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Abstract
Antibiotic use during pregnancy may increase the risk for asthma in children. We per-
formed a meta- analysis assessing prenatal antibiotic exposure and the risk for child-
hood wheeze or asthma, as well as for diseases associated with the atopic march. 
A systematic literature search protocol (PROSPERO- ID: CRD42020191940) was 
registered and searches were completed using Medline, Proquest, Embase, and the 
Cochrane central register of controlled trials. Screening for inclusion criteria: pub-
lished in English, German, French, Dutch, or Arabic, intervention (use of any antibiotic 
at any time point during pregnancy), and disease (reporting atopic disease incidence 
in children with a primary outcome of asthma or wheeze), and exclusion criteria: re-
views, preclinical data, and descriptive studies, yielded 27 studies. Study quality was 
assessed using the Newcastle– Ottawa Assessment Scale. Quality of the evidence 
was assessed using the Grading of Recommendations Assessment, Development, 
and Evaluation (GRADE) approach. Our meta- analysis demonstrates that antibiotic 
use during pregnancy is associated with an increased relative risk (RR) of developing 
wheeze RR 1.51 (95% CI: 1.17– 1.94) or asthma RR 1.28 (95% CI 1.22– 1.34) during 
childhood. Assessment of the atopic march in association with asthma or wheeze re-
vealed that antibiotic use during pregnancy also increases the risk for eczema/der-
matitis RR 1.28 (95% CI: 1.06– 1.53) and allergic rhinitis RR 1.13 (95% CI: 1.02– 1.25). 
One study found an increase in food allergy RR 1.81 (95% CI: 1.11– 2.95). Maternal 
antibiotic use during pregnancy is associated with an increased risk for wheeze or 
asthma development in children, as well as for diseases involved in the atopic march. 
There was high heterogeneity in the data, and the certainty of the evidence was de-
termined to be low quality, highlighting the need for more high- quality studies on 
this topic. These results have importance for antibiotic stewardship throughout the 
prenatal period. This work was supported by the Deutsche Forschungsgemeinschaft 
and the Konrad Adenauer Foundation.
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1  |  INTRODUC TION

The atopic march refers to a progression of allergic diseases as they 
develop over the course of infancy and childhood.1 Classically, the 
progression begins with atopic dermatitis, food allergy, or wheeze, 
then progresses over time to asthma and/or allergic rhinitis.2 
Underlying atopy, the tendency to become sensitized and produce 
IgE antibodies after exposure to ordinary proteins3 is considered a 
critical link among these diseases.4 Though atopy has a poorly un-
derstood etiology, evidence indicates that in addition to genetic 
factors, the environment contributes substantially to disease sus-
ceptibility, especially when these exposures occur prenatally or in 
early life.5,6 Of particular interest to this study are environmental 
exposures such as maternal antibiotic use during pregnancy.7,8

Antibiotics account for 80% of prescribed medications during 
pregnancy, and it is estimated that 20%– 25% of pregnant women 
receive at least one course of an antibiotic during this time period.9 
Antibiotics alter the maternal gut microbiome,10 and microbial dys-
biosis during pregnancy can potentially influence the offspring both 
in utero and immediately following birth. In utero it is hypothesized 
that the fetus is exposed to bacterial products and metabolites pres-
ent in the maternal circulation that are generated by the maternal mi-
crobiome.11 Additionally, during birth, the maternal vaginal and fecal 
microbiomes are determinants of early colonization of the infant in-
testinal tract, thus, inheriting dysbiosis can have long lasting implica-
tions for childhood health.12,13 The days immediately following birth 
are an important window of immune system development, during 
which immune- microbe interactions in the infant intestine are critical 
for the establishment of immune tolerance.14,15 If prenatal antibiotic 
exposure influences the infant microbiome and immune system de-
velopment, this would be advisable to consider when prescribing anti-
biotics. Therefore, understanding if maternal antibiotic use during the 
prenatal time period can change the propensity for the atopic march 
and eventual asthma diagnosis in children is of utmost importance.

Analyzing the effects of maternal antibiotic use during pregnancy 
on the development of asthma in children is important for several 
reasons. Firstly, there is evidence that prenatal antibiotic exposure 
can also increase risk for disorders involved in the atopic march such 
as eczema/dermatitis, food allergy, wheeze, and allergic rhinitis, 
thus having an influence on the eventual progression to asthma in 
children,16,17 Though this connection has been observed, there are 
surprisingly few studies that assess these disorders in conjunction 
with asthma.18– 22 Including data on the atopic march in future studies 
will provide important information regarding the major contributing 
factors to childhood asthma development. Secondly, though several 
studies have found that antibiotic use during pregnancy is associated 
with the development of wheeze/asthma in children, other studies 
have found no association for wheeze18,23,24 or asthma develop-
ment.21,25 And finally, still other studies have proposed alternative 

explanations for the observed risk of antibiotics taken during preg-
nancy and progression through the atopic march to asthma. Stokholm 
et al. (2014)26 found no temporal association with antibiotic use 
during pregnancy and asthma development in children, instead sug-
gesting that the association is rather due to a maternal propensity 
for infection than to antibiotic use during pregnancy. Örtkvist et al. 
(2014)27 concluded that the association between intrauterine anti-
biotic exposure and asthma in childhood is confounded by factors 
shared by siblings. This is, however, contradicted by Yoshida et al. 
(2018)28 whose study suggested that a weak association still exists, 
even after adjusting for familial factors. Due to the aforementioned 
factors, a meta- analytic approach is both desirable and timely. To 
shed light on this important subject, our aim is to conduct a system-
atic review and meta- analysis to assess the relationship between pre-
natal antibiotic exposure and subsequent risk of developing along an 
atopic trajectory, culminating in childhood asthma.

2  |  METHODS

2.1  |  Reporting, protocol, and registration

A pre- registered review protocol was deposited in the Freie 
Universität Berlin institutional repository (refubium) on July 1, 
2020.29 The protocol and this manuscript are both reported in ac-
cordance with the Preferred Reporting Items for Systematic Reviews 
and Meta- Analyses (PRISMA) statement. The protocol is registered 
in the International prospective register of systematic reviews 
(PROSPERO) ID: CRD42020191940.

2.2  |  Eligibility criteria

Detailed inclusion/exclusion criteria can be found in our published 
protocol.29 Briefly, studies were included if (i) they were published in 
English, German, French, Dutch, or Arabic (ii) the intervention was the 
use of any antibiotic at any time point during pregnancy (iii) the study 
reported atopic disease incidence in the offspring with a primary out-
come of asthma or wheeze. Study assessments of atopic sensitization, 
dermatitis/eczema, allergic rhinitis, and/or food allergy in association 
with wheeze or asthma development were also included. Narrative 
reviews, preclinical data, and descriptive studies were excluded.

2.3  |  Data sources and searches

Electronic searches were completed on June 9, 2020, using Medline 
(via Ovid), Proquest Theses & Dissertations (via Proquest), Embase, 
and the Cochrane central register of controlled trials. No restrictions 

K E Y W O R D S
antibiotics, atopic march, childhood asthma, meta- analysis, pregnancy



    |  3CAIT eT Al.

were placed on the search beyond that of the databases themselves. 
The specific search strategy was created in MEDLINE (OVID inter-
face, 1946 onward). Details of the search strategy used for all data-
bases and the number of hits from each database are found in Files 
S1 and S2.

2.4  |  Article selection

Records from searches were uploaded and deduplicated in 
EndNoteX7.8 (Clairvate Analytics), exported into DistillerSR 
(Evidence Partners Inc.), further deduplicated, and then screened 
in three rounds (title in round one, title and abstract in round two, 
and full text eligibility in round three) by two independent review-
ers. Extracted data consisted of study identification: author, year, 
and journal— study design characteristics: study type, popula-
tion, measurements of exposure and outcome, sample size, effect 
size and variance, the type of effect size (Relative Risk- RR/Odds 
Ratio- OR/Hazard Ratio- HR) and reported p- value— characteristics 
of the atopic- disease outcome: the type of allergic diagnosis, age at 
diagnosis, follow- up time, and sex— characteristics of the antibiotic 
administration during pregnancy— the cause, type, dose, and dura-
tion of antibiotic treatment, and administration route of the antibiot-
ics. Any conflicts between reviewers were resolved by consensus.

2.5  |  Quality assessment

The studies were evaluated for risk of bias with the Newcastle– 
Ottawa Quality Assessment Scale (NOS) for cohort studies. The NOS 
awards points (stars) in 3 categories: “Selection,” “Comparability,” 
and “Study outcome.” A study can be awarded a maximum of one 
star for each numbered item within the “Selection” and “Outcome” 
categories. A maximum of two stars can be given for “Comparability.” 
The criteria were used for scoring can be found in File S3.

2.6  |  Certainty assessment

The overall certainty of evidence across the studies was evalu-
ated by the GRADE (Grading of Recommendations Assessment, 
Development, and Evaluation) working group (grade worki nggro 
up.org). Subsequently, the quality of the evidence was classified into 
four categories (high, moderate, low, and very low).30

2.7  |  Statistical analysis

2.7.1  |  Data preparation

Effect estimates of individual studies included odds ratio (OR), haz-
ard ratio (HR), incidence risk ratio (IRR), and risk ratio (RR). While 
many meta- analyses assume their numerical equivalence,31– 33 

this assumption has repeatedly been shown to be incorrect.34– 37 
Hence, we first performed a conversion of HR and OR to RR as 
outlined by Chinn (2000)38 and just recently by Van der Weele 
(2020).36 One study reporting an adjusted incidence risk ratio 
(aIRR) could not be included, since there is no adjustment method 
for this measurement, and the data were not available publicly or 
via formal request.26 Secondly, we also estimated meta- analytic 
models for each type of effect size and performed pairwise com-
parisons on the effect estimates. There were no significant differ-
ences in the estimated effect sizes, but the model based on the 
converted estimates showed the highest power for both asthma 
and wheezing as well as the best model fit for asthma (File S4). 
Consequently, all further analyses were carried out on the original 
and converted RR data.

2.7.2  |  Sensitivity analyses

Firstly, an outlier detection based on Viechtbauer & Cheung's (2010) 
influential case analysis was performed.39 Secondly, publication bias 
was evaluated by visual inspection of funnel plots with trim- and- fill 
method as well as by Egger's parametric and Begg's nonparametric 
asymmetric distribution tests (File S5). Thirdly, subgroup analyses 
and comparison tests were carried out for the factor of study type 
(prospective or retrospective).

2.7.3  |  Model estimation

For the overall effects, inverse- variance weighted random- effects 
models were estimated. Heterogeneity was assessed by Cochran's 
Q statistic as well as Higgin's I2 (values of >40% and >75% indicate 
moderate and high heterogeneity). Since studies with multiple out-
comes did not report correlation matrices, the effects of trimes-
ter and antibiotic type were estimated with individual moderated 
random- effects models with heterogenous τ2 between the sub-
groups. Moderation effects were evaluated with an omnibus test as 
well as Bonferroni– Holm corrected pairwise comparisons.

All analyses were performed in R (R Core Team, 2020) with the 
metafor40 and Evalue41

3  |  RESULTS

3.1  |  Study selection, characteristics, and 
methodological quality

The initial search returned a total of 6060 citations, of which 71 as-
sessed the association between antibiotic use during pregnancy with 
wheeze or asthma as a primary outcome. Of these articles, 44 were 
excluded due to the following criteria: (1) No follow- up during child-
hood, (2) Antibiotics were given before and after birth, (3) Antibiotics 
were given to children and to mothers, (4) Studies only pertained to 
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animal models, (5) Antibiotics were given with other drugs, (6) Studies 
did not report asthma or wheeze as primary or secondary outcome, 
(7) Duplicates, that is, conference papers and matched published pa-
pers that were not detected and removed at the identification pro-
cess or theses and papers that reported the same results. Altogether, 
27 studies fulfilled the selection criteria (Figure 1).

Of the 27 included studies, 11 were prospective and 16 were ret-
rospective. The publication period for included studies ranged from 
2002 to 2020. The studies were conducted in Denmark (4 studies), 
United States (4), Sweden (3), United Kingdom (2), Italy (2), Canada 
(2), China (1), Ecuador (1), Finland (1), Japan (1), Poland (1), Norway 
(1), the Netherlands (1), and Belgium (1). Additionally, there was a 
pan- Scandinavia study (1) and a large study drawing participants 
across Austria, Finland, France, Germany, and Switzerland (1). Of 
the studies investigating prenatal antibiotic exposure and asthma 
(20) or wheeze (9), the following diseases were also assessed to pro-
vide insight into the atopic march: atopic sensitization (2 studies), 
food allergy (1), eczema/dermatitis (5 studies), and allergic rhinitis 
(3). Exposure to antibiotics during the prenatal period was assessed 
by either an unsupervised questionnaire (8 studies), an interview 
by a medical professional (doctor, nurse, or midwife, 4 studies), or 
obtained from an official medical database (16 studies) (File S6). 
Sensitivity analyses for prospective vs. retrospective studies and 
for the method of data collection for antibiotic exposure were per-
formed and summarized in File S7.

The quality of the included studies was assessed according to 
the Newcastle– Ottawa Quality Assessment Scale for cohort stud-
ies, shown in Table 1.

3.2  |  Atopic sensitization

Two studies assessed the effect of antibiotic use during pregnancy 
on atopic sensitization in children; one in association with asthma21 
and one in association with wheeze.18 Metzler et al. (2019) found 
a significant association between prenatal antibiotic exposure and 
atopic sensitization at 4 years of age, defined as positive specific IgE 
antibodies higher than 0.35 kU/L (RR 1.57, 95% CI 1.11– 2.22). When 
assessing positive specific IgE antibodies higher than 0.7 kU/L, how-
ever, there was no longer an association.21 In the context of wheez-
ing, Dom et al. (2010)18 found no association between antibiotic use 
during pregnancy and atopic sensitization at 1 year of age (RR 1.13, 
95% CI 0.93– 1.37).

3.3  |  Food allergy

Of the 27 studies assessing prenatal antibiotic exposure with re-
lation to asthma risk, only one study included an assessment of 
food allergy. Metzler et al. (2019)21 found a significant association 

F I G U R E  1  PRISMA flow chart showing 
the results of the literature search and the 
selection of studies
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between antibiotic use during pregnancy and the development of 
food allergy, reporting an RR of 1.81 (95% CI: 1.11– 2.95).

3.4  |  Dermatitis/Eczema

A total of five studies assessed the risk of developing dermatitis or 
eczema after prenatal exposure to antibiotics, shown in Figure 2A. 
The overall RR of 1.28 (95% CI: 1.06– 1.53) indicates that prena-
tal exposure to antibiotics is a risk factor for the development of 
dermatitis/eczema. Additional sensitivity analyses indicated that 
the effect size for studies that used an unsupervised participant 
questionnaire to collect antibiotic exposure data was significantly 
smaller than the effect size when a medical professional conducted 
an interview to collect this information (File S7). The studies 
were quite heterogeneous however, and power analysis indicates 
that four of the five studies were likely underpowered, shown in 
Figure 2B.

3.5  |  Allergic rhinitis

Three of the 27 studies assessed the association between prenatal 
antibiotic exposure and childhood allergic rhinitis (in association with 
childhood asthma). Risk estimates of the individual studies, shown in 
Figure 3A, and the overall RR of 1.13 (95% CI: 1.02– 1.25) indicate 
that antibiotic use during pregnancy is associated with increased risk 
for allergic rhinitis in children, another disease in the progression of 
the atopic march. These results should be interpreted with caution, 
however, as a sunset plot of these studies indicates that they are 
likely underpowered, shown in Figure 3B.

3.6  |  Wheeze

Of the nine studies that reported wheeze, eight showed a positive 
trend in between prenatal antibiotic exposure and the develop-
ment of childhood wheeze. In half of the studies, this relationship 

Author Year Study ID Selection /4 Comparability /2 Outcome /3

McKeever 2002 19 **** * ***

Benn 2002 42 *** * ***

Jedrychowskie 2006 20 **** * **

Rusconi 2007 43 *** * **

Martel 2009 44 **** * ***

Stensballe 2013 45 **** * ***

Dom 2013 18 **** ** **

Kallen 2013 9 **** * ***

Örtqvist 2014 27 **** * ***

Lapin 2015 24 *** * **

Metsälä 2015 46 **** * ***

Chu 2015 47 **** * ***

Popovic 2015 48 *** * **

Mulder 2016 49 **** * ***

Wu 2016 50 **** * ***

Zhang 2017 51 *** ** ***

Örtqvist 2017 52 **** ** ***

Marell Hesla 2017 22 ** * **

Kashanian 2017 53 *** * ***

Yoshida 2018 28 **** * ***

Fossum 2018 25 **** * ***

Arrieta 2018 54 **** ** ***

Loewen 2018 55 **** ** ***

Metzler 2019 21 **** ** **

Liu 2019 56 **** * *

Turi 2020 57 **** * ***

Higgins 2020 23 *** * **

Note: The cohort studies were sorted by year of publication. Stars represent the quality score 
obtained in each possible category (see Methods for more details on how scoring was determined).

TA B L E  1  Assessment of 
methodological quality of studies, scored 
according to the Newcastle– Ottawa Scale 
for cohort studies
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was statistically significant. Figure 4A shows the risk estimates of 
each study with a calculated overall RR of 1.51 (95% CI: 1.17– 1.94). 
Additional sensitivity analyses indicated a moderation effect in a 
meta regression model with separately estimated residual hetero-
geneity for how antibiotic exposure data was collected. A pairwise 
comparison showed a significantly smaller effect size when data 
were collected using an unsupervised participant questionnaire 
than when a medical professional conducted an interview to collect 
this information (File S7). There was a slight indication of publication 
bias after visual inspection of funnel plots (Figure 4B), but this effect 
was not significant by Egger's parametric or Begg's nonparametric 
distribution tests. The heterogeneity in the data was substantial (I2 

index = 83.5%, test for heterogeneity p < .001) and the sunset plot 
shows that six of nine studies are likely underpowered (Figure 4B).

3.7  |  Asthma

For the overall effects on asthma, meta- analysis of 20 studies 
showed a strong association between prenatal antibiotic exposure 
and the risk of developing asthma in childhood (RR 1.28, CI 1.22– 
1.34) (Figure 5A). In 18 of 20 studies, this relationship was statistically 
significant. Additional sensitivity analyses indicated a moderation 
effect in a meta regression model with separately estimated residual 

F I G U R E  2  Maternal antibiotic use during pregnancy and relative risk of developing childhood dermatitis/eczema. (A) Forest plot for five 
studies; squares indicate study- specific risk estimates, diamond indicates the overall RR and 95% CI. (B) Power enhanced funnel plot (sunset 
plot). Individual study effect sizes are depicted as open circles
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heterogeneity for how antibiotic exposure data was collected. A 
pairwise comparison showed a significantly smaller effect size when 
data were collected using an unsupervised participant questionnaire 
than when a medical professional conducted an interview to collect 
this information (File S7). There was no indication of a significant 
publication bias, and the sunset plot indicates that the majority of 
the studies had a high power (Figure 5B), the heterogeneity in the 
studies was considerable.

3.8 | Trimester assessment of antibiotic use during 
pregnancy on wheeze and asthma outcomes in children

Of the 27 studies included in our study, 11 collected data on the 
trimester of pregnancy that antibiotics were administered with 
respect to risk for developing wheeze or asthma during child-
hood. Our trimester subgroup analysis of three studies assessing 
wheeze revealed that only antibiotics administered during the third 

F I G U R E  3  Association between prenatal exposure to antibiotics and risk for allergic rhinitis in childhood. (A) Forest plot for three studies; 
squares indicate study- specific risk estimates, diamond indicates the overall RR and 95% CI. (B) Power enhanced funnel plot (sunset plot). 
Individual study effect sizes are depicted as open circles
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trimester had a significant association with relative risk of childhood 
wheeze: 1st trimester (RR 1.13, CI 0.95– 1.34), 2nd trimester (RR 
1.13, CI 0.99– 1.29— only 1 study), 3rd trimester (RR 1.76, CI 1.11– 
2.79), shown in Figure 6A. Regarding asthma, meta- analysis of eight 
studies revealed a significant effect of antibiotics taken during any 
trimester and relative risk of developing childhood asthma: 1st tri-
mester (RR 1.17, CI 1.02– 1.35), 2nd trimester (RR 1.22, CI 1.10– 1.35), 
3rd trimester (RR 1.21, CI 1.10– 1.34), shown in Figure 6B. Pair- wise 
comparisons revealed no differences in asthma development be-
tween the three trimester administration periods.

3.9  |  Assessment of antibiotic type during 
pregnancy on childhood asthma outcomes

To test if the type of antibiotic used during pregnancy is associated 
with asthma development in children, we separated the antibiotics 
into six different classes. From the six studies that collected data on 
the type of antibiotic administered, subgroup analysis revealed that 

all antibiotic classes other than cephalosporins were associated with 
increased risk for childhood asthma. Penicillins (RR 1.27, CI 1.19– 
1.36), Cephalosporins (RR 1.26, CI 0.92– 1.74), Macrolides (RR 1.36, 
CI 1.16– 1.59), Sulfonamides / Trimethoprim (RR 1.27, CI 1.11– 1.46), 
Nitrofurantoin (RR 1.17, CI 1.01– 1.334), shown in Figure 7, as well as 
Chloramphenicol (RR of 1.77, CI 1.18– 2.65 –  one study). Due to the 
scarcity of studies comparing antibiotic types, however, this analysis 
should be interpreted with caution.

3.10  |  Grading of evidence

The GRADE protocol was used to evaluate the certainty of the evi-
dence (Table 2) and determined the effect evaluates of antibiotic use 
during pregnancy on the development of childhood asthma to be of 
low quality. The effects of antibiotic use during pregnancy on the 
development of childhood dermatitis, allergic rhinitis, and wheeze 
were determined to be of very low, very low, and low quality, re-
spectively. The reason for the low- quality scoring was due to serious 

F I G U R E  4  Relative risk of developing 
childhood wheeze after maternal 
antibiotic use during pregnancy. (A) 
Forest plot for nine studies, represented 
as RR and 95% CI. Squares indicate 
study- specific risk estimates, diamond 
indicates the overall RR and 95% CI. (B) 
Power enhanced funnel plot (sunset plot). 
Individual study effect sizes are depicted 
as open circles



    |  9CAIT eT Al.

F I G U R E  5  Prenatal antibiotic exposure and relative risk of developing asthma in childhood. (A) Forest plot for 20 studies; squares 
indicate study- specific risk estimates, diamond indicates the overall RR and 95% CI. (B) Power enhanced funnel plot (sunset plot)



10  |    CAIT eT Al.

FIGURE 6  Legend on next page
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inconsistency (high heterogeneity), and the detection of publication 
bias. About 9 of the 27 studies used for this meta- analysis did not 
provide population numbers and were therefore excluded from the 
GRADE analysis.19,25,42,44,45,47,50,56 The overall quality of the evi-
dence presented in this systematic review and meta- analysis was re-
garded as low quality.

4  |  DISCUSSION

Our meta- analysis demonstrates that antibiotic use during preg-
nancy is significantly associated with the development of asthma in 
children. Additionally prenatal antibiotic exposure is also associated 
with disorders present in the atopic march including atopic sensitiza-
tion, dermatitis/eczema, food allergy, allergic rhinitis, and wheeze. 
Though these disorders are acknowledged as important factors that 
often precede asthma development in children,1,58 surprisingly few 
studies assessed them with respect to asthma.

Considering how maternal antibiotic use could influence allergy 
development in children, the prevailing hypothesis is that the early 
life microbiome influences immune system development, which sub-
sequently contributes to atopic disease.59 Cohort studies demon-
strate that antibiotic use during pregnancy has a profound effect on 
the colonization of the infant gut in early life.60,61 Children with low 
microbial diversity in the first 3 months of life had immune cell popu-
lations that diverged significantly from healthy children,14,62 and dis-
ruptions to the neonatal microbiome are associated with childhood 
asthma.63 A recent meta- analysis determined that antibiotic use in 
children also increased risk for asthma development, emphasizing 
the importance of antibiotic stewardship both during pregnancy and 
in early life.64

Stokholm et al. (2014),26 alternatively hypothesized that the 
observed increase in childhood asthma risk was not due to anti-
biotic induced alteration of the maternal microbiome, but rather 
due to an increased propensity for infection as an underlying risk 
factor for childhood allergy development. Though there are likely 
several different mechanisms contributing to this complex trans-
generational process, studies in rodents have provided substantial 
evidence confirming the importance of the maternal microbiome 
during pregnancy for offspring asthma susceptibility. Russell et al. 
demonstrated that mice treated with antibiotics during the perinatal 
time period showed increased asthma severity.65,66 Additionally, we 
recently showed that antibiotic treatment of mice during the ges-
tational time period only, resulted in a dysbiotic gut microbiome in 
mothers that was transferred to the offspring and was associated 
with increased asthma severity.67

If the infant gut microbiome is a causal link between antibiotic 
use during pregnancy and increased asthma risk in children, then the 
timing of antibiotic treatment during pregnancy could influence this 
association. Our meta- analysis indicates that antibiotic use in the 
third trimester was associated with wheeze, whereas antibiotic use 
in any trimester was associated with asthma. Since pair- wise com-
parison revealed no differences in asthma development according to 
trimester of antibiotic use, this raises the question, “How long does 
the maternal gut microbiome remain dysbiotic?” Recent research has 
demonstrated that particular gut bacterial species that were elimi-
nated after antibiotic treatment were still not detectable in humans 
after 9 months68 and in mice after 6 months.69 These studies sup-
port the idea that antibiotic use during pregnancy could eliminate 
specific clades of bacteria that are particularly important for infant 
development. There are, however, a paucity of data analyzing long- 
term effects of antibiotic use in pregnant women, a topic of utmost 
importance for future studies.

In addition to trimester of antibiotic treatment, the number 
of prescriptions during pregnancy and type of antibiotic pre-
scribed could also influence susceptibility to allergic disease in 
the next generation. Though we could not analyze the number of 
antibiotic prescriptions, due to the differences in categorization 
of prescription number, the individual studies indicate increased 
risk for childhood asthma with increasing maternal antibiotic pre-
scriptions. Considering type of antibiotic, our meta- analysis re-
vealed that several different antibiotic types are associated with 
increased risk of asthma in children. This indicates that observed 
increase in childhood asthma risk is likely due to disruption of 
gut microbial homeostasis rather than due to the elimination of 
a specific bacterial clade. This highlights an imperative need for 
maternal and childhood gut microbiome analysis in future stud-
ies to assess the effects of antibiotic use during pregnancy on 
the atopic march with relation to asthma development in early 
childhood.70

As identified by our GRADE assessment, the certainty of the ev-
idence used was determined to be of low quality, therefore limiting 
this meta- analysis. Further limitations to our meta- analysis include 
study populations which were mainly white and European, under-
powered studies as well as study protocol inconsistencies in disease 
diagnosis and adjusting for confounding factors. We also identified 
that the method by which studies collected antibiotic exposure data 
was a significant modifier to effect size. Future studies should em-
ploy and report more direct and objective measurement methods 
rather than self- reported questionnaires. The existence of these 
limitations is justification for why the field needs more high- quality 
studies on this topic.

F I G U R E  6  Association between antibiotic use in different trimesters and the development of wheeze or asthma in childhood. (A) Forest 
plot showing subgroup analysis in three studies assessing trimester of prenatal antibiotic administration and relative risk of developing 
childhood wheeze. (B) Forest plot for eight studies assessing trimester of prenatal antibiotic administration and relative risk of developing 
asthma in childhood. Represented as RR and 95% CI. Squares indicate study- specific risk estimates; diamond indicates overall RR with its 
corresponding 95% CI
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F I G U R E  7  Subgroup analysis of type of antibiotic administered during pregnancy and relative risk of developing childhood asthma. 
Forest plot showing subgroup analysis of the antibiotic groups: Penicillins (6 studies), Cephalosporins (2 studies), Macrolides (5 studies), 
Sulfonamides/Trimethoprim (5 studies), and Nitrofurantoin (2 studies). Represented as RR and 95% CI. Squares indicate study- specific risk 
estimates; diamond indicates the overall RR with its corresponding 95% CI
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5  |  CONCLUSION

Herein, we synthesize data across 27 studies and present a meta- 
analysis showing a significant association of prenatal antibiotic ex-
posure with increased susceptibility to childhood asthma as well as 
diseases involved in the atopic march, summary shown in Figure 8. 
Though there is evidence that antibiotic treatment during pregnancy 
is a driver of the atopic march, due to a large heterogeneity between 
studies more research is needed to draw firm conclusions on this 
matter.
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