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Abstract

Objectives—To evaluate adaptive behavior outcomes of children prenatally exposed to
lamotrigine, valproate, or carbamazepine, and to determine if these outcomes were dose-
dependent.

Methods—Data were collected from women enrolled in the North American Anti-epileptic Drug
(AED) Pregnancy Registry who had taken lamotrigine, valproate, or carbamazepine
monotherapies throughout pregnancy to suppress seizures. The adaptive behavior of 252 exposed
children (including 104 lamotrigine-exposed, 97 carbamazepine-exposed, and 51 valproate-
exposed), ages 3- to 6-years-old, was measured using the Vineland-11 Adaptive Behavior Scales,
administered to each mother by telephone. Mean Adaptive Behavior Composite (ABC), domain

standard scores for communication, daily living, socialization and motor skills, and adaptive levels
were analyzed and correlated with first trimester drug dose.

Results—After adjusting for maternal age, education, folate use, cigarette and alcohol exposure,
gestational age, and birth weight by propensity score analysis, the mean ABC score for valproate-
exposed children was 95.6 (95% CI [91, 101]), versus 100.8 (95% CI [98, 103]) and 103.5 (95%
CI [101, 106]) for carbamazepine- and lamotrigine-exposed children, respectively (ANOVA,;
p=0.017). Significant differences were observed among the three drug groups in the ABC
(p=0.017), socialization (p=0.026), and motor (p=0.018) domains, with a trend toward significance
in the communication domain (p=0.053). Valproate-exposed children scored lowest and
lamotrigine-exposed children scored highest in every category. Valproate-exposed children were
most likely to perform at a low or moderately low adaptive level in each category. Higher
valproate dose was associated with significantly lower ABC (p=0.020), socialization (p=0.009),
and motor (p=0.041) scores before adjusting for confounders. After adjusting for the above

Corresponding Author: Uma Deshmukh, uma.deshmukh@yale.edu.
Permanent address; 175 Cambridge St., 51" Floor, Boston, MA 02114



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Deshmukh et al. Page 2

variables, increasing VPA dose was associated with decreasing Vineland scores in all domains, but
the relationships were not statistically significant. No dose effect was observed for carbamazepine
or lamotrigine.

Conclusions—Unlike carbamazepine and lamotrigine, prenatal valproate exposure was
associated with adaptive behavior impairments with specific deficits in socialization and motor
function, along with a relative weakness in communication. Increasing valproate dose was
associated with a decline in adaptive functioning. This finding of a linear dose-dependent
teratogenic effect suggests that valproate should be avoided at any dose during pregnancy.
However, some women with epilepsy controlled only by valproate will decide, in consultation
with their provider, that the benefits of continuing valproate during pregnancy outweigh the fetal
risks. Faced with difficult choices, clinicians should be supportive as these patients consider their
options.
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1. Introduction

Fetal exposure to anti-epileptic drugs (AEDSs) carries elevated risk for birth defects [1], [2],
[31, [4], [5], [6], [7]. [8], and may be associated with cognitive dysfunction [9], [10], [11],
[12]. Valproate, especially, has been associated with lower 1Q [10], [13], [14], [15], [16],
[17], increased special education needs [18], behavioral problems [3], [18], [19], [20], and
increased risk of autism spectrum disorder [21], [22], [23], [24], when compared to several
other AEDs, namely phenytoin, carbamazepine, and lamotrigine.

Unfortunately, most studies investigating neurodevelopmental outcomes of exposed children
have relied on language testing and 1Q to assess cognitive function, while adaptive behavior
outcomes have been significantly less well-studied. Although 1Q tests measure general
intelligence, they neither assess functional abilities nor adaptive behaviors required for
independent daily living, such as socialization, communication, self-care, and motor skills.
Deficits in these areas have significant implications for long-term behavioral outcomes.
Impairments in socialization and communication, along with repetitive, stereotyped
behaviors, form the basis for diagnosis of autism spectrum disorder [25].

While studies have suggested that 1Q is a strong predictor of adaptive impairments for
individuals with cognitive disabilities, research has also shown that the gap between 1Q and
adaptive skills is greater among higher functioning individuals [26], [27]. In individuals with
autism spectrum disorder, severe social deficits have been observed even with relatively high
1Q [26], [27]. Thus, using IQ scores alone to evaluate neurodevelopmental outcomes for
children exposed to AEDs /n utero is not sufficient to identify those individuals with
adaptive behavior impairments despite high cognitive potential. As a result, information on
the long-term behavioral effects of prenatal AED exposure is lacking, and significant
limitations exist for physicians counseling women of childbearing age with epilepsy
(WWE). We present a cohort study to evaluate adaptive behavior outcomes among children
born to WWE who received one of three AED treatments as monotherapy during pregnancy.
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The a priori hypotheses were that prenatal exposure to carbamazepine (CBZ), lamotrigine
(LTG), or valproate (VPA) monotherapies would be associated with adaptive behavior
impairments, and that exposure to higher doses during the first trimester would be associated
with lower adaptive behavior levels.

2. Methods

2.1. Recruitment, Inclusion, and Exclusion Criteria

Recruitment letters were sent by mail to WWE who had prospectively enrolled in the North
American AED Pregnancy Registry (“the Registry”) while taking LTG, VPA, or CBZ as
monotherapy to suppress seizures throughout pregnancy, and whose exposed children were
3- to 6-years-old. The Registry’s methodology has been described previously [28]. Children
were excluded if they were exposed to other known teratogens, such as isotretinoin or
warfarin, or if the AED was not taken throughout pregnancy. Mothers were excluded if they
had mental illness or memory disorders, or if they refused to release medical records.

2.2. Study Procedures

Mothers were screened by telephone to determine eligibility and collect data on participant
characteristics and confounding variables. Data on each enrolled child’s development were
then collected from mothers by telephone, using the Vineland Adaptive Behavior Scales,
Second Edition (Vineland-1/) Survey Interview Form, a semi-structured interview designed
to assess a child’s self-sufficiency and adaptive functioning in the domains of
communication, daily living, socialization, and motor skills [29]. The four domains are
further divided into 11 subdomains, as shown in Table 1.

The subdomains yield v-scale scores that sum to yield the four domain composite scores,
which are then standardized (mean=100, SD=15), and summed to produce the global
Adaptive Behavior Composite (ABC) for individuals from birth through 6-years-old. The
ABC score provides the overall assessment of an individual’s adaptive functioning. Lower
Vineland scores indicate increased impairment in adaptive behavior. Standard scores can be
grouped into ranges representing high, moderately high, adequate, moderately low, and low
levels of adaptive functioning, based on the scores’ standard deviations from the expected
mean, as shown in Table 2.

The Vineland-1/ was standardized based on a national sample of over 3,000 individuals
selected to match U.S. Census data. Standard scores and adaptive behavior levels are
measured relative to a non-clinical, age-matched reference group. The ABC and domain
standard scores were the primary and secondary outcome variables. Adaptive levels and
subdomains were then examined for a more nuanced analysis of differences in adaptive
functioning among the three exposure groups.

Interviews took 60-90 minutes to complete, on average, and were conducted by non-blinded
research coordinators (UD and RD) at Massachusetts General Hospital who were trained
using the official Vineland-//training video and survey manual. Interviews were scored by
hand or using the Vineland-11 Survey Forms ASSIST software.
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2.3. Statistical Analyses

Statistical analyses were completed by a research coordinator (UD) and a biostatistician
(EM) at Massachusetts General Hospital’s Biostatistics Center using Statistical Analysis
Software, version 9.4. The primary analysis examined baseline characteristics of the study
participants, including drug exposure, epilepsy type, seizure frequency during pregnancy,
child’s age, mother’s marital status, insurance coverage, maternal age at delivery, maternal
education, prenatal vitamin and folate use, cigarette and alcohol exposure, presence of major
malformations in the exposed child, gestational age at birth, birth weight, and birth length.
Differences in covariates among the three exposure groups were examined using Pearson’s
chi-squared tests and one-way ANOVA.

Mean adaptive behavior scores were calculated for the children in each exposure group.
One-sample t-tests were used to test whether group means differed from the test normative
value of 100. Mean adaptive behavior composite (ABC) scores and domain standard scores
were analyzed using one-way ANOVA to identify differences among the three drug groups.
Scores were compared in linear models without adjustment and after adjustment using
propensity scores calculated from a model that included the following potential confounders:
maternal age, education, folate use, cigarette and alcohol exposure, gestational age, and birth
weight.

Confounding variables with incompletely available data were examined independently in
lieu of inclusion in the propensity score analysis. These variables included: marital status,
insurance coverage, seizure occurrence during pregnancy, presence of major malformations
in the exposed child, and epilepsy type.

Measures that differed significantly among the three groups were tested for pairwise
differences using Tukey post-hoc comparisons. Adaptive levels for each domain and
subdomain were examined for frequency of moderately low or low levels (standard scores <
85, or = 1 SD from the expected mean of 100) of adaptive functioning in each of the three
drug groups.

To examine dose-response relationships, the first trimester drug dose was derived by
averaging the dose at the last menstrual period and any changes in dose through the first
trimester, as reported by the mother. Standard adaptive behavior scores were correlated with
the derived first trimester drug dose using linear models with exposure-dependent dose
effects before and after adjustment for the same confounders included in the propensity
score analysis. To isolate and examine the effect of exposure specifically to high doses of
valproate, the propensity score analysis described above was repeated to compare only those
VPA-exposed children exposed to less than 1000 mg/day with all CBZ- or LTG-exposed
children. Significance was declared for two-tailed p<0.05 for all analyses.

2.4. Standard Protocol Approvals, Registrations, and Patient Consents

This study was reviewed and approved annually by the Partners Human Research
Committee, the institutional review board for the Massachusetts General Hospital. All
participating women provided informed written consent.
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3.1. Recruitment Process

Recruitment letters were mailed to 972 women (with 1,032 children) who had enrolled in the
Registry while taking LTG, VPA, or CBZ as monotherapy to treat epilepsy throughout
pregnancy, and whose exposed children were 3- to 6-years-old (mean 4.9 years, SD 1.1
years). Of those contacted, mothers of 495 children responded, 455 expressed interest, and
346 completed the initial screening to assess eligibility.

Of the 495 respondents, 149 were never screened, including 40 who explicitly refused to
participate and 109 who never completed the screening interview. Of the 40 who refused to
participate, 15 (37.5%) had children exposed to CBZ, 18 (45%) had LTG-exposed children,
and 7 (17.5%) had VPA-exposed children (x2=1.42; p = 0.482).

Among the remaining 109 mothers who were never screened, 46 (42.2%) were CBZ-
exposed, 32 (29.4%) were LTG-exposed, and 31 (28.4%) were VPA-exposed (x2=4.09; p =
0.130). Four (all mothers of VPA-exposed children) changed their minds and chose not to
participate after initially expressing interest, including two mothers who said they did not
have time, and two who refused to participate for “privacy concerns”. Of the remaining 105
women, 69 (65.7%) were found to be ineligible and 36 (33.0%) never responded to attempts
to contact them to complete the screening. Among the 69 ineligible mothers, the most
common reasons for ineligibility were: the child was too old (over 6-years-old) by the time
the screening interview could be scheduled (62.3%); the AED was not taken throughout
pregnancy (18.8%); the mother took more than one AED during pregnancy (10.1%); or the
mother suffered from mental illness or memory disorder (4.3%). One mother (1.4%) was
ineligible due to a hearing disorder. Finally eligibility could not be confirmed for two
mothers due to incomplete screening interviews with missing data.

Of the 346 mothers that responded to recruitment letters and completed the initial screening,
94 were excluded from the study. The most common reasons for exclusion were: the child
was too old (over 6-years-old) by the time of the interview (11.0%); failure to return consent
forms (8.1%); inability to schedule an interview (7.8%); loss of interest or inability to meet
the time commitment (2.9%); and failure to respond to follow-up calls (1.7%). Three
subjects (0.9%) were excluded after discovering through medical records that the children
were, in fact, exposed to polypharmacy during gestation. One participant was excluded after
review of the mother’s neurology records by our epileptologists (BD and AK) raised doubt
that she truly had epilepsy. Outcome data were missing for 25 subjects who had initially
been eligible to participate, but who had subsequently aged out before interviews could be
completed. After exclusions, 252 children met our inclusion criteria, including 97 CBZ-
exposed, 104 LTG-exposed, and 51 VPA-exposed children.

3.2. Baseline Characteristics

The overall response rate was 48.0% (n=495). Response rates differed significantly among
the LTG (57.1%), VPA (50.7%) and CBZ (41.1%) groups (x2 = 20.87; p < 0.001). Women
were more likely to respond to recruitment letters if they were married (x2 = 26.64; p <
0.001), had private insurance (x2 = 18.37; p = 0.001), were 30-34 years-old (x2 = 36.50; p
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< 0.001), or had college degrees (x2 = 48.22; p < 0.001). Data on major malformations
(defined as a structural abnormality with surgical, medical, or cosmetic importance, and
confirmed by LH through medical record reviews) were available for 253 children, including
215 who were enrolled in the study and 38 who were not included. Mothers of children with
major malformations were significantly less likely to respond to recruitment letters (x2 =
56.96; p < 0.001).

In the recruitment cohort, the three drug groups differed significantly with respect to
insurance coverage (X2 =21.22; p = 0.002), marital status (X2 =29.53; p < 0.001), prenatal
folate use (x2 = 6.49; p < 0.039), cigarette (x2 = 18.47; p = 0.001) and alcohol exposure (y?
=7.86; p = 0.020), epilepsy type (XZ =51.36; p < 0.001), seizures during pregnancy (XZ =
12.57; p = 0.002), and presence of major malformations in the exposed child (X2 =12.84;p
=0.002).

In the final Vineland cohort of 252 children, however, significant differences in maternal
education, marital status, presence of major malformations, prenatal folate exposure,
epilepsy type, seizures during pregnancy, and child’s age at the time of the interview were
observed, while all other group differences disappeared. Baseline characteristics of these
children and their mothers, along with associated p-values, are summarized in Table 3.

3.3. Global ABC and Domain Comparisons

Adaptive behavior data were available for 252eligible children, including 97 CBZ-exposed,
104 LTG-exposed and 51 VPA-exposed. The different sample sizes reflect the steady decline
in enrollment of VVPA cases in the Registry over the last decade.

The mean ABC and domain standard scores for each drug group are presented in Figure 1.
ABC standard scores of CBZ-exposed children (100.7+ 9.9; t (96)=0.70, p=0.486, 95% ClI
[99, 103]) were not significantly different from the expected mean of 100. However, the
mean scores for LTG-exposed children were significantly higher than expected (103.0

+ 11.0; t(103)=2.76, p=0.006, 95% CI [101, 105]), while those for VPA-exposed children
were significantly lower than expected (94.4 + 16.2; t(50)= —2.47, p=0.014, 95% CI [90,
99]). Group comparisons showed significant differences in the ABC and domain standard
scores among the three groups (F 2 246=3.53-5.94; p<0.031), with pairwise comparisons
showing VPA-exposed children scoring significantly below LTG-exposed children in all
domains, and significantly below CBZ-exposed children in the ABC and motor skills
domains along with a trend toward significance in the domain of daily living skills.

The association of VPA with weaker performance persisted in nearly all domains after
adjustment for propensity scores from maternal age, education, folate use, cigarette and
alcohol exposure, gestational age, and birth weight. The mean adjusted ABC score for VPA-
exposed children was 95.6 (95% CI [91, 100]), versus 100.8 (95% CI [98, 103]) for CBZ-
exposed and 103.5 (95% CI [101, 106]) for LTG-exposed children (F > 75=4.14; p=0.017).

After adjusting for the same propensity scores, significant differences were observed among
the three groups in the socialization and motor domains, and approached significance in the
communication domain. In the socialization domain, the mean adjusted standard score for

Neurotoxicol Teratol. Author manuscript; available in PMC 2017 March 07.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Deshmukh et al.

Page 7

the VPA group was 97.6 (95% CI [93, 102]), compared to 100.3 (95% CI [98, 103]) and
103.7 (95% CI [101, 106]) for the CBZ and LTG groups, respectively (F 2 75~=3.73;
p=0.026). In the communication domain, VPA-exposed children had a mean adjusted
standard score of 97.0 (95% CI [91, 103]), compared to 102.5 (95% CI [99, 106]) and 104.4
(95% CI [102, 107]) for the CBZ and LTG groups, respectively (F > ;5=2.99; p=0.053). In
the motor domain, the mean adjusted standard score for the VPA groupwas94.4 (95% CI

[89, 99]), compared to 101.1 (95% CI [98, 104]) and 102.8 (95% CI [100, 106]) for the CBZ
and LTG groups, respectively (F» 757=4.12; p=0.018). Although a similar trend was observed
in the domain of daily living, with VVPA-exposed children performing lowest and LTG-
exposed children performing highest, the cross-group differences were not significant in this
category.

Tukey’s HSD post-hoc pairwise comparisons showed that, though the mean adjusted ABC,
communication, socialization, and motor standard scores for the VPA group were
persistently lower than those for both the LTG and CBZ groups, the differences were
significant only when comparing results for the VPA and LTG groups. VPA-exposed
children also performed substantially worse than CBZ-exposed children in the motor
domain, but this difference was not statistically significant (p=0.060).

Independent analyses were completed for those confounding variables with large amounts of
missing data. These included marital status, insurance coverage, seizure occurrence during
pregnancy, presence of major malformations, and epilepsy type.

After adjusting for marital status, significant associations were observed between exposure
and Vineland scores in the ABC, daily living, socialization, and motor skills domains (p-
values=0.004-0.049). Relative to the CBZ and LTG groups, the VPA group scored lowest in
the communication domain, but the difference was not statistically significant (p=0.077).

Vineland scores in the ABC, socialization, and motor domains also differed significantly
among exposure groups (p=0.024-0.041) after adjusting for insurance coverage. However,
group mean scores in the communication and daily living skills domains did not differ
significantly after adjusting for this covariate (p=0.109).

The three exposure groups had significantly different scores in every tested domain after
adjusting separately for seizure occurrence during pregnancy (p-values=0.003-0.036) and
presence of major malformations in the exposed child (p-values=0.008-0.038), with VVPA-
exposed children persistently performing worse in all domains. For both categories, post-hoc
pairwise comparisons demonstrated that VPA-exposed children scored significantly below
LTG-exposed children in all domains, and significantly below CBZ-exposed children in the
ABC, daily living skills, and motor skills domains.

Data on epilepsy type were available for only 177 participants. After adjusting for this
covariate, significant differences were observed in the ABC, communication, socialization,
and motor skills domains (p=0.002-0.033). Once again, although VPA-exposed children
also scored lower than the other groups in the daily living skills domain, this difference was
not statistically significant (p=0.067).
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3.4. Adaptive Levels and Subdomain Comparisons

VPA-exposed children were more likely than the other two groups to perform at an adaptive
level that was low or moderately low (standard scores < 85) in each category, with
significant differences observed in all except the communication domain and the
subdomains of written and personal skills (Table 4).

The VPA-exposed group had a disproportionate number scoring in the low or moderately
low range compared to the CBZ and LTG groups. These findings suggest that, despite the
adequacy of the overall group mean scores, the VVPA-exposed group is more likely to possess
clinically significant adaptive behavior impairments potentially requiring intervention.

Analysis of the subdomains also revealed significant differences in the communication
subdomains of receptive and expressive communication, while there was no difference in the
subdomain of written communication. More specifically, pairwise comparisons revealed that
the VPA-exposed group was significantly more likely than the LTG-exposed group to score
low or moderately low in the receptive (p=0.021) and expressive (p<0.001) communication
subdomains. The VPA-exposed group was significantly more likely than the CBZ-exposed
group to score low or moderately low in only the expressive subdomain (p<0.001). This
suggests that the absence of a significant difference in the communication domain is largely
explained by the relative strength of the writing skills of the VPA-exposed group despite the
weaknesses that this group possesses in the areas of receptive and expressive
communication.

The frequency distributions outlined above are also impressive in the sheer proportions of
VPA-exposed children falling within the low or moderately low categories for each domain
and subdomain. These data reveal that fully 15-33% of VVPA-exposed children received
standard scores that were greater than one standard deviation below the expected means in
every single category.

Repeating the above analysis after adjusting for covariates within our propensity score
model revealed that VPA-exposed children were significantly more likely than LTG-exposed
children to score low or moderately low in the ABC, socialization, and motor domains, and
in the expressive, interpersonal, play, and gross motor subdomains (p=0.002-0.037). In the
adjusted analysis, the VPA group was also more likely than the LTG group to score low or
moderately in the receptive, coping, and fine motor skills subdomains, but these differences
were not statistically significant.

When compared to CBZ-exposed children, the VPA group was significantly more likely to
score low or moderately low in the ABC, socialization, and motor domains, and in the
expressive, play, and gross motor subdomains (p=0.001-0.050). VPA-exposed children were
also more likely than CBZ-exposed children to score low or moderately low in the
community and fine motor subdomains, but these differences did not meet statistical
significance. No differences were observed between the LTG and CBZ groups. The adjusted
odds ratios and p-values are presented in Table 5 below.
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3.5. Dose-Response Relationship

Regression analysis using general linear models with exposure-dependent dose effects
identified a significant negative relationship between first trimester VPA drug dose and
unadjusted ABC (t=-2.33; p=0.020), socialization (t=—2.64; p=0.009), and motor standard
scores (t=-2.06; p=0.041), such that a higher VPA dose was associated with lower scores.
There was also a trend toward a significant inverse relationship between VPA drug dose and
communication standard scores (t=—1.92; p=0.056) (Table 6; Figure 2).

VPA doses of 1000 mg/day or greater were significantly associated with lower ABC scores
and standard scores across all domains. No dose-response effects were observed for the
CBZ-exposed and LTG-exposed groups. Of the 51 children in the VPA-exposed group, 16
were exposed to doses greater than 1000 mg/day, and 31 were exposed to doses below 1000
mg/day. Reliable data on dose exposure were not available for 4 participants, so they were
excluded from the dose response analysis. After excluding children exposed to VPA doses
greater than 1000 mg/day, we found that the three groups performed similarly in all
domains.

We also analyzed the association between standardized dose and the odds of achieving
Vineland scores in the low or moderately low range after adjusting for maternal age,
education, folate use, cigarette and alcohol exposure, and gestational age and weight. As
VPA dose increased, the odds of achieving low or moderately low Vineland scores also
increased in nearly every domain and subdomain, but only met a level of significance in the
subdomains of interpersonal (adjusted OR 1.51 [95% Cl:1.10-2.07]; p=0.010), play
(adjusted OR 1.39 [95% ClI: 1.03-1.87]; p=0.031), and gross motor skills (adjusted OR 1.36
[95% CI: 1.05-1.76]; p=0.018). The only category for which increasing VPA dose was not
associated with increased risk for poor performance was the subdomain of written
communication (adjusted OR 0.95 [95% ClI: 0.70-1.31]; p=0.789). There was no dose effect
on the prevalence of low or below average scores for the LTG and CBZ exposure groups.

4. Discussion

Prenatal exposure to VVPA was associated with poorer adaptive behavior outcomes in all of
the measured domains, when compared to the test mean and to children exposed to CBZ or
LTG. Significant differences from the LTG-exposed group were noted in the ABC,
socialization, communication, and motor domains after adjusting for propensity scores from
a variety of potential confounders. While the VPA-exposed group scored the lowest in the
daily living domain, these scores did not differ significantly when compared to the other
drug groups. The VPA-exposed group was most likely to perform low or moderately low in
every category, with significant differences in all except the communication domain. Closer
examination of the communication subdomain scores revealed that the VPA group was
significantly more likely than the LTG group to perform at a low or moderately low adaptive
level in the subdomains of receptive and expressive communication, making up for these
weaknesses with a relative strength in their writing skills. The VPA group was significantly
more likely than the CBZ group to score low or moderately low in the expressive
communication subdomain. Furthermore, the negative effect of VPA on adaptive behavior
outcomes was dose-dependent.
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Our results are consistent with previous reports that VPA exposure negatively impacts
cognitive outcomes [13], [15], [16], [30], [31], [32], [33]. Like our findings, prior studies
have identified communication deficits among VPA-exposed children, in the form of
reduced verbal 1Q and language impairments [13], [14], [34], [35], suggesting that valproate
exposure may especially impact verbal skills.

Previous investigations also support our findings of poorer socialization [19] and motor
skills [36] in VPA-exposed children. Relative deficits in these domains persisted throughout
most of our analyses, before and after adjusting for many different covariates. While overall
mean scores for the VPA-exposed group were within the average range, this group was
significantly more likely to perform low or moderately low in these categories. Although,
according to the Vineland’s percentile ranking, 20% of individuals in the general population
would be expected to score in this range, the significant differences in prevalence of low or
moderately low scores among the three exposure groups is noteworthy. These findings raise
concerns for the ability of these children to perform in school, interact with their peers, and
function independently in society. Vinten and colleagues also reported deficits in daily living
skills among children exposed to VPA [19]. While group differences in this domain were not
significant in the majority of our adjusted analyses, the mean daily living score for VPA-
exposed children was below that of the other two drug groups, and the VVPA-exposed group
was significantly more likely to score low or moderately low in this category. These findings
suggest that additional research is needed to understand the drug’s impact, if any, in this
domain.

Of particular interest is the combination of socialization and communication (specifically
receptive and expressive communication) deficits in the VPA-exposed children, which
characterize symptoms commonly associated with autism [29]. Previous reports suggest that
VPA exposure is associated with increased risk for autism spectrum disorder, when
compared to children exposed to other AEDs or unexposed controls [21], [22], [23],[24].
Without thorough neurodevelopmental evaluation of these children, we cannot address an
association between VPA exposure and autism in this study. However, the pattern of
weaknesses observed in socialization and receptive and expressive communication is
concerning for autistic traits.

These concerns are further compounded in light of the dose effects we observed for VPA,
which are also supported by several previous investigations. Cohen and colleagues [37]
found a dose-dependent decline in social and motor skills, as well as in parental ratings of
adaptive functioning for children exposed to VVPA. Other studies have reported dose-
dependent language [34], [38] and 1Q effects [16] in VPA-exposed children. Unlike our
findings, however, several studies also found dose effects for motor function [37] and lower
verbal abilities [38] following prenatal exposure to CBZ. While our findings suggest that
CBZ poses a relatively low risk for adaptive behavior impairment with no dose effect,
further research is necessary to examine the impact of the drug at higher doses.

Several studies have also suggested a possible threshold dose of 800 mg [13] — 1000 mg [1],
[2], [5], [8], [16], [39].[40], [41],[42],[43] of VPA daily, beyond which major congenital
malformations are more likely to occur. Furthermore, prior studies have described a dose-
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response relationship between 1Q and VPA exposure, suggesting a similar threshold dose
[16],[17],[44]. Our findings agree that first trimester VPA doses above 1000 mg/day are
associated with a decline in adaptive function across all domains. However, rather than
simply identifying a specific cut-off below which VPA might be considered safe, our
findings importantly suggest a striking linear relationship between dose and behavioral
outcomes. All women of reproductive age who are taking valproate for seizure prophylaxis
should be informed of these risks, and should consequently be counseled about the critical
need to evaluate the indication of valproate and to consider switching to another antiepileptic
drug before becoming pregnant. Experience has shown that some women, whose seizures
are only controlled by valproate, will choose to take the fetal risks [45]. This difficult choice
underscores the need for more information on three critical issues: 1) the fetal risks from
exposure to lower doses of valproate, i.e. < 1000 mg/d; 2) the experience with switching
from valproate to other medications during pregnancy, considering the risks to both the
mother and the fetus; 3) the option of using a gestational carrier to avoid these risks [46].
While it will take time to develop the information needed on the issues, it is crucial that
clinicians provide continuing support to the pregnant woman, as she weighs her options.

Our study provides a unique evaluation of adaptive behavior outcomes of AED-exposed
children, rather than relying on 1Q or language tests to measure adaptive function or daily
living skills. The use of the Vineland-11, a widely recognized, validated instrument for
measurement of adaptive behavior, allows consideration of the true functional abilities of
these children to live independently within the community, regardless of their intellectual
capacity.

This study is also unique in its evaluation of 3- to 6-year-old children, distinguishing it from
prior comparable studies that have evaluated younger children up to 3-years-old [16], or
older children over 6 years of age [19]. Given that deficits in adaptive functioning are likely
to become more evident with age, the evaluation of children over 3 years offers greater
insight into long-term outcomes of AED exposure. At the same time, the age at diagnosis of
autism spectrum disorders typically ranges from 3- to 6-years-old [47], thus making it more
likely that older children with impairments will have already been identified, and will have
already received early intervention services. This would potentially falsely elevate test
scores, and could mask a drug’s true impact on adaptive function. Capturing children in this
critical age range between 3- and 6-years-old thus allows us to evaluate children at a time
when their impairments are evident but have likely not yet been amply addressed, potentially
providing a more accurate measure of an exposed child’s baseline adaptive behavior before
having received extensive interventions. However, our analysis did not control for receipt of
previous early intervention services as a potential confounder. This would be recommended
for a future study.

Our findings are further strengthened by the recruitment of all participants from the hospital-
based North American AED Pregnancy Registry. This resource facilitated prospective data
collection directly from a large number of U.S. and Canadian mothers with a wide-range of
potential confounders, along with retrospective observational data on the adaptive behaviors
of their exposed children.
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Despite these strengths, further research is required including thorough, prospective, blinded
neurodevelopmental evaluations of each child, along with inclusion of a control group and a
larger study sample to determine the true prevalence of adaptive behavior impairments and
autistic symptoms among AED-exposed children. A study that combines both cognitive and
behavioral measures would be preferred. The dose effect observed in our study should be
cautiously interpreted, in the absence of directly observed daily drug compliance during
pregnancy, dosage information beyond the first trimester, data on maternal serum drug
concentrations, or data on drug metabolism and clearance rates for participating mothers.
Our study was also limited by the reliance on observational data collected through
subjective, non-blinded interviews with the mother, and the lack of data collected on family
history of neurodevelopmental disorders or delays. A future study should include collection
of a detailed family history, given that a family history of neurodevelopmental delays would
be an important potential confounding variable that could alter the interpretation of results of
this study.

Furthermore, although our study controlled for a number of potential confounders, the
variations in baseline characteristics and participation rates observed across drug groups
suggest a sampling bias commonly encountered in pregnancy registries and prospective
studies. However, while one cannot exclude the possibility that mothers who participated in
the study were motivated by some underlying concern for their child’s development, we can
be reassured by the fact that, when compared to the other groups, the LTG-exposed group
had the highest response rate and the highest performance in all domains. Additionally,
given the high level of education of participating mothers, one might argue that the adaptive
behavior scores of the study subjects are in fact higher than we might expect from children
of mothers with less education. Similarly, the fact that mothers of children with major
malformations were significantly less likely to respond to recruitment letters, suggests that
the most severely affected children tended not to participate. Thus, our study sample may
actually be biased towards children with more favorable adaptive behavior outcomes. It is
therefore unlikely that our findings have overestimated the relative impairments observed in
the VPA-exposed group, and may even suggest that VPA-exposed children could fare worse
than what we observed in our study.

Additionally, despite the large number of confounders included in our model, there are a
number of other excluded variables that could be considered as possible sources of bias. For
example, in our propensity score model, we did not adjust for marital status, insurance
coverage, race, socioeconomic status, or other characteristics associated with social and
emotional stressors or unstable home life, which could negatively impact a child’s adaptive
functioning. Furthermore, our propensity score model did not include seizure occurrence,
epilepsy type, and presence of major malformations in the exposed child. These variables
were excluded from our model due to the large amount of missing data. Instead, associations
between these variables and Vineland scores were examined independently. However, a
future study with a larger sample size may benefit from inclusion of these variables as
possible confounders, to allow for broader adjustments and remove the possible effects of
such unfavorable factors that may influence the outcomes of interest.
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Additionally, the age at which each child was assessed was not specifically adjusted for in
our propensity score analysis, even though this variable differed significantly among
exposure groups. This variable was not included in our model because the Vineland scores
are in fact already age-adjusted, and so did not require additional adjustment in our analysis.
Furthermore, post-hoc pairwise comparisons of the exposure groups in our study cohort
revealed that only the CBZ and LTG groups differed significantly in this category. Since the
interview age of the VPA-exposed group did not differ significantly from either the CBZ- or
LTG-exposed group, this variable was deemed unlikely to be a true confounder given that all
the significant differences noted among the group Vineland scores involved comparisons
with VPA. In other words, the poorer performance of the VPA-exposed group relative to the
other two exposure groups could not be explained by differences in age at the time of the
interview.

Despite these limitations, our results contribute to the growing body of literature linking
VVPA exposure to poor neurodevelopmental outcomes in exposed children, with evidence of
adaptive function declining in a linear dose-dependent fashion. Our findings compel us to
advocate for complete avoidance of this drug among women of childbearing age with
epilepsy whenever possible [45]. Finally, our findings suggest that valproate-exposed
children are at higher risk for adaptive behavior problems, especially in the areas of
socialization, communication, and motor skills. Since deficits in these areas can be tempered
if identified and treated early, we recommend that pediatricians routinely conduct age-
appropriate developmental monitoring and screening for this group of children, and maintain
a low threshold for early intervention referrals in any child with even subtle signs of adaptive
behavior impairments.
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Highlights
> Children prenatally exposed to valproate have poorer adaptive functioning

compared to children prenatally exposed to lamotrigine or carbamazepine.

> Children prenatally exposed to valproate have poorer socialization,
communication, and motor function, compared to lamotrigine or
carbamazepine exposure.

> Prenatal exposure to higher valproate doses is associated with lower adaptive
functioning, especially affecting socialization and motor skills.
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Figure 1.
Mean ABC and Domain Standard Scores for each drug group, before adjusting for

covariates.
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Figure 2.

Scatterplots and regression lines for Adaptive Behavior Composite (ABC), socialization,
motor, and communication domain standard scores versus standardized 1st trimester dose
(mg/day) for each exposure group.
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The 4 Domains and 11 Subdomains that make up the overall Adaptive Behavior Composite scores on the

Vineland Adaptive Behavior Scales, Survey Interview Form, Second Edition.

Domain

Subdomain

Communication

Receptive

Expressive

Written

Daily Living Skills

Personal

Domestic

Community

Socialization

Interpersonal Relationships

Play and Leisure Time

Coping Skills

Motor Skills

Gross

Fine
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Table 2

Adaptive level descriptions, modified from the Vineland-1/ Instruction Manual [29]. Standard scores are
classified into adaptive levels based on their standard deviations from the expected mean of 100.
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AdaptiveLevel | Standard Deviationsfrom theMean | Standard Score Range | Percentile Rank Range
High 2.0 or above 130 and above 98 and above
Moderately High 1.0-20 115-129 85-97
Adequate -1.0-1.0 86 -114 16 -84
Moderately Low -20--1.0 71-85 3-15
Low -2.0 or below 70 and below 2 and below
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Table 3

Baseline Characteristics of 252 Children and their Mothers By Prenatal AED Exposure.
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CcBz LTG VPA p-value
N=97 N=104 N=51
% (no.)
Maternal Education 0.032
High School or Less 2.1% (2) 6.7% (7) 9.8% (5)
Some College 21.1% (20) | 17.3% (18) | 23.5% (12)
College Graduate 38.9% (37) | 38.5% (40) | 52.9% (27)
Post-Graduate 37.9% (36) | 37.5% (39) | 13.7% (7)
Insurance p=0.101
Canadian 7.5% (3) 1.2% (1) 0.0% (0)
Medicaid 2.5% (1) 1.2% (1) 6.7% (2)
Private 90.0% (36) | 97.6% (81) | 93.3% (28)
Marital Status p=0.040
Married 96.0% (48) | 95.7% (88) | 84.2% (32)
Unmarried 4.0% (2) 4.3% (4) 15.8% (6)
Multivitamin Use p=0.114
Yes 63.8% (60) | 76.0% (79) | 76.5% (39)
No 36.2% (34) | 24.0% (25) | 23.5% (12)
Folic Acid Use p=0.017
None 31.2% (24) | 13.2% (12) | 25.6% (11)
Some 68.8% (53) | 86.8% (79) | 74.4% (32)
Cigarette Exposure p=0.675
Yes 11.6% (11) | 7.7% (8) 7.8% (4)
No 35.8% (34) | 44.2% (46) | 45.1% (23)
Don't remember 52.6% (50) | 48.1% (50) | 47.1% (24)
Alcohol Exposure p=0.360
Yes 24.2% (23) | 23.1% (24) | 33.3% (17)
No 75.8% (72) | 76.9% (80) | 66.7% (34)
Major Malformation p=0.025
Yes 6.3% (5) 3.3% (3) 15.9% (7)
No 93.7% (74) | 96.7% (89) | 84.1% (37)
Epilepsy Type? p<0.001
IGE 5.2% (3) | 18.1% (15) | 60.0% (21)
NCE 41.4% (24) | 325% (27) | 25.7% (9)
PE 53.4% (31) | 49.4% (41) | 14.3% (5)
Prenatal Seizures p<0.001
Yes 16.0% (15) | 39.8% (41) | 16.3% (8)
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1duosnuep Joyiny
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CcBz LTG VPA p-value
N=97 N=104 N=51
% (no.)
No 84.0% (79) | 60.2% (62) | 83.7% (41)
Mean Maternal Age at Delivery (yr) 32.3+5.4 32.1+4.4 31.3+5.0 p=0.474
Gestational Age (wks) 38.742.4 38.5+1.5 38.8+1.6 | p=0.434
Birth Weight (kg) 3.41+0.58 | 3.34+0.60 | 3.35+0.61 | p=0.701
Birth Length (cm) 50.8+3.1 50.6+3.4 51.3+2.8 p=0.433
Interview Age (yrs) 5.3+1.1 46+1.1 49+1.1 p<0.001
First trimester drug dose (mg/day), avg (range) 705 379 771 N/A
(100-2000) | (75-1500) | (100-1500)

aIGE = Idiopathic Generalized Epilepsy, PE = Partial Epilepsy, NCE = Nonclassifiable Epilepsy.
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Page 24

Frequency of low and moderately low adaptive levels in the overall ABC, domain, and subdomain categories

for each drug group. Significant p-values (p<0.05) are indicated in bold print.

CBz LTG VPA P-value
% (n) % (n) % (n)
ABC 5.1% (5) 2.9% (3) | 19.6% (10) | <0.001
Communication 10.2% (10) 7.7% (8) 17.6% (9) 0.166
Receptive 112% (11) | 38% (4) | 176%(9) | 0017
Expressive 6.1% (6) 5.8% (6) 33.3% (17) | <0.001
Written 9.2% (9) | 13.5% (14) | 19.6% (10) | 0.198
Daily Living Skills | 5.1% (5) | 10.6% (11) | 17.6% (9) | 0.049
Personal 14.3% (14) | 15.4% (16) | 27.5% (14) | 0.103
Domestic 4.1% (4) 48%(5) | 15.7%@8) | 0.016
Community 6.1% (6) | 10.6% (11) | 25.5% (13) | 0.002
Socialization 5.1% (5) 4.8% (5) 21.6% (11) | <0.001
Interpersonal 9.2% (9) 5.8% (6) 21.6% (11) 0.002
Play 5.1% (5) 3.8% (4) | 23.5% (12) | <0.001
Coping 12.2% (12) | 12.5% (13) | 27.5% (14) | 0.029
Motor Skills 8.2% (8) 7.7% (8) | 31.4% (16) | <0.001
Gross 13.3% (13) | 6.7%(7) | 33.3% (17) | <0.001
Fine 10.2% (10) | 8.7% (9) | 235% (12) | 0.022
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