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A B S T R A C T

Background: Prenatal exposure to antiseizure medication (ASM) may lead to low plasma folate concentrations and is associated with impaired
neurodevelopment.
Objectives: To examine whether maternal genetic liability to folate deficiency interacts with ASM-associated risk of language impairment and autistic
traits in children of women with epilepsy.
Methods:We included children of women with and without epilepsy and with available genetic data enrolled in the Norwegian Mother, Father, and Child
Cohort Study. Information on ASM use, folic acid supplement use and dose, dietary folate intake, child autistic traits, and child language impairment was
obtained from parent-reported questionnaires. Using logistic regression, we examined the interaction between prenatal ASM exposure and maternal
genetic liability to folate deficiency expressed as polygenic risk score of low folate concentrations or maternal rs1801133 genotype (CC or CT/TT) on risk
of language impairment or autistic traits.
Results: We included 96 children of women with ASM-treated epilepsy, 131 children of women with ASM-untreated epilepsy, and 37,249 children of
women without epilepsy. The polygenic risk score of low folate concentrations did not interact with the ASM-associated risk of language impairment or
autistic traits in ASM-exposed children of women with epilepsy compared with ASM-unexposed children aged 1.5–8 y. ASM-exposed children had
increased risk of adverse neurodevelopment regardless of maternal rs1801133 genotype {adjusted odds ratio [aOR] for language impairment aged 8 y was
2.88 [95% confidence interval (CI): 1.00, 8.26] if CC and aOR 2.88 [95% CI: 1.10, 7.53] if CT/TT genotypes}. In children of women without epilepsy
aged 3 y, those with maternal rs1801133 CT/TT compared with CC genotype had increased risk of language impairment (aOR: 1.18; 95% CI: 1.05, 1.34).
Conclusions: In this cohort of pregnant women reporting widespread use of folic acid supplements, maternal genetic liability to folate deficiency did not
significantly influence the ASM-associated risk of impaired neurodevelopment.
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Introduction

Prenatal exposure to several antiseizure medications (ASMs) is
associated with fetal growth restriction, congenital malformations, and
impaired child neurodevelopment including language impairment and
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autism spectrum disorders (ASD) [1,2]. Various ASMs may interact with
maternal folate uptake and metabolism [1,3], in addition to the pregnancy
itself [4]. Long-term use of valproate, lamotrigine, oxcarbazepine, car-
bamazepine, phenytoin, and phenobarbital have all been associated with
low folate concentrations [3,5], and subsequent increased risk of impaired
iseizure medication; ASQ, The Ages and Stages Questionnaire; hmTHF, 4-alfa-hydroxy-
fficulties; MBRN, Medical Birth Registry of Norway; MoBa, The Norwegian Mother,
; SNP, single-nucleotide polymorphism.
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neurodevelopment and preterm birth in some studies [6,7]. Because low
folate concentrations during pregnancy are a risk factor for several child
developmental disorders, women with epilepsy using ASM are recom-
mended daily supplement of 0.4–5 mg of folic acid when planning
pregnancy and during the first trimester [1,2,8,9].

Folate deficiency during pregnancy is associated with increased risk
of congenital malformations, particularly neural tube defects and
impaired neurodevelopment [4,10]. Folate plays a crucial role in 1-car-
bon transfer reactions involved in DNA and RNA synthesis, amino
acid metabolism, and cellular methylation reactions [4,11–13]. These
1-carbon metabolism pathways support cellular functions and epige-
netic regulation essential for normal fetal brain development [4,11,14].
Both low and high folate may alter DNA methylation patterns in the
embryo and be harmful to fetal development [12,15,16]. Individual
genetic variation in the form of single-nucleotide polymorphisms
(SNPs) in genes regulating folate metabolism may affect plasma folate
concentrations [14,16]. Polygenic risk score (PRS) summarizes the
genetic risk of several SNPs associated with a specific phenotype [17].
PRS represents a proxy for the individual genetic liability to a
phenotype, which is typically relevant for phenotypes associated with
more than 1 genetic variation (polygenic etiology) [17]. The rs1801133
SNP in theMTHFR gene is the major genetic modifier of plasma folate
concentrations [18]. This SNP (C>T) causes an amino acid substitu-
tion of alanine with valine and at least a 50% reduction in the enzymatic
activity if both alleles are substituted (TT genotype) [14,19]. This leads
to low plasma folate concentrations and high homocysteine concen-
trations unless folic acid supplementation is used [11,20]. The minor
allele frequency (here allele T) is ~33% in the European population [19,
21]. The rs1801133 SNP and other SNPs affecting folate metabolism
have been associated with increased risk of ASD and other neuro-
developmental disorders [14,16].

ASM-induced low plasma folate concentration has been suggested
as a mechanism for ASM-associated impaired neurodevelopment [22,
23]. We have previously found that periconceptional folic acid supple-
mentation was associated with decreased risk of autistic traits and lan-
guage impairment in ASM-exposed children of women with epilepsy
enrolled in the Norwegian Mother, Father, and Child Cohort Study
(MoBa) [24–26]. Periconceptional folic acid supplementation inwomen
with epilepsy using ASM has been associated with better cognitive
development in children at age 6 y [27], but not in all studies [28,29].

Despite increased knowledge regarding risk-reducing effects of peri-
conceptional folic acid supplementation, the optimal dose of folic acid for
women with ASM-treated epilepsy is unknown [2,30,31] and no rec-
ommendations exist on whether folate status should be monitored before
and during pregnancy in women with epilepsy. We do not know whether
children of women with ASM-treated epilepsy and with maternal genetic
liability to folate deficiency during pregnancy are at higher risk of
impaired neurodevelopment. The aim of this study was to examine if the
maternal rs1801133 SNP in theMTHFR gene or PRS of low folate con-
centrations interact with theASM-associated risk of language impairment
and autistic traits in children of women with epilepsy. These results could
influence future guidelines for individually adapted folic acid supple-
mentation during pregnancy in women with epilepsy.
Methods

Study population
The data source was MoBa, a prospective, population-based preg-

nancy cohort study conducted by the Norwegian Institute of Public
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Health and linked to the mandatory Medical Birth Registry of Norway
(MBRN) [32]. Pregnant women across Norway were invited to
participate during the years 1999–2008 during gestational weeks
17–19, and 41% consented to participate [32]. Women answered 3
questionnaires during the pregnancy and 4 questionnaires after the
child was born [32]. We used data regarding medical and social
background, lifestyle exposures, medication, and folic acid supplement
use during pregnancy collected in gestation weeks 17–19 and 30, and
data regarding dietary folate intake and folic acid supplement dose
from a food questionnaire in week 22 [30]. Parents-reported ques-
tionnaire-based data on child development were used from children
aged 1.5, 3, 5, and 8 y [32]. Biological samples (whole blood and urine)
were collected once during the pregnancy, in gestation weeks 17–19,
and stored in the MoBa biobank [33]. MoBa Genetics is a research
infrastructure within MoBa aiming to genotype all participants in
MoBa [34]. The first data set of MoBa Genetics containing genetic data
of a subsample of the cohort has been released for research [34].

We included women with and without epilepsy and their children
aged 1.5–8 y enrolled in MoBa version 10, but with the exclusion of
participants who had withdrawn from the MoBa cohort by September
2021 (n ¼ 114,277). Children of women without available genetic data
were excluded (n ¼ 75,067). Children of women being part of the PRS
validation procedure (see below) as well as children of twin or triplet
pregnancies and ASM-exposed children of women without epilepsy
were also excluded (n¼ 1734). The final study population consisted of
singleton-born children of women with ASM-treated epilepsy (n ¼ 96)
and ASM-untreated epilepsy (n¼ 131), and a control group of children
of women without epilepsy (n ¼ 37,249; Figure 1).

Epilepsy and ASM use
The maternal epilepsy cohort in MoBa has been described in detail

[25,26,35–38]. Women with epilepsy were identified based on
self-reported MoBa questionnaires or diagnostic data from MBRN
registered by a midwife or a physician. Data on ASM use during
pregnancy were identified from MoBa questionnaires and MBRN. We
categorized the women into ASM-treated and ASM-untreated epilepsy.
The latter group reported present or previous epilepsy in MoBa, but no
ASM use during the pregnancy. The maternal MoBa epilepsy cohort
has previously been validated by examining ASM concentrations in
maternal blood samples during pregnancy (n ¼ 226) and in umbilical
cord samples (n ¼ 196) after birth, by examining medical records (n ¼
40), and by performing a retrospective survey (50% response rate) with
questions including number of epileptic seizures during pregnancy and
epilepsy type [35]. The validity was very good; the reported ASMs
were detected in 93% of the biological samples, and 98% of the women
that reported a diagnosis of epilepsy confirmed this in the retrospective
validation survey [35–37].

Autistic traits and language impairment
We collected information on autistic traits from the questionnaires

at ages 3 and 8 y, and on language impairment from the questionnaires
at ages 1.5, 3, 5, and 8 y. We examined autistic traits with the 40-item
validated Social Communication Questionnaire [39–41]. Children with
Social Communication Questionnaire score�11 points were defined as
having autistic traits [39,40,42]. We examined language impairment at
ages 1.5 and 3 y by using the 3- and 6-item communication scale of the
validated The Ages and Stages Questionnaires (ASQ) [43], and by
using a 1-item question on expressive language delay [44]. At age 1.5
y, children with a score of 1.5 SD or more below the mean score for the



FIGURE 1. Flowchart of included and excluded cases. ASM, antiseizure medication; MoBa, The Norwegian Mother, Father, and Child Cohort Study; PRS,
polygenic risk score.

E.S. Nilsen Husebye et al. The American Journal of Clinical Nutrition 118 (2023) 303–313
total MoBa population were defined as having language impairment
[25,26,43]. At age 3 y, children with a score of 1.5 SD below the mean
ASQ score for the total MoBa population or who talked in 2- to 3-word
sentences or less were defined as having language impairment [26,42,
45]. At age 5 y, we examined language impairment by using 3 different
validated screening instruments from the 5-y questionnaire; a 7-item
communication scale from the ASQ [43], a 13-item Speech and Lan-
guage Assessment Scale [46], and the 20-item Norwegian instrument
The Twenty Statements about Language-Related Difficulties (Lan-
guage 20) [47]. Children filling the criteria in at least 1 test were defined
as having language impairment; ASQ score of 1.5 SD or more below
the mean score of the MoBa population, mean Speech and Language
Assessment Scale score below 3, or Language 20 score of 31% or more
of maximum [26,42,43,46,47]. At age 8 y, we used the 8-item semantic
subscale of Language 20 with a cutoff for language impairment of 31%
or more of maximum [26,42,47].

Maternal folate intake and status
The women reported use of folic acid supplement from 4 wk before

the pregnancy and during gestation weeks 0–4, 5–8, 9–12, 13þ, and
weeks 13–16, 17–20, 21–24, 25–28, and 29þ. They also reported on the
frequency of intake in gestation weeks 17–19 and 30; daily, 4–6 times
per week, or 1–3 times per week. Folic acid supplement dose (μg/d) was
reported in a 1-item question inweek 22 in the FFQ.Dietary folate intake
(μg/d) was estimated by MoBa based on data from the FFQ [48]. We
defined periconceptional folic acid use as any use of a folic acid sup-
plement from4wk before the pregnancy and/or during thefirst trimester.
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For the PRS validation procedure described below, we accessed
plasma folate concentrations of a subgroup of women without epilepsy
(n ¼ 2911) previously analyzed in a separate MoBa project [49]. In
these women, plasma folate was determined by a Lactobacillus casei
microbiological assay [49]. We have previously accessed and analyzed
maternal blood samples from singleton pregnancies in a subsample of
the group of women with ASM-treated epilepsy in the maternal epi-
lepsy cohort in MoBa (n ¼ 227) [38,42]. In these samples, folate
metabolites were analyzed at Bevital Laboratory, Bergen, by using
LC-MS/MS methods, which allow correction for folate degradation
that occurs in samples kept at room temperature [50]. The sum of the
concentrations of the folate metabolites 5-methyltetrahydrofolate
(mTHF) and 4-alfa-hydroxy-5-methyltetrahydrofolate (hmTHF) was
used as a proxy for total maternal folate concentration, as described
previously [38,42]. We did not have access to data on folate concen-
trations in women with ASM-untreated epilepsy.

Calculation and validation of PRS
Preprocessing of the genetic data was done with PLINK 1.9 [51].

We calculated PRS of low folate concentrations by using genome-wide
genotype data from MoBa Genetics as the target data and summary
statistics from an Irish genome-wide association study of serum folate
concentrations (n¼ 2232) [18] as base data. We used genetic data from
MoBa Genetics version 1.0, where quality control and imputation had
been performed byMoBa [34]. We filtered the SNPs from the summary
statistics to retain only those that were highly associated with the
phenotype (folate concentration), but only weakly correlated with one
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another (that is, in high linkage disequilibrium). The co-occurrence of
SNPs between the 2 datasets was high (95% of all SNPs and 99% of
those had minor allele frequency>5%). We then calculated the optimal
PRS of low folate concentrations using an automated search for best fit
with PRSice2 software [17]. The PRS automatically chosen by
PRSice2 included only 2 SNPs (rs1801122 and rs7545014), both
within the MTHFR gene region. To broaden the estimated genetic li-
ability to low plasma folate concentrations, we manually extracted the
second-best PRS as well. This PRS was chosen as the main PRS for our
study because it was based on 76 SNPs involving multiple genes
related to folate metabolism and function (Supplemental Figure 1 and
Supplemental Table 1) [4]. We used the automatically calculated PRS
based on 2 SNPs in a separate sensitivity analysis (see below). Both the
main PRS and the PRS from the sensitivity analysis were validated by
examining their ability to predict low folate concentrations by using
linear regression models and nonparametric correlation. The validation
procedure was performed in the subsample of women without epilepsy
with previously analyzed serum folate concentrations in MoBa and
with available data in MoBa Genetic version 1.0 (n ¼ 1028). Twin or
triplet pregnancies, ASM users among women without epilepsy, and
folate concentrations <2.33 nmol/L were excluded from the validation
procedure [49]. To adjust for any population stratification among the
controls, we ran a principal component analysis on the entire genetic
information and extracted 3 first principal components to use as
covariates in the validation regression model. Another covariate was
the time difference in weeks between the last folic acid supplement
intake and gestation week 18.

Maternal rs1801133 genotype
Because the maternal rs1801133 genotype (CC, CT, or TT) is the

predominant genetic modifier of plasma folate concentrations, we
wanted to examine this SNP in more detail. We categorized the
maternal rs1801133 genotype as a separate dichotomous variable
divided into CC (normal enzymatic activity) and CT or TT (reduced
enzymatic activity) genotype. The CT and TT genotypes were grouped
together to preserve power and because both genotypes are associated
with reduced enzymatic activity [19].

Statistical analyses
We used R version 4.2.1 to perform the statistical analyses. The

outcome was a dichotomous categorical variable, thus we used logistic
regression (glm() R function). Data from the various follow-up time
points were examined as separate logistic regression models. We
adjusted for siblings by using robust standard errors using the {lmtest}
[52] and {sandwich} [53,54] R packages. We adjusted for the
following covariates to separate the effects of supplement use and di-
etary folate intake from the maternal liability to folate deficiency: any
periconceptional folic acid supplement use, dietary folate intake, and
folic acid supplement dose. We used the following packages to create
result tables and figures: {ggplot2} [55], {patchwork} [56], {gtsum-
mary} [57], {gt} [58], and {flextable} [59].

In the main analyses, we used a logistic regression model including
all the mentioned covariates and an interaction term between any
prenatal ASM exposure because of maternal epilepsy and one of 1)
PRS of low folate concentrations, or 2) maternal rs1801133 genotype
(CC or CT/TT). The outcome was either language impairment or
autistic traits in ASM-exposed children of women with epilepsy
compared with ASM-unexposed children. To examine whether certain
types of ASM treatment were associated with maternal genetic risk of
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low folate concentrations, we examined the correlation between
maternal folate concentrations (mTHF plus hmTHF) and PRS of low
folate concentrations in pregnant women with ASM-treated epilepsy
stratified for type of ASM monotherapy by using nonparametric cor-
relation analyses [Spearman’s rho (r)]. We performed a sensitivity
analysis by repeating the main analyses using the automatically
calculated PRS based on 2 SNPs.

We then estimated risk of language impairment or autistic traits
stratified for maternal rs1801133 genotype (CC or CT/TT) in children
of women with ASM-treated epilepsy compared with children of
women without epilepsy, and, separately, in children of women with
ASM-untreated epilepsy compared with children of women without
epilepsy. We also examined risk of language impairment or autistic
traits in children of women with maternal rs1801133 genotype CT/TT
compared with genotype CC separately for each of the 3 study groups:
ASM-exposed children of women with epilepsy, ASM-unexposed
children of women with epilepsy, and children of women without ep-
ilepsy. Moreover, we examined the number of ASM-exposed children
of women with epilepsy with and without language impairment or
autistic traits stratified for type of ASM monotherapy and maternal
rs1801133 genotype (CC or CT/TT). Two-sided P values <0.05 or
95% CI not including 1 were considered statistically significant.
Ethics
The establishment of MoBa and the initial data collection were

based on a license from the Norwegian Data Protection Agency and
approval from the Regional Committees for Medical and Health
Research Ethics. The MoBa cohort is currently regulated by the Nor-
wegian Health Registry Act. All data and material in MoBa are
collected with informed consent from the participants. The current
study was approved by the Regional Committees for Medical and
Health Research Ethics.

Results

PRS
Genomic positions and annotations of SNPs included in the PRS of

low plasma folate concentrations are presented in Supplemental
Figure 1. Allele frequencies and P values of Hardy-Weinberg Equi-
librium tests for each included SNP are presented in Supplemental
Table 1. Among the 1028 women without epilepsy who were part of the
PRS validation procedure, the correlation between maternal plasma
folate concentrations during gestation weeks 17–19 and the PRS of low
folate concentrations was �0.04 [Spearman’s r; P value 0.170; Sup-
plemental Figure 2]. The median maternal plasma folate concentration
did not differ significantly between women with CC compared with
CT/TT rs1801133 genotypes (median 9.20 nmol/L compared with 9.01
nmol/L; P value 0.123; Supplemental Figure 2).
Study population
Because children of women being part of the validation procedure

were excluded from the main analyses, the final study population
consisted of 96 children of women with ASM-treated epilepsy, 131
children of women with ASM-untreated epilepsy, and a control group
of 37,249 children of women without epilepsy (Figure 1). The most
common fetal ASM exposures in utero were monotherapy with
lamotrigine, carbamazepine, and valproate, as well as ASM
polytherapy (Table 1). The questionnaire response rates decreased



TABLE 1
Clinical characteristics of children of women with antiseizure medication (ASM)-treated and ASM-untreated epilepsy, and of children of women without epilepsy

Children of women
with ASM-treated
epilepsy N ¼ 961

Children of women
with ASM-untreated
epilepsy N ¼ 1311

Children of women
without
epilepsy N ¼ 37,2491

ASM monotherapy exposure
Valproate 12 (12%) NA NA
Carbamazepine 20 (21%) NA NA
Lamotrigine 32 (33%) NA NA
Levetiracetam 6 (6%) NA NA
Topiramate <5 NA NA
Oxcarbazepine <5 NA NA
Other 5 (5%) NA NA
ASM polytherapy exposure 16 (17%) NA NA

Maternal folate status during pregnancy
Folic acid supplement dose (μg/d) 500 (211, 1100) 286 (0, 400) 200 (0, 400)
Missing 17 27 9022

Dietary folate intake (μg/d) 266 (217, 334) 270 (214, 332) 260 (208, 324)
Missing 10 10 4583

Periconceptional folic acid use2 78 (81%) 101 (77%) 28,610 (80%)
Missing 0 0 1352

Maternal plasma folate3 (nmol/L) 68 (51, 97)4 NA NA
Missing 16 131 37,249

Questionnaire response rates
Gestation week 17–19 96 (100%) 131 (100%) 35,897 (96%)
Missing 0 0 1352

Gestation week 30 90 (94%) 123 (94%) 34,230 (92%)
Missing 6 8 3019

Age 1.5 y 72 (75%) 96 (73%) 27,770 (75%)
Missing 24 35 9479

Age 3 y 60 (63%) 80 (61%) 22,219 (60%)
Missing 36 51 15,030

Age 5 y 38 (40%) 51 (39) 16,503 (44%)
Missing 58 80 20,746

Age 8 y 35 (36%) 61 (47%) 16,273 (44%)
Missing 61 70 20,976

Abbreviations: ASM, antiseizure medication; hmTHF, 4-alfa-hydroxy-5-methyltetrahydrofolate; mTHF, 5-methyltetrahydrofolat; NA, not applicable.
1 n (% of total) or median (IQR).
2 Any use during the period from 4 wk before the pregnancy and the first trimester.
3 Sum of mTHF and hmTHF.
4 N ¼ 5 with plasma folate �28 nmol/L.
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with increasing age of the child for all 3 groups (Table 1). A total of
80 children of women with ASM-treated epilepsy had available
plasma folate concentrations (mTHF plus hmTHF) during pregnancy
(Table 1). Any maternal folic acid supplement use from 4 wk before
the pregnancy and until gestation week 20 was reported for 93 (97%)
children of women with ASM-treated epilepsy, 111 (85%) children of
women with ASM-untreated epilepsy, and 31,056 (86%) children of
women without epilepsy. A total of 18,721 children had maternal
rs1801133 genotype CC, whereas 18,755 children had maternal ge-
notypes CT or TT (Supplemental Table 2), 3,199 (8.5%) of them
having TT. Among pregnancies of women with ASM-treated epilepsy,
the mean maternal folate concentration during gestation weeks 17–19
did not differ between pregnancies of women with CT/TT and CC
genotypes (Supplemental Table 2), nor after stratification for the most
common types of ASM monotherapy exposures (carbamazepine,
lamotrigine, valproate; data not shown). The distributions of maternal
plasma folate concentration during gestation weeks 17–19 stratified
for maternal rs1801133 genotype and folic acid supplement dose are
presented in Figure 2. We found no correlation between maternal
plasma folate concentrations during gestation weeks 17–19 and PRS
of low folate concentrations in pregnancies of women with ASM-
treated epilepsy after stratification for the most common types of
ASM monotherapy exposure (carbamazepine, r ¼ �0.25, P value
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0.309; lamotrigine, r ¼ �0.08, P value 0.694; valproate, r ¼ �0.28, P
value 0.413; any ASM use, r ¼ �0.21, P value 0.062; Supplemental
Figure 3).

Interaction effects between prenatal ASM exposure due to maternal
epilepsy and PRS of low folate concentrations or maternal rs1801133
genotype on language impairment and autistic traits

All adjusted odds ratios (aORs) from the logistic regression models
with interaction terms are presented in Table 2 and Supplemental Ta-
bles 3 and 4. The interaction terms between any prenatal ASM use and
either PRS of low folate concentrations or maternal rs1801133 geno-
type were not significant in any of the models for language impairment
or autistic traits in ASM-exposed children of women with epilepsy
compared with ASM-unexposed children aged 1.5, 5, and 8 y (all P
values> 0.05; Table 2 and Supplemental Tables 3 and 4). This was also
true for age 3 years, except for the interaction between ASM exposure
and maternal rs1801133 genotype, which was significant (P value
1.34e-76; Supplemental Table 3). We found no significant interaction
terms in the sensitivity analysis using the automatically calculated PRS
based on 2 SNPs in the MTHFR gene (data not shown). In the inter-
action analyses, the covariates prenatal ASM exposure, dietary folate
intake, and periconceptional folic acid supplement use were associated
with risk of language impairment or autistic traits (Table 2 and Sup-
plemental Tables 3 and 4).



FIGURE 2. Maternal plasma folate concentrations (sum of concentrations of 5-methyltetrahydrofolate and 4-alfa-hydroxy-5-methyltetrahydrofolate) during
gestation weeks 17–19 stratified by maternal rs1801133 genotype and folic acid supplement dose in women with antiseizure medication (ASM)-treated epilepsy
(n ¼ 80). The data are presented as boxplots with varying width: the middle line is the median, the box extends from the first to the third quartile, and the
whiskers reach the largest value in the data, not larger than 1.5 � IQR; any data beyond these bounds are plotted as separate points. The width of the boxplot is
proportional to the sample size. Folic acid supplement dose is defined as low dose if �0.4 mg/d, medium dose if 0.4 <1 mg/d, and high dose if �1 mg/d. NA,
not applicable.
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Maternal rs1801133 genotype and risk of language
impairment and autistic traits

The aORs of language impairment or autistic traits were increased
in children of women with ASM-treated epilepsy compared with
children of women without epilepsy both for maternal rs1801133 CC
and CT/TT genotypes at the various ages examined (Tables 3 and 4).
The risk of language impairment or autistic traits in children of women
with ASM-untreated epilepsy compared with children of women
without epilepsy did not show any clear dependency on the maternal
rs1801133 genotype (Supplemental Tables 5 and 6). In each of the 2
epilepsy groups, children with maternal rs1801133 genotypes CT/TT
had no increased risk of language impairment or autistic traits
compared with children with maternal genotype CC (Supplemental
Tables 7 and 8). In children of women without epilepsy, children with
maternal genotypes CT/TT had a slightly increased risk of language
impairment compared with children with maternal genotype CC at age
3 y (aOR: 1.18; CI: 1.05, 1.34; Supplemental Table 7).

The number of children with language impairment and autistic traits
stratified for the most common types of ASM exposure and maternal
rs1801133 genotype are presented in Supplemental Table 9. For chil-
dren exposed to carbamazepine monotherapy, all children with lan-
guage impairment at ages 1.5–8 y had maternal rs1801133 genotypes
CT or TT (Supplemental Table 9). Otherwise, there was no apparent
association between language impairment or autistic traits and maternal
rs1801133 genotype for children exposed to carbamazepine, lamo-
trigine, and valproate monotherapies (Supplemental Table 9).

Discussion

In this study, we found that the maternal genetic liability to folate
deficiency did not interact with the ASM-associated risk of language
impairment or autistic traits in ASM-exposed children of women with
epilepsy compared with ASM-unexposed children. We are not aware of
previous studies examining the impact of maternal genetic liability to
low folate concentrations and association to neurodevelopmental delay
in children of women with epilepsy. By using a PRS of low folate
concentrations based on 76 SNPs, as well as another PRS based on 2
SNPs within the MTHFR gene, and also the maternal rs1801133
308
genotype as a proxy of maternal genetic liability to folate deficiency,
we included SNPs associated with different parts of folate metabolism
and folate function [4,18]. This strategy takes into account combined
SNP effects [20].

In the interaction analyses, the most important factors related to risk
of language impairment and autistic traits in ASM-exposed children
were ASM exposure as well as folic acid supplement use, in line with
our previous findings [25,26]. Both these exposures may have over-
shadowed a potential negative effect of maternal genetic liability to
folate deficiency. Folic acid supplement use was very common in our
study population, and women with ASM-treated epilepsy reported
higher doses of folic acid. Studies from the general population have
shown that genetic risk of low folate concentration is counterbalanced
by folic acid supplement use [11,20]. This is supported by 2 studies in
nonpregnant adults with ASM-treated epilepsy. They revealed that the
actual concentrations of folate and vitamin B12, but not the genetic
variants of homocysteine metabolism predicted folate status measured
as homocysteine concentrations [60]. Furthermore, homocysteine
concentrations were reduced after vitamin B supplementation that
included folic acid in adults with ASM-treated epilepsy [61]. We have
previously shown the widespread use of folic acid and nonfolic acid
vitamin B supplements in the epilepsy cohort in MoBa [38]. We
adjusted for folic acid supplement intake, folic acid supplement dose,
and dietary folate intake in all of our models, but the large number of
women reporting folic acid supplement use in both the first and second
trimesters still makes it difficult to estimate the genetic influence. This
was reflected by the lack of correlation between the PRS of low folate
concentrations and the maternal plasma folate concentrations during
gestation weeks 17–19 in the validation procedure. There were no
available data on maternal plasma folate concentrations during the
periconceptional period in MoBa. This period of pregnancy has been
shown to be vulnerable to neurodevelopmental impairment if no
maternal folic acid supplement is used in children of women with
ASM-treated epilepsy [27]. Hence, our results strongly indicate that
folic acid supplementation is a stronger predictor of folate concentra-
tions than any genetic liability to low folate concentrations. Further-
more, the folate-lowering effect of chronic ASM use [3] seems to be a
stronger predictor of risk of language impairment and autistic traits
than the maternal genetic liability to folate deficiency because maternal



TABLE 2
All estimates from the logistic regression models, including an interaction term between any prenatal ASM exposure due to maternal epilepsy and PRS of low
folate concentrations. The outcome was language impairment in ASM-exposed children of women with epilepsy compared to ASM-unexposed children at ages
1.5, 3, 5, and 8 y. The aOR and P value of each covariate in the model is presented. Two-sided P values < 0.05 are marked with bold text.

Language impairment

Covariates in the model No language
impairment,
n (% of total)

Language
impairment,
n (% of total)

aOR (95% CI) P value

Age 1.5 y
Prenatal ASM exposure No 19,768 (91) 2074 (10) 1.70 (0.83, 3.70) 0.190

Yes 54 (86) 9 (14)
Periconceptional folic acid use1 No 2496 (89) 305 (11) 0.84 (0.74, 0.96) 0.010

Yes 17,326 (91) 1778 (9)
Diet folate intake (μg/d) Mean (SD) 277.1 (100.8) 267.0 (89.0) 1.00 (1.00, 1.00) <0.001
Folic acid supplement dose (μg/d) Mean (SD) 271.7 (272.5) 266.7 (273.9) 1.00 (1.00, 1.00) 0.590
PRS of low folate 2 Mean (SD) -5.75e-05 (1.17e-03) -2.79e-05 (1.20e-03) 1.00 (0.98, 1.10) 0.270
Prenatal ASM exposure * PRS of low folate 3 1.10 (0.63, 2.00) 0.710
Age 3 y
Prenatal ASM exposure No 17,270 (94) 1108 (6) 1.00 (0.31, 3.30) 0.980

Yes 52 (95) <5
Periconceptional folic acid use 1 No 2127 (93) 160 (7) 0.84 (0.70, 1.00) 0.047

Yes 15,195 (94) 951 (6)
Dietary folate intake (μg/d) Mean (SD) 276.3 (99.8) 271.5 (104.7) 1.00 (1.00, 1.00) 0.160
Folic acid supplement dose (μg/d) Mean (SD) 274.8 (273.2) 268.2 (306.6) 1.00 (1.00, 1.00) 0.670
PRS of low folate 2 Mean (SD) -5.54e-05 (1.18e-03) -1.46e-05 (1.20e-03) 1.00 (0.98, 1.10) 0.270
Prenatal ASM exposure * PRS of low folate 3 1.20 (0.37, 4.20) 0.730
Age 5 y
Prenatal ASM exposure No 11,437 (80) 2957 (21) 3.2 (1.50, 6.80) 0.001

Yes 22 (60) 15 (41)
Periconceptional folic acid use 1 No 1067 (76) 332 (24) 0.82 (0.72, 0.93) 0.003

Yes 10,392 (80) 2640 (20)
Dietary folate intake (μg/d) Mean (SD) 277.9 (98.7) 275.1 (106.6) 1.00 (1.00, 1.00) 0.200
Folic acid supplement dose (μg/d) Mean (SD) 277.6 (274.0) 273.8 (284.9) 1.00 (1.00, 1.00) 0.530
PRS of low folate 2 Mean (SD) -5.50e-05 (1.18e-03) -7.17e-06 (1.20e-03) 1.00 (1.00, 1.00) 0.053
Prenatal ASM exposure * PRS of low folate 3 1.30 (0.68, 2.40) 0.380
Age 8 y
Prenatal ASM exposure due to epilepsy No 11,556 (82) 2494 (18) 3.7 (1.70, 8.20) 0.001

Yes 21 (62) 13 (38)
Periconceptional folic acid use 1 No 1366 (80) 333 (20) 0.88 (0.77, 1.00) 0.045

Yes 10,211 (82) 2174 (18)
Diet folate intake (μg/d) Mean (SD) 275.7 (99.2) 274.5 (94.5) 1.00 (1.00, 1.00) 0.550
Folic acid supplement dose (μg/d) Mean (SD) 272.7 (266.7) 272.5 (290.3) 1.00 (1.00, 1.00) 0.740
PRS of low folate 2 Mean (SD) -6.05e-05 (1.19e-03) -2.56e-05 (1.19e-03) 1.00 (0.99, 1.10) 0.210
Prenatal ASM exposure * PRS of low folate 3 2.15 (0.87, 5.30) 0.088

Abbreviations: ASM, antiseizure medication; aOR, adjusted odds ratio; NE, not estimable; NA, not applicable; PRS, polygenic risk score.
ASM-exposed children of women with epilepsy were compared to ASM-unexposed children using logistic regression models. Each age group was examined
separately. Covariates in the adjusted models: periconceptional folic acid supplement intake (any intake during gestation week �4 to 12), dietary folate intake
(μg/d), and folic acid supplement dose (μg/d).
1 Any use during the period from 4 wk before pregnancy and the first trimester.
2 aOR is given as change per 0.001 units of the PRS.
3 Interaction between prenatal ASM exposure due to maternal epilepsy and PRS of low folate concentrations. aOR is given as change per 0.001 units of the PRS.
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rs1801133 genotype or PRS of low folate concentrations did not
interact with the ASM-associated risk of adverse neurodevelopment in
our data, except for 1 finding at age 3 y. The interaction between
maternal rs1801133 and ASM exposure was significant with aOR >1,
indicating stronger association between ASM exposure and language
impairment at 3 y among children of mothers with CT/TT genotype.
However, this finding needs to be interpreted with caution because the
stratified analyses within the group of ASM-exposed children of
women with epilepsy showed that there were no children with maternal
CC genotype and language impairment at age 3 y. Also, no such as-
sociation was found for the other age groups. This is supported by a
study showing that the effect of valproate treatment on the rate of
congenital malformations was much stronger than the influence of
309
maternal rs1801133 genotypes CT/TT [62]. The mechanisms related to
ASM-associated adverse neurodevelopment probably also involve
nonvitamin B-dependent mechanisms [2,23].

The children with language impairment after prenatal carbamaze-
pine monotherapy exposure all had maternal rs1801133 CT or TT
genotype. Carbamazepine leads to low folate concentrations [3].
Despite widespread use of folic acid supplement in our study popula-
tion, this finding may indicate that high-dose folic acid supplementa-
tion is particularly important for women with epilepsy using
carbamazepine, but low numbers render low power and our results
must be interpreted with caution. One previous study in women using
ASM during pregnancy reported a 3–4 times higher risk of having a
child with congenital malformation in women with the rs1801133 TT



TABLE 3
Adjusted OR of language impairment in children of women with ASM-treated epilepsy compared with children of women without epilepsy stratified by maternal
rs1801133 genotype

Maternal
rs1801133
genotype

Maternal
ASM-treated
epilepsy

Child with language impairment,
n (% of total)1

Crude OR (95% CI) aOR (95% CI)

No Yes

Age 1.5 y
CC No 12,272 (90) 1296 (10) 1.00 1.00

Yes 26 (84) 5 (16) 1.82 (0.59, 5.63) 2.17 (0.69, 6.85)
CT/TT No 12,325 (90) 1319 (10) 1.00 1.00

Yes 35 (85) 6 (15) 1.60 (0.68, 3.78) 1.25 (0.46, 3.45)
Age 3 y
CC No 10,393 (94) 659 (6) 1.00 1.00

Yes 27 (100) 0 (0) 0.00 (0.00, 0.00) 0.00 (0.00, 0.00)
CT/TT No 10,372 (93) 759 (7) 1.00 1.00

Yes 28 (85) 5 (15) 2.44 (0.91, 6.57) 1.62 (0.49, 5.42)
Age 5 y
CC No 6573 (80) 1668 (20) 1.00 1.00

Yes 8 (57) 6 (43) 2.96 (0.88, 9.88) 2.97 (0.90, 9.83)
CT/TT No 6523 (79) 1725 (21) 1.00 1.00

Yes 15 (63) 9 (38) 2.27 (1.15, 4.46) 2.80 (1.41, 5.56)
Age 8 y
CC No 6597 (82) 1459 (18) 1.00 1.00

Yes 12 (63) 7 (37) 2.64 (0.91, 7.66) 2.88 (1.00, 8.26)
CT/TT No 6661 (82) 1446 (18) 1.00 1.00

Yes 10 (63) 6 (38) 2.76 (1.10, 6.94) 2.88 (1.10, 7.53)

Abbreviation: ASM, antiseizure medication.
Children of women with ASM-treated epilepsy were compared to children of women without epilepsy stratified for maternal rs1801133 genotype by using
multiple logistic regression models. Each age group was examined separately. Covariates in the adjusted models: periconceptional folic acid supplement intake
(any intake during gestation week �4 to 12), dietary folate intake (μg/d), and folic acid supplement dose (μg/d).
1 Crude numbers.

TABLE 4
Adjusted OR of autistic traits in children of women with ASM-treated epilepsy compared with children of women without epilepsy stratified by maternal
rs1801133 genotype

Maternal
rs1801133
genotype

Maternal
ASM-treated
epilepsy

Child with autistictraits, n (% of total)1 Crude OR (95% CI) aOR (95% CI)

No Yes

Age 3 y
CC No 9829 (91) 1001 (9) 1.00 1.00

Yes 21 (78) 6 (22) 2.81 (1.09, 7.23) 2.74 (1.03, 7.27)
CT/TT No 9854 (90) 1059 (10) 1.00 1.00

Yes 27 (82) 6 (18) 2.07 (0.82, 5.23) 1.71 (0.59, 4.97)
Age 8 y
CC No 7804 (98) 126 (2) 1.00 1.00

Yes 18 (95) <5 3.44 (0.45, 26.44) 4.16 (0.58, 29.68)
CT/TT No 7866 (98) 150 (2) 1.00 1.00

Yes 14 (88) <5 7.49 (1.62, 34.58) 7.91 (1.74, 35.99)

Abbreviation: ASM, antiseizure medication.
Children of women with ASM-treated epilepsy were compared to children of women without epilepsy stratified for maternal rs1801133 genotype by using
multiple logistic regression models. Each age group was examined separately. Covariates in the adjusted models: periconceptional folic acid supplement intake
(any intake during gestation week �4 to 12), dietary folate intake (μg/d), and folic acid supplement dose (μg/d).
1 Crude numbers.
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compared with CC genotype [63]. In studies from the general popu-
lation, SNPs related to maternal folate metabolism, particularly
rs1801133 genotype CT or TT, have been associated with increased
risk of adverse neurodevelopment such as ASD, intellectual disability,
and ADHD [16]. Although we could not confirm such associations, our
findings support the importance of optimal folate status during preg-
nancy for women with ASM-treated epilepsy.

Strengths of our study include a prospective design as well as
precise data on prenatal ASM exposure, folic acid supplement use, and
310
data on dietary folate and folic acid supplement dose in women with
and without epilepsy, and also available plasma folate concentrations.
Follow-up data were prospectively collected several years after the
exposure. The women in MoBa receive no information on biobank
results and thus do not know their genetic risk for low folate concen-
trations. Limitations include loss to follow-up with increasing age in
MoBa [64], and hence subgroups with a limited number of observa-
tions, making some results difficult to interpret. Data on autistic traits
and language impairment were collected by the parents with cutoffs
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based on screening instruments and not based on a formal neuro-
physiological assessment. Folate concentrations were only measured
once during pregnancy, and were only available in a random subsample
of women with ASM-treated epilepsy and of women without epilepsy
(PRS validation procedure). Moreover, the folate concentrations were
measured with different methods in the validation group and the study
group.

In conclusion, the maternal genetic liability to folate deficiency did
not interact with the ASM-associated risk of language impairment and
autistic traits in children of women with epilepsy. Widespread maternal
use of folic acid supplements may counteract potential adverse effects
of maternal genetic liability to folate deficiency in children of women
with epilepsy. Our data support current guidelines recommending folic
acid supplementation to women of reproductive age with ASM-treated
epilepsy.

Acknowledgements

The Norwegian Mother, Father, and Child Cohort Study is sup-
ported by the Norwegian Ministry of Health and Care Services and the
Ministry of Education and Research. We are grateful to all the
participating families in Norway who take part in this on-going cohort
study. We thank the Norwegian Institute of Public Health (NIPH) for
generating high-quality genomic data. This research is part of the
HARVEST collaboration, supported by the Research Council of Nor-
way (#229624). We also thank the NORMENT Centre for providing
genotype data, funded by the Research Council of Norway (#223273),
South East Norway Health Authorities, and Stiftelsen Kristian Gerhard
Jebsen. We further thank the Center for Diabetes Research, the Uni-
versity of Bergen for providing genotype data and performing quality
control and imputation of the data funded by the ERC AdG project
SELECTionPREDISPOSED, Stiftelsen Kristian Gerhard Jebsen,
Trond Mohn Foundation, the Research Council of Norway, the Novo
Nordisk Foundation, the University of Bergen, and the Western Nor-
way Health Authorities.

We acknowledge Ragnhild Lervik, Hege Marit Nyberg, and Åshild
Wæhre for excellent laboratory assistance, and Gyri Veiby, MD, PhD,
and Olav Spigset, MD, PhD, for contributing to data acquisition.

Author contributions
The authors’ responsibilities were as follows—ESNH, JR, A-LB-

M, NEG, KS, KG, BR, MHB: designed research; ESNH, JR: con-
ducted research; JR: analyzed data and performed statistical analyses;
ESNH, JR: wrote the paper; ESNH: had primary responsibility for the
final content; JR, A-LB-M, NEG, KS, KG, BR, MHB: critically revised
the manuscript; and all authors: read and approved the final manuscript.

Funding
We acknowledge the following sources of support: Norwegian

Epilepsy Foundation, Norwegian Chapter International League
Against Epilepsy, Det alminnelige medisinske forskningsfond ved
Universitetet I Bergen, Dr. Nils Henrichsen og hustru Anna Henrich-
sens legat, and Advokat Rolf Sandberg Reberg og Ellen Marie Rebergs
Legat til Epilepsiforskning. The funding sources had no role in the
design of the study or the interpretation of the results.

Data availability
Data from the Norwegian Mother, Father, and Child Cohort Study

and the Medical Birth Registry of Norway used in this study are
managed by the national health register holders in Norway (Norwegian
311
Institute of Public Health). Data described in the manuscript, code
book, and analytic code can be made available to researchers through
an application at www.helsedata.no, provided approval from the
Regional Committees for Medical and Health Research Ethics (REC),
compliance with the EU General Data Protection Regulation (GDPR),
and approval from the data owners. The consent given by the partici-
pants does not open for storage of data on an individual level in re-
positories or journals. The analytical code is available at https://gith
ub.com/jromanowska/ASM-genetic-liability-low-folate-interaction.
Author disclosures
ESNH, JR, A-LB-M, KG, and BR, no conflicts of interest. NEG has

received honoraria from UCB, Argenx, Janssen, Roche, Merck, and
Immunovant. KS has received speaking and/or consultant honoraria
from Roche, Orion Pharma, and Eisai AB. MHB has received funding
from the NordForsk Nordic Program on Health and Welfare (project
no. 83796) and the Norwegian Research Council; consulting fees from
Novartis Norway, Eisai, Jazz Pharmaceuticals, Lundbeck, Angelini
Pharma; and speaker honoraria from Teva, Lilly, and Angelini Pharma;
and fees to University of Bergen from the marked authorization holders
of valproate for a post-authorization safety study.
Appendix A. Supplementary data
Supplementary data to this article can be found online at https

://doi.org/10.1016/j.ajcnut.2023.05.023.

References

[1] Y. Li, K.J. Meador, Epilepsy and pregnancy, Continuum (Minneap Minn) 28
(1) (2022) 34–54, https://doi.org/10.1212/con.0000000000001056.

[2] T. Tomson, D. Battino, R. Bromley, S. Kochen, K. Meador, P. Pennell, et al.,
Management of epilepsy in pregnancy: a report from the International League
Against Epilepsy Task Force on Women and Pregnancy, Epileptic Disord 21
(6) (2019) 497–517, https://doi.org/10.1684/epd.2019.1105.

[3] V. Belcastro, P. Striano, Antiepileptic drugs, hyperhomocysteinemia and B-
vitamins supplementation in patients with epilepsy, Epilepsy Res 102 (1–2)
(2012) 1–7, https://doi.org/10.1016/j.eplepsyres.2012.07.003.

[4] H. McNulty, M. Ward, L. Hoey, C.F. Hughes, K. Pentieva, Addressing optimal
folate and related B-vitamin status through the lifecycle: health impacts and
challenges, Proc. Nutr. Soc. 78 (2019) 449–462, https://doi.org/10.1017/
s0029665119000661.

[5] G. Ni, J. Qin, H. Li, Z. Chen, Y. Zhou, Z. Fang, et al., Effects of antiepileptic
drug monotherapy on one-carbon metabolism and DNA methylation in patients
with epilepsy, PLOS ONE 10 (4) (2015), e0125656, https://doi.org/10.1371/
journal.pone.0125656.

[6] S. Alvestad, E.S.N. Husebye, J. Christensen, J.W. Dreier, Y. Sun, J. Igland, et
al., Folic acid and risk of preterm birth, preeclampsia, and fetal growth
restriction among women with epilepsy: a prospective cohort study, Neurology
99 (6) (2022) e605–e615, https://doi.org/10.1212/wnl.0000000000200669.

[7] K.J. Meador, G.A. Baker, N. Browning, M.J. Cohen, R.L. Bromley, J. Clayton-
Smith, et al., Fetal antiepileptic drug exposure and cognitive outcomes at age 6
years (NEAD study): a prospective observational study, Lancet Neurol 12 (3)
(2013) 244–252, https://doi.org/10.1016/s1474-4422(12)70323-x.

[8] NICE, Guideline, Epilepsies: Diagnosis and Management – Clinical Guideline,
2012, p. 58. Available from: https://www.nice.org.uk/guidance/cg137.
Available from: Last updated and cited: Jan 26, 2023.

[9] T. Tomson, D. Battino, R. Bromley, S. Kochen, K.J. Meador, P.B. Pennell, et
al., Global Survey of Guidelines for the Management of Epilepsy in Pregnancy:
a report from the International League Against Epilepsy Task Force on Women
and Pregnancy, Epilepsia Open 5 (3) (2020) 366–370, https://doi.org/10.1002/
epi4.12420.

[10] S. Virdi, N.M. Jadavji, The impact of maternal folates on brain development
and function after birth, Metabolites 12 (9) (2022) 876, https://doi.org/10.3390/
metabo12090876.

[11] Y. Menezo, K. Elder, A. Clement, P. Clement, Folic acid, folinic acid, 5 methyl
tetrahydrofolate supplementation for mutations that affect epigenesis through
the folate and one-carbon cycles, Biomolecules 12 (2) (2022) 197, https://
doi.org/10.3390/biom12020197.

http://www.helsedata.no
https://github.com/jromanowska/ASM-genetic-liability-low-folate-interaction
https://github.com/jromanowska/ASM-genetic-liability-low-folate-interaction
https://doi.org/10.1016/j.ajcnut.2023.05.023
https://doi.org/10.1016/j.ajcnut.2023.05.023
https://doi.org/10.1212/con.0000000000001056
https://doi.org/10.1684/epd.2019.1105
https://doi.org/10.1016/j.eplepsyres.2012.07.003
https://doi.org/10.1017/s0029665119000661
https://doi.org/10.1017/s0029665119000661
https://doi.org/10.1371/journal.pone.0125656
https://doi.org/10.1371/journal.pone.0125656
https://doi.org/10.1212/wnl.0000000000200669
https://doi.org/10.1016/s1474-4422(12)70323-x
https://www.nice.org.uk/guidance/cg137
https://doi.org/10.1002/epi4.12420
https://doi.org/10.1002/epi4.12420
https://doi.org/10.3390/metabo12090876
https://doi.org/10.3390/metabo12090876
https://doi.org/10.3390/biom12020197
https://doi.org/10.3390/biom12020197


E.S. Nilsen Husebye et al. The American Journal of Clinical Nutrition 118 (2023) 303–313
[12] H.Y. Liu, S.M. Liu, Y.Z. Zhang, Maternal folic acid supplementation mediates
offspring health via DNA methylation, Reprod. Sci. 27 (4) (2020) 963–976,
https://doi.org/10.1007/s43032-020-00161-2.

[13] P. Maruvada, P.J. Stover, J.B. Mason, R.L. Bailey, C.D. Davis, M.S. Field, et al.,
Knowledge gaps in understanding the metabolic and clinical effects of excess
folates/folic acid: a summary, and perspectives, from an NIH workshop, Am. J.
Clin. Nutr. 112 (5) (2020) 1390–1403, https://doi.org/10.1093/ajcn/nqaa259.

[14] S.H. Zeisel, Importance of methyl donors during reproduction, Am. J. Clin.
Nutr. 89 (2) (2009) 673S–677S, https://doi.org/10.3945/ajcn.2008.26811D.

[15] C. Ledowsky, A. Mahimbo, V. Scarf, A. Steel, Women taking a folic acid
supplement in countries with mandatory food fortification programs may be
exceeding the upper tolerable limit of folic acid: a systematic review, Nutrients
14 (13) (2022) 2715, https://doi.org/10.3390/nu14132715.

[16] C. Lintas, Linking genetics to epigenetics: the role of folate and folate-related
pathways in neurodevelopmental disorders, Clin. Genet. 95 (2) (2019)
241–252, https://doi.org/10.1111/cge.13421.

[17] S.W. Choi, T.S. Mak, P.F. O'Reilly, Tutorial: a guide to performing polygenic
risk score analyses, Nat. Protoc. 15 (9) (2020) 2759–2772, https://doi.org/
10.1038/s41596-020-0353-1.

[18] B. Shane, F. Pangilinan, J.L. Mills, R. Fan, T. Gong, C.D. Cropp, et al., The
677C→T variant of MTHFR is the major genetic modifier of biomarkers of
folate status in a young, healthy Irish population, Am. J. Clin. Nutr. 108 (6)
(2018) 1334–1341, https://doi.org/10.1093/ajcn/nqy209.

[19] [Internet], SNPedia, rs1801133, 2022 [date updated Jan 26, 2023; date cited Jan
26, 2023]. Available from: https://www.snpedia.com/index.php/Rs1801133
[date updated Jan 26, 2023; date cited Jan 26, 2023]. Available from:.

[20] O. Bueno, A.M. Molloy, J.D. Fernandez-Ballart, C.J. García-Minguill�an,
S. Ceruelo, L. Ríos, et al., Common polymorphisms that affect folate transport or
metabolism modify the effect of the MTHFR 677C> T polymorphism on folate
status, J. Nutr. 146 (1) (2016) 1–8, https://doi.org/10.3945/jn.115.223685.

[21] GnomADbrowser, Single nucleotide variant:1-11856378-G-A (GRCh37)
[Internet], 2022 [date updated Jan 26, 2023; date cited Jan 26, 2023]. Available
from: https://gnomad.broadinstitute.org/variant/1-11856378-G-A?dataset¼gn
omad_r2_1 [date updated Jan 26, 2023; date cited Jan 26, 2023]. Available from:.

[22] E.H. Reynolds, Antiepileptic drugs, folate and one carbon metabolism
revisited, Epilepsy Behav 112 (2020), 107336, https://doi.org/10.1016/
j.yebeh.2020.107336.

[23] M. Kellogg, K.J. Meador, Neurodevelopmental effects of antiepileptic drugs,
Neurochem. Res. 42 (7) (2017) 2065–2070, https://doi.org/10.1007/s11064-
017-2262-4.

[24] M. Bjork, B. Riedel, O. Spigset, G. Veiby, E. Kolstad, A.K. Daltveit, et al.,
Association of folic acid supplementation during pregnancy with the risk of
autistic traits in children exposed to antiepileptic drugs in utero, JAMA Neurol
75 (2) (2018) 160–168, https://doi.org/10.1001/jamaneurol.2017.3897.

[25] E.S.N. Husebye, N.E. Gilhus, B. Riedel, O. Spigset, A.K. Daltveit, M.H. Bjork,
Verbal abilities in children of mothers with epilepsy: association to maternal
folate status, Neurology 91 (9) (2018) e811–e821, https://doi.org/10.1212/
wnl.0000000000006073.

[26] E.S.N. Husebye, N.E. Gilhus, O. Spigset, A.K. Daltveit, M.H. Bjørk, Language
impairment in children aged 5 and 8 years after antiepileptic drug exposure in
utero – the Norwegian Mother and Child Cohort Study, Eur. J. Neurol. 27 (4)
(2020) 667–675, https://doi.org/10.1111/ene.14140.

[27] K.J. Meador, P.B. Pennell, R.C. May, C.A. Brown, G. Baker, R. Bromley, et
al., Effects of periconceptional folate on cognition in children of women with
epilepsy: NEAD study, Neurology 94 (7) (2020) e729–e740, https://doi.org/
10.1212/wnl.0000000000008757.

[28] Y. Huber-Mollema, L. van Iterson, F.J. Oort, D. Lindhout, R. Rodenburg,
Neurocognition after prenatal levetiracetam, lamotrigine, carbamazepine or
valproate exposure, J. Neurol. 267 (6) (2020) 1724–1736, https://doi.org/
10.1007/s00415-020-09764-w.

[29] G.A. Baker, R.L. Bromley, M. Briggs, C.P. Cheyne, M.J. Cohen, M. Garcia-
Finana, et al., IQ at 6 years after in utero exposure to antiepileptic drugs: a
controlled cohort study, Neurology 84 (4) (2015) 382–390, https://doi.org/
10.1212/wnl.0000000000001182.

[30] A.A. Asadi-Pooya, High dose folic acid supplementation in women with
epilepsy: are we sure it is safe? Seizure 27 (2015) 51–53, https://doi.org/
10.1016/j.seizure.2015.02.030.

[31] Z. Sadat-Hossieny, C.P. Robalino, P.B. Pennell, M.J. Cohen, D.W. Loring,
R.C. May, et al., Folate fortification of food: insufficient for women with
epilepsy, Epilepsy Behav 117 (2021), 107688, https://doi.org/10.1016/
j.yebeh.2020.107688.

[32] P. Magnus, C. Birke, K. Vejrup, A. Haugan, E. Alsaker, A.K. Daltveit, et al.,
Cohort profile update: the Norwegian Mother and Child Cohort Study (MoBa),
Int. J. Epidemiol. 45 (2) (2016) 382–388, https://doi.org/10.1093/ije/dyw029.
312
[33] L. Paltiel, A. Haugan, T. Skjerden, K. Harbak, S. Bækken, N.K. Stensrud, et
al., The biobank of the Norwegian Mother and Child Cohort Study – present
status, Nor. J. Epidemiol. 24 (1–2) (2014) 29–35, https://doi.org/10.5324/
nje.v24i1-2.1755.

[34] [Internet], Moba Genetics, 2017 [date updated Jan 26, 2023; date cited Jan 26,
2023]. Available from: https://github.com/folkehelseinstituttet/mobagen [date
updated Jan 26, 2023; date cited Jan 26, 2023]. Available from:.

[35] M.H. Bjork, G. Veiby, O. Spigset, N.E. Gilhus, Using the Norwegian Mother
and Child Cohort Study to determine risk factors for delayed development and
neuropsychiatric symptoms in the offspring of parents with epilepsy, Nor. J.
Epidemiol. 24 (2014) 79–89.

[36] J. Vederhus, E.S.N. Husebye, K. Eid, N.E. Gilhus, M.H. Bjørk, Prevalence of
self-reported emotional, physical, and sexual abuse and association with fear of
childbirth in pregnant women with epilepsy: the Norwegian Mother, Father,
and Child Cohort Study, Epilepsia 63 (2022) 1822–1834, https://doi.org/
10.1111/epi.17242.

[37] G. Veiby, A.K. Daltveit, S. Schjolberg, C. Stoltenberg, A.S. Oyen, S.E. Vollset,
et al., Exposure to antiepileptic drugs in utero and child development: a
prospective population-based study, Epilepsia 54 (8) (2013) 1462–1472,
https://doi.org/10.1111/epi.12226.

[38] E.S.N. Husebye, B. Riedel, A.L. Bjørke-Monsen, O. Spigset, A.K. Daltveit,
N.E. Gilhus, et al., Vitamin B status and association with antiseizure
medication in pregnant women with epilepsy, Epilepsia 62 (2021) 2968–2980,
https://doi.org/10.1111/epi.17076.

[39] C.W. Allen, N. Silove, K. Williams, P. Hutchins, Validity of the Social
Communication Questionnaire in assessing risk of autism in preschool children
with developmental problems, J. Autism Dev. Disord. 37 (7) (2007)
1272–1278, https://doi.org/10.1007/s10803-006-0279-7.

[40] I. Oosterling, N. Rommelse, M. de Jonge, R.J. van der Gaag, S. Swinkels,
S. Roos, et al., How useful is the Social Communication Questionnaire in
toddlers at risk of autism spectrum disorder? J. Child Psychol. Psychiatry. 51
(11) (2010) 1260–1268, https://doi.org/10.1111/j.1469-7610.2010.02246.x.

[41] A.V. Snow, L. Lecavalier, Sensitivity and specificity of the Modified Checklist
for Autism in Toddlers and the Social Communication Questionnaire in
preschoolers suspected of having pervasive developmental disorders, Autism
12 (6) (2008) 627–644, https://doi.org/10.1177/1362361308097116.

[42] E.S.N. Husebye, A.W.K. Wendel, N.E. Gilhus, B. Riedel, M.H. Bjørk, Plasma
unmetabolized folic acid in pregnancy and risk of autistic traits and language
impairment in antiseizure medication-exposed children of women with epilepsy,
Am. J. Clin. Nutr. 115 (2022) 1432–1440, https://doi.org/10.1093/ajcn/nqab436.

[43] J. Squires, D. Bricker, L. Potter, Revision of a parent-completed development
screening tool: Ages and Stages Questionnaires, J. Pediatr. Psychol. 22 (3)
(1997) 313–328.

[44] P.S. Dale, T.S. Price, D.V. Bishop, R. Plomin, Outcomes of early language
delay: I. Predicting persistent and transient language difficulties at 3 and 4
years, J. Speech Lang. Hear. Res. 46 (3) (2003) 544–560.

[45] C. Roth, P. Magnus, S. Schjolberg, C. Stoltenberg, P. Suren, I.W. McKeague, et
al., Folic acid supplements in pregnancy and severe language delay in children,
JAMA 306 (14) (2011) 1566–1573, https://doi.org/10.1001/jama.2011.1433.

[46] P.A. Hadley, M.L. Rice, Parental judgments of preschoolers' speech and
language development: a resource for assessment and IEP planning, Semin.
Speech Lang. 14 (4) (1993) 278–288, https://doi.org/10.1055/s-2008-1064177.

[47] E. Ottem, 20 spørsmål om språkferdigheter– en analyse av sammenhengen
mellom observasjonsdata og testdata, Skolepsykologi 1 (2009) 11–27.

[48] A.L. Brantsaeter, M. Haugen, J. Alexander, H.M. Meltzer, Validity of a new
food frequency questionnaire for pregnant women in the Norwegian Mother
and Child Cohort Study (MoBa), Matern, Child Nutr 4 (1) (2008) 28–43,
https://doi.org/10.1111/j.1740-8709.2007.00103.x.

[49] A.L. Bjorke-Monsen, C. Roth, P. Magnus, O. Midttun, R.M. Nilsen,
T. Reichborn-Kjennerud, et al., Maternal B vitamin status in pregnancy week
18 according to reported use of folic acid supplements, Mol. Nutr. Food Res. 57
(4) (2013) 645–652, https://doi.org/10.1002/mnfr.201200114.

[50] R. Hannisdal, P.M. Ueland, S.J. Eussen, A. Svardal, S. Hustad, Analytical
recovery of folate degradation products formed in human serum and plasma at
room temperature, J. Nutr. 139 (7) (2009) 1415–1418, https://doi.org/10.3945/
jn.109.105635.

[51] C.C. Chang, C.C. Chow, L.C. Tellier, S. Vattikuti, S.M. Purcell, J.J. Lee,
Second-generation PLINK: rising to the challenge of larger and richer datasets,
Gigascience 4 (2015) 7, https://doi.org/10.1186/s13742-015-0047-8.

[52] A. Zeiles, T. Hothorn, Diagnostic checking in regression relationships
[Internet], R News 2 (3) (2002) 7–10 [date updated; date cited]. Available from:
https://CRAN.R-project.org/doc/Rnews/.

[53] A. Zeileis, Object-oriented computation of sandwich estimators, J. Stat. Softw.
16 (9) (2006) 1–16.

https://doi.org/10.1007/s43032-020-00161-2
https://doi.org/10.1093/ajcn/nqaa259
https://doi.org/10.3945/ajcn.2008.26811D
https://doi.org/10.3390/nu14132715
https://doi.org/10.1111/cge.13421
https://doi.org/10.1038/s41596-020-0353-1
https://doi.org/10.1038/s41596-020-0353-1
https://doi.org/10.1093/ajcn/nqy209
https://www.snpedia.com/index.php/Rs1801133
https://doi.org/10.3945/jn.115.223685
https://gnomad.broadinstitute.org/variant/1-11856378-G-A?dataset=gnomad_r2_1
https://gnomad.broadinstitute.org/variant/1-11856378-G-A?dataset=gnomad_r2_1
https://gnomad.broadinstitute.org/variant/1-11856378-G-A?dataset=gnomad_r2_1
https://doi.org/10.1016/j.yebeh.2020.107336
https://doi.org/10.1016/j.yebeh.2020.107336
https://doi.org/10.1007/s11064-017-2262-4
https://doi.org/10.1007/s11064-017-2262-4
https://doi.org/10.1001/jamaneurol.2017.3897
https://doi.org/10.1212/wnl.0000000000006073
https://doi.org/10.1212/wnl.0000000000006073
https://doi.org/10.1111/ene.14140
https://doi.org/10.1212/wnl.0000000000008757
https://doi.org/10.1212/wnl.0000000000008757
https://doi.org/10.1007/s00415-020-09764-w
https://doi.org/10.1007/s00415-020-09764-w
https://doi.org/10.1212/wnl.0000000000001182
https://doi.org/10.1212/wnl.0000000000001182
https://doi.org/10.1016/j.seizure.2015.02.030
https://doi.org/10.1016/j.seizure.2015.02.030
https://doi.org/10.1016/j.yebeh.2020.107688
https://doi.org/10.1016/j.yebeh.2020.107688
https://doi.org/10.1093/ije/dyw029
https://doi.org/10.5324/nje.v24i1-2.1755
https://doi.org/10.5324/nje.v24i1-2.1755
https://github.com/folkehelseinstituttet/mobagen
http://refhub.elsevier.com/S0002-9165(23)63922-X/sref35
http://refhub.elsevier.com/S0002-9165(23)63922-X/sref35
http://refhub.elsevier.com/S0002-9165(23)63922-X/sref35
http://refhub.elsevier.com/S0002-9165(23)63922-X/sref35
http://refhub.elsevier.com/S0002-9165(23)63922-X/sref35
https://doi.org/10.1111/epi.17242
https://doi.org/10.1111/epi.17242
https://doi.org/10.1111/epi.12226
https://doi.org/10.1111/epi.17076
https://doi.org/10.1007/s10803-006-0279-7
https://doi.org/10.1111/j.1469-7610.2010.02246.x
https://doi.org/10.1177/1362361308097116
https://doi.org/10.1093/ajcn/nqab436
http://refhub.elsevier.com/S0002-9165(23)63922-X/sref43
http://refhub.elsevier.com/S0002-9165(23)63922-X/sref43
http://refhub.elsevier.com/S0002-9165(23)63922-X/sref43
http://refhub.elsevier.com/S0002-9165(23)63922-X/sref43
http://refhub.elsevier.com/S0002-9165(23)63922-X/sref44
http://refhub.elsevier.com/S0002-9165(23)63922-X/sref44
http://refhub.elsevier.com/S0002-9165(23)63922-X/sref44
http://refhub.elsevier.com/S0002-9165(23)63922-X/sref44
https://doi.org/10.1001/jama.2011.1433
https://doi.org/10.1055/s-2008-1064177
http://refhub.elsevier.com/S0002-9165(23)63922-X/sref47
http://refhub.elsevier.com/S0002-9165(23)63922-X/sref47
http://refhub.elsevier.com/S0002-9165(23)63922-X/sref47
http://refhub.elsevier.com/S0002-9165(23)63922-X/sref47
https://doi.org/10.1111/j.1740-8709.2007.00103.x
https://doi.org/10.1002/mnfr.201200114
https://doi.org/10.3945/jn.109.105635
https://doi.org/10.3945/jn.109.105635
https://doi.org/10.1186/s13742-015-0047-8
https://CRAN.R-project.org/doc/Rnews/
http://refhub.elsevier.com/S0002-9165(23)63922-X/sref53
http://refhub.elsevier.com/S0002-9165(23)63922-X/sref53
http://refhub.elsevier.com/S0002-9165(23)63922-X/sref53


E.S. Nilsen Husebye et al. The American Journal of Clinical Nutrition 118 (2023) 303–313
[54] A. Zeileis, S. K€oll, N. Graham, Various versatile variances: an object-oriented
implementation of clustered covariances in R, J. Stat. Softw. 95 (1) (2020) 1–36.

[55] H. Wickham, ggplot2: Elegant Graphics for Data Analysis, Springer-Verlag,
New York, 2016.

[56] T. Pedersen, patchwork: the composer of plots. R package version 1.1.1
[Internet], 2020 [date updated; date cited]. Available from: https://CRAN
.R-project.org/package¼patchwork.

[57] D. Sjoberg, K. Whiting, M. Curry, J. Lavery, J. Larmarange, Reproducible
summary tables with the gtsummary package, R J 13 (2021) 570–580.

[58] R. Iannone, J. Cheng, B. Schloerke, gt: easily create presentation-ready display
tables. R package version 0.6.0 [Internet], 2022 [date updated; date cited].
Available from: https://CRAN.R-project.org/package¼gt.

[59] D. Gohel, flextable: functions for tabular reporting. R package version 0.7.2
[Internet], 2022 [date updated; date cited]. Available from: https://CRAN
.R-project.org/package¼flextable.

[60] A. Semmler, S. Moskau-Hartmann, B. Stoffel-Wagner, C. Elger,
M. Linnebank, Homocysteine plasma levels in patients treated with
313
antiepileptic drugs depend on folate and vitamin B12 serum levels, but not on
genetic variants of homocysteine metabolism, Clin. Chem. Lab. Med. 51 (3)
(2013) 665–669, https://doi.org/10.1515/cclm-2012-0580.

[61] T. Apeland, M.A. Mansoor, K. Pentieva, H. McNulty, I. Seljeflot,
R.E. Strandjord, The effect of B-vitamins on hyperhomocysteinemia in patients
on antiepileptic drugs, Epilepsy Res 51 (3) (2002) 237–247.

[62] U. Kini, R. Lee, A. Jones, S. Smith, S. Ramsden, A. Fryer, et al., Influence of
the MTHFR genotype on the rate of malformations following exposure to
antiepileptic drugs in utero, Eur. J. Med. Genet. 50 (6) (2007) 411–420, https://
doi.org/10.1016/j.ejmg.2007.08.002.

[63] J. Dean, Z. Robertson, V. Reid, Q.D. Wang, H. Hailey, S. Moore, et al., Fetal
anticonvulsant syndromes and polymorphisms in MTHFR, MTR, and MTRR,
Am. J. Med. Genet. A. 143A (19) (2007) 2303–2311, https://doi.org/10.1002/
ajmg.a.31914.

[64] K. Vejrup, P. Magnus, M. Magnus, Lost to follow-up in the Norwegian mother,
father and child cohort study, Paediatr. Perinat. Epidemiol. 36 (2) (2022)
300–309, https://doi.org/10.1111/ppe.12821.

http://refhub.elsevier.com/S0002-9165(23)63922-X/sref54
http://refhub.elsevier.com/S0002-9165(23)63922-X/sref54
http://refhub.elsevier.com/S0002-9165(23)63922-X/sref54
http://refhub.elsevier.com/S0002-9165(23)63922-X/sref54
http://refhub.elsevier.com/S0002-9165(23)63922-X/sref55
http://refhub.elsevier.com/S0002-9165(23)63922-X/sref55
https://CRAN.R-project.org/package=patchwork
https://CRAN.R-project.org/package=patchwork
https://CRAN.R-project.org/package=patchwork
http://refhub.elsevier.com/S0002-9165(23)63922-X/sref57
http://refhub.elsevier.com/S0002-9165(23)63922-X/sref57
http://refhub.elsevier.com/S0002-9165(23)63922-X/sref57
https://CRAN.R-project.org/package=gt
https://CRAN.R-project.org/package=gt
https://CRAN.R-project.org/package=flextable
https://CRAN.R-project.org/package=flextable
https://CRAN.R-project.org/package=flextable
https://doi.org/10.1515/cclm-2012-0580
http://refhub.elsevier.com/S0002-9165(23)63922-X/sref61
http://refhub.elsevier.com/S0002-9165(23)63922-X/sref61
http://refhub.elsevier.com/S0002-9165(23)63922-X/sref61
http://refhub.elsevier.com/S0002-9165(23)63922-X/sref61
https://doi.org/10.1016/j.ejmg.2007.08.002
https://doi.org/10.1016/j.ejmg.2007.08.002
https://doi.org/10.1002/ajmg.a.31914
https://doi.org/10.1002/ajmg.a.31914
https://doi.org/10.1111/ppe.12821

	Does maternal genetic liability to folate deficiency influence the risk of antiseizure medication-associated language impai ...
	Introduction
	Methods
	Study population
	Epilepsy and ASM use
	Autistic traits and language impairment
	Maternal folate intake and status
	Calculation and validation of PRS
	Maternal rs1801133 genotype
	Statistical analyses
	Ethics

	Results
	PRS
	Study population
	Maternal rs1801133 genotype and risk of language impairment and autistic traits

	Discussion
	Acknowledgements
	Author contributions
	Funding
	Data availability
	Author disclosures
	Appendix A. Supplementary data
	References


