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Abstract

Background: 2-8 out of 1000 pregnancies occur in women with epilepsy. Most
women use antiseizure medication (ASM) during pregnancy to avoid potentially
harmful epileptic seizures. Fetal exposure to ASM is associated with an increased risk
of congenital malformations and adverse neurodevelopment. It is important to
identify factors that modulate the risk of ASM-associated fetal harm. Folate is a B
vitamin important for normal brain development and associated with favorable
neurodevelopmental outcome in the children. Many ASM interact with folate
metabolism causing reduced folate concentrations, in addition to the folate-lowering

effect of the pregnancy itself.

Aims: The aims of this research project were to examine the risk of language
impairment in children of women with epilepsy aged 5 and 8 years and associated
risk factors, and to examine the association between maternal folate status during
pregnancy, plasma ASM concentrations, and ASM-associated language impairment
in children of women aged 1.5-8 years. The overall aim was to find ways to improve

the outcome in children of women with epilepsy after prenatal ASM exposure.

Material and methods: The data source was The Norwegian Mother, Father and
Child Cohort Study (MoBa). MoBa is a prospective, population-based pregnancy
cohort study conducted by the Norwegian Institute of Public Health and linked to the
Medical Birth Registry of Norway (MBRN). Pregnant women from all over Norway
were invited to participate during the years 1999-2008. 41% of the invited
pregnancies consented to participate. Data on medical background, social
background, epilepsy diagnosis, ASM use, vitamin supplement use, and language
impairment in the children were collected from parental-reported questionnaires
during the pregnancy and after birth when the child was at age 1.5, 3, 5 and 8 years.
We measured plasma ASM concentrations and vitamin and metabolite concentrations
in maternal samples from gestation week 17-19 and ASM concentrations in umbilical

cord samples collected immediately after birth. Language impairment was examined
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based on the following parental-reported screening instruments: The Ages and Stages
Questionnaire (ASQ); a one-item question regarding expressive language delay; the
Speech and Language Assessment Scale (SLAS); and the Norwegian instrument The
Twenty Statements about Language-Related Difficulties (Language 20).

Results: The maternal epilepsy cohort in MoBa consisted of 346 ASM-exposed
children of 297 women and 388 ASM-unexposed children of 323 women with
epilepsy. The control group consisted of 113,674 children of 94,338 women without
epilepsy. For ASM-exposed children, the adjusted odds ratio (aOR) for language
impairment at age 5 years was 1.6, 95% confidence interval (CI) 1.1-2.5 compared to
children of women without epilepsy. At age 8§ years, the corresponding aOR for
language impairment was 2.0, CI 1.4-3.0. Maternal use of periconceptional folic acid
was associated with decreased risk of ASM-associated language impairment at ages
1.5, 3, 5, and 8 years. High maternal valproate concentrations correlated with poor
language score at ages 1.5 (ASQ: Spearman’s rho (r) =-0.50, n = 17, p-value (p) =
0.04) and 5 years (ASQ: r=-0.77,n=9, p = 0.02; Language 20: r=0.82,n=9,p =
0.01). High maternal ASM concentrations correlated with high concentrations of
unmetabolized folic acid (UMFA; n =199, r=0.22, p = 0.002), and with low
concentrations of riboflavin (n = 188, r = -0.32, p <0.001) and metabolically active
pyridoxine (PLP; n =188, r=-0.19, p = 0.01). There was no association between

ASM and plasma niacin status.

Conclusions and implications: Fetal ASM exposure in utero may have long term
consequences for language outcome in children of women with epilepsy. Use of folic
acid in the periconceptional period was associated with better language outcome in
ASM-exposed children. Maternal ASM concentrations in the second trimester
interacted with folate metabolism and non-folate B vitamins associated with folate
function, and with language score. Folate may play a role in ASM-associated risk of
language impairment. Periconceptional folic acid supplementation seems to improve

the outcome in ASM-exposed children of women with epilepsy.
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1. Introduction

1.1 Epilepsy — a heterogenous disease

Epilepsy is a heterogenous neurological disease with different etiologies and that
affects 0.65% of adults worldwide.'”® It is characterized by an enduring predisposition
to generate epileptic seizures and by neurobiological, cognitive, psychological, and

social consequences related to this disease.*

An epileptic seizure is defined as a “transient occurrence of signs and/or symptoms
due to abnormal excessive or synchronous neuronal activity in the brain.”* It is
defined in clinical practice by; 1. The occurrence of two unprovoked epileptic
seizures more than 24 hours apart, or 2. One unprovoked epileptic seizure in a person
considered to have a high recurrence risk defined as >60% risk in a 10-year period, or
3. By the diagnosis of an epilepsy syndrome.’ Factors that determine the seizure
recurrence risk include abnormal electroencephalography (EEG) findings, an
abnormal neurological examination, magnetic resonance imaging (MRI), and a
second unprovoked epileptic seizure.?3 The International League Against Epilepsy
(ILAE) presented an updated classification framework of epilepsy in 2017,
introducing three levels of classification; A. Classification of seizure type according
to the appearance of the seizure and which parts of the brain that is involved in the
seizure (generalized onset, focal onset, and unknown onset), B. Classification of
epilepsy type (generalized, focal, combined generalized and focal, and unknown
epilepsy), and C. The diagnosis of an epilepsy syndrome.®’” The ILAE classification
framework also includes six different etiology groups; structural, genetic, infectious,
metabolic, immune, and unknown.® Correct classification in this framework is
important to determine the epilepsy etiology, to initiate optimal treatment, and to

assess the prognosis in all patients with epilepsy.®’

Epilepsy is associated with cognitive, behavioral and psychiatric disorders such as
autism spectrum disorders (ASD), attention deficit hyperactivity disorder (ADHD),

anxiety and depression disorders, and poor academic performance.®’ People with
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epilepsy also have an increased risk of injuries and accidents, such as burns,
drowning, and traumatic brain injury.? The mortality risk is increased compared to
people from the general population, mostly due to an increased risk of sudden
unexpected death in epilepsy (SUDEP).!° The SUDEP risk is approximately 1 per

1000 adults with active epilepsy per year.!!!?

The incidence of epilepsy is similar among men and women.! However, management
challenges and treatment guidelines differ between men and women, as female sex
hormones, the menstrual cycle, and pregnancy can alter the activity of the epilepsy
disease and interact with the treatment of epilepsy.?*!*>"> My research project focuses
on language impairment in children of women with epilepsy after prenatal antiseizure
medication (ASM) exposure and the association between ASM use and maternal
folate status during pregnancy. Individual ASMs that will be highlighted include
valproate, lamotrigine, carbamazepine, levetiracetam, topiramate, and oxcarbazepine,
and treatment with two or more ASMs; ASM polytherapy. A brief overview of the
management of women with epilepsy during pregnancy is important to understand
why epilepsy treatment during pregnancy is necessary, complex, and represents a
balance between the risk of epileptic seizures and the risk of ASM-associated adverse

effects in the mother and the child.!?

1.2 Women with epilepsy during pregnancy

2-8 of 1000 pregnancies occur in women with epilepsy in highly developed
countries.'®!® Most of these women have uncomplicated pregnancies and deliver
healthy babies, but not all.!* Management challenges in pregnant women with
epilepsy include an increased risk of pregnancy complications, peripartum psychiatric
disorders, and increased morbidity and mortality risks compared to women without
epilepsy.'>!* Treatment with some ASMs during pregnancy is associated with an
increased risk of congenital malformations and adverse neurodevelopment in the
child.'*!* Uncontrolled epileptic seizures during pregnancy may harm the fetus, the
mother, or both.!* Appropriate management and counselling before conception,

during pregnancy and in the postpartum period is essential for an optimal pregnancy
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outcome for the mother and the child.>*!*!4 Most of the research involving pregnant
women with epilepsy is based on observational data, as randomized controlled trials
would in most cases be considered unethical.?® Internationally used guidelines on the
management of pregnant women with epilepsy have been published from The
American Academy of Neurology (AAN) and the American Epilepsy Society, The
National Institute for Health and Care Excellence (NICE) in the United Kingdom
(UK), and the ILAE .!32!-25 In 2021, the Medicine and Healthcare products
Regulatory Agency in the UK published a report on the safety of ASM use during
pregnancy.?® In Norway, we use national guidelines developed from The Norwegian
Medical Association.?”?® No official, globally applicable treatment guideline exists,
and many of the local guidelines used by different countries are outdated and lack
important recommendations.?> Although the knowledge regarding management of
pregnant women with epilepsy has increased during the past decades, there is still
much to be learned.?*?* Mechanisms involved in ASM teratogenesis are largely
unknown, although several hypothesizes exist, and data on the long-term outcome

associated with prenatal ASM exposure are still scarce for most ASMs.3%3!

1.2.1 The menstrual cycle

About one-third of women with epilepsy have increased frequency of epileptic
seizures in relation to the menstrual cycle.3>** This cyclic seizure exacerbation across
the menstrual cycle is termed catamenial epilepsy, and is most likely due to cyclic
hormonal changes of female sex steroid hormones affecting neuronal excitability.'*3
Catamenial epilepsy usually manifests as worsening of seizure frequency around
menstruation, but also before ovulation or in the luteal phases of anovulatory
cycles.!*** Women with epilepsy have increased risk of menstrual disturbances,
either due to the epilepsy disease itself or associated ASM treatment, particularly
valproate.’>333¢ Examples of such menstrual disturbances include polycystic ovarian
syndrome (PCOS), anovulatory cycles, hypothalamic amenorrhea, and premature

menopause.3>36
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1.2.2 Contraception

The choice of contraception in women with epilepsy can be challenging. Several
types of ASM can interact with the female sex steroid hormones and the other way
around, leading to either contraceptive failure or reduced efficacy of the

ASM 32353738 Use of enzyme-inducing ASMs such as carbamazepine, oxcarbazepine,
phenytoin, topiramate, and phenobarbital decrease the levels of estrogen and
progestins in oral contraceptives.*> The combined oral contraceptive pill, dermal
patch, or vaginal ring, or the progestogen-only pill or subcutaneous implant are not
recommended to women using enzyme-inducing ASMs.?*2"37 Contraceptives such as
depot medroxyprogesterone injections with mechanical barrier methods, or
intrauterine devices are possible options.?*?’37 The estrogen compound of the
combined oral contraceptive pill or other estrogen-based contraceptives may reduce
the lamotrigine concentrations by up to 60%, and hence lead to breakthrough seizures
unless the dose is adjusted.*>-® Progestin-only contraceptives such as subcutaneous

implant or hormone-releasing intrauterine devices should be preferred.®>

Women with epilepsy should be educated about choice of contraception and the
potential interactions with ASM treatment before they become sexually active, as
unplanned pregnancies are unfortunate considering the teratogenic risks associated
with ASM exposure in utero.?*323%37 Up to 65% of pregnancies in women with
epilepsy have been reported to be unplanned.**** One study reported that the
proportion of women with epilepsy with unplanned pregnancies was not higher than
in women without epilepsy after adjustment for age, race, ethnicity, and
socioeconomic status.*’ This indicates that demographic factors associated with

epilepsy partly or fully explain the increased frequency of unintended pregnancies in

epilepsy. 04!

1.2.3 Fertility

Birth rates are lower in women with epilepsy compared to the general population, but
any association between infertility and epilepsy is not clear.!#323%37 Lower birth rates

could be explained by several factors such as lower marriage rates among women
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with epilepsy, stigma associated with epilepsy, or active avoidance of pregnancy by
the woman herself because of fear about the effects of epileptic seizures or ASMs on
the pregnancy.'#363742 One prospective study in women who actively wanted to
become pregnant found similar rates of pregnancy in women with epilepsy compared
to women without epilepsy.* In this study, only participants with no known infertility
cause were included, and most of the women with epilepsy used either lamotrigine or
levetiracetam in monotherapy.** Another study found increased risk of infertility after

phenobarbital use and ASM polytherapy use.**

1.2.4 Seizures during pregnancy

Most women with epilepsy have an unchanged seizure control during pregnancy.'*+
Epileptic seizures worsen during the pregnancy for approximately 20-30% of women
with epilepsy.!>* A few women experience a reduced seizure frequency.* Increased
seizure frequency during pregnancy has been reported also among women with
ASM-untreated epilepsy, indicating that the changes in female sex hormone
concentrations during the pregnancy affect epileptogenesis.*’ Seizure-freedom during
the last year prior to the pregnancy is the best predictor of seizure-freedom during the
ensuing pregnancy.® Epileptic seizures during the year prior to the pregnancy, ASM
polytherapy, ASM non-compliance, and pregnancy-associated pharmacokinetic
changes causing lower ASM concentrations are all factors associated with seizures
during pregnancy.* Seizure deterioration during the pregnancy is more common in
women with focal compared to generalized epilepsy.*>*¢ One study reported better
seizure control during pregnancy in women with perimenstrual catamenial epilepsy.*’
One study with data from the European and International Registry of Antiepileptic
Drugs and Pregnancy (EURAP) found that women using lamotrigine monotherapy
were less likely to be seizure-free during pregnancy compared to women with
monotherapy treatment with carbamazepine, phenobarbital, or valproate.*® That study
also reported that 21 of 3451 (0.6%) women with epilepsy had status epilepticus
during the pregnancy.*® Seizures during birth occurred in 2.6% of pregnancies
exposed to lamotrigine and carbamazepine, in 1.9% of those exposed to

phenobarbital, and in 1.4% of those exposed to valproate treatment.*
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Fetal risks associated with seizures during pregnancy

The risk of fetal harm is mainly associated with generalized epileptic seizures during
the pregnancy, although fetal distress has been reported after focal seizures with
impaired awareness.'*!>*® In generalized epileptic seizures, changes in electrolytes,
blood pressure and oxygenation can cause changes in fetal heart rate and fetal
asphyxia.*® Studies have reported an increased risk of small for gestational age, low
birth weight, preterm delivery, need for educational support, and low intelligence
quotient (IQ) in children exposed to generalized seizures in utero.*->> However,
findings have not been consistent,>>*° and is generally difficult to examine as high
seizure frequency during pregnancy may be associated with other factors such as
poorly controlled maternal epilepsy, ASM polytherapy treatment, or low ASM
compliance.*’ Perinatal death has been reported after status epilepticus in one study
using EURAP data, but these two events were not directly associated in time.*® In
addition, any epileptic seizure with impaired awareness can lead to injuries or falls

with possible abdominal trauma, leading to fetal and maternal harm.!*!°

Maternal risks associated with seizures during pregnancy

Epileptic seizures during pregnancy can be associated with maternal risks.!!
Women with epilepsy have more than a five-fold increased mortality risk during
pregnancy or in the postpartum period compared to women without epilepsy.*’>° The
estimated combined death rate during pregnancy and in the postpartum period in a
study from the UK was 100 per 100,000 maternities in women with epilepsy
compared to 11 per 100,000 maternities in women without epilepsy.>® A Danish study
reported 41.7 deaths per 100 000 pregnancies in women with epilepsy compared to
8.2 deaths per 100 000 pregnancies in women without epilepsy.’’” A study from the
United States (US) reporting the risk of death during the delivery hospitalization
period found 80 deaths per 100 000 pregnancies in women with epilepsy compared to

6 deaths per 100 000 pregnancies among women without epilepsy.*® The majority of

deaths were seizure-related, with SUDEP being the main cause.’® In the EURAP
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study reporting 21 cases of status epilepticus during pregnancy out of 3781

pregnancies with seizure data, no maternal deaths were reported.*®

1.2.5 Treatment of epilepsy in pregnancy

To avoid epileptic seizures during pregnancy, most women with active epilepsy will
need continuous treatment with ASM.*? In people with epilepsy in general, the choice
of medication is guided by type of seizure and epilepsy, and has largely been
informed by the Standard and New Antiepileptic Drugs (SANAD) trials;> SANAD I
and SANAD I1.°-63 Briefly, recommended first-line treatment of focal-onset seizures
are often lamotrigine or levetiracetam in girls and women of childbearing potential.>*
In boys or women who are not of childbearing potential, lamotrigine or
carbamazepine are possible options, alternatively oxcarbazepine.?* The recommended
first-line treatment of generalized-onset seizures are typically valproate in boys or
women who are not of childbearing potential, and levetiracetam or lamotrigine in
girls and women of childbearing potential.>* In girls and women with epilepsy of
childbearing potential, the choice of medication also depends on the risk of
unplanned pregnancies, contraception use, and the teratogenic potential of the
different ASMs.%4%> Comorbid disorders and previous pregnancy complications may

also play a role.**

The pregnancy registries

Treatment guidelines for epilepsy during pregnancy are largely informed by
observational data from different independent pregnancy registries, such as the North
American Antiepileptic Drug Pregnancy Registry (NAAPR), The United Kingdom
and Ireland Epilepsy and Pregnancy Register (UKIEPR), and the EURAP registry
which also includes data from the Australian Register of Antiepileptic Drugs in
Pregnancy (APR) and the Kerala Registry of Epilepsy and Pregnancy (KREP).!320:64
Other sources of information include nationwide health registry data, pharmaceutical
industry-sponsored pregnancy registries, and non-disease specific registries such as
the European Concerted Action on Congenital Anomalies and Twins (EUROCAT).2°

The independent pregnancy registries were established to monitor pregnancy and
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birth outcomes in women with epilepsy, with particular focus on ASM-associated,
major congenital malformations (MCMs).2%% During the last decade, an increasing
amount of data have emerged showing ASM-associated adverse neurodevelopment in
children of women with epilepsy.'3° These data emerged as a consequence of
multinational research teams working alongside and in extension of the pregnancy
registries.?’ Examples of such teams are the US and UK Neurodevelopmental Effects
of Antiepileptic Drugs (NEAD) group, the associated Maternal Outcomes and
Neurodevelopmental Effects of Antiepileptic Drugs (MONEAD) Investigator group,
and The Liverpool and Manchester Neurodevelopmental Group (LMNDG).?’

Current treatment guidelines

Lamotrigine and levetiracetam are often recommended as first-line ASMs during
pregnancy, as both are associated with no or a low teratogenic risk.*'* ASMs with
high teratogenic risks include valproate, phenobarbital, and topiramate, all of which
should be avoided if possible in women with epilepsy with childbearing potential.?
Valproate is associated with the highest teratogenic risk, but also represents a very
effective treatment for idiopathic generalized epilepsy.'*% In 2014, the
Pharmacovigilance Risk Assessment Committee (PRAC) of the European Medicines
Agency (EMA) endorsed restrictions regarding valproate use in girls, women of
childbearing potential, and pregnant women with epilepsy.®’ These restrictions were
further strengthened in 2018, when EMA announced that valproate must not be used
in pregnancy in women with epilepsy or in girls or women with epilepsy of
childbearing age unless the conditions of an associated pregnancy prevention

programme are met.®8

The teratogenic potential of several ASMs are dose-related,
and hence the lowest possible ASM dose to achieve seizure control in pregnancy is
always recommended.'37 In addition, the clinician should avoid ASM polytherapy as

this is associated with increased teratogenic risk.'>’

Therapeutic drug monitoring during pregnancy
The absorption, distribution, metabolism, and excretion of different ASMs are

affected by the physiological changes during pregnancy.'#%>° Such changes include
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vomiting causing reduced ASM absorption; increased volume of distribution causing
reduction in highly protein-bound ASMs such as valproate and phenytoin; increased
renal blood flow that reduces the concentrations of ASMs such as levetiracetam,
pregabalin, topiramate, and gabapentin; and induction of hepatic enzymes causing
increased elimination and reduced concentrations of ASMs such as lamotrigine,
valproate, and the active metabolite of oxcarbazepine.!*%*7% Overall, the plasma
concentrations of several ASM will decrease relative to the ASM dose, and hence the
seizure-preventive effect becomes reduced during the pregnancy unless the dose is
increased.* To avoid epileptic seizures, therapeutic drug monitoring is
recommended: The clinician should establish a therapeutic ASM concentration range
before pregnancy in each patient, and then monitor the ASM concentrations during
the different trimesters of the pregnancy and after birth.3”:¢7° Treatment with
lamotrigine, levetiracetam, and oxcarbazepine warrants an especially close
therapeutic drug monitoring during pregnancy, at least monthly, as their
concentrations can change markedly and in an unpredictable manner.>”%%7° The
concentration of carbamazepine does usually not change due to pregnancy.!>%-7
After birth, the physiological changes will rapidly normalize, and if ASM dose
adjustments were performed during pregnancy this could lead to side-effects or ASM
toxicity.”® Hence, the ASM dose should be gradually adjusted after birth under

concomitant monitoring of ASM concentrations.”

1.2.6 Obstetrical complications

Having epilepsy is associated with a small but increased risk of obstetrical
complications, both with and without ASM treatment during pregnancy.'®>*7172 n
2015, a systematic review and meta-analysis on epilepsy in pregnancy and
reproductive outcomes reported increased risk of spontaneous miscarriage,
antepartum and postpartum haemorrhage, caesarean section, preterm birth, induction
of labour, and hypertensive disorders in women with epilepsy compared to women
without epilepsy.” In a more recent study from the US, a higher risk of obstetrical
complications including preeclampsia, preterm birth, stillbirth, and delivery by

caesarean section was similarly found among women with epilepsy compared to
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women without epilepsy.* Data from the NAAPR found an association between
ASM use during pregnancy and risk of preterm birth.5? It has been debated in the
literature whether the increased obstetrical risk associated with epilepsy is due to
pathological factors related to the epilepsy disease itself, epileptic seizures during
pregnancy, use of ASM, unintended pregnancies, or a result of differences in
socioeconomic status.3”4%4273 Nevertheless, the overall risk of obstetrical
complications is increased.!>*’ In light of this, and of other factors discussed above
such as the potential risk of seizures during birth and the importance of ASM dose
adjustment postpartum, home births should be highly discouraged in women with
epilepsy.>” Women should be recommended to give birth in obstetrical units with

facilities for maternal and neonatal resuscitation and epileptic seizure treatment.?*

1.2.7 Management and counseling before, during, and after pregnancy

Detailed recommendations regarding management and counseling in women with
epilepsy before, during and after pregnancy have been published.'*!>3” Management
should be shared between the specialist in neurology and the obstetrician.?* Briefly,
all women with epilepsy with childbearing potential should be routinely informed
about fertility, choice of contraception, the importance of planning pregnancy, and
associated adverse effects for different ASMs related to pregnancy.'*” They should
also be reassured that most of the pregnancies in women with epilepsy are

uneventful.!®

Women with ASM-treated epilepsy of childbearing age should take
low-dose folic acid supplement routinely considering the incidence of unplanned
pregnancies in this population.!*3” Preconceptionally, ASM treatment should be
optimized with low dose and a monotherapy regime if possible, and ASM
concentrations measured as a baseline.'>¥” Any changes in the ASM treatment should
be done in good time before pregnancy start in order to evaluate efficiency.!'*’
Recommended folic acid dose during the different trimesters of pregnancy varies in
different guidelines'® and will be discussed further in a section below. In the third
trimester, a plan for childbirth and ASM dose adjustment postpartum should be
established in cooperation with the patient, information should be given about

breastfeeding, and practical safety advise given in case of epileptic seizures after



27

birth.!337%° Women with epilepsy should be encouraged to breastfeed.'>*7-7* Maternal
use of carbamazepine, lamotrigine, phenytoin, or valproate have not been associated
with long-term developmental problems in breastfed infants, but studies on other
ASMs are lacking.”* Women with epilepsy have an increased risk of depression and
anxiety during pregnancy and postpartum compared to women without epilepsy.”>"”’
Hence, screening for depression and anxiety symptoms during pregnancy and
postpartum should be performed routinely as part of the management of pregnant

women with epilepsy.'?

1.3 Outcomes in children of women with epilepsy after prenatal
antiseizure medication exposure
Adverse outcomes in children of women with epilepsy after prenatal ASM exposure
include fetal growth restriction, increased risk of MCMs which are structural
abnormalities of surgical, medical, functional, or cosmetic importance, and adverse
effects on neurodevelopment such as poor language abilities or increased risk of
ASD 307882 Regarding individual ASMs, topiramate exposure has particularly been
associated with fetal growth restriction, but also zonisamide and phenobarbital.®
ASMs associated with increased risk of MCMs are valproate, phenobarbital,
phenytoin, carbamazepine, and topiramate.®? Valproate and possibly phenobarbital
and phenytoin are associated with adverse effects on child neurodevelopment.3*-5?
Exposure to lamotrigine, carbamazepine or levetiracetam have not been consistently
associated with reduced neurodevelopmental outcomes.?*%>%> However, current data
available cannot rule out a possible increased risk as data on specific
neurodevelopmental domains, ASM doses, follow-up data in children beyond early
school-age, and data comparisons with non-exposed control children are
lacking.3%6%3 Data on topiramate, oxcarbazepine, and other newer ASMs are too

limited for any conclusions regarding neurodevelopmental outcomes. 3

1.3.1 Perinatal outcomes

Several studies have reported adverse perinatal outcomes such as low birth weight

and being born small for gestational age (SGA) in infants of women with
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epilepsy.’>>%7? Data from the Medical Birth Registries of Sweden, Norway, Finland,
and Denmark have in addition shown increased risk of stillbirth, neonatal infections,
asphyxia-related complications, neonatal hypoglycemia, need for respiratory care,
low Apgar score 5 minutes after birth, small head circumference, admission to a
neonatal intensive care unit (NICU), and preterm birth.!®7!84-8% Adverse perinatal
outcomes have been associated with the epilepsy disease itself as well as with
prenatal ASM exposure.'®4717287 A study from EURAP reported increased risk of
intrauterine death in women on ASM polytherapy treatment.®® Other predictors of
increased risk were parental MCMs and previous pregnancies ending in intrauterine
death.? ASM monotherapy and ASM dose in monotherapy had no impact on the rate
of spontaneous abortions and stillbirths.® The risk of SGA has been associated with
use of clonazepam, carbamazepine, oxcarbazepine, valproate, phenobarbital,
zonisamide, topiramate, and ASM polytherapy>2*+%7 but not with lamotrigine.*%’
The prevalence of SGA was higher for topiramate doses >50 mg compared to doses
below in a study from the NAAPR.3 A consistent association between ASM
exposure and fetal growth restriction seems to exist, although it varies between the
individual ASMs.!? The long-term consequences of fetal growth restriction due to

epilepsy and ASM are unknown.'?

1.3.2 Major congenital malformations

Prenatal ASM exposure is associated with an increased risk of neural tube defects,
cardiac malformations, and facial clefts.?” In a Cochrane review on ASM
monotherapy during pregnancy and MCM outcomes in the child, valproate was
associated with the highest risk of MCMs (prevalence 10.9%), whereas the risk of
MCMs was lowest with no increased risk compared to the general population for
levetiracetam (prevalence 1.8%), lamotrigine (prevalence 2.3%), and oxcarbazepine
(prevalence 2.4%).%! The risks of MCM were increased after exposure to topiramate
(prevalence 4.3%), carbamazepine (prevalence 4.9%), phenytoin (prevalence 6.3%),
and phenobarbital (prevalence 7.1%).%! These prevalence estimates were comparable
to the estimates reported from the NAAPR,” UKIEPR,’! and EURAP? registries. A

systematic review and network meta-analysis reported no increased risk of MCMs
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after levetiracetam or lamotrigine exposure.”’ Dose-dependent increased risks of
MCMSs have been reported for valproate, phenobarbital, lamotrigine, phenytoin, and
carbamazepine exposure.’>819992 Data on risk of MCMs were few for many ASMs
such as levetiracetam, oxcarbazepine, zonisamide, primidone, and gabapentin.”3!
Other factors that contribute to the risk of MCM during a particular pregnancy
include previous history of a pregnancy with the same ASM resulting in a child with
MCM, particularly if valproate, and parental history of MCM. %924 EURAP data
found an approximately 27% decrease in the prevalence of MCMs in parallel with

decreasing use of valproate and carbamazepine and increasing use of lamotrigine and

levetiracetam during pregnancy.”

Specific major congenital malformations

Neural tube defects, which are severe malformations consisting of midline defects
such as spina bifida, hypospadias, and brain malformations, are particularly
associated with valproate,3”#! but also with other ASMs such as carbamazepine.’® An
increased risk of hypospadias has been reported after valproate, gabapentin,
primidone, and clonazepam exposure.”® Cardiac malformations have been associated
with prenatal exposure to gabapentin, valproate, phenobarbital, and ASM
polyherapy.”8! Increased risk of facial clefts have been associated with valproate,
ethosuximide, primidone, topiramate, phenobarbital, phenytoin, and carbamazepine,
and ASM polytherapy.””#! Increased risk of other malformations such as club foot,
inguinal hernia, genitourinary defects, limb and skeletal malformations and minor

congenital malformations has also been reported after prenatal ASM exposure.”®-81-9-

92,97

1.3.3 Neurodevelopmental outcomes

Neurodevelopmental disorders are complex disorders characterized by early-onset
deficits of variable severity in personal, social, academic, or occupational
functioning.’®” The term include disorders such as ADHD, ASD, communication
disorders, motor disorders, tic disorders, specific learning disorders, and intellectual

disorders.”®!% They have typically onset in childhood, have multi-factorial causes,



30

and the different disorders often overlap.”® ADHD is characterized by age-
inappropriate problems with inattention, disorganization, hyperactivity, and
impulsivity.”® Behavioral problems include disruptive, inattentive, aggressive,
anxious, or socially awkward behavior, all of which have a negative impact on the
daily life of the child.”®*° ASD is characterized by social and communication
difficulties with stereotyped or repetitive behaviors and interests.”®*° Communication
disorders include language disorders, which is defined as persistent difficulties with
understanding and usage of spoken and written words and sentences.'’!
Neurodevelopmental disorders are associated with poor academical achievement,
social problems, and potentially a severe impact on daily life and functioning of the

children and their families.?®!1%2

Dose-dependent adverse effects on neurodevelopment have been consistently
reported for valproate.3® The prevalence of adverse neurodevelopment in children
after prenatal valproate exposure has been estimated to be as high as 30-40%
compared to children of women without epilepsy or ASM-unexposed children of

women with epilepsy.3*1%3

The occurrence of a pattern of major and minor congenital
malformations, facial dysmorphic features, and impaired neurodevelopment in some
children after prenatal valproate exposure have been termed Fetal Valproate

Spectrum Disorder (FVSD).!%4

Verbal and non-verbal abilities and prenatal antiseizure medication exposure

Poorer verbal and non-verbal abilities have been reported in ASM-exposed children,
particularly after valproate exposure.3!-3-3336.105-110 The NEAD group has published
several studies regarding neurodevelopmental outcomes in children of women with
epilepsy aged 3 and 6 years old.>*!95!11-113 They performed a prospective,
observational study with blinded cognitive assessment by trained neuropsychological
examiners, where children exposed to either carbamazepine, lamotrigine, valproate,
or phenytoin monotherapy treatment were compared.>® Children exposed to valproate
monotherapy had significantly lower verbal abilities at age 6 years compared to

children exposed to lamotrigine, carbamazepine, or phenytoin.>* High doses of
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valproate were negatively associated with verbal and non-verbal abilities at age 6
years.>* In the valproate and in the lamotrigine groups, the verbal abilities at age 6
years were significantly lower than the non-verbal abilities for both ASMs.>* In a
linked study from the LMNDG group that included comparison with children of
women without epilepsy, children exposed to valproate had reduced verbal abilities at
age 6 years compared to children of women without epilepsy.®' In utero exposure to
carbamazepine was also associated with reduced verbal abilities at age 6 years
compared to control children.>! In data from the NEAD group, carbamazepine was
associated with reduced verbal abilities at age 3 years,!% but not at age 6 years.>> A
study with data from the APR examining language skills in children aged 7 years
found an increased risk of language impairment after valproate exposure in
monotherapy or polytherapy, but not after exposure to carbamazepine, lamotrigine, or
polytherapy without valproate.’® High doses of valproate during the first trimester
correlated with and predicted low language score, and also after adjustment for
confounders.>® Overall, 19% of the ASM-children met criteria for moderate or severe
language delay, which was higher than the population rate of 6%.%® In The Norwegian
Mother, Father and Child Cohort Study (MoBa), the parents reported language
impairment as impaired sentence skills in children aged 3 years after prenatal
exposure to valproate and lamotrigine.'® Maternal IQ was not adjusted for in the
MoBa study, but adjustment for maternal education was applied.'® Another study
from the LMNDG with adjustment for maternal IQ included found reduced
comprehensive and expressive language abilities in children aged 3 years after
prenatal valproate exposure compared to children of women without epilepsy.'* The
language abilities of children exposed to levetiracetam did not differ significantly
from the control children.!% In children aged 5-9 years enrolled from The United
Kingdom Epilepsy and Pregnancy Register (UKEPR) with prenatal exposure to
levetiracetam, valproate, or topiramate, no reduction in verbal or non-verbal abilities
were reported after levetiracetam or topiramate exposure.®> Children exposed to
valproate had dose-dependent reduced verbal abilities compared to children of

women without epilepsy.
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Intellectual functioning and prenatal antiseizure medication exposure

Prenatal exposure to valproate have been associated with an increased risk of reduced
1Q.337880.109 In a study from the NEAD group, children exposed to valproate in utero
had significantly lower 1Q (mean 97, 95% confidence interval (CI) 94-101) at age 6
years compared to children exposed to carbamazepine (mean 105, CI 102-108),
lamotrigine (mean 108, CI 105-110), and phenytoin (mean 108, CI 104-112).%3
Independent predictors of the child’s IQ at age 6 years were type of ASM, maternal
1Q, periconceptional folic acid supplement use, standardized dose of ASM, and
gestational age at birth.>* Higher dose of valproate correlated with lower 1Q at age 6
years, whereas no other ASMs had such dose-dependent effects.** The linked study
from the LMNDG reported an adjusted mean reduction in IQ of 9.7 points (CI -4.9- -
14.6) in children exposed to valproate doses >800 mg daily compared to children of
women without epilepsy.®! The IQ in children exposed to lamotrigine,
carbamazepine, or ASM polytherapy combinations not including valproate was not
reduced compared to the control children, but increased frequency of children with
1Q<85 was reported for carbamazepine.’! In another study from the NEAD group
examining learning and memory functioning in children aged 6 years in comparison
with a group of normally developed children age 6 years, children exposed to
valproate and carbamazepine in monotherapy had significantly lower adjusted mean

IQ compared to the control children.'!?

Autism spectrum disorder and prenatal antiseizure medication exposure

An increased risk of ASD has mainly been reported after valproate exposure in
utero.’® A Danish population-based, prospective cohort study in children with mean
age 8.8 years at the end of follow-up reported an increased risk of ASD after prenatal
valproate exposure compared to non-exposure, but not after exposure to
carbamazepine, oxcarbazepine, lamotrigine, or clonazepam.!'* A Swedish population-
based study also reported increased risk of ASD after prenatal valproate exposure.''
In a Dutch study with EURAP data examining parental-reported behavioral problems

in children of women with epilepsy exposed to valproate, carbamazepine,

lamotrigine, or levetiracetam, a higher proportions of children aged 6-7 years had
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parent-reported autistic behavior symptoms compared to Dutch population norms
after prenatal lamotrigine or valproate exposure.''® Prenatal exposure to valproate,
oxcarbazepine, lamotrigine, or valproate and lamotrigine as polytherapy was
associated with increased risk of developing autism in a systematic review and
network meta-analysis.®” These associations attenuated except for valproate
monotherapy in the sensitivity analyses where women with epilepsy as treatment

indication were analyzed separately and only high quality studies were included.®’

Attention-deficit/hyperactivity disorder and prenatal antiseizure medication exposure
Valproate exposure in utero was associated with a small, but significantly increased
risk of ADHD compared to unexposed children in two large Danish and Swedish
population-based, prospective cohort studies.!'>!!” The risk was not increased in
children exposed to carbamazepine, clonazepam, oxcarbazepine, or lamotrigine.!!>!!7
In the Dutch study with EURAP data, a high proportion of children in all four ASM
groups examined had parental-reported clear or frequent behavioral problems

compared to Dutch population norms. '

Lower memory abilities and executive functions have been reported in children
exposed to valproate compared to other ASMs.5!% In the study from the NEAD
group examining learning and memory functioning in ASM-exposed children, this
was assessed by comparing their performance on the Children’s Memory Scale
(CMS) with a sample of normally developing children aged 6 years from the
standardization sample of the CMS.!!3 Although the ASM group means were in the
average range, valproate exposed children aged 6 years had significantly lower mean
performance levels across all seven CMS indexes compared to the control children.!!?
Children exposed to lamotrigine performed significantly below the control children
on the attention/concentration index and learning index.!!* Children exposed to
carbamazepine performed below the control group on the learning index, and children
exposed to phenytoin performed below the control group on the learning and delayed
recognition indexes.!!'® Increasing valproate dose correlated significantly with lower

performance on five of seven CMS indexes, whereas increasing dose of
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carbamazepine correlated with lower performance on the verbal immediate index.!'!?
A study in children of women with epilepsy in Wales reported lower educational
attainment at national tests at age 7 after prenatal exposure to valproate or ASM
polytherapy.!!'® Children exposed to carbamazepine, lamotrigine, or ASM-unexposed
children of women with epilepsy did not differ from the control group of children of
women without epilepsy.!'® In a similar study of children aged 12 years in Denmark,
valproate-exposed children performed worse in the sixth-grade Danish language test
and a mathematics test compared to ASM-unexposed children.!!® Children exposed to
clonazepam performed worse in the sixth-grade Danish language test, and children
exposed to oxcarbazepine or carbamazepine performed worse at the sixth-grade
mathematics test compared to unexposed children.!' Exposure to lamotrigine or

phenobarbital was not associated with a reduced test performance.'"”

1.4 Antiseizure medication and association to folate biochemistry

and one-carbon metabolism

The mechanisms that explain the ASM-associated increased risk of MCMs and

29,31 The folate metabolism has

adverse neurodevelopment are still largely unknown.
been hypothesized to be involved in the susceptibility to ASM-associated adverse
effects.?>120:12! This is mainly because low folate status during pregnancy is
associated with increased risk of neural tube defects, and also with adverse
neurodevelopmental outcomes.'?>!2* Several ASMs interact with the maternal folate
metabolism, causing low maternal folate concentration.'”* Women with epilepsy are
consequently often recommended higher doses of folic acid supplement

periconceptionally compared to women from the general population.'?#123

1.4.1 Folate status during pregnancy and risk of adverse health effects
Folate and one carbon metabolism
Folate (vitamin B9) is a B vitamin essential throughout life, but particularly important

t.123:126.127 [t functions as a family of

during the early stages of human developmen
cofactors that participate in one-carbon transfer reactions, deoxyribonucleic acid

(DNA) and ribonucleic acid (RNA) biosynthesis, amino acid metabolism, and cellular
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methylation reactions (one-carbon metabolism).!?>!26:127 These pathways support
cellular functions such as maintenance, growth, proliferation, differentiation,
mitochondrial respiration, and epigenetic regulation that are crucial for normal brain

development.!23:127-129

The one-carbon metabolism consists of the folate cycle, the methionine cycle, and the
transsulfuration pathway (Figure 1).!123127 Briefly, folate is present naturally in a
reduced form in many types of food, whereas folic acid is the synthetic, oxidized
folate form typically present in supplements and fortified food.!?® After ingestion,
folic acid will be transported into cells through the folate receptor or the intestinal
proton-coupled transporter and reduced to dihydrofolate (DHF) and tetrahydrofolate
(THF), this catalyzed by the enzyme dihydrofolate reductase (DHFR).'?® THF enters
the one-carbon cycle and acquires a carbon unit from serine in a pyridoxine-
dependent reaction to form 5,10-methylenetetrahydrofolate (5,10-MTHF).'?” 5,10-
MTHEF will either serve as a carbon unit donor in the synthesis of nucleic acids, or it
will be reduced to 5-methyltetrahydrofolate (MTHF) in a riboflavin-dependent
enzymatic reaction catalyzed by 5-methyltetrahydrofolate reductase (MTHFR).'?
The MTHFR reaction is the only source of MTHF, which is used by cobalamin-
dependent methionine synthetase to convert homocysteine into methionine and to
form THF.!?” Methionine is activated by adenosine triphosphate (ATP) to form S-
adenosylmethionine (SAM), which acts as a universal methyl donor in the body.'?’
SAM donates a methyl group to more than hundred different methyltransferases for a
wide range of substrates such as DNA, proteins, neurotransmitters, membrane
phospholipids, and hormones, and is thus essential for normal cell function.'?”!3% It is
degraded to S-adenosylhomocysteine (SAH) and reversibly hydrolyzed to
homocysteine and adenosine.!?*!3° Homocysteine can also be converted to cysteine
through the pyridoxine-dependent transsulfuration pathway.!?* This pathway is
essential for the synthesis of glutathione, which plays an important role in cellular
antioxidant defence.!?® Folate catabolism is accounted for by the appearance of para-
aminobenzoylglutamate (pABG) and acetamidobenzoylglutamate (apABG) in urine,

but the cellular pathways for folate catabolism are still poorly understood.'?
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Figure 1.
Overview of B vitamins in one-carbon metabolism.
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Adapted from McNulty et al."”’” DHF, dihydrofolate; THF, tetrahydrofolate; DHFR, dihydrofolate
reductase; 5,10-MTHF, 5,10-methylenetetrahydrofolate; MTHFR, methylenetetrahydrofolate
reductase; MTHF, 5-methyltetrahydrofolate; SAM, S-adenosylmethionine; SAH, S-

adenosylhomocysteine.

Folate interacts closely with riboflavin (vitamin B2), pyridoxine (vitamin B6), and
cobalamin (vitamin B12) in one-carbon metabolism (Figure 1), and normal folate
function is thus dependent on the concentrations of these vitamins as well.!?” Single-
nucleotide polymorphisms (SNPs) in genes related to one-carbon metabolism are
relatively common in the general population and may cause disturbances in vitamin B
absorption, transport, cellular uptake, and intracellular interconversion resulting in

123,131 Ope of the most

changes in enzymatic activity and increased demand of folate.
studied SNPs is the alanine-to-valine substitution in the gene encoding MTHFR
(MTHFR 677C—T), which results in a thermolabile enzyme with a 50% reduction in

enzyme activity in homozygous persons and low folate concentrations.'*!"!32 This
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polymorphism has been associated with increased risk of neural tube defects and

ASD.13!

When folic acid is excessive, unmetabolized folic acid (UMFA) can accumulate in
plasma.'?® UMFA is presumed to accumulate in biological fluids when the catalytic
capacity of DHFR has been saturated, and is associated with the dose, frequency, and
timing of ingested folic acid.'?® Both low folate status and excess folic acid intake
and/or elevated folate status has been associated with increased risk of adverse health
effects, such as cancer, mortality, and changes in offspring neurodevelopment,'26:133-
135 However, data have been conflicting and the physiological effects of folic acid

supplementation and/or excess folate are still largely unknown.!?

Folate status during pregnancy and associated adverse effects

There is an increased demand of folic acid during pregnancy due to rapid growth of
the fetus, placenta, and maternal tissue.'*® Folate deficiency during pregnancy has
been associated with increased risk of anemia in the mother, neutral tube defects and
other MCMs, fetal growth restriction, low birth weight, preterm delivery, and
neonatal folate deficiency.!3® Periconceptional folic acid supplementation prevents
the occurrence of neural tube defects.!?>12” More recently, periconceptional folic acid
supplementation has also been associated with a decreased risk of adverse
neurodevelopment in the children, such as ASD and language impairment, and with
improved cognitive performance.!?3127:137-13% However, excess folate during

pregnancy has been an increasing concern, 26133135

as high doses of folic acid during
pregnancy and high UMFA concentrations in cord blood have been associated with
adverse neurodevelopment such as increased risk of ASD,¥%!14! and with impaired

psychomotor development in children aged 1 year.!*?

The exact mechanisms by which folate deficiency causes increased risk of neural tube
defects or impaired neurodevelopment are still largely unknown.!?%!4* Folate
deficiency are hypothesized to influence fetal outcome by three different

mechanisms: alteration of nucleotide biosynthesis, accumulation of toxic levels of
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homocysteine, and alterations of methylation reactions.'?”131:135 Homocysteine acts as
a pro-oxidative agent through generation of reactive oxygen species (ROS).!#*
Oxidative stress represents an alteration in the balance of pro-oxidant and antioxidant
in favor of ROS overload leading to cellular damage.'** A recent meta-analysis
reported that folic acid supplementation improved markers within the antioxidative
defense system such as the concentration of glutathione, possibly through a
homocysteine-lowering mechanism.!'** DNA methylation represents an epigenetic
mechanism for gene regulation; folate deficiency leading to decreased supply of
methyl donors via SAM may lead to aberrant gene expression.!?”13! The importance
of folate in DNA biosynthesis and DNA methylation has been shown in several
studies: Folate deficiency has been associated with global DNA hypomethylation and
brain cell alterations such as brain cell apoptosis in mice.!3>145146 Recently, another
study in mice showed that both folate deficiency and excess folate were associated
with altered cortical neurogenesis, neurodevelopmental changes, and disruption of the
folate metabolism in the offspring.'4” Particularly, during the growth spurt phase of
pregnancy at gestational weeks 24-42 there is a rapid structural and synaptic
development in the brain making it particularly vulnerable to inadequate nutrition,

with folate being hypothesized to play an important role.'?*!2

1.4.2 Folate status during pregnancy and interaction with antiseizure medication

Folate and non-folate B vitamins and chronic antiseizure medication use

The interaction between epilepsy, ASM and the folate metabolism has mostly been
examined in non-pregnant epilepsy populations.'?*!48-152 Non-pregnant patients with
epilepsy on chronic ASM therapy more often have elevated homocysteine
concentrations because of low folate concentration than people from the general
population.'?*!15% This is because several ASMs such as carbamazepine, phenytoin,
phenobarbital, and primidone increase folate catabolism which in turn impedes the
metabolism of homocysteine to methionine.!?*134155 Also, ASMs can interfere with
the absorption of folic acid.!>*!3* Low folate concentrations and high homocysteine
concentrations have also been reported after chronic use of valproate, topiramate,

gabapentin, oxcarbazepine, and lamotrigine, but data have been conflicting for
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lamotrigine and oxcarbazepine.!3%!52154156.157 [ ow folate concentrations have not
been associated with levetiracetam, but increased homocysteine concentrations after
9

chronic levetiracetam use have been reported in one study.'?+!%’

Influence on non-folate vitamin B concentrations has been reported during chronic
ASM use in non-pregnant epilepsy populations. Chronic use of topiramate,
carbamazepine, phenobarbital, pregabalin, primidone, and phenytoin has been
associated with low cobalamin concentrations, but data have been inconsistent. 4150
Low concentrations of riboflavin compared to controls were reported in patients with
epilepsy using carbamazepine, primidone, phenobarbital, or phenytoin.'** Chronic
ASM use, particularly of enzyme-inducing ASMs, has also been associated with low
pyridoxine status, in some, but not in all studies.!#314%15%.15% In addition, chronic ASM
use has been linked to low concentrations of thiamine (vitamin B1), biotin, and other
vitamins such as carnitine, vitamin K, and vitamin D.'>? This will not be discussed

further in this thesis.

Studies regarding vitamin B concentrations in pregnant women with epilepsy are
scarce. One study from 1987 reported an association between low blood folate
concentrations and high concentrations of phenobarbital and phenytoin in plasma,
and also an association between low blood folate and ASM polytherapy during
pregnancy in women with epilepsy.'®® Another study found low concentrations of
MTHF and THF in pregnant women with epilepsy using lamotrigine, whereas no

association between the folate metabolism and levetiracetam was found.!¢!

Folate, prenatal antiseizure medication exposure, and major congenital
malformations

In contrast to the studies from the general population, periconceptional folic acid
supplementation has not been convincingly shown to reduce the risk of MCMs in
pregnant women with epilepsy.’!>97:162163 On the contrary, the risk of MCMs has
tended to be higher in the group of women receiving periconceptional folic acid

supplement. °1¥2162 An explanation for this could be that this group taking folic acid
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had an increased risk of MCMs due to their ASM use.’? In two studies,®’-'%? the
number of neural tube defects was numerically lower, but not statistically
significantly different, in pregnancies with both valproate and periconceptional folic
acid supplement use compared to pregnancies with valproate but no folic acid
supplementation. However, such an association was not seen in a study with data
from EURAP.?? One study in women with ASM-treated epilepsy in pregnancy
reported a higher risk of congenital malformations in mothers who carried the
MTHFR 677TT mutation compared to those carrying the MTHFR 677CC
wildtype.'®* This association was less pronounced in another similar study.'®> One
Austrian study of 388 pregnancies of women with epilepsy enrolled in EURAP found
a protective effect of periconceptional folic acid supplementation on risk of
spontaneous abortion,'®® but this was not reproduced in a larger EURAP study.®’
Serum folate and red cell folate concentrations were significantly lower prior to
pregnancy in women who had a spontaneous abortion or a child with MCM than in

women with a healthy pregnancy outcome.'®

Folate, prenatal antiseizure medication exposure, and adverse neurodevelopment
Studies from the NEAD group found that periconceptional folic acid supplement use
was associated with better neurodevelopment in ASM-exposed children of women
with epilepsy.®>!'? At age 6 years, mean IQ for children exposed to periconceptional
folate supplement was 108 (CI 106—111) compared with 101 (CI 98—-104) for
supplement unexposed children.>® This association was also present in subanalyses of
children exposed to lamotrigine.>* Data on folic acid supplement use was collected
retrospectively from maternal interviews.>*!'2 A study from the Norwegian MoBa
study found a 5 to 8 times increased risk of having a child with autistic traits if the
mother reported no use of periconceptional folic acid supplement compared to
supplement use.'®” Similar findings have not been reported in other studies.>!1%%168
Most of the studies on this topic were not designed to examine associations to
periconceptional folic acid exposure, and hence did not include prospective data or
information on folic acid intake periconceptionally and during the different

trimesters. 332
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Folic acid supplement dose during pregnancy in women with epilepsy

In the study from the NEAD group, the positive association between periconceptional
folic acid supplement and higher IQ in the children was dose dependent: IQ was
higher in children exposed to periconceptional folic acid doses of 0.4-1 mg daily, in
those exposed to folic acid doses >1.0-4.0 mg daily, and in those exposed to doses
>4.0 mg daily compared to the IQ of children with no supplement, respectively.>® The
group exposed to doses between 0 and 0.4 mg included only 6 children, hence the
majority of the supplemented cohort used more than 0.4 mg.33 Few other studies have
compared different doses of folic acid during pregnancy and outcome in children of
women with epilepsy. One study from the APR found no dose relationship between
folic acid intake and risk of MCMs in pregnant women with ASM-treated epilepsy.'®
In the MoBa study examining autistic traits in children of women with epilepsy, the
maternal plasma folate concentration in gestation week 18 was inversely associated

with autistic traits at age 3 years.'?’

Higher doses of folic acid supplement
preconceptionally and during all three trimesters were associated with less autistic
traits at age 3 years.'” Few studies have examined the safety of high-dose (>4 mg
daily) folic acid supplementation during pregnancy in women with ASM-treated
epilepsy.'*!?> We used data from MoBa to examine whether high pregnancy
concentrations of UMFA in women with ASM-treated epilepsy were associated with
increased risk of autistic traits or language impairment in their children at ages 1.5-8

years old, and found no such association.!”’

In Norway, women with ASM-treated epilepsy planning pregnancy have been
previously recommended 1-5 mg folic acid daily in the periconceptional period
depending on the ASM prescribed, but current guidelines now recommend 4-5 mg
folic acid periconceptionally and 0.4 mg daily in the second and third trimester.?’ No
formal recommendations exist regarding non-folate B vitamins in Norway, but
women with epilepsy are often encouraged to use multivitamins during the
pregnancy. The optimal dose of folic acid supplement that should be recommended to

women with epilepsy before and during pregnancy is not known,!3121.124171,172
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Globally, guidelines differ regarding folic acid doses recommended to women with
epilepsy: The AAN and Epilepsy Foundation recommend at least 0.4 mg daily and up
to 4 mg daily, the NICE guidelines recommend 5 mg folic acid daily before any
possible pregnancy, the ILAE guidelines recommend at least 0.4 mg daily.!*'32437 [n
a global survey among ILAE chapters regarding use of guidelines for the
management of women with epilepsy in pregnancy, 52 of 57 responders had
guidelines that included folate recommendations.>> Most of the guidelines
recommended >4 mg folic acid daily, but doses ranged from 0.4 mg to >4 mg daily.?’
Due to the high prevalence of unplanned pregnancies in women with epilepsy, many
guidelines including the Norwegian guidelines, the ILAE guidelines, and the AAN
recommend use of at least 0.4 mg folic acid daily in all women with ASM-treated

epilepsy that may become pregnant regardless of pregnancy plans.!3:15-23:27.37

1.4.3 Mechanisms of antiseizure medication teratogenesis and the role of folate

ASMs are neuroactive compounds that reduce seizure incidence in patients with
epilepsy by different and complex biochemical mechanisms that result in decreased
pathological hyperexcitability of the cerebral cortex.?***173 Folate and folate
derivatives have convulsive properties, and it was previously hypothesised that the
antiepileptic actions of ASMs were related to an ASM-induced antifolate action.!?
However, this hypothesis waned as new and effective ASMs such as lamotrigine
were marketed with little or no antifolate activity, and with studies reporting that folic
acid treatment did not exacerbate the epilepsy.'?° In addition to folate deficiency,
other hypotheses for ASM-associated adverse effects include brain cell apoptosis, cell
proliferation alterations, synaptic changes, neuronal suppression, and reactive
intermediates such as ROS.?>!7* In recent years, additional hypotheses have emerged:
ASM-induced altered expression of placental transporters, ASM-induced
modification of gene expression through histone deacetylase inhibition, and ASM-
induced interference with endogenous bioelectric mechanisms guiding embryonic

development.'73175:176
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Several studies have examined the role of folate in ASM teratogenesis. 212!

Valproate in particular has been associated with impaired folate absorption and
metabolism, accumulation of homocysteine, impaired DNA methylation, inhibition of
folate receptors, and with lowered brain folate concentrations. 2130152177179 Ope
study examined fetal DNA methylation in nine umbilical cord blood samples from
women with ASM-treated epilepsy and nine such samples from women without
epilepsy.'8® There was a significant difference in genome-wide methylation with
exposure to ASM.'® However, the women with epilepsy used high-dose folic acid
supplement and the study could not separate the effects from such supplementation
from the effects of ASM use.'®® Another study reported decreased global DNA
methylation in umbilical cord blood samples and placenta tissue after prenatal
exposure mainly to lamotrigine.'®! A study of mice treated with lamotrigine reported
additional benefit on epilepsy, mood and memory when adding folic acid

supplement, '%?

and another study in pregnant mice found a protective effect of folic
acid supplement on lamotrigine-induced offspring anomalies.!®3 An in vitro study of
human embryonic stem cells exposed to carbamazepine, gabapentin, lamotrigine,
levetiracetam, or topiramate alone or in combination with folic acid found that all
ASMs were associated with DNA damage, particularly levetiracetam and topiramate,
and folic acid decreased this DNA damage.!'®* Folic acid reduced valproate-induced
structural brain defects and neurotoxicity in zebrafish embryo.!®> ASMs, particularly
valproate, may adversely affect fetal growth and development through altered
expression of several placental carriers, including folate carriers.!”6!8188 [n human
placenta, valproate altered the mRNA levels of major carriers for folic acid, glucose,
choline, thyroid hormones, and serotonin.'$¢ Valproate at the same time reduced
placental folate concentrations by 25-35% and enhanced placental histone

acetylation.'8¢

Animal studies and one study in humans have indicated ASM-induced brain
morphology alterations such as brain cell apoptosis, cell proliferation alterations, and
synaptic changes in the developing brain 2312174177189 The exact mechanisms of

how these alterations can cause ASM-induced MCMs or adverse neurodevelopment
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are not understood.>>*! Valproate-induced apoptosis in the embryonic cerebral wall,
increased number of neocortical neurons, and increased expression of cell cycle
regulatory proteins in neural progenitor cells have been reported in rodents after
valproate exposure.’' Carbamazepine exposure has been associated with decreased
numbers of neurons in the hippocampus and the neocortex of mice.*! Rat studies have
reported impaired neuronal migration after lamotrigine exposure.?! Animal studies
have not reported structural abnormalities in the brain after levetiracetam exposure,
but such studies are few.?! Both phenobarbital and phenytoin have been associated
with ASM-induced apoptosis in the immature animal brain.?’ A MRI study of the
brain in adults with prenatal ASM exposure compared to unexposed controls found
lower cell numbers in the basal ganglia and the hypothalamus in the ASM exposed

adults, most pronounced in the left hemisphere.!”°

Considering that all ASMs affect neuronal transmission and voltage gradients in cells,
and through different mechanisms, a new hypothesis was suggested in 2014: ASM-
induced alterations in the voltage gradients in cells could be a mechanism of ASM
teratogenesis.!”® Such gradients function as cues to guide cell division, apoptosis, cell
positioning, orientation, and differentiation. Alterations in such bioelectrically
gradients and related neurotransmitter-regulated mechanisms could impair
developmental events.!”®> Another hypothesis is that valproate as a potent inhibitor of
histone deacetylase activates gene transcription and consequently alters gene

expression resulting in teratogenicity and cell toxicity.!!-19?

Yet another hypothesis
involves ASM-induced oxidative stress.?*!31%> ASMs may reduce antioxidant
capacity, leading to increased production of free radicals and lower levels of
endogenous antioxidants.!* This might contribute to ASM-associated cognitive
impairment. However, data for several ASMs regarding oxidative stress have been

conflicting.!3

Although several hypotheses for mechanisms of ASM teratogenesis have been
suggested, there is currently no strong evidence for a single mechanism.?>!7* It is not

clear whether the ASM-induced low folate concentrations are responsible for the
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ASM-induced MCMs.'2%173 Several ASMs interact with folate metabolism, but it is
unknown why prenatal valproate exposure is associated with the greatest risk of
teratogenic effects.!?%!?! Considering that ASM exposure has been associated with a
limited number of specific MCMs, it has been proposed that mechanisms of ASM
teratogenesis are unlikely to be explained by a global effect on cells and cell
division.!”® Furthermore, it has been suggested that the ASM-associated increased
risks of MCMs and adverse neurodevelopment involve different mechanisms at
different stages of the pregnancy.?’ Nevertheless, it is intriguing that many of the
hypotheses regarding mechanisms of ASM-induced teratogenesis and adverse

neurodevelopment can be linked to folate and one-carbon metabolism.
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2. Aims

The overall aim of this work was to improve the outcome in children of women with
epilepsy after prenatal ASM exposure. We wanted to identify factors that reduce the
risk of ASM-associated adverse neurodevelopment in children of women with
epilepsy. We also wanted to examine whether ASM use and ASM concentrations are
associated with maternal folate status in pregnant women with epilepsy. Our specific

aims were to:

1. Examine language impairment in children of women with epilepsy aged 5 and
8 years and associated risk factors (Paper II)

2. Examine the association between ASM concentrations during pregnancy and
language impairment in children of women with epilepsy aged 1.5-8 years
(Papers I and II)

3. Examine the association between maternal folic acid supplement use, plasma
folate concentrations, and ASM-associated language impairment in children of
women with epilepsy aged 1.5-8 years (Papers I and II)

4. Examine the association between various ASM concentrations and maternal
folate metabolites in pregnant women with epilepsy (Paper III)

5. Examine the association between various ASM concentrations and maternal

non-folate B vitamins in pregnant women with epilepsy (Paper III)
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3. Material and methods

3.1 The Norwegian Mother, Father and Child Cohort Study

The data source for this research project was pregnant women and their children
enrolled in MoBa. MoBa is a prospective, population-based pregnancy cohort study
conducted by the Norwegian Institute of Public Health and linked to the Medical
Birth Registry of Norway (MBRN), a national health registry containing information
about all births in Norway.!* The main aim of MoBa is to detect causes of diseases
among parents and children through estimation of exposure-outcome
associations.!®*!% The recruitment period was 1999-2008.'%* During this period,
invitations were sent to women in 277,702 pregnancies.'** The overall participation
rate was 41%.'%4!% In total, the MoBa cohort includes more than 114,000 children,

95,000 mothers, and 75,000 fathers.'**

3.1.1 Cohort characteristics

All pregnant women in Norway were eligible for participation, but a restriction was
that the information material and questionnaires were in Norwegian only.!**!%° The
postal invitation to participate was sent in gestation week 15 together with an
appointment for routine ultrasound that occurs in gestational weeks 17-19 for all
pregnant women in Norway.!?#!> Women not responding to the postal invitation
could consent to participate during the routine ultrasound appointment.'®
Recruitment began in the county of Hordaland in Western Norway in 1999, and
gradually expanded during the coming years until it became nationwide in 2005,
when 50 of 52 hospitals with maternity units in Norway recruited study
participants.!**!1°> Fathers were invited to participate from year 2000.'°*1°¢ A woman
can participate in MoBa with more than one pregnancy. Participants can at any time
withdraw from the study by not receiving more questionnaires, and also be deleted

from the study with deletion of data and biological material.!**!*> MoBa data can

upon application be linked to many of the health registries in Norway.'**



50

3.1.2 Data collection

Mothers in MoBa responded to three questionnaires during pregnancy.!* The first
questionnaire (Q1) was sent together with the postal invitation to participate in
gestation week 15 or filled out at the routine ultrasound appointment during
gestational weeks 17-19.1%41% The second questionnaire was filled out around
gestation week 22 (Q2), and the third questionnaire in gestation week 30 (Q3).!941%
Q1 and Q3 contained questions regarding social background, medical background, as
well as detailed questions on previous and present health problems and exposures,
including vitamin supplement use and ASM use. Q2 was a food frequency
questionnaire, and data from this questionnaire was not included in this thesis.!**
After the child was born, questionnaires were sent out at age 6 months (Q4), 1.5 years
(Q5), 3 years (Q6), 5 years (Q5Y), and 8 years (Q8Y). Q4-Q6 contained questions on
child development, health of the mother and the child, and lifestyle exposures.'**

Q5Y and Q8Y contained questions regarding neurocognitive development.'**

Biological samples including blood, DNA, RNA, and urine have been collected from
all or subgroups of parents and children in MoBa and stored in a biobank, details are
described elsewhere.!”” As a general rule, no laboratory results will be provided to the
participants.!”’ Recent years, MoBa Genetics has emerged as a research infrastructure
aiming to genotype all participants in MoBa.!** Blood samples from the mother were
collected twice; once during the routine ultrasound appointment and once after
birth.!” An umbilical cord blood sample was also collected immediately after

birth.!"?

MoBa data files released for research have been updated regularly during the years as
more questionnaire data has become available. My research project was based on

MoBa version 8 (95,267 pregnant women) and 10 (95,229 pregnant women).

3.2 Study population and study design

The study population was based on MoBa version § in paper I and MoBa version 10

in papers II and III. In paper I, the study population was all children of women with
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and without epilepsy in MoBa and with available information on folic acid
supplement use or folate concentrations during pregnancy. In paper I, the study
population was all children of women with and without epilepsy in MoBa. In paper
111, the study population was all pregnancies of women with ASM-treated epilepsy in
MoBa and with available plasma vitamin B concentrations. Papers I and II were

cohort studies, whereas paper I1I was a cross-sectional study.

3.3 Variables

3.3.1 Epilepsy diagnosis and antiseizure medication

Self-reported information on epilepsy diagnosis* was collected from the MoBa
questionnaires and from MBRN where this information was filled in by the midwife
or primary care physician. If the diagnosis of epilepsy was reported in the MBRN
only and with no report of ASM use, either in MBRN or in MoBa, it was considered
uncertain, and these women were excluded. Women with self-reported epilepsy were
further divided into two groups: ASM-treated and ASM-untreated epilepsy. Data on
ASM use during pregnancy was collected from Q1, Q3, and the MBRN.

The maternal epilepsy diagnosis in MoBa has been validated in previous MoBa data
file versions by three different methods; 1. A retrospective validation questionnaire
sent to all women with epilepsy in MoBa version 7 (n = 604, 50% responded) with
questions regarding type of epilepsy, folic acid dose in pregnancy, and epileptic
seizures during pregnancy, 2. Analysis of ASM concentrations in maternal plasma
samples from gestation week 17-19 (n = 226) and in umbilical cord blood right after
birth (n = 196) in singleton pregnancies of women with ASM-treated epilepsy with
available biological samples from the MoBa biobank, and 3. A medical record
examination for women with epilepsy residing in Western Norway based on MoBa
version 5 (n = 78, 51% consented).!?1%® The validity was good, the diagnosis of
epilepsy as reported in MoBa was confirmed by 98% of the women that responded to
the retrospective validation questionnaire.'® Characteristics of women with epilepsy
in MoBa were similar to the Norwegian women with epilepsy included in EURAP.!%®

The reported ASMs were detected in 93% of the biological samples.'”® According to
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the medical record examination, 21 of 40 women that consented were treated with
ASM during pregnancy, and type of ASM was in 100% agreement with the patient-
reported ASM in MoBa.'”® In women with ASM-untreated epilepsy (n = 19), the
epilepsy diagnosis could not be verified for two women due to lack of data.!%!%
Generally the women in the ASM-untreated group had inactive epilepsy, as only one

of these 19 women had experienced epileptic seizures within two years prior to the

pregnancy.'%®

3.3.2 Plasma antiseizure medication concentrations

We have previously analysed the concentrations of valproate, lamotrigine,
carbamazepine, levetiracetam, topiramate, and the oxcarbazepine
monohydroxyderivative metabolite in maternal plasma samples from gestation week
17-19, and in umbilical cord plasma immediately after birth.!”® The analyses of
lamotrigine, carbamazepine, levetiracetam, topiramate, and the oxcarbazepine
monohydroxyderivative metabolite were performed in 100 pl plasma with liquid
chromatography-mass spectrometry (LC-MS) methods.!*® The analysis of valproate
was performed by a commercial kit using a Cobas Integra 400 plus system (Roche
Diagnostics, Rotkreuz, Switzerland).'”® All analyses were performed at the
Department of Clinical Pharmacology, St. Olav University Hospital, Trondheim,
Norway.!'?® The limits of quantification were 0.5 umol/L for lamotrigine, 2.5 umol/L
for carbamazepine, 5 pmol/L for levetiracetam, 1 pmol/L for topiramate, 2.5 pmol/L
for the oxcarbazepine monohydroxyderivative metabolite, and 25 pmol/L for
valproate.'”® We calculated standardized ASM concentrations by normalizing the
plasma concentrations to the concentration range observed for that drug in our data
according to the formula: /00 x (observed concentration — minimum concentration
measured for that drug) / concentration range measured for that drug.'® For each
child, we calculated the mean standardized ASM concentration based on the maternal
and umbilical cord ASM concentration (Papers I and II) or based on the maternal
ASM concentration only (Paper III). If only one of them was present, this was used

(Papers I and II). For ASM polytherapy, the standardized ASM concentration for
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each ASM was added together. A high standardized ASM concentration reflected
high plasma concentrations of ASM.

3.3.3 Vitamin supplement use

Information on vitamin supplement use was collected from Q1 and Q3. The women
reported on use of folic acid, riboflavin, pyridoxine, and niacin (vitamin B3)
supplement in different gestation week intervals before and during pregnancy, with
week 0 starting with the first day of the last menstrual period. In Q1, the women
reported use of supplement in the following weekly time intervals: -4 to 0, 0-4, 5-8,
9-12, and 13+. In Q3, the weekly time intervals were: 13-16, 17-20, 21-24, 25-28,
and 29+. In each questionnaire, they also reported on the frequency of supplement
intake by ticking one of the following response options: daily, 4-6 times a week, or 1-
3 times a week. We defined periconceptional supplement use as any use of folic acid
supplement during gestational weeks -4 to 12 (Papers I and II). As maternal plasma
samples were collected in the second trimester, which has been shown to be
associated with folic acid supplement use during both the first and second

199,200

trimester, we additionally defined pregnancies with any supplement use during

gestational weeks -4 to 20 as supplemented pregnancies (Paper III).

Folic acid supplement dose

In the retrospective validation questionnaire, the women reported folic acid
supplement dose during the following gestation week intervals: -4 to 0, 0-12, 13-24,
and 25-40. They were asked to tick one of the following dose options for each time

interval: 0.4 mg, 1 or 2 mg, and >4 mg.

3.3.4 Plasma vitamin and metabolite concentrations

We analysed plasma concentrations of vitamins and metabolites related to folate,
riboflavin, pyridoxine, and niacin status at Bevital Laboratory, Bergen
(www.bevital.no). We analysed 227 maternal plasma samples from gestation week

17-19 from singleton pregnancies of women with ASM-treated epilepsy and with
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available maternal sample in the MoBa biobank. The analyses were performed by

using liquid chromatography-tandem mass spectrometry (LC-MS/MS) methods.?%!-2%3

Plasma folate status

Plasma folate status was examined by analysis of the biologically active MTHF
metabolite, the MTHF-derived 4-alfa-hydroxy-5-methyltetrahydrofolate (hmTHF)
metabolite, UMFA, and the inactive metabolites pABG and apABG.?! The limits of
quantification were 0.13 nmol/L, 0.40 nmol/L, 0.53 nmol/L, 0.17 nmol/L, and 0.27
nmol/L, respectively.?’! Plasma UMFA values below the limit of quantification were
reported as 0 nmol/L.2°! MTHEF is unstable in samples kept in room temperature but
can be recovered as hmTHF.2! Hence, we defined the metabolically active folate
concentration as the sum of MTHF and hmTHF (“folate™).2°!292 We calculated the
ratio between active and inactive folate metabolites (MTHF + hmTHF / pABG +
apABG) as a measurement of folate catabolism. We also calculated the ratio between
UMFA and folate (UMFA / MTHF + hmTHF) to examine the UMFA concentrations

in relation to the metabolically active folate.

Plasma riboflavin, pyridoxine, and niacin status

Riboflavin status was examined by analysis of the maternal plasma riboflavin
concentration, the limit of detection was 0.2 nmol/L.?* Plasma pyridoxine status was
examined by analysis of the metabolically active pyridoxine metabolite, pyridoxal-5-
phosphate (PLP), and the metabolites 3-hydroxykynurenine (HK), kynurenic acid
(KA), xanthurenic acid (XA), anthranilic acid (AA), and 3-hydroxyanthranilic acid
(HAA).292% The limits of detection were 0.2 nmol/L, 2 nmol/L, 0.4 nmol/L, 0.5

203 The functional marker of

nmol/L, 0.7 nmol/L, and 2 nmol/L, respectively.
pyridoxine status, HK ratio (HKr), was calculated based on the formula HK / KA +
XA + AA + HAA, as described in detail elsewhere.?** High HKr indicates low

204

pyridoxine status.=’* To examine plasma niacin status, we analyzed the plasma

concentration of nicotinamide, 2% the limit of detection was 20 nmol/L.?%
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3.3.5 Language impairment

Children aged 1.5 and 3 years (Paper 1)

Language impairment (“language delay” in Paper I) in children aged 1.5 and 3 years
was assessed by two different screening instruments in Q5 and Q6: The
communication scale of The Ages and Stages Questionnaires (ASQ) (“global
language delay” in Paper I), and a one-item question regarding expressive language
skills (“expressive language delay” in Paper I). The ASQ is a validated, diagnostic

206,207 The communication scale

tool to identify language developmental delay.
consists of three items at age 1.5 years and six items at age 3 years (Paper I,
Supplemental data). Each item was scored 10 points (“yes”), 5 points (“sometimes”),
and 0 points (“no”), with a high score indicating no language impairment (continuous
variable).?”” We defined a dichotomous variable of language impairment as a score of
1.5 standard deviations (SD) or more below the mean score for the total MoBa study
population.?’’ In the one-item question on expressive language skills (Paper I,
Supplemental data),?® the parents were asked to describe how their child talks at age
3 years by ticking an option from 1 (“not yet talking”) to 6 (“talking in long and
complicated sentences”). Children who talked in 2- to 3-word sentences or less
(option 4 or below) were defined as having expressive language impairment

(dichotomous variable).!*%2% Maximum score was 6 points, with a high score

indicating no language impairment (continuous variable).'%

Children aged 5 and 8 years (Paper I1)

Language impairment in children aged 5 and 8 years was based on the following
screening instruments from QS5Y (Paper 11, Supplemental data): The communication
scale of ASQ, The Speech and Language Assessment Scale (SLAS), the Norwegian
instrument The Twenty Statements about Language-Related Difficulties (Language
20), and on the semantic subscale of Language 20 from Q8Y. In Q5Y, the
communication scale of ASQ consisted of seven items, six items from the age 5 years
version, and one item from the age 4 years version of ASQ. Maximum score
reflecting no language impairment was 70 points (continuous variable). The cut-off

for language impairment was defined as already described for age 1.5 and 3 years.
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The SLAS is a validated, 14-item screening instrument used to identify children with
language disorders.?”” The instrument consisted of 13 items in Q5Y, where each item
was scored from 0 (“very much lower”) to 5 (“very much higher”).2% A score of 3
(“typical for age”) or more reflected no language impairment.”” We calculated the
mean SLAS score for each child, SLAS composite scale mean score, with a
maximum score of 5 reflecting no language impairment (continuous variable).??” The
Language 20 instrument consists of 20 items, and is a validated screening instrument
designed to identify children with language impairment.?! It consists of three
subscales: semantic (8 items), receptive (6 items), and expressive (6 items). Each
item was scored from 1 (“doesn’t fit the child, absolutely wrong”) to 5 (“fits well
with the child, absolutely right”).2'° A low score reflected no language impairment
(continuous variable).?! Maximum score was 100 points at age 5 years and 40 points
at age 8 years. Cut-off for language impairment was a score of 31% or more of
maximum possible score.?!® We defined the child as having language impairment at
age 5 years if the child scored according to our criteria for impairment in any of the
three instruments in Q5Y (dichotomous variable). At age 8 years, language
impairment was defined if the child scored according to our criteria for impairment of

Language 20 (dichotomous variable).

3.3.6 Other variables

We collected relevant variables from the MoBa questionnaires and the
MBRN:138:199.200.211212 maternal age; maternal low education (<9 years of schooling);
parity (previous pregnancies >21 gestation weeks (Papers I and II) or >12 gestation
weeks (Paper I1I)); unplanned pregnancy; low household income (<400,000 NOK
annually (Papers I and II) or <60% of the national median in the child’s birth year
(Paper III)); non-cohabiting mother; prepregnancy body mass index (BMI); smoking
(any) during pregnancy; alcohol consumption during the first trimester (>1 time per
month); report of anxiety or depression symptoms in pregnancy (mean score >1.75 on
the Hopkins Symptom Checklist>'* in gestational weeks 17-19); offspring sex; twin or
triplet child; Apgar score 5 minutes after birth; gestational age (calculated from

routine ultrasound measurements in gestational weeks 17-19, if not available the first
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day of the last menstrual period was used); maternal report of familial language delay
(a sibling, parent, grandparent, aunt, uncle or cousin who was a late talker or had
difficulties with reading, writing or pronunciation, Q5Y), maternal report of
seldom/never helping their child read during a typical week at age 5 years (Q5Y), or
never reading for their child at age 8 years (Q8Y); and any epileptic or any tonic-
clonic seizures during pregnancy (data from the retrospective validation

questionnaire).
3.4 Statistical analysis
All analyses were performed by using the IBM SPSS software version 24 (Papers |

and II), and version 25 (Paper III).

3.4.1 Main statistical methods

We used non-parametrical statistical methods to compare the groups due to violation
of the assumption of normal distribution and due to relatively small numbers of
children or pregnancies in many of the analyses. We compared dichotomous variables
with Chi-square test for independence or Fisher’s exact test when appropriate.
Continuous variables were compared with Mann-Whitney U Test (comparison
between two groups) or Kruskal-Wallis Test (comparison between three or more
groups, Paper III). In paper 111, we adjusted for multiple testing by multiplying the
observed p-value by the number of comparisons made (Dunn-Bonferroni post hoc
method). The relationship between variables was examined in correlation analyses by
calculating the non-parametric Spearman rank order correlation (rho) coefficient. We
examined exposure-outcome associations with logistic regression models adjusted for
relevant confounders. Interaction analyses were performed with multiple regression
analysis with an interaction term depending on the interaction examined. When
examining language impairment in paper I and II, each age group was examined as
independent observations. Two-sided p-values <0.05 or effect estimates where the CI

did not include 1 were considered statistically significant.
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3.4.2 Main comparisons

The main comparisons in paper I and II were between ASM-exposed children of
women with epilepsy and ASM-unexposed children of women with epilepsy,
respectively, and a control group of children of women without epilepsy. In both
papers, the analyses were stratified for periconceptional folic acid supplement use.
Hence, groups with similar folic acid supplementation status were compared. This
stratification was the main comparison in paper I, in paper II this represented a
subanalysis. In paper I, we examined language impairment in ASM-exposed children
compared to control children with and without stratification for individual ASMs and
ASM polytherapy. We also examined risk factors associated with language
impairment at age 5 or 8 years in each of the two epilepsy groups and in the control
group. In paper 111, the main comparisons were between different ASM groups, as no
control group of pregnancies of women without epilepsy and with plasma vitamin
concentrations was available. We analysed vitamin B concentrations stratified for

ASM group and with and without stratification for supplement use.

3.4.3 Missing data

In MoBa version 8 or 10, we had no information about MoBa participants that
previously had been deleted from the cohort. We provided flowchart of included and
excluded participants in papers I-I1I. In paper II, we provided a more detailed
description and comparison of Q5Y and Q8Y responders and non-responders,
respectively, within each of the two epilepsy groups and the control group.
Furthermore, there were missing answers in some of the questions in the
questionnaires among the responders. We imputed missing answers to the questions
regarding language impairment with the estimation-maximation procedure in SPSS
(Papers I and II). Imputation was performed if 1 of 6 answers (ASQ Q6), <2 of 7
answers (ASQ Q5Y), <3 of 13 answers (SLAS Q5Y), <4 of 20 answers (Language 20
Q5Y) and <2 of 8 answers (Language 20 Q8Y), respectively, were missing. Children
or pregnancies with missing data on main exposure or outcome variables were
excluded from the main analyses, and this was described in the table footnotes and

flowcharts of papers I-II1.
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3.5 Ethics

This research project has been approved by The Regional Committee for Medical
Research Ethics with reference number 2011/1616. The MoBa cohort is regulated by
the Norwegian Health Registry Act. The establishment of MoBa and initial data
collection were based on a license from The Norwegian Data Protection Agency and
approval from The Regional Committee for Medical Research Ethics.!® All parents
participating in MoBa have given written informed consent to participate. Children
are included based on consent from the mother.!*® All children in MoBa will be
informed about the study at age 15 years and will need to consent to further data
storage at age 18 years.!”® The MoBa data files released for research contained
anonymized data which was collected from all over Norway, and the laboratory
results are unknown to the participants. Examples of ethical issues in this project are
parents consenting and giving information about their child on behalf of the child,
and risk of violating personal data privacy with data that can be identified, such as
reporting rare combinations of ASM polytherapy. However, participation was
voluntarily and based on informed, written consent. Randomized controlled trials to
examine adverse neurodevelopment in children prenatally exposed to different ASMs
would be unethical. Hence, the maternal epilepsy cohort in MoBa represents a unique
opportunity to perform observational studies as the number of pregnant women with
epilepsy with and without ASM treatment are relatively high, and data on several
exposures and outcomes was prospectively collected during and after pregnancy. We
thus believe that the ethical issues above are minor in comparison to the potential
beneficial effects this research project may have for pregnant women with epilepsy
and their children in the future. Nevertheless, during the years of this research project,
my attention to personal data privacy was increased with consequently gradual

avoidance of reporting too small numbers in the tables and supplemental data sets.
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4. Summary of results

MoBa version 10 consists of 95,229 women, 112,745 pregnancies, and 114,729
children (Figure 2). The epilepsy cohort consisted of 620 women with epilepsy, 719
pregnancies, and 734 children (Figure 2). A total of 346 children were exposed to
ASM in utero, whereas 388 children were not. ASM monotherapy exposure, most
commonly lamotrigine (n = 112), carbamazepine (n = 72), and valproate (n = 40),
was reported in 280 children, and ASM polytherapy exposure or unspecified ASM
exposure (n = <5) were reported in 66 children. The response rates for the different

MoBa questionnaires are shown in Figure 2.

Figure 2.
Overview of children of women with and without epilepsy in The Norwegian

Mother, Father and Child Cohort Study version 10.

MoBa version 10
114,729 children

262 women excluded 95,229 Women_
> Epilepsy status 112,745 pregnancies
undefined |

321 children

9 women excluded D ittt -I

» 6 refuted diagnosis R

> 2 unconfirmed Epilepsy No epilepsy

 diagnosis 734 children 113,674 children

» 1 misdiagnosed 620 women 94 338 women
719 pregnancies 111,715 pregnancies

| |
Epilepsy and ASM Epilepsy and no ASM
346 children 388 children
297 women 323 women

Vitamin B concentrations: 227 children
ASM concentrations: 237 children

Questionnaire gw 17-19: 328 (95%) 388 (100%) 103,109 (91%)
Questionnaire gw 30: 293 (85%) 346 (89%) 94,962 (84%)
Questionnaire age 1.5 years: | 219 (63%) 265 (68%) 75,740 (67%)
Questionnaire age 3 years: 182 (53%) 204 (53%) 58,307 (51%)
Questionnaire age 5 years: 117 (34%) 149 (38%) 41,235 (36%)
Questionnaire age 8 years: 121 (35%) 151 (39%) 42,876 (38%)

ASM, antiseizure medication; gw, gestation week; MoBa, The Norwegian Mother, Father and
Child Cohort Study.
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In the group of ASM-exposed children, 227 children had available plasma vitamin B
concentrations, and 237 children had plasma ASM concentrations from maternal
samples and/or umbilical cord blood samples (Figure 2). A total of 140 ASM-
exposed and 159 ASM-unexposed children had data from the retrospective validation
questionnaire. Seizure data was available for 161 ASM-exposed and 178 ASM-
unexposed children of women with epilepsy in version 10. Exposure to any epileptic
seizure during pregnancy or birth was reported in 42 ASM-exposed children and 13
ASM-unexposed children. Corresponding numbers for exposure to tonic-clonic
seizures were 20 and 5 children, respectively. Only a total of two women reported 3

or more tonic-clonic seizures during pregnancy or birth in version 10.

Children with response to Q5Y differed from children that were non-responders
(Paper II). ASM-exposed children that did not respond to Q5Y had mothers who were
significantly younger, less often used periconceptional folic acid supplementation,
and more often belonged to a low-income household, reported anxiety and/or
depression symptoms during pregnancy, smoked during pregnancy, consumed
alcohol during pregnancy, and more often were non-cohabiting compared to ASM-
exposed children that responded to Q5Y. These differences were less pronounced
between responders and non-responders of Q8Y; non-responders had significantly
younger mothers and mothers who more often reported anxiety and/or depression
symptoms during pregnancy than responders of Q8Y (Paper II). Similar differences
between responders and non-responders were also found in ASM-unexposed children

and in children of women without epilepsy at age 5 and 8 years (Paper II).

4.1 Language impairment and associated risk factors (Paper II)
Among the ASM-exposed children, 35 of 117 (30%) children had language
impairment at age 5 years compared to 9011 of 41,194 (22%) children of women
without epilepsy (Paper II). The adjusted odds ratio (aOR) of language impairment
was 1.6, CI 1.1-2.5. At age 8 years, 38 of 120 (32%) ASM-exposed children had
language impairment compared to 8250 of 42,550 (19%) children of women without

epilepsy (paper II). The aOR for language impairment was 2.0, CI 1.4-3.0. When
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individual ASMs were examined, children exposed to carbamazepine monotherapy
had increased risk of language impairment compared to children of women without
epilepsy (n =10 of 23 (43%), aOR 3.8, CI 1.6-9.0) at age 8 years, but not at age 5
years (n =6 of 17 (35%), aOR 1.9, CI 0.6-5.6). There was no increased risk of
language impairment in ASM-unexposed children of women with epilepsy compared
to children of women without epilepsy at age 5 (39 of 149 (26%) children, aOR 1.2,
CI 0.8-1.8) or age 8 years (35 of 150 (23%) children, aOR 1.2, CI 0.8-1.8).

We identified several risk factors associated with language impairment at age 5
and/or 8 years (Paper II) in ASM-exposed children of women with epilepsy: male
offspring, no periconceptional folic acid supplement use, smoking during pregnancy,
and language impairment in the same child at ages 1.5 or 3 years. In ASM-unexposed
children of women with epilepsy, one or more epileptic seizures during pregnancy
and language impairment at age 1.5 years were associated with increased risk of
language impairment at age 5 and/or 8 years. No periconceptional folic acid
supplementation was not associated with increased risk of language impairment in

this group, nor in children of women without epilepsy (Paper II).

4.2 Antiseizure medication concentrations during pregnancy and
association to language impairment (Papers I and II)
In paper I, high maternal valproate concentrations correlated strongly with low ASQ
score and hence language impairment at age 1.5 years (n = 17, Spearman’s rho (r) =
-0.50, p-value (p) = 0.04). We found no correlation between maternal ASM
concentrations and language score in children aged 3 years. In paper II, high maternal
valproate concentrations correlated with low ASQ score and hence language
impairment (n =9, r =-0.77, p = 0.02), and also with high Language 20 score
indicating language impairment (n =9, r = 0.82, p =0.01) at age 5 years (Figure 3).

Children exposed to high maternal carbamazepine concentrations tended to have low
Language 20 scores (no language impairment) at age 5 years (n =19, r=-0.47,p=

0.04), but outliers in the scatter plot made this result difficult to interpret (Paper II).
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We found no correlation between any ASM concentrations and language score at age

8 years (Paper II).

Figure 3.
Correlation between maternal valproate concentrations in gestational weeks 17-19

and the child’s language score at age 5 years (Paper II).
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4.3 Maternal pregnancy folate and association to language

impairment in children of women with epilepsy (Papers I and II)
In ASM-exposed children of women with epilepsy with no periconceptional folic
acid supplementation, the risks of language impairment at age 1.5 years and of
expressive language impairment at age 3 years were increased compared to children
of women without epilepsy with no periconceptional folic acid supplementation. The

aORs were 3.9, CI 1.9-7.8 and 4.7, CI 2.0-10.6, respectively (Figure 4 and Paper I).

Figure 4.
Adjusted odds ratios of language impairment in antiseizure medication-exposed
children of women with epilepsy compared to children of women without epilepsy

at ages 1.5 and 3 years stratified for periconceptional folic acid supplement use.

N (crude) N (%) language impairment (crude) aOR (95% CI)
AGE 1.5 YEARS
No folic acid
Epilepsy and ASM 38 » 13 (34)
No epilepsy 16,659 1856 (11) 3.9(1.9-7.8)
Folic acid
Epilepsy and ASM 178 30 (17)
No epilepsy 56,947 —— 5982 (11) 1.7(1.2-2.6)
AGE 3 YEARS
No folic acid and global impairment
Epilepsy and ASM 34 —_—— 4 (12)
No epilepsy 11,930 858 (7) 1.6(0.6-4.7)

Folic acid and global impairment
Epilepsy and ASM 143 — 8 (6)

No epilepsy 45,437 2275 (5) 1.1(0.5-2.2)

No folic acid and expressive impairment

Epilepsy and ASM 88 — 8

No epilepsy 11,931 753 (6) 4.7(2.0-10.6)

Folic acid and expressive impairment

Epilepsy and ASM 144 10 (7)

No epilepsy 45536 = 1844 (4) 1.7(0.9-3.2)
0.1 1 10

aOR language impairment

ASM, antiseizure medication; aOR, adjusted odds ratio; CI, 95% confidence interval. Language
impairment at age 1.5 years according to the Ages and Stages Questionnaires (ASQ). Global
language impairment at age 3 years according the ASQ, expressive language impairment age 3

years according to the one-item question regarding expressive language skills (Paper I).
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When the mother reported use of periconceptional folic acid supplementation, the risk
of language impairment at both ages were lower, and no longer statistically different
from the children in the control group at age 3 years. The aORs were 1.7, CI 1.2-2.6
and 1.7, CI 0.9-3.2, respectively (Figure 4 and Paper I). Similar to the findings at age
1.5 and 3 years, we also found an association between periconceptional folic acid
supplement use and decreased risk of language impairment in ASM-exposed children

of women with epilepsy at age 5 and 8 years (Figure 5 and Paper II).

Figure 5.

Adjusted odds ratios of language impairment in antiseizure medication-exposed

children of women with epilepsy compared to children of women without epilepsy

at ages 5 and 8 years stratified for periconceptional folic acid supplement use.

N (crude) N (%) language impairment (crude) aOR (95% Cl)
AGE 5 YEARS
No folic acid
Epilepsy and ASM 8 > 5(63)
No epilepsy 6096 1422 (23) 10.5 (1.9-56.3)
Folic acid
Epilepsy and ASM 108 = 29 (27)
No epilepsy 34,697 7510 (22) 1.4 (0.9-2.2)
AGE 8 YEARS
No folic acid >
Epilepsy and ASM 21 11 (52)
No epilepsy 7926 1712 (22) 3.8 (1.6-9.1)
Folic acid =
Epilepsy and ASM 99 27 (27)
No epilepsy 34,203 6445 (19) 1.7 (1.1-2.6)
0.1 1 10 100

aOR language impairment

ASM, antiseizure medication; aOR, adjusted odds ratio; Cl, confidence interval. Language
impairment at age 5 years according to the Ages and Stages Questionnaires (ASQ), the Speech
and Language Assessment Scale (SLAS) or the Twenty Statements about Language-related
Difficulties (language 20), and at age 8 years according to the Language 20 (Paper I1).

Without any periconceptional folic acid supplementation, there was an increased risk

of language impairment in ASM-exposed children compared to control children at
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age 5 and 8 years, the aORs being 10.5, CI 1.9-56.3 and 3.8, CI 1.6-9.1, respectively
(Figure 5). When the mother reported periconceptional folic acid supplementation,
the risk of language impairment in ASM-exposed children were lower at both ages
and no longer statistically different from the control children at age 5 years (aOR 1.4,
CI10.9-2.2 and 1.7, CI 1.1-2.6, respectively; Figure 5). The were no significant
differences in risk of language impairment between ASM-unexposed children of
women with epilepsy and children in the control group stratified for periconceptional
folic acid supplementation at ages 1.5 and 3 years (Paper I) and at ages 5 and 8 years

(Paper II).

In the adjusted multiple regression analysis, we found that the interaction between
prenatal ASM exposure and no periconceptional folic acid supplementation had a
synergistic negative association with language impairment at ages 1.5 and 3 years
(Paper I; ASQ score: p =0.04 age 1.5 years, p <0.001 age 3 years; expressive
language score: p = 0.01 age 3 years), and at age 5 years (Paper II; ASQ score: p =
0.01 age 5 years). We found no correlation between maternal folate concentrations
during gestational weeks 17-19 and language score at ages 1.5 and 3 years (Paper I).
At age 5 years (Paper II), high maternal folate concentrations during pregnancy
correlated with low Language 20 score (unstandardized beta (B) -0.07, CI -0.13 -
-0.005, p = 0.034) and hence less language impairment in the unadjusted linear
regression model, but not in the adjusted model (B -0.07, CI -0.13-0.002, p = 0.057).
There was no correlation between maternal folate concentrations and language score

at age 8 years (Paper II).

In paper I, mothers of ASM-exposed children with language impairment at ages 1.5
and 3 years started their folic acid supplement use later than mothers of ASM-
exposed children with no language impairment (median start age 1.5 years: gestation
week 6.5 versus 3 weeks before conception, p 0.01; median start age 3 years:

gestation week 4.3 versus 3 weeks before conception, p 0.05; Figure 6).
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Figure 6.

The proportion of children (percent) exposed to maternal folic acid
supplementation at different time intervals during pregnancy and association to
language impairment (orange lines) and no language impairment (green lines) at

age 1.5 and 3 years (Paper I).
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The proportion of ASM-exposed children exposed to folic acid early in pregnancy
was higher in children with no language impairment at ages 1.5 and 3 years compared
to children with language impairment (Figure 6). There was no such difference
during the last part of the pregnancy (Figure 6). In ASM-unexposed children of
women with epilepsy, the median start of folic acid supplement use and the
proportion exposed to folic acid supplement in pregnancy did not differ between

children with and without language impairment (Paper I).

4.4 Plasma antiseizure medication concentrations and association to

vitamin B status during pregnancy (Paper III)
We included 227 singleton pregnancies of 203 women with ASM-treated epilepsy
with available plasma samples from gestational weeks 17-19 from MoBa version 10.
Two women contributed with three pregnancies and 20 women with two pregnancies.
We divided the pregnancies into six ASM monotherapy groups, in which the reported
ASM was detected in plasma; valproate (n = 24), lamotrigine (n = 65),
carbamazepine (n = 48), levetiracetam (n = 11), topiramate (n = 8), and
oxcarbazepine (n = 5), and ASM polytherapy (n = 40), where at least one of the
reported ASMs was detected in plasma. Pregnancies where none of the reported
ASMs were detected in plasma were categorized into a low-adherence group (n = 26)
with suspected low ASM-compliance. During the period from gestational weeks -4 to
20, the women reported any supplement use in 221 pregnancies: any folic acid
supplement in 208 pregnancies (94%), any riboflavin supplement in 72 (33%), any
pyridoxine supplement in 77 (35%), and any niacin supplement in 45 (20%)

pregnancies.

High standardized maternal plasma ASM concentrations correlated with high
concentrations of UMFA (n =199, r = 0.22, p = 0.002) and inactive folate
metabolites (pABG: n =199, r=0.23, p =0.001, apABG: n=199,r=0.25,p
<0.001), and with low concentrations of riboflavin (n = 188, r =-0.32, p <0.001).
Furthermore, high standardized ASM concentrations correlated with low

metabolically active pyridoxine (PLP; n =188, r=-0.19, p = 0.01) and with high
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value of the marker of low pyridoxine status (HKr; n= 188, r=0.15, p = 0.04). There
was no association between ASM and plasma niacin status. High maternal valproate
concentrations correlated with high concentrations of apABG (n=24,r=0.51,p =
0.01), and high topiramate concentrations with high UMFA concentrations (n =8, r =
0.83, p =0.01) in the respective monotherapy groups. High lamotrigine
concentrations correlated with low riboflavin concentrations (n = 65, r=-0.27,p =
0.03). High maternal valproate concentrations correlated with a high value of the

marker of low pyridoxine status (HKr; n =24, r=0.43, p = 0.04).

In the overall study population in paper III, high folate concentrations correlated

strongly with high UMFA concentrations (Figure 7).

Figure 7.
Correlation between maternal folate concentrations and unmetabolized folic acid

concentrations in gestational weeks 17-19.

n=227,r=0.66, p <0.001
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UMFA, unmetabolized folic acid; r, Spearman’s rho; p, p-value.
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Maternal plasma folate concentrations were significantly lower in the low-adherence

group compared to the other ASM groups except for oxcarbazepine, and lower in

pregnancies with carbamazepine monotherapy compared to ASM polytherapy

pregnancies (Table 1). The values of HKr were higher in the valproate group

compared to all the other ASM groups (median value 0.4 compared to median values

0.2-0.3, all p-values <0.05). The concentrations of PLP and riboflavin did not differ

between individual ASM groups.

Table 1.

Maternal plasma folate status in gestational weeks 17-19 stratified for antiseizure

medication use.

Plasma folate status (nmol/L); median (range)

Carbama Levetir: Oxcarba Low-
Valproate | Lamotrigine . Topiramate . Polytherapy | adherence
_ _ zepine acetam _ zepine _ .
n =24 n =65 n=8§ n =40 group
n =48 n=11 n=>5
n=26
Folate? 80.0 (84.7) | 65.9 (119.0) | 65.5(103.8)° | 73.9 (107.1) | 66.9 (86.4) |67.1 (68.4) | 74.2 (112.1)° | 38.2 (96.7)*
pABG 1.6 (19.5) 1.1 (20.7)° 1.3 (29.5) 0.9(17.4) 1.2(9.2) 1.0(5.3) 1.5 (24.8)° 0.8 (9.7)*
apABG 0.9 (2.4) 0.8 (6.7)° 0.9 (2.6) 0.6 A.1)? 1.2 (1.3) 0.6 (2.0) 1.1 (2.4)>° 0.8 (2.2)°
UMFA 2.7 (303.0) 1.1 (169.0) 1.5(182.0) | 0.8(108.0) | 1.9 (41.6) 0.8 (8.4) 1.6 (167.0) | 0.6 (63.8)*

mTHF, 5-methyltetrahydrofolate; hmTHF, 4-alfa-hydroxy-5-methyltetrahydrofolate; pABG, para-aminobenzoylglutamate; apABG,
acetamidobenzoylglutamate; UMFA, unmetabolized folic acid; ASM, antiseizure medication. All ASM groups are compared
with each other by using Kruskal-Wallis Test. Groups that differ significantly (p-value <0.05) from the group marked with an *
are marked with bold text, additional groups that significantly differ from each other are both marked with ® and than with .
Significant differences after Bonferroni correction for multiple tests are underlined.

! Consists of pregnancies where the mother reported ASM use, but no ASM was detected in plasma samples > Based on sum of
mTHF and hmTHF
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5. Discussion

5.1 Methodological considerations

The research field of epidemiology includes several methodological challenges.?'* In
the following section, I will discuss methodological considerations in this research
project. These are important for the following discussion and interpretation of my

results.

5.1.1 Data source — The Norwegian Mother, Father and Child Cohort Study

We used data from the MoBa cohort because of the large number of pregnant women
with and without epilepsy enrolled in this cohort, available biobank material, the
linkage to the mandatory MBRN, the large amount of prospectively collected data on
exposures and outcomes, and the long follow-up time. Large cohort studies are
important for identifying risk factors for disease and to make “new discoveries”
within a research field.?'> The large sample size, a prospective design, and
information on a range of outcomes and exposures are classical strengths of large
cohort studies.?'®?!7 The limitations typically include lack of detailed clinical
information on the participants, unbalanced characteristics of exposed and unexposed
participants due to non-randomization, possible loss to follow-up, and that the
included participants may differ from the general population in unmeasurable
ways.?!0217 MoBa differs from other large cohort studies as the self-reported
questionnaires collected extensive clinical information about the participants, their
medication and supplement use during different time periods of the pregnancy
including questions on compliance, and there is available biobank material.
Nevertheless, in contrast to cohort studies dedicated to women with epilepsy, such as
the studies by the NEAD group, MoBa do not contain detailed prospective
information on epilepsy type, epileptic seizures, or dose of ASM. Also, there was no
blinded cognitive assessment of the children. However, a much larger number of
children of women with and without epilepsy were assessed in MoBa, and the
maternal epilepsy cohort in MoBa has been validated.!® The parental-reported

questionnaires contained numerous questions regarding language impairment based
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on different, validated screening instruments, and the data were collected at different
ages. Furthermore, the information reported in MoBa was independent of the medical
follow-up during and after pregnancy and would not in itself lead to any advantage or
disadvantage for the participant. MoBa is population-based in the sense that a
segment of the pregnant population in Norway was invited without regard to
exposure status.”!” Women that smoke, non-cohabiting women, women with two or
more previous pregnancies, and women under age 25 years were underrepresented in
MoBa compared to the general population in Norway, whereas multivitamin and folic
acid supplement users were overrepresented.?'® However, the prevalence of epilepsy
in MoBa was similar to the prevalence in the general population.?!® The self-reported
data from the periconceptional period of the pregnancy was retrospective, as women
answered the first questionnaire during gestation weeks 15-19, but given before the
pregnancy outcomes were known.!** In summary, MoBa was considered a good data
source for the conduction of our research project. The sources of error and validity of

our findings based on this data source will be discussed in more detail below.

5.1.2 Study design

The cohort study design of papers I and II with prospective collection of data on
language impairment in exposed and unexposed children during the years after birth,
was appropriate for the aims of this research project. Prospectively collected data on
folic acid supplement use during the periconceptional period, prospective data on
folic acid supplement dose with exact timing on intake, data on maternal 1Q, less
children lost to follow-up, and available maternal folate and ASM concentrations
from the periconceptional period would have been useful to further improve the
methodology of the studies. The cross-sectional design of paper I1I was a result of the
exposure and outcomes being measured at the same time point in MoBa.?!”
Prospective and multiple maternal blood sampling in unexposed and exposed
pregnancies, more detailed information on vitamin supplement dose and frequency of

intake during the different trimesters, and a higher number of pregnancies to increase

statistical power would have improved the study methodology.
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5.1.3 Sources of error and validity

Errors in epidemiology can be random or systematic, both detract from accuracy.??
Sources of systematic errors are mainly selection bias, information bias, and
confounding.??*2?? In epidemiology, bias is defined as: “Deviation of results or
inferences from the truth, or processes lead to such deviation. Any trend in the
collection, analysis, interpretation, publication, or review of data that can lead to
conclusions that are systematically different from the truth”.??! Random errors are
often defined as errors that happen by chance or random variation.??° It can be
measured as the variance of an estimation process, which is inversely related to the
statistical precision of the process.?? Precision tells the closeness of the
measurements to each other: when the variance of an estimate is reduced, the
precision is improved.??® However, a high precision is of no value if the
measurements are systematically wrong or measure something else than what was
intended. This is called the validity of a measurement: the degree to which it

223 The internal validity expresses whether

measures what it is supposed to measure.
our results are true for the source population that the study is based on.??! Selection
bias, information bias, or confounding are all threats to the internal validity of a
study.??* To what extent the inferences we make in the study can be generalized to

another population or future patients represents the external validity of a study.??!

Random errors and precision

Random errors are typically associated with the process of selecting the specific study
participants, termed sampling.??’ The random variation of MoBa participants is called
sampling variation and reflects a source of random error in this research project.
Furthermore, samples from ASM-treated pregnancies and umbilical cord blood were
randomly selected for measurement of vitamin B and ASM concentrations based on
previous MoBa data file versions and available samples in the MoBa data biobank.
This random selection could be a source of random error. Other sources of random
errors are random errors that occur during the laboratory analyses, or analyses
including small groups of children where random variation may influence the

results.??’ This is reflected by the wide CIs in some of the estimates involving groups
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with few children or pregnancies in papers I-1II. However, as random errors can be
reduced and the precision increased by increasing the study population,??° we
examined ASM-exposed children or pregnancies both as one group and according to
their specific ASM. Children exposed to valproate, carbamazepine, or lamotrigine
represented the largest ASM groups in our material and the number of children in

each of these groups was relatively high.

Selection bias

Differences between participants and non-participants at study enrolment or between
participants that continue to participate compared to those who are lost to follow-up
may introduce selection bias.??*??3 Selection bias happens when the estimate of
disease occurrence or etiologic effect in the study population differs systematically
from the estimate that would have been obtained if data from the entire source

population had been available.??+22

In MoBa, the participants were enrolled without knowing whether their child would
have language impairment or not, and this reduces any selection bias at baseline.?>*?%3
However, the MoBa participants differed from those who did not participate,
affecting the external validity of our results, but not necessary the internal validity as
we calculated exposure-outcome associations adjusted for these differences such as
smoking, maternal age, and socioeconomic factors.?!32% In the invitation from MoBa
the women were informed about the general aim and design of MoBa, potential
outcomes, and about the data collection and the MoBa biobank.??° If this information
affected their decision to participate, this would introduce a type of selection bias
termed self-selection bias.?** Generally, healthy women are more likely to participate
in research.??® This could lead to women with epilepsy refusing to participate, but the
opposite could also be true: MoBa aimed to examine risk of disease in the child,
women with ASM-treated epilepsy might have known or feared that ASM or the
epilepsy could harm the child and hence have a stronger personal wish to participate

in MoBa. As the prevalence of women with epilepsy in MoBa was similar to the
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prevalence of all women given birth in Norway, self-selection bias is less likely to

have affected our internal comparisons.?!8

Loss to follow-up increased with increasing follow-up time in MoBa, and this may be
a source of selection bias that can affect our internal comparisons.??>??’ If the reason
for a participant being lost to follow-up is associated with the exposure and the
outcome, this may cause selection bias.??*??° In our research project, the percentages
of non-responders and hence loss to follow-up were calculated compared to the total
numbers of participants included in MoBa (Figure 2 in the Results section). The
response rates in MoBa were higher if calculated based on the participants who
responded compared with those who received the questionnaire.??” The response rates
at the different ages were similar between children of women with ASM-treated
epilepsy, children of women with ASM-untreated epilepsy, and children of women
without epilepsy. Furthermore, many parents in MoBa did not answer all the
questionnaires from child ages 1.5-8 years, and the Q5Y was initiated after 20% of
the children were too old to contribute with this questionnaire.??’” Low birth weight,
familial history of language impairment, low maternal education, male offspring, and
social disadvantage are associated with risk of language impairment, but most of the
variance of language abilities during the preschool years are still unexplained.!?!-!!
Hence, language impairment would be difficult to predict in non-responders. The
non-responders of Q5Y and Q8Y generally had a higher percentage of characteristics
associated with lower socioeconomic status compared to the responders in all the
groups examined. The percentages of children with language impairment measured in
previous questionnaires were typically higher among non-responders compared to
responders in Q5Y, but this was less pronounced in Q8Y. The percentage of children
with ASM polytherapy and ASM monotherapy exposure during pregnancy were
similar between non-responders and responders for both ages. The distribution of
maternal epilepsy among the responders did not change during the eight years of
follow-up in MoBa.??” Overall, our analyses indicated that children with normal
language may be overrepresented among the responders rather than the opposite in

the three groups examined. Based on this and the similar response rates during
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follow-up within the three groups examined, we believe that the potential selection

bias due to loss to follow-up would bias our results towards the null.

Information bias

Measurement of exposures, outcomes, confounders, and other variables are subject to
measurement error.?? If such errors influence the exposure-outcome associations
examined in a study, this is termed information bias.??> Measurement errors that
depend on the values of another variable is termed differential, whereas if errors do

not depend on the values of other variables it is termed nondifferential >>3

Nondifferential information bias

The questions in the questionnaires may be subject to measurement error if the
questions do not really correspond to the underlying conceptual construct, this is
called construct validity.?* In example, in the question regarding familial history of
language, reading and writing problems in Q5Y, the parent was instructed to answer
yes if such problems were present in any of the child’s biological siblings, parents,
grandparents, uncles, aunts, or cousins. This variable was not associated with risk of
language impairment in children of women with epilepsy, contrary to previous
studies,'°2!! but an association was found in the much larger group of children of
women without epilepsy. If this question had included the more clinically relevant
first grade relatives only, this would have improved the construct validity and
possibly changed the estimated associations. This is an example of a nondifferential
information bias as the error do not depend on other variables including the outcome
and hence affected the exposed and the unexposed groups of children equally.??* Such

bias typically leads to less precise estimates that are biased towards the null value.?*

Another source of nondifferential bias are the questions from language screening
instruments that we used to define variables of language impairment. Although we
used validated cut-offs from the screening instruments to determine criteria for
language impairment,?°6-2!? the construct validity of the parental-reported language

questions as presented in the MoBa questionnaires have not been examined. Hence,
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we cannot exclude that some children were misclassified as having language
impairment or the other way around. However, any measurement error in these
variables would affect the exposed and unexposed children equally and hence most

likely bias our results towards the null.

Other sources of nondifferential measurement errors are errors that occur during the
collection, management or transformation of data, or recall errors in the self-reported
questionnaires.??} In example, women that responded to Q1 might not recall correctly
when they started folic acid supplement use in the periconceptional period or refuse
to report alcohol consumption or smoking during pregnancy. Another example is the
self-reported diagnosis of epilepsy in MoBa. Some women with epilepsy that
resolved in childhood may choose to not report this, or women may have been
wrongly diagnosed with epilepsy and this would lead to misclassification errors.
However, the epilepsy diagnosis have previously been validated in MoBa, and
women with an uncertain diagnosis or that refuted the diagnosis during this validation
have been excluded.!”® In summary and considering that the data collection in MoBa
were based on self-reported questionnaires, these measurement errors would likely
affect the unexposed and exposed children in our research project equally and hence

lead to less precise estimates and bias towards the null.

Measurement errors during management, handling, and transport of laboratory
analyses are another source of nondifferential information bias. We only had biobank
data available for pregnant women with ASM-treated epilepsy. All the samples were
delivered for analysis by the MoBa biobank concomitantly and analysed as one batch.
The within-day coefficients of variation of the plasma ASM analyses were acceptable

and indicated adequate precision.'*®

Differential information bias
Differential information bias can lead to bias in any direction.?”> Women with ASM-
treated epilepsy might for example have reported the language abilities of their

children more precisely than women without ASM exposure because of fear that such
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exposure would cause fetal harm. Another possible source of differential information
bias are the questions regarding folic acid supplementation: Women with epilepsy are
often prescribed high-dose folic acid supplementation and are aware of the increased
risk of ASM-associated congenital malformations, and thus might have answered
these questions more carefully than women without epilepsy. Information regarding
ASM-associated language impairment was not commonly known during the
enrolment period of MoBa, nor were any association between folic acid
supplementation and language impairment. In addition, the data on language
impairment was collected prospectively several months and years after the exposure
data for all the participants, and numerous of exposures and outcomes were included
in the MoBa questionnaires. Based on this, we believe that such bias is unlikely to
have a large impact on our results, although we acknowledge this as a limitation of

our research project.

Missing data

In addition to questionnaire non-responders, missing data was present among the
responders as incomplete questionnaires with missing answers on one or more
variables such as smoking, alcohol consumption, BMI, and some of the questions
regarding language impairment. Missing data may be a source of information bias,
particularly if it is related to the outcome of the study.??> We imputed missing
answers regarding language impairment if the number of missing answers was less
than 29% (depending on the score), except for age 1.5 years where no missing
answers were accepted (only three items). We considered the missing items as
missing completely at random, for example that the participant randomly forgot to
respond to one of seven language items. Language development in young children
vary considerably, and delay may be early and then resolve, or early without
resolving, or start later in the preschool years.!! We chose a conservative approach
regarding imputation of missing values, as we did not find it reasonable to impute
language scores across the different ages. During the years, the strategies for
identifying, handling and reducing bias due to missing data, including multiple

imputation or inverse-probability weighted methods, have gained increased
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attention.??®?2° Consequently, we provided a more detailed report of missing values in
the tables of paper III compared to in papers I and II. We did not estimate or correct
for any bias due to missing data in other variables such as confounders, mainly
because we did not hypothesize that this would have a large impact on our internal
comparisons as missing data were few within each of the three groups. We examined
the missing data due to loss to follow-up with descriptive analyses only, but a recent
study from MoBa suggests to consider using imputation or weighting methods to

account for the loss to follow-up in MoBa.??’

Confounding

Confounding occurs when the association between an exposure and an outcome is
partly or fully explained by other factors that is associated with the outcome than the
effect of the exposure.* A confounder must be a risk factor for the outcome,
associated with the exposure, and not a results of the exposure or of the disease.?*°
Confounding is a source of systematic error that can be reduced by adjusting the data
by the potential confounder or eliminated by stratifying the data by the potential
confounder.?3® Low folate status may be a result of ASM exposure and hence could
not be a confounder. We hypothesized that low folate status during pregnancy was a
mediator in the causal pathway between prenatal ASM exposure and language
impairment. We stratified the analyses for periconceptional folic acid
supplementation to examine whether periconceptional folic acid supplementation was
an effect modifier, and to reduce bias due to confounding as periconceptional folic
acid supplement users may differ from non-users.!”” The different strata of folic acid
supplementation had different effect estimates, indicating that the ASM-associated
risk of language impairment differed depending on whether the mother reported
periconceptional folic acid supplementation, and hence we concluded that folic acid
was an effect modifier.*! We carefully considered variables to adjust for, as adjusting
for variables that are not confounders may also introduce bias, termed overadjustment
bias.?*® We did not adjust for unplanned pregnancies, as such pregnancies could be a
result of ASM use and are more likely to have low maternal folate status as prior folic

acid supplementation is unlikely. We adjusted for confounders such as
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socioeconomic status including low maternal education, maternal age, parity,
gestational age, smoking during pregnancy, and alcohol use during pregnancy. There
were generally only minor differences between the CIs based on crude estimates and
the CIs based on adjusted estimates (Papers I and II). This could be explained by
genetic factors and unidentified risk factors explaining most of the variance regarding
language abilities during the preschool years.!”"?!! We adjusted for familial history of
language impairment based on the Q5Y variable but did not have data on parental 1Q.
However, low maternal education was adjusted for. In paper 111, the study population
was less heterogenous being only pregnancies of women with ASM-treated epilepsy,
and none of the covariates included were considered to fill criteria for being a

confounder.

Women with ASM-treated epilepsy are likely to have a more severe disease than
women with ASM-untreated epilepsy. If the indication for treatment, such as
epileptic seizures, could explain the association between ASM and language
impairment, and not the ASM exposure, this is termed confounding by indication.?*
We only had retrospective seizure data for a subsample of pregnancies, and these
variables were thus not meaningful to include into the regression analyses.
Nevertheless, the two epilepsy groups are likely to differ in severity of and type of
epilepsy disease, and we cannot exclude that some of the ASM-associated language
impairment could be related to the epilepsy disease itself, for example due to genetic
causes or harmful effects of seizures on the fetus. Furthermore, although we had data
on numerous possible confounders, there could still be unmeasured confounding
present. Unmeasured confounding are confounding not dealt with adequately due to

poor statistical modeling or misclassification of the confounder.?*

Choice of statistical methods

We used mainly non-parametric methods, which do not make assumptions about the
underlying population distribution and generally have less stringent assumptions than
parametric methods.?*> However, such methods are less powerful than the

corresponding parametric alternative and may fail to detect differences between
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groups that exist.** The two main reasons for why we chose non-parametric methods
were that the number of children or pregnancies in several analyses were few, and
that the assumption of an underlying normal distribution of scores was violated.
Language scores, many of the ASM concentrations, and the non-folate vitamin B
concentrations had skewed distributions. In the main analyses the sample size was
relatively large, and a parametric method approach would probably been possible for

several of the analyses.?*

Most of the children included did not have siblings in MoBa. However, some women
with epilepsy contributed with more than one pregnancy. We did not account for the
correlation between siblings in our analyses by using robust logistic regression
estimations, as this was not possible in SPSS. This is a limitation of the study, as such
analyses likely would influence the confidence intervals of the estimate, but the
estimates are usually unchanged. We chose not to exclude siblings as this would
reduce statistical power in the analyses. We adjusted for parity and environmental
factors at age 5 and 8 years such as maternal report of seldom or never reading to
their child or helping your child read letters or sounds. In paper III, twenty mothers
contributed with two pregnancies and three mothers with three pregnancies. As these
numbers were few in comparison to the total study population included, it is unlikely
that it would have a major impact on the results although genetic factors that may
influence vitamin B concentrations would be identical in pregnancies of the same

mother.

Internal and external validity

We acknowledge that there are several methodological considerations in this research
project, including several potential sources of random and systematic errors. We have
relatively large groups of ASM-exposed and ASM-unexposed children of women
with epilepsy and a control group of children of women without epilepsy from a
population-based cohort. We have data on multiple exposures and outcomes and have
adjusted for a range of possible confounders. Data on language impairment was

prospectively collected and based on validated screening instruments. The response
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rates during follow-up were similar between the three groups. None of the laboratory
results were known to the participants. Our findings were consistent through the three
different papers. In summary, based on the methodological considerations above we
believe that the sources of random and systematic errors mainly caused less precise
estimates and would bias our results towards the null. We thus believe that the

internal validity of our exposure-outcomes associations is high.

We believe our findings can be generalized to the general population of pregnant
women with epilepsy in Norway, as the prevalence of pregnant women with epilepsy
in MoBa was similar to the prevalence among all women giving birth in Norway.?!8
However, women with epilepsy in MoBa may differ from pregnant women with
epilepsy that chose not to participate in MoBa, because the questionnaires were in

Norwegian only!*

or for other reasons, or that they were not invited. We adjusted for
several of the baseline characteristics that were different between participants in
MoBa and pregnant women in the general population of Norway.?!® Such differences
are nevertheless unlikely to impact the external validity of the exposure-outcome
associations calculated in our research project.?!® Our findings based on pregnant
women with epilepsy are not necessarily generalizable to pregnant women without
epilepsy using ASM during pregnancy, as these women may differ from women with
epilepsy regarding risk of adverse neurodevelopment in their children. Antenatal care
is free in Norway and available to all women. Our findings may not be generalizable
to countries where the antenatal follow-up differs between women with epilepsy.

There is no mandatory folic acid food fortification in Norway, and our findings may

not be generalizable to countries with different folic acid fortification guidelines.

5.2 Discussion of the results

5.2.1 Prenatal antiseizure medication exposure and risk of language impairment

We found an almost doubled increase in the odds of language impairment at age 5
years and a doubled increase in the odds of impairment at age 8 years in ASM-
exposed children of women with epilepsy compared to control children. Increased

risk of language impairment was reported in children of women with epilepsy in
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MoBa compared to children of women without epilepsy at age 3 years,'* and in
children aged 3-4 years exposed to valproate enrolled in the UKEPR.'% In the studies
from the NEAD group, verbal abilities were poorer than non-verbal abilities for all
ASM monotherapy exposures at age 3 years, and in the valproate and lamotrigine
groups at age 6 years.”>!% Other studies in children aged 6-13 years reported

51,55,235

impaired verbal abilities after valproate, carbamazepine,’! or any prenatal ASM

107,110 compared to children of women without epilepsy, or in valproate-

exposure
exposed children compared to children exposed to carbamazepine or lamotrigine,>® or
children of women with ASM-untreated epilepsy.'? Our method differed from these
studies as we used dichotomous variables for language impairment as the main
outcome variables, and the language abilities were evaluated by parents and not
formally assessed by a neuropsychologist. We also used children of women with
ASM-treated epilepsy that were treated in hospitals all over Norway, and by different
specialists. The screening instruments that we used were specifically designed to
detect language impairment, and not part of an assessment of cognitive function in
general. The percentage of children with language impairment at age 5 and 8 years in
our results (30% and 32%, respectively) are comparable to a study from APR
assessing language disorder or delay specifically.>® This study found mild, moderate
or severe language delay in 28 of 102 (27%) ASM-exposed children aged 7 years.*¢
We thus found an increased risk of language impairment in ASM-exposed children of
epilepsy that was consistent at both age 5 and 8 years, and supported by previous
findings from MoBa and from other studies despite different

methodology.5 1,53,55,56,105-110,235

Regarding exposure to individual ASMs, we used ASM concentrations from
gestational weeks 17-19 and umbilical cord plasma as a proxy of fetal ASM exposure
in utero. We found a striking correlation between higher maternal valproate
concentrations during the second trimester of the pregnancy and poor language score
at ages 1.5 and 5 years. Valproate have particularly been associated with a dose-
dependent increased risk of language impairment.33-°%23 In the study from APR,

first trimester valproate dose correlated with low language scores and significantly
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predicted language scores in children aged 7 years.’® When we examined individual
ASM groups and risk of language impairment, the individual groups contained few
children at both age 5 and 8 years. However, the prevalence of language impairment
in valproate-exposed children at age 5 and 8 years (36% and 31%, respectively) were
highly comparable with the study from APR where 7 of 23 valproate-exposed

children (30%) had mild, moderate, or severe language delay.>

We reported an increased risk of language impairment in children exposed to
carbamazepine monotherapy at age 8 years. Plasma concentrations of carbamazepine
did not correlate with language impairment. Prenatal exposure to carbamazepine has
been associated with reduced verbal abilities,>!-1%-113 but other studies reported no
such association.>*!1%235 In a population-based Danish study, children exposed to
carbamazepine scored worse than unexposed control on the sixth-grade mathematics
test.!!” In the APR study, 6 of 34 (18%) of carbamazepine-exposed children filled
criteria for any language delay, although the mean language score did not differ
significantly from the expected mean language score.’® Children with MCMs or an
epilepsy diagnosis were excluded from their analyses.’® An increased frequency of
1Q<85 compared to children of women without epilepsy was reported in
carbamazepine-exposed children in the study from the LMNDG group.’!
Carbamazepine exposure in utero have been associated with increased risk of MCMs
and dysmorphic features.>* We did not find an association between carbamazepine
and language impairment at age 5 years, but the number of children exposed to
carbamazepine monotherapy was lower at this age. Findings have not consistently
shown a linkage between prenatal carbamazepine exposure and neurodevelopmental
impairment, but it has been suggested that neurodevelopmental difficulties may differ
between subpopulation of carbamazepine-exposed children, such as those with
dysmorphic features or MCMs.*° Overall, our findings highlight valproate and
carbamazepine as individual ASMs associated with language impairment in children
of women with epilepsy aged 5 and 8 years. These findings are important, and
emphasize, in line with several previous studies, the need for more studies regarding

specific impairment in children exposed to other ASMs than valproate.3*-83
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The risk factors associated with language impairment in ASM-exposed children aged
5 or 8 years such as male offspring, no report of maternal periconceptional folic acid
supplementation, smoking during pregnancy, and previous language impairment are

in line with risk factors described in studies of children from the general

101,123,138,211

population. In ASM-exposed children, maternal IQ and socioeconomic

status have been reported as predictors of language delay or lower verbal
abilities, %1% and also maternal lack of periconceptional folic acid supplementation
and maternal age.>>!'% In our findings, none of the ASM-exposed children with
language impairment at age 5 or 8 years had mothers that reported low education.
Epileptic seizures during pregnancy were retrospectively collected, and not associated
with an increased risk of language impairment in ASM-exposed children. Epileptic
seizures were associated with increased risk of language impairment in ASM-
unexposed children of women with epilepsy, but this association was not adjusted for
other possible confounders and based on small numbers. Generalized epileptic
seizures during pregnancy have been associated with low verbal 1Q* and increased
risk of educational support®® in two studies, but association to language delay or

cognitive abilities were not reported in several other studies.>?>>

Language disorders represent one of the most common neurodevelopmental
disorders, and may have long-term consequences for educational attainment,
employment, social life, and mental health.!%? Studies have shown that children with
early language impairment that later resolved with scores within age-appropriate
levels by school-age, still experience problems with specific language tasks during
the following years compared with children with no early impairment.?!! Parents are
good evaluators of the language abilities of their children.?”-** Based on our
findings, clinicians treating ASM-exposed children of women with epilepsy should
be aware of association between prenatal ASM exposure and risk of language
impairment and intervene early if parental concern or symptoms of language

impairment.
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5.2.2 Antiseizure medication-associated language impairment and the role of folate

We found a protective effect of periconceptional folic acid supplementation on risk of
language impairment in ASM-exposed children of women with epilepsy aged 1.5, 3,
5, and 8 years. Our findings were in line with two studies from the NEAD group
reporting higher mean verbal index score at age 3 years and higher mean 1Q at age 6
years in ASM-exposed children of women with epilepsy who were exposed to
periconceptional folic acid compared to children not exposed to periconceptional
folic acid.”!% In MoBa, a protective effect of periconceptional folic acid
supplementation on risk of autistic traits at age 1.5 and 3 years had already been
shown for ASM-exposed children of women with epilepsy.'®” Our findings further
indicated that use of folic acid supplementation could be a factor that reduced the risk
of ASM-associated language impairment. We initially reported this association in
children aged 1.5 and 3 years in paper 1. Despite the number of children lost to
follow-up in MoBa at age 5 and 8 years, we found this association to be highly
significant also at age 5 and 8 years in paper II. The NEAD group further examined
the role of periconceptional folic acid supplementation and found that use of
periconceptional folic acid was associated with better neurodevelopmental scores
across a range of cognitive variables in ASM-exposed children.'!'? Another study
from the LMNDG group linked to the NEAD study did not find any association
between preconceptual folate and mean 1Q in ASM-exposed children aged 6 years.>!
This study only noted folic acid supplement before conception, the NEAD study
defined a mother as a periconceptional folate user if the reported taking folic acid one
month or more before conception.!'? A study from KREP collected folic acid
information prospectively in women with ASM-treated epilepsy, and found no
association between folic acid during pregnancy and intellectual or language outcome
in children aged 6 years, but only 71 children were examined.'”” In MoBa, intake of
folic acid supplement in the periconceptional period was reported in time intervals of
four weeks, and the frequency of intake was high. Being a folic acid user during the
periconceptional period have been associated with higher maternal education, being a
non-smoker, better socioeconomic status, better plasma vitamin B status, and a higher

intake of other micronutrients in MoBa.!”® We have adjusted for several possible
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confounders in our analyses. Any potential unmeasured confounding could
nevertheless be present. However, it is very unlikely that this is the only explanation
of our findings for several reasons; the studies from the NEAD group report similar
results with inclusion of adjustment for maternal IQ, and chronic use of several
different ASMs have been consistently reported to be associated with low folate
status in studies of non-pregnant patients with epilepsy.'>*!3 Also, we stratified the
analyses for periconceptional folic acid status, this would reduce unmeasured
confounding in our comparisons. If the protective effect of folic acid were not related
to the ASM exposure, but to unmeasured confounding related to the epilepsy
diagnosis, we should have found a similar association or tendency in the estimates in
the ASM-untreated epilepsy group, but this was not the case. Furthermore, several
studies from the general population have reported a positive association between high
maternal folate status during pregnancy and better neurodevelopmental outcomes in
the children.'?%!27:137-13% Chronic ASM use prior to pregnancy in combination with
lack of periconceptional folic acid supplementation could have resulted in a poor
folate status in women with ASM-treated epilepsy. We thus believe that our findings
highlighting folic acid supplementation as a factor that may reduce the ASM-
associated risk of language impairment to be consistent throughout two papers and of

clinical importance.

We examined at what time during the pregnancy folic acid supplementation was
important. In paper I, folic acid supplementation during the periconceptional period
was the critical period associated with reduced language impairment. We did not find
an association between maternal folate concentrations during the second trimester and
language scores at ages 1.5-8 years. Our findings are in line with several studies from
the general population reporting better neurodevelopmental outcomes if exposure to
folic acid supplement use compared to no exposure during the periconceptional
period.!?*137:138 This has also been shown in ASM-exposed children, both in MoBa
and in the studies from the NEAD group. However, folate is important for fetal brain
development throughout the pregnancy, and it has been hypothesized that folate

status during the growth spurt of the pregnancy is particularly important.'?’ In a
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randomized controlled trial among pregnant women from the general population,
women were randomized to receive either continued folic acid supplementation or
placebo during the second or third trimester.*® At age 7 years, children of the folic
acid treated mothers scored significantly higher on word reasoning compared to
children of mothers that received placebo.?*® Our findings indicate that optimal
maternal folate status in the periconceptional period seems to be important to reduce

the risk of ASM-associated language impairment.

As we had found an association between ASM concentrations and language score at
age 1.5 and 5 years, we wanted to examine further whether maternal folate
concentrations were associated with ASM concentrations later during the pregnancy.
Based on our findings from paper I and II, we hypothesized that folate and the one-
carbon metabolism could be involved in the mechanisms behind the association
between periconceptional folic acid supplementation and language impairment. The
folate concentrations in MoBa were measured in the second trimester and do not
reflect self-reported supplementation before gestation week 8.2% In paper III, we
found that almost all the included women with ASM-treated epilepsy during
pregnancy reported supplement use by gestation week 20, in line with the clinical
guidelines in Norway. This could explain why we did not find an association between
folate concentrations and language score in the second trimester in papers I and II: by
the time the maternal folate concentration was analysed, many women with a
previous low folate status might have improved their status through supplementation.
High concentrations of ASM correlated with high concentrations of inactive folate
metabolites and hence increased folate catabolism, particularly in pregnancies with
valproate or carbamazepine monotherapy, or ASM polytherapy. Folate catabolism
may be influenced by the pregnancy itself and by extensive folic acid
supplementation.'?>!26:155 The widespread use of folic acid supplementation in the
study population of paper III makes our findings difficult to interpret. Nevertheless,
an interaction between individual ASMs and folate pathways could be possible based

on the differences in folate metabolites between individual ASMs.
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Supplementation of non-folate vitamins were less frequent in the pregnancies of
women with ASM-treated epilepsy in paper II1. Both riboflavin and pyridoxine are
important co-factors for folate in one-carbon metabolism, and optimal status of both
are crucial for optimal folate functioning.'?’ Niacin is involved in neuronal
development and survival.?*” We found that high ASM concentrations were
associated with low riboflavin and low pyridoxine status, but not with niacin status.
This finding was striking, as niacin was the only non-folate B vitamin examined
which is not involved in the one-carbon metabolism. Low riboflavin status have been
reported in non-pregnant patients with ASM-treated epilepsy, particularly enzyme-
inducing ASMs,'*’ whereas low pyridoxine status have been associated with several
ASMs. 12419 Regarding individual ASMs, lamotrigine was associated with low
riboflavin status and valproate with low pyridoxine status. Both these ASMs have
been associated with low folate concentrations and antifolate properties.!2%!152
Changes in one-carbon metabolism with altered pathways involving folate, purine,
and amino acid metabolism was associated with lamotrigine use in a study of
pregnant women with epilepsy.'®! In the study from the NEAD group, the mean IQ
was significantly higher in children exposed to lamotrigine monotherapy if the
mother reported periconceptional folic acid supplementation compared to no such
report.> In summary, we found an association between ASM concentrations,
particularly valproate and lamotrigine, and low pyridoxine and riboflavin status,
which are folate co-factors in one-carbon metabolism.!?” Taken together, our findings
indicate that ASM exposure both early and later in pregnancy is associated with
language impairment, and that maternal folate status may be of importance in both

trimesters.

Finally, we used the retrospective data available on folic acid dose to examine
whether the dose of folic acid was important regarding risk of language impairment.
We did not find an association between language impairment and folic acid doses
above >1 mg compared to doses of 0.4 mg in paper 1. As these data were limited to a
few of the children of women with epilepsy, we assessed the concentration of UMFA

in paper I1I, as a proxy for excessive folic acid intake. We found a strong correlation
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between high maternal folate and high UMFA concentrations in gestational weeks
17-19. This association is in line with studies of pregnant women from the general
population; the UMFA concentrations increase when folic acid supplementation is
excessive.!?® High UMFA concentrations is not solely related to the intake of folic
acid, studies in both pregnant and non-pregnant women from the general population
have suggested that there are mechanisms by which the body adapts to high folic acid
intake to limit UMFA exposure.?3®23° This could be an explanation of the wide range
of UMFA concentrations within individual ASM groups, even if most of the women
included reported folic acid supplementation use by gestation week 20. Assessing
UMFA in women with epilepsy is important as the optimal dose of folic acid to
recommend to these women is not known,'*!23 nor is the safety of excess folate
during pregnancy.'?® Studies in mice have found that both low and excessive folate
during pregnancy are associated with adverse development in the offspring.'47-240241
Altered methylation pattern in the embryo have been associated with low and high
folate concentrations during pregnancy in animal and human studies.'3>!% High
UMFA cord blood concentrations have been associated with increased risk of ASD in
some population groups in the US.'*! High doses of folic acid have also been
associated with increased risk of ASD or other adverse neurodevelopment in children
from the general population.'#%-'*> We have recently examined whether high UMFA
concentrations during pregnancy were associated with risk of language impairment or
autistic traits in ASM-exposed children in MoBa but found no such association.'”°
The mean 1Q was higher in ASM-exposed children from the NEAD study if exposure
to high-dose (>4 mg) periconceptional folic acid supplementation compared to no
folic acid exposure.> A similar association was also reported in the previous MoBa
study as risk of autistic traits decreased with higher doses of folic acid during the

124 studies

pregnancy.'®” As several ASMs interact with maternal folate metabolism,
from the general population cannot be automatically generalized to women with

ASM-treated epilepsy.

Based on our overall findings, the dose of folic acid to recommend to women with

ASM-treated epilepsy should probably differ depending on the ASM treatment.
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Prenatal exposure to valproate and carbamazepine were associated with risk of
language impairment, and the risk differed depending on maternal report of
periconceptional folic acid supplementation for lamotrigine-exposed children. The
concentrations of all these ASMs were associated with plasma folate, riboflavin, or
pyridoxine status. Valproate, lamotrigine, and carbamazepine have previously been
linked to the folate metabolism,!2!:124:152.161.184.242 By ate and the one-carbon
metabolism is fundamental for normal brain development in utero, and for brain
health throughout life.'?”133 It is intriguing that several of the mechanisms suggested
to be associated with ASM-induced teratogenesis and adverse neurodevelopment,
such as brain cell changes, oxidative stress, ASM-induced changes in placental
transport, and altered gene expression and DNA methylation can be linked to folate
and one-carbon metabolism.?12%-121.186 However, as some women with ASM-treated
epilepsy during pregnancy have very high concentrations of UMFA indicating
excessive folate, our findings also point to a closer monitoring of folate status before

and during pregnancy in women with epilepsy.

5.2.3 Strengths and limitations

Strengths of this research project include population-based, prospectively collected
data on a large number of ASM-exposed and ASM-unexposed children of women
with epilepsy, and a control group of children of women without epilepsy. The
maternal epilepsy cohort has been validated and biobank data on a large subgroup of
pregnancies of ASM-treated women were available. We adjusted for a range of
possible confounders. Limitations include retrospectively collected data on folic acid
supplementation periconceptionally, few children in some of the individual ASM
groups, and no formal assessment of the language abilities of the children or parental
1Q. The loss to follow-up in MoBa increased with increasing age, we do not know the
language abilities of children of non-responders, and whether this influenced the
decision for continued participation in MoBa. Women with ASM-treated epilepsy are
likely to have a more severe epilepsy than women with ASM-untreated epilepsy, and
we cannot exclude that non-ASM factors influence our results. Also, women using

ASM during pregnancy may have reported their child’s language abilities more
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vigilantly than women of the control group. Maternal plasma samples were only
measured once during pregnancy, and not in the periconceptional period. Genetic
factors influence vitamin concentrations; we did not have access to such data. We did
not adjust for multiple pregnancies in the same mother. The correlation coefficients
between ASM concentrations and plasma vitamin and metabolite concentrations were
relatively low in some of the analyses, which illustrates that factors other than ASM
treatment also interfere with vitamin concentrations during pregnancy. The UMFA
concentrations depend on the time gap between intake of folic acid and sample
collection,'?® this was unknown in MoBa. We presented standardized maternal ASM
concentrations in addition to individual ASM concentrations. By using relative
plasma concentrations, the standardized ASM concentrations adjusted for differences
in pharmacokinetics between the ASMs. The majority of the ASMs that were merged
have been associated with folate status,'>*13%152 and although pharmacological
mechanisms may differ between the ASMs, their mechanisms of action related to

folate could share common pathways.
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6. Conclusions

We found that prenatal ASM exposure was associated with increased risk of language
impairment in children of women with epilepsy aged 5 and 8 years compared to
children of women without epilepsy, and hence that prenatal ASM exposure can have
long-term consequences for the child. Periconceptional folic acid supplementation
was identified as a factor that reduced this risk, both in young children aged 1.5 and 3
years, and in children aged 5 and 8 years. Maternal valproate concentrations and
prenatal exposure to carbamazepine was associated with language impairment. Other
associated risk factors were male offspring, smoking during pregnancy, and previous
language impairment at ages 1.5 or 3 years. Regarding timing of folic acid
supplementation, the periconceptional period was important to reduce the risk of
language impairment. In addition, the second trimester seemed to be of importance.
High ASM concentrations during the second trimester were associated with folate
metabolism and with low status of the non-folate B vitamins riboflavin and
pyridoxine, both essential for normal folate function.'?” High valproate concentrations

during the second trimester also correlated with low language scores.

Our findings support the recommendation that folic acid supplementation should be
offered to all girls and women of childbearing age using ASMs that might become
pregnant regardless of pregnancy plans.!*3” Furthermore, our findings highlight other
non-folate B vitamins necessary to ensure optimal folate status that may interact with
ASM use during pregnancy: pyridoxine and riboflavin. The optimal folic acid dose to
recommend to women with epilepsy have not been elucidated in this thesis, but our
findings taken together suggest that the dose may differ depending on the ASM
treatment, and that folate status should be monitored during pregnancy to avoid

excess folate in women with epilepsy using ASM.
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7. Implications and future directions

Our findings reporting long-term adverse consequences of prenatal ASM exposure on
language abilities in children of women with epilepsy should be further examined in
larger studies with inclusion of screening instruments or assessment specifically
created to detect language impairment and language disorders. Subgroups of children
exposed to specific ASMs should also be assessed, in example children exposed to
carbamazepine with dysmorphic features. Population-based studies with data on
educational attainment are of importance, in addition to prospective cohort studies
with long follow-up and with assessment both from parents, the children themselves,
and a formal, blinded assessment by a neuropsychologist. The impact of potential

difficulties on the daily life and functioning of the child should be assessed.

More studies are needed to determine the optimal folic acid dose to recommend to
women with epilepsy. This should include prospective studies with multiple sampling
of plasma folate concentrations, ASM concentrations, different doses of folic acid,
and with data on pregnancy outcome and neurodevelopment scores in the children.
Other study designs could also be of importance, such as randomized controlled trials
with different folic acid doses as there is currently very different recommendations
for folic acid supplement internationally. I am currently leading a new research
project based on the maternal epilepsy cohort in MoBa with inclusion of maternal
genotyped data from MoBa Genetics. Our aim is to examine whether the maternal
genetic risk of low folate concentrations influence the role of folate on ASM-
associated autistic traits and language impairment in children of women with
epilepsy. In addition to folic acid, studies should be conducted regarding other
vitamins associated with folate during pregnancy, such as riboflavin or pyridoxine.
The study design could be a prospective, observational design with comparison of
folic acid only and folic acid plus multivitamin supplementation with outcomes

related to the pregnancy or child neurodevelopment.
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Abstract

Objective

To examine the effect of maternal folic acid supplementation and maternal plasma folate and
antiepileptic drug (AED) concentrations on language delay in AED-exposed children of
mothers with epilepsy.

Methods

Children of mothers with and without epilepsy enrolled from 1999 to 2008 in the Norwegian
Mother and Child Cohort study were included. Information on medical history, AED use, and
folic acid supplementation during pregnancy was collected from parent-completed ques-
tionnaires. Maternal plasma folate and maternal plasma and umbilical cord AED concentrations
were measured in blood samples from gestational weeks 17 to 19 and immediately after birth,
respectively. Language development at 18 and 36 months was evaluated by the Ages and Stages
Questionnaires.

Results

A total of 335 AED-exposed children of mothers with epilepsy and 104,222 children of mothers
without epilepsy were surveyed. For those with no maternal periconceptional folic acid sup-
plementation, the fully adjusted odds ratio (OR) for language delay in AED-exposed children
compared to the controls at 18 months was 3.9 (95% confidence interval [CI] 1.9-7.8, p <
0.001) and at 36 months was 4.7 (95% CI 2.0-10.6, p < 0.001). When folic supplementation
was used, the corresponding ORs for language delay were 1.7 (95% CI 1.2-2.6, p = 0.01) and
1.7 (95% CI10.9-3.2, p = 0.13), respectively. The positive effect of folic acid supplement use on
language delay in AED-exposed children was significant only when supplement was used in the
period from 4 weeks before the pregnancy and until the end of the first trimester.

Conclusion
Folic acid use early in pregnancy may have a preventive effect on language delay associated with
in utero AED exposure.
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Glossary

AED = antiepileptic drug; AR = attributable risk; ASQ = Ages and Stages Questionnaires; CI = confidence interval; hmTHF =
4-alfa-hydroxy-S-methyltetrahydrofolate; MBRN = Medical Birth Registry of Norway; MoBa = Norwegian Mother and Child
Cohort Study; mTHF = S-methyltetrahydrofolate; OR = odds ratio; RR = relative risk.

Most women with epilepsy are dependent on treatment with
antiepileptic drugs (AEDs) throughout their pregnancy to
prevent epileptic seizures." AEDs increase the risk of con-
genital malformations in a dose-dependent manner.” Some
AEDs have also been associated with impaired neuro-
development and behavioral disorders in the offspring."”
Hence, it is crucial to identify factors that modulate the risk of
AED-related fetal harm.

Folate is a B vitamin important for normal brain de-
velopment.® Many AEDs interact with folate metabolism and
have been associated with reduced plasma folate.** There is
growing evidence of a positive association between maternal
folate status during pregnancy and neurodevelopmental out-
come in the offspring®®® Few studies have examined
whether folic acid supplementation protects against impaired
neurodevelopment after AED exposure in utero. Some studies
have indicated that folic acid may have a positive effect on IQ_
and verbal abilities in children exposed to AEDs in utero,”'°
but the results are conflicting.""*> We have previously found
that AED-exposed children have fewer autistic traits if their
mothers used folic acid supplements in the periconceptional
period."® Women in Norway are recommended to use 0.4 mg
folic acid daily in the periconceptional period only, while
women with epilepsy who use AEDs usually are recom-
mended to use 1 to 5 mg daily in the periconceptional period
and 0.4 mg daily in the second and third trimesters. There is
no mandatory folic acid food fortification in Norway."*

The aim of our study was to investigate the effect of maternal
folic acid supplement use, maternal plasma folate, and AED
concentrations during pregnancy on language development in
AED-exposed children of mothers with epilepsy.

Methods
Study population

The study population consisted of women and children in-
cluded in the Norwegian Mother and Child Cohort Study
(MoBa). MoBa is a prospective, ongoing population-based
pregnancy cohort study conducted by the Norwegian In-
stitute of Public Health and is linked to the compulsory
Medical Birth Registry of Norway (MBRN)." Norwegian-
speaking women were invited to participate from 1999 to
2008. The participation rate was 41%. Information on back-
ground, medical history, medication use, vitamin and folic
acid intake, and child development, including language
function, was obtained by parent-completed questionnaires.
The questionnaires were answered in gestational weeks
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17 to 19 (Q1) and 30 (Q2) and when the child was 18 and 36
months old (Q3 and Q4; response rates, 72% and 56%, re-
spectively). Maternal blood samples were collected at week
17 to 19 of gestation and from the umbilical cord immediately
after delivery.

The epilepsy diagnosis is based on self-reported information
from the MoBa questionnaires and information from the
MBRN registered by the family doctor or midwife.'® We have
previously validated the epilepsy cohort in MoBa (data
available from Dryad, Methods, doi.org/10.5061/dryad.
1237b6m), and the validity was very good."”

Our material is based on version VIII of the MoBa databank
and consisted of 724 children of 616 mothers with epilepsy
and 104,222 children of 86,443 mothers without epilepsy with
available information on maternal folic acid supplement use
during pregnancy (figure 1). The children of mothers with
epilepsy were further classified into 2 groups: 1 group exposed
to AEDs in utero (n = 335), our main study group, and
another group not exposed to AEDs in utero (n = 389). We
have previously reported on general development after in
utero and breastmilk exposure to AED in this cohort."*®

Variables

Maternal folic acid supplementation

Intake of folic acid before and during pregnancy was reported
in gestational week 17 to 19 (Q1) for the following time
intervals: >5 weeks before pregnancy, 4 weeks before preg-
nancy (preconception), and use during gestational weeks 0 to
4,510 8,9 to 12, and 13+. Folic acid use in gestational weeks
13 to 16, 17 to 20, 21 to 24, 25 to 29, and 29+ was reported in
gestational week 30 (Q2) (data available from Dryad, Meth-
ods, doi.org/10.5061/dryad.1237b6m). Folic acid doses were
obtained for 139 AED-exposed children and 160 AED-
unexposed children by a separate retrospective questionnaire
to women with epilepsy in our previous validation study (QS;
response rate 50%)."” In 84 children (25%) in the AED-
exposed group and 21 children (5%) in the AED-unexposed
group, the mothers reported a daily intake of folic acid of
>1 mg. We defined periconceptional folic acid use as maternal
intake of folic acid supplements from 4 weeks before the start
of the pregnancy and/or during the first trimester.

AED use

Information on AED use and type of medication was collected
from self-reported information in QI and the MBRN data
registered by the family doctor or midwife.'® There was 100%
agreement between self-reported AED use in MoBa and the

Neurology.org/N



Figure 1 Flowchart of excluded and included cases

Excluded (n = 261):

Pregnant women
(n =95,267)

+ Epilepsy status undefined (261)

Women with epilepsy

Women without epilepsy

Excluded (n = 8): (n=629) (n=94,377)
« Refuted diagnosis (6) 7] 1 ]
* Unconfirmed diagnosis T 1
accor(_iing eluospial Women AED- Women AED+
case files (2) (n=323) (n=298)
[ |
Children AED- Children AED+ Children without epilepsy
Excluded; (n=389) (n =346) (n=113,726)
Children without folic T T
acid information or completed I I
diestionnaires Children without epilepsy

Children AED- (n = 389):
« Twin (5.7%)
« Triplet (0.0%)

Children AED+ (n = 335):
« Twin (2.4%)
« Triplet (0.0%)

(n =104,222):
+ Twin (3.5%)
 Triplet (0.05%)

Children at 18 months
(n=260)

Children at 18 months Children at 18 months
(n=216) (n=74,038)

Children at 36 months
(n =204)

Children at 36 months Children at 36 months
(n=177) (n=57,753)

AED+ = antiepileptic drug use/exposure; AED- = no antiepileptic drug use/exposure.

reported AED use in hospital records in our previous vali-
dation study."”

Measurement of plasma folate and AED
concentrations

From the MoBa biobank,*° folate was available in maternal
plasma samples obtained at gestational week 17 to 19 for 228
AED-exposed children (68%). Analysis included the bi-
ologically active S-methyltetrahydrofolate (mTHF) and the
degradation product 4-alfa-hydroxy-5-methyltetrahydrofolate
(hmTHF). mTHF represents the prevailing folate form in
plasma. This form is unstable in blood samples kept at room
temperature, but is largely recovered as hmTHF. Hence,
maternal plasma folate is given as the sum of the concentra-
tion of mTHF and hmTHEF.*"**

The concentrations of valproate, lamotrigine, carbamazepine,
carbamazepinel0,11-epoxide, levetiracetam, topiramate, and
the oxcarbazepine monohydroxy derivative metabolite were
analyzed in 226 maternal plasma samples obtained at gesta-
tional week 17 to 19 and in 198 samples from the umbilical
cord, as described previously,'” for a total of 255 AED-exposed
children (76%). In 238 of these samples (93%), the reported
AED was detected. For the statistical analysis, the plasma
concentrations were normalized relative to the ranges ob-
served within each group according to the following formula:
100 x (observed concentration — minimum concentration)/
concentration range.'®>® The mean of the normalized plasma
concentrations was calculated for each child on the basis of
both the concentration from the maternal sample and the
umbilical cord sample if both were present. If only one of the
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samples was available, this concentration was used. If a child
was exposed to AED polytherapy, the mean normalized con-
centrations of each AED were added together.

Language delay

Global language delay

In Q3 and Q4, mothers completed a 3-item and a 6-item
version, respectively (data available from Dryad, table 1,
doi.org/10.5061/dryad.1237b6m), of the 18 months’ and 36
months’ communication scale from the Ages and Stages
Questionnaires (ASQ).>* ASQ is considered a reliable
screening tool with high concurrent validity.”*>* Each item
had the following answer options: yes (10 points), sometimes
(S points), and not yet (0 points). The maximum score
reflecting no language delay was 30 and 60 points at 18 and 36
months, respectively. Children with missing answers in Q3
were excluded. If only 1 answer was missing in Q4, this was
imputed with the estimation-maximization procedure in SPSS
(IBM, Armonk, NY). Children were defined as having global
language delay when the mothers had reported an ASQ score
>1.5 SD below the mean ASQ score in the total MoBa

24,2
cohort.2*#?¢

Expressive language delay

In Q4, a 1-item question regarding expressive language skills
has shown acceptable validity as an indicator of the gram-
matical complexity level of 3-year-old children (data available
from Dryad, table 2, doi.org/10.5061/dryad.1237b6m).”’
The maximum score reflecting no expressive language delay
was 6 points. Children talking in 2- to 3-word phrases or less
were classified as having expressive language delay.

Neurology | Volume 91, Number 9 | August 28,2018
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Covariates

Relevant covariates were selected from the MoBa ques-
tionnaires and from the MBRN®*®; parental higher education
(217 years of schooling), maternal low education (<9 years of
schooling), total household income <400,000 Norwegian
kroner annually (equals approximately €42,000), unplanned
pregnancy, smoking and alcohol use (consumption >1 per
month) in pregnancy, parity (number of previous pregnancies
with >21 gestation weeks), maternal age, maternal depression
and anxiety symptoms during pregnancy (mean score >1.75 on
the Hopkins symptom checklist™ at gestational week 17-19),
single mother, maternal prepregnancy body mass index, seiz-
ures during pregnancy, tonic-clonic seizures during pregnancy
(data available from Dryad, Methods, doi.org/10.5061/dryad.
1237b6m), AED polytherapy, twin or triplet children, Apgar
score 5 minutes after birth, gestational age, and offspring sex.

Statistical analysis

The statistical analysis was performed with IBM SPSS software
version 24. AED-exposed and -unexposed children of mothers
with epilepsy were compared to a control group of children of
mothers without epilepsy. Each of the 3 groups was stratified by
periconceptional folic acid use. Groups with similar peri-
conceptional folic acid supplementation status were compared.
We also compared the supplemented group with the unsup-
plemented group within each of the 3 groups. Categorical vari-
ables were compared with the ¥ test for independence or Fisher
exact test when appropriate. Continuous variables were com-
pared with the Mann-Whitney U test because of violation of the
assumption of normal distribution. The risk for delayed language
outcome was investigated with logistic regression. The re-
lationship between maternal plasma folate status/AED concen-
trations and language outcome was examined by a multivariable
linear regression model and by correlation analysis. Values of p <
0.05 were considered statistically significant. We hypothesized
a causal relationship between no periconceptional folic acid
supplementation and language delay to calculate the attributable
risk (AR) of no periconceptional folic acid supplementation on
language delay in each of the 3 groups (data available from
Dryad, Methods, doi.org/10.5061/dryad.1237b6m). This was
done by calculating relative risk (RR) in a 2 x 2 table and then
the AR with the formula AR = RR — 1/RR.*®

Standard protocol approval, registration, and
patient consent

The establishment and data collection in MoBa obtained
a license from the Norwegian Data Inspectorate and approval
from the Regional Committee for Medical Research Ethics.

The current study was approved by the Regional Committee
for Medical Research Ethics (reference No. 2011/1616).
Written informed consent was obtained from all participating
parents in MoBa.

Data availability
Data from MoBa and the MBRN used in this study are
managed by the national health register holders in Norway
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and can be made available to researchers, provided that nec-
essary approval is obtained from the Regional Ethics Com-
mittees in Norway and from the data owners. The Norwegian
Institute of Public Health has a general contact point for data
access at the following e-mail address: datatilgang@fhi.no.

Results

Characteristics of the children, their parents, and the pregnancies
stratified by periconceptional folic acid use are presented in table
1 (full version: data available from Dryad, table 3, doiorg/10.
5061/dryad.1237b6m). A total of 268 children were exposed to
AED monotherapy in utero, and 65 children were exposed to
AED polytherapy (data available from Dryad, table 4). In chil-
dren exposed to monotherapy, the most frequently used AEDs
were lamotrigine (39%), carbamazepine (26%), valproate (15%),
levetiracetam (6%), topiramate (4%), and oxcarbazepine (3%).
In the polytherapy group, the most frequently used AEDs were
lamotrigine (51%), carbamazepine (32%), valproate (29%),
levetiracetam (29%), oxcarbazepine (23%), and topiramate
(15%). For 2 children, the AED drug regimen was unspecified.

Folic acid supplementation and language delay
Without periconceptional folic acid supplementation, 34% of
the AED-exposed children had global language delay at 18
months compared to 11% in the control group without ma-
ternal epilepsy (p < 0.001) (table 2). The fully adjusted odds
ratio (OR) was 3.9 (95% confidence interval [CI] 1.9-7.8, p <
0.001) (table 3). At 36 months, 24% of AED-exposed children
had expressive language delay compared to only 6% in the
control group (p < 0.001). The fully adjusted OR was 4.7 (95%
CI 2.0-10.6, p < 0.001). In the children of mothers who had
used folic acid periconceptionally, 17% of AED-exposed chil-
dren had global language delay at 18 months compared to 11%
in the control group (p = 0.01). The fully adjusted OR was 1.7
(95% CI 1.2-2.6, p = 0.01). For expressive language delay at 36
months with folic acid, 7% of AED-exposed children had a delay
compared to 4% in the control group (p = 0.08). The fully
adjusted OR was 1.7 (95% CI1 0.9-3.2, p = 0.13). There were no
significant differences between AED-unexposed children of
mothers with epilepsy and the control group (tables 2 and 3).

Within the group of AED-exposed children, the proportion of
children with language delay was higher in the no supplementa-
tion group than in the supplemented group (table 2). A difference
was also found in children of women without epilepsy, but it was
much smaller than for the AED-exposed children. Stratification by
AED revealed that the number of lamotrigine-exposed children
with language delay was significantly higher in the no supple-
mentation group compared to the supplemented group (table 4).
The same tendency was seen for children exposed to valproate
and carbamazepine, but this was not significant (table 4).

Mothers of AED-exposed children with language delay started
with folic acid later in pregnancy. The median start of folic

acid supplementation was gestational week 6.5 for AED-

Neurology.org/N



Table 1 Overview of the data material

AED-exposed children of AED-unexposed children of Children of mothers without

mothers with epilepsy mothers with epilepsy epilepsy

Periconceptional folic acid® Periconceptional folic acid® Periconceptional folic acid®

Yes No Yes No Yes No
Characteristics (n=260,79%) (n =68, 21%) (n=289,74%) (n=100,26%) (n=77,929,76%) (n = 25,222, 25%)

Plasma folate,” median (minimum,  67.5 (11, 141) 67.6 (9, 117) — — — —
maximum), nmol/L

Gestational age® at birth, median 40.0 (16, 43) 39.0 (25, 42)<P 39.0 (25, 43)" 39.0 (34, 42) 40.0 (16, 47) 40.0 (16, 47)"
(minimum, maximum), wk

Apgar score at 5 min, median 10.0 (0, 10) 9.5(0, 10) 10.0 (0, 10) 9.5(7,10) 10.0 (0, 10) 10.0 (0, 10)
(minimum, maximum)

Maternal age, median (minimum, 29.0 (18, 42y 30.0 (18, 38) 29.0 (19, 41)™ 29.0 (16, 39) 30.0 (14, 47) 30.0 (14, 53)"
maximum), y

Single mother, n (%) 10 (4) 5(7) 8(3) 9 (9P 1,421 (2) 1,002 (4)
Maternal higher education, n (%) 42 (16)' 4 (6)P 43 (15)° 9(9) 19,553 (25) 3,349 (13)
Low total household income,®n (%) 27 (11) 8(13) 18 (6) 17 (19)™" 4,126 (5) 2,342 (10)
Unplanned pregnancy, n (%) 53(21) 23 (34)° 57 (20) 33(34)° 12,974 (17) 6,760 (27)
Alcohol use,’ n (%) 6(2) 6 (9P 5(2) 4(4) 1867 (2) 804 (3)
Smoking, n (%) 24 (9)¢ 11(16) 12 (4) 20 (20)" 4,116 (5) 3,380 (13)
Anxiety/depression, n (%) 52 (21) 11(17) 39 (14) 17(18) 7,803 (10) 3,080 (13)"
TC seizure(s)," n (%) 17 (15) 3(13) 313 2(5) — —

AED polytherapy, n (%) 45(17) 20 (29)° — — - -

Plasma AED,' median (minimum, 40.2 (0, 258) 33.0(0, 159) — — — -
maximum), pmol/L

Valproate use, n (%) 42 (16) 14(21) — — — —
Carbamazepine use, n (%) 68 (26) 22 (32) — — — —
Lamotrigine use, n (%) 108 (42) 27 (40) — — - -
Levetiracetam use, n (%) 30(12) 5(7) — — — —
Topiramate use, n (%) 16 (6) 3(4) — — - -
Oxcarbazepine use, n (%) 17 (7) 7 (10) — — — —

Abbreviations: AED = antiepileptic drug; TC = tonic-clonic.

The number (n) may vary within the groups because of missing data. The x? test or Fisher exact test was used for comparing categorical variables; Mann-
Whitney U test was used for comparing continuous variables because of violation of the assumption of normal distribution. Clinical characteristics of parents
and childrenin the 2 epilepsy groups (children exposed and not exposed to AEDs) and the control group. All groups are stratified by periconceptional folic acid
supplementation.

@ Use of folic acid supplementation 4 weeks before the start of the pregnancy and/or during the first trimester.

° Plasma folate concentration: sum of maternal 5-methyltetrahydrofolate and 4-alfa-hydroxy-5-methyl-tetrahydrofolate in plasma at gestational week 17 to
19.

¢ Calculated from the ultrasonographic measurements performed at 18 to 19 weeks of gestation. When ultrasound data were unavailable, gestational age
was estimated on basis of the first day of the last menstrual period.

4 Seventeen or more years of schooling.

¢ Less than 400,000 Norwegian kroner (equals approximately €42,000) annually.

f Alcohol consumption =1 time per month during pregnancy.

& Maternal anxiety/depression during pregnancy (mean score >1.75 on the Hopkins symptom checklist in gestational week 17 to 19).

"N =140 for AED-exposed children; n = 161 for AED-unexposed children.

"Median of standardized concentration (see text) in maternal plasma at gestational week 17 to 19 and umbilical cord blood. ‘

IChildren of mothers with epilepsy using AED in pregnancy compared to children of mothers without epilepsy stratified by folic acid use:’p < 0.05, ¥p <0.01, and
p <0.001.

Children of mothers with epilepsy not using AED in pregnancy compared to children of mothers without epilepsy stratified by folic acid use: ™p < 0.05, "p <
0.01, and °p < 0.001.

Children of mothers with no periconceptional folic acid supplement use compared to children of mothers with periconceptional folic acid supplement use
within each of the 3 groups (stratified by maternal epilepsy and AED exposure): Pp < 0.05, 9p < 0.01, and "p < 0.001.
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Table 2 Children with language delay stratified by maternal periconceptional folic acid use

AED-unexposed children
of mothers with epilepsy,
n (%)

Children of mothers without
epilepsy, n (%)

AED-exposed children of
mothers with epilepsy, n (%)

Periconceptional folic acid® Periconceptional folic acid®  Periconceptional folic acid®

Language delay Yes No Yes No Yes No

Global language delay 18 mo 300f 178 (17)°  130f38(34)°)  200f194(10) 50f66(8) 5982 of 56,947 (11) 1856 of 16,659 (11)°
Global language delay 36 mo 8 of 143 (6) 40f34(12) 9 of 162 (6) 30f42(7) 2,275 of 45,437 (5) 858 of 11,930 (7)f
Expressive language delay 36 mo 10 of 144 (7) 8 of 33 (24)“¢ 7 of 161 (4) 10f42(2) 1844 of 45,536 (4) 753 of 11,931 (6)

Abbreviation: AED = antiepileptic drug.
The x? test or Fisher exact test was used for comparing categorical variables. Language delay in relation to periconceptional folic acid supplementation in the 2
epilepsy groups and in children of mothers without epilepsy. The epilepsy groups were compared to children of mothers without epilepsy and stratified by

periconceptional folic acid supplementation. Children of mothers with and without periconceptional folic acid supplementation were compared.
@ Use of folic acid supplementation 4 weeks before the start of the pregnancy and/or during the first trimester.
Delayed language function in children of mothers with epilepsy compared to children of mothers without epilepsy stratified by folic acid use: °p <0.01 and p <

0.001

Delayed language function in children of mothers with no periconceptional folic acid supplement use compared to children of mothers with periconceptional
folic acid supplement use within each of the 3 groups (stratified by maternal epilepsy and AED exposure): %p < 0.05, ®p < 0.01, and p < 0.001.

exposed children with language delay at 18 months and week
4.3 for AED-exposed children with language delay at 36
months. Mothers of AED-exposed children without language
delay most often started supplementation 3 weeks before
conception (p = 0.01 for 18 months and p = 0.0S for 36
months) (figure 2). When we analyzed supplementation in-
take in different gestational weeks, the proportion using folic
acid before the start of the pregnancy and during the first
trimester was higher for AED-exposed children without lan-
guage delay than in children with delay (figure 2).

The interaction between periconceptional folic acid use and
AED exposure after adjustment for relevant covariates was
significant for global language score at 18 months (p = 0.04)
and both global and expressive language score at 36 months (p
<0.001 and p = 0.01, respectively) (data available from Dryad,
figure 1, doi.org/10.5061/dryad.1237b6m). In AED-exposed
children, the AR of no periconceptional folic acid intake was 0.
51 for global language delay at 18 months and 0.52 at 36
months and 0.71 for expressive language delay at 36 months
without adjustment for covariates. In children of mothers
without epilepsy, the corresponding ARs were 0.06, 0.30, and
0.36. The ARs were similar after adjustment for relevant
covariates (data available from Dryad, table 5).There was no
significant relationship between language score and maternal
plasma folate concentrations (data available from Dryad, table
6 and figure 2A) or folic acid dose (>1 mg [n = 84] vs 0.4 mg
[n = 55]) (data not shown) for AED-exposed children. Sen-
sitivity analyses were done with the mothers using valproate
or AED polytherapy excluded from the calculations. However,
the effects of folic acid on AED-related language delay were
similar or strengthened (data available from Dryad, table 7).

AED concentration and language delay
Higher maternal plasma valproate concentration was signifi-
cantly correlated with a lower global language score at age 18
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months (r = -0.50, p = 0.04) (data available from Dryad,
figure 2, B and C, doi.org/10.5061/dryad.1237b6m). No
other significant correlations between language score and
maternal or umbilical cord AED concentrations were found
(data available from Dryad, table 8 and figure 2, A and C).

Discussion

We found that in AED-exposed children maternal periconcep-
tional folic acid supplementation was associated with better
language outcome compared to children of mothers not using
folic acid in the periconceptional period. The apparent pro-
tective effect of periconceptional folic acid supplementation was
striking in the AED-exposed children compared to the AED-
unexposed children of mothers with epilepsy and to children of
mothers without epilepsy. For all language outcomes, the ad-
justed ORs for language delay were lower for AED-exposed
children when folic acid supplementation was used compared
to no supplementation. The interaction analysis between
AED exposure and periconceptional folic acid use showed
a synergistic effect on the degree of language delay: no folic
acid supplementation had more consequences for language
scores in AED-exposed children than in children with no
AED exposure. The AR of no folic acid supplementation on
language delay was >50% in AED-exposed children, whereas
it was of modest importance in the control group.

Our results showing the importance of folic acid for language
development are in line with 2 studies that found higher mean
verbal index scores at 3 years and higher mean IQ at 6 years
age in AED-exposed children of periconceptionally folic
acid-supplemented mothers vs those without such
supplementation.”' We have recently found that peri-
conceptional folic acid supplementation and plasma folate
status in pregnancy also were associated with fewer autistic

Neurology.org/N



Table 3 Crude and adjusted ORs (95% Cls) for language delay in children of mothers with epilepsy stratified by

periconceptional folic acid use

AED-exposed children of mothers with epilepsy

AED-unexposed children of mothers with epilepsy

Periconceptional folic acid®

Periconceptional folic acid®

Yes No Yes No
Global language delay 18 mo
Crude 1.7 (1.2-2.6)° 4.1 (2.1-8.1)° 1.0 (0.6-1.6) 0.7 (0.3-1.6)
Adjusted model 1 1.7 (1.1-2.5)° 4.2(2.1-8.2)° 0.9 (0.6-1.5) 0.7 (0.3-1.7)
Adjusted model 2 1.7 (1.2-2.6)° 4.4 (2.2-8.7)F 1.0 (0.6-1.5) 0.7 (0.3-1.8)
Adjusted model 3 1.7 (1.2-2.6)° 3.9(1.9-7.8) 0.9 (0.6-1.5) 0.7 (0.3-1.7)
Global language delay 36 mo
Crude 1.1(0.6-2.3) 1.7 (0.6-4.9) 1.1(0.6-2.2) 1.0(0.3-3.2)
Adjusted model 1 1.1(0.5-2.2) 1.8 (0.6-5.1) 1.1(0.6-2.1) 1.0(0.3-3.3)
Adjusted model 2 1.1(0.5-2.2) 1.8(0.6-5.2) 1.1(0.6-2.2) 1.0(0.3-3.3)
Adjusted model 3 1.1(0.5-2.2) 1.6 (0.6-4.7) 1.1(0.5-2.1) 1.1(0.3-3.5)
Expressive language delay 36 mo
Crude 1.8 (0.9-3.4) 4.8(2.1-10.6)° 1.1(0.5-2.3) 0.4 (0.1-2.6)
Adjusted model 1 1.7 (0.9-3.2) 5.0 (2.2-11.3)° 1.0(0.5-2.2) 0.4 (0.0-2.6)
Adjusted model 2 1.7 (0.9-3.2) 5.1 (2.3-11.5)° 1.1(0.5-2.3) 0.4 (0.0-2.6)
Adjusted model 3 1.7 (0.9-3.2) 4.7 (2.0-10.6)° 1.0(0.5-2.2) 0.4 (0.1-2.8)

Abbreviation: AED = antiepileptic drug; Cl = confidence interval; OR = odds ratio.

The full model containing all predictors (adjusted model 3) was statistically significant (p < 0.0001) for all language outcomes stratified by periconceptional
folic acid supplementation. Covariates in the adjusted models: model 1: maternal age, parental socioeconomic status (single mother, low maternal education
[<9 years], low household income [<400,000 Norwegian kroner, equals approximately €42,000 per year]), parity (prior pregnancies >21 gestation weeks),
smoking during pregnancy, alcohol use (consumption =1 time per month) during pregnancy, and maternal anxiety/depression symptoms (mean score >1.75
on the Hopkins symptom checklist in gestational week 17 to 19) during pregnancy; model 2: all covariates in model 1 plus maternal prepregnancy body mass
index; and model 3: all covariates in models 1 and 2 plus Apgar score at 5 minutes after birth and gestational age (calculated from the ultrasonographic
measurements performed at 18 to 19 weeks of gestation. When ultrasound data were unavailable, gestational age was estimated on basis of the first day of
the last menstrual period). Crude and adjusted ORs [95% Cls]) for language delay in children of mothers with epilepsy compared to children of mothers

without epilepsy stratified by periconceptional folic acid supplementation.

@ Use of folic acid supplementation 4 weeks before the start of the pregnancy and/or during the first trimester.
Children of mothers with epilepsy compared to children of mothers without epilepsy stratified by folic acid use: ®p < 0.01 and % < 0.001.

traits in AED-exposed children from the same epilepsy co-
hort."® A modest effect of folic acid supplementation on risk
of autism was also seen in children of mothers without epi-
lepsy.® However, other studies did not find an association
between folic acid supplementation and child 1Q,'> verbal
comprehensive intelligence,'" or general language function in
AED-exposed children.*"** The discrepancy could be due to
type of AED exposure and the timing or dose of folic acid
supplementation. In addition, different folic acid food forti-
fication practices between countries could blur the association
between folic acid supplement and language outcome. Al-
though there is some overlap between autism and language
delay, language delay is multifactorial, complex, and much
more common than autism.**~>* We thus believe only a minor
amount of the language delay found in our study might have
been attributed to autistic traits.

We found that the critical period for maternal folic acid
supplementation to prevent language delay in AED-exposed

Neurology.org/N

children was from 4 weeks before the start of the pregnancy
and until the end of the first trimester. There was no signifi-
cant association between language delay and folic acid sup-
plementation later in pregnancy. Previous studies in the
general population similarly highlight the periconceptional
period for folic acid supplementation to prevent language
delay.>®

The larger proportion of language delay in lamotrigine-
exposed children with no folic acid supplementation com-
pared to those with supplementation has not been reported
previously. However, mean IQ was higher in lamotrigine-
exposed children who had been supplemented with folic acid
compared to those who had not.” In rodents given lamo-
trigine, folic acid supplementation improved their epilepsy,
mood, and memory.>® Low serum folate concentrations have
been reported after lamotrigine therapy.”” Impaired neuro-
development after lamotrigine exposure in utero has been
discussed, but data have been conflicting.**** A particularly
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Table 4 Delayed language function with and without periconceptional folic acid supplementation for various AEDs

AED-exposed children of mothers with epilepsy, n (%)

Periconceptional folic acid®

Yes No

Valproate

Global language delay 18 mo 9 of 30 (30) 20f6(33)

Global language delay 36 mo 4 of 27 (15) 0 of 5(0)

Expressive language delay 36 mo 4 of 27 (15) 1 of 4 (25)
Lamotrigine

Global language delay 18 mo 130f 77 (17) 7 of 16 (44)°

Global language delay 36 mo 4 0of 58 (7) 20f16(13)

Expressive language delay 36 mo 3 0f 59 (5) 6 of 16 (38)°
Levetiracetam

Global language delay 18 mo 30f21(14) 00of 2(0)

Global language delay 36 mo 10f 21 (5) 0of 2(0)

Expressive language delay 36 mo 2 0of 21 (10) 00of 1(0)
Topiramate

Global language delay 18 mo 20f9(22) 00of 2(0)

Global language delay 36 mo 00of 6(0) 0of 2(0)

Expressive language delay 36 mo 1 of 5(20) 0 of 1(0)
Oxcarbazepine

Global language delay 18 mo 5o0f 12 (42) 1 of 5 (20)

Global language delay 36 mo 10f 10 (10) 1 of 4 (25)

Expressive language delay 36 mo 10f 10 (10) 10f 4 (25)
Carbamazepine

Global language delay 18 mo 4 0f 43 (9) 30f 12(25)

Global language delay 36 mo 00f34(0) 10f11(9)

Expressive language delay 36 mo 10f 34 (3) 10f 11 (9)
AED monotherapy

Global language delay 18 mo 22 of 149 (15) 9 of 28 (32)

Global language delay 36 mo 6 of 120 (5) 30f23(13)

Expressive language delay 36 mo 80f 121 (7) 6 of 23 (26)°
AED polytherapy

Global language delay 18 mo 8 of 28 (29) 30f9(33)

Global language delay 36 mo 20f22(9) 1 of 10 (10)

Expressive language delay 36 mo 2 0f 22 (9) 20f9(22)

Abbreviation: AED = antiepileptic drug.

The X test or Fishes exact test was used for comparing categorical variables. The number of children exposed to each AED includes both monotherapy and
polytherapy treatment.

2 Use of folic acid supplementation 4 weeks before the start of the pregnancy and/or during the first trimester.

Delayed language function in children of mothers with no periconceptional folic acid supplement use compared to children of mothers with periconceptional
folic acid supplement use stratified by maternal epilepsy (and specific AED exposure): °p < 0.05 and p < 0.01.
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Figure 2 Relationship between language delay and timing of maternal folic acid intake
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beneficial effect of periconceptional folic acid supplementa-
tion on language function in lamotrigine-exposed children is
possible and could explain previous discordant results.

We did not find any correlation between folic acid doses or
plasma folate concentrations and language delay. The ma-
ternal plasma samples were obtained during gestational week
17 to 19, which may not reflect accurately the folic acid

Neurology.org/N

supplement use reported before and very early in the preg-
nancy.** The exact dose of folic acid recommended to women
with epilepsy who use AEDs has not been established.” The
safety of high-dose folic acid supplement use in women with
epilepsy and in the general population is still debated.*"**
Folic acid dose recommendations cannot yet be specified for
individual AEDs, although several AEDs interact with folic

acid metabolism.*>%”
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We found a correlation between high maternal plasma val-
proate concentrations and low language score in children 18
months of age. This is in line with previous data showing
a dose-dependent increased risk of language delay after val-
proate exposure in utero.’®*>** Maternal drug dose has been
used as a proxy for child exposure, but valproate use in women
of childbearing age has shown an extensive interindividual
pharmacokinetic variability, with dose being a poor reflector
of concentration.*®

Strengths of our study are a large data collection including 2
different epilepsy groups. Both the maternal diagnosis of ep-
ilepsy and the type of AEDs have been validated. Maternal
plasma folate and AED concentrations in umbilical cord and
maternal blood were measured. Selection bias in the MoBa is
moderate and does not affect exposure-outcome association
analysis.* We adjusted for relevant confounders. Sensitivity
analyses confirmed that the association of no use of folic acid
with delayed language was not confounded by the frequency
of polytherapy or valproate users. Our data have been
obtained from parental reporting, and the interobserver re-
liability between parents and professional examiners for ASQ_
has been validated as high.>* Parents are good evaluators of
language abilities of their children.*”

Weaknesses of our study include relatively low numbers of
children exposed to specific AEDs and different doses of folic
acid. This limits the interpretation of folate effects linked to
individual AEDs and the effects of AED concentrations on
language development; both are areas for future research.
There were some loss to follow-up at 18 and 36 months of
age. We do not have data on language development in the
nonresponding group and do not know whether language
delay in the child influenced the mother’s motivation for
continued participation. None of the children were assessed
blindly because the language delay relied on maternal report
only, not on a formal neuropsychologist review. Although the
participants were included from 1999 to 2008 when less was
known about the potential harmful effects of AEDs on lan-
guage development, mothers who used AEDs during the
pregnancy might have been more vigilant when reporting
language skills than mothers with epilepsy not using AEDs.
The mothers reported folic acid use before pregnancy during
gestational week 17 to 19, and this may have an effect on the
accuracy of these estimates. We do not have data on parental
IQ or familial risk of language delay and therefore could not
adjust for these factors in our analyses. Plasma folate con-
centrations were not measured at the most critical point for
child development. The lack of mandatory folic acid fortifi-
cation in Norway may have accentuated our results. Thus, our
findings may not be generalizable to countries with a manda-
tory folic acid food fortification practice.

We found an apparent extensive protective effect of maternal
folic acid supplementation from 4 weeks before the start of the
pregnancy and during the first trimester on language delay at
age 18 and 36 months in AED-exposed children of mothers
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with epilepsy. This effect was much stronger in AED-exposed
children compared to children of mothers without epilepsy
because no folic acid supplementation had more con-
sequences for language scores in AED-exposed children
compared to children not exposed to AEDs. From these
findings, we advocate daily folic acid intake in all women on
AEDs who are likely to become pregnant to decrease the risk
of AED-mediated language delay.
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e-Methods
Validation of the epilepsy cohort
The epilepsy cohort in MoBa has been validated by examining hospital records of women
with epilepsy residing in Western Norway (n= 40) and by sending out an additional
questionnaire to all women with epilepsy in MoBa, collecting retrospectively more detailed
information on AED use, AED doses, seizures during pregnancy and folic acid doses (n=
300).! The prevalence of mothers with epilepsy was the same in MoBa and the population-
based, compulsory Medical Birth Registry of Norway.> The women with epilepsy in MoBa
are representative for women with epilepsy in general, as reported in our previous validation

study.!

Folic acid supplement use

Over the counter folic acid tablets in Norway usually contain 0.4 mg folic acid, if part of a
multivitamin they usually contain 0.2-0.4 mg. The use of folic acid and other vitamins in the
MoBa cohort has been described and validated previously.>*® The frequency of intake of folic
acid during the time intervals was reported in a second question in Q1 with the following
answer options; daily, 4-6 times per week, 1-3 times per week. Mothers reporting folic acid
use reported intake as frequently. For those children where the mothers reported folic acid
use, a daily intake or an intake of 4-6 times per week was reported for 99% and 97% of
children of mothers with epilepsy and children of mothers without epilepsy, respectively (data

not shown).

Tonic-clonic (TC) seizures
Information on number of tonic-clonic (TC) seizures during pregnancy in women with
epilepsy was retrospectively collected and available for 339 women in the validation study.’

For AED exposed children, 12 children (4%) were exposed to one, 6 (2%) to two, one (0.3%)
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to three and one (0.3%) to twenty TC seizures, respectively. For AED unexposed children, 4

children (1%) were exposed to one and 1 child (0.3%) to two TC seizures, respectively.

Adjusted attributable risk (AR)

We have chosen to present attributable risks based on observed relative risks. Adjusted
estimates of attributable risks can be calculated based on adjusted odds ratios (OR), given by
the formula AR=OR-1/OR’. The adjusted ORs were calculated in a logistic regression model
(table e-5), adjusting for maternal age, parental socioeconomic status (single mother, low
maternal education (< 9 years), low household income (< app. 42,000 EUR/year)), parity
(prior pregnancies >21 gestation weeks), smoking and alcohol use during pregnancy, maternal
depression and anxiety symptoms during pregnancy (mean score >1.75 on the Hopkins
symptom check list in gestational week 17-19), maternal prepregnancy Body Mass Index,
Apgar score 5 minutes after birth and gestational age (calculated from the ultrasonographic
measurements performed at 18-19 weeks of gestation. When ultrasound data were
unavailable, gestational age was estimated on basis of the first day of the last menstrual

period).
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Table e-1
3-item and 6-item version of Ages and Stages Questionnaires (ASQ) for children aged 18

months and 36 months respectively.

Alternatives: Yes (10 points), Sometimes (5 points), Not yet (0 points)

18 months

1. When you ask your child to, does he/she go into another room to find a familiar toy or

object?

2. Does he/she say eight or more words in addition to “Mama” and “Dada”?

3. Without showing him/her first, does your child point to the correct picture when you say,

“Where is the cat” or “Where is the dog”?

36 months

1. Without showing him/her first, does your child point to the correct picture when you say,

“Where is the cat” or “Where is the dog”?

2. When you ask your child to point to his/her eyes, nose, hair, feet, ears, etc., does he/she

point correctly to at least seven parts of the body?

3. Does your child use sentences that are made up of three of four words?

4. Without giving him/her help by pointing or using gestures, ask your child to “Put the
shoe on the table” and “Put the book under the chair”. Does your child carry out both of

these directions correctly?

5. When looking at a picture book, does your child tell you what is happening or what

action is taking place in the picture (for example, “barking”, “running”, “eating”, or “crying”)?

You may ask, “What is the dog (or boy) doing”?

6. Can your child tell you at least two things about an object he/she is familiar with?
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Table e-2

1-item question on expressive language skills.

Alternatives

1 = Not yet talking

About your child’s 2 = He/she is talking, but you can’t understand him/her

language skills (Enter a 3 = Talking in one-word utterances, such as “milk” or “down”

cross for the option 4 = Talking in 2- to 3-word phrases, such as “me got ball” or “give doll”’

which best describes the | 5= Talking in fairly complete sentences, such as “I got a doll” or “can | go outside?”
way your child talks.) 6 = Talking in long and complicated sentences, such as “when | went to the park, |

went on the swings” or “| saw a man standing on the corner”
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Overview of the data material. Clinical characteristics of parents and children in the two
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epilepsy groups (children exposed and not exposed to antiepileptic drugs (AEDs),

respectively) and the control group. All groups are stratified for periconceptional folic acid

supplementation.

AED exposed children of

mothers with epilepsy

AED unexposed children of

mothers with epilepsy

Children of mothers without

epilepsy

Characteristics

Periconceptional folic acid®

Periconceptional folic acid®

Periconceptional folic acid®

YES NO
YES NO YES NO
n=77,929 n = 25,222
n =260 (79%) n=68(21%) | n=289(74%) |n=100 (26%)
(76%) (25%)
Maternal plasma folate
(nmoI/L)1; median 67.5 (11,141) 67.6 (9, 117) - - - -
(min,max)
Male offspring; n(%) 122 (48) 35 (52) 143 (50) 53 (54) 39,660 (51) 12,890 (52)
Gestational age at
s 2 ] > HE oon
birth® (weeks); median |40.0 (16,43) 39.0 (25,42) ° 7| 39.0 (25,43) 39.0 (34,42) |40.0(16,47) 40.0 (16,47)
(min,max)
Apgar score 5 minutes
after birth; median 10.0 (0,10) 9.5(0,10) 10.0 (0,10) 9.5(7,10) 10.0 (0,10) 10.0 (0,10)
(min,max)
Twin or triplet child;
6(2) 3(4) 20 (7" 1(1)" 2835 (4) 808 (3)™"
n(%)
Parity3; median a -
1.0 (1,5) 2.0(1,4) 1.0(1,5) 2.0(1,5) 2.0 (1,5) 2.0 (1,5)

(min,max)
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Maternal age (years);

oiefed

29.0 (18,42)* 30.0 (18,38) 29.0 (19, 41)# 29.0 (16,39) |30.0(14,47) 30.0 (14,53)
median (min,max)
Maternal prepregnancy x ## .
23.9 (16,43) 22.9(17,38) 23.6 (17,43) 23.6 (18,42) |23.0(13,59) 23.4 (13,54)
BMI; median (min,max)

. * #.0 JeTete]
Single mother; n(%) 10 (4) 5(7) 8(3) 9(9)™ 1421 (2) 1002 (4)
Paternal higher

*% Hit jofoted
4 41 (16) 6 (9) 47 (16) 11 (11) 18,722 (24) 3398 (14)
education; n(%)
Maternal higher
. 42 (16) 4(6)" 43 (15" 9(9) 19,553 (25) | 3349 (13)°™
education’; n(%)
Maternal low
5 8(3) 4(6) 12 (4" 9(9) 1352 (2) 1476 (6)°™
education™; n(%)
Low total household
. 27 (11) 8 (13) 18 (6) 17 (19)% 7 | 4126 (5) 2342 (10)™
income™; n(%)
Unplanned pregnancy; . . i
53 (21) 23 (34) 57 (20) 33 (34) 12,974 (17) 6760 (27)
n(%)
Alcohol consumption7; . -
6 (2) 6(9)" 5(2) 4 (4) 1867 (2) 804 (3)
n(%)
Smoking during .
24 (9) 11 (16) 12 (4) 20 (20)™™*  |4116 (5) 3380 (13)™*°
pregnancy; n(%)
Maternal
anxiety/depression
. 52 (21) 11(17) 39 (14) 17 (18) 7803 (10) 3080 (13)™"
during pregnancy;
n(%)
=1 epileptic seizure
35 (27) 6 (20) 8 (6) 6 (14) - -

during pregnancy; n(%)
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TC seizure(s) during
9 17 (15) 3(13) 3(3) 2 (5) - -

pregnancy”; n(%)
AED polytherapy during .

45 (17) 20 (29) - - - -
pregnancy; n(%)
Plasma AED
(umol/L)'0; median 40.2 (0, 258) 33.0 (0, 159) |- - - -
(min,max)
Valproate use; n(%) 42 (16) 14 (21) - - - -
Carbamazepine use;

68 (26) 22 (32) - - - -
n(%)
Lamotrigine use; n(%) | 108 (42) 27 (40) - - - -
Levetiracetam use;

30 (12) 5(7) - - - -
n(%)
Topiramate use; n(%) |16 (6) 34) - - - -
Oxcarbazepine use;

17 (7) 7 (10) - - - -
n(%)

AED = antiepileptic drug. BMI = Body Mass Index. TC seizure(s) = Tonic-clonic seizure(s). N may vary within the groups due to missing data.
Chi-square test or Fisher’s exact test was used for comparing categorical variables, Mann-Whitney U test was used for comparing continuous

variables due to violation of the assumption of normal distribution. @ Use of folic acid supplementation four weeks before the start of the
pregnancy and/or during the first trimester " Plasma folate concentration: sum of 5-methyltetrahydrofolate (MTHF) and 4-alfa-hydroxy-5-methyl-

tetrahydrofolate (hmTHF) in plasma at gestational week 17-19 2 Calculated from the ultrasonographic measurements performed at 18-19
weeks of gestation. When ultrasound data were unavailable, gestational age was estimated on basis of the first day of the last menstrual

period. 3 Number of all pregnancies >21 gestation weeks 417 or more years of schooling 59 orless years of schooling 6< 400 000 NOK
(equals approximately 42,000 EUR) annually 7 Alcohol consumption 21 time per month during pregnancy 8 Mean score >1.75 on the Hopkins

symptom check list in gestational week 17-19 9n=140 for AED exposed children, n=161 for AED unexposed children 10 Median of standardized
concentration (see text) in maternal plasma at gestational week 17-19 and umbilical cord blood

“Children of mothers with epilepsy using AED in pregnancy compared to children of mothers without epilepsy, stratified for folic acid use,
"p<0.05

" p<0.01"" p<0.001.
# Children of mothers with epilepsy not using AED in pregnancy compared to children of mothers without epilepsy, stratified for folic acid use,
#p<0.05 # p<0.01 ## p<0.001.

® Children of mothers with no periconceptional folic acid supplement use compared to children of mothers with periconceptional folic acid
supplement use within each of the three groups (stratified for maternal epilepsy and AED exposure), ® p<0.05 ** p<0.01 ™ p<0.001.
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Overview of drug combinations of the 65 AED polytherapy exposed children.
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Drug combination n
Lamotrigine + valproate 7
Lamotrigine + levetiracetam 5
Lamotrigine + carbamazepine 8
Lamotrigine + oxcarbazepine 3
Lamotrigine + clonazepam 2
Lamotrigine + gabapentin 2
Lamotrigine + topiramate 1
Levetiracetam + carbamazepine 4
Levetiracetam + topiramate 1
Levetiracetam + oxcarbazepine 3
Valproate + carbamazepine 4
Valproate + oxcarbazepine 1
Valproate + clonazepam 3
Topiramate + oxcarbazepine 4
Topiramate + carbamazepine 2
Topiramate + clonazepam 1
Carbamazepine + gabapentin 1
Carbamazepine + phenytoin 1
Carbamazepine + clonazepam 1
Oxcarbazepine + clonazepam 1
Primidone + phenytoin 1
Vigabatrin + oxcarbazepine 1
Vigabatrin + valproate 1
Lamotrigine + levetiracetam + clonazepam 1
Lamotrigine + levetiracetam + valproate 1
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Lamotrigine + clobazam + levetiracetam

Lamotrigine + ethosuximide + valproate

Lamotrigine + oxcarbazepine +

levetiracetam

Levetiracetam + oxcarbazepine +

pregabalin

Levetiracetam + valproate + topiramate
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Adjusted attributable risk (AR) of no folic acid supplementation on language delay. The

adjusted AR is calculated based on the adjusted odds ratio (OR) from the formula AR=OR-

1/OR, as described in eMethods. The relative risk (RR) of language delay and the

corresponding unadjusted and adjusted odds ratio (OR) of language delay when no folic acid

supplementation are also presented.

AED exposed children of mothers with epilepsy

RR OR Adjusted OR Adjusted AR
Global language

2.03 2.57 2.32 0.57
delay 18 months
Global language

210 2.25 2.09 0.52
delay 36 months
Expressive
language delay 3.49 4.28 3.76 0.73
36 months

Children of mothers without epilepsy

RR OR Adjusted OR Adjusted AR
Global language

1.06 1.07 1.01 0.01
delay 18 months
Global language

1.44 1.47 1.31 0.23
delay 36 months
Expressive
language delay 1.56 1.60 1.37 0.27
36 months
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Language delay in relation to plasma concentration quartiles of folate in AED exposed

children of mothers with epilepsy. There were no significant differences in language delay

across the different plasma folate quartiles.

Median score

Global language

th
Pasmatoate | ol | Sy 4GS
18 months? n(%)
1 quartile (low) | 29 25.0 0.70 6 (21)
2" quartile 40 25.0 0.93 5 (13)
3" quartile 42 20.0 0.21 8 (19
4" quartile (high) | 40 25.0 - 8 (20)

8 Maximum score 30 points equivalent to normal language/no global language delay
b Mann-Whitney U test
¢ The total amount (n and %) of children with global language delay in each plasma folate quartile

Plasma folate: Concentration of 5-methyltetrahydrofolate (mTHF) and 4-alpha-hydroxy-5-methyl-
tetrahydrofolate (hmTHF). 1st quartile: < 42.20 nmol/L. 2" quartile: = 42.20 nmol/L and < 67.45 nmol/L. 3¢
quartile: 2 67.45 nmol/L and < 85.18 nmol/L. 4t" quartile: = 85.18 nmol/L.

Median score

Global language

global p-value vs. 4t .
Plasma folate n language delay | quartile® deol/a)g 36 months;
36 months?® n(%)
18t quartile (low) 22 55.0 0.32 1(5)
2™ quartile 27 60.0 0.41 1(4)
3" quartile 40 55.0 0.26 3(8)
4% quartile (high) | 33 59.9 - 1)

aMaximum score 60 points equivalent to normal language/no global language delay
b Mann-Whitney U test
¢ The total amount (n and %) of children with global language delay in each plasma folate quartile

Plasma folate: Concentration of 5-methyltetrahydrofolate (mTHF) and 4-alpha-hydroxy-5-methyl-
tetrahydrofolate (hmTHF). 1st quartile: < 42.20 nmol/L. 2" quartile: = 42.20 nmol/L and < 67.45 nmol/L. 3
quartile: 2 67.45 nmol/L and < 85.18 nmol/L. 4t quartile: = 85.18 nmol/L.

Median score

expressive p-value vs. 4" :Expressiv: lav 36
Plasma folate n language delay | quartile® ang:l:g.e ;acy
36 months?® months; n(%)
18t quartile (low) 21 6.0 0.95 3 (14)
2" quartile 27 6.0 0.65 2(7)
3 quartile 40 6.0 0.85 5(13)
4% quartile (high) | 34 6.0 1(3)

Plasma folate: Concentration of 5-methyltetrahydrofolate (mTHF) and 4-alpha-hydroxy-5-methyl-
tetrahydrofolate (hmTHF). 1st quartile: < 42.20 nmol/L. 2" quartile: = 42.20 nmol/L and < 67.45 nmol/L. 3¢
quartile: 2 67.45 nmol/L and < 85.18 nmol/L. 4t" quartile: = 85.18 nmol/L.

@Maximum score 6 points equivalent to normal expressive language/no expressive language delay
b Mann-Whitney U test
€ The total amount (n and %) of children with global language delay in each plasma folate quartile
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Table e-7
Sensitivity analysis. Delayed language function with and without periconceptional folic acid
supplementation in AED exposed children after exclusion of children exposed to valproate and

AED polytherapy, and in children exposed to lamotrigine monotherapy only.

AED exposed children of mothers with
epilepsy n (%)
Periconceptional folic acid?®
YES NO

Monotherapy, valproate excluded®
Global language delay 18 months 16 of 125 (13) 8 of 25 (32)"
Global language delay 36 months 3 0f 100 (3) 3 of 21 (14)
Expressive language delay 36 months |5 of 101 (5) 6 of 21 (29)™
Monotherapy, lamotrigine only
Global language delay 18 months 8 of 62 (13) 5of 11 (46)"
Global language delay 36 months 3 0of 46 (7) 2 of 11 (18)
Expressive language delay 36 months |2 of 47 (4) 5 of 11 (46)™

AED = antiepileptic drug. Chi-square test or Fisher’s exact test was used for comparing categorical

variables. @ Use of folic acid supplementation four weeks before the start of the pregnancy and/or during

the first trimester P The two children with unspecified AED drug regime are not included.

2 Delayed language function in children of mothers with no periconceptional folic acid supplement use
compared to children of mothers with periconceptional folic acid supplement use, stratified for maternal

epilepsy, ¥ p<0.05 ™ p<0.01 "™ p<0.001.
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Table e-8
Language delay in relation to AED plasma concentration quartiles in AED exposed children
of mothers with epilepsy. There were no significant differences in language delay across the

different quartiles of plasma AED concentration.

Median score Global language
Plasma AED global p-value vs. 4 guag .
. n i delay 18 months;
concentration language delay | quartile® %)
18 months? n(%)
18t quartile (low) 42 25.0 1.00 6 (14)
2" quartile 39 25.0 0.90 5(13)
3" quartile 41 20.0 0.44 9 (22)
4% quartile (high) | 41 25.0 - 5012

AED concentration: Mean of normalized plasma concentrations for all types of antiepileptic drugs according to
the formula 100 x (observed concentration — minimum contration) / concentration range. 1%t quartile: < 17.04
pmol/l. 2" quartile: 17.04 pmol/l =2 and < 36.24 umol/l. 3 quartile: = 36.24 pmol/l and < 81.22 pmol/l. 4th
quartile: = 81.22 ymol/l.

aMaximum score 30 points equivalent to normal language/no global language delay
b Mann-Whitney U test
€ The total amount (n and %) of children with global language delay in each plasma AED concentration quartile

Median score th Global language
Plasma AED n global p-value vs. 4 delay 36 months;
concentration language delay | quartile® %)C

36 months? n(%)
18t quartile (low) 31 60.0 0.86 1(3)
2" quartile 31 60.0 0.34 2(7)
3" quartile 36 55.0 0.37 2 (6)
4" quartile (high) | 32 59.0 - 1(3)

AED concentration: Mean of normalized plasma concentrations for all types of antiepileptic drugs according to
the formula 100 x (observed concentration — minimum contration) / concentration range. 15t quartile: < 17.04
umol/l. 2" quartile: 17.04 pmol/l =2 and < 36.24 umol/l. 3 quartile: 2 36.24 ymol/l and < 81.22 pmol/l. 4t
quartile: = 81.22 ymol/l.

aMaximum score 60 points equivalent to normal language/no global language delay
b Mann-Whitney U test
¢ The total amount (n and %) of children with global language delay in each plasma AED concentration quartile

Median score Expressive
Plasma AED expressive p-value vs. 4t P
. n < b language delay 36
concentration language delay | quartile months; n(%)°
36 months? P
18t quartile (low) 32 6.0 0.51 3(9)
2" quartile 31 6.0 0.79 3(10)
3" quartile 36 6.0 0.66 2 (6)
4% quartile (high) | 32 6.0 - 1(3)

AED concentration: Mean of normalized plasma concentrations for all types of antiepileptic drugs according to
the formula 100 x (observed concentration — minimum contration) / concentration range. 15t quartile: < 17.04
pmol/l. 2n quartile: 17.04 pymol/l = and < 36.24 umol/l. 3 quartile: = 36.24 ymol/l and < 81.22 pmol/l. 4t
quartile: = 81.22 ymol/l.

@Maximum score 6 points equivalent to normal expressive language/no expressive language delay
b Mann-Whitney U test
¢ The total amount (n and %) of children with global language delay in each plasma AED concentration quartile
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The interaction between maternal periconceptional folic acid supplement use and in utero

exposure to antiepileptic drugs (AEDs). The results are presented as interaction plots (left) and

multivariable linear regression analysis results (right). AED exposed children are compared to

children not exposed to AED.

Interaction plotwith 95% CI

30+

204

Periconceptional folic acid

No periconceptional folic acid

B $td. Error (B) Beta P value
Constant 23.41 0.06 - <0.001
AED exposure in utero -4.30 1.10 -0.03 <0.001
Periconceptional folic acid 0.37 0.07 0.02 =0.001
AED exposure in utero x 287 125 0.02 0.022

T T
o 1

AED exposure in utero, 0=no, 1=yes

Interaction plotwith 95% CI

periconceptional folic acid

AED = antiepileptic drug

Periconceptional folic acid = maternal use of folic acid supplementation four weeks
before start of the pregnancy and/or during the first trimester

B=the regression coefficient

Std. Error = standard error

Beta = standardized regression coefficient

Adjusting for covariates (data not shown): \We adjusted for maternal age, parental
socioeconomic status (single mother, low maternal education (=9 years), low
household income (<400 000 NOK (equals approximately 42,000 EUR)/year), parity
(prior pregnancies =21 weeks), smaoking (any), alcohol use (any), maternal
anxiety/depression symptoms (mean score =1.75 on the Hopkins symptom check
list in gestional week 17-19), prepregnancy body mass index, gestational age,
Apgar score 5 minutes after birth and exposure to AED polytherapy. With exception
of gestational age and Apgar score 5 minutes after birth, all covariates had a
negative effect on langauge score. With excepfion of exposure to AED polytherapy
(p=0.08) and smoking (p=0.15), all effects were statistically significant (p<0.05).
Adjusting for covariates did not change the significant interaction in our initial
regression analysis above.

Periconceptional folic acid

No periconceptional folic acid

B Std. Error (B) Beta P value
Constant 56.07 0.05 - =0.001
AED exposure in utero -3.99 0.96 004 <0.001
Periconceptional folic acid 073 0.06 0.05 =0.001
AED exposure in utero x 3.82 1.09 0.03 =0.001

T T
1] 1

AED exposure in utero, 0=no, 1=yes

pericanceptional folic acid

AED = antiepileptic drug

Periconceptional folic acid = maternal use of folic acid supplementation four weeks
before start of the pregnancy and/or during the first trimester

B=the regression coefficient

Std. Error = standard error

Beta = standardized regression coefficient

Adijusting for covariates (data not shown). We adjusted for maternal age, parental
socioeconomic status (single mother, low maternal education (<9 years), low
household income (<400 000 NOK (equals approximately 42,000 EUR)/year), parity
(prior pregnancies =21 weeks), smoking (any), alcohol use (any), maternal
anxiety/depression symptoms (mean score =1.75 on the Hopkins symptom check
list in gestional week 17-19), prepregnancy body mass index, gestational age,
Apgar score 5 minutes after birth and exposure to AED polytherapy. With exception
of maternal age, alcohol use, gestational age and Apgar score 5 minutes after birth,
all covariates had a negative effect on language score. With exception of exposure
to AED polytherapy (p=0.56) and alcohol use (p=0.50), the effects were significant
(p=0.05). Adjusting for covariates did not change the significant interaction in our
initial regression analysis above.
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Interaction plot with 95% CI

=

4

31

Periconceptional folic acid

e

No periconceptional folic acid

Husebye 16

B Std. Error (B) Beta P value
Constant 564 0.01 - =0.001
AED exposure in utero 043 0.10 -0.04 <0.001
Periconceptional folic acid l 0.08 0.01 0.06 <0.001
AED exposure in utero x I 0.28 0.1 0.02 0.013

periconceptional folic acid

AED = antiepileptic drug

Periconceptional folic acid = maternal use of folic acid supplementation four
weeks before the start of the pregnancy and/or during the first frimester
B=the regression coefficient

Std. Error = standard error

Beta = standardized regression coefficient

Adjusting for covariates (data not shown). We adjusted for maternal age, parental

T T
0 1

AED exposure in utero, 0=no, 1=yes

socioeconomic status (single mother, low matemal education (=8 years), low
household income (<400 000 NOK (equals approximately 42,000 EUR)/year),
parity (prior pregnancies =21 weeks), smoking (any), alcohol use (any), maternal
anxiety/depression symptoms (mean score =1.75 on the Hopkins symptom check
list in gestional week 17-19), prepregnancy body mass index, gestational age,
Apgar score 5 minutes after birth and exposure to AED polytherapy. With
exception of gestional age and Apgar score 5 minutes after birth, all covariates
had a negative effect on language score. With exception of exposure to AED
polytherapy (p=0.67) and alcohol use (p=0.85), the effects were significant
(p<0.03). Adjusting for covariates did not change the significant interaction in our
initial regression analysis above.



Total score global language function 36 months Total score global language function 18 months

Total score expressive language function 36 months

Figure e-2

Scatter plots and correlation analysis.
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A. Correlation between language delay and standardized antiepileptic drug (AED)

concentration (maternal plasma and umbilical cord blood, umol/l), and between language

delay and maternal plasma folate concentration (nmol/l) in AED exposed children. None of

the correlations were statistically significant. For calculation of the standardized AED

concentration, see text.
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B. Correlation between language delay and maternal plasma valproate concentration

(umol/l) in children exposed to valproate in utero.

Total score global language function 18 months

Total score global language function 36 months

Total score expressive language function 36 months

T T T T T T
100 200 300 400 500 600

Maternal plasma valproate concentration (umolll)

T T T T
200 300 400 500

Maternal plasma valproate concentration (umol/l)
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Maternal plasma valproate concentration (umolll)
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C. Correlation between language delay and specific AED concentrations (umol/l) in maternal

plasma and umbilical cord. Significant results are highlighted.

AED concentration

Total score global

language function

Total score

global language

Total score

expressive

(umoll/l) function 36 language function
18 months
months 36 months

n 46 35 35
Carbamazepine

r value 0.28 0.26 0.21
(maternal)

p value 0.06 0.14 0.22

n 42 33 33
Carbamazepine

r value 0.28 0.27 0.14
(umbilical cord)

p value 0.07 0.13 0.43

n 4 3 3
Oxcarbazepine

r value 0.74 - -
(maternal)?

p value 0.26 - -
Oxcarbazepine |n 4 3 3
(umbilical r value -0.32 - -
cord)? p value 0.68 - -

n 57 44 45
Lamotrigine

r value -0.13 -0.17 -0.11
(maternal)

p value 0.33 0.27 0.50

n 54 42 43
Lamotrigine

r value -0.06 0.001 -0.02
(umbilical cord)

p value 0.65 1.00 0.91

n 16 17 17
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Levetiracetam | r value -0.33 -0.14 0.16
(maternal) p value 0.21 0.58 0.53

n 12 11 11
Levetiracetam

r value 0.39 0.08 0.32
(umbilical cord)

p value 0.21 0.83 0.33

n 17 18 18
Valproate

r value -0.50 -0.09 -0.43
(maternal)

p value 0.04 0.71 0.08

n 18 18 18
Valproate

r value -0.05 -0.11 -0.31
(umbilical cord)

p value 0.84 0.66 0.21

n 7 4 4
Topiramate

r value 0.15 0.78 0.26
(maternal)

p value 0.75 0.23 0.74

n 6 3 3
Topiramate

r value 0.75 0.87 0.87
(umbilical cord)

p value 0.08 0.33 0.33

a Correlation analysis not possible for 36 months age
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Language impairment in children aged 5 and 8 years after
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Background and purpose: The purpose was to examine the consequences of
antiepileptic drug (AED) exposure during pregnancy on language abilities in
children aged 5 and 8 years of mothers with epilepsy.

Methods: The study population included children of mothers with and with-
out epilepsy enrolled in the Norwegian Mother and Child Cohort Study 1999-
2008. Mothers prospectively provided information on epilepsy diagnosis, AED
use during pregnancy and the child’s language abilities at age 5 and 8§ years,
in questionnaires with validated language screening tools. AED concentrations
in gestation week 17-19 and in the umbilical cord were measured.

Results: The study population included 346 AED-exposed and 388 AED-un-

exposed children of mothers with epilepsy, and 113 674 children of mothers
without epilepsy. Mothers of 117 and 121 AED-exposed children responded to
the questionnaires at age 5 and 8 years, respectively. For AED-exposed chil-
dren, the adjusted odds ratio for language impairment was 1.6 [confidence
interval (CI) 1.1-2.5, P = 0.03] at age 5 years and 2.0 (CI 1.4-3.0, P < 0.001)
at age 8 years, compared to children of mothers without epilepsy. Children
exposed to carbamazepine monotherapy had a significantly increased risk of
language impairment compared to control children at age 8 years (adjusted
odds ratio 3.8, CI 1.6-9.0, P = 0.002). Higher maternal valproate concentra-
tions correlated with language impairment at age 5 years. Periconceptional
folic acid supplement use protected against AED-associated language impair-
ment.

Conclusion: Foetal AED exposure in utero is associated with an increased risk
of language impairment in children aged 5 and 8 years of mothers with epi-
lepsy. Periconceptional folic acid use had a protective effect on AED-associ-
ated language impairment.

Neurology 2020, 27: 667675

doi:10.1111/ene.14140
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[1-3]. Such effects include low intelligence quotient

Introduction (IQ), poor language abilities and an increased risk of

Foetal antiepileptic drug (AED) exposure in utero is
associated with adverse neurodevelopmental effects in
infancy and early childhood in children of mothers
with epilepsy, particularly after valproate exposure

Correspondence: E. S. N. Husebye, Department of Clinical
Medicine, University of Bergen, Jonas Lies veg 87, 5021 Bergen,
Norway (tel.: 0047-467-88-489; fax 0047-55-97-27-61; e-mail:
elisabeth.husebye@uib.no).

behavioural disorders such as autism spectrum disor-
der and attention deficit and hyperactivity disorder
[1,2]. Evidence on the long-term effects of foetal AED
exposure on language abilities is emerging, but data
are limited, particularly for newer AEDs such as lam-
otrigine, levetiracetam and topiramate [1,3]. After
AED exposure in utero, verbal abilities and verbal 1Q
can be reduced in children aged 5-9 years, particularly

© 2019 The Authors. European Journal of Neurology published by John Wiley & Sons Ltd on behalf of European Academy of Neurology 667
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for valproate [4-8] and this reduction might be perma-
nent [9]. Data regarding carbamazepine exposure and
language performance are conflicting [1,2]. Few stud-
ies have examined the influence of AED concentra-
tions during pregnancy on language abilities in older
children. It has been shown previously that language
impairment and risk of autistic traits at age 1.5 and
3 years depend on maternal plasma AED concentra-
tions and folate status [10-12].

This study presents data from the epilepsy popula-
tion in the Norwegian Mother and Child Cohort
Study (MoBa) after 8 years of follow-up. The aim of
the study was to examine the effect of foetal AED
exposure and plasma AED concentrations during
pregnancy on language abilities in children at age 5
and 8 years of mothers with epilepsy.

Material and methods

Study population

The study population consisted of children of mothers
with and without epilepsy included in the MoBa. This
is an ongoing, prospective, population-based pregnancy
cohort study conducted by the Norwegian Institute of
Public Health and linked to the compulsory Medical
Birth Registry of Norway (MBRN) [13]. The overall
participation rate was 41%. The mothers answered
questionnaires during week 17-19 (Q1) and week 30
(Q2) in the pregnancy, and after the child was born at
age 6 months (Q3), 1.5 years (Q4), 3 years (QY),
5 years (Q5Y) and 8 years (Q8Y) (Fig. 1). The ques-
tionnaires obtained information regarding maternal
medical and social background, medication and vita-
min use and maternal health during the pregnancy, and
detailed information regarding child development,
including language abilities. Blood samples were col-
lected from the mothers in gestation week 17-19 and
from the umbilical cord immediately after birth [13,14].

Our data were based on version X of the MoBa data-
bank and included 734 children of 620 mothers with epi-
lepsy and 113 674 children of 94 338 mothers without
epilepsy. The epilepsy diagnosis [15] was based on self-
reported information from the MoBa questionnaires as
well as information from the MBRN registered by the
family doctor or midwife. The epilepsy cohort in MoBa
has been validated previously (Appendix S1: Methods
S1), and the validity is very good [16].

Variables

Antiepileptic drug use and plasma AED concentrations
Information on type of AED use during the pregnancy
was obtained from Q1 and Q2, and from MBRN data

[13]. Plasma concentrations of valproate, lamotrigine,
carbamazepine, oxcarbazepine monohydroxyderivative
metabolite, levetiracetam and topiramate were analysed
in 226 maternal blood samples (gestational week 17-19)
and 198 umbilical cord samples for altogether 254 AED-
exposed children (73%) [14,16]. The reported AED was
detected in samples from 237 of the 254 children (93%)
(Appendix S1: Methods S1).

Maternal folate status

Mothers in the MoBa reported on the use and frequency
of intake of folic acid supplement during pregnancy in
Ql and Q2 (Appendix S1: Methods S1). Periconcep-
tional folic acid supplement use was defined as use 4
weeks before pregnancy and/or during the first trimester.
There are no compulsory folic acid food fortifications in
Norway. Plasma folate concentrations were analysed in
maternal blood samples from gestation week 17-19
(Appendix S1: Methods S1) [14].

Language impairment

The definition of language impairment was based on the
following parent-reported screening instruments in the
MoBa: the communication scale from the Ages and
Stages Questionnaires (ASQ) [17,18] the Speech and
Language Assessment Scale (SLAS) [19] and the Norwe-
gian instrument Twenty Statements about Language-re-
lated Difficulties (Language 20) (Appendix S1: Methods
SI and Table S1) [20]. All three instruments were avail-
able in Q5Y, only the latter being available in Q8Y. Chil-
dren at age 5 years with results outside the cut-off for at
least one of the three parent-reported instruments in
QS5Y were defined to have language impairment. Simi-
larly, children at age 8 years with a result above cut-off
for the Language 20 semantic subscale in Q8Y were clas-
sified with language impairment. Criteria for language
impairment at age 1.5 and 3 years have been described
elsewhere [12]. Children who fill criteria for language
impairment by any of the screening instruments are rec-
ommended for referral for clinical assessment and diag-
nosis [18-20]

Covariates

Covariates from the MoBa questionnaires and MBRN
based on clinical relevance were included [12,21]
(Table 1, Appendix SI: Methods SI and Fig. S1).

Statistical analysis

Missing data analyses were performed by comparing
the clinical characteristics of children who responded
and did not respond to Q5Y and Q8Y (Appendix SI:
Methods S1, Tables S2 and S3). AED-exposed and

© 2019 The Authors. European Journal of Neurology published by John Wiley & Sons Ltd on behalf of European Academy of Neurology
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women with epilepsy
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* 2 unconfirmed diag
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94 338
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files) 297 women AED yes | |

323 women AED no

* 1 misdiagnosed
(atrioventricular blockade)

346 children AED yes
2.9 % a twin
0% a triplet

388 children AED no
5.2 % a twin
0% a triplet

113 674 children
3.4% a twin
0.06% a triplet

219 children (63%) responded
at age 1.5 years

265 children (68%) responded

at age 1.5 years

75 740 children (67%)
responded at age 1.5 years
T

182 children (53%) responded
at age 3 years

204 children (53%) responded

58 307 children (51%)

at age 3 years
I

responded at age 3 years
I

117 children (34%) responded
at age 5 years

149 children (38%) responded
at age 5 years

41 235 children (36%)
responded at age 5 years
T

T

121 children (35%) responded
at age 8 years

T
151 children (39%) responded
at age 8 years

42 876 children (38%)
responded at age 8 years

669

Figure 1 Flow chart of included and excluded cases. AED yes, AED-exposed children, AED no, AED-unexposed children.

AED-unexposed children of mothers with epilepsy
were compared with the control group of all children
of mothers without epilepsy (Appendix S1: Methods
S1).

Ethics

This study was approved by the Regional Committee
for Medical Research Ethics (reference number 2011/
1616) (Appendix S1: Methods SI).

Results

Sample characteristics

The study population consisted of 346 AED-exposed
and 388 AED-unexposed children of mothers with
epilepsy, and a control group of 113 674 children of
mothers without epilepsy (Table 1 and Fig. 1). Of the
AED-exposed children, 280 children were exposed to
AED monotherapy and 64 to AED polytherapy
(Appendix S1: Table S4). For two children, the AED
regime was unspecified. The most frequent AED expo-
sures in monotherapy were lamotrigine (n = 112), car-
bamazepine (n = 72) and valproate (n = 40). Of the
early pregnancy folic acid users, 97% of the total
study population used it four times per week or more
(Q1), and the same was true for 91% of the late users

(Q2). Mothers of 117 and 121 of the AED-exposed
children responded to Q5Y and Q8Y (Fig. 1). For
AED-exposed children, no periconceptional folic acid
supplementation, smoking during pregnancy, male off-
spring and previous language impairment at an earlier
age were predictors of language impairment at age 5
or 8 years (Table 2). Of the AED-exposed children
with language impairment at age 1.5 or 3 years, 41%
(n = 22) continued to have such at age 5 or 8 years
(Appendix SI: Fig. S2).

Antiepileptic drug use and language impairment

At age 5 years, 30% (n = 35) of AED-exposed children
had language impairment compared to 22% (n = 9011)
amongst children of mothers without epilepsy
(P = 0.04). The adjusted odds ratio (aOR) for language
impairment was 1.6 [confidence interval (CI) 1.1-2.5,
P =0.03) (Table 3). At age 8 years, 32% (n = 38) of
AED-exposed children had language impairment com-
pared to 19% (n=8250) in the control group
(P <0.001); the aOR was 2.0 (CI 1.4-3.0, P < 0.001)
(Table 3). There were no significant differences in lan-
guage impairment between AED-unexposed children of
mothers with epilepsy and the control group.

Children exposed to carbamazepine monotherapy
had significantly higher risk of language impairment
compared to control children at age 8 years (aOR 3.8,

© 2019 The Authors. European Journal of Neurology published by John Wiley & Sons Ltd on behalf of European Academy of Neurology
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Table 1 Characteristics of children of mothers with and without epilepsy

AED-exposed
children of mothers
with epilepsy

AED-unexposed
children of mothers
with epilepsy

Children of mothers
without epilepsy

Characteristics n = 346 n =388 n=113 674
Male offspring; n (%) 168 (49) 195 (51) 57 958 (51)
Gestational age at birth® (weeks); median (range) 40.0 (27.0) 39.0 (18.0) 40.0 (32.0)
Apgar score 5 min after birth; median (range) 10 (10.0) 10 (10.0) 10 (10.0)
Twin or triplet child; n (%) 10 (3) 20 (5) 3918 (4)
Parity®; median (range) 1.0 (4.0) 1.0 (4.0) 1.0 (4.0)
Maternal age (years); median (range) 29.0 (24.0) 29.0 (25.0) 30.0 (39.0)
Maternal prepregnancy BMI (kg/m?); median (range) 23.6 (26.4) 23.6 (25.9) 23.1 (47.0)
Periconceptional folic acid use® 259 (79) 289 (75) 77 895 (76)
Single mother; n (%) 15 (5) 17 (4) 2418 (2)
Paternal low education®; n (%) 20 (6) 23 (6) 4692 (4)
Maternal low education®; n (%) 12 (4) 21 (5) 2825 (3)
Low total household income®; n (%) 35(11) 35(10) 6464 (7)
Unplanned pregnancy; n (%) 76 (24) 90 (24) 19 725 (19)
Alcohol during pregnzlncyf; n (%) 12 (4) 9(2) 2670 (3)
Smoking during pregnancy; n (%) 40 (12) 32.(8) 9525 (9)
Maternal anxiety/depression during pregnancy®; n (%) 62 (20) 56 (15) 10 821 (11)
>1 epileptic seizure during pregnancy; n (%) 42 (26) 13 (7) NA
TC seizure(s) during pregnancy; n (%) 20 (12) 50) NA
Maternal report of familial language 47 (41) 63 (42) 14 163 (35)
impairment” at age 5 years
Maternal report of seldom/never 17 (15) 22 (15) 6675 (16)
helping their child read letters and
sounds during a typical week at age 5 years
Maternal report of never reading to 6 (5) 9 (6) 2959 (7)
their child at age 8 years
Language impairment age 1.5 years' 43 (20) 24 (9) 7896 (11)
Language impairment age 3 years' 22 (12) 14 (7) 4182 (7)

AED, antiepileptic drug; BMI, body mass index; TC seizure(s), tonic—clonic seizure(s). N may vary within the groups due to missing data. The
chi-squared test for independence or Fisher’s exact test was used for categorical variables, the Mann—-Whitney U test for continuous variables
due to violation of the assumption of normal distribution. AED-exposed and AED-unexposed children are compared to children of mothers
without epilepsy. “Calculated from the ultrasonographic measurements performed at 18-19 weeks of gestation. When ultrasound data were
unavailable, gestational age was estimated on the basis of the first day of the last menstrual period. "Number of all pregnancies >21 gestation
weeks including the current pregnancy. Maximum value is 5, representing a parity of 5 or more. “Maternal folic acid supplement use 4 weeks
before pregnancy and/or during the first trimester. 99 or fewer years of schooling. ¢ < 400 000 NOK (equals approximately 41 000 EUR) annu-
ally. "Alcohol consumption >1 time per month. #8Mean score >1.75 on the Hopkins symptom check list in gestational week 17-19. "Maternal
report of a biological relative (sibling, parent, grandparent, aunt, uncle or cousin) who was a late talker or had difficulties with either reading
or writing or pronunciation. 'Defined as children who score 1.5 standard deviations or more below the mean score of the three-item version of
the communication scale from the Ages and Stages Questionnaires at age 1.5 years. 'Defined as children who score 1.5 standard deviations or
more below the mean score of the six-item version of the communication scale from the Ages and Stages Questionnaires at age 3 years and/or
are talking in two- to three-word phrases or fewer (expressive language impairment) at age 3 years.

CI 1.6-9.0, P =0.002, n = 23) but not at age 5 years
(aOR 1.9, CI 0.6-5.6, P =0.26, n=17) (Table 3).
Children exposed to valproate monotherapy in utero
had the poorest mean language scores at both ages
(Table 4).

Antiepileptic drug concentrations and language
impairment

Higher maternal plasma valproate concentration dur-
ing pregnancy correlated with a lower ASQ score
(Spearman’s tho —0.77, P = 0.02, n = 9) and a higher
Language 20 score (Spearman’s rho 0.82, P = 0.01,

n=29), both indicating language impairment at age
5 years (Fig. 2 and Appendix S1: Table S5). A signifi-
cant correlation between higher maternal carba-
mazepine concentration and lower Language 20 score
(Spearman’s rho —0.47, P =0.04, n = 19), indicating
less language impairment, appeared at age 5 years,
but the scatter plot contained outliers influencing the
association (Appendix S1: Table S5).

Maternal folate status and language impairment

In the mothers not taking folic acid supplementation,
63% (n=75) of AED-exposed children had language
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Table 2 Clinical characteristics of AED-exposed and AED-unexposed children of mothers with epilepsy and children of mothers without epi-
lepsy with language impairment at age 5 or 8 years

AED-exposed children of
mothers with epilepsyn

AED-unexposed children of

mothers with epilepsyn Children of mothers without

total = 164 total = 202 epilepsyn total = 55 192
Yesn =57 OR Yesn = 66 Yesn = 14 392
Language impairment” (35%) (95% CI) (33%) OR (95% CI)  (26%) OR (95% CI)
Male offspring; 1 (%) 39 (47) 3.1 (1.6-6.1)* 34 (33) 1.0 (0.6-1.9) 8503 (30) 1.6 (1.5-1.6)*
Gestational age at birth® (weeks); median 40.0 (17.0) 1.0 (0.9-1.2) 39.0 (14.0) 0.9 (0.8-1.0) 40.0 (22.0) 1.0 (1.0-1.0)*
(range)
Apgar score 5 min after birth; median (range) 9.0 (5.0) 1.0 (0.7-1.4) 9.0 (10.0) 0.9 (0.7-1.1) 10.0 (10.0) 0.9 (0.9-1.0)*
Twin or triplet child; n (%) 2 (33) 0.9 (0.2-5.3) 3(38) 1.2 (0.3-5.3) 485 (31) 1.3 (1.1-1.4)*
Parity’; median (range) 2.0 (4.0) 13 (0.9-1.8) 1.0(3.0) 1.0 (0.7-1.5) 2.0 (4.0) 1.0 (0.9-1.0)*
Maternal age (years); median (range) 31.0 (21.0) 1.0 (0.9-1.1) 29.0 (20.0) 1.0 (0.9-1.0) 30.0 (32.0) 1.0 (1.0-1.0)*
Maternal prepregnancy BMI (kg/m?); median 232 (23.7) 1.0 (0.9-1.1) 22.8 (24.0) 1.0 (0.9-1.1) 23.2 (38.2) 1.0 (1.0-1.0)*
(range)
Periconceptional folic acid use® 42 (31) 0.4 (0.2-0.9)* 54 (34) 1.2 (0.6-2.6) 11,538 (26) 1.0 (0.9-1.0)
Single mother; n (%) 2 (50) 1.9 (0.3-14.2) 1(33) 1.0 (0.1-11.3) 298 (31) 1.3 (1.1-1.5)*
Maternal low education’; 7 (%) 0(0) NA 4 (80) 8.7 (1.0-79.5) 323 (41) 2.0 (1.7-2.3)*
Low total household income®; n (%) 5(50) 2.2 (0.6-8.0) 5 (46) 1.8 (0.5-6.0) 851 (32) 1.4 (1.3-1.5)*
Unplanned pregnancy; n (%) 12 (36) 1.1 (0.5-2.5) 11 (37) 1.2 (0.5-2.8) 2599 (28) 1.1 (1.1-1.2)*
Alcohol during pregnancy™; n (%) 1 (50) 1.9 (0.1-31.4) 2(67) 4.2 (0.4-47.4) 358 (27) 1.0 (0.9-1.2)
Smoking during pregnancy; n (%) 8 (62) 3.3 (1.0-10.7)* 4 (40) 1.4 (0.4-5.1) 856 (31) 1.3 (1.2-1.4)*
Maternal anxiety/depression during 8 (36) 1.1 (0.4-2.7) 10 (40) 1.5 (0.6-3.5) 1737 (35) 1.6 (1.5-1.7)*
pregnancy’; n (%)
>1 epileptic seizure during pregnancy; n (%) 13 (41) 1.4 (0.6-3.2) 7 (70) 5.8 (1.4-23.9)* NA NA
TC seizure(s) during pregnancy; n (%) 6 (35) 1.0 (0.3-3.0) 4(100) NA NA NA
AED polytherapy during pregnancy; n (%) 11 (33) 0.9 (0.4-2.1) NA NA NA NA
AED monotherapy during pregnancy; n (%) 45 (35) 1.0 (0.5-2.3) NA NA NA NA
Plasma AED (pmol/l)i; median (range) 53.2 (170) 1.0 (1.0-1.0) NA NA NA NA
Maternal report of familial language 17 (36) 1.4 (0.6-3.0) 24 (38) 1.4 (0.7-2.8) 4844 (34) 1.6 (1.6-1.7)
impairmentI< at age S years
Maternal report of seldom/never reading to 9 (39) 1.2 (0.5-3.1) 12 (43) 1.7 (0.7-3.7) 3354 (37) 1.8 (1.8-1.9)*
their child'
Language impairment age 1.5 years™ 17 (59) 3.9 (1.7-9.2)* 12 (67) 4.8 (1.7-13.6)* 2608 (51) 3.4 (3.2-3.6)*
Language impairment age 3 years"” 14 (82) 12.0 (3.2-44.4)* 3(33) 1.0 (0.2-4.0) 2080 (71) 7.9 (7.3-8.6)*

AED, antiepileptic drug; BMI, body mass index; CI, confidence interval; OR, odds ratio; TC seizure(s), tonic—clonic seizure(s). N may vary
slightly within the groups due to missing data. Significant results are marked with bold values. “Language impairment at age 5 years according
to the Ages and Stages Questionnaires, the Speech and Language Assessment Scale or the Twenty Statements about Language-related Difficul-
ties or at age 8 years according to the Twenty Statements about Language-related Difficulties semantic subscale. Percentage was calculated
from the number of children with that characteristic and language impairment out of all children with that characteristic in each of the three
groups. “Calculated from the ultrasonographic measurements performed at 18-19 weeks of gestation. When ultrasound data were unavailable,
gestational age was estimated on the basis of the first day of the last menstrual period. “Number of all pregnancies >21 gestation weeks includ-
ing the current pregnancy. Maximum value is 5, representing a parity of 5 or more. “Folic acid supplement use 4 weeks before pregnancy and/
or during the first trimester. 9 or fewer years of schooling. <400 000 NOK (equals approximately 41 000 EUR) annually. "Alcohol consump-
tion =1 time per month. 'Mean score >1.75 on the Hopkins symptom check list in gestational week 17-19. 'Median of standardized concentra-
tion (see text) in maternal plasma at gestational week 17-19 and umbilical cord blood. “Maternal report of a biological relative (sibling,
parent, grandparent, aunt, uncle or cousin) who was a late talker or had difficulties with either reading or writing or pronunciation. 'Maternal
report of seldom/never helping their child read letters and sounds during a typical week at age 5 years or maternal report of never reading to
their child age 8 years. "Defined as children who score 1.5 standard deviations or more below the mean score of the three-item version of the
communication scale from the Ages and Stages Questionnaires at age 1.5 years. "Defined as children who score 1.5 standard deviations or
more below the mean score of the six-item version of the communication scale from the Ages and Stages Questionnaires at age 3 years and/or
are talking in two- to three-word phrases or fewer (expressive language impairment) at age 3 years. *P value <0.05.

impairment at age 5 years compared to 23% (Appendix S1: Table S6). The aORs for language

(n =1422) of children of mothers without epilepsy
(P =0.02) (Appendix SI: Table S6). Similarly, at age
8 years, 52% (n = 11) of AED-exposed children had
language impairment compared to 22% (n = 1712) in
the non-supplemented control group (P = 0.002)

impairment in AED-exposed children compared to
control children with no folic acid use were 10.5 (CI
1.9-56.3, P =0.006) at age S5 years and 3.8 (CI 1.6—
9.1, P =0.003) at age 8 years, respectively. When the
mothers were using periconceptional folic acid
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Table 3 Language impairment for specific AED therapies in monotherapy, AED polytherapy and any AED exposure

n (%) Crude OR (95% CI) Adjusted OR (95% CI)
Language impairment age 5 years®
Children of mothers without epilepsy 9011 of 41 194 (22) NA NA
Valproate 5 of 14 (36) 2.0 (0.7-5.9) 2.2 (0.7-7.0)
Carbamazepine 6 of 17 (35) 1.9 (0.7-5.3) 1.9 (0.6-5.6)
Lamotrigine 9 of 39 (23) 1.1 (0.5-2.3) 1.0 (0.5-2.3)
Levetiracetam 20f 9 (22) 1.0 (0.2-4.9) 1.0 (0.2-5.3)
Topiramate 2 of 4 (50) 3.6 (0.5-25.4) 5.8 (0.5-64.0)
AED monotherapy 28 of 91 (31) 1.6 (1.0-2.5)* 1.7 (1.0-2.7)*
AED polytherapy 7 of 26 (27) 1.3 (0.6-3.1) 1.4 (0.6-3.4)
Any AED 35 of 117 (30) 1.5 (1.0-2.3)* 1.6 (1.1-2.5)*
Language impairment age 8 years®
Children of mothers without epilepsy 8250 of 42 550 (19) NA NA
Valproate 50f 16 (31) 1.9 (0.7-5.4) 2.2 (0.7-6.4)
Carbamazepine 10 of 23 (43) 3.2 (1.4-7.3)** 3.8 (1.6-9.0)**
Lamotrigine 9 of 41 (22) 1.2 (0.6-2.4) 1.2 (0.6-2.6)
Levetiracetam 1of 6(17) 0.8 (0.1-7.1) 0.7 (0.1-6.0)
Topiramate 1 of 4 (25) 1.4 (0.1-13.3) 1.1 (0.1-10.9)
AED monotherapy 30 of 97 (31) 1.9 (1.2-2.9)** 2.0 (1.3-3.0)**
AED polytherapy 7 of 21 (33) 2.1(0.8-5.2) 2.4 (0.9-6.1)

Any AED

38 of 120 (32)

1.9 (1.3-2.8)*** 2.0 (1.4-3.0)***

AED, antiepileptic drug; CI, confidence interval; OR, odds ratio. AED-exposed children were compared to children of mothers without epi-
lepsy. Significant results are marked with bold values. “Language impairment at age 5 years according to the Ages and Stages Questionnaires,
the Speech and Language Assessment Scale or the Twenty Statements about Language-related Difficulties. "Language impairment at age
8 years according to the semantic subscale of the Twenty Statements about Language-related Difficulties. Covariates in the model: maternal
age, parental socioeconomic status (single mother, low maternal education (<9 years), low household income [<400 000 NOK (equals approxi-
mately 41 000 EUR)/year]), parity (pregnancies >21 gestation weeks), maternal prepregnancy body mass index, maternal report of familial lan-
guage delay [sibling, parent, grandparent, aunt, uncle or cousin who was a late talker or had difficulties with either reading or writing or
pronunciation (only in 5 years model)], smoking during pregnancy, alcohol use during pregnancy (consumption >1 time per month) (only
8 years model), maternal anxiety/depression symptoms (mean score >1.75 on the Hopkins symptom check list in gestational week 17-19) dur-
ing pregnancy, Apgar score 5 min after birth, gestational age (calculated from the ultrasonographic measurements performed at 18-19 weeks
of gestation; when ultrasound data were unavailable, gestational age was estimated on the basis of the first day of the last menstrual period),
maternal report of seldom/never helping their child read letters and sounds during a typical week at age 5 years (5 years model) or maternal

report of never reading to their child at age 8 years (8 years model). *P value < 0.05. **P value < 0.01 ***P value < 0.001

supplement, the corresponding aORs for language
impairment were 1.4 (CI 0.9-2.2, P=0.14) at age
S years and 1.7 (CI 1.1-2.6, P = 0.02) at age 8 years,
respectively.

After adjustment for covariates, a significant inter-
action was found between periconceptional folic acid
use and AED exposure for ASQ score at age 5 years
(P = 0.009, standardized beta 0.03), but not for SLAS
or Language 20 scores at age 5 or 8 years. In the lin-
ear regression model, maternal folate concentration
correlated with Language 20 score at age 5 years in
the unadjusted, but not in the adjusted, model.

Discussion

An increased risk of language impairment was found
in AED-exposed children at age 5 and 8 years of
mothers with epilepsy compared to children of moth-
ers without epilepsy. Valproate and carbamazepine
exposure affected language outcome the most. Peri-
conceptional folic acid use had a protective effect on
the risk of language impairment. There was no

increased risk of language impairment in AED-unex-
posed children of mothers with epilepsy compared to
children of mothers without epilepsy. A large number
of other possible confounders was considered, and
these did not have any consistent effect on language
outcome. AED exposure, and especially if the mother
did not take folic acid, was the single most important
factor for language outcome.

The AED-associated risk of language impairment
was particularly evident in the carbamazepine
monotherapy group at age 8 years. The aOR for lan-
guage impairment in this group was almost fourfold
compared to children of mothers without epilepsy.
Poor neurodevelopmental outcomes after AED expo-
sure in utero have mostly been associated with val-
proate exposure [1,2]. For children exposed to
carbamazepine and other AEDs such as lamotrigine,
levetiracetam and topiramate, evidence regarding any
effect on specific cognitive skills in older children is
lacking [1,2]. Valproate and carbamazepine exposure
in monotherapy have been associated with language
impairment in several studies [4-9,11,22] but other
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Table 4 Mean language scores in children of mothers with and without epilepsy
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ASQ score®
5 years
Mean (SD, 95% CI)

Language 20 score”

5 years
Mean (SD, 95% CI)

SLAS score®
S years
Mean (SD, 95% CI)

Language
20 score®8 years
Mean (SD, 95% CI)

Children of mothers without epilepsy

AED-unexposed children
AED-exposed children
Valproate monotherapy

66.0 (6.7, 65.9-66.1)
66.2 (5.2, 65.4-67.1)
65.7 (7.9, 64.3-67.2)
64.3 (6.2, 60.7-67.8)

25.3(8.3,25.3-25.4)
26.1 (8.3, 24.8-27.5)
27.1 (9.0, 25.4-28.7)**
29.4 (12.8, 22.1-36.8)

3.5 (0.6, 3.5-3.6)
3.5 (0.5, 3.4-3.6)
3.4 (0.6, 3.3-3.5)*
3.1 (0.6, 2.8-3.5)*

10.6 (3.8, 10.6-10.6)
11.3 (4.1, 10.6-11.9)*
12.1 (5.2, 11.2-13.0)%*
13.0 (6.4, 9.6-16.4)*

Carbamazepine monotherapy
Lamotrigine monotherapy
Levetiracetam monotherapy
Topiramate monotherapy
AED monotherapy

AED polytherapy

65.3 (7.9, 61.2-69.3)
65.3 (11.4, 61.6-69.1)
68.0 (2.3, 66.2-69.7)
64.6 (6.7, 53.9-75.2)
65.6 (8.8, 63.8-67.5)
66.1 (3.5, 64.7-67.5)

28.6 (8.1, 24.4-32.8)*
247 (6.1, 22.7-26.7)
24.1 (7.0, 18.7-29.5)
27.8 (11.2, 10.1-45.6)
27.0 (9.4, 25.0-29.0)
27.4 (7.8, 24.2-30.6)*

33(0.5, 3.1-3.6)
3.4(0.7,3.2-3.7)
3.7 (0.8, 3.1-4.4)
3.5(0.4,2.9-4.1)
3.4 (0.6, 3.3-3.6)
3.4(0.5,3.2-3.6)

12.9 (5.3, 10.7-15.2)**
109 (3.7, 9.7-12.1)
10.0 (2.5, 7.4-12.7)
11.0 (3.5, 5.5-16.5)
11.9 (4.8, 11.0-12.9)**
13.0 (6.8, 9.9-16.1)

AED, antiepileptic drug; ASQ, Ages and Stages Questionnaires; CI, confidence interval; Language 20, Twenty Statements about Language-re-
lated Difficulties; SLAS, Speech and Language Assessment Scale. AED-exposed and AED-unexposed children were compared to children of
mothers without epilepsy by using the Mann—-Whitney U test due to violation of the assumption of normal distribution. Significant results are
marked with bold values. “Ages and Stages Questionnaires score (0-70 points). A low score indicates language impairment. ®Twenty State-
ments about Language-related Difficulties score (0-100 points total score, 040 points semantic subscale). A high score indicates language
impairment. “Composite scale mean score (1-5 points) from the Speech and Language Assessment Scale. A score below 3 points indicates lan-
guage impairment. *P value < 0.05. **P value < 0.01.

Figure 2 The correlation between lan-
guage score and maternal plasma val-
proate concentration (umol/l) during
pregnancy at age 5 years. [Colour figure
can be viewed at wileyonlinelibrary.com]
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studies reported no such association for carba-
mazepine [8,9]. Two studies based on neuropsycholog-
ical assessment reported reduced verbal abilities in
children aged 3 and 6 years after foetal carbamazepine
exposure [6,22]. Our results are based on validated
screening instruments. Different study designs and dif-
ferent maternal folate status [23] could explain diver-
gent results between studies. The lack of significantly
increased aORs for language impairment after val-
proate exposure in monotherapy at age 5 and 8 years
is probably due to small numbers of children and low
concentrations of valproate [16]. Nevertheless, a corre-
lation was found between maternal valproate concen-
trations during pregnancy and language impairment.
This is consistent with our previous study of children
aged 18 months in the MoBa [12] and with previous
reports on dose-dependent valproate-mediated lan-
guage impairment [4,5,8].

In this study, the previously reported AED-associ-
ated poorer language abilities in preschool years [11]
have been shown to persist into school age in AED-
exposed children of mothers with epilepsy. Our data
shows that the language impairment at age 5 and
8 years may develop early or emerge later in the pre-
school years in children of mothers with epilepsy, as
in children from the general population [24]. Our find-
ings suggest a possible long-term AED-associated
effect on language abilities in offspring after foetal
AED exposure. Reduced total brain volume and grey
matter volume compared to healthy children have
been reported in valproate-exposed children aged
10 years with low IQ and language dysfunction [25].
Similarly, adults aged 23 years with antenatal expo-
sure to mainly valproate, carbamazepine, phenytoin
or primidone in monotherapy or polytherapy had
reduced grey matter volume compared to healthy con-
trols, and particularly in the left hemisphere control-
ling language [26]. These findings support the notion
of permanently affected language abilities associated
with foetal AED exposure. The protective effect of
periconceptional folic acid supplementation on AED-
associated language impairment was highly evident in
our study. This protection, previously reported for
age 1.5 and 3 years [12] remained equally evident at
age 5 and 8 years. This strongly suggests a role of
folate in the mechanism of AED-associated language
impairment. Furthermore, these findings emphasize
the importance of folic acid supplement use in the
periconceptional period in all women with epilepsy
who use AEDs [5,10,12,22]. Language impairment in
children requires intervention, as it may have severe
consequences for language skills in adulthood, aca-
demic achievements, mental health, behaviour and
social life [21,27].

The strengths of our study include a validated, large
dataset comprising epilepsy groups with and without
AED exposure and a control group without epilepsy.
Plasma AED and folate concentrations were analysed
in the mothers during the pregnancy, as well as umbil-
ical cord AED concentrations. Relevant covariates
were adjusted for. Selection bias in the MoBa has
been reported as moderate and with no or minimal
effects on exposure—outcome association measure-
ments [28]. The response rates for the two epilepsy
groups and the control group were similar, and thus
the exposure—outcome association measurements are
unlikely to be biased.

Our missing data analyses indicated that children
with normal language may be overrepresented. Chil-
dren where mothers reported language impairment at
age 1.5 and 3 years, no exposure to folic acid supple-
mentation and with a lower socioeconomic status were
more often missing from the study at age 5 and § years.
Our findings may have been even more pronounced
without any such selection bias. Mothers who used
AEDs during pregnancy may be aware of the potential
neurodevelopmental effects of AED exposure and
might therefore have reported their children’s language
skills more vigilantly. If true, this would make the true
results less pronounced. However, the association
between foetal AED exposure, poor language abilities
and maternal folate status was not well known during
the inclusion period of the MoBa and is therefore unli-
kely to have influenced our results. There was no for-
mal neuropsychological assessment of the children, but
parents are considered good evaluators of the language
abilities of their children [29]. Mothers who use AEDs
during pregnancy are likely to have more severe epi-
lepsy with a higher risk of epileptic seizures than
untreated mothers with epilepsy. It cannot be excluded
that such non-AED factors contribute to our observed
language impairment. Information on maternal 1Q was
not available and this variable could not be controlled
for, but education was controlled for in the analyses.

In this study, an association between language
impairment and foetal AED exposure in children aged
5 and 8 years of mothers with epilepsy was found.
Children of mothers with untreated epilepsy had no
increased risk of language impairment. Periconcep-
tional folic acid supplement use had a protective effect
on AED-associated language impairment. Clinicians
should be aware of the risk of poor language abilities
in children exposed to AEDs in utero, particularly val-
proate and carbamazepine, with early intervention for
signs of language impairment. The importance of folic
acid supplement use in all AED-using women with
epilepsy with a chance of becoming pregnant is
emphasized.
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Validation

We have previously validated the epilepsy cohort in MoBa by sending out questionnaires
regarding type of epilepsy, seizures during pregnancy and AED use (n=300, response rate
50%) and by examination of hospital records of women with epilepsy in the Western part of
Norway (n=40).[1] We have also analyzed plasma concentrations of AEDs in maternal blood
and umbilical cord blood samples obtained from the MoBa biobank.[2] We found that the
validity of the epilepsy diagnosis in MoBa was very good, as 98% of the women that reported
an epilepsy diagnosis in MoBa confirmed this in the retrospective survey.[1] There was 100%
agreement between self-reported AED use and AED use registered in the hospital records.[1]
Women with epilepsy in MoBa seem to be representative of women with epilepsy in general

in Norway, as the characteristics reported by mothers with epilepsy in MoBa were similar to



the Norwegian cohort included in the European and International Registry of Antiepileptic

Drugs in Pregnancy (EURAP) study.[1]

Variables

AED use and plasma AED concentrations

For the statistical analysis, we calculated standardized AED concentrations (umol/l) by
normalizing the plasma concentration relative to the ranges observed within each group
according to the formula /00 x (observed concentration —minimum concentration) /
concentration range.[3, 4] We calculated the mean standardized AED concentration for each
child based on both the maternal and umbilical cord AED concentration. If only one of these
was available, that one was used. For children exposed to AED polytherapy, we added the

mean of each normalized AED concentration together.

Maternal folate status

Mothers in MoBa reported whether they used folic acid supplement or not more than 5 weeks
before pregnancy, 4 weeks before pregnancy (preconception), and during gestational week 0-
4, 5-8,9-12, 13+ (Q1), and gestational week 13-16, 17-20, 21-24, 25-29, 29+ (Q2). They also
reported their frequency of folic acid intake (daily, 4-6 times per week, 1-3 times per week)
in both questionnaires. Plasma folate concentrations in maternal blood samples from
gestation week 17-19 were measured by analyzing the biologically active 5-
methyltetrahydrofolate (mTHF) and the degradation product 4-alfa-hydroxy-5-
methyltetrahydrofolate (hmTHF) for altogether 227 AED-exposed children (66%).[3, 5]
mTHEF represents the prevailing plasma folate form. It is unstable in samples kept at room
temperature, but largely recovered as hmTHF. Hence, we calculated plasma folate

concentrations as the sum of hmTHF and mTHF.[6, 7]



Language impairment

ASQ has high concurrent validity and is effective as a diagnostic tool for identifying
language developmental delay.[8, 9] For age 5 years, a 7-item version of the ASQ
communication scale was included in Q5Y, 6 items from the 5-year ASQ version and 1 item
from the 4-year ASQ version. Each item was scored 10 (“yes”), 5 (“sometimes”) or 0 (“not
yet”), with a higher score reflecting no language delay. Maximum score at age 5 years was
70. We defined language impairment as a total ASQ score of 1.5 standard deviations (SD) or
more below the mean for the total study population.[9] The SLAS is a 14-item valid
screening tool assessing age-appropriate language skills used to identify children with
language disorders.[10] A 13-item version of the 14-item instrument was included in the
Q5Y. Each item was scored from 1 (“very much lower”) to 5 (“very much higher”), with a
score of 3 (“typical for age”) or higher reflecting no language disorder. We added the score
for each item and divided the sum by the total number of items to make a SLAS composite
scale mean score, with a maximum of 5.[10] We defined language impairment as a SLAS
composite scale mean score below 3.[10] The Language 20 is a validated Norwegian 20-item
parental-reported screening instrument to identify children with language impairment.[11]
The instrument consists of three subscales: semantic (8 items), receptive (6 items) and
expressive (6 items). Each item was scored from 1 (“doesn’t fit the child, absolutely wrong”)
to 5 (“fits well with the child, absolutely right”), with a lower score reflecting no language
impairment. The full 20-item version of the instrument was included in Q5Y. In Q8Y, the
semantic subscale only was included. Minimum and maximum scores on Language 20 at age
5 years were 20 (definite normal language) and 100 (definite language impairment).
Corresponding scores at age 8 years were 8 (normal) and 40 (impaired). The validated cut-off

for language impairment for both the 20-item and 8-item instrument was a total score of 31%



or more of the maximum possible score.[11] We defined children with such scores as having

language impairment.

Covariates

We included the following covariates from Q1 and MBRN (figure e-1): maternal age, single
mother, low maternal education (9 years or less of schooling), low total household income
(<400,000 NOK annually - equals approximately 41,000 EUR), parity (number of previous
pregnancies > 21 gestation weeks), maternal prepregnancy Body Mass Index (BMI), smoking
(any) during pregnancy, alcohol consumption during pregnancy (=1 time per month),
maternal report of anxiety or depression symptoms in gestational week 17-19 (mean score
>1.75 on the Hopkins symptom check list[12]), offspring sex, twin or triplet child, unplanned
pregnancy, Apgar score 5 minutes after birth, and gestational age. Gestational age was
calculated from the ultrasonographic measurements performed at 18-19 weeks of gestation.
When ultrasound data were unavailable, gestational age was estimated on basis of the first
day of the last menstrual period. Covariates included from Q5Y and Q8Y were: maternal
report of familial language impairment (a sibling, parent, grandparent, aunt, uncle or cousin
who was a late talker or had difficulties with reading, writing or pronunciation, Q5Y),
maternal report of seldom/never helping their child read during a typical week at age 5 years
(Q5Y), or never reading for their child at age 8 years (Q8Y). Other covariates were: epileptic

seizures during pregnancy and tonic-clonic (TC) seizures during pregnancy.

Missing data
181 AED-exposed children and 185 AED-unexposed children of mothers with epilepsy, and
58,338 children of mothers without epilepsy did not complete either Q5Y or Q8Y. Many

children completed only one of the questionnaires. For AED exposed children, 44 children



completed Q5Y, but not Q8Y. 48 children completed Q8Y, but not Q5Y. 73 children
completed both Q5Y and Q8Y. For AED unexposed children, 52 children completed Q5Y,
but not Q8Y and 54 children completed Q8Y, but not Q5Y. 97 children completed both
questionnaires. In the control group, the corresponding numbers were 12,460 children who
completed Q5Y, but not Q8Y and 14,101 children who completed Q8Y, but not Q5Y. 28,775

children of mothers without epilepsy completed both questionnaires.

AED-exposed children with missing data on Q5Y had significantly more often a mother who
was younger, single, reported symptoms of anxiety and depression during the pregnancy,
belonged to a low income household, reported fewer TC seizures, and an unplanned
pregnancy compared to mothers of the children who responded to the questionnaire (table e-
2). Children with missing data were also significantly more often exposed to alcohol or
smoking during pregnancy, and less to periconceptional folic acid supplement use. The same
differences were seen for AED-unexposed children and the control group, but not as
pronounced (table e-2). In Q8Y, the differences between children with and without missing
data in the three groups were less prominent. AED-exposed children with missing data had
significantly younger mothers who reported more anxiety and depression symptoms during

pregnancy, compared to children who responded to Q8Y (table e-3).

Statistical analysis

We used IBM SPSS Software version 24 to perform the statistical analyses. We compared
categorical variables by using the Chi-square test for independence or Fisher’s exact test
when appropriate. Continuous variables were compared by using Mann-Whitney U test due
to violation of the assumption of normal distribution. We applied the estimation-

maximization procedure in SPSS to impute missing answers regarding language impairment.



Imputation was performed if <2 of 7 answers (ASQ Q5Y), <3 of 13 answers (SLAS Q5Y),
<4 of 20 answers (Language 20 Q5Y) and <2 of 8 answers (Language 20 Q8Y), respectively,
were missing. To assess the risk of language impairment after fetal AED exposure, we
performed a logistic regression analysis with adjustment for the relevant covariates. We
analyzed each covariate in the regression model separately initially, and only included
variables with p-values <0.1 in the final model. We used the same procedure to calculate the
risk of language impairment stratified for AED treatment group. We examined the effect of
each covariate on language impairment at age 5 or 8 years by logistic regression for each of
the three groups. Adjusted odds ratios (ORs) for language impairment for AED-exposed
children compared to control children after stratification for periconceptional folic acid
supplement use were calculated. We examined the effect of plasma AED concentrations and
maternal plasma folate concentrations on language score by correlation analyses, in a linear
regression model, and by including an interaction term (periconceptional folic acid
supplement use x AED use) in a multivariable linear regression model. A p-value <0.05 was

considered statistically significant.

Ethics

The establishment of MoBa and initial data collection was based on a license from the
Norwegian Data Protection Agency and approval from The Regional Committee for Medical
Research Ethics. The MoBa cohort is currently regulated by the Norwegian Health Registry

Act. All parents in MoBa have given written consent to participate.



Table e-1: Screening instruments

Parental-reported screening instruments. The table includes the 7-item version of the Ages
and Stages Questionnaires (ASQ) communication scale (6 items from the 5 year ASQ version
and 1 item from the 4 year ASQ version), the 13-item version of the Speech and Language
Assessment Scale (SLAS), and the Twenty Statements about Language-related Difficulties
(Language 20) from the 5 years questionnaire. The semantic subscale (8 items) from the

Language 20 instrument was in the 8 years questionnaire.

ASQ 5 years

The child’s ability to understand and tell. Response options: “Yes”, “Sometimes”, “Not yet”

1. Can your child tell you at least two things about common object? For example, if you say to your child,
“Tell me about the ball”, does he say something like, “It is round. I throw it. It is big”?

2. Without giving your child help by pointing or repeating directions, does your child follow three directions
that are unrelated to one another? Give all three directions before your child starts. For example, you may ask
your child to “Clap your hands, walk to the door, and sit down” or “Give me the pen, open the book, and
stand up.”

3. Does your child use four- and five- word sentences? For example, does your child say, “I want the car”?

4. When talking about something that already happened, does your child use words that end in “ed” such as
walked, jumped or played? Ask your child questions, such as “How did you get to the store?” (“We walked.”)
“What did you do at your friend’s house?” (“We played.”)

5. Does your child use comparison words, such as heavier, stronger or shorter? Ask your child questions,
such as “A car is big, but a bus is ” (bigger); “A cat is heavy, but a man is ” (heavier); A TV is small, but a
book is ” (smaller).

6. Does your child answer the following questions: 1) “What do you do when you are hungry?” (Acceptable
answers include: “Get food”, “Eat”, “Ask for something to eat”, and “Have a snack™.) 2) “What do you do
when you are tired?” (Acceptable answers include: “Take a nap”, “Rest”, “Go to sleep”, “Go to bed”, “Lie
down”, and “Sit down.”)

7. Does your child repeat the sentences shown below back to you, without any mistakes? You may repeat
each sentence one time. Mark “yes” if your child repeats both sentences without mistakes or “sometimes” if
your child repeats one sentence without mistakes. “Jane hides her shoes for Maria to find.” “Al read the blue
book under his bed.”

SLAS 5 years

About the child’s abilities and skills compared with peers. Enter a cross from 1-5 for each line according to
how well the statement fits your child. Response options: 1-‘“very much lower”, 2-2, 3- “typical for age”, 4-4,
5-“very much higher”

1. My child’s ability to ask questions properly is...

2. My child’s ability to answer questions properly is...

. My child’s ability to say sentences clearly enough to be understood by strangers is...
The number of words my child knows is...

. My child’s ability to use his/her words correctly is...

. My child’s ability to get his/her message across to others when talking is...

. My child’s ability to use proper words when talking to others is...

. My child’s ability to get what he/she wants by talking is...

9. My child’s ability to start a conversation going with other children is...

10. My child’s ability to keep a conversation going with other children is...

11. The length of this child’s sentences is...

12. My child’s ability to make ‘grown up’ sentences is...

13. My child’s ability to correctly say the sounds in individual words is...

Language 20 5 years (20 items) and 8 years (8 items from the semantic subscale)
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How do these statements fit the child? Response options: 1-* doesn’t fit the child, absolutely wrong”, 2-2, 3-
“both yes and no”’, 4-4, 5-* fits well with the child, absolutely right”

Semantic subscale
. Forgets words s/he knows the meaning of

. Confuses words with similar meaning (e.g. shirt, sweater, jacket)

. Has difficulty understanding the meaning of common words

. Has difficulty answering questions as quickly as other children

. Is often searching for the right words

. Uses incomplete sentences

. Uses short sentences when s/he answers questions

R (AN B ([W[N[—

. Has difficulty retelling a story s/he has heard

Receptive subscale

9. It doesn't seem like what s/he is learning is remembered

10. Has difficulty remembering things

11. Has difficulty understanding what others are saying

12. Misconceive instructions and messages

13. Has problems remembering messages

14. Misunderstands context and what is going on

Expressive subscale
15. Is difficult to understand

16. Has difficulty expressing wishes and needs

17. Is not understood by others

18. Seldom initiates conversation with others

19.Has difficulties in pronunciation

20. Is not able to have a dialogue with peers

ASQ = the Ages and Stages Questionnaires. SLAS = the Speech and Language Assessment Scale. Language
20 = Twenty Statements about Language-related Difficulties.

10
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Table e-2: Clinical characteristics of children with missing data at age S years

The table includes clinical characteristics of children with and without completed

questionnaires at age 5 years (Q5Y). Antiepileptic drug (AED)-exposed and —unexposed

children of mothers with epilepsy are compared with children of mothers without epilepsy

stratified for completed Q5Y. Children who responded to the questionnaire are also compared

with children with missing data within each of the three groups.

AED-exposed children of | AED-unexposed children of Children of mothers
mothers with epilepsy mothers with epilepsy without epilepsy

Completed 5 years questionnaire YES NO YES NO YES NO

P yearsq n=117 n=229 n=149 n=239 n=41,235 | n=72,439
Male offspring; n (%) 58 (50) 110 (49) 78 (53) 117 (50) 21,001 (51) {36,957 (52)
Gestational age at birth® (weeks); median (range) |40.0 (11.0) |39.0 (27.0)* [40.0 (15.0) |39.0 (18.0)*" |40.0 (32.0) 40.0 (32.0)™
Apgar score 5 minutes after birth; median (range) | 9.0 (10.0) 10.0 (10.0) 10.0 (10.0) {9.0(10.0) 10.0 (10.0) 10.0 (10.0)™
Twin or triplet child; n (%) 43 6(3) 8(5) 12 (5) 1124 (3) 2794 (4)™
Parity”; median (range) 2.0 (4.0) 1.0 (3.0) 1.0 (3.0)* |2.0 (4.0)° 2.0 (4.0) 1.0 (4.0)*=
Maternal age (years); median (range) 30.0 (23.0) ?282'00)**” 29.0 (22.0)* [ 29.0 (24.0) 30.0 (32.0) 30.0 (39.0)™
Maternal prepregnancy BMI; median (range) 23.3(23.8) [23.8(26.4)** [23.6(24.9) |23.6(25.9)" 23.0 (42.2) 23.1 (46.3)™
Periconceptional folic acid use® 108 (93)* 151 (71)** 122 (82) 167 (70)* 34,723 (85) |43,172 (69)**
Single mother; n (%) 1 (1) 14 (7)***= 3(2) 14 (6)* 687 (2) 1731 3)**
Maternal low education?; n (%) 1(1) 11 (5) 5(3)* 16 (7)* 518 (1) 2307 (3)™
Low total household income® n (%) 6(5) 29 (15)***% 19 (6) 26 (12)* 1833 (5) 4631 (8)™
Unplanned pregnancy; n (%) 19 (17) 57 (27)** 25(17) 65 (28)* 6611 (16) 13,114 (21)**
Alcohol during pregnancy’; n (%) 0(0) 12 (6)*~ 2(1) 7(3) 888 (2) 1782 (3)**
Smoking during pregnancy; n (%) 7 (6) 33 (15)° 7 (5) 25 (11)° 1764 (4) 7761 (11)*=

- - - .

nM(zt;e)rnal anxiety/depression during pregnancy®; 15(13) 47 3y | 22 (15)F 34(15) 3652 (9) 7169 (12

0
>1 epileptic seizure during pregnancy; n (%) 26 (28) 16 (23) 7(7) 6 (8) NA NA
TC seizure(s) during pregnancy; n (%) 16 (17) 4 (6)° 3(3) 2(3) NA NA
AED polytherapy during pregnancy; n (%) 26 (22) 38 (17) NA NA NA NA
AED monotherapy during pregnancy; n (%) 91 (78) 189 (83) NA NA NA NA
Plasma AED (umol/L)"; median (range) 30.3 (258) |44.6(186) NA NA NA NA
Valproate use; n (%) 19 (16) 40 (18) NA NA NA NA
Carbamazepine use; n (%) 25 (21) 68 (30) NA NA NA NA
Lamotrigine use; n (%) 55 (47) 90 (39) NA NA NA NA
Levetiracetam use; n (%) 20 (17) 16 (7)™ NA NA NA NA
Topiramate use; n (%) 7 (6) 13 (6) NA NA NA NA

11
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Oxcarbazepine use; n (%) 9(8) 14 (6) NA NA NA NA
Language impairment age 1.5 years' 19 (18)* 24 (22)*** 14 (11) 10 (8) 3916 (11) 3980 (11)
Language impairment age 3 years’ 8(9) 14 (16)** 6(5) 8 (10) 2166 (6) 2016 (8)™

* p<0.05 ** p<0.01 *** p<0.001.
p<0.05 # p<0.01 #*# p<0.001

#815<0.001

AED = antiepileptic drug. BMI = Body Mass Index. TC seizure(s) = Tonic-clonic seizure(s). ASQ = the Ages and Stages Questionnaires. N
may vary slightly within the groups due to missing data. Chi-square test for independence or Fisher’s exact test was used for categorical
variables, Mann-Whitney U test for continuous variables due to violation of the assumption of normal distribution

* AED-exposed children of mothers with epilepsy compared to children of mothers without epilepsy stratified for completed questionnaire,
# AED-unexposed children of mothers with epilepsy compared to children of mothers without epilepsy stratified for completed questionnaire, *

“Children who responded to the questionnaires compared to children who did not respond in each of the three groups, “p<0.05 * p<0.01

“Calculated from the ultrasonographic measurements performed at 18-19 weeks of gestation. When ultrasound data were unavailable,
gestational age was estimated on basis of the first day of the last menstrual period ® Number of all pregnancies >21 gestation weeks including
the current pregnancy. Maximum value is 5, representing parity of 5 or more © Folic acid supplement use four weeks before pregnancy and/or
during the first trimester ¢ 9 or less years of schooling ¢ <400 000 NOK (equals approximately 41,000 EUR) annually * Alcohol consumption
>1 time per month & Mean score >1.75 on the Hopkins symptom check list in gestational week 17-19 " Median of standardized concentration
(see text) in maternal plasma at gestational week 17-19 and umbilical cord blood  Defined as children who score 1.5 standard deviations or
more below the mean score of the 3-item version of the communication scale from the Ages and Stages Questionnaires (ASQ) at age 1.5 years
I Defined as children who score 1.5 standard deviations or more below the mean score of the 6-item version of the communication scale from
the Ages and Stages Questionnaires (ASQ) at age 3 years and/or are talking in two- to three-word phrases or less (expressive language

impairment) at age 3 years

12
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Table e-3: Clinical characteristics of children with missing data at age 8 years

The table includes clinical characteristics of children with and without completed

questionnaires at age 8 years (Q8Y). Antiepileptic drug (AED)-exposed and —unexposed

children of mothers with epilepsy are compared with children of mothers without epilepsy

stratified for completed Q8Y. Children who responded to the questionnaire are also compared

with children with missing data within each of the three groups.

AED-exposed children of

AED-unexposed children

Children of mothers without

mothers with epilepsy of mothers with epilepsy epilepsy

Completed 8 years questionnaire YES NO YES NO YES NO

P years 4 n=121 n=225 n=151 n=237 n=42,876 n=70,798
Male offspring; n (%) 64 (53) 104 (47) 77 (51) 118 (51) 21,838 (51) 36,120 (52)
Gestational age at birth® (weeks); median ok 39.0 i
(range) 40.0 (17.0) 39.0 (27.0) 40.0 (14.0) (18.0)" 40.0 (32.0) 40.0 (32.0)
g‘gfgz)s“’re > minutes after birth; median 16 5 150y | 10,0 (10.0) 10.0(8.0)  |9.0(10.0) [10.0(10.0) 10.0 (10.0)™°
Twin or triplet child; n (%) 2(2) 8(4) 4(3) 16 (7)* 1201 (3) 2717 (4)™*
Parity®; median (range) 2.0 (4.0) 1.0 (4.0) 1.0 (4.0) 1.0 (4.0) 2.0 (4.0) 1.0 (4.0
Maternal age (years); median (range) 30.0 (22.0) 28.0 (22.0)*** | 30.0 (22.0) 29.0 (25.0)* [30.0 (33.0) 30.0 (38.0)™™
Maternal prepregnancy BMI; median (range) |23.3 (21.9) 24.0 (26.4)** |23.7(24.9)* |23.5(25.9)" |23.0(41.5) 23.2 (47.0)™>
Periconceptional folic acid use® 100 (83) 159 (77) 117 (78) 172 (73) 34,448 (81) 43,447 (72)**
Single mother; n (%) 3(3) 12 (6)* 2(1) 15 (6)"* 719 (2) 1699 (3)**
Maternal low education; n (%) 1(1) 11 (5) 503) 16 (7)* 583 (1) 2242 (3)™=
Low total household income*® n (%) 8(7) 27 (14)** 8 (6) 27 (12)** 2022 (5) 4442 (8)™™
Unplanned pregnancy; n (%) 24 (20) 52 (26) 19 (13) (73,10)###,[,55 7048 (17) 12,677 (21)™
Alcohol during pregnancy®; n (%) 2(2) 10 (5)* 2(1) 7(3) 1104 (3) 1566 (3)
Smoking during pregnancy; n (%) 12 (10)* 28 (13) 6(4) 26 (11)° 2085 (5) 7440 (11)**
Maternal anxiety/depression during e 4 —
pregnancy®: n (%) 14 (12) 48 (24) 20 (14) 36 (16) 3726 (9) 7095 (12)
>1 epileptic seizure during pregnancy; n (%) |24 (25) 18 (28) 10 (10) 3(4) NA NA
TC seizure(s) during pregnancy; n (%) 12 (13) 8(12) 4(4) 1(1) NA NA
AED polytherapy during pregnancy; n (%) 21(17) 43 (19) NA NA NA NA
AED monotherapy during pregnancy; n (%) |98 (81) 182 (81) NA NA NA NA
Plasma AED (pumol/L)"; median (range) 33.3 (258) 36.4 (186) NA NA NA NA
Valproate use; n (%) 23 (19) 36 (16) NA NA NA NA
Carbamazepine use; n (%) 33(27) 60 (27) NA NA NA NA
Lamotrigine use; n (%) 55 (46) 90 (40) NA NA NA NA
Levetiracetam use; n (%) 11 (9) 25 (11) NA NA NA NA
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Topiramate use; n (%) 7 (6) 13 (6) NA NA NA NA
Oxcarbazepine use; n (%) 4(3) 19 (8) NA NA NA NA
Language impairment age 1.5 years' 20 (18)* 23 (22)*** 13 (11) 11 (8) 4201 (11) 3695 (10)~
Language impairment age 3 years’ 16 (16)*** 6 (8) 8(7) 6 (7) 2368 (7) 1814 (8)™™

AED = antiepileptic drug. BMI = Body Mass Index. TC seizure(s) = Tonic-clonic seizure(s). ASQ= the Ages and Stages Questionnaires. N
may vary slightly within the groups due to missing data. Chi-square test for independence or Fisher’s exact test was used for categorical
variables, Mann-Whitney U test for continuous variables due to violation of the assumption of normal distribution

* AED-exposed children of mothers with epilepsy compared to children of mothers without epilepsy stratified for completed questionnaire,
*p<0.05 ** p<0.01 *** p<0.001

# AED-unexposed children of mothers with epilepsy compared to children of mothers without epilepsy stratified for completed questionnaire,
#p<0.05 # p<0.01 ** p<0.001

" Children who responded to the questionnaires compared to children who did not respond in each of the three groups, “p<0.05 ™ p<0.01

020,001

Calculated from the ultrasonographic measurements performed at 18-19 weeks of gestation. When ultrasound data were unavailable,
gestational age was estimated on basis of the first day of the last menstrual period ® Number of all pregnancies >21 gestation weeks including
the current pregnancy. Maximum value is 5, representing parity of 5 or more © Folic acid supplement use four weeks before pregnancy and/or
during the first trimester ¢ 9 or less years of schooling ¢ <400 000 NOK (equals approximately 41,000 EUR) annually  Alcohol consumption
>1 time per month £ Mean score >1.75 on the Hopkins symptom check list in gestational week 17-19 ' Median of standardized concentration
(see text) in maternal plasma at gestational week 17-19 and umbilical cord blood ' Defined as children who score 1.5 standard deviations or
more below the mean score of the 3-item version of the communication scale from the Ages and Stages Questionnaires (ASQ) at age 1.5 years
I Defined as children who score 1.5 standard deviations or more below the mean score of the 6-item version of the communication scale from
the Ages and Stages Questionnaires (ASQ) at age 3 years and/or are talking in two- to three-word phrases or less (expressive language
impairment) at age 3 years
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Table e-4: Overview of antiepileptic drug (AED) exposure in utero

Overview of antiepileptic drug (AED) exposure in utero in the total study population and at

age 5 and 8 years, respectively.

Type of antiepileptic drug

Total study
population
n = 346

Age 5 years
n=117

Age 8 years
n=120

AED monotherapy

280

91

97

AED polytherapy

64

26

21

AED drug regime unspecified

0

2

Lamotrigine monotherapy

39

41

Carbamazepine monotherapy

17

23

Valproate monotherapy

14

16

Levetiracetam monotherapy

o

[=)}

Topiramate monotherapy

Oxcarbazepine monotherapy

Clonazepam monotherapy

Phenytoin monotherapy

Phenobarbital monotherapy

Gapapentin monotherapy

Primidone monotherapy

Clobazam monotherapy

— = |o=—|w|—|~

—_= = o=~

Valproate + lamotrigine

Valproate + carbamazepine

Valproate + oxcarbazepine

Valproate + clonazepam

Valproate + vigabatrine

Valproate + levetiracetam + topiramate

Valproate + lamotrigine + ethosuximide

Valproate + lamotrigine + levetiracetam

Lamotrigine + levetiracetam

Lamotrigine + carbamazepine

Lamotrigine + oxcarbazepine

Lamotrigine + clonazepam

Lamotrigine + gabapentin

Lamotrigine + topiramate

Lamotrigine + levetiracetam + clonazepam

Lamotrigine + levetiracetam + clobazam

=== NN n|— =~ — W~

= OO |= = |NWIN|—|Olo|—|C|lo|o|w

= =l L =1 Ll fo ) (=) (el el E Lol Rl oy [l B S

Lamotrigine + levetiracetam +
oxcarbazepine

Levetiracetam + carbamazepine

Levetiracetam + oxcarbazepine

Wik N

—lw] N

—iN| ©

Levetiracetam + oxcarbazepine +
pregabalin

—_

—_

Topiramate + oxcarbazepine

Topiramate + carbamazepine

Topiramate + clonazepam

Carbamazepine + gabapentin

Carbamazepine + phenytoin

Carbamazepine + clonazepam

Oxcarbazepine + clonazepam

Oxcarbazepine + vigabatrin

Primidone + phenytoin

UG UG UG VN U Uiy Y Y 'S

SO |~ |CC|Io|D(N|—

(=} =) (=) e} {w) (e [l | (S ) [ I )
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Table e-5: Supplement to figure 2. The correlation between plasma antiepileptic drug
(AED) concentrations and language score at age 5 and 8 years

The correlation between plasma antiepileptic drug (AED) concentrations (pmol/l) from
maternal blood samples (gestational week 17-19) and umbilical cord samples, and language

score at age 5 and 8 years. Significant results are highlighted and presented as scatter plots.

AED concentration (umol/) el v, vkl Bl B o seore®
n 19 19 19 27
Carbamazepine (maternal) r value 0.39 -0.47 0.06 -0.09
p value 0.10 0.04* 0.81 0.64
) N n 17 17 17 26
ccjrrs’)amazep‘“e (umbilical "/ e 0.33 031 0.45 0.13
p value 0.19 0.23 0.07 0.53
n 0 0 0 1
Oxcarbazepine (maternal)? r value NA NA NA NA
p value NA NA NA NA
. - n 0 0 0 1
i)o);((:ia)ul’bazeplne (umbilical value NA NA NA NA
p value NA NA NA NA
n 33 33 33 32
Lamotrigine (maternal) r value -0.06 -0.05 -0.16 -0.23
p value 0.76 0.80 0.38 0.21
n 30 31 31 33
Lamotrigine (umbilical cord) r value -0.11 0.23 -0.16 0.05
p value 0.56 0.22 0.39 0.79
n 15 15 15 9
Levetiracetam (maternal) r value 0.16 0.01 0.29 0.00
p value 0.57 0.99 0.29 1.00
' N n 10 10 10 8
g(fr"(f)“racetam (umbilical r value -0.04 0.23 0.06 0.24
p value 0.92 0.52 0.87 0.56
n 9 9 8 13
Valproate (maternal) r value -0.77* 0.82%* -0.52 0.11
p value 0.02* 0.01% 0.18 0.71
n 10 10 10 12
Valproate (umbilical cord) r value -0.06 0.50 -0.60 -0.06
p value 0.88 0.14 0.07 0.85
Topiramate (maternal) n 6 6 6 4
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r value 0.00 -0.77 -0.46 0.21
p value 1.00 0.08 0.35 0.79
n 5 5 5 3
Topiramate (umbilical cord) r value 0.27 -0.81 0.58 -0.87
p value 0.66 0.10 0.31 0.33
n 87 88 87 91
Standardized AED rvalue -0.04 0.13 -0.14 0.13
p value 0.73 0.22 0.21 0.22

AED = Antiepileptic drug. r value is Spearman’s rho due to violation of the assumption of normal distribution. *p-values

<0.05

2 The Ages and Stages Questionnaires score (0-70 points). A low score indicates language impairment ® The Twenty
Statements about Language-related Difficulties score (0-100 points total score, 0-40 points semantic subscale). A high score
indicates language impairment ¢ Composite scale mean score (1-5 points) from the Speech and Language Assessment Scale
(SLAS). Score below 3 points indicates language impairment ¢ Measured as the active monohydroxyderivative metabolite

E

70
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Language abilities age 5 years based on ASQ
score - higher score is better
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50

150
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Maternal plasma valproate concentration (umol/l)
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Table e-6: Language impairment stratified for periconceptional folic acid supplement

use

Language impairment at age 5 and 8 years in AED-exposed and -unexposed children of

mothers with epilepsy compared to children of mothers without epilepsy stratified for

periconceptional folic acid supplement use (yes, no).

AED-exposed children of mothers
with epilepsy

AED-unexposed children of
mothers with epilepsy

Children of mothers without epilepsy
n (%)

n (%) n (%)
Periconceptional folic acid® Periconceptional folic acid® Periconceptional folic acid®
YES NO YES NO YES NO
Ig*;‘ﬁ‘rlsagge impairment | »o 108 (27) | 5 of 8 (63)** 320122 (26) | 70f27 (26) | 7510 0f 34,697 (22) | 1422 of 6096 (23)*
Language impairment | 7 (r99 (27)% | 11 0f21 (52)** | 200f 116 (25) | 6 of 34 (18) | 6445 0f 34,203 (19) | 1712 of 7926 (22

8 years®

AED = antiepileptic drug. Chi-square test for independence or Fisher’s exact test was used for categorical variables. * Delayed language
function in children of mothers with epilepsy compared to children of mothers without epilepsy, * p<0.05 ** p<0.01 *** p<0.001 “ Delayed
language function in children of mothers with no periconceptional folic acid supplement use compared to children of mothers with
periconceptional folic acid supplement use within each of the three groups (stratified for maternal epilepsy and AED exposure), * p<0.05 ™

p<0.01 " p<0.001

@ Maternal folic acid supplement use four weeks before pregnancy and/or during the first trimester ® Language impairment at age 5 years
according to the Ages and Stages Questionnaires (ASQ) or the Speech and Language Assessment Scale (SLAS) or the Twenty Statements
about Language-related Difficulties (Language 20) ¢ Language impairment at age 8 years according to the Twenty Statements about
Language-related Difficulties (Language 20) semantic subscale
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Figure e-1: Direct acyclic graph (DAG)

Direct acyclic graph (DAG) of the relationship between antiepileptic drug (AED) exposure in
utero and language impairment in the child. The graph illustrates hypothesized causal
pathways (green arrows) with variables acting as possible intermediate variables or
mediators, and biased pathways (pink and black arrows) with confounding variables.
Variables in the biased pathways except male offspring have been adjusted for in the logistic

regression analysis.

Maternal alcohol use during pregnancy

Low total household income Maternal smoking during pregnancy
Maternal depression/anxiety during pregnancy

’\b Gestational age at birth
Maternal prepregnancy BMI .

Low Apgar score 5 minutes after birth

A
Maternal low education

)
Single mother AED exposure in utero

Maternal age

Male offspring

Doctor's prescription of AED

Low pregnancy folic acid

Maternal epilepsy type
Never/seldom reads to the child

Unplanned pregnancy

Language delay in the child

Familial language delay

Parity
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Figure e-2: Trajectories of language impairment in children aged 1.5-8 years
Trajectories of language impairment in children aged 1.5-8 years. AED yes = AED-exposed
children of mothers with epilepsy, AED no = AED-unexposed children of mothers with

epilepsy, no epilepsy = children of mothers without epilepsy.

1.5-3 years AED yes AED no No epilepsy
Language impairment 54 of 235 (23%) 37 of 286 (13%) 10,505 of 79,988 (13%)
Resolved . _ —
by 5-8 years age 15 of 54 (28%) +— 11 of 37 (30%) <+ 3170 of 10,505 (30%) <+
Missing 17 of 54 (31%) +—i 11 of 37 (30%) = 3577 of 10,505 (34%) +—
5-8 years age

v \ Z
Continued 22 of 54 (41%) 15 of 37 (40%) 3758 of 10,505 (36%)
impairment
Acquired after — > —
1.5-3 years age 31 of 57 (54%) =—— 47 of 66 (71%) = 9728 of 14,392 (68%) ——
Missing — — —
1.5-3 years age 4 of 57 (7%) 4 of 66 (6%) — 906 of 14,392(6%) ==

v 4 v
5-8 years
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Summary

Objective: Antiseizure medication (ASM) use interacts with vitamin B status in
nonpregnant epilepsy populations. We aimed to examine the association between
ASM and vitamin B status in pregnant women with epilepsy.

Methods: We performed a cross-sectional study of pregnancies in women with
epilepsy enrolled in the Norwegian Mother, Father and Child Cohort Study from
1999 to 2008. Data on ASM and vitamin supplement use were collected from ques-
tionnaires. We analyzed maternal plasma concentrations of ASM and metabolites
of folate, including unmetabolized folic acid (UMFA), riboflavin (vitamin B2),
pyridoxine (vitamin B6), and niacin (vitamin B3) during gestational weeks 17-19.
Results: We included 227 singleton pregnancies exposed to ASM with available
plasma samples (median maternal age 29 years, range 18 to 41 years). From the
preconception period to gestational week 20, any supplement of folic acid was re-
ported in 208 of pregnancies (94%), riboflavin in 72 (33%), pyridoxine in 77 (35%),
and niacin in 45 (20%). High ASM concentrations correlated with high concen-
trations of UMFA and inactive folate metabolites, and with low concentrations of
riboflavin and metabolically active pyridoxine. There was no association between
ASM and niacin status.

Significance: ASM concentrations during pregnancy were associated with vita-
min B status in pregnant women with epilepsy. Additional studies are needed to
determine the clinical impact of these findings, and to define the optimal vitamin
doses that should be recommended to improve pregnancy outcomes.
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This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and reproduction in any
medium, provided the original work is properly cited and is not used for commercial purposes.
© 2021 The Authors. Epilepsia published by Wiley Periodicals LLC on behalf of International League Against Epilepsy

2968 wileyonlinelibrary.com/journal/epi

Epilepsia. 2021;62:2968-2980.



HUSEBYE ET AL.

1 | INTRODUCTION
Exposure to antiseizure medication (ASM) during preg-
nancy is associated with an increased risk of congenital
malformations and adverse neurodevelopment in the
children.™ Several ASMs interact with folate metabolism
and reduce folate concentrations,”™® adding to the folate-
lowering effect of pregnancy itself.” Chronic ASM use has
been associated with increased folate catabolism.' Studies
examining the interplay between folate metabolism and
ASM use are needed in pregnant women. Women with
epilepsy using ASMs are often recommended a high dose
of folic acid supplement during pregnancy."*!! Studies
of nonepilepsy populations show that excessive folic acid
supplementation results in plasma accumulation of un-
metabolized folic acid (UMFA).'*'* The safety of high
supplement doses has been questioned,>™* as studies in
women without epilepsy have reported negative effects of
high UMFA concentrations on neurodevelopment.'*
In nonpregnant epilepsy populations, there is an asso-
ciation between chronic ASM use and low concentrations
of non-folate B vitamins such as riboflavin (vitamin B2)
and pyridoxine (vitamin B6).>”"!® Riboflavin and pyri-
doxine act in close interaction with folate in one-carbon
metabolism, representing metabolic pathways funda-
mental for normal fetal development.”'® Niacin (vitamin
B3) plays a key role in neuronal development and sur-
vival.? The association between ASM use and vitamin
B status in pregnant women with epilepsy has not been
examined in detail. One study reported an association be-
tween low folate concentrations and ASM polytherapy,
and also with high phenytoin and phenobarbital concen-
trations.”! Another study reported low concentrations of
active folate metabolite during lamotrigine treatment.”
In this study, we aimed to examine the association be-
tween various ASM concentrations and vitamin B status
during pregnancy in women with epilepsy. Such studies
contribute important knowledge to aid decisions on rec-
ommendations for vitamin supplements in pregnancy for
women with epilepsy using ASM.

2 | MATERIAL AND METHODS

2.1 | Study population

The study population included singleton pregnancies of
women with epilepsy using ASM with available plasma
samples enrolled in the Norwegian Mother, Father and
Child Cohort Study (MoBa). MoBa is a population-based
pregnancy cohort study conducted by the Norwegian
Institute of Public Health and linked to the compulsory
Medical Birth Registry of Norway (MBRN).” During the

Epilepsia>*

Key point

« Antiseizure medication (ASM) use is associated
with low concentrations of folate and other B
vitamins in nonpregnant epilepsy populations
High ASM concentrations correlated with high
concentrations of unmetabolized folic acid in
pregnant women with epilepsy

High ASM concentrations correlated with high
concentrations of inactive folate metabolites in
pregnant women with epilepsy

High ASM concentrations correlated with both
low riboflavin and pyridoxine status in preg-
nant women with epilepsy

years 1999-2008, pregnant women were invited to par-
ticipate in gestational weeks 17-19. The participation rate
was 41%. Women answered questionnaires in gestational
weeks 17-19 and 30 on medication use, vitamin use, social
and medical background, and parameters related to cur-
rent and previous pregnancies.”* A maternal blood sample
was collected during gestational weeks 17-19.%* The cur-
rent study is based on version 10 of the quality-assured
MoBa data files.

We identified women with epilepsy based on self-
reported information in the MoBa questionnaires and
from diagnostic data registered by the primary care physi-
cian or midwife in the MBRN. The MoBa epilepsy cohort
has been described elsewhere.”*” We collected informa-
tion on ASM use from the two pregnancy questionnaires,
and from the MBRN.* Response rates were 97% for the
first questionnaire in gestational weeks 17-19, and 89%
for the second in gestational week 30. The epilepsy cohort
in MoBa has been validated by a retrospective survey (50%
response rate), and in a hospital record examination of a
subcohort (n = 40).% The validity was high, as 98% of the
women who reported a diagnosis of epilepsy in MoBa con-
firmed this in the retrospective survey.> There was 100%
agreement between the reported ASM use in MoBa and
ASM use registered in the hospital records.?

2.2 | Vitamin supplement use

We obtained information on type, timing, and frequency
of vitamin supplement use in the questionnaires from ges-
tational weeks 17-19 and 30. The mothers reported on use
of folic acid, riboflavin, pyridoxine, and niacin during the
following gestational week intervals, with week 0 starting
with the first day of the last menstrual period: —4 to 0, 04,
5-8, 9-12, 13+ (first questionnaire) and for gestational
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weeks 13-16, 17-20, 21-24, 25-28, and 29+ (second ques-
tionnaire). Intake was reported as either daily, 4-6 times
per week, or 1-3 times per week. Maternal intake of sup-
plements in the first and second trimester has been asso-
ciated previously with plasma concentrations in samples
collected during gestational weeks 17-19.%%° We defined
supplement use as any use of a supplement during gesta-
tional weeks —4 to 20.

We collected information on folic acid dose from 97
of 227 pregnancies (43%) with data from the retrospec-
tive validation questionnaire,25 as this information was
not included in the ordinary MoBa questionnaires. The
women reported a folic acid dose of 0.4 mg, 1-2 mg, or
>4 mg during gestational weeks —4 to 24. We grouped the
pregnancies according to the highest reported dose during
this period: low-dose folic acid (0.4-2 mg) and high-dose
folic acid (>4 mg).

2.3 | Plasma ASM concentrations

We analyzed plasma concentrations of valproate, carba-
mazepine, lamotrigine, levetiracetam, topiramate, and
the oxcarbazepine monohydroxyderivative metabolite.?®
Standardized ASM concentrations were calculated by
normalizing the plasma concentrations to the concen-
tration range observed for that drug in the present study
according to the formula 100 x (observed concentration
— minimum concentration measured for that drug) / con-
centration range measured for that drug.*** For ASM pol-
ytherapy, the sum of all standardized ASM concentrations
was given.

2.4 | Vitamin and metabolite
concentrations

We analyzed plasma vitamin and metabolite concentra-
tions at Bevital Laboratory, Bergen (www.bevital.no).
We examined folate status by analyzing the biologically
active 5-methyltetrahydrofolate (mTHF) metabolite, the
mTHF-derived 4-alfa-hydroxy-5-methyltetrahydrofolate
(hmTHF) metabolite, and the inactive metabolites para-
aminobenzoylglutamate (pABG) and acetamidobenzoyl-
glutamate (apABG),* as well as unmetabolized folic acid
(UMFA).*! UMFA values below the limit of quantifica-
tion (LOQ, 0.53 nmol/L)*" were reported as 0.0 nmol/L.
Metabolically active folate concentration was given as the
sum of mTHF and hmTHF (“folate”).?*3'73% We calcu-
lated the ratio between the active (mTHF plus hmTHF)
and inactive (pABG plus apABG) folate metabolites and
used a low ratio as a marker of increased folate catabo-
lism. We also calculated the ratio between UMFA and

metabolically active folate to better separate the effect of
UMFA from the effect of folate.***

We analyzed plasma riboflavin to examine riboflavin
status.®> We examined pyridoxine status by analyzing
metabolically active pyridoxine (pyridoxal-5-phosphate
[PLP]) and a functional marker of pyridoxine status, HKr,
described in detail elsewhere.’>*” High HKr indicates low
pyridoxine status.’” We analyzed plasma nicotinamide to
examine niacin status.*

2.5 | Statistical analysis

We used IBM SPSS Software version 25 for the sta-
tistical analyses. We categorized the pregnancies ac-
cording to ASM monotherapy and ASM polytherapy.
Pregnancies where none of the reported ASMs could
be detected were categorized into a separate group of
suspected low ASM adherence pregnancies. We re-
corded relevant covariates from the questionnaire in
gestational weeks 17-19, and from the MBRN strati-
fied for ASM group®®?’: maternal age, parity, maternal
education, maternal prepregnancy body mass index
(BMI), smoking during pregnancy, unplanned preg-
nancy, epileptic seizures during pregnancy, and tonic-
clonic (TC) epileptic seizures during pregnancy. For
continuous variables, we reported median values with
range. We analyzed vitamin and metabolite concentra-
tions stratified for ASM group and vitamin supplement
use, and folate status stratified for ASM group and folic
acid dose. Two-sided p-values <0.05 were considered
statistically significant. The different ASM groups were
compared with the nonparametric Kruskal-Wallis test,
due to violation of the assumption of normal distribu-
tion and low number of pregnancies in each group.
Adjustment for multiple testing was done by multiply-
ing the observed p-value by the number of compari-
sons made (Dunn-Bonferroni post hoc method). This
Bonferroni corrected p-value was considered statisti-
cally significant when <0.05. We used Mann-Whitney
U test to compare vitamin and metabolite concentra-
tions between supplemented and nonsupplemented
pregnancies and between high-dose and low-dose folic
acid supplement, stratified for ASM group. We exam-
ined the associations between ASM concentrations and
vitamin and metabolite concentrations in a nonpara-
metric correlation analysis (Spearman rank correla-
tion). We performed sensitivity analyses by excluding
supplement users from the correlation analyses for
riboflavin, niacin, and pyridoxine. For folate status,
high-dose folic acid supplement users were excluded,
because exclusion of nonsupplemented folic acid preg-
nancies (n = 13) was not meaningful.
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2.6 | Standard protocol approvals,
registrations, and patient consents

The establishment of MoBa and initial data collection were
based on a license from The Norwegian Data Protection
Agency and approval from The Regional Committee for
Medical Research Ethics. The MoBa cohort is regulated
by the Norwegian Health Registry Act. All parents in
MoBa have given written consent to participate. The cur-
rent study was approved by The Regional Committee for
Medical Research Ethics (reference 2011/1616).

3 | RESULTS

We identified 227 singleton pregnancies in 203 mothers
with epilepsy who had available plasma samples from ges-
tational weeks 17-19 (Figure 1 and Table 1). The mothers
used ASM monotherapy in 183 pregnancies and ASM pol-
ytherapy in 44 pregnancies (Table S1). The reported ASM
used during pregnancy was detected in 199 pregnancies
(88%) (Table S1). We studied eight ASM groups: six mono-
therapy groups with the reported ASM detected in plasma
for valproate (n = 24), lamotrigine (n = 65), carbamaz-
epine (n = 48), levetiracetam (n = 11), topiramate (n = 8),
and oxcarbazepine (n = 5); one polytherapy group with
at least one of the reported ASMs detected in plasma (n
= 40); and one low-adherence group with none of the re-
ported ASMs detected in plasma (n = 26) (Table 1). Most
women in the latter group admitted low adherence, be-
cause only 25% reported regular ASM intake in gestational
week 13+ in the first questionnaire, compared to 78%-90%
in the other ASM groups.

In 221 pregnancies with available supplement data,
the women reported any folic acid supplement use in 208
(94%), riboflavin supplement in 72 (33%), niacin in 45
(20%), and pyridoxine in 77 pregnancies (35%) (Table 1).
Intake was reported as >4-6 times per week or daily in
>90% of the pregnancies for all supplements.

Among the included pregnancies from the retrospec-
tive validation survey, 76 (33%) had precise information
on folic acid dose from gestational weeks —4 to 24. High-
dose folic acid (>4 mg) was reported in 39 pregnancies,
and low-dose (0.4-2 mg) was reported in 37 pregnancies.

3.1 | Folate status and association with
ASM concentrations

High ASM concentrations correlated with high concentra-
tions of UMFA and inactive folate metabolites, and with
a low ratio between active and inactive folate metabolites
(Figure 2 and Table S2).

Epilepsia

719 pregnancies with epilepsy in MoBa
620 mothers
734 children

!

341 pregnancies with ASM use
297 mothers
346 children

!

Plasma analysis from 227 pregnancies
203 mothers
227 children

FIGURE 1 Flow chart of excluded and included cases.
The flow chart shows excluded and included cases. MoBa,
The Norwegian Mother, Father and Child Cohort Study; ASM,
antiseizure medication.

The low-adherence group had the lowest folate con-
centrations; otherwise there were few differences in folate
between the different ASM (Table 2). The UMFA concen-
trations were higher in mothers using valproate, lamo-
trigine, carbamazepine, or ASM polytherapy, respectively,
compared to the low-adherence group (Table 2). The con-
centrations of the inactive folate metabolites and ratio
between active and inactive folate metabolites differed
between individual ASMs (Table 2). The concentrations
of inactive folate metabolites were higher in ASM poly-
therapy users compared to lamotrigine users, levetirace-
tam users, and the low-adherence group, and in valproate
users compared to the low-adherence group and levetirac-
etam users (Table 2). Mothers using levetiracetam had the
highest ratio between active and inactive folate metabo-
lites (Table 2). Women using carbamazepine monotherapy
or ASM polytherapy had a lower ratio between active and
inactive folate metabolites compared to mothers using la-
motrigine (Table 2).

In particular, high valproate concentrations cor-
related with high concentrations of inactive folate
(Figure 3 and Table S2). The correlation strength re-
mained unchanged after removing high-dose folic acid
users (Table S2). High topiramate concentrations cor-
related with high UMFA concentrations, but the cor-
relation strength was reduced after removal of high-dose
supplement users (Table S2).

High-dose folic acid supplement users had higher
folate and UMFA concentrations compared to low-dose
users (Figure S1). High folate concentrations correlated
with high UMFA concentrations (Figure S1). High-dose
users did not differ in ASM concentrations compared
to low-dose users (data not shown). After stratification
for ASM group, the concentrations of the different fo-
late metabolites in high-dose users compared to low-
dose users were essentially the same across ASM groups
(Figure S2).
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FIGURE 2 Correlation between maternal standardized antiseizure medication (ASM) concentrations and concentrations of vitamin B
metabolites. The figure shows the correlation between standardized ASM and vitamin B metabolite concentrations. Blue dots represent no
supplement or no or unknown folic acid supplement dose; red dots represent supplemented pregnancies or high-dose folic acid supplement.
ASM, antiseizure medication. UMFA, unmetabolized folic acid; HKr, marker of pyridoxine deficiency; r, Spearman'’s rho; p, p-value.

3.2 | Riboflavin status and association
with ASM concentrations

High ASM and high lamotrigine concentrations corre-
lated with low concentrations of riboflavin (Figure 2 and
Table S2). We observed minor changes in the correlation
coefficients after removal of supplement users (Table S2).
The riboflavin concentration did not differ between indi-
vidual ASMs (Table 2 and Table 3).

3.3 | Pyridoxine status and association
with ASM concentrations

High concentrations of ASM correlated with low con-
centrations of metabolically active pyridoxine, and
with a high value for the marker of low pyridoxine sta-
tus (HKr) (Figure 2 and Table S2). Removal of pyridox-
ine supplement users only slightly reduced the strength
of the correlations (Table S2). The metabolically active
pyridoxine concentration did not differ between indi-
vidual ASMs (Table 2), but between supplement users
and nonusers (Table 3). However, for individual ASMs,
high valproate concentrations correlated with high
HKr (Figure 3 and Table S2). In this group, the HKr
was higher than in the other ASM groups (Table 2), par-
ticularly in those without pyridoxine supplement use
(Table 3).

3.4 | Niacin status and association with
ASM concentrations

We found no correlation between concentrations of ASM
and nicotinamide (Table S2). The nicotinamide concen-
trations did not differ between different ASM groups
(Table 2 and Table 3).

4 | DISCUSSION

In this cohort of pregnant women with epilepsy using
ASMs, we found an association between plasma ASM
concentrations and folate, riboflavin, and pyridoxine sta-
tus, all of them part of one-carbon metabolism. High ASM
concentrations were associated with high concentrations
of inactive folate metabolites and UMFA, and with low
concentrations of riboflavin and metabolically active pyri-
doxine. The associations were present even though many
women used various types of vitamin B supplements dur-
ing pregnancy.

The median folate concentration was lowest in the
group with low adherence to ASM therapy and probably
also to folic acid supplement use. Low folate concentra-
tions during valproate, carbamazepine, oxcarbazepine,
topiramate,""7 and lamotrigine treatment® have been re-
ported in nonpregnant epilepsy populations compared to
controls without ASM use. Folic acid supplement use in
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pregnancy has been associated with a higher IQ in chil-
dren of mothers taking lamotrigine or carbamazepine
treatment particularly.*** In a study of pregnant women
with epilepsy and levetiracetam or lamotrigine treatment,
low concentrations of biologically active folate (mTHF)
were found with lamotrigine, but folic acid supplement
status was not reported.”? Lamotrigine use was further-
more associated with changes in one-carbon metabo-
lism, with altered pathways involving folate, purine, and
sulfur amino acid metabolism.** Associations between
ASM polytherapy and low folate concentrations, and high
phenytoin and phenobarbital concentrations and low fo-
late concentrations have been reported in another study
in pregnant women with epilepsy.*! Possibly, lamotrigine
and carbamazepine particularly influence one-carbon
metabolism in pregnancy, but concentrations of folate
were not clearly different between the ASM groups in our
study. Longitudinal studies with multiple sampling before
and during pregnancy, and with different folic acid substi-
tution regimens, are needed to fully understand the inter-
play between ASM, plasma folate status, and supplement
use during pregnancy.

‘We found higher concentrations of inactive folate me-
tabolites and a lower ratio between active and inactive
folate metabolites in women using valproate, carbamaz-
epine, and ASM polytherapy, compared to several of the
other ASM groups. Chronic high-dose folic acid supple-
ment use could partly explain higher concentrations of
inactive folate metabolites, probably inducing an increase
in folate catabolism. However, both high-dose use and any
use of folic acid supplement were widespread across the
ASM groups. Furthermore, there were no differences in
ASM concentrations among high-dose users compared to
low-dose users. Supplement use could therefore not fully
explain the correlation between high ASM concentrations
and high inactive folate metabolites. It is possible that val-
proate, carbamazepine, and ASM polytherapy use increase
folate catabolism to a larger degree than other ASMs. In
addition to ASMs, also pregnancy itself and chronic folic
acid supplementation may influence folate catabolism."

High-dose folic acid supplement users had high con-
centrations of UMFA. However, studies in both non-
pregnant®® and pregnant***! women from the general
population found that the UMFA concentration does not
depend solely on the intake of folic acid, and suggested
that there are mechanisms by which the body adapts to
high supplement intake, thus limiting high plasma con-
centrations of UMFA. High ASM concentrations cor-
related with high UMFA concentrations in our study, and
this indicates that these mechanisms may be influenced
by ASM use. The optimal folic acid dose for women with
epilepsy is not known,** and the safety of high supple-
ment doses has been questioned.’*™> Animal studies have

Epilepsia”

reported adverse effects of high UMFA concentrations on
genetic programming and neuronal development.'*'* One
study found an association between higher concentrations
of cord blood UMFA and increased risk of autism spec-
trum disorder in some population groups in the United
States.'® The large range and high maximum UMFA con-
centrations in this study may point to a closer monitoring
of folate status during pregnancy in women with epilepsy
on ASMs in order to avoid unnecessary high folic acid
doses.

We found an association between high ASM concentra-
tions and low riboflavin and pyridoxine status. The find-
ings persisted after excluding women with supplement
use of these vitamins in a sensitivity analysis. Low ribo-
flavin concentrations have been reported in patients using
carbamazepine, phenobarbital, phenytoin, and primidone
in nonpregnant epilepsy populations.’® Low pyridoxine
concentrations during ASM use have also been reported,
but less consistently.>'®* Few studies have examined the
association between ASM and nonfolate B vitamins in
pregnant women with epilepsy. Adequate riboflavin and
pyridoxine status is important for optimal folate meta-
bolic function in one-carbon metabolism, and for normal
fetal brain development during pregnancy.19 We found no
association between ASM and niacin status, the only vi-
tamin in our study not participating in one-carbon metab-
olism.'® Our findings show an association between ASM
and riboflavin and pyridoxine status. The benefit of multi-
vitamin B supplements in women with epilepsy planning
and undergoing pregnancy should be further investigated.

Strengths of our study include a validated epilepsy di-
agnosis, prospectively collected data on supplement use,
and analyses of plasma ASMs and vitamin and metabolite
concentrations in a large sample of pregnancies. Women
with epilepsy in MoBa are representative of women with
epilepsy in Norway.”> Multivitamin and folic acid sup-
plement users are overrepresented in MoBa, whereas
smokers are underrepresented.44 Hence, we assume that
women included in this study had a healthier lifestyle
than women refusing inclusion, and a better vitamin B
status. This would bias our results towards the null.
Limitations of the study include plasma concentrations
being measured only once during the pregnancy in the
second trimester, a limited numbers of pregnancies in the
ASM groups with the exception of valproate, lamotrigine,
and carbamazepine, and self-reported information on vi-
tamin supplement use. Genetic factors influence vitamin
concentrations, but we did not have access to genetic in-
formation. We did not adjust for multiple pregnancies in
the same mother. Only 22 mothers contributed with more
than one pregnancy. The variance in vitamin and metabo-
lite concentrations explained by ASM concentrations was
low in some of our analyses, illustrating that factors other
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than ASM treatment also influence the vitamin status
during pregnancy. We presented standardized maternal
ASM concentrations in addition to the individual ASM
concentrations. By using relative plasma concentrations,
we adjusted for differences in pharmacokinetics between
the ASMs. Even though different ASMs have different
pharmacological mechanisms, the majority of the ASMs
have been associated with low folate status and their di-
rect mechanism of action related to vitamin B status could
share common pathways.”® The folic acid dose data were
collected retrospectively and were not available for the en-
tire cohort.

In conclusion, we found important associations be-
tween plasma ASM concentrations and maternal folate
status in pregnant women with epilepsy. Interactions be-
tween ASM and folate metabolic pathways, the pregnancy
itself, and use of high folic acid doses may explain these
findings. Furthermore, we found an association between
ASM concentrations and low riboflavin and pyridoxine
status. Optimal concentrations of both these vitamins are
required for normal folate metabolic functioning and are
thus essential for normal fetal development. Our find-
ings provide new information regarding the association
between ASM and vitamin B status during pregnancy.
Additional studies are needed to determine the clinical
impact of these findings, and to define the optimal vita-
min doses in pregnancy.
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Table S1: Antiseizure medication (ASM) overview

Overview of antiseizure medication (ASM) use (n = 227).

Number of
Antiseizure medication (ASM) Comments
pregnancies
24 pregnancies: ASM analyzed and detected, 8
Valproate monotherapy ) 32
pregnancies': ASM analyzed but not detected
o 65 pregnancies: ASM analyzed and detected, 6
Lamotrigine monotherapy ) 71
pregnancies': ASM analyzed but not detected
) 48 pregnancies: ASM analyzed and detected, 4
Carbamazepine monotherapy ) 52
pregnancies': ASM analyzed but not detected
) 11 pregnancies: ASM analyzed and detected, 2
Levetiracetam monotherapy ) 13
pregnancies': ASM analyzed but not detected
) 8 pregnancies: ASM analyzed and detected, 2 pregnancies':
Topiramate monotherapy 10
ASM analyzed but not detected
Oxcarbazepine monotherapy ASM analyzed and detected 5
6 pregnancies: all ASMs analyzed and detected, 2
Polytherapy including valproate pregnancies: some of the ASMs analyzed and detected, 3 11
pregnancies': none of the ASMs detected
) ) o 8 pregnancies: all ASMs analyzed and detected, 10
Polytherapy including lamotrigine ) 18
pregnancies: some of the ASMs analyzed and detected
2 pregnancies: all ASMs analyzed and detected, 2
Polytherapy including levetiracetam pregnancies: some of the ASMs analyzed and detected, 1 5
pregnancy': none of the ASMs detected
) ) ) 1 pregnancy: all ASMs analyzed and detected, 4
Polytherapy including topiramate ) 5
pregnancies: some of the ASMs analyzed and detected
) 3 pregnancies: some of the ASMs analyzed and detected, 2
Polytherapy with other ASMs 5

pregnancies: none of the ASMs were analyzed

! Pregnancies included in the low-adherence group (n = 26)
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Figure S2: Maternal folate status stratified for antiseizure medication (ASM) and use of high dose
(>4mg) and low dose (0.4-2 mg) folic acid supplement during gestational week -4 to 24

The figure shows median maternal folate concentration (A), ratio between active and inactive folate
metabolites (B), median unmetabolized folic acid (UMFA) concentration (C), and ratio between UMFA and
folate (D) stratified for folic acid dose and ASM treatment. There were no significant differences in folate and
folate metabolite concentrations between ASM groups stratified for folic acid dose (Kruskal-Wallis Test), or
between high dose and low dose stratified for ASM group (Mann-Whitney U Test). VPA = valproate. LTG =
lamotrigine. LTA = levetiracetam. TPX = topiramate. OXC = oxcarbazepine. POLY = polytherapy. LOW-AD

= low-adherence group.
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