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Background and purpose: A growing body of research suggests that inflammation and maternal infections may lead to an increased risk of neurodevelopmental problems such as attention-deficit/hyperactivity disorder (ADHD), autism spectrum disorder (ASD), cerebral palsy (CP), and epilepsy in offspring. The aim of this study was to observe the connection between prenatal antibiotic exposure and the risk of these neurodevelopmental disorders in offspring.

Patients and methods: A comprehensive search was conducted in the Cochrane Central Register of Controlled Trials (CENTRAL), PubMed, Google Scholar, and Scopus databases for observational studies that looked into the link between prenatal exposure to antibiotics and the risk of neurodevelopmental problems in offspring, published from 1 January 1950 to 31 January 2022. The Newcastle–Ottawa Scale (NOS) was used to assess the quality of the included studies. Data were analyzed using the STATA version 12 software, and an odds ratio (OR) with a 95% confidence interval (CI) was reported.

Results: A total of 15 studies were included in the meta-analysis. Prenatal antibiotic exposure was associated with the increased risk of ADHD (OR = 1.14; 95% CI = 1.13 to 1.15; I2 = 0%) and epilepsy (OR = 1.34; 95% CI = 1.02 to 1.66; I2 = 96.8%). The link between prenatal antibiotic exposure and the risk of ASD [OR = 1.09; 95 % CI = 0.88 to 1.31; I2 = 78.9%] and CP [OR = 0.99; 95% CI = 0.56 to 1.43; I2 = 91%] was found to be non-significant. In all of the included prospective cohort studies, subgroup analysis suggested a significant association between prenatal antibiotic exposure and the incidence of ASD [OR = 1.17; 95% CI = 1.03 to 1.31; I2 = 48.1%] and CP [OR = 1.18; 95% CI = 1.02 to 1.34; I2 = 0%].

Conclusion: Prenatal antibiotic exposure during pregnancy is linked to a higher incidence of ADHD and epilepsy in the offspring. Further prospective studies that compare prenatal antibiotic use and are adjusted for various confounders are needed to further assess the association of prenatal antibiotic exposure and neurological disorders in offspring.

Systematic review registration: https://www.crd.york.ac.uk/prospero/, identifier: CRD42022306248.
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Introduction

A higher risk of neurological disorders has been related to severe viral and bacterial infections, as well as infections caused by parasites, particularly in hospitalized patients (1–3). Continuous complex neurodevelopmental processes such as axonal and dendritic growth, neurogenesis, synaptogenesis, and refinement of these synaptic connections make the prenatal period and infancy particularly vulnerable to exposure (4). Antibiotics, which account for 80% of all drugs provided to pregnant women, are commonly used to treat infections during pregnancy (5). It is projected that 19–49% of pregnant women are given antimicrobials during their pregnancy and that this number will continue to rise. Antibiotic usage during pregnancy has been linked to immune system changes, childhood asthma, changes in gut microbiota, obesity, and functional deficits in the offspring (6–11).

Numerous studies demonstrated that maternal infections and inflammation influence the development of the fetal brain, raising the chance of mental disorders, with a focus on neurodevelopmental diseases (1, 12–14). While some studies have found that the use of antimicrobials during pregnancy is associated with the increased risk of neurodevelopmental disorders including cerebral palsy (CP), attention-deficit/hyperactivity deficit (ADHD), autism spectrum disorder (ASD), and epilepsy, other studies did not find such association (11, 15–20).

Antibiotic exposure during pregnancy has been linked to the likelihood of ASD (21) and ADHD (22) in two recent meta-analyses. These reviews, however, reported data from a small number of studies and could not cover all key neurodevelopmental disorders, such as cerebral palsy and epilepsy. The goal of this systematic review and meta-analysis is to look at the association between prenatal antibiotic exposure and the risk of these neurodevelopmental disorders in offspring.



Materials and methods


Study design

This study involves a systematic review and meta-analysis for critical assessment and evaluation of all published reports that evaluate the association of prenatal antibiotic exposure with the risk of neurodevelopmental problems in offspring.



Ethical clearance

No ethical approval is needed for this systematic review and meta-analysis, as it was based on already published data.



Protocol and registration

We used the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) statement (23) to conduct the study, with a PROSPERO number (CRD42022306248).



Eligibility criteria
 
Inclusion criteria

(a) Observational studies investigating the effect of prenatal antibiotic exposure and the risk of neurodevelopmental disorders in offspring. (b) Children diagnosed with any one of the neurodevelopmental disorders including ASD, ADHD, CP, and epilepsy based on prenatal antibiotic exposure. (c) The Control group defined as Offspring with no diagnosis of any neurodevelopmental or other psychiatric or genetic disorders.



Exclusion criteria

(a) Duplicate studies, systematic reviews, editorials, case series, case reports, conference abstracts, and preprints. (b) Studies that do not describe required outcomes. (c) Unavailability of full texts. (d) Animal studies. (e) Gray literature (reports, conference proceedings, and theses) and ongoing studies.




Search strategy

This systematic review was performed following the guidelines of the PRISMA (23) and Cochrane (24). An electronic search in Cochrane Central Register of Controlled Trials (CENTRAL), PubMed, Google Scholar, and Scopus databases was performed for articles published from 1 January 1950 to 31 January 2022, with no language restrictions. The following key terms were used: “antibiotic” OR “antimedicine” OR “antibacterial” AND “Neurodevelopmental disorders” OR “ADHD” OR “Attention- deficit hyperactivity” OR “hyperactivity” OR “inattention” AND “Cerebral Palsy” AND “Autism” AND “Seizure disorders” OR Epilepsy. Reference lists of the retrieved papers, prior meta-analyses, and review articles were manually searched for additional relevant studies.



Data extraction

Data were collected independently by two reviewers and included author name, country, study period, publication year, study design, diagnostic criteria, exposure assessment, sample size, age at the time of antibiotic exposure, outcomes, and crude or adjusted estimates for disease occurrence.



Risk of bias assessment

Two authors independently assessed the risk of bias using the Newcastle Ottawa Scale (NOS) (25). This scale is used to assess the quality of non-randomized studies for systematic review and meta-analysis and has three important components: group comparability, study group selection, and determination of the target outcome or exposure. Each study may receive a maximum of eight stars (high quality) to a minimum of 0 stars (poor quality). Any disagreements among the authors on the quality scores were resolved by discussion.



Statistical analysis

Statistical analysis was done using the STATA version 12 software. For pooled estimates, the odds ratio (OR) with a 95% confidence interval (CI) was generated. The I2 statistic was used to calculate heterogeneity (26). This test determines how much of the difference in the study results is due to heterogeneity rather than sampling error. I2 of <50% is seen as inconsequential, and I2 of over 50% indicates moderate to significant heterogeneity. Publication bias was detected by funnel plot. By eliminating one study at a time, we performed sensitivity analyses to see how a single study affected the total risk estimates. P < 0.05 indicated statistical significance.




Results


Literature selection

As seen in Figure 1, the initial search yielded 287 results. Of them, 27 records were reviewed after duplicate removal, and 19 articles remained after the title and abstract screening. Finally, after evaluating full texts, four articles were removed due to insufficient data or overlapping data, and the remaining 15 studies were selected for the present meta-analysis.


[image: Figure 1]
FIGURE 1
 Flow diagram for the selection of studies and specific reasons for exclusion from the present meta-analysis.




Study characteristics

Fifteen observational studies (11, 15–20, 27–34) including six studies of ASD (11, 16, 19, 20, 29), four studies of ADHD (16, 17, 27, 28), four studies of CP (15, 16, 33, 34), and five studies of epilepsy (16, 30–32) were included in our systematic review. Three studies were retrospective cohort (15, 17, 30), three studies were case-control (11, 19, 34), one study was nested case-control (20), and the remaining eight studies were prospective cohort studies (16, 18, 27–29, 31–33). The publication year ranged between 1998 and 2021. The baseline and clinical characteristics for the included studies are shown in Table 1. Thirteen included studies were performed in the Caucasian population, and two studies were performed in the Asian population.


TABLE 1 Baseline characteristics of included studies in the meta-analysis investigating the association between prenatal antibiotic exposure and the risk of neurodevelopmental disorders in the offspring.

[image: Table 1]

Four studies reported international disease classification (ICD)-10 criteria, one study used ICD-9, three studies used medical history, and two studies used American academy of pediatrics guidelines as the diagnostic criteria for defining neurodevelopmental disorders. The detailed classes for the antibiotic exposed in all the included studies are represented in Table 1. The classes of antibiotics include Penicillins, sulfonamides, trimethoprim, Pivmecillinam, sulphamethizole macrolides, lincosamides, streptogramins, and other antifungal/antiviral/antibacterial drugs. All included studies had quality levels ranging from moderate [NOS score 4–6] to high [NOS score 7–8] (Table 2). The included studies received quality scores ranging from 6 to 8. In addition, the included studies showed a high risk of comparability bias due to poor confounder adjustment. All included studies are of moderate to high quality, indicating the validity of our findings.


TABLE 2 Quality assessment of the included studies in the systematic review using the Newcastle Ottawa Scale.

[image: Table 2]


Association between childhood ASD and prenatal antibiotic exposure

Six studies, including three prospective cohort studies (16, 18, 29), one nested case-control study (20), and two case-control studies (11, 19), explored the link between prenatal maternal antibiotic therapy and the risk of ASD in offspring. Our results showed no overall association between prenatal antibiotic exposure and the risk of ASD [OR = 1.09; 95% CI = 0.88 to 1.31, I2 = 78.9%]. Only prospective cohort studies found a significant relationship with the pooled OR of 1.17 (95% CI, 1.03–1.31; Figure 2A), with modest evidence of heterogeneity (P = 0.14, I2 = 48.1%) in the subgroup analysis based on the study design.
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FIGURE 2
 (A–D) Forest plot for the association of prenatal exposure to antibiotics and risk of neurodevelopmental disorders in the offspring. (A) Risk of ASD. (B) Risk of ADHD. (C) Risk of CP. (D) Risk of epilepsy.




Association between prenatal antibiotic exposure and childhood ADHD

Pooled analysis of four studies involving three prospective (16, 27, 28) and one retrospective (17) cohort studies showed a strong correlation between prenatal antibiotic exposure and the risk of ADHD [OR = 1.14; 95% CI = 1.13 to 1.15, I2 = 0%]. However, subgroup analysis showed a borderline risk of ASD in the prospective cohort [OR = 1.13; 95% CI = 0.97 to 1.29, I2 = 24.5%] and a strong association for the risk of ASD in the retrospective cohort [OR = 1.14; 95% CI = 1.11 to 1.17, Figure 2B].



Association between prenatal antibiotic exposure and childhood CP

Four studies (15, 16, 33, 34) looked at the link between prenatal antibiotic therapy and the risk of CP in offspring. There was no significant association between prenatal antibiotic exposure and the risk of CP [OR = 0.99, 95% CI = 0.56 to 1.43, I2 = 91%]. Subgroup analysis suggested a significant association between prenatal antibiotic exposure and the risk of CP [OR = 1.18, 95% CI = 1.02 to 1.34, I2 = 0%] in all three included prospective cohort studies but not in the retrospective studies [OR = 0.63, 95% CI = 0.54 to 0.73, Figure 2C].



Association between prenatal antibiotic exposure and childhood epilepsy during pregnancy

Five studies including three prospective cohort studies (16, 31, 32) and two retrospective cohort studies (15, 30) looked at the link between antibiotic therapy in pregnant women and the risk of epilepsy in offspring. Overall, prenatal antibiotic exposure was significantly associated with the risk of epilepsy [OR = 1.34, 95% CI = 1.02 to 1.66, I2 = 96.8%]. However, these associations were not significant in the subgroup analysis in both prospective [OR = 1.07, 95% CI = 0.95 to 1.19, I2 = 71.8%] and retrospective studies [OR = 1.84, 95% CI = 0.70 to 2.97, Figure 2D].




Publication bias

Egger test and Begg's funnel plot were used to analyzing publication bias for all 15 included studies in our meta-analysis. There was no discernible asymmetry in any included neurodevelopmental disorders based on the visual assessment of the funnel plot (Figures 3A–D). We found no evidence of publication bias in the included studies by Egger's test.
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FIGURE 3
 (A–D) Funnel plot for the association of prenatal exposure to antibiotics and risk of neurodevelopmental disorders in the offspring. (A) Risk of ASD. (B) Risk of ADHD. (C) Risk of CP. (D) Risk of epilepsy.




Sensitivity analyses

Sensitivity analyses were performed to see how each individual study of each neurodevelopmental disorder affected the pooled ORs by omitting individual included studies one at a time. Deleting any individual study did not significantly change the associated pooled ORs (Figures 4A–D), further verifying that the findings of the current meta-analysis are statistically sound and robust.
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FIGURE 4
 (A–D) Sensitivity analysis for the association of prenatal exposure to antibiotics and risk of neurodevelopmental disorders in the offspring. (A) Risk of ASD. (B) Risk of ADHD. (C) Risk of CP. (D) Risk of epilepsy.





Discussion

Infections have long been linked to aberrant prenatal brain development, and negative outcomes include cerebral palsy (35), developmental delay (36, 37), epilepsy (38), and schizophrenia (39). However, the reasons behind these associations are still unclear. Several studies suggested that certain maternal infections induce fetal brain impairment (38, 40). Since mothers with these infections are more likely to be treated with antibiotics, maternal infection was considered a confounder in the analyses, and accounting for infections can lead to erroneous results that reflect the infection rather than the therapy. Several meta-analyses have published data on infections that occurred prior to ASD diagnosis (41) and identified a significant positive association of ASD with infections that occurred during pregnancy (42, 43). While one systematic analysis found an elevated risk of ASD after prenatal exposure to various drugs, including antibiotics, the association of the diagnosis with individual drugs was not examined (43). Another meta-analysis revealed no evidence of a link between early postnatal infections and the likelihood of ASD later in life (44). On the other hand, several observational studies have discovered incidences of increased risk of mental illnesses in older children and adults following certain diseases (2, 45). The immune system can be influenced by infections and a dysfunctional gut microbiome. Numerous studies show the role of the immune system, inflammation, and autoimmunity in the etiology of neurodevelopmental and psychiatric disorders in children. Studies showed that the levels of pro-inflammatory cytokines are elevated in children with bipolar and major depressive disorders, posttraumatic stress disorder, obsessive-compulsive disorder, schizophrenia, ADHD, and Tourette's syndrome (46). Immune activation has also been linked to the pathogenesis of major depressive disorder (47) and schizophrenia (48) in adults. Recent studies suggest that immunomodulation plays a key role in orchestrating microbiota–gut–brain communication and has the potential to influence neurodevelopment (49–52).

To the best of our knowledge, this is the first systematic review and meta-analysis to examine the link between antibiotic exposure and the risk of neurodevelopmental disorders such as autism, ADHD, CP, and epilepsy. Our findings show a strong connection between prenatal antibiotic exposure and the risk of ADHD and epilepsy. However, we found no significant association between antibiotic exposure during pregnancy and the risk of ASD and CP. While further subgroup analysis based on the type of studies showed a significant correlation between prenatal antibiotic exposure and the risk of ASD and CP in the included prospective cohorts, no such association was found in retrospective studies.

Our findings are consistent with the previously published meta-analysis by Lee et al. (21) for ASD and by Ai et al. (22) for ADHD. There is no meta-analysis available for the possible association between prenatal antibiotic exposure and the risk of CP and epilepsy.

Lee et al. (21) concluded that prenatal antibiotic exposure may increase the risk of ASD in children. This study confirmed that while the use of antibiotics before and after birth raised the risk of ASD, only prenatal antibiotic use was substantially higher in children with ASD compared to children who were not exposed to prenatal treatment. However, the existing studies on the relationship between ASD risk and postnatal antibiotic use do not specifically focus on prenatal antibiotic exposure, making the comparison or evaluation of the risk levels of pre- and post-natal antibiotic use difficult. Another meta-analysis by Ai et al. (22) which included 11 studies suggested the association of prenatal antibiotic treatment with an increased risk of ADHD in children. However, there was a high degree of heterogeneity and publication bias in their analysis which may be due to the large disparity in population characteristics, sample size, timing of antibiotic administration, and antibiotic kind. The precision of the reported pooled estimations was also low which limits the applicability of their findings.

In the present meta-analysis, we found a substantial association between prenatal antibiotic exposure and the risk of CP and ASD, as well as an overall association with ADHD and epilepsy. Our results show a strong association between prenatal antibiotic exposure with the increased risk of ADHD and epilepsy development. While our combined results did not indicate that there is a substantial relationship between maternal antibiotic treatment and incidences of ASD and CP in offspring, this association was significant in prospective cohort studies. This could be because neurodevelopmental diseases have multiple causes. For example, non-genetic causes account for 70% of cerebral palsy cases, whereas genetic variables account for 60–70% of epilepsy, ADHD, and ASD cases (53–56).

Our systematic review and meta-analysis have some limitations, and therefore, results must be interpreted with caution. Only a limited number of published studies investigated a high degree of heterogeneity between study outcomes. This may be due to the inclusion of studies with different study designs leading to recall bias for the observed findings. Variability in the available outcomes, such as the type, number, and timing of antibiotic exposures among the included studies, limited our ability to perform further subgroup analyses. Due to the lack of genetic predisposition data, we were not able to correlate our findings with antibiotic exposure.



Conclusion

Our data show that prenatal antibiotic exposure during pregnancy is linked to a higher incidence of ADHD and epilepsy in children. Further prospective studies, comparing prenatal antibiotic use with adjustment for various confounders, are needed.
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