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Abstract
Introduction  Antibiotics represent the most common type of medication used during pregnancy and infancy. Antibiotics 
have been proposed as a possible factor in changes in microbiota composition, which may play a role in the aetiology of 
autism and attention deficit/hyperactivity disorder (ADHD). Our aim was to investigate the association between maternal 
and early-life antibiotic use and autism and ADHD in childhood.
Methods  This Swedish nation-wide population-based cohort study included all first live singleton births (N = 483,459) 
between January 2006 and December 2016. The association of dispensed antibiotics with autism and ADHD in children 
aged ≤ 11 years was estimated by applying multivariable logistic regression and generalised estimating equations models.
Results  Of the mothers, 25.9% (n = 125,106) were dispensed ≥1 antibiotic during the exposure period (from 3 months 
pre-conception to delivery), and 41.6% (n = 201,040) of the children received ≥ 1 antibiotic in early life (aged ≤ 2 years). 
Penicillin was the most prescribed antibiotic class (17.9% of mothers, 38.2% of children). Maternal antibiotic use was associ-
ated with an increased risk of autism [odds ratio (OR) = 1.16, 95% confidence interval (CI) 1.09–1.23] and ADHD (OR = 
1.29, 95% CI 1.21–1.36) in childhood. Early-life exposure to antibiotics showed an even stronger association [autism (OR 
= 1.46, 95% CI 1.38–1.55); ADHD (OR = 1.90, 95% CI 1.80–2.00)]. Both maternal and childhood-exposure sub-analyses 
suggested a dose-response relationship.
Conclusion  Maternal and early-life antibiotic use was associated with an increased risk of autism and ADHD in childhood. 
However, differences were noted by exposure period and antibiotic classes.

Plain Language Summary
Antibiotics are commonly prescribed to pregnant women, infants, and toddlers. Antibiotic use during pregnancy may alter 
the maternal microbiota, which can influence the microbial colonisation of the gastrointestinal system of the foetus. It has 
been claimed that antibiotic use during pregnancy may have an effect on the gut-brain axis and, as a result, neurodevelop-
ment. Neurodevelopmental disorder (NDD) is a category of illnesses characterised by functional impairments that manifest 
early in development. The most frequent NDDs are autism and attention-deficit/hyperactivity disorder (ADHD). In this 
large Swedish nation-wide study, we assessed whether antibiotic use during pregnancy and/or early in life affects the risk 
of developing autism and ADHD. The study found that both maternal antibiotic usage, as well as early childhood antibiotic 
use, were associated with an increased risk of autism and ADHD in children. These associations were altered by the quantity, 
type, and timing of antibiotic exposure.
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Key Points 

Changes in microbiota caused by antibiotic usage 
have been postulated to play a role in the development 
of autism and attention deficit/hyperactivity disorder 
(ADHD).

Both maternal and early-life exposure to antibiotics were 
associated with increased risks of autism and ADHD.

1  Introduction

Neurodevelopmental disorders (NDDs) are chronic dis-
abilities affecting the function of the nervous system and 
the brain, with onset during childhood [1]. The two most 
common NDDs among children are attention-deficit/hyper-
activity disorder (ADHD) diagnosed in 5–10% and autism 
diagnosed among 1–3%, of children globally [2–4]. Sev-
eral of the risk factors are known including (epi-)genetic, 
environmental, and psychosocial factors including pre- and 
perinatal factors such as preterm birth, pollutants, dietary 
factors and parental characteristics (obesity, age)—yet famil-
ial confounding makes it difficult to establish independent 
effects [2–5]. However, evidence indicates that exposure to 
systemic antibiotics during the developmental phase (and in 
early life) may pose a risk factor for these disorders through 
mechanisms grounded in the gut microbiome [6, 7]. The 
estimated antibiotic consumptions account for 80% of pre-
scribed medications during pregnancy [8], and antibiotics 
are also commonly prescribed in early life and childhood 
in the Western world [9, 10]. In Sweden, approximately 
10–12% of women receive antibiotics during each trimester 
of pregnancy separately [11]. Since the maternal microbi-
ome influences the offspring’s microbiome, exposure to anti-
biotics during the perinatal period and early life is believed 
to impact the child’s microbiome biodiversity, directly, and 
indirectly through changes in the maternal microbiome [12, 
13]. This could influence metabolism, bone growth, immu-
nological functions, and it could potentially have effects on 
the developing gut-brain axis and behaviour of the child [14, 
15].

Previous studies have linked maternal and early-life 
antibiotic use with a modestly increased risk of autism and 
ADHD among children, especially in different Western 
settings [1, 7, 16, 17]. However, several previous studies 
have been conducted on limited populations, and it remains 
unclear if the different exposure periods (i.e., pre-concep-
tion, different trimesters, and early life) could influence these 
outcomes. With the aim of filling these knowledge gaps, we 

performed this Swedish population-based cohort study to 
investigate the association between maternal and early-life 
exposure to commonly prescribed antibiotics and autism and 
ADHD during childhood.

2 � Methods

This large population-based study was based on four Swed-
ish nationwide registries, and included all first live singleton 
births (N = 483,459) between January 2006 and Decem-
ber 2016; and all live singleton births (N = 1,095,645) for 
the additional parity analyses. The unique Swedish per-
sonal identification number allowed for a valid data linkage 
across the Medical Birth Registry, Causes of Death Registry, 
Swedish Prescribed Drug Registry, and the National Patient 
Registry (inpatient and specialist outpatient care) [18]. This 
cohort has previously been described in more detail [19, 
20], and was approved by the Regional Ethics Committee 
of Stockholm (2017/2423–31), which waived the need for 
informed consent because of the registry-nature of the data. 
The study accords to European General Data Protection 
Regulations, and the Declaration of Helsinki.

2.1 � The Swedish National Health Registries Used 
in the Study

The Medical Birth Registry (established in 1973) contains 
data on > 99% of births including information from all 
antenatal visits, delivery, and early-life paediatric examina-
tions [21, 22]. This registry was used to ascertain data on 
maternal characteristics, outcomes (maternal and offspring), 
lifestyle factors, and socioeconomic indicators. The Swedish 
Prescribed Drug Registry was used to ascertain data on all 
dispensed prescriptions in outpatient care since July 2005 
[23]. The Swedish Causes of Death Registry, which was 
founded in 1952 [24], was used to acquire information on the 
date of death, and the main cause and underlying and con-
tributing causes of all deaths among children. The National 
Patient Registry provides information on inpatient psychiat-
ric diagnoses since 1973 and hospital-based outpatient visit 
data since 2001. This registry was used to ascertain data on 
all children diagnosed with autism and ADHD based on the 
Swedish version of the International Classification of Dis-
eases 10th edition—ICD-10-SE codes (to note, only the code 
F90.0B is a Swedish-specific code). The in-patient care reg-
istry is nationwide complete from 1987 and onwards, with 
high coverage of the diagnoses [25], with 96% validity for 
the autism diagnosis according to a 2001–2007 validation 
study [26, 27]. The outpatient care registry was established 
in 2001. Since 1st July 2005, the Swedish Prescribed Drug 
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Registry has recorded individual-level data on all outpatient 
care drugs dispensed in Sweden with > 99% completeness 
[23]. Notably, the Registry contains data on both prescrip-
tion and dispensing dates, but the prescription dates are only 
available for drugs that were actually dispensed. Details of 
drugs sold over the counter or administered in hospitals are 
not available; however, information on drugs dispensed at a 
hospital pharmacy is available.

2.2 � Exposure

The exposure was based on filled prescriptions/dispensed 
drugs (referred to as drug use), ascertained from the Swed-
ish Prescribed Drug Registry and defined by the Anatomical 
Therapeutic Chemical (ATC) codes for maternal antibiotic 
use and early-life exposure among children (different sub-
classes are described in Supplementary Table 1A). The ATC 
system codes are used for the classification of active ingre-
dients of drugs according to the organ or system on which 
they act and their therapeutic, pharmacological, and chemi-
cal properties [28]. Maternal exposure was defined as having 
filled ≥ 1 antibiotic prescription at any time during the four 
exposure periods. The exposure periods were defined as fol-
lows: (1) pre-conception period as 90 days before the start of 
the pregnancy, (2) first trimester as 0–97 days of gestation, 
(3) second trimester from 98 to 202 days of gestation, and 
(4) third trimester from 203 days of gestation until delivery. 
The last menstrual period date was calculated by extracting 
the gestational age (as dated at ultrasound, from embryo 
transfer or last menstrual period) from the date of birth. As 
the date of birth was provided in year/month format due to 
privacy regulations, it was set as the 15th of each month in 
all the observations [29, 30]. Early-life exposure was defined 
as having received ≥ 1 dispensed antibiotic from birth until 
2 years of age, ensuring that exposure occurred prior to the 
diagnosis of the outcome; and the first 2 years of life are 
regarded as being the most critical in the formation of a 
healthy microbiome [31].

The utilisation units for drugs were the number of filled 
prescriptions and the estimated duration of treatment, which 
were based on the number of defined daily doses (DDDs) 
per dispensed package. The DDD is “the assumed average 
maintenance dose per day for a drug used for its main indica-
tion in adults” as defined by the World Health Organization. 
The total dosage of each antibiotic class was calculated by 
adding all prescriptions or by estimating the number of days 
exposed throughout the study period [28].

We considered only systemic antibiotics in this study 
because these are more likely to have a systemic effect than 
local antibiotics.

2.3 � Outcomes

The primary outcomes were autism and ADHD, the two 
most common NDDs among children, diagnosed before the 
age of 11 years [31, 32]. These outcomes were identified 
from the Patient Registry (Supplementary Table 1B) [25].

2.4 � Covariates

Several potential confounders were a priori selected based 
on clinical knowledge. The maternal characteristics included 
country of birth (Nordic: Denmark, Norway, Sweden, Fin-
land, Iceland, the Faroe Islands, Greenland, and Åland; or 
non-Nordic), delivery mode (vaginal, caesarean section), 
maternal age at gestation (< 25, 25–29, 30–34, or ≥ 35 
years), maternal body mass index (BMI) at gestation in kg/
m2 (categorised as under-, normal-, over-weight, obese, 
missing) tobacco consumption (self-reported smoking 
and/or moist snuff use) during pregnancy (yes/no), parity 
(first born, second, third, and fourth or higher) and family 
situation (single, cohabiting or other). Child characteristics 
included sex, age, gestational age at birth (< 37 weeks, or 
≥ 37 weeks), Apgar score at 5 min (< 7 or ≥ 7 out of 10), 
and size of gestational age, which was categorised into small 
for gestational age (SGA), appropriate for gestational age 
(AGA), and large for gestational age (LGA).

2.5 � Statistical Analysis

Multivariable logistic regression models were used to assess 
the risk of autism and ADHD in children associated with 
maternal and early-life exposure to antibiotics, presented as 
adjusted odds ratios (ORs) with 95% confidence intervals 
(CIs), controlling for other potential covariates. The mater-
nal and child exposure to antibiotics was assumed mutually 
exclusive, if not labelled otherwise. A purposeful selection 
strategy was employed to fit a parsimonious multivari-
able logistic regression model. A purposeful selection was 
applied to fit a parsimonious multivariable logistic regres-
sion model, as described by Hosmer and Lemeshow for the 
modelling process. Any variable with a significant univari-
able Wald test at the 25% significance level was chosen as a 
candidate for multivariable analysis. Iteratively, predictors 
that were not significant at the 5% level were removed one at 
a time in the multivariable model. Several models were com-
pared using the likelihood ratio test. The impact of remov-
ing individual covariates on parameter estimates for another 
important variable was investigated. A change in a parameter 
estimate above a priori defined threshold (i.e., more than 
20% adjustment in coefficient magnitude of another variable) 
was considered indicative of the omitted variable being a 
true confounder and the variable was retained in the model. 
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Furthermore, reasonable interactions with the variables of 
interest were examined using likelihood ratio tests from a 
biological or clinical standpoint. These included the inter-
action between maternal age and antibiotic usage, mode of 
delivery and maternal age, antibiotic usage and maternal 
country of birth, and antibiotic usage by mothers interact-
ing with antibiotic usage by toddlers under the age of two.

Furthermore, an extra category was created for missing 
values because otherwise, a large proportion of the cohort 
would have to be excluded (6.8% missingness for BMI) and 
due to the cohort size, it was not computationally feasible to 
impute the missing values.

Supplementary analyses were conducted for all pregnan-
cies. Due to correlated data Generalised Estimating Equa-
tions (GEE) models were fit using independent, exchange-
able, and unstructured working correlation structures. The 
exchangeable correlation structure model gave the most 
comparable naïve and robust standard error estimates and 
had the lowest quasi-likelihood under the independence 
model criterion (QIC).

To examine whether the multivariable logistic regression 
model fit the data well, a formal test such as Hosmer and 
Lemeshow statistics was used [33]. The presence of multi-
collinearity was assessed using the variance inflation factors 
(VIF). For GEE, quasi-likelihood under the QIC was used to 
examine the most suitable working correlation structure. All 
analyses were conducted with R version 4.1.0 [34].

3 � Results

The initial cohort included a total of 1,099,506 Swedish 
singleton births. After the exclusion of 3861 stillbirths, the 
final cohort consisted of 1,095,645 live births (Fig. 1). Alto-
gether, the study included 483,459 unique mothers with their 
first live singleton delivery between January 1st, 2006, and 
December 31st, 2016.

Overall, 25.9% of mothers (n = 125,106) were exposed 
to ≥ 1 antibiotic(s) at any time during the exposure period 
(from 3 months preconception and onwards) (Table 1). 
In total, 201,040 children (41.6%) received out-patient 
antibiotics during the first 2 years of life (Supplemen-
tary Table 2). Most mothers were Nordic (78.8%), and 
cohabiting (87.4%) in both groups. More women were 
aged < 25 years among the antibiotic users than non-users 
(28.2% vs 21.3%). Vaginal delivery was marginally less 
common among antibiotic users (79.3%) than non-users 
(81.9%). Most mothers had a normal BMI in both groups. 
Most mothers reported no tobacco consumption during 
pregnancy, although the frequency of use was slightly 
higher among antibiotic users (9.1%) than non-users 
(5.9%). Among first singleton births, boys were slightly 
more represented (51.5%) than girls (48.5%). Most of 

the new-borns (98.1%) received an Apgar score of ≥ 7, 
the majority (94.2%) were delivered at ≥ 37 weeks, and 
94.7% were AGA.

Of all children, 1.0% (n = 4951) were diagnosed with 
autism, with 78.4% (n = 3882) boys and 21.6% (n = 
1069) girls. Overall, 1.2% (n = 5611) were diagnosed 
with ADHD, with 75.9% (n = 4259) boys and 24.1% (n = 
1352) girls (Supplementary Table 3). Children diagnosed 
with ADHD had somewhat younger mothers (37.5% 
were aged < 25 years) compared to those diagnosed with 
autism (26% were aged < 25 years).

The different antibiotic classes prescribed to mothers 
during pre-conception and the different trimesters are 
shown in Fig. 2a and b. Of the various antibiotic classes, 
penicillin beta-lactam antibacterials were the most fre-
quently prescribed antibiotic class across all exposure 
periods as well as during early life exposure, correspond-
ing to 17.9% of mothers and 38.2% of children (Supple-
mentary Table 4). The trend for penicillin beta-lactam 
antibacterials and other antibiotic classes increased in 
the first and second trimesters, yet decreased during the 
third. In contrast, the use of tetracyclines, nitroimidazole, 
sulphonamides/trimethoprim, and macrolides decreased 
during the exposure period. In contrast, the use of non-
penicillin beta-lactams was slightly lower during the 
pre-conception period compared to all other classes, but 
increased throughout the pregnancy.

Fig. 1   Flowchart of the study cohort displaying the data filtration pro-
cess and the final cohort selection, including sample size. GEE Gen-
eralised Estimating Equations
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3.1 � Association with Autism and ADHD

Compared to children with no maternal antibiotic exposure, 
autism (OR = 1.16, 95% CI 1.09–1.23) and ADHD (OR = 
1.29, 95% CI 1.21–1.36) occurred more frequently among 
children whose mothers used systemic antibiotics at any time 

during the exposure period (Table 2). Compared to children 
without early-life exposure, early-life antibiotic use was 
more strongly associated with ADHD (OR = 1.90, 95% CI 
1.80–2.00) than autism (OR = 1.46, 95% CI 1.38–1.55), 
independent of maternal antibiotic use (Table 2, Supple-
mentary Table 5). During the model development process, 

Table 1   Characteristics of 
mothers with their first live 
singleton delivery between 
January 1st, 2006, and 
December 31st, 2016 included 
in the cohort, by exposure 
to maternal antibiotic use (3 
months pre-conception and/or 
during pregnancy)

No antibiotics n (%) Antibiotics n (%) Total n (%)
358,353 (74.1) 125,106 (25.9) 483,459 (100.0)

Maternal characteristics
Mode of delivery
 Vaginal 293,562 (81.9) 99,238 (79.3) 392,800 (81.2)
 Caesarean (acute or elective) 64,791 (18.1) 25,868 (20.7) 90,659 (18.8)

Maternal age at delivery, in years
 < 25 764,72 (21.3) 35,221 (28.2) 111,693 (23.1)
 25–29 131,833 (36.8) 42,580 (34.0) 174,413 (36.1)
 30–34 106,202 (29.6) 32,451 (25.9) 138,653 (28.7)
 > 34 43,846 (12.2) 14,854 (11.9) 58,700 (12.1)

Smoking/snuff status
 No 337,273 (94.1) 113,748 (90.9) 451,021 (93.3)
 Yes 21,080 (5.9) 11,358 (9.1) 32,438 (6.7)

Maternal country of birth
 Non-Nordic 75,712 (21.1) 26,670 (21.3) 102,382 (21.2)
 Nordic 282,641 (78.9) 98,436 (78.7) 381,077 (78.8)

Family situation
 Cohabiting 316,201 (88.2) 106,402 (85.0) 422,603 (87.4)
 Single 7269 (2.0) 3668 (2.9) 10,937 (2.3)
 Other 19,125 (5.3) 9330 (7.5) 28,455 (5.9)
 Missing 15,758 (4.4) 5706 (4.6) 21,464 (4.4)

Maternal body mass index at gestation
 Underweight 39,801 (11.1) 14,393 (11.5) 54,194 (11.2)
 Normal weight 185,309 (51.7) 61,537 (49.2) 246,846 (51.1)
 Overweight 76,040 (21.1) 26,735 (21.4) 102,775 (21.3)
 Obese 33,004 (9.2) 13,664 (10.9) 46,668 (9.6)
 Missing 24,199 (6.7) 8777 (7.0) 32,976 (6.8)

Child characteristics
Sex
 Boy 184,366 (51.4) 64,709 (51.7) 249,075 (51.5)
 Girl 173,987 (48.6) 60,397 (48.3) 234,384 (48.5)

Apgar scored at 5 min
 < 7 5424 (1.5) 2183 (1.7) 7607 (1.6)
 ≥ 7 351,889 (98.2) 122,536 (97.9) 474,425 (98.1)

Missing 1040 (0.3) 387 (0.3) 1427 (0.3)
Pre-term birth (< 37 weeks)
 No 338,238 (94.4) 117,389 (93.8) 455,627 (94.2)
 Yes 20,115 (5.6) 7717 (6.2) 27,832 (5.8)

Size for gestational age
 Small 11,814 (3.3) 4207 (3.4) 16,021 (3.3)
 Appropriate (normal) 339,794 (94.8) 118,013 (94.3) 457,807 (94.7)
 Large 6272 (1.8) 2685 (2.1) 8957 (1.9)
 Missing 473 (0.1) 201 (0.2) 674 (0.1)
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no assessed potential interactions reached statistical signifi-
cance—and therefore no interaction factors needed to be 
incorporated in the models.

3.2 � Association with Other Risk Factors

Several maternal and child characteristics appeared to affect 
the outcomes (Table 2, Supplementary Table 3), including 
maternal age, region, mode of delivery, smoking, preterm 
birth, Apgar scores and SGA. Furthermore, autism (OR = 
3.4, 95% CI 3.14, 3.60) and ADHD (OR = 2.9 95% CI 2.73, 
3.08) were more common among boys than girls.

3.3 � Antibiotic Classes

Compared to children with no maternal exposure to anti-
biotics, maternal penicillin and non-penicillin beta-lactam 
exposure were associated with higher odds of autism and 
ADHD (Table 3). Maternal exposure to all different anti-
biotic classes was associated with ADHD, apart from qui-
nolones and nitroimidazole. Sulphonamides and trimetho-
prim showed the strongest association (OR = 1.88, 95% CI 
1.54–2.29). In contrast, early-life exposure to all different 
antibiotic classes was associated with higher odds of autism 
and ADHD, apart from nitroimidazole.

3.4 � Different Exposure Periods

Compared to children without pre-conceptional exposure, 
pre-conceptional exposure to antibiotics was associated 
with more frequently recorded ADHD (OR = 1.26, 95% CI 
1.16–1.37) whilst the association with autism was marginal 
(OR = 1.10, 95% CI 1.00–1.21) (Table 4). Exposure to anti-
biotics during the first and second trimester was associated 
with higher risks of autism (OR = 1.22, 95% CI 1.11–1.34) 

and ADHD (OR = 1.29, 95% CI 1.19–1.40), compared to 
children with no maternal exposure to antibiotics during 
these periods.

3.5 � Cumulative Exposure

The patterns of dose-response relationship were similar for 
maternal and early-life antibiotic exposure. For maternal 
exposure, the point estimates were highest for ≥ 3 filled 
prescriptions, which were associated with higher odds of 
autism (adjusted OR = 1.45, 95% CI 1.23–1.70) and ADHD 
(adjusted OR = 1.70, 95% CI 1.48–1.95) when compared to 
unexposed (Table 5). Similarly, among children with early-
life exposure, the odds of autism and ADHD were the high-
est among those with a cumulative exposure of ≥ 3 weeks.

3.6 � Supplementary Analysis

The results from the supplementary analyses utilising GEE 
models were consistent with those reported in the analyses 
including only first-born children (Supplementary Table 6). 
Overall, factors that were associated with an increased risk 
of child autism and ADHD in the main analysis showed the 
same associations in our GEE models. However, compared 
to the main analyses, higher parity (≥ 4) was associated with 
a higher risk of ADHD (OR = 1.26, 95% CI 1.16–1.37) 
among children.

4 � Discussion

The findings of this population-based cohort study indi-
cate that maternal and early-life antibiotic use was associ-
ated with an increased risk of autism and ADHD among 
children. However, we observed differences based on 

Fig. 2   Maternal antibiotic exposure, by the various exposure periods. 
The y-axis displays the maternal antibiotic consumption based on the 
number of women exposed. The x-axis displays the different time 

periods considered in the study. Pre-conception was defined as having 
received antibiotics 3 months before the conception.
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the timing of the exposure period and the various antibi-
otic classes. Furthermore, the risk of autism and ADHD 
increased with cumulative exposure to antibiotics indicat-
ing a dose-response relationship. Overall, maternal anti-
biotic use was more strongly associated with ADHD (OR 
= 1.29, 95% CI 1.21–1.36) than autism (OR = 1.16, 95% 
CI 1.09–1.23). The associated risks seemed even higher 
for early-life exposure to antibiotics, for both ADHD (OR 
= 1.90, 95% CI 1.80–2.00) and autism (OR = 1.46, 95% 
CI 1.38–1.55). Moreover, exposure to antibiotics during 
the pre-conception period was associated with the risk of 
ADHD, yet only marginally with autism. As expected, the 
use of contraindicated antibiotics such as tetracyclines and 
sulphonamides/trimethoprim decreased during the expo-
sure period.

The largest strength of our study was the nationwide and 
population-based design, increasing statistical power and 
limiting the risk of selection bias, facilitating the generalis-
ability of our results. In addition, the study was based on 
an a priori defined study protocol, taking advantage of the 
high-quality Swedish health care registries with valid data 
on the exposure, outcomes, and covariates. The exposure 
was ascertained from the virtually 100% complete Swedish 
Prescribed Drug Registry for outpatient care filled drugs 
[18].

Antibiotics are not sold over the counter in Sweden, mini-
mising the risk of exposure misclassification. Although full 
compliance cannot be ascertained, the primary non-com-
pliance can be ruled out given that all prescriptions were 
dispensed [35]. In addition, we restricted our analyses to 
early-life antibiotic use during the first 2 years to limit the 
effect of reverse causation (in which the exposure occurred 
after the first signs and symptoms of our outcomes). We 
opted for a statistical approach dividing exposure by trimes-
ter, and not as “time-varying” exposure, since this trimester-
division is very relevant for clinical practice. In addition, we 
have no information on the prescribed daily dose, needed to 
define exposure periods. Whereas we could adjust for sev-
eral potential confounding factors, some variables such as 
obesity are underreported in the registries. Here, maternal 
obesity and over-weight were accurately measured because 
we calculated the BMI, yet weight information was missing 
in 6.8% of women. Tobacco consumption could potentially 
be underreported, given that these variables were based on 
self-reported data. Generalisability to non-Nordic popula-
tions with different prevalence of autism and ADHD may be 
limited, particularly considering the strong hereditary nature 
of both disorders.

Furthermore, some underreporting of ADHD and 
autism is likely because these disorders may also be 
diagnosed at a later age (maximal follow-up to 11 years). 
Therefore, we expect to cover the most severe cases and we 
also acknowledge the likely underdiagnosis/underreporting 

Table 2   Odds ratios (ORs) with 95% confidence intervals (CIs) for 
child autism and attention-deficit/hyperactivity disorder (ADHD) in 
association with mother and child characteristics

Bold values indicate statistically significant  p values (p < 0.05)
BMI body mass index
a Unexposed was the reference

Child autism Child ADHD

OR 95% CI OR 95% CI

Antibiotics exposure
Any antibioticsa

 Consumed by mothers 1.16 (1.09–1.23) 1.29 (1.21-1.36)
 Consumed by child 1.46 (1.38–1.55) 1.90 (1.80–2.00)

Maternal characteristics
Mode of delivery
 Caesarean (acute or elective) 1.23 (1.15–1.32) 1.13 (1.05–1.21)
 Vaginal (ref)

Maternal age (years)
 < 25 0.91 (0.83–1.00) 1.80 (1.63–1.98)
 25–29 0.81 (0.74––.88) 1.12 (1.01–1.23)
 30–34 0.86 (0.78–0.94) 1.00 (0.91–1.11)
 > 34 (ref)

Maternal country of birth
 Nordic 0.62 (0.58–0.66) 1.66 (1.54–1.79)
 Non-Nordic (ref)

Family situation
 Cohabits with father (ref)
 Single 1.38 (1.19–1.61) 1.74 (1.53–1.98)
 Other 1.29 (1.16–1.44) 1.50 (1.37–1.64)
 Missing 0.88 (0.74–1.04) 0.95 (0.81–1.10)

Smoking/snuff status
 Yes 1.28 (1.15–1.41) 1.95 (1.81–2.10)
 No (Ref)

Maternal BMI at gestation
 Underweight 0.98 (0.89–1.08) 0.89 (0.81–0.98)
 Normal weight (ref)
 Overweight 1.15 (1.07–1.24) 1.15 (1.07–1.23)
 Obese 1.48 (1.35–1.61) 1.66 (1.54–1.80)
 Missing 1.39 (1.22–1.59) 1.65 (1.46–1.85)

Child characteristics
Sex
 Boy 3.36 (3.14–3.60) 2.90 (2.73–3.08)
 Girl (ref)

Pre-term birth (< 37 weeks)
 Yes 1.35 (1.22–1.50) 1.19 (1.08–1.32)
 No (ref)

Apgar score at 5 min
 < 7 1.52 (1.28–1.80) 1.00 (0.82–1.22)
 ≥ 7 (Ref)
 Missing 1.01 (0.63–1.62) 1.82 (1.30–2.55)

Size for gestational age
 Small (< 2500 g) 1.32 (1.16–1.51) 1.4 (1.24–1.59)
 Appropriate (normal) (ref)
 Large (macrosomia> 4500 g) 1.01 (0.83–1.24) 1.08 (0.90–1.29)
 Missing 1.74 (1.00–3.02) 1.80 (1.09–2.96)
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of these outcomes, particularly in girls [36, 37]. Never-
theless, we would expect this potential misclassification 
due to underreporting to occur at random between the 
groups, leading to a dilution (underestimation) of the 
effect because of nondifferential misclassification [38]. 
Yet, the opposite could also be true, with a differential 
over-diagnosing particularly of ADHD in those families 

most frequently exposed to antibiotics [38]. Especially 
with the ADHD association, we cannot rule out some con-
founding by medicalisation: some parents and physicians 
might want to use antibiotics ‘just in case’ an infection 
might be bacterial (although it is probably viral), and the 
same preference for medications ‘just in case’ might cause 
greater use of ADHD medications for social behaviour 
problems, and thereby an overdiagnosis of ADHD. With 
autism, protective parenting might increase the chance 
of overuse of antibiotics. The relatively similar effects of 
antibiotic exposure during all time-periods, including the 
pre-conception period, might also support confounding by 
medicalisation.

Supplementary analyses were performed applying GEE 
models because the multivariable logistic regression models 
cannot account for the occurrence of correlation between 
pregnancies from the same mother. The obtained results 
were similar, indicating the robustness of our findings. Only 
among the fourth and subsequent childbirths, the effect of 
parity was associated with higher odds of ADHD (OR = 
1.26, 95% CI 1.16–1.37), compared to the first-born child. 
Unfortunately, no data were available on potential neonatal 
exposure to antibiotics through breastfeeding [39].

Our findings are consistent with a previous meta-analysis 
of ten studies (published between 2016 and 2020), which 
found an association of antibiotic use in childhood and an 
increased risk of autism spectrum disorder (OR = 1.13, 95% 

Table 3   Adjusted odds ratios 
(ORs) with 95% confidence 
intervals (CIs) for child 
autism and attention-deficit/ 
hyperactivity disorder (ADHD) 
assessing the maternal and 
early-childhood exposure to 
antibiotics, by various antibiotic 
classes

All analyses were adjusted for the mode of delivery, maternal age, maternal country of birth, maternal fam-
ily situation, cigarette/snuff consumption, maternal body mass index, sex of the child, preterm birth (< 37 
weeks), Apgar at 5 min (< 7), and size for gestational age
Bold values indicate statistically significant  p values (p < 0.05)

Child autism Child ADHD

OR 95% CI OR 95% CI

Antibiotic classes dispensed by mothers
 Ref (unexposed)
 Beta-lactam antibacterials, penicillin 1.16 (1.09–1.25) 1.14 (1.07–1.22)
 Non-penicillin beta-lactam antibacterials 1.29 (1.11–1.49) 1.48 (1.31–1.68)
 Macrolides 1.22 (0.99–1.51) 1.30 (1.09–1.56)
 Tetracyclines 1.13 (0.93–1.37) 1.33 (1.13–1.56)
 Sulphonamides and trimethoprim 1.18 (0.90–1.55) 1.88 (1.54–2.29)
 Quinolones 1.07 (0.80–1.44) 1.17 (0.91–1.51)
 Nitroimidazole 1.13 (0.93–1.37) 1.17 (0.99–1.39)
 Other antibiotics 1.10 (0.99–1.23) 1.20 (1.09–1.32)

Antibiotic classes received by the children in early childhood
 Ref (unexposed)
 Beta–lactam antibacterials, penicillin 1.42 (1.35–1.51) 1.88 (1.78–1.99)
 Non-penicillin beta-lactam antibacterials 1.15 (1.01–1.30) 1.14 (1.01–1.28)
 Macrolides 1.26 (1.10–1.44) 1.35 (1.20–1.52)
 Nitroimidazole 2.08 (1.39–3.12) 1.19 (0.73–1.94)
 Other antibiotics 1.34 (1.16–1.54) 1.37 (1.20–1.56)

Table 4   Adjusted odds ratios (ORs) with 95% confidence intervals 
(CIs) for the association between maternal antibiotic use and autism 
and attention-deficit/hyperactivity disorder (ADHD) in childhood 
stratified by the exposure periods

All analyses were adjusted for the mode of delivery, maternal age, 
maternal country of birth, maternal family situation, cigarette/snuff 
consumption, maternal body mass index, sex of the child, preterm 
birth (< 37 weeks), Apgar at 5 min (< 7), and size for gestational age

Child autism Child ADHD

OR 95% CI OR 95% CI

Reference: unexposed in the various periods
 Pre-conception 

(3 months before 
pregnancy)

1.10 (1.00–1.21) 1.26 (1.16–1.37)

 First trimester 1.22 (1.11–1.34) 1.21 (1.11–1.32)
 Second trimester 1.17 (1.06–1.28) 1.29 (1.19–1.40)
 Third trimester 1.16 (1.05–1.28) 1.24 (1.14–1.36)
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CI 1.07–1.21) and ADHD (OR = 1.18, 95% CI 1.10–1.27, 
N = 6), yet did not distinguish between different antibiotic 
classes or exposure periods, and maternal exposure [40]. 
Furthermore, a Finnish population-based study including 
990,098 live births between 1996 and 2012 found a mod-
estly increased association with in utero and early-life expo-
sure to antibiotics and ADHD later in childhood [41]. Our 
estimates suggest that early-life exposure is associated with 

higher odds of ADHD and autism than exposure to maternal 
antibiotic use. Of note, pre-conceptional antibiotic exposure 
was associated with an increased risk of ADHD in children, 
whereas the association with autism was marginal.

Furthermore, we found that maternal use of penicillin 
and other non-penicillin beta-lactam antibacterials were 
associated with an increased risk of autism, whereas sul-
phonamides and trimethoprim suggested the highest risk 
of ADHD. In contrast, early-life exposure to all antibiotic 
classes showed an increased risk of autism and ADHD, apart 
from nitroimidazole, for which no association was found 
with ADHD.

Current evidence indicates that the child’s microbiome 
is largely inherited from the mother [12]. These findings, 
however, appear to highlight that the two first years of life 
are critical in the formation of a healthy microbiome in the 
offspring. Furthermore, our findings also suggest that boys 
(exposed to antibiotics) have a higher risk of being diag-
nosed with autism and ADHD than girls. This gender dispar-
ity is consistent with prior research, which shows that men 
are diagnosed with ADHD and autism at a higher rate and 
at a younger age than women [36, 37].

Overall, antibiotic use during pregnancy has been sug-
gested as a risk factor for NDDs among children, poten-
tially through changes in the gut microbiome [31, 32]. Our 
rather consistent risk increase among all antibiotic classes 
may indeed be more supportive of an indirect effect through 
microbiome changes, than a direct effect on neurodevelop-
ment from a specific antibiotic subtype. Despite varying 
aetiologies, early gastro-intestinal tract symptoms (includ-
ing diarrhoea, constipation, bloating) seem to be prevalent 
among children with autism and ADHD [42–44]. This may 
support a potential (bi-directional) role of the gut microbi-
ome through dysbiosis and the gut-brain axis [31]. Whereas 
the effect of different antibiotic classes remains unclear, 
varying patterns and especially the abundance of some 
Clostridia and Bacteroidetes species have been reported 
for autism further supporting the involvement of the gut 
microbiome [17, 42, 45]. Moreover, the caesarean section 
(and being born prematurely) is associated with microbiome 
alterations giving rise to short- and long-term health effects 
in the offspring [46]. Our identified higher risk after caesar-
ean section also supports the potential involvement of the 
microbiome in early-life neurodevelopment. In addition, our 
data showed that prematurely born children (< 37 weeks) or 
SGA children had a higher risk of autism and ADHD, but 
factors other than the microbiome are likely to be involved 
[46]. In a recent French cohort, children of lower socioeco-
nomic status (SES) families appeared to present more severe 
intellectual impairment and received an earlier diagnosis of 
autism compared to children from higher SES families [47]. 
In Sweden the access to health care is equal to everyone, yet 
it is possible that SES and other sociocultural factors could 

Table 5   Dose-response relationship between exposure to any antibi-
otics during pregnancy and the odds of autism and attention-deficit/
hyperactivity disorder (ADHD), expressed as adjusted odds ratios 
(ORs) and 95% confidence intervals (CIs)

All analyses were adjusted for the mode of delivery, maternal age, 
maternal country of birth, maternal family situation, cigarette/snuff 
consumption, maternal body mass index, sex of the child, preterm 
birth (< 37 weeks), Apgar in 5 min (< 7), and size for gestational age
Bold values indicate statistically significant  p values (p < 0.05)

Child autism Child ADHD

OR 95% CI OR 95% CI

Maternal dose-response
Number of antibiotic courses (continuous)

1.11 (1.08–1.15) 1.16 (1.13, 1.19)
Categorised number of antibiotics courses
Non-users (ref)
One prescription 1.14 (1.05–1.23) 1.25 (1.17–1.34)
Two prescriptions 1.38 (1.22–1.56) 1.49 (1.33–1.66)
Three or more prescriptions 1.45 (1.23–1.70) 1.70 (1.48–1.95)
Cumulative antibiotic duration (days) (continuous)

1.01 (1.00–1.01) 1.01 (1.01–1.01)
Categorised cumulative antibiotic duration
Non-users (ref)
1 week 1.09 (0.99–1.21) 1.27 (1.16–1.39)
2 weeks 1.26 (1.12–1.41) 1.36 (1.23–1.51)
3 weeks 1.35 (1.19–1.53) 1.29 (1.15–1.46)
More than 3 weeks 1.33 (1.15–1.55) 1.63 (1.43–1.85)
Child dose-response
Number of antibiotic courses

1.08 (1.07–1.09) 1.10 (1.10–1.11)
Categorised number of antibiotics courses
Non-users (ref)
One prescription 1.29 (1.20–1.39) 1.54 (1.44–1.65)
Two prescriptions 1.45 (1.32–1.58) 1.94 (1.79–2.11)
Three or more prescriptions 1.84 (1.70–1.99) 2.66 (2.48–2.86)
Cumulative antibiotic duration (days) (continuous)

1.02 (1.02–1.02) 1.02 (1.02–1.02)
Categorised cumulative antibiotic duration
Non-users (ref)
1 week 1.32 (1.23–1.41) 1.63 (1.53–1.74)
2 weeks 1.50 (1.37–1.63) 2.10 (1.95–2.27)
3 weeks 1.84 (1.63–2.07) 2.67 (2.40–2.96)
More than 3 weeks 2.15 (1.89–2.45) 2.75 (2.45–3.09)
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influence the utilisation of health care services. The use of 
antibiotics might vary across these parameters, even if pre-
scriptions are filled [48].

To note, almost all preterm babies are exposed to antibi-
otics in hospital settings and during early life. In our study, 
we did not assess in-hospital antibiotic use, as it is not 
recorded in the Drug Registry. This could result in mis-
classification of new-borns that received only in-hospital 
antibiotics, potentially underestimating/diluting the effect. 
However, 28% of the preterm babies in our cohort received 
outpatient care antibiotics. In total, 5.7% of the children 
were born pre-term, and thus the antibiotic effect through 
confounding by indication (prematurity itself and early-life 
infections) cannot be ruled out.

Confounding by indication, genetics, and other con-
founding factors cannot be entirely ruled out with the pre-
sent design and data sources, as the Swedish prescribed 
drug registry does not record indications. It has been 
hypothesised that major infections, particularly during the 
third trimester, could influence foetal brain development 
[49]. Yet, to date, the Swedish prescribed drug registry 
does not contain in-patient antibiotic use. To what extent 
the potential effect of antibiotic exposure during pregnancy 
and early life differs depending on (epi-)genetic predisposi-
tion to autism and ADHD, remains to be explored [40, 50]. 
For both disorders, heritability estimates up to 80% have 
been reported, with at least 200 different genes being linked 
to the risk of autism spectrum disorders, and ADHD also 
being described as polygenic (many genes have been asso-
ciated but all with small individual effects) [2, 4, 50, 51].

Antibiotic exposure was high in this cohort, with 26% 
of mothers and 42% of children using out-patient antibiot-
ics during pregnancy (including 3 months pre-conception) 
and first 2 years of life, respectively. However, these figures 
are comparable to antibiotic consumption in other Nordic 
countries [52–55]. Whereas this study cannot determine 
the underlying pathophysiological mechanisms or establish 
causality, these results underscore that potential short- and 
long-term consequences for the mother and child should be 
considered when prescribing antibiotics during pregnancy 
and early life.

To conclude, our results suggest that maternal and early-
life antibiotic use is associated with a higher risk of autism 
and ADHD. However, the risks seem to differ by the timing 
of exposure and antibiotic class consumed, and we found 
evidence for a dose-response relationship.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s40264-​023-​01297-1.

Acknowledgements  We wish to acknowledge our gratitude to the thou-
sands of people, physicians, and health care workers who contributed 
to the data collection, and the National Board of Health and Welfare 
for collecting the data.

Funding  Open access funding provided by Karolinska Institute.

Declarations 

Funding  Romina Fornes received funding from the "National Commis-
sion for Scientific and Technological Research". CONICYT, scholar-
ship program “Becas Chile, Postdoctorado en el extranjero”. RB was 
funded as a postdoctoral researcher by the Research Foundation—Flan-
ders (FWO: 2019–2021, 12I6319N).

Conflict of interest  No authors have conflicts of interest that are di-
rectly relevant to the content of this manuscript.

Ethics approval  This study was approved by the Regional Ethics 
Committee of Stockholm (2017/2423–31), which waived the need for 
informed consent because of the registry-nature of the data. The study 
accords to European General Data Protection Regulations, and the 
Declaration of Helsinki.

Consent to participate  Not applicable.

Consent for publication  Not applicable.

Availability of data and material (data transparency)  De-identified data 
are available upon reasonable requested (contact corresponding author 
NB, principal investigator of the study) under the condition that all 
ethical and data-sharing requirements are fulfilled. Due to the registry-
based nature of the data, containing clinical and personal information, 
it is not allowed by the National Board of Health and Welfare to deposit 
these data publicly.

Code availability  Available by contacting the corresponding author.

Authors' contributions  LLN, JS, RB and NB designed the study. Data 
management was conducted by LLN, RF and JS. LLN, junior statisti-
cian, conducted the statistical analyses under supervision of JS, NB 
as clinical epidemiologists, and senior statistician RB. All authors 
interpreted the results, with IM (child psychiatrist) and SC (infectious 
diseases/internal medicine expert) as clinical experts, and IO as expert 
on neurodevelopmental disorders, and LE as expert in clinical micro-
biology/microbiome. LLN, JS and NB drafted the manuscript, which 
was critically revised and approved for submission by all authors (RF, 
IM, SC, IO, LE, RB). All authors (LLN, JS, RB, IO, IM, SC, LE, RB, 
NB) agree to be personally accountable for their own contributions, and 
ensure that questions related to the accuracy or integrity of any part of 
the work, even ones in which the author was not personally involved, 
are appropriately investigated, resolved and the resolution documented 
in the literature. All authors read and approved the final version.

Open Access  This article is licensed under a Creative Commons Attri-
bution-NonCommercial 4.0 International License, which permits any 
non-commercial use, sharing, adaptation, distribution and reproduction 
in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Com-
mons licence, and indicate if changes were made. The images or other 
third party material in this article are included in the article's Creative 
Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article's Creative Commons 
licence and your intended use is not permitted by statutory regula-
tion or exceeds the permitted use, you will need to obtain permission 
directly from the copyright holder. To view a copy of this licence, visit 
http://​creat​iveco​mmons.​org/​licen​ses/​by-​nc/4.​0/.



477Antibiotics During Pregnancy and Early Life and Neurodevelopment

References

	 1.	 Carlsson T, Molander F, Taylor MJ, Jonsson U, Bölte S. Early 
environmental risk factors for neurodevelopmental disorders—a 
systematic review of twin and sibling studies. Dev Psychopathol. 
2021;33(4):1448–95.

	 2.	 Brikell I, Burton C, Mota NR, Martin J. Insights into attention-
deficit/hyperactivity disorder from recent genetic studies. Psychol 
Med. 2021;51(13):2274–86.

	 3.	 Havdahl A, Niarchou M, Starnawska A, Uddin M, van der Merwe 
C, Warrier V. Genetic contributions to autism spectrum disorder. 
Psychol Med. 2021;51(13):2260–73.

	 4.	 Chiurazzi P, Kiani AK, Miertus J, Paolacci S, Barati S, Manara E, 
et al. Genetic analysis of intellectual disability and autism. Acta 
Biomed. 2020;91(13s):e2020003.

	 5.	 Rodriguez-Gomez DA, Garcia-Guaqueta DP, Charry-Sánchez 
JD, Sarquis-Buitrago E, Blanco M, Velez-van-Meerbeke A, 
et al. A systematic review of common genetic variation and bio-
logical pathways in autism spectrum disorder. BMC Neurosci. 
2021;22(1):60.

	 6.	 Rai D, Lewis G, Lundberg M, Araya R, Svensson A, Dalman C, 
et al. Parental socioeconomic status and risk of offspring autism 
spectrum disorders in a Swedish population-based study. J Am 
Acad Child Adolesc Psychiatry. 2012;51(5):467-76.e6.

	 7.	 Aversa Z, Atkinson EJ, Schafer MJ, Theiler RN, Rocca WA, Bla-
ser MJ, et al. Association of infant antibiotic exposure with child-
hood health outcomes. Mayo Clin Proc. 2021;96(1):66–77.

	 8.	 Kuperman AA, Koren O. Antibiotic use during pregnancy: how 
bad is it? BMC Med. 2016;14(1):91.

	 9.	 Neuman H, Forsythe P, Uzan A, Avni O, Koren O. Antibiotics 
in early life: dysbiosis and the damage done. FEMS Microbiol 
Rev. 2018;42(4):489–99.

	10.	 Korpela K, Salonen A, Saxen H, Nikkonen A, Peltola V, Jaak-
kola T, et al. Antibiotics in early life associate with specific 
gut microbiota signatures in a prospective longitudinal infant 
cohort. Pediatr Res. 2020;88(3):438–43.

	11.	 Stephansson O, Granath F, Svensson T, Haglund B, Ekbom A, 
Kieler H. Drug use during pregnancy in Sweden—assessed by 
the Prescribed Drug Register and the Medical Birth Register. 
Clin Epidemiol. 2011;01(3):43–50.

	12.	 Sonnenburg ED, Smits SA, Tikhonov M, Higginbottom SK, 
Wingreen NS, Sonnenburg JL. Diet-induced extinctions 
in the gut microbiota compound over generations. Nature. 
2016;529(7585):212–5.

	13.	 Blaser MJ, Falkow S. What are the consequences of the 
disappearing human microbiota? Nat Rev Microbiol. 
2009;7(12):887–94.

	14.	 Schroeder BO, Bäckhed F. Signals from the gut micro-
biota to distant organs in physiology and disease. Nat Med. 
2016;22(10):1079–89.

	15.	 Cryan JF, O’Riordan KJ, Sandhu K, Peterson V, Dinan TG. 
The gut microbiome in neurological disorders. Lancet Neurol. 
2020;19(2):179–94.

	16.	 Lukasik J, Patro-Golab B, Horvath A, Baron R, Szajewska H, 
Group SW. Early life exposure to antibiotics and autism spec-
trum disorders: a systematic review. J Autism Dev Disord. 
2019;49(9):3866–76.

	17.	 Hamad AF, Alessi-Severini S, Mahmud S, Brownell M, Kuo 
IF. Prenatal antibiotic exposure and risk of attention-deficit/
hyperactivity disorder: a population-based cohort study. CMAJ. 
2020;192(20):E527–35.

	18.	 Wettermark B, Hammar N, Fored CM, Leimanis A, Otterblad 
Olausson P, Bergman U, et al. The new Swedish Prescribed Drug 
Register—opportunities for pharmacoepidemiological research 

and experience from the first six months. Pharmacoepidemiol 
Drug Saf. 2007;16(7):726–35.

	19.	 Fornes R, Simin J, Cruz G, Crisosto N, Van Der Schaaf M, et al. 
Pregnancy, perinatal and childhood outcomes in women with and 
without Polycystic Ovary Syndrome and metformin during preg-
nancy: a nationwide population-based study. Reprod Biol Endo-
crinol. 2022;20(30):1–12.

	20.	 Nguyen H, Fornes R, Kamau N, Danielsson H, Callens S, Frans-
son E, et al. Antibiotic use during pregnancy and the risk of pre-
term birth: a population-based Swedish cohort study. J Antimicrob 
Chemother (JAC). 2022;77:1461–7.

	21.	 Källen B, Källen K. The Swedish Medical Birth Register—a sum-
mary of content and quality. Stockholm: The Swedish Centre for 
Epidemiology; 2003.

	22.	 Cnattingius S, Ericson A, Gunnarskog J, Kallen B. A quality study 
of a medical birth registry. Scand J Soc Med. 1990;18(2):143–8.

	23.	 Wettermark B, Zoëga H, Furu K, Korhonen M, Hallas J, Nørgaard 
M, et al. The Nordic prescription databases as a resource for phar-
macoepidemiological research—a literature review. Pharmacoepi-
demiol Drug Saf. 2013;22(7):691–9.

	24.	 Brooke HL, Talbäck M, Hörnblad J, Johansson LA, Ludvigsson 
JF, Druid H, et al. The Swedish cause of death register. Eur J 
Epidemiol. 2017;32(9):765–73.

	25.	 Ludvigsson JF, Andersson E, Ekbom A, Feychting M, Kim JL, 
Reuterwall C, et al. External review and validation of the Swedish 
national inpatient register. BMC Public Health. 2011;11:450.

	26.	 Idring S, Rai D, Dal H, Dalman C, Sturm H, Zander E, et al. 
Autism spectrum disorders in the Stockholm Youth Cohort: 
design, prevalence and validity. PLoS One. 2012;7(7): e41280.

	27.	 Lundstrom S, Reichenberg A, Anckarsater H, Lichtenstein P, Gill-
berg C. Autism phenotype versus registered diagnosis in Swedish 
children: prevalence trends over 10 years in general population 
samples. BMJ. 2015;28(350): h1961.

	28.	 Methodology WCCfDS. ATC classification index with DDDs, 
2022. 2021. https://​www.​whocc.​no/​atc_​ddd_​index_​and_​guide​
lines/​atc_​ddd_​index/. Accessed 29 Mar 2022.

	29.	 Fornes R, Simin J, Nguyen MH, Cruz G, Crisosto N, van der 
Schaaf M, et al. Pregnancy, perinatal and childhood outcomes 
in women with and without polycystic ovary syndrome and met-
formin during pregnancy: a nationwide population-based study. 
Reprod Biol Endocrinol RB&E. 2022;20(1):30.

	30.	 Nguyen MH, Fornes R, Kamau N, Danielsson H, Callens S, Frans-
son E, et al. Antibiotic use during pregnancy and the risk of pre-
term birth: a population-based Swedish cohort study. J Antimicrob 
Chemother. 2022;77(5):1461–7.

	31.	 Borre YE, O’Keeffe GW, Clarke G, Stanton C, Dinan TG, Cryan 
JF. Microbiota and neurodevelopmental windows: implications 
for brain disorders. Trends Mol Med. 2014;20(9):509–18.

	32.	 Bundgaard-Nielsen C, Knudsen J, Leutscher PDC, Lauritsen MB, 
Nyegaard M, Hagstrøm S, et al. Gut microbiota profiles of autism 
spectrum disorder and attention deficit/hyperactivity disorder: a 
systematic literature review. Gut Microbes. 2020;11(5):1172–87.

	33.	 Bursac Z, Gauss CH, Williams DK, Hosmer DW. Purposeful 
selection of variables in logistic regression. Sour Code Biol Med. 
2008;16(3):17.

	34.	 Jombart TICL. An introduction to adegenet 1.3-4. Rvignette; 
2015.

	35.	 Pottegård A, Christensen R, Houji A, Christiansen CB, 
Paulsen MS, Thomsen JL, et al. Primary non-adherence in gen-
eral practice: a Danish register study. Eur J Clin Pharmacol. 
2014;70(6):757–63.

	36.	 Lockwood Estrin G, Milner V, Spain D, Happe F, Colvert 
E. Barriers to autism spectrum disorder diagnosis for young 
women and girls: a systematic review. Rev J Autism Dev Disord. 
2021;8(4):454–70.



478	 L. L. Njotto et al.

	37.	 Quinn PO, Madhoo M. A review of attention-deficit/hyperactivity 
disorder in women and girls: uncovering this hidden diagnosis. 
Prim Care Companion CNS Disord. 2014;16(3):27250.

	38.	 White E. The effect of misclassification of disease status in follow-
up studies: implications for selecting disease classification crite-
ria. Am J Epidemiol. 1986;124(5):816–25.

	39.	 de Sa Del Fiol F, Barberato-Filho S, de Cassia BC, Lopes LC, 
Gauthier TP. Antibiotics and breastfeeding. Chemotherapy. 
2016;61(3):134–43.

	40.	 Yu HY, Zhou YY, Pan LY, Zhang X, Jiang HY. Early life antibi-
otic exposure and the subsequent risk of autism spectrum disorder 
and attention deficit hyperactivity disorder: a systematic review 
and meta-analysis. J Autism Dev Disord. 2022;52(5):2236–46.

	41.	 Lavebratt C, Yang LL, Giacobini M, Forsell Y, Schalling M, 
Partonen T, et al. Early exposure to antibiotic drugs and risk for 
psychiatric disorders: a population-based study. Transl Psychiatry. 
2019;9(1):317.

	42.	 Rosenfeld CS. Microbiome disturbances and autism spectrum 
disorders. Drug Metab Dispos. 2015;43(10):1557–71.

	43.	 Al-Beltagi M. Autism medical comorbidities. World J Clin Pedi-
atr. 2021;10(3):15–28.

	44.	 Kedem S, Yust-Katz S, Carter D, Levi Z, Kedem R, Dickstein A, 
et al. Attention deficit hyperactivity disorder and gastrointestinal 
morbidity in a large cohort of young adults. World J Gastroenterol. 
2020;26(42):6626–37.

	45.	 Axelsson PB, Clausen TD, Petersen AH, Hageman I, Pinborg A, 
Kessing LV, et al. Relation between infant microbiota and autism? 
Results from a National Cohort Sibling Design Study. Epidemiol-
ogy. 2019;30(1):52–60.

	46.	 Sandall J, Tribe RM, Avery L, Mola G, Visser GH, Homer CS, 
et al. Short-term and long-term effects of caesarean section on the 
health of women and children. Lancet. 2018;392(10155):1349–57.

	47.	 Rattaz C, Loubersac J, Michelon C, Geoffray MM, Picot MC, 
Munir K, et al. Factors associated with age of diagnosis in chil-
dren with autism spectrum disorders: report from a French cohort. 
Autism Int J Res Pract. 2022;8:13623613221077724.

	48.	 Schmiege D, Falkenberg T, Moebus S, Kistemann T, Evers 
M. Associations between socio-spatially different urban areas 
and knowledge, attitudes, practices and antibiotic use: a cross-
sectional study in the Ruhr Metropolis, Germany. PLoS One. 
2022;17(3): e0265204.

	49.	 Jash S, Sharma S. Pathogenic infections during pregnancy 
and the consequences for fetal brain development. Pathogens. 
2022;11(2):193.

	50.	 Kian N, Samieefar N, Rezaei N. Prenatal risk factors and genetic 
causes of ADHD in children. World J Pediatr. 2022;18(5):308–19.

	51.	 Li JJ, He Q. Polygenic scores for ADHD: a meta-analysis. Res 
Child Adolesc Psychopathol. 2021;49(3):297–310.

	52.	 Ingstrup KG, Liu X, Gasse C, Debost JP, Munk-Olsen T. Pre-
scription drug use in pregnancy and variations according 
to prior psychiatric history. Pharmacoepidemiol Drug Saf. 
2018;27(1):105–13.

	53.	 Miller JE, Wu C, Pedersen LH, de Klerk N, Olsen J, Burgner D. 
Maternal antibiotic exposure during pregnancy and hospitaliza-
tion with infection in offspring: authors’ reply. Int J Epidemiol. 
2018;47(5):1724.

	54.	 Stokholm J, Schjorring S, Eskildsen CE, Pedersen L, Bischoff 
AL, Folsgaard N, et al. Antibiotic use during pregnancy alters 
the commensal vaginal microbiota. Clin Microbiol Infect. 
2014;20(7):629–35.

	55.	 Trinh NTH, Hjorth S, Nordeng HME. Use of interrupted time-
series analysis to characterise antibiotic prescription fills across 
pregnancy: a Norwegian nationwide cohort study. BMJ Open. 
2021;11(12): e050569.

Authors and Affiliations

Lembris L. Njotto1,2   · Johanna Simin3   · Romina Fornes3   · Ingvild Odsbu4   · Isabelle Mussche5 · 
Steven Callens6,7,8   · Lars Engstrand3   · Robin Bruyndonckx1,9   · Nele Brusselaers3,10,11 

1	 Interuniversity Institute for Biostatistics and statistical 
Bioinformatics (I‑BIOSTAT), Data Science Institute, Hasselt 
University, Diepenbeek, Belgium

2	 Department of Mathematics and ICT, College of Business 
Education (CBE), Dar es Salaam, Tanzania

3	 Department of Microbiology, Tumour and Cell Biology, 
Centre for Translational Microbiome Research (CTMR), 
Karolinska Institutet, Solnavägen 9, 171 77 Stockholm, 
Sweden

4	 Division of Mental and Physical Health, Department 
of Mental Disorders, The Norwegian Institute of Public 
Health, Oslo, Norway

5	 Child and Youth Psychiatry, Centre for Ambulatory 
Revalidation (CAR) Ascendre, Eeklo/Wetteren, Belgium

6	 Department of General Internal Medicine, Ghent University 
Hospital, Ghent, Belgium

7	 Global Health Institutet, Antwerp University, Antwerp, 
Belgium

8	 Department of Head and Skin, Ghent University, Ghent, 
Belgium

9	 Laboratory of Medical Microbiology, Vaccine and Infectious 
Disease Institute (VAXINFECTIO), University of Antwerp, 
Antwerp, Belgium

10	 Global Health Institute, Antwerp University, Antwerp, 
Belgium

11	 Department of Head and Skin, Ghent University, Ghent, 
Belgium


