administration might impact neurodevelopment, such as increasing the 
risk for ADHD via disrupting the normal development of the microbiome 
(Azad et al., 2016; Bokulich et al., 2016). 

Antibiotics prescriptions during early postnatal years and during 

pregnancy are common. A Danish study reported that more than 40% of 
pregnant women were administered antibiotics in 2010 (Broe et al., 
2014), which results in large-scale modulation of the maternal micro
biota composition. With respect to ADHD, Ai et al. (2021) conducted a 
meta-analysis that investigated the risk of developing ADHD after 
antibiotic exposure. They concluded that whereas maternal antibiotic 
exposure may be associated with an increased risk for ADHD, there was 
insufficient evidence for an association between postnatal antibiotic 
exposure and ADHD (Ai et al., 2021). 

The present study sought to build upon Ai et al. (2021) by investi
gating prenatal antibiotic exposure and postnatal exposure within the 
first two years of life on the subsequent risk for ADHD by adopting a 
two-pronged approach: assessing human as well are non-human studies. 
As human studies are observational in nature, the effects of antibiotics 
are inseparable from the effects caused by the underlying reason for 
antibiotic administration. As such, evidence from experimental animal 
studies is needed to test potential effects and to identify underlying 
mechanisms. Thus, the current study investigated whether early expo
sure to antibiotics is related to an increased risk of ADHD by integrating 
(1) meta-analytical evidence from human observational studies exam
ining the association between prenatal or early postnatal antibiotic 
exposure and the risk for developing ADHD; and (2) evidence from 
experimental animal studies investigating the effects of early antibiotic 
exposure on behavior and the gut microbiome. 

2. Methods 

The present systematic review and meta-analysis was registered on 
the International Prospective Register of Systematic Reviews PROS
PERO under the registration number CRD42021234888 (http://www. 
crd.york.ac.uk/PROSPERO). 

2.1. Search strategy and selection criteria 

This systematic review was performed in accordance with recent 
PRISMA (Preferred Reporting Items for Systematic Reviews and Meta- 
analyses) guidelines. A PRISMA 2020 checklist for systematic reviews 
is available in Supplemental Table 1 (Moher et al., 2009). Pubmed, 
Embase, and Scopus were screened for relevant studies that were written 
in English and published before January of 2021. The search string and 
search strategy are reported in Table 1. Additionally, the reference lists 
from identified articles were also screened for relevant citations. 

Human as well as non-human studies were included and reviewed. 
Human studies were included if they investigated an association be
tween pre- and postnatal antibiotic exposure within the fist two years of 
life and subsequent ADHD diagnosis. Studies assessing antibiotic expo
sure after the second year of life, or with no reported age of exposure, 
were excluded. Studies that focused on antibiotic exposure in breast
feeding mothers, thereby only indirectly affecting the child, were also 
excluded. 

The outcome of interest was the diagnosis of ADHD during child
hood. Studies with no categorical ADHD diagnosis but with a dimen
sional assessment of ADHD symptoms (such as by parental or teacher 
questionnaires using the Conners Rating Scales or the Strengths and 
Difficulties Questionnaires) were also included. Study types included 
cohort, case-control and cross-sectional studies. The main effect 

Table 1 
The Search Strategy used to search the databases PubMed, Embase and Scopus. 
The search was limited to “Title or Abstract”.  

#1 Antibiotic* OR antimicrob* OR antibacterial* OR “antibiotic exposure” 
#2 ADHD OR “attention deficit” OR “attention deficit hyperactivity disorder” OR 

impulsivity OR externalizing OR hyperactivity 
#3 Fetus OR newborn OR pregnancy OR prenatal OR postnatal OR neonate OR 

maternal OR offspring 
#4 #1 AND #2 AND #3  
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measures for the outcome criterium - the risk to develop ADHD diagnosis 
or elevated ADHD symptoms - were hazard ratios (HR), odds ratios (OR), 
mean difference and regression coefficients. 

Non-human studies were included if they investigated the effect of 
prenatal or early postnatal antibiotic exposure on the offspring’s 
behavior. For animal studies, only studies with a controlled experi
mental design were included. 

Reviews, meta-analyses, case-studies or commentaries or publica
tions written in languages other than English were excluded. 

2.2. Study selection 

The first screening included titles and abstracts of all identified ar
ticles. Subsequently, the full texts of all articles that were identified 
either as potentially relevant or with an unclear relevance were 
retrieved and the eligibility of the articles assessed. Data extraction and 

eligibility screening was conducted by one reviewer, and study eligi
bility additionally checked by a second reviewer. Disagreements were 
resolved through consensus and discussion. A flow chart diagram of the 
study selection process is depicted in Fig. 1. 

2.3. Data extraction and risk of bias assessment 

The following information was extracted for each included human 
study: year, country, sample size, study design, definition of the expo
sure including type and time of antibiotic use, specification of outcome 
including the time of outcome assessment, confounding factors and 
related results. If studies reported multiple outcomes on the effect of 
antibiotic use on ADHD risk from the same or from an overlapping 
sample, only the most adjusted measure for the final analysis was 
considered. If adjustment was equal, the most generalizable measure 
was selected (i.e., the measure coming from the largest subsample). All 

Fig. 1. This Prisma Flow Diagram illustrates the step-wise selection of articles.  
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measures were included if studies reported different measures for non- 
overlapping samples. 

Animal studies were separately reviewed. Extracted data included: 
study design, animal model, details about the intervention including 
type, dose and timing of antibiotic exposure, details about the outcomes 
including the time point of behavioral testing, which tests were applied, 
which additional measures were reported in the study, and the associ
ated results. 

Risk of bias was assessed using the Newcastle-Ottawa Scale (NOS) 
(Wells et al., 2011). The NOS is a validated tool developed for the 
assessment of the quality of nonrandomised studies in a meta-analysis or 
a systematic review. Studies are evaluated on the selection of the sam
ple, the comparability of the groups, and the identification of the 
exposure or outcome of interest depending on the study type. In total, a 
maximum of nine stars can be achieved and studies with at least eight 
stars are considered high-quality. Studies rated six or seven stars are 
considered to have a medium risk of bias, and studies with five or less 
stars are considered to have a high risk of bias. Two independent re
viewers conducted the NOS assessment. Disagreements were resolved 
via consensus and discussion. 

2.4. Data analysis 

For the human studies, a meta-analysis was performed if at least two 
studies of the same exposure period (prenatal vs postnatal) reported the 
same risk measure. The effect measures used was the adjusted odds ratio 
(OR) or the adjusted hazard ratio (HR). The crude effect measure was 
used if no adjusted effect was provided. Separate meta-analyses were 
performed for studies reporting different effect measures. 

Analyses were run using Review Manager 5.4 by the Cochrane 
Collaboration (Review Manager (RevMan) Version 5.4, The Cochrane 
Collaboration, 2020). Generic inverse variance models with random 
effects were used to account for possible variability in the intervention 
effects. Heterogeneity was quantified using the I2 and T2 statistics. 

Sensitivity analysis was performed for prenatal analysis by excluding 
the study of Lydholm et al. (2019) as this study focused on treated in
fections and not directly on antibiotic exposure. For the postnatal 
analysis, the studies of Leviton et al. (2018) and Rand et al. (2016) were 
excluded as they were conducted in preterm infants. 

3. Results 

3.1. Overall study characteristics 

In total, 138 articles were identified through database searching, and 
nine additional records by reference screening. After duplicates 
removal, 110 articles remained for title and abstract screening, of which 
84 were excluded. Therefore, a total of 26 full-text articles were assessed 
for eligibility, of which 19 articles were human studies and seven were 
animal studies. Of the 19 human studies, two were excluded as they did 
not fit the predefined exposure age range, and a third study was 
excluded as it did not investigate the effects of antibiotic medication but 
of an antimicrobial chemical found in consumer products. Two studies 
were excluded from the seven non-human studies. One for having the 
exposure times during adolescent period (35 postnatal days in a Wistar 
rat model) instead of early childhood, and the second for not having an 
ADHD-related behavioral outcome measure. Details of the excluded 
studies are found in Supplementary Table 3. In sum, twenty-one studies 
met the inclusion criteria and were included in this review. A graphical 
overview of the selection process is depicted in Fig. 1. The main study 
characteristics and results are tabulated in Tables 2 and 3 for the human 
studies and the animal studies, respectively. 

Concerning the human studies, five studies reported data exclusively 
on prenatal antibiotic exposure and six studies presented data only on 
postnatal antibiotic exposure. Four studies reported data for pre- as well 
as postnatal exposure. Another study grouped both types of exposure 

together as perinatal exposure, which did not allow categorisation as 
either pre- or postnatal. The studies of Slykerman et al. (2017) and 
Thompson et al. (2014) were conducted in New Zealand and reported 
data from the same cohort. One study grouped the outcome of ADHD 
together with other behavioral and emotional disorders and a separate 
measure for ADHD only could not be provided upon request (Lydholm 
et al., 2019). 

Across studies, reporting of the type of antibiotic exposure and exact 
exposure time was highly heterogeneous and exposure assessment var
ied between studies, including record linkage systems and registries as 
well as parental reports (for more information see Table 2.). 

Approximately half of the included studies reached a high NOS rat
ing, with five studies reaching a nine-star rating and one study an eight- 
star rating. A medium risk of bias was reported for three studies with a 
seven-star rating and three studies with a six-star rating, and a high risk 
of bias was found for four studies only reaching five stars or less on the 
NOS. Details of the risk of bias assessment are presented in Table 4. 
Additionally, all reported confounding factors used in adjusted analyses 
are reported in Supplementary Table 2. 

3.2. Prenatal antibiotic exposure 

Of the nine studies that reported data on prenatal antibiotic expo
sure, five were conducted in population-based cohorts (Aversa et al., 
2021; Fan et al., 2020; Hamad et al., 2020; Lavebratt et al., 2019; 
Lydholm et al., 2019), two were conducted with preterm born infants 
(Downey et al., 2015; Kenyon et al., 2008) and the two studies from 
New-Zealand performed analyses on a local cohort from a prior study 
(Slykerman et al., 2017b; Thompson et al., 2014). All five 
population-based cohort studies reported an adjusted HR (aHR) after 
prenatal antibiotic exposure. The meta-analysis was conducted by 
pooling the data from the population-based cohort studies except for Fan 
et al. (2020) (Fig. 2). The latter study was excluded as it provided risk 
estimates only for the effects of macrolide antibiotics relative to peni
cillin instead of estimates for exposed compared to unexposed in
dividuals. Pooling the data resulted in a significant association between 
prenatal antibiotic exposure and ADHD diagnosis (summary effect es
timate 1.23, 95% CI 1.09–1.38, N = 2398,475) with considerable het
erogeneity (I2=92). A sensitivity analysis leaving out the results from 
Lydholm et al. (2019) showed that the conclusions did not change and 
the effect remained significant (summary effect estimate 1.27, 95% CI 
1.05–1.55, N = 1192,275). 

3.3. Postnatal antibiotic exposure 

Of the ten studies assessing early postnatal antibiotic exposure, five 
were conducted with population-based cohorts (Aversa et al., 2021; 
Axelsson et al., 2019; Hamad et al., 2019; Lavebratt et al., 2019), three 
were conducted in preterm infants (Downey et al., 2015; Leviton et al., 
2018; Rand et al., 2016) and two were conducted in local cohorts from 
prior studies (Slykerman et al., 2017a, 2019). Meta-analyses were con
ducted separately for studies reporting HR and for studies reporting OR. 
Pooling cohort studies that reported aHR did not result in any significant 
effects (summary effect estimate HR 1.12, 95% CI 0.95–1.32, I2=91, 
N = 1,863,867) (Fig. 3). Meta-analytic results of studies that reported an 
OR in a second analysis also did not show any effect (summary effect 
estimate OR 1.88, 95% CI 0.97–3.65, I2=77, N = 34,762) (Fig. 4). In a 
sensitivity analysis, leaving out the two studies conducted with preterm 
infants did not change the results (summary effect estimate OR 1.37, 
95% CI 0.71–2.67, I2=67, N = 34,069). 

Finally, a separate subgroup analysis with the two studies reporting 
results for preterm born infants did show a significant association be
tween early antibiotic use and later ADHD diagnosis (summary effect 
estimate OR 3.42, 95% CI 1.78–6.59, I2=0, N = 693). 
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Table 2 
Characteristics of human studies.  

Study Study Population Antibiotic Exposure Exposure Time Outcome Outcome measure Results 

Prenatal Exposure 
Aversa et al. 

(2021) 
US, Minnesota 

14,572 children 
born between 
2003 and 2011 

Records-linkage system Whole pregnancy Diagnosis of 
ADHD 

ICD-9 or ICD-10 HR (95% CI): 1.53 (1.36–1.72) 

Downey et al. 
(2015) 
US 

826 extremely 
preterm children 
born between 
2002 and 2004 

Medical records of 
antibiotics 

Whole pregnancy Attention 
problems 

CBCL at an age of 24 months 41% of children with attention 
problem received prenatal 
antibiotics; 
30% of children with no attention 
problem received prenatal 
antibiotics 

Fan et al. (2020) 
UK 

104,605 
children born 
between 1990 
and 2016 

British National 
Formulary 

Between four 
gestational weeks 
and delivery 

ADHD diagnosis Diagnosis or ≥ 2 occurrence 
of prescription based on 
British National Register 

Any trimester: 
HR (95%CI): 1.05(0.78–1.42) 
//HR based on comparison 
between penicillin and macrolide 
antibiotics 

Hamad et al. 
(2020) 
Canada 

187,605 
children born 
between 1998 
and 2017 

Drug Program 
Information Network 

Whole pregnancy ADHD diagnosis ICD-9 or ICD-10 Overall cohort: 
aHR (95% CI): 1.22 (1.18–1.26) 
Sibling-controlled cohort: 
aHR (95% CI): 1.06 (0.99–1.13) 

Kenyon et al. 
(2008) 
UK 

3196 preterm 
born children 

Factorial randomized 
design 

Up to 10 days before 
birth 

ADHD 
symptoms 

Strengths and Difficulties 
Questionnaire; Parental 
report 

Erythromicin: 
OR (95% CI) 1.00 (0.77–1.31) 
Co-Amoxiclav: 
OR (95%CI) 1.20 (0.92–1.57) 

Lavebratt et al. 
(2019) 
Finland 

990,098 
children born 
between 1996 
and 2012 

Finnish Register on 
Reimbursement Drugs 

Whole pregnancy ADHD and 
Conduct 
Disorder 

ICD-10 codes F90-F91 Broad spectrum antibiotics: 
aHR (99% CI): 1.29 (1.17–1.41) 

Slykerman et al. 
(2017) 
New Zealand 

871 children 
born between 
1995 and 1997 

Parental Reports Whole pregnancy ADHD 
symptoms 

Conners Rating Scale 
Revised 

Mean Difference of Conners ADHD 
index between exposed and 
unexposed group not significantly 
different at age 7 or 11 

Thompson et al. 
(2014) 
New Zealand 

871 children 
born between 
1995 and 1997 

Parental Reports Whole pregnancy ADHD 
symptoms 

Strengths and Difficulties 
Questionnaire 

Mean Difference of Strengths and 
Difficulties scores between 
exposed and unexposed group not 
significantly different at age 7 or 
11 
//same cohort as Slykerman et al. 
(2016) 

Lydholm et al. 
(2019) 
Denmark 

1206,200 
children born 
between 1996 
and 2015 

National Prescription 
Registry 

40 weeks before 
birth until birth 

ADHD grouped 
with behavioral 
and emotional 
disorders 

ICD-10 codes F90-F99 Maternal prescriptions: 
aHR (95% CI): 1.13 (1.09–1.17) 

Perinatal Exposure 
Firestein et al. 

(2019) 
USA 

66 premature 
infants 

Electronic medical 
record 

Exposure either 
prenatal or 
postnatal during 
hospitalization 

ADHD 
symptoms 

CBCL for ages 1,5 years- 5 
years 

Exposed children differed 
significantly from unexposed for 
the attention problems subscale of 
the CBCL (P = .014), the scores of 
the Externalizing Behaviors 
Subscale (P = .04) and on the 
CBCL Total Problems Scale 
(P = .043) 

Postnatal Exposure 
Aversa et al. 

(2021) 
US 

14,572 children 
born between 
2003 and 2011 

Record Linkage First 2 years ADHD diagnosis ICD-9 or ICD-10 Overall: 
aHR (95% CI):1.32 (1.15–1.53) 
Females: 
aHR (95% CI): 1.53 (1.16–2.02) 
Males: 
aHR (95% CI): 1.25 (1.10–1.41) 

Axelsson et al. 
(2019) 
Denmark 

671.592 
children born 
between 1997 
and 2010 

Danish National 
Prescription Registry 

First 2 years ADHD diagnosis ICD-8 or ICD-10 Standard model: 
aHR (95% CI): 1.23 (1.19–1.28) 
Between-within sibling model: 
aHR (95% CI): 0.99 (0.92–1.06) 

Downey et al. 
(2015) 
US 

826 extremely 
preterm children 
born between 
2002 and 2004 

Record Linkage Postnatal week 2–4 Attention 
problems 

CBCL at an age of 24 months 86% of children with attention 
problem received antibiotics in 
week 2–4; 
78% of children with no attention 
problem received antibiotics in 
week 2–4 

Hamad et al. 
(2019) 
Canada 

187,605 
children born 
between 1998 
and 2017 

Drug Program 
Information Network 

First year of life ADHD diagnosis ICD-9 or ICD-10 Overall cohort: 
aHR (95% CI): 1.02 (0.97–1.08) 
Sibling-controlled cohort: 
aHR (95% CI): 0.96 ( 0.89–1.03) 

Finnish Register on 
Reimbursement Drugs 

First 2 years of life ICD-10 codes F90-F91 Exposure in the first 6 months: 
aHR (99% CI): 1.16 (1.11–1.22) 

(continued on next page) 
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3.4. Animal studies 

Five animal studies were included in this review, of which four were 
conducted in mice and one in rats. Only one of the five studies examined 
early postnatal antibiotic exposure (Kayyal et al., 2020). The other 
studies investigated prenatal exposure. Complicating comparisons, in 
one study the exposure was peri-conceptual starting before breeding 
until gestational day 15 (Degroote et al., 2016), and in another study the 
exposure was considered perinatal, starting during pregnancy and last
ing until the weaning of the pups (Leclercq et al., 2017). All studies 
reported behavioral effects in the offspring with a decrease in sociability 
(Champagne-Jorgensen et al., 2020; Degroote et al., 2016; Kayyal et al., 
2020; Leclercq et al., 2017), a decrease in anxiety (Champagne-
Jorgensen et al., 2020; Leclercq et al., 2017) and a change in aggressive 
behavior (Champagne-Jorgensen et al., 2020; Leclercq et al., 2017) as 
the most consistently observed effects. Four studies additionally re
ported significant differences in microbiome composition between 
exposed and unexposed animals. 

4. Discussion 

The present review and meta-analyses investigated the effect of 
prenatal and early postnatal antibiotic exposure on the subsequent risk 
for developing ADHD. Twenty-one studies, of which 16 were human and 
five were rodent were included. Meta-analytic results from a very large 
sample (N = 2398,575) indicated that prenatal antibiotic use increases 
the risk of developing ADHD by 1.23 on average. Early postnatal anti
biotic exposure only affects the ADHD risk in preterm born infants. 

Results and the quality of prior studies were mixed for prenatal and 
postnatal exposure, underscoring the need for a systematic investigation 
across studies. In the meta-analysis with studies that reported an aHR, 
evidence for an increased ADHD risk after prenatal antibiotic exposure 
was found. It is hypothesized that this effect is mediated via the gut 

microbiome; more precisely, via a non-optimal microbiome trans
mission from mother to child at birth as maternal intrapartum antibi
otics have been associated with a decreased transmission rate of 
Lactobacillus to the newborn (Keski-Nisula et al., 2013). However, these 
results should be considered with caution as only four studies were 
included in the analysis and heterogeneity was high. Also, underlying 
infections of the mother (the reason antibiotics were administered) 
could have influenced the offspring’s likelihood of developing ADHD. 
For example, there is accumulating evidence that prenatal exposure to a 
wide variety of viral and bacterial infections - or simply inflammation- 
may subtly alter fetal brain development, leading to neuropsychiatric 
consequences for the child later in life (al-Haddad et al., 2019). Indeed, a 
recent meta-analysis by Zhu et al. (2022) suggests a small increase in the 
risk of ADHD after maternal infection during pregnancy (Zhu et al., 
2022). Generally, observational human studies make it difficult to 
disentangle the effects of the antibiotics from the underlying cause of the 
prescription. More refined study designs and experimental evidence 
from animal studies is required to make strong conclusions. 

Contrary to prenatal findings, evidence for an increased risk for 
ADHD after early postnatal antibiotic exposure was not observed. 
Indeed, results from three population-based cohort studies suggested 
that positive findings related to postnatal antibiotic exposure were due 
to residual genetic confounding. In particular, all three studies reported 
significant effects that disappeared after additional sibling-controlled 
analyses (Axelsson et al., 2019; Hamad et al., 2019; Slob et al., 2020). 
This replicates the findings of Yu et al. (2021) who concluded that as
sociations between early life antibiotics and ADHD risk may be over
estimated (Yu et al., 2021). 

Several studies included in the current review were conducted in 
preterm born infants and should be considered carefully. Although 
preterm birth is a risk factor for ADHD (Franz et al., 2018), the studies 
included in the current meta-analysis separated this effect from the risk 
of antibiotic exposure by comparing only preterm born children of 

Table 2 (continued ) 

Study Study Population Antibiotic Exposure Exposure Time Outcome Outcome measure Results 

Lavebratt et al. 
(2019) 
Finland 

990.098 births 
between 1996 
and 2012 

ADHD and 
Conduct 
Disorder 

Exposure between 6 and 12 
months: 
aHR (99% CI): 1.12 (1.08–1.16) 
Exposure between 12 and 24 
months: 
aHR (99% CI): 1.26 (1.20–1.33) 

Leviton et al. 
(2018) 
USA 

583 extremely 
preterm infants 

Parental Reports Postnatal week 2–4 ADHD 
symptoms 

Child Symptoms Inventory- 
4 

OR (95% CI): 3.6 (1.3–9.5) 

Rand et al. 
(2016) 
New Zealand 

110 preterm 
children born 
between 1998 
and 2000 

Information collected 
from medical charts 

During 
hospitalization after 
birth 

ADHD Development and Well- 
being Assessment (DAWBA) 
interview with parents 

aOR (95% CI): 3.3 (1.4–7.7) 

Slob et al. 
(2020) 
Netherlands, 
Sweden 

25,781 from a 
Dutch cohort and 
7946 from a 
Swedish cohort 

Parental reports (Dutch 
cohort) or Prescribed 
Drug Register (Swedish 
cohort) 

First 2 years ADHD diagnosis Conners Parental Rating 
Scale Revised (Dutch 
Cohort); parent 
questionnaires or ICD-10 
from national registers 
(Swedish cohort) 

Unmatched Case-Control Design: 
aOR (95% CI): 1.10 (1.02–1.17) 
Matched Co-Twin control analysis: 
aOR (95% CI): 0.82 (0.62–1.08) 

Slykerman et al. 
(2019) 
New Zealand 

342 children Parental Reports First 2 years ADHD 
symptoms 

Conners-3 parent form, 
Strengths and Difficulties 
Questionnaire 

Exposure in first 6 months: 
aOR (95% CI): 4.0 (1.4–11.4) 
Exposure between 6 and 12 
months: 
aOR (95% CI): 1.3 (0.5–3.5) 
Exposure between 12 and 24 
months: 
aOR (95% CI): 1.3 (0.5–3.6) 
// estimates based on Conners-3 
ADHD predominantly inattentive 
type 

Slykerman et al. 
(2017) 
New Zealand 

871 children 
born between 
1995 and 1997 

Parental Reports First year ADHD 
symptoms 

Conners Rating Scale 
Revised 

Exposed children differed 
significantly from unexposed 
children for parent assessment of 
Conners ADHD index (P = .037) at 
an age of 11.  
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identical gestational age with and without early postnatal antibiotic 
exposure. However, preterm and term infants might be differently 
affected by antibiotics. Following our hypothesis that the effects of an
tibiotics on ADHD risk are mediated via the gut microbiome, the effects 
might depend on the initial microbiome composition. Studies have 

shown that the microbiome composition of preterm and term infants 
differ (Chernikova et al., 2018; Underwood and Sohn, 2017). Moreover, 
the microbial composition of preterm infants is not only significantly 
different after birth but also progresses differently than the microbiome 
of term infants (La Rosa et al., 2014; Lu and Claud, 2019). It is a pos
sibility that the composition of microbiota in the gut of preterm and term 
born infants might be differently affected by antibiotics. This might lead 
to further perturbation in microbial development and related homeo
static functions. 

However, it is also possible that preterm infants suffer from the un
derlying infection that gave reason for administering antibiotics, and 
that this infection or its consequences might be associated with an 
increased risk of ADHD. We conducted a separate subgroup analysis 
with the two studies that reported an OR for preterm born infants that 
were exposed to antibiotics postnatal after birth and found a significant 
result. This suggests that postnatal antibiotics in preterm born infants 
could increase the risk of developing ADHD. Nonetheless, only two 
studies (a total of 693 subjects) were included in the subgroup analysis 
and more research is needed to support the hypothesis that antibiotic 
exposure increases the risk for ADHD in preterm born infants. 

Some limitations need to be considered regarding the human studies. 
First, only a small number of studies assessed ADHD risk after antibiotic 
exposure and the methods of data reporting was highly heterogeneous. 
This limited the possibilities for data synthesis. However, it would have 

Table 3 
Characteristics of animal studies.  

Study Animal 
Model 

Antibiotic exposure Exposure Time Time point of 
behavioral 
testing 

Results Behavioral Tests 
Applied 

Additional 
Findings 

Champagne-Jorgensen 
et al. (2020) 

BALB/c 
mice 
(N = 59) 

Low dose penicillin in- water 
solution 

Prenatal exposure: 
maternal exposure 
from gestational 
day 15 until birth 

Testing began 
on postnatal 
day 43 

Sig decrease in 
anxiety in females; 
Sig decrease in 
sociability in males 

Open field test 
Light dark box 
Three chamber 
social behavior 
Elevated plus 
maze 
Microdefeat/ 
Aggressor 
Avoidance 

Microbial Findings 
were sig different 
between treatment 
groups. 
Sig differences in 
immune regulation 
and brain gene 
expression levels in 
treated males 

Degroote et al. (2016) Wistar 
rats 
(N = 36) 

Diet supplemented with 1% 
SuccinylSulfaThiazole (SST) 

Peri-conceptual 
exposure: 
maternal exposure 
one month before 
breeding until 
gestational day 15 

Around 
postnatal day 
50 

Sig decrease in 
sociability 

Open field test 
Social 
interactions 
Marble Burying 
Elevated Plus 
Maze 
PrePulse 
Inhibition of the 
acustic startle 
reflex 

/ 

Kayyal et al. (2020) BALB/c 
mice 
(N = 89) 

Orally delivered penicillin or 
penicillin supplemented with 
lactobacillus rhamnosus 

Postnatal 
exposure: 
exposure to pups 
from postnatal day 
14 until day 21 

Tests started 
after postnatal 
day 42 

Sig decrease in 
sociability in males 

Open field test 
Elevated plus 
maze 
Three chamber 
social behavior 

Microbial Findings 
were sig different 
between treatment 
groups. 
Sig differences in 
brain gene 
expression level 
and in immune 
regulation. 

Leclercq et al. (2017) BALB/c 
mice 
(N = 72) 

Penicillin or penicillin 
supplemented with 
lactobacillus rhamnosus 

Perinatal 
exposure: one 
week before 
delivery until 
weaning of pups 
(postnatal day 21) 

Tests started 
after postnatal 
day 42 

Sig decrease in 
anxiety in males; 
sig decrease in 
sociability; sig 
increase in 
aggression in 
males 

Open field test 
Three chamber 
social behavior 
Elevated plus 
maze 
Microdefeat 
stress/ Social 
avoidance test 

Sig differences in 
Microbiome 
composition 
between groups. 
Sig differences in 
brain gene 
expression level 

Tochitani et al. (2016) C57BL/ 
6 J mice 
(N = 47) 

Non-absorbable antibiotic 
solution containing neomycin 
trisulfate salt hydrate, 
bacitracin, pimaricin, acetic 
acid 

Prenatal exposure: 
exposure to 
mother from 
gestational day 9 
until day 16 

Tested in 
postnatal 
week 4 or in 
postnatal 
week 7–8 

Sig lower activity 
and less 
exploratory 
behavior in 
offspring in 
postnatal week 4 

24-h home cage 
activity 
Open field test 
Three chamber 
social behavior 

/  

Table 4 
NOS rating.   

Selection Comparability Outcome Total 

Aversa 2021 * ** * * * * **  9 
Axelsson 2018 * ** * * * * **  9 
Downey 2015 * **  *  4 
Fan 2020 * ** * * * * **  9 
Firestein 2019 * ** * * *  6 
Hamad 2019 * ** * * * * **  9 
Hamad 2020 * ** * * * * **  9 
Kenyon 2008 * *  * *  4 
Lavebratt 2019 * ** * * * * *  8 
Leviton 2018 * ** * * *  6 
Lydholm 2019 * ** * * * *  7 
Rand 2016 * ** * * * *  7 
Slob 2020 * ** * * *  6 
Slykerman 2017 * *  * *  4 
Slykerman 2019 * ** * * * *  7 
Thompson 2014 * *  * *  4  
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been interesting to investigate smaller exposure windows by assessing 
the influence of antibiotic exposure in different pregnancy trimesters or 
only in the first six months after birth. Slykerman et al. (2019) suggested 
that an earlier timing of antibiotic exposure has a stronger influence on 
ADHD related cognitive outcomes. In their study, they found significant 
effects only for children exposed to antibiotics within the first six months 
of life but not for children that received their antibiotic treatment be
tween six and 12 or 12 and 24 months (Slykerman et al., 2019). Given 
the dynamic changes of the microbiome composition within the first two 
years of life (Bäckhed et al., 2015; Tamburini et al., 2016) it is possible 
that there is a specific time in which antibiotics may particularly disrupt 
the microbiome in such as way that influences the risk of developing 
ADHD. However, as exposure windows differed widely across studies, it 
was only possible to assess overall exposure during the first two years of 
life, for which no significant effect was observed. 

Second, information on the details of antibiotic exposure in terms of 
duration, number of antibiotic courses or the type of antibiotic was not 
consistently reported across studies and thus not possible to include in a 
meta-analysis. Third, the assessment of exposure across studies was 
heterogeneous, and some studies utilized parental report to assess 
antibiotic exposure. Self-reports are, however, subject to a certain risk of 
bias. This should be taken into account, even though we do not consider 
this a limitation as our meta-analyses were based on population-based 
cohort studies that utilized medical registries to obtain objective infor
mation on antibiotic exposure. 

Finally, all included studies were observational, making it impossible 
to separate effects of antibiotic exposure from any effects due to the 
underlying cause of the prescription. As previously noted, it is possible 
that reported effects are not due to antibiotic exposure but rather to the 
underlying maternal infection in case of prenatal exposure. 

For this last reason, the findings from experimental animal studies is 
a crucial part of this review. Animal studies are experimentally 
controlled, and the effects of antibiotics can be investigated without the 
presence of an underlying infection. Only a small number of non-human 
studies, however, investigated the effects of prenatal or early postnatal 
antibiotic exposure on animal behavior. Moreover, although the rodent 
studies reported results of various behavioral tests, none directly tar
geted behaviors related to the ADHD core symptoms of impulsivity, 
hyperactivity or attention deficits. Likewise, none were conducted with 
an animal model of ADHD. However, animal studies can provide valu
able insights into the effects of early antibiotic exposure on the offspring. 
Therefore, these studies were reviewed in order to explore potentially 
relevant mechanisms of risk. 

Of the five rodent studies, only one examined postnatal antibiotic 
exposure. The others assessed prenatal, peri-conceptual or peri-natal 
exposure. The most consistently observed effect was a decrease in so
ciability, a finding reported in four of the five studies (Champagne-
Jorgensen et al., 2020; Degroote et al., 2016; Kayyal et al., 2020; 
Leclercq et al., 2017). Further, decreases in anxiety and changed 
aggressive behavior were reported in two of the five studies 

Fig. 2. Meta-analysis of studies reporting aHRs on prenatal antibiotic exposure.  

Fig. 3. Meta-analysis of studies reporting aHRs on postnatal antibiotic exposure.  

Fig. 4. Meta-analysis of studies reporting ORs on postnatal antibiotic exposure.  
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(Champagne-Jorgensen et al., 2020; Leclercq et al., 2017). These find
ings strongly support a causal effect of perinatal antibiotic exposure on 
offspring behavior. It remains difficult, however, to directly translate the 
rodent finding to humans. 

Observations from animal studies have implications for future 
human studies. First, three rodent studies reported significant sex ef
fects, with these findings indicating that early antibiotic exposure may 
have sex-specific effects. To our knowledge, only one human study has 
investigated the effects of antibiotics separately for girls and boys, with 
this study reporting a higher aHR risk for ADHD after antibiotic pre
scriptions in the first two years of life for girls than boys (Aversa et al., 
2021). More studies are needed to investigate possible sex differences. 
Second, in two rodent studies it was found that adverse behavioral ef
fects were prevented if a probiotic was supplemented along with the 
antibiotics (Kayyal et al., 2020; Leclercq et al., 2017). This indicates a 
potential protective effect of an early probiotic intervention. The 
observation that behavioral effects of antibiotics are prevented by pro
biotic supplementation provides strong support for the hypothesis that 
effects are caused by a disruption of the gut microbiome. A study by 
Pärtty et al. (2015) extends these finding to humans by concluding from 
a randomized trial of 75 infants that probiotic supplementation during 
the first six month of life may reduce the risk of developing a neuro
psychiatric disorder during childhood (Pärtty et al., 2015). 

Results from rodent studies also suggest that early antibiotic expo
sure not only impacts behavior but also gene expression levels in the 
developing brain (Champagne-Jorgensen et al., 2020; Kayyal et al., 
2020; Leclercq et al., 2017). For example, a study assessing the effects of 
early-life penicillin exposure on newborn mice found substantial 
changes in microbial composition as well as significant effects on gene 
expression in the frontal cortex and amygdala (Volkova et al., 2021). 
These regions are implicated in numerous neuropsychiatric and neuro
developmental disorders (Schumann et al., 2011), suggesting that early 
exposure to antibiotics could constitute a general risk factor for various 
neurodevelopmental disorders rather than being specific to ADHD. In 
line with the above, it was also found that one-month-old infants 
exposed to antibiotics right after birth showed altered event-related 
potentials related to auditory processing and recognition memory 
compared to unexposed infants, with this finding thus also suggesting an 
effect of early antibiotic exposure on cognition (Hickey et al., 2021). 
Nevertheless, the interplay between antibiotics, the microbiome, and 
other environmental factors is highly complex, and more research is 
needed to better understand how early antibiotics affect the microbiome 
and in turn the brain gene expression and neurodevelopment. 

In conclusion, the present results show (1) an association between 
prenatal antibiotic exposure and an increased risk of developing ADHD, 
and (2) no association between postnatal antibiotic exposure within the 
first two years of life and an increased susceptibility to ADHD. However, 
the evidence regarding preterm birth points to the possibility that 
postnatal antibiotics increase the risk for ADHD in preterm infants (or 
that the increased risk is associated with the underlying infection). Ro
dent studies demonstrate microbial effects alongside behavioral effects 
after peri-natal antibiotic exposure and support the notion that an 
increased risk for ADHD after antibiotic exposure might be caused by a 
disruption of the gut microbiome. More carefully controlled studies are 
needed to further investigate this association. 
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