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Abstract  

Objective: The mechanisms by which antiepileptic drugs (AEDs) cause birth defects (BDs) 

are unknown. Data suggest that AED-induced BDs may result from a genome-wide increase 

of de novo variants in the embryo, a mechanism which we investigated. 

Methods: Whole-exome sequencing data from child-parent trios were interrogated for de novo 

single-nucleotide variants/indels (dnSNVs/indels) and copy number variants (dnCNVs). 

Generalized linear models were applied to assess de novo variant burdens in: children exposed 

prenatally to AEDs (AED-exposed children) vs children without BDs not exposed prenatally 

to AEDs (AED-unexposed unaffected children), and AED-exposed children with BDs vs those 

without BDs, adjusting for confounders. Fisher’s exact test was used to compare categorical 

data.  

Results: 67 child-parent trios were included: 10 with AED-exposed children with BDs; 46 with 

AED-exposed unaffected children; 11 with AED-unexposed unaffected children. The 

dnSNV/indel burden did not differ between AED-exposed children and AED-unexposed 

unaffected children [median dnSNV/indel number/child (range): 3 (0-7) vs 3 (1-5), p=0.50]. 

Among AED-exposed children, there were no significant differences between those with BDs 

and those unaffected. Likely deleterious dnSNVs/indels were detected in 9/67 (13%) children, 

none of whom had BDs. The proportion of cases harbouring likely deleterious dnSNVs/indels 

did not differ significantly between AED-unexposed and AED-exposed children. The dnCNV 

burden was not associated with AED exposure or birth outcome. 

Interpretation: Our study indicates that prenatal AED exposure does not increase the burden 

of de novo variants, and that this mechanism is not a major contributor to AED-induced BDs. 

These results can be incorporated in routine patient counselling.  
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Introduction 

The broad utilization of antiepileptic drugs (AEDs), not only for the treatment of epilepsy but 

also for the management of other diseases such as psychiatric disorders, pain and migraine, has 

resulted in widespread awareness of their adverse effects.1 Anatomical teratogenesis, in 

particular, is a major concern for women of childbearing age on AED therapy.2 Prenatal 

exposure to AEDs is associated with an overall two- to three-fold increased risk of birth 

defects.3 The risk varies across different AED monotherapies, being greatest for valproate 

(VPA), and is dose-dependent, at least for some AEDs.4, 5 For pregnancies exposed to 

polytherapy, the teratogenic risk also depends on the specific drugs included in the 

combination, particularly VPA, rather than simply the number of AEDs.6, 7 The wide range of 

birth defects associated with prenatal AED exposure includes cardiac malformations, neural 

tube defects, cleft lip/palate, hypospadias, and polydactyly.3 Although certain malformations 

are more common with specific AEDs, e.g. neural tube defects with VPA,8 considerable 

phenotypic overlap exists across different drugs.9, 10 

The mechanisms underlying AED-associated birth defects are poorly understood. 

Experimental and clinical data, including the observation that only a minority of AED-exposed 

pregnancies result in birth defects, suggest that genetic factors might be implicated.4, 11-13 

Elucidating these factors would be valuable for improved counselling of AED-treated women 

planning a pregnancy, as well as families in which AED-induced birth defects have occurred. 

Identification of genetic risk factors could also inform AED selection, and lead to the 

development of less teratogenic compounds.  

The considerable overlap in the types of birth defects across different AEDs suggests that AED-

associated anatomical teratogenesis may arise from dysregulation of one or more shared 

biological mechanisms. De novo variants are an important mechanism of human disease, 

including developmental disorders, and investigation of their pathogenic role has been 

facilitated by use of trio-based next-generation sequencing techniques.14 Mutations can arise 

from exposure to certain drugs, e.g. anticancer agents and immunosuppressants.15, 16 Several 

teratogens have mutagenic effects,17 and drug-induced mutations have been proposed as a 
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mechanism of teratogenesis.17-19 The large variety of different types of birth defects seen in 

babies exposed to AEDs in utero, would be consistent with the hypothesis of AEDs producing 

‘random’ mutations in the genome. The same hypothesis would be consistent with the concept 

of genetic heterogeneity, where mutations in different genes, including genes implicated in 

different pathways, can result in the same phenotype. Here, we performed a whole-exome 

sequencing (WES) trio-based study to test whether exposure in utero to AEDs as a class can 

lead to increased genome-wide generation of de novo variants, destabilizing the embryonic 

genome and thus acting as a common mechanism for AED-associated birth defects.  
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Methods 

Subjects 

We established a large international collaboration to investigate the molecular underpinnings 

of AED-associated birth defects, involving centres in Australia, Europe and North America, 

the Australian Pregnancy Register (APR), and the UK and Ireland Epilepsy and Pregnancy 

Register. This study is the first endeavour of this collaboration, and is based on cases recruited 

through the APR. The APR was set up in 1999, and includes prospective or retrospective 

pregnancies from: a) women with epilepsy on AEDs; b) women with epilepsy not taking AEDs; 

and c) women taking AEDs for non-epilepsy indications.5, 13  

Between April 2013 and September 2016, we recruited three types of child-parent trios: 1) trios 

including a child with ≥1 birth defect who was exposed to AEDs in utero (AED-exposed 

affected child); 2) trios including a child without birth defects who was exposed to AEDs in 

utero (AED-exposed unaffected child); and 3) trios including a child without birth defects who 

was not exposed to AEDs in utero (AED-unexposed unaffected child). For the purpose of this 

study, ‘exposure’ refers to treatment(s) taken throughout the first trimester of pregnancy, and 

‘dose’ refers to dose taken at time of conception.  

The study was approved by the Melbourne Health Human Research and Ethics Committee. 

Written informed consent was obtained from all participants, or from parents in the case of 

minors.  

 

Sample collection 

All participants provided blood or saliva samples for genomic DNA extraction. DNA was 

extracted from blood samples using the Gentra Puregene kit, and from saliva samples using the 

PSP SlamaGene Module 2 extraction kit. DNA samples of 30-1500 ng/ul meeting a quality 

threshold of ~1.8 as determined by the NanoDrop 2000 UV-Vis Spectrophotometer (Thermo 

Fisher Scientific, Waltham, USA), were selected for sequencing. 
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Sequencing and bioinformatics pipeline 

For 143 participants, DNA samples were whole-exome sequenced at the Institute for Genomic 

Medicine, Columbia University, New York, USA. DNA libraries were constructed using the 

Kapa Library Preparation Kit Illumina platforms (Kapa Biosystems, Wilmington, USA). For 

exome capture, SeqCap EZ Exome Enrichment Kit version 3.0 (Roche NimbleGen, Madison, 

USA) was used according to the manufacturer’s protocol. Whole-exome sequencing (WES) 

was performed on the Illumina HiSeq 2500 platform (Illumina, San Diego, USA), with an 

average of 100x coverage of 100-bp paired-end reads. After quality filtering the raw sequenced 

data with CASAVA, the Illumina lane-level FASTQ files were aligned to the Human Reference 

Genome (Build 37/hg19) using the Barrows-Wheeler Alignment Tool version 0.5.10. Picard 

(http://broadinstitute.github.io/picard/) was applied to mark duplicate reads and process lane-

level SAM files, resulting in a sample-level BAM file which was used for variant calling.  

DNA samples from six additional participants were whole-exome sequenced at the Broad 

Institute, Cambridge, USA, as part of the Epi25 Collaborative (www.epi-25.org). These 

samples were sequenced on the Illumina HiSeq X platform. Exome capture was performed 

with Illumina Nextera Rapid Capture Exomes or TruSeq Rapid Exome enrichment kit. Raw 

reads were processed using the Picard data-processing pipeline with alignment to Build 

37/hg19. Resulting BAM files were then used for variant calling. 

 

Identification of de novo single nucleotide variants and small insertions and deletions 

(dnSNVs/indels) 

Single nucleotide variants (SNVs) and small insertions and deletions (indels) were called for 

each individual using the Genome Analysis Toolkit (GATK) HaplotypeCaller in GVCF mode, 

yielding gVCF files. For each family, joint-genotyping, using the gVCFs for each member, was 

undertaken to generate family-level variant call sets. Variant quality scores for each family call 
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set were adjusted using the variant quality score recalibration (VQSR) method, with truth 

tranche scores between 99.9 and 100 considered to be false positives. For SNVs, genotype 

quality (GQ) scores were further refined using the GATK genotype refinement pipeline (www. 

software.broadinstitute.org/gatk/documentation/article?id=11074). This pipeline uses 

genotype likelihoods derived from ethnic-specific subgroups of the 1000 Genomes project and 

pedigree information to refine estimates of genotype likelihoods and update GQ scores. This 

method was applied to 35 families with common ethnicity (33 of European decent and two of 

South-East Asian decent); for three families with parents from differing ethnic backgrounds, 

only pedigree information was applied. The GATK VariantAnnotator tool flags putative de 

novo variants based on sample GQ scores and allele count information. Variant calls are 

flagged as high-confidence putative variants, where all members of a child-parent trio have a 

GQ >20 (indicating a 99% chance that the genotype is correct), or as low-confidence putative 

variants, where both parents had a GQ >20 and the child a GQ ≥10.  

High-confidence putative dnSNVs/indels were selected and then filtered to remove those that 

failed ≥1 site-specific GATK metrics as follows. For SNVs: a quality by depth (QD) score of 

<2; a Fisher Strand (FS) score >60 or a symmetric odds ratio (SOR) >3, both of which are an 

indication of strand bias; Root Mean Square of mapping quality (MQ) <40; mapping quality 

rank sum test (MQRankSum), to detect differences in mapping quality between reads 

supporting the reference and those supporting an alternative allele, less than -12.5; and Mann-

Whitney Rank Sum Test (ReadPosRankSum), to check for alternative allele reads that are 

predominately near the end of the read and thus likely errors, of less than -8.0. For indels, reads 

with a QD <2, FS >200, ReadPosRankSum less than -20.0, or SOR of ≥3 were removed. The 

following criteria were then applied: alternative allele frequency between 30% and 70% for 

heterozygous variants observed in the child (no qualifying homozygous variants were detected) 

and not present in either parent; and a minimum read depth across all trio members of 15 for 

SNVs and 30 for indels, which are more technically challenging to call correctly.20 Variants 

observed in child exomes from different families were considered an indication of sequencing 

artifacts at problematic loci and were therefore removed. DnSNVs/indels shared by ≥1 sibling 

were also excluded; even if true, these variants are potentially inherited21 and unlikely to be 
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due to AED-exposure. The remaining variants were screened using the Integrative Genomics 

Viewer (IGV) to identify and remove those arising from sequencing artefacts and those where 

a trace of the variant was evident in a parental genome. Those that passed screening were 

termed ‘qualifying dnSNVs/indels’, and used to address the study endpoints.   

Qualifying dnSNVs/indels were annotated using Ensembl’s Variant Effect Predictor (VEP).22 

Variants were considered likely deleterious if they met the following criteria: impact predicted 

to be ‘HIGH’ (probably causing protein truncation, loss of function or triggering nonsense-

mediated decay) or ‘MODERATE’ (likely to change protein effectiveness); SIFT classification 

of ‘deleterious’ and a PolyPhen classification of ‘probably damaging/possibly damaging’; and 

not observed in the publicly available 1000 genomes (http://www.internationalgenome.org/) 

and gnomAD (http://gnomad.broadinstitute.org/) databases. 

 

Identification of de novo copy number variants (dnCNVs) 

In addition to dnSNVs/indels, we investigated dnCNVs in child-parent trios. Copy number 

variant (CNV) calling and genotyping across all samples was performed using the eXome 

Hidden Markov Model (XHMM)23 version 1.0. CNVs were filtered to include only those with 

a genotyping quality score of ≥70 and with coverage of three or more exome target regions. 

CNVs that overlapped 50% of another CNV that occurred in >10% of all samples were 

removed. CNVs detected in a child and not present in the child’s parents (dnCNVs) were then 

called using Plink/Seq version 0.10. Putative dnCNVs observed in more than one family were 

removed as these likely represent common variation or technical artefacts.  

 

Statistical analysis 

To test the study’s primary hypothesis that exposure to AEDs in utero can result in increased 

genome-wide generation of de novo variants, we applied the generalized linear model (GLM) 

to compare all qualifying dnSNVs/indels (dnSNV/indel burden) between: a) children exposed 
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to AEDs in utero (AED-exposed children) and children without birth defects who were not 

exposed to AEDs in utero (AED-unexposed unaffected children); b) AED-exposed children 

with birth defects (AED-exposed affected children) and AED-exposed children without birth 

defects (AED-exposed unaffected children). These analyses were performed before and after 

adjustment for potential confounders, i.e. sex and parental age at child’s birth. Since no prior 

data were available for power and sample size calculations, we performed a sensitivity analysis 

using G*Power 3.1.9.224 to estimate the minimal effect size detectable in the two comparative 

analyses outlined above.  

In secondary analyses, GLM was used to compare the dnSNV/indel burden between: a) 

children exposed to VPA in utero (VPA-exposed children) and children exposed to other AEDs 

or not exposed to any AEDs in utero, before and after adjusting for sex and paternal age at 

child’s birth; b) VPA-exposed children with birth defects and VPA-exposed children without 

birth defects, unadjusted due to small sample size. The above-described comparative analyses 

were also applied to dnCNVs, to assess between-group differences in all dnCNVs (dnCNV 

burden).         

Fisher’s exact test was used to compare the proportion of subjects harbouring likely deleterious 

dnSNVs/indels between: a) AED-exposed children and AED-unexposed unaffected children: 

b) VPA-exposed children and children exposed to other AEDs or not exposed to any AEDs in 

utero. Fisher’s exact test was also used to compare other categorical data. Kendall’s tau-b 

correlation coefficient (τB) was used to test the association between parental age and 

dnSNVs/indel burden and between parental age and dnCNV burden. 

To test for potential dose-dependency in the occurrence of de novo variants, drug loads were 

determined for each AED-exposed child. Drug loads were computed as the sum of the 

prescribed daily dose/defined daily dose (DDD) ratios for each AED included in the mother’s 

treatment regimen, where DDD is the assumed average maintenance daily dose of a drug used 

for its main indication.25 Kendall’s tau-b correlation coefficient was applied to assess the 

relationship between drug load and the dnSNV/indel burden, and between drug load and the 

dnCNV burden.   
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All statistical analyses were conducted using R version 3.4.1. 
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Results 

Subject characteristics 

A total of 67 unique child-parent trios (corresponding to 149 individuals from 38 different 

families) were included in the analysis: 10 comprising an AED-exposed affected child; 46 

comprising an AED-exposed unaffected child; and 11 comprising an AED-unexposed 

unaffected child. Of the 67 children, 38 were males and 29 were females. At the time of the 

child’s birth, median maternal age was 31 (range 19-41) years and median paternal age was 33 

(range: 24-43) years. Maternal diagnosis was epilepsy for 65 children, and trigeminal neuralgia 

for 2 children. 

The characteristics of the 10 AED-exposed affected children are provided in Table 1. Six were 

exposed to AED monotherapy (three to carbamazepine; two to VPA; one to levetiracetam) and 

four to AED polytherapy (which included VPA in three cases).  

Of the 46 AED-exposed unaffected children, 32 were exposed to AED monotherapy and 14 to 

AED polytherapy. Levetiracetam was the most common monotherapy (n=16), followed by 

VPA (n= 5), carbamazepine (n=5), lamotrigine (n=3), and oxcarbazepine, phenytoin and 

topiramate (each n=1). Levetiracetam and lamotrigine were the most common AEDs in 

polytherapy (n=6 for each), followed by topiramate (n=5), valproate (n=5), carbamazepine 

(n=3), clonazepam (n=3), lacosamide (n=2), oxcarbazepine and pregabalin (each n=1; Table 

2).  

 

Qualifying dnSNVs/indels 

A total of 184 qualifying dnSNVs/indels were detected, comprising 175 SNVs, enriched in 

G>A (n=44, 25.1%) and C>T (n=42, 24.0%) transition mutations, and 9 indels. Most (n=139, 

75.5%) fell within non-protein coding regions. Given the aim of our analysis, these non-coding 

variants were not excluded, increasing the average number of dnSNVs/indels per exome (2.74) 

above that generally reported in the literature.26 The proportion of dnSNVs/indels within highly 
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mutable CpG regions was not significantly different from that reported in a large trio study of 

families with autism spectrum disorder27 [14/184 (0.08%) vs 108/1692 (0.06%); p=0.53].  

The number of qualifying dnSNVs/indels detected per child ranged from 0 to 7 (median 3), 

and was significantly higher among children with availability of WES data for siblings (n=51) 

than those without sibling data (n=16) [median (range): 3 (0-7) vs 1 (0-7); p=0.003]. This 

difference can be attributed to higher GQ scores in exomes informed by sibling data compared 

to those not informed by sibling data [median (range): 51(0-99) vs 3 (0-99); p<0.001]. A higher 

proportion of unfiltered SNVs met the cut-off limit of a GQ ≥20 in sibling-informed exomes 

compared to those which were not informed by sibling data [5,990,429/11,018,359 (54%) vs 

3,040,363/8,627,034 (35%); p<0.001]. However, the proportion of children with availability 

of sibling WES data did not differ between AED-exposed affected children and AED-exposed 

unaffected children [7/10 (70.0%) vs 34/46 (73.9%); p=0.69] or between all AED-exposed 

children and AED-unexposed unaffected children [41/56 (73.2%) vs 10/11 (90.9%); p=0.27). 

Both paternal and maternal age were correlated with the number of dnSNVs/indels in the 

offspring (paternal age: τB =0.28, p=0.002; maternal age: τB =0.23, p=0.011; Fig. 1). 

 

DnSNV/indel burden 

The dnSNV/indel burden did not differ between all AED-exposed children and AED-

unexposed unaffected children [median number of qualifying dnSNVs/indels per child (range): 

3 (0-7) vs 3 (1-5); unadjusted p=0.66, adjusted p=0.50; Fig. 2A]. Among AED-exposed 

children, no differences were found between children with birth defects and those without birth 

defects [median number of qualifying dnSNVs/indels per child (range): 3 (0-7) vs 3 (0-7); 

unadjusted p=0.70, adjusted p=0.90; Fig. 2B]. In a sensitivity analysis, we estimated that our 

study had an 80% power to detect at least a 2.44-fold difference in the dnSNV/indel burden 

(minimal detectable effect size) between AED-exposed children and AED-unexposed 

unaffected children at a significance level of 0.05. For the comparison of AED-exposed 
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children with birth defects and those without birth defects, the minimal detectable effect size 

was 2.88.  

The dnSNV/indel burden did not differ between VPA-exposed children (n=15) and children 

either exposed to other AEDs or not exposed to any AEDs in utero (n=52), irrespective of birth 

outcome [median number of qualifying dnSNVs/indels per child (range): 3 (0-5) vs 3 (0-7), 

unadjusted p=0.83, adjusted p=0.34]. Among children exposed to VPA in utero either as 

monotherapy or in combination therapy, no differences were found between children with birth 

defects (n=5) and those without birth defects (n=10) [median number of qualifying 

dnSNVs/indels per child (range): 3 (1-4) vs 3 (0-6); p=0.69]. 

AED dose information was available for 51 AED-exposed children (10 with birth defects 41 

unaffected). There was no correlation between drug load and the dnSNV/indel burden (τB= -

0.02, p=0.83; Fig 3A). 

  

Likely deleterious dnSNV/indel burden 

A likely deleterious dnSNV/indel was harboured by 9 of the 67 children (13%). As detailed in 

Table S1, these were missense variants which were detected in nine different genes: PLCE1, 

AZU1, KCNH7, MDH1B, ADAMTSL1, OR10Q1, TMEM200C, TRIP13, and FBXO4, none of 

which is known to be associated with epilepsy. 

Notably, none of the children harbouring a likely deleterious dnSNV/indel had birth defects. 

Only five of these children had been exposed to AEDs in utero (two to VPA monotherapy and 

three to AED polytherapy; Table S1). The proportion of subjects harbouring likely deleterious 

dnSNVs/indels did not differ between AED-unexposed and AED-exposed children [4/11 

(36.4%) vs 5/46 (10.9%), p=0.059].  

 

DnCNV burden 
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Based on exome target read depth values, an AED-exposed unaffected child was found to be 

an outlier and was removed from further analyses. A total of 27 dnCNVs were detected among 

the remaining 66 children. The number of dnCNVs per child ranged from 0 to 2 (median 0; 

mean 0.41). Parental age was not associated with the number of dnCNV in the offspring 

(paternal age τB= -0.004, p=0.96; maternal age τB= -0.06, p=0.53). Thus, subsequent analyses 

were adjusted for sex only. 

The dnCNV burden did not differ between AED-exposed children and AED-unexposed 

unaffected children [median number of dnCNVs/child (range): 0 (0-2) vs 0 (0-2); unadjusted 

p=0.44, adjusted p=0.83]. Among AED-exposed children, there were no differences between 

children with birth defects and those without birth defects [median number of dnCNVs/child 

(range): 0 (0-1) vs 0 (0-2); unadjusted p=0.92, adjusted p=0.75].  

The dnCNV burden also did not differ between VPA-exposed children and children exposed 

to other AEDs or no AEDs in utero [median number of dnCNVs per child (range): 0 (0-2) vs 

0 (0-2); unadjusted p=0.39, adjusted p=0.62]. Among children exposed to VPA in utero either 

as monotherapy or in combination therapy, there were no differences between children with 

birth defects and those without birth defects [median number of dnCNVs per child (range): 0 

(0-1) vs 0.5 (0-2); unadjusted p=0.24]. 

In the 51 AED-exposed children for whom AED dose information was available, no correlation 

was found between drug load and the dnCNV burden (τB= -0.09, p=0.45; Fig. 3B). 

 

Within family comparisons  

In 17 families, two or more children had been exposed to AEDs in utero. In these families, the 

difference in the dnSNV/indel burden between siblings ranged from 0 to 5 (median 2). In five 

families, the AED-exposed affected child and one or more siblings without birth defects had 

been exposed to the same AED(s): the dnSNV/indel burden was highest in the affected child 

in 2/5 families, and equivalent to or lower than that of an unaffected sibling in 3/5 families. 
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The difference in the dnCNV burden between siblings across the 17 families ranged from 0 to 

2 (median 0). In the five families with children exposed to the same AED(s), the dnCNV burden 

was highest in the affected child in 2/5 families. In one family comprising five children exposed 

to the same AED regimen, the affected child had a single dnCNV and in the unaffected siblings 

the number of dnCNVs ranged from 0 to 2. In 2/5 families, no dnCNVs were found.  
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Discussion  

More than 50 years since the report by Meadow28 of hare-lip, cleft palate and other congenital 

abnormalities in children born to mothers taking primidone, phenytoin or phenobarbital, the 

molecular mechanisms underpinning AED-associated birth defects remain elusive. We 

conducted a trio-based WES study to investigate for the first time the possibility of AED-

associated birth defects resulting from an increased genome-wide generation of de novo 

variants in the embryo. This hypothesis was based on three observations: a) congenital 

malformations develop only in a minority of AED-exposed foetuses;3, 4 b) there is considerable 

phenotypic overlap across congenital malformations associated with different AEDs,3, 10 

suggesting that AED-associated birth defects possibly arise from dysregulation of a shared 

mechanism or pathway critical to foetal development; and c) several teratogens, including 

drugs, have genotoxic or mutagenic effects.17 Although there is no conclusive  evidence for 

AEDs being mutagenic, chromosomal/DNA damaging effects in vitro or in vivo have been 

reported for several AEDs, including VPA,29-31 phenytoin,29, 32, 33 barbiturates,29 

carbamazepine,29, 34, 35 oxcarbazepine,36 and possibly lamotrigine.30 At least for VPA, the 

suggestion has been made that increased DNA damage may result from chronic inhibition of 

histone deacetylase.37 Despite these premises, we did not find any difference in the 

dnSNV/indel burden between AED-exposed children and AED-unexposed unaffected 

children, or between AED-exposed affected children and AED-exposed unaffected children. 

Likewise, the dnSNV/indel burden did not differ significantly between children exposed to the 

highly teratogenic agent VPA and children exposed to other AEDs or not exposed to any AEDs, 

or between VPA-exposed affected children and VPA-exposed unaffected children. 

Investigation of the dnCNV burden yielded similar findings with no significant differences 

across the comparison groups. Collectively, these results strongly argue against an AED-

induced increase in the burden of de novo variants being a major contributor to the occurrence 

of AED-associated birth defects.  

We also investigated whether AED-associated birth defects may result from the occurrence of 

deleterious dnSNVs/indels induced by prenatal AED exposure. None of the AED-exposed 
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affected children harboured a likely deleterious dnSNV/indel. The proportion of individuals 

harbouring likely deleterious dnSNVs/indels did not differ significantly between AED-

unexposed and AED-exposed children. Furthermore, there were no differences in the 

proportion of individuals with a likely deleterious dnSNV/indel between VPA-exposed 

children and children exposed to other AEDs or not exposed to any AEDs. These findings 

complement those obtained on the dnSNV/indel and dnCNV burdens, indicating that AED-

induced mutagenesis is unlikely to play an important role in AED teratogenicity.  

Our study included 149 subjects from 38 different families. With respect to statistical power 

considerations, a useful reference of the genetic variation occurring in the general population 

is provided, for example, by the observation that in fathers the number of de novo variants 

double every 16.5 years, and  increase by eight-fold in 50 years.38 We estimated that, for the 

primary analyses, our study was powered to detect between-group differences of even smaller 

magnitude (2.44-/2.88-fold). Thus, our results can exclude increased generation of de novo 

variants as a major mechanism of the anatomical teratogenicity of AEDs as a class. However, 

larger samples would be needed to assess modest effect sizes or the role of mutagenesis in 

causing specific AED-associated birth defects. Larger samples would also be required to 

determine whether mutagenesis is implicated in the teratogenicity associated with specific 

AEDs, including VPA for which our analyses were limited by small numbers. It should be 

emphasised that trio-based genetic investigations of AED-associated birth defects are difficult 

to undertake because these defects are relatively rare and parents, particularly mothers, can be 

reluctant to engage in genetic investigations which could amplify harboured feelings of guilt 

and do not provide any immediate benefit to their affected child. These challenges may explain 

why no prior study has been performed to explore the role to de novo variants in AED-

associated birth defects.  

This study represents a first step towards elucidating genetic mechanisms of AED-associated 

birth defects. Other mechanisms that need to be investigated include the potential role of 

somatic mutations and epigenetic modifications; the latter may be particularly relevant for 

VPA, which is a histone deacetylase inhibitor.39 Future studies should also attempt to unmask 

the genetic predisposition to AED anatomical teratogenesis which has been suggested by 
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different lines of evidence, including the increased risk of AED-associated birth defects in the 

presence of a family history of congenital malformations40 or a history of foetal malformations 

in a previous AED-exposed offspring.13 Advances are much awaited, and our newly established 

international collaboration carries the promise of furthering the field.  
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Figures 

Figure 1. Correlation between parental age and dnSNV/indel burden. (A) Paternal age 

and dnSNV/indel burden. (B) Maternal age and dnSNV/indel burden.  

Figure 2. DnSNV/indel burden in AED-exposed children vs AED-unexposed unaffected 

children (A) and in AED-exposed affected children vs AED-exposed unaffected children 

(B).  

Figure 3. Correlation between drug load and de novo variant burdens. (A) Drug load and 

dnSNV/indel burden. (B) Drug load and dnCNV burden.  
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Tables 
 
Table 1. Characteristics of the 10 AED-exposed affected children. 
 

Child Sex Birth defects AEDs in utero 
(mg/day) 

Maternal 
diagnosis 

Family 
history of 

birth defects 

Folic acid 
before and 

during 
pregnancy 
(mg/day) 

EA1 F Arnold-Chiari malformation, 
clinodactyly, cardiac defects VPA (1500)  Generalised 

epilepsy No Yes (5) 

EA2 F Thumb hypoplasia, 
syndactyly, cardiac defects  VPA (1000) Focal epilepsy No Yes (5) 

EA3 M Clubfoot VPA (1000), LEV 
(1500) Focal epilepsy No n/a 

EA4 M Hypospadias VPA (800), CLN 
(0.25)  

Generalised 
epilepsy No Yes (5) 

EA5 M 
Macrocephaly, facial 
dysmorphic features and 
ankyloglossia 

CBZ (1200) Focal epilepsy 
Yes (paternal 

niece with 
spina bifida) 

Yes (5) 

EA6 M Genital defects CBZ (500) Focal epilepsy No Yes (5) 

EA7 M Toe aplasia and syndactyly CBZ (400) Generalised 
epilepsy No Yes (5) 

EA8 M Cryptorchidism PGB (450), TPM 
(300) Focal epilepsy No Yes (5) 

EA9 M Toe aplasia and syndactyly LEV (1000) Generalised 
epilepsy 

Yes (mother 
with cardiac 

abnormalities) 
Yes (5) 

EA10 F 
Ventricular septal defects 
(bulbus cordis and cardiac 
septal closure) 

VPA (1000), LTG 
(200) 

Generalised 
epilepsy No Yes (5) 

 
CBZ=carbamazepine; CLN=clonazepam; F-female; LEV=levetiracetam; LTG=lamotrigine; 
M=male; n/a=not available; PGB=pregabalin; TPM=topiramate; VPA=valproic acid  
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Table 2. AED polytherapy regimens in AED-exposed unaffected children. 
 

Child AEDs in utero (mg/day) 

EU8 LCM (200), LTG (300) 

EU11 TPM (150), LEV (4000) 

EU20 TPM (400), LTG (400) 

EU21 TPM (400), LTG (400), LEV (2000) 

EU22 LTG (300), LEV (4000) 

EU25 VPA (1000), CLN (0.25) 

EU26 LTG (dose unknown), LEV (dose unknown) 

EU27 LCM (150), TPM (200), CBZ (800) 

EU30 LEV (750), OXC (600) 

EU40  VPA (700), LTG (200) 

EU43 TPM (300), PGB (450) 

EU44 VPA (1000), LEV (1500) 

EU45 VPA (dose unknown), CBZ (dose unknown), CLN (dose unknown) 

EU46 VPA (dose unknown), CBZ (dose unknown), CLN (dose unknown) 

 
CBZ=carbamazepine; CLN=clonazepam; LCM=lacosamide; LEV=levetiracetam; 
LTG=lamotrigine; OXC=oxcarbazepine; PGB=pregabalin; TPM=topiramate; VPA=valproic 
acid 
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