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Abstract

Background and Objective Sexual dimorphism in drug efficacy, beyond pharmacokinetics (PK), remains underexplored. Significant
sex differences exist in drug metabolism and adverse events, highlighting the need for personalized medicine. The objective of our
study was to assess whether there are sex differences in the pharmacodynamic (PD) response to valproic acid (VPA) in photosensitive
epilepsy, focusing on electroencephalographic (EEG) biomarkers (e.g., photoparoxysmal response [PPR] raw data and transformed
PPR data, the standardized photosensitivity range [SPR]) that cannot be attributed to pharmacokinetics alone. On the basis of some
exploratory published evidence plus our own clinical observations of VPA treatment in patients with epilepsy plus photosensitivity
over time, we hypothesized that an EEG pharmacodynamic difference might exist between females and males.

Methods We conducted a retrospective, observational, single-center, within-patient EEG cohort study conducted on antisei-
zure medicine (ASM)-naive photosensitive individuals before and after VPA treatment (nonrandomized). The data we
reviewed had been collected from a referral hospital in the Netherlands from 1990 to 2000. Changes in EEG data, including
raw PPR data (transformed into SPR), were analyzed before and after VPA therapy in 48 patients, including 27 females and 21
males, ranging in age from 8 to 50 years old for the entire cohort. Co-primary outcomes included a between-sex comparison
in the distribution of within-patient SPR changes from pre-VPA to steady-state VPA therapy, and complete PPR elimina-
tion on EEG. Secondary outcomes included the comparison of percentage of males and females meaningfully responding
to VPA across SPR change categories, VPA dose, potential impact of plasma [VPA] concentrations on SPR changes, and
associaton of patient age with SPR values. Statistical analyses included univariate linear regression models, chi-squared
tests, non-parametric Wilcoxon-Mann—Whitney tests, and Fisher’s exact tests.

Results Our first co-primary outcome revealed a statistically significant difference in the distribution of within-patient SPR changes
from pre-VPA to steady-state VPA therapy. Males experienced a significantly greater reduction in SPR compared with females.
The mean decrease in SPR was —7.0 + 2.6 in males only versus —3.9 + 3.3 in females only (p = 0.0018). The next co-primary
outcome, the percent of patients with complete PPR elimination, or a SPR value = 0 on second EEG, was observed in ten (47.6%)
males compared with four (14.8%) females, a 3.2-fold difference (p = 0.0237). One secondary outcome, the percentage of males
with a VPA clinically meaningful to optimal response was 1.93-fold greater than females, at 100:51.8%, respectively (p < 0.0001).
Between-sex VPA total daily milligram dose did not differ. Plasma [VPA] concentrations, although nearly twice as high in females,
were not statistically different between sexes and [VPA] did not correlate with SPR changes in females.

Conclusions In our mixed-age population of pediatric, adolescent, and younger adults, significant sex differences were
observed in the response of the PD EEG biomarkers, the PPR and SPR, to VPA for both primary outcomes. Males showed
both a statistically greater reduction in EEG SPR and a statistically higher percent elimination of PPR on EEG with chronic
VPA treatment compared with females. The percent of males having a clinically meaningful EEG SPR response to VPA,
a secondary outcome, was almost two-fold greater for males compared with females. These findings emphasize the impor-
tance of considering sex in treatment planning and suggest that inherent biological differences may influence drug efficacy,
advocating for further research to enhance personalized medical strategies.
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Sex differences exist in pharmacokinetics and adverse
effects for drugs in general, including antiseizure medi-
cines (ASMs), but little information exists for sex differ-
ences in ASM efficacy.

Our retrospective analysis of two sequential electro-
encephalograms (EEGs) within-patients with epilepsy
plus photosensitivity analyzed an EEG biomarker of
clinical seizures, the photoparoxysmal response (PPR,
transformed into the standardized photosensitivity range
[SPR]), before and after steady-state treatment with just
one ASM—valproic acid (VPA).

Males responded better to VPA than females—all 21
males had a clinically meaningful EEG-SPR response to
VPA compared with half that among 27 females, despite
higher plasma [VPA] concentrations in females. In addi-
tion, 3.2 times as many males exhibited PPR elimination
compared with females.

1 Introduction

Recognition of between-sex differences in drug absorption,
metabolism/elimination, protein binding, rates of drug-induced
adverse events (AEs), and drug pharmacodynamics is crucial
for healthcare practitioners aiming to achieve individualized
drug regimens or “personalized medicine.” Inherent between-
sex differences in pharmacokinetics (PK) for several common
drugs have been identified and published as comprehensive
reviews [1-6], including drug bioavailability/bioequivalence
[7]. These differences are not solely due to pregnancy- or
menstrual cycle-related drug kinetic changes [8]. In particu-
lar, the PK of certain antiseizure medications (ASMs), such as
carbamazepine [9], pregabalin [10], and valproic acid (VPA)
[11-13], have been found to differ between males and females.
Between-sex differences in drug-induced AEs are common. A
systematic analysis revealed sex differences in AEs for 46%
of the top 20 common drug-combination treatment regimens
[14]. Females have a twofold greater risk than males of expe-
riencing drug-induced AEs resulting in hospitalization [15].
In England, young females experience AEs to newly marketed
drugs 60% more often [16]; this pattern has been observed
across multiple countries [17]. One investigator [18] found
that sex biases in drug PK strongly predicted sex-specific AEs
in females and were not always explained by body weight dif-
ferences. While many AEs can be linked to PK differences
between females and males, surprisingly, an unidentified
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portion cannot, implying factors such as cultural differences,
including higher AE reporting by females [19] or greater poly-
pharmacy use among females [20, 21].

Sex differences in drug pharmacodynamics (PD) or
inherent response to medications that are not attributable
to PK differences have been less studied but have been
observed for certain drug classes [22-24], including cen-
tral nervous system (CNS) drugs such as antipsychotics,
opioids, antidepressants, and ASMs [25, 26]. Evidence
of differences in drug efficacy between sexes, particularly
for ASMs, remains lacking [26], although such differ-
ences have been hinted at in recent publications [27-29]
in patients with idiopathic generalized epilepsy (IGE), with
statistically significant seizure remission favoring males
treated with VPA [27-29]. Although patients with pho-
tosensitive epilepsy were included in these studies, the
authors did not specifically examine VPA’s impact on pho-
tosensitive male and female patients separately. Further-
more, it has been known for decades that females are more
photosensitive than males, with a higher prevalence and
sensitivity (producing a photoparoxysmal response (PPR)
to a greater number of flash frequencies on electroencepha-
logram (EEG) in response to intermittent photic stimula-
tion (IPS), i.e., an increased photosensitivity range) [28,
30, 31], it would seem that females with epilepsy plus pho-
tosensitivity should respond more fully to VPA than males.
VPA is considered to be an excellent ASM, especially in
generalized epilepsies, including patients with photosensi-
tive epilepsy [32], alongside EEG improvements [33-35].
However, even in patients with generalized epilepsy and
myoclonus, such as juvenile myoclonic epilepsy (JME), in
which about 40% of patients are photosensitive, resistance
to VPA treatment has been reported in up to 30% of cases
[36]. Alternatively, VPA therapy was avoided in females
owing to well-known VPA-induced teratogenic AEs in off-
spring [37-44].

Our objective was to determine whether or not
between-sex differences exist for VPA PD using two EEG
biomarkers, the PPR and derived standardized photosen-
sitivity range (SPR). We hypothesized that an EEG PD
difference may exist for VPA between females and males.

2 Methods
2.1 Study Design

We investigated whether PD differences might exist for
a well-known drug, VPA, in photosensitive epilepsy. We
conducted a single-center, retrospective, within-patient
cohort EEG analysis in photosensitive females and males
on two separate nonrandomized occasions: when they
were first diagnosed with photosensitivity (ASM-naive)
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and later, after reaching steady-state VPA treatment. We
evaluated each patient’s response to VPA therapy by exam-
ining the change in their photosensitive hertz (Hz) range.
We further transformed each patient’s raw PPR range data
into a SPR before and after VPA therapy and assessed
potential associations with [VPA’s] plasma concentrations
in several patients. Finally, we explored whether age might
influence the SPR response to VPA between sexes.

2.2 Rationale for the Use of EEG as a Biomarker
of IPS-Induced Events

Detailed EEG studies in patients with photosensitive
epilepsy have shown that the photic-induced epilepti-
form reaction, i.e., PPR response on EEG, can be used
diagnostically [45]. Later studies demonstrated that the
IPS-induced PPR on EEG could serve as an individual-
ized biomarker for ASM treatment in clinical settings,
where broader individual ranges of PPR (thresholds in
Hz) correlated well with the likelihood of experiencing
seizures [46—49]. It is well established that VPA reduces
or suppresses PPR, as first shown after single oral doses
in seven out of nine photosensitive patients [50]. This
has led to the practice of monitoring paroxysmal dis-
charges on EEG as a measure of VPA’s effect on par-
oxysmal discharges in patients with epilepsy in clinical
settings [51, 52], and specifically, monitoring the PPR on
EEG in phase 2a proof-of-principle (PoP) trials for ASM
development or drug comparison studies [53-56]. These
changes in individually determined Hz photosensitivity
range thresholds following different oral doses of VPA
allow quantification of the PPR suppressive effect.

2.3 Patient Selection

We retrospectively reviewed systematically collected data
using these criteria:

i. Females or males with epilepsy with either epilepsy
with photosensitivity or self-induced seizures.

ii. Ages 6-55 years.

iii. Data that had been collected from 1990 to 2000, in
patients with epilepsy from a tertiary care center for
patients with epilepsy (and photosensitivity), Sticht-
ing Epilepsie Instellingen Nederland (SEIN Health
Center), Cruquius, the Netherlands, who had under-
gone a minimum of two standardized EEG assess-
ments of PPR thresholds in Hz.

iv. Only generalized PPRs were used as the EEG bio-
marker. Seizure or epilepsy type with classification
were not selection criteria for the EEG recordings;

therefore, a mixed population of inpatients and out-
patients was included in the analysis.

v. Patients with a “robust” PPR range on their first EEG,
i.e., those who had a calculated baseline SPR value of
> 3, based upon low to high Hz (Sect. 2.5), ensuring
that we would be able to observe a difference in ASM
therapy for each patient on their second EEG, if it
existed.

No sample size was calculated a priori, believing that a
review spanning 20 years would yield a sufficient sample.
Since photosensitivity is most common in children and tends
to increase with age, peaking around puberty [30, 31], we
chose patients whose second EEG was generally performed
starting no earlier than 6 weeks but no greater than 2 years
after initiating VPA therapy, to minimize the unintended bias
of increasing photosensitivity with age.

Informed consent was obtained from all patients or their
guardians prior to EEG data collection. All our data were
anonymized to ensure that no individuals could be identified
at any stage of the study. The study strictly adhered to the
ethical guidelines outlined in the World Medical Associa-
tion’s Declaration of Helsinki.

2.4 Intermittent Photic Stimulation (IPS) EEG
Procedure

The EEG methodology, using the gold-standard, high-qual-
ity Grass PS33 photic stimulator (flash intensity: 1 Joule per
flash), was identical for all patients and intended primarily
for the clinical evaluation of ASM effectiveness. Conven-
tional surface EEG techniques were employed following
the 10-20 system, with IPS testing performed according to
established standards [31, 46, 48, 57-59]. The procedure
involved flashing for 5 s or less over a frequency range of
2-60 Hz to determine the lower and upper threshold sensi-
tivity while preventing seizures. This was conducted under
three eye conditions: at the initiation of eye closure, with
eyes closed, and with eyes open. If generalized epileptiform
PPR discharges appeared, IPS was immediately discontin-
ued to prevent clinical seizures. The patient’s individual
lower and upper photosensitive thresholds were recorded
to quantify their range of photosensitivity—a measure of
seizure risk and the effectiveness of ASM treatment [46—49].
Although most provocative flash frequencies typically lie
between 10 and 30 Hz [30, 31], some of our patients were
highly photosensitive, exhibiting PPR at frequencies as
low as 2 Hz and as high as 60 Hz. Among the three eye
conditions, eye closure is known to be the most stable and
sensitive condition for diagnosing photosensitivity [31,
48]. Therefore, our analysis focused exclusively on this
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eye condition. The IPS instrumentation and methodology
remained consistent from 1990 to 2000. All pre- and post-
VPA treatment EEGs were interpreted solely by the primary
author (D.K.N.T.) in an unblinded fashion, minimizing inter-
rater variability.

2.5 Normalization of EEG IPS Threshold Data
in Hertz (Hz) Range

The lower-to-upper threshold Hz data for each patient were
transformed into “steps,” referred to as the SPR, a value
without units [31, 54, 60-63]. SPR values were calcu-
lated for each patient twice, both before and after reach-
ing steady-state [VPA]. The minimum SPR value is 0 (no
PPR observed), while the maximum, using a 14-point scale
from 2 to 60 Hz, is 14. Patients who responded to only one
scale point received a value of 1. The EEG response, via
change in SPR, was defined as the difference between SPR
after VPA treatment and SPR before therapy. It is worth not-
ing that Binnie [54] reported a maximum SPR value of 11,
by using a smaller Hz-point scale than ours, but still ranging
from 2 to 60 Hz.

To interpret the EEG PPR response to add-on ASM ther-
apy, regardless of whether the patient was treatment-naive
or had received one or more ASMs, the following response
categories were established on the basis of the degree of
change in EEG SPR, using an EEG-IPS 14-point scale from
2 Hz to 60 Hz: (i) a suboptimal response to an ASM occurs
when the change in SPR value is only —1 or —2; a pre—post
ASM therapy value of 0 can occur, indicating no change/
no response in photosensitivity range at all; (ii) a clinically
meaningful, adequate response occurs when the photosen-
sitivity range is reduced after an ASM single dose or after
chronic therapy, with a change in SPR value of at least —3
up to —13. While this response indicates that the ASM may
be helpful, it may not be optimal; (iii) a clinically mean-
ingful, optimal response occurs when the photosensitivity
PPR Hz range is completely eliminated. Depending on the
baseline EEG SPR value, the post-add-on ASM SPR value
could range from —3 to —14; (iv) a provocative response
occurs when the SPR value is > +1, meaning the ASM is
paradoxically increasing epileptiform EEG activity and/or
clinical seizures [54, 60-63]. These EEG SPR criteria have
been used in phase 2a PoP ASM development trials [53,
54, 60—63]. Our analysis of the within-patient EEG PPR
and SPR changes from baseline to subsequent ASM treat-
ment assumes that each individual’s PPR response, under
the same eye condition, remains stable over time. Some data
support the stability of PPR in the short term, allowing for
its use in phase 2a PoP ASM development trials [53, 54,
60-63].
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2.6 Valproate Administration

Patients were initially ASM-naive, then were chosen by their
clinician, or primary author (D.K.N.T.), to receive VPA
monotherapy for their condition. VPA was chosen since it
was the leading ASM for treament of photosensitivity in
patients with epilepsy at that time period. Clinicians used
oral enteric-coated or controlled-release-Chrono VPA tab-
lets as therapy, administered twice daily, with some patients
receiving VPA three times per day. VPA total daily mg dose
was totally at the discretion of the treating clinician; dose
was not based upon sex, age, or weight, and patient weight
data were not collected. All patients were assumed to have
achieved steady-state [VPA] concentrations after a minimum
of 6 weeks of treatment. Blood samples were collected in
some patients at the clinician’s discretion, to measure total
plasma [VPA] levels, during the end of the EEG procedure
or right after the second EEG was completed, about 2-2.5 h
post-VPA a.m. dose; these samples were assumed to be near
or at peak concentration. While adherence to individualized
VPA regimens was strongly encouraged in all patients, it was
not formally monitored.

2.7 Statistical Analyses

In the descriptive analyses, relative frequencies were
reported for categorical variables, while the mean, standard
deviation, median, and interquartile range were reported for
continuous variables.

Our first co-primary outcome is the comparison of all
SPR data between female and male patients in the distribu-
tion of within-patient SPR changes from pre-VPA to steady-
state VPA therapy, via Wilcoxon—-Mann—Whitney U test.
Our second co-primary outcome, which focused on percent
of patients with PPR elimination on their second EEG, was
analyzed using Fisher’s Exact test.

We planned several secondary outcomes, including: (i)
the differences in the proportions of SPR change categories
by sex were evaluated using the chi-squared test or Fisher’s
exact test, depending on the variance between groups iden-
tified in the post-tabular analysis; (ii) differences in SPR
change distribution by sex, and between VPA concentration
distribution, using < 50 mg/L and > 50 mg/L as the thresh-
old, and SPR change category by sex, were assessed using
the non-parametric Wilcoxon—-Mann—Whitney U test. This
followed confirmation, through a statistical test account-
ing for both skewness and kurtosis, that these variables did
not follow a normal distribution. The association between
sex and SPR change, as well as age and SPR change, was
analyzed using univariate linear regression model; (iii) the
mean, standard deviation, median, and interquartile range
were reported for SPR changes between sexes and plasma
[VPA] levels. All our statistical analyses were based upon
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the “null hypothesis” that no change in EEG-SPR values
would be observed between sexes. All p-values reported are
based on two-tailed tests at a 95% confidence interval (CI).
Statistical analyses were conducted using Stata-16 software
[64].

2.8 Our Choice of Terminology—Sex versus Gender

Previous studies have often used the terms “sex” and “gen-
der” interchangeably when describing differences in PK and
AEs for various drugs, including ASMs. In this study, we
have chosen to consistently use the term “sex,” in align-
ment with Kim and Nafziger [65]. “Sex” refers to varia-
tions in drug-related PK, AE, and PD responses based on
biological and pathophysiological factors, while “gender”
pertains to changes influenced by cultural, social, or environ-
mental circumstances. Accordingly, we have used the terms
“females” and “males” to indicate biologic sex throughout
this manuscript.

3 Results
3.1 General Characteristics of the Patients Acquired

Our inclusion criteria were strict, requiring patients to be
without any prior history of ASM use, which very much
limited eligibility. In addition, patients had to have a robust
PPR Hz range of more than 2 SPR units at first visit EEG
baseline, to better enable us to see any change with VPA
treatment. In addition, they had to undergo a full array of
IPS testing during EEG on two occasions. Nevertheless,
over a 20-year period, out of 61 patient charts reviewed as
eligible, 48 patients were included, while 13 patients were
excluded. Our total of 48 patients included 27 females and
21 males with a mean age of 16.5 years, standard devia-
tion (SD) + 7.3 years, age range 8-50 years, and all were
Caucasian. The ASM-naive status of each patient diagnosed
with epilepsy (very uncommon) was confirmed by multiple
sources: patient self-report, verification by the EEG techni-
cian, consultation with the treating physician, and review of
hospital medical records. Patients were then retested under
identical IPS conditions during regular, chronic VPA ther-
apy. No additional ASMs were prescribed to these patients
during the study period. In total, 40 patients had their follow-
up/second EEG visit between 6 weeks and 6 months later,
while 2 patients had their second EEG visit 1 year later,
and 6 patients were seen just under 2 years later. For young
females, only two patients were included in our analysis that
had up to 2 years between EEGs (patients no. 6 and no. 13).
For young males, only four patients (nos. 6, 12, 17, and 18)
had their two visits up to 1.5-2 years apart, but the latter two
males had their first EEG at age 20 years and second EEG

while on VPA at age 22 years—the ages of 20 and 22 years
are well beyond pubertal changes that may have affected or
biased their change in PPR range and SPR. Concerning the
13 patients we excluded: 5 were treated with ASMs other
than VPA, 4 could not tolerate VPA (gastrointestinal distur-
bances) and were switched to another ASM therapy, and 2
did not return for their second EEG until more than 2 years
later, 1 contracted a disease post-initial baseline EEG, and
1 was lost to follow-up.

The age and sex distribution of the patient population is
displayed in Fig. 1. The group of 27 female patients, aged
8-50 years at the time of their first IPS testing, was divided
into two age categories on the basis of presumed secondary
sex characteristic development and onset of puberty [66]:
8-12 years (n = 12, 44%) and 13-50 years (n = 15, 56%).
This breakdown is presented in Table 1. Similarly, as shown
in Table 2, the 21 male patients, aged 9-34 years, were also
divided into two subgroups: 9-13 years (n = 9, 43%) and
14-34 years (n = 12, 57%) [67]. The mean and median ages
at the time of the first IPS testing for the 12 pre-pubertal
females were 10.7 and 10.5 years, respectively. For the nine
pre-pubertal males, the mean and median ages were 10.9 and
11.0 years, respectively. In the group of 15 older females,
presumed to have reached puberty, and adult females, the
mean and median ages were 19.3 and 16.0 years, respec-
tively. For the 12 older males who had reached puberty and
adult males, the mean and median ages were 20.2 and 19.5
years, respectively. When considering the entire group of
27 female patients, the mean and median ages at the time of
the first or baseline EEG were 15.4 and 14.0 years, respec-
tively. For the 21 male patients at the time of the first or
baseline EEG, the mean and median ages were 16.2 and
15.0 years, respectively. No statistically significant base-
line age differences were found between the two groups,
as assessed by both a two-tailed independent #-test (z-test
statistic = —0.36647, p = 0.7157) and the non-parametric
Mann—Whitney U test (z-score = 0.7586, p = 0.447).

3.2 General Baseline EEG-SPR Data
3.2.1 Between-Sex Difference in Baseline EEG-SPR Data

At the first EEG IPS measurement (ASM-naive), we found
that 11 out of 27 females (40.7%) had a calculated SPR
greater than 10, compared with 7 out of 21 males (33.3%).
This difference in baseline EEG-SPR values between
sexes was not statistically significant (p = 0.60), indicating
equivalence in prevalence in PPR on EEG at baseline in our
sample.
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Fig.1 Number of patients and age distribution for female and male
patients with epilepsy plus photosensitivity at their first intermittent
photic stimulation (IPS) procedure recorded on their electroencepha-
logram (EEG). The number of female patients (shown in pink) with
epilepsy plus photosensitivity found on EEG in response to the IPS

3.2.2 Baseline EEG SPR Change by Age

Across the entire study population that included both sexes,
we observed that baseline SPR increased by 4+0.15 points for
each additional year of age (95% confidence interval (CI):
+0.02 to +0.29, p = 0.028). However, when analyzed by
sex, this age-related increase was significant only in females,
with a gain of +0.19 SPR points per year (95% CI: +0.03 to
+0.35, p = 0.02), while in males, the age-related change of
+0.11 points per year was not statistically significant (95%
CI: —0.09 to +0.30, p = 0.264).

3.3 VPA Treatment Effect on EEG-SPR

3.3.1 Overall Comparison between Sexes (First Co-Primary
Outcome)

Figure 2 provides a clear depiction of the concept of the Hz
photosensitivity range data collection sheet at both baseline
EEG and EEG results post-VPA treatment, respectively, utiliz-
ing a 14-point scale from 2 to 60 Hz, for two of our patients: a
14-year-old female (patient no. 17, Table 1) and a 10-year-old
male (patient no. 3, Table 2). The IPS was repeated 1 year
later, following VPA therapy at steady state with the same
daily dose of 1200 mg. The clinical history of the now 15-year-
old female, who is highly photosensitive and experienced her
first generalized tonic—clonic seizure (GTCS) in a nightclub,
reflects the lack of efficacy of VPA. She reported: “I did not
experience a reduction in my seizures or symptoms (such as
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procedure was more frequently detected during adolescence com-
pared with male patients (shown in blue) with epilepsy plus photo-
sensitivity, who had a more evenly distributed age range. Yet, no sta-
tistically significant difference was observed in mean age at first IPS
testing between the 27 females and 21 males (Results section)

pain above the eyes induced by IPS) during VPA therapy, even
at a high dose.” This subjective account is supported by our
EEG-IPS data, which show minimal change in her photosensi-
tivity range (650 Hz pre-VPA versus 8—40 Hz post-VPA) and
a calculated SPR reduction of only —2 on the EEG.

The first of our co-primary outcomes, a comparison of all
SPR data between female and male patients, revealed a statisti-
cally significant difference in the distribution of within-patient
SPR changes from pre-VPA to steady-state VPA therapy.
Males exhibited a significantly greater reduction in EEG-SPR
pre- and post-VPA treatment compared with females. The
mean reduction in females only was —3.9 + 3.3 (median: -3,
interquartile range (IQR) —1 to —7), whereas in males only, the
mean reduction was —7.0 + 2.6 (median: — 7, IQR: =5 to —9;
Wilcoxon—-Mann-Whitney U test, p = 0.0018, Fig. 3). This
non-parametric test is further supported by linear regression
analysis, revealing that VPA therapy resulted in a significantly
greater difference in SPR values among males versus females,
at a mean difference of —3.275 points (95% CI: —5.155 to
—1.394, p = 0.001).

3.3.2 Comparison of Percent of Patients Exhibiting
EEG-PPR Elimination between Sexes following VPA
Treatment (Second Co-Primary Outcome)

Our next co-primary outcome involved PPR elimination.
Given the clinical importance of achieving PPR elimina-
tion to maximize clinical seizure control, we analyzed the
frequency of complete PPR elimination (i.e., no appearance
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Table 1 Intra-patient comparison of Intermittent Photic Stimulation (IPS)-evoked photosensitivity Hertz (Hz) ranges in the eye closure condition
on the electroencephalogram (EEG) before and after weeks to months of Valproic Acid (VPA) treatment in Caucasian females (n = 27)*

Patients investigated

Initial IPS/EEG results in
treatment-naive patients

Second IPS/EEG after VPA treatment in steady state

Patient Age IPS AgeIPS Lower Upper First Lower Upper Second Change in Total Plasma
no. EEG; EEG EEG EEG calculated EEG EEG calculated SPR, first daily [VPA]
ASM after threshold threshold stand- threshold threshold stand- tosecond VPA mg/L
naive VPA (Hz) (Hz) ardized (Hz) (Hz) ardized value? dose
photo- photo- (mg)
sensitive sensitive
response response
(SPR) (SPR)
Females 1-NR®¢ 8 2 60 14 6 60 13 -1 500 124
<12 2 8 10 50 10 25 25 1 -9 540 107
years 3 8 6 18 6 0 0 0 -6 900 -
of age
at first 4 10 10 2 50 13 15 30 6 -7 450 -
EEG 5 10 11 15 25 5 0 0 0 -5 1000 138
6 10 12 10 50 10 15 30 6 —4 1250 -
7-NR 11 11 13 30 7 18 30 5 -2 500 -
8 12 12 6 40 11 23 30 3 -8 600 -
9 12 12 18 40 6 0 0 0 -6 600 -
10-NR 12 12 18 30 5 18 30 5 0 1000 80
11 13 14 13 30 7 0 0 0 -7 600 -
12 14 14 8 30 9 22 30 3 -6 500 -
Females 13 13 15 6 50 12 13 15 2 -10 600 65
>13 14 15 15 6 50 12 15 20 3 -9 600 -
Z;:r:t"f 15 15 15 10 25 7 20 2 2 -5 750 -
first 16 14 15 6 40 11 8 15 4 -7 900 -
EEG 17-NR 14 15 6 50 12 8 40 10 -2 1200 -
18-NR 15 16 15 25 5 18 25 4 -1 300 -
19-NR 15 16 30 9 10 25 7 -2 1000 118
20 16 16 60 12 8 30 9 -3 900 89
21-NR 18 19 13 50 9 15 50 8 -1 300 -
22-NR 18 19 15 18 2 15 25 5 +3 900 -
23-NR 19 19 13 30 7 13 30 7 0 600 -
24-NR 19 20 10 20 5 10 20 5 0 600 -
25-NR 22 22 8 50 11 6 50 12 +1 900 -
26-NR 26 26 10 40 9 8 25 8 -1 1000 80
27-NR 50 50 10 30 8 10 30 8 0 900 -
All 27 Average 15.4 15.9 - - - - - - -3.7 736.7 100.1
females 1 gp 8.1 8.1 - - - - - - 35 2570 255
Median 14.0 15.0 - - - - - - -3.0 600.0 98.0

*Data for younger females were separated from older females on the basis of the presumed age of puberty onset, defined as an average age of <
13.0 years of age, according to Biro et al. [66]

For the column titled “Change in SPR value,” numerical values with a (=) sign denote a reduction in SPR value, while a (0) or “zero” indicates
no change in SPR. Conversely, a (+) sign denotes an actual increase in SPR value, post-VPA for patient nos. 22 and 25, meaning VPA was para-
doxically provocative; VPA was discontinued immediately following the IPS/EEG testing. Only 4 of 27 (14.8%) females had an elimination of
PPR on their respective EEGs, with pre- and post-VPA changes in SPR values from —5 to —7. Although patient no. 13 had the largest SPR value
change of —10 post-VPA among females, a PPR was still present on her second EEG post-VPA, noted by a residual SPR value = 2, indicating a
merely adequate, yet non-optimal response to VPA

““NR” designates a nonresponder to VPA, representing female patients who experienced an SPR decrease, post-VPA, < -2 (i.e., —1 or 0), indi-
cating a suboptimal or clinically insignificant response to VPA treatment [46—49, 54]
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of PPR on EEG post-VPA, resulting in a calculated EEG-
SPR value of zero for the second EEG in our patients).
Complete PPR elimination was observed in 10 of 21 males
(47.6%) following VPA treatment, whereas only 4 of 27
females (14.8%) achieved this outcome, representing a 3.2-
fold greater degree of PPR elimination for males compared
with females (p = 0.0237; two-tailed Fisher’s exact test).

3.3.3 Between-Sex Comparison in the Percentage
of Patients Meaningfully Responding to VPA
across SPR Change Categories (Secondary Outcome)

One secondary outcome concerned the difference that we
observed in the percent change of patients meaningfully
responding to VPA across SPR categories between sexes.
In total, 14 of 27 (51.8%) females showed a meaningful
EEG-SPR change, with SPR values ranging from —3 to —10
(meaningful category). This meant that 13 of 27 (48.2%)
females only displayed a nonmeaningful response to VPA
therapy, defined as an SPR decrease post-VPA of only —2,
—1, or O (Table 1). Among these, 12 patients demonstrated
a modest EEG-SPR reduction ranging from —2 to 0 (subop-
timal category), while 2 female patients showed an actual
increase in SPR (+value), indicating a paradoxical, provoca-
tive response to VPA (SPR change values were +3 for no.
22 and +1 for no. 25, in Table 1). Table 1 also shows that 10
of 11 females older than 16 years were VPA nonresponders,
having experienced a SPR change of only —2 or less, as
compared with only 3 of 16 who were 16 years of age or
younger.

In contrast, all 21 males (100%) demonstrated a mean-
ingful EEG-SPR change in response to VPA, with values
ranging from —3 to —13 (clinically meaningful to optimal
categories; Table 2). This 1.93-fold greater percent of VPA
responders with a clinically meaningful to optimal response
in favor of males was statistically significant (p < 0.0001,
two-tailed Fisher’s exact test).

3.3.4 VPATotal Daily Dosage and Plasma [VPA]
Concentrations (Secondary Outcome)

In the 27 females, the mean (+ SD) VPA total daily dose at
the second EEG was 736.7 + 257 mg/day, with a median of
600 mg/day (Table 1). In contrast, the 21 males had a mean
VPA dose of 847.6 + 326.5 mg/day, with a median of 800
mg/day (Table 2). VPA was administered in two divided
daily doses for 95.8% of the patients. This secondary out-
come difference in total daily mg VPA dose between the
sexes was not statistically significant (¢-test statistic = 1.318,
p = 0.19). Therefore, the greater VPA-induced reduction
and/or elimination of PPR observed in males compared with
females (Fig. 3) does not appear to be related to differences
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in VPA total daily dose, as the mean doses were not signifi-
cantly different between sexes.

3.3.5 Relationship of SPR Changes to Plasma [VPA]
Concentrations (Secondary Outcome)

We also evaluated available data on steady-state plasma
total [VPA] concentrations (unbound or “free” [VPA]
were not measured) to SPR change as the final second-
ary outcome measure. Most importantly, blood samples
for [VPA] were typically drawn in the morning, several
hours post-dose and just at the end of IPS testing, mean-
ing these peak [VPA] concentrations were taken at the
same time frame as the EEG. Peak plasma total [VPA]
concentrations were available for only 13 patients (8
females and 5 males; Tables 1, 2 and 3), with an over-
all mean concentration in 13 patients of 87 mg/L (range
37-138 mg/L). When separated by sex, the mean (+ SD)
plasma [VPA] concentration in 8 females was 100.1 +
25.5 mg/L (median 98 mg/L), while in 5 males, it was
66.0 + 35.4 mg/L (median 51.0 mg/L; Table 3). When
stratified by post-VPA EEG-SPR results, no significant
difference (p = 1.00) was observed in the distribution of
plasma [VPA] concentrations among females on the basis
of EEG-SPR change categories (“Meaningful” versus
“Suboptimal+Provocative”). In the suboptimal category,
the mean plasma [VPA] concentration was 100.5 + 23.8
mg/L, with a median of 99 mg/L (IQR 80-121). In patients
with meaningful EEG-SPR change, median plasma [VPA]
concentrations were 51.2% higher in females compared
with males. For females, the mean (+ SD) plasma [VPA]
was 100.1 + 25.5 mg/L (median 98 mg/L; IQR 77-122),
whereas in males, it was 66.0 + 35.4 mg/L (median 51
mg/L; IQR 38-85). Despite these higher plasma concen-
trations in females, the difference was not statistically
significant (Table 3, Mann—Whitney U test, p = 0.124).
Indeed, our small subsample size of 13 patients who had
blood sampled for [VPA] is likely the reason for the lack
of statistical significance for plasma [VPA] changes cor-
relating with SPR changes.

4 Discussion

The overall main discovery of our retrospective study
is the statistically significant between-sex differences
observed for VPA’s efficacy on the IPS-induced PPR on
EEG, expressed through the transformed biomarker, SPR.
Males show a better SPR response on EEG to VPA than
females. We summarize three key findings that support
this:
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Flash frequency, Hertz(Hz) | 2 | 6 | 8 | 10

23 | 25 | 30 | 40 | 50 | 60

Both valproic acid (VPA)-naive
patients showed the same PPR
(+) range from 6-50 Hz, which - 4+

is calculated as an SPR =12
(11 Steps [\J 1+ 1%). \IV\

VUVUUUY

+ | -

PPR range within a year and after chronic oral VPA of 1200 mg (600 mg BID):

Female patient:
PPR (+) diminished only to 8-40

PPR (+) was suppressed to 25
Hz; no Steps + 1* =1 SPR; -1 T = -

His change in SPR value =-11.

Hz;9Steps(\,)+1*=1o SPR; | - | - |+ + .-
Her change in SPR value = -2. \AAM’\AAAI
Male patient:

Fig.2 Depiction of a photosensitivity range on a 14-point hertz (Hz)
scale in two patients with epilepsy during baseline, while antiseizure
medicine (ASM)-treatment naive, and then at follow-up IPS-EEG
procedure after chronic valproic acid (VPA) treatment. This work-
sheet depiction of the photosensitivity range on a 14-point Hz scale,
is typically used in phase 2a proof-of-principle (PoP) ASM devel-
opment trials and not uncommonly in clinical practice. The stand-
ardized photosensitivity range (SPR) value, a pharmacodynamic
(PD) EEG outcome parameter calculated from the photoparoxysmal
response (PPR) range, is illustrated on our worksheet determination
for a 14-year-old female (no. 17 in Table 1) and a 10-year-old male
(no. 3 in Table 2), both of whom were ASM-naive. IPS testing was
conducted from 2 Hz upward and 60 Hz downward until generalized
epileptiform discharges were recorded. Both patients had an identical
baseline EEG PPR range of 6-50 Hz (the appearance of the PPR on
EEG is marked by a “+” symbol). That PPR range was then trans-
formed into a unitless SPR value (number of interval Hz changes,
or “steps,” indicated by the red swooping arrow symbol (‘, ), then

i.  For our first co-primary outcome, the distribution of
within-patient SPR changes from pre-VPA to steady-
state VPA therapy between female and male patients
was statistically significantly different: mean reduction
in males only was —7.0 + 2.6 (median: —7, IQR -5
to —9), whereas in females only, the mean reduction
was only —3.9 + 3.3 (median: —3,IQR —1to -7;p =
0.0018, Wilcoxon-Mann—Whitney U test, Fig. 3). The
data above are also supported by linear regression,
which showed that males had a greater difference in
decrease in SPR of —3.275 points (95% CI: —5.155 to
—1.394; p =0.001).

ii.  Our second co-primary outcome, PPR elimination,
was observed in 10 out of 21 males (47.6%) following
VPA treatment, whereas it was observed in only 4 out
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adding +1 for the final SPR value). The asterisk (*) indicates that a
+1 needs to be added to the number of steps to arrive at an accu-
rate SPR value; the maximal SPR value = 14 using this 14-point Hz
range scale of 2-60 Hz. Both patients had a calculated baseline SPR
value = 12 (top of illustration). Subsequently, 1 year later, after 1200
mg/day VPA treatment for both, the female’s photosensitivity range

reduced to 8—40 Hz (9 ‘1‘ steps +1, for a post-VPA SPR value = 10).

Thus, from baseline to post-VPA treatment, the change in the female
patient’s SPR value = 12 — 10 = —2. The minus sign for the value of
—2 indicates that the SPR value has decreased post-VPA treatment.
For the male, who exhibited a single positive generalized PPR only
at 25 Hz (with no steps, but a SPR value = 1) post-VPA, the cor-
responding pre-post SPR values are 12 — 1 = —11. The male had a
substantial, clinically meaningful, adequate response to VPA therapy,
since his change in SPR value of —11 well exceeded —3, whereas the
female had a suboptimal response with a SPR value of —2 (Methods,
Sect. 2.5, contains more details).

of 27 females (14.8%), a 3.2-fold difference in favor
of males (p = 0.0237; two-tailed Fisher’s exact test);

iii. Concerning the percentage of patients responding to
VPA, a secondary outcome measure, we discovered
that all 21 (100%) males had a clinically meaning-
ful and/or optimal EEG response to VPA (change in
SPR value from baseline EEG to post-VPA EEG of
—3 to —13) compared with 14 of 27 (51.8%) females,
a statistically significant difference in VPA response
between sexes (p < 0.0001, two-tailed Fisher’s exact
test). This represents a 1.93-fold greater percent of
VPA meaningful responders among males versus
females.

These three key findings occurred despite no statistical
VPA total daily milligram dose differences between sexes
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Fig. 3 Distribution of within-patient SPR differences for males and
females before and after VPA therapy. This graph displays SPR value
differences (box plots showing minimum, maximum, interquartile
ranges (IQR), and median [as horizontal middle line]) between 27
females and 21 males before and after VPA therapy. Males exhib-
ited a greater reduction in SPR post-VPA compared with females.
A desirable clinical outcome is an SPR value decrease of —3 to —14
post-ASM treatment; an optimal response is total elimination of the
PPR range post-ASM therapy. A change of SPR value, pre-to-post
VPA therapy, of zero means no response to ASM treatment; any SPR
change post-ASM that is more than the patient’s baseline, resulting
in a positive (+) value, indicates that the ASM is paradoxically pro-

and higher plasma [VPA] concentrations in females com-
pared with males (nonsignificant difference), in the few
patients with blood samples drawn.

In most studies, photosensitivity in epilepsy, defined as
the greater prevalence of PPR on EEG, occurs more often in
adolescent females than in males [28, 30, 31], with females
exhibiting a broader photosensitivity Hz range [46]. Thus,
our findings of a greater male-to-female VPA response are
surprising, given the above published statements. One might
have expected females to have had the better PD response to
VPA, with their broader Hz range affording a greater oppor-
tunity for VPA-induced reduction or elimination in Hz range
and SPR. However, our data only found 7% more females
with an SPR > 10 in the baseline EEG compared with males
(albeit, a nonsignificant difference [p = 0.60]). The three
main between-sex differences in VPA response, enumer-
ated above, cannot be explained by age or VPA dosage, as
both were statistically similar between the sexes at baseline.
Females had higher average and median total plasma [VPA]
concentrations than males (yet non-statistically significant
at p = 0.124), theoretically giving females an advantage in
the chance for better VPA efficacy.

vocative (Methods, Sect. 2.5, contains further details). Males exhib-
ited a significantly greater reduction in EEG-SPR pre- and post-VPA
treatment compared with females. The mean reduction in the cohort
of females was —3.9 + 3.3 (median: —3, interquartile range (IQR)
—1 to —7), whereas in male group, the mean reduction was —7.0 +
2.6 (median: —7, IQR: =5 to —9) (Wilcoxon—-Mann—Whitney U test,
p = 0.0018). This non-parametric test is further supported by linear
regression analysis, revealing that VPA therapy resulted in a statisti-
cally significantly greater change in SPR values among males versus
females post-VPA therapy, with a mean difference of —3.275 points
(95% CI: —5.155 to —1.394, p = 0.001)

To anchor our data, we relied on the EEG biomarker, the
generalized PPR, with transformation to the SPR, before
and after chronic VPA treatment. A clinically meaningful
response using the “Photosensitivity EEG Model” is defined
as a decrease in SPR value by at least 3, recorded as a nega-
tive number (—3 to —14) [46-49, 54]. The EEG-SPR serves
as a robust, substantiated marker for ASM PD and/or effi-
cacy, including VPA [31, 50-54, 60-63, 68]. Within-patient
changes in Hz photosensitivity, expressed through standard-
ized photosensitivity response (SPR), have previously been
used repeatedly and successfully in phase 2a PoP ASM
development trials as a surrogate marker for ASM clinical
efficacy [53, 60-63].

Our findings focus on intra-patient between sex differ-
ences in PPR, converted to SPR—an EEG biomarker of
PD response to ASMs, which is the first study of its kind
to do so. Three other studies [27-29] have hinted that a
between-sex difference in VPA response exists on the basis
of changes in seizure frequency or remission. We note that
our findings are in line with those from Irelli et al. [27]; they
found that seizure remission in their IGE population was sta-
tistically greater (p < 0.001) in males (81.4%) versus females
(62.3%), perhaps associated with a 50% lesser prescribing
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Table 3 Focused comparison of
available total plasma valproic
acid [VPA] concentrations

Females assigned an identification no., as
per Table 1, with a designation of (Y) as

Males assigned an identifica-
tion no., as per Table 2, with

Measured total peak (pre-
sumed) plasma [VPA] at the

for eight females versus five to being younger or (O) older; time of second EEG/IPS a Qesignation of (Y) as to
. n=2_8 being younger or (O) older;
males at the time of the second Females Males n=5
electroencephalographic/
intermittent photic stimulation ID no. 1-NR? Y 124 85 ID no. Y
procedure (EEG/IPS}, showing 5 v 107 119 9 Y
a92.2% greater median plasma
[VPA] concentration in female 5 Y 138 51 10 0
patients compared with male 10-NR Y 80 38 11 O
patients 11 o] 65 37 12 o
19-NR (¢} 118 - -
20 o 89 - -
26-NR (¢} 80 - -
Mean": 100.1 66.0
+ SD: 25.5 354
% CV: 25.4 53.7
Median: 98.0 51.0

#As in Table 1, “NR” denotes a VPA nonresponder, meaning those female patients who had an EEG-stand-
ardized photosensitive response (SPR) change value, post-VPA, of 0, or —1, or —2, indicating nonopti-
mal, clinically irrelevant response to VPA treatment (examples where the EEG photoparoxysmal response
(PPR) range, pre- and post-ASM, has been transformed into SPR data in ASM proof-of-principle (PoP)
phase 2a ASM trials include these works [46—49, 60, 61, 68]). Note that all five males meaningfully
responded to VPA treatment, even for two patients whose plasma [VPA] concentrations are not generally
considered to be therapeutic (< 50 mg/L)

"The difference between median plasma [VPA] concentrations, for eight females versus five males,
although noticeably higher in females than for males, is nonsignificant, p = 0.124 (two-group Mann—Whit-
ney U test, where z-statistic = 1.539 and U = 31)

of VPA in females versus males (p < 0.001). However, the
prevalence of photosensitivity, via PPR on EEGs in their
cohort was only listed at baseline and was statistically indis-
tinguishable between sexes, at 29.9% for males and 28.2%
for females; they also did not report on whether changes
occurred within-patients’ EEG PPRs over time with VPA
therapy. Asadi—Pooya et al. [28], in a population of patients
with epilepsy with IGE, reported a statistically significant
between-sex difference in seizure remission (p = 0.02),
with 83 (66%) males being seizure-free compared with
108 females (49%); they also found a higher proportion of
males (88%) on chronic VPA therapy versus 49% of females
(p = 0.0001). We surmise that the population of females
in their study had been prescribed VPA less frequently to
avoid VPA-induced teratogenic effects in offspring born
to pregnant females with epilepsy [37—44]. While they did
not specifically test for a cause—effect interaction, their data
strongly hint that VPA appears to be more effective in males.
Kilic et al. [29], in their retrospective study of patients with
JME, achieved a higher seizure remission rate at 57% in
70 males with JME in the first 5 years of VPA treatment
(presumably monotherapy) from 2010 to 2015, compared
with 51 females (52%; p = 0.04) compared with the latter
5 years, 2015-2020, where levetiracetam was the predomi-
nant treatment. EEG remission was not significant in their
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study, however. These mentioned patient population stud-
ies [27-29] compliment our within-patient EEG study that
strongly suggest a between-sexes difference in VPA PD or
efficacy. We believe that a prospective, randomized trial,
incorporating both EEG photosensitivity measurements plus
seizure counts from multiple centers should be conducted
to precisely discern the differential effect of chronic VPA
treatment between sexes.

Our data on VPA total daily milligram dose and plasma
total [VPA] concentrations deserves special mention. We
observed biomarker EEG-SPR differences between sexes
despite comparable (non-statistically significant) mean daily
VPA doses between females (736.7 mg/day, Table 1) and
males (847.6 mg/day, Table 2). While only 13 (27.1%) of
the total 48 patients had blood samples available for VPA
analysis, females had 92.2% higher median plasma [VPA]
concentration compared with males (98 mg/L versus 51
mg/L, respectively; Table 3), albeit this difference was non-
significant. Two males, with plasma [VPA] levels considered
low therapeutically (37 mg/L for no. 11 and 38 mg/L for
no. 12), still exhibited a VPA effect (Tables 2 and 3). The
disparity between females and males in plasma [VPA] con-
centrations likely results from differences in body weight, as
males typically weigh more than females at or post-puberty,
leading to a larger absolute distribution volume and lower
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total plasma [VPA] concentrations. Ibarra et al. [12] simi-
larly found higher plasma [VPA] in females at comparable
single doses, but a major flaw was not accounting for body
weight differences among females and males. Yet, recent
evidence suggests no significant between-sexes difference
in overall plasma [VPA] or VPA pharmacokinetics (absorp-
tion, metabolism, elimination), excluding pregnancy [13].
The acute EEG photo-suppressive effect of VPA begins at
a plasma [VPA] level of 53 mg/L [69], consistent with the
therapeutic range of 50-100 mg/L used for seizure control in
epilepsy management, underlining the heightened sensitivity
to lower plasma [VPA] in males observed in our study. In
addition, females have been shown to have a slightly higher
plasma-free [VPA] fraction during chronic monotherapy
[70], theoretically giving females an advantage in VPA effi-
cacy. Despite not measuring free or unbound [VPA] concen-
trations in our study, we have no reason to suspect that the
free fraction in females was lower than that in males. Any
future prospective trial examining between-sex VPA efficacy
differences needs to concentrate on the impact of total and
free plasma [VPA] concentrations.

A growing body of literature exists on sex differences
in drug PK [1-8], particularly for ASMs, including VPA
[9-13]. Evidence increasingly shows that drug-induced AEs
are more frequent in females across all drug classes [14-24],
including ASMs [25, 26]. When it comes to ASM efficacy
or PD, our data and those from a number of authors [27-29]
indicate VPA response may be different between females
and males, but evidence for other ASMs has not been clearly
identified [26, 71-73]. A related study on the gamma-amin-
obutyric acid (GABA)-ergic drug diazepam found sex dif-
ferences in EEG response, with 5 mg of diazepam decreas-
ing alpha waves and increasing beta waves in both sexes
and also reducing theta waves in females [74]—although
the clinical significance of this is unclear. In a quantitative
EEG study of ASM-naive patients with IGE (11 females
and 5 males), VPA decreased theta and delta power bands
irrespective of dose or plasma [VPA] [75], but no sex dif-
ferences were reported. Rowan et al. [5S0] documented a
delayed onset of VPA’s photo-suppressive effect in seven
out of nine photosensitive patients with epilepsy, with maxi-
mal suppression occurring 3 h post-VPA dose, most likely at
peak concentrations. Five of these patients, on chronic VPA
and other ASMs, did not show a reduction in photosensitiv-
ity. In one 53-year-old female patient, the initial decrease in
the EEG photosensitivity range, induced by oral VPA, was
notable. Over 5 days, her range decreased from 20 to 10 Hz
(areduction in the upper-lower Hz threshold). However, this
improvement was not sustained over time, as her photosensi-
tivity range slowly reverted to its original value of 20 Hz. We
did not conduct serial testing of VPA’s photo-responsiveness
in our patients, so it is possible that the female patients in our
study initially responded to VPA but later became refractory,

as observed in Rowan’s patient. Our study extends Rowan’s
findings by detailing a significant sex difference in VPA’s
suppressive effect on the PPR in a larger cohort of patients.
It also reminds us that, perhaps, VPA resistance might occur
over time in some patients, such that a proper future study
design should incorporate more frequent clinical and EEG
assessments to discern between-sex differences.

We speculate there may be several reasons to explain the
VPA refractoriness that we observed in nearly half of the
females in our study with photosensitive epilepsy. Whether
females exhibit a lower response to VPA or males demon-
strate heightened sensitivity to the drug likely stems from
inherent physiological factors unrelated to VPA PK.

First, one possible factor could be the influence of female
hormones and menstrual cycles, especially considering that
10 of 11 females at > 16 years of age were VPA nonrespond-
ers, whereas only 3 females < 16 years displayed this nonre-
sponder effect (Table 1). This observation plus the result of
our first co-primary outcome, the distribution of SPR change
from pre-VPA to steady-state VPA therapy between female
and male patients being remarkably different (p = 0.0018,
Wilcoxon-Mann—-Whitney U test, Fig. 3) and a secondary
outcome—the percentage of males with a VPA clinically
meaningful to optimal response being 1.93-fold greater than
females, at 100:51.8%, respectively (p < 0.0001), strongly
suggests that VPA nonresponse is heavily influenced by
estrogen/progesterone hormones. The role of such female
hormones in epilepsy is both complex and contradictory.
Estrogens are known to have both proconvulsant and anti-
convulsant properties [76—78]. Moreover, birth control pills
(BCPs) containing estrogen and progesterone have been
shown to statistically decrease plasma [VPA] by 23.4% in
females with epilepsy [79]. Yet, in our study, female patients
exhibited higher plasma [VPA] concentrations than males.
The influence of BCPs on VPA responsiveness in females
certainly needs further study.

Secondly, it is possible that VPA metabolites contributed
differently to drug efficacy between sexes, potentially influ-
encing our findings. Clinical observations by Rowan et al.
[50] of delayed onset of VPA’s effect on PPR suppression
(occurring hours after peak plasma [VPA] levels) and its
persistence for up to 5 days suggest that VPA metabolites
may play a role in its efficacy. Loscher et al. [80] examined
five VPA metabolites (2-ene-VPA, 3-OH-VPA, 4-OH-VPA,
5-OH-VPA, and 3-keto-VPA) in 29 patients with epilepsy
on chronic VPA therapy. With a mean plasma [VPA] of 105
mg/L, the percentage of these metabolites ranged from ~6%
for 2-ene-VPA to ~0.7% for 4-OH-VPA, with others falling
in between. When studied in mice, these metabolites were
found to elevate seizure thresholds significantly, though they
were 50-90% less potent than VPA itself. The researchers
concluded that VPA accounted for ~80% of the antiepi-
leptic effect during chronic therapy in humans, suggesting
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that VPA metabolites do not substantially contribute to its
efficacy at the plasma concentrations observed in humans,
regardless of sex differentiation [81].

Thirdly, an early review [82] of drug efflux transporters,
including multidrug-resistant protein, p-glycoprotein (Pgp),
and organic anion-transporting proteins, explored their role
in drug resistance in central nervous system (CNS) disor-
ders, including epilepsy. It was clearly shown that VPA is
not a substrate for Pgp [83], and while no between-sex dif-
ferences in brain drug transporters have been reported, this
premise does not seem likely to explain our results.

Fourthly, VPA is known to increase [GABA] levels in
the cerebrospinal fluid and brain, enhance GABA synthe-
sis, decrease its degradation, and promote its release, which
inhibits excitatory neurotransmission and reduces seizure
activity [84—87]. Of the four major reviews on this topic,
only one study [86] mentioned potential sex differences in
GABA receptor distribution or function. An entire book
dedicated to sex differentiation of the CNS, including a
chapter on epilepsy [73], discusses the influence of men-
struation, neuroendocrine hormones, and biological differ-
ences in neuronal networks but provides no evidence of dif-
ferences in GABA receptor number, distribution, or function
between males and females. Fifthly, a recent novel investiga-
tion [88] has found that genetic overexpression of the scaf-
folding protein, Homer 1b/c, in the post-synaptic density of
hippocampal neurons, induces VPA resistance in rats via
a number of mechanisms, including increasing production
of reactive oxygen species, calcium content or facilitat-
ing lactate dehydrogenase release. Yet, the lack of data for
both sexes of rats limits our understanding of the potential
for an abundance of Homer 1b/c to disrupt VPA efficacy;
this needs further exploration.

4.1 Limitations

We recognize that our study has a number of limitations.
It was an unblinded, nonrandomized, and retrospective
work. While our sample size may be considered small
since it only included a single-center, it included a rela-
tively large cohort of ASM-naive patients with epilepsy,
which are difficult to identify and systematically follow
using standardized photic stimulation in contemporary
neurology practice. Although we precisely determined
individual, within-patient changes in photosensitivity Hz
range and SPR before and after VPA treatment, we did not
correlate these biomarker PPR changes with actual clinical
seizure outcomes for this cohort, such as seizure frequency
being recorded in seizure diaries or through periodic
video EEG monitoring. Yet, we note that this correlation
has been established and published before [46—49]. We
recognize that our findings, being from a single center
with a small sample size and having had only one race,

A\ Adis

Caucasian participants, limits the generalizability of our
data; yet, we found strong statistical significance for both
our co-primary and some secondary outcomes. Indeed,
we welcome prospective data from multiple sites to con-
firm our observations. We also did not record patients’
body weights, which would have provided more accurate
mg/kg VPA dosing information by sex. Blood samples for
plasma [VPA] concentrations were collected in only 13 of
48 patients, and the very exact timing of these collections
after IPS testing (when plasma [VPA] would be maxi-
mized) may have led to variability in [VPA] concentra-
tions between patients. Furthermore, we did not measure
the free fraction of plasma [VPA], nor did we track patient
adherence to individualized VPA regimens. The response
to VPA treatment was not measured at a consistent time
point after initiation of therapy, other than that we allowed
a minimum of 6 weeks of VPA therapy to attain PK and
PD steady-state conditions. Although all patients were
on VPA monotherapy, we did not systematically monitor
the concomitant use of other non-seizure medications or
nutraceuticals, including the use of BCPs in females. Any
potential drug—drug or drug-nutrient interactions may have
unknowingly hindered VPA efficacy in females or perhaps
enhanced the response in males. We did not document the
timing of menstrual cycles relative to the first or second
EEG IPS testing, nor did we track between-sex differences
in AEs. However, patients received appropriate clinical
management, with VPA doses adjusted when nuisance
AEs occurred. Lastly, our cohort involved patients with
epilepsy plus photosensitivity, and some readers might
argue that our results only pertain to this specific popula-
tion alone—yet, it begs the question as to whether or not
sex differences might be seen in the general population of
VPA-treated patients with epilepsy. We remind readers
that these same EEG SPR criteria used in our cohort herein
to evaluate VPA effect have also been used in many other
phase 2a PoP ASM development trials [53-56, 60-63],
and a number of those ASMs have ultimately shown broad
clinical efficacy and have been US Food and Drug Admin-
istration (FDA)-approved for the treatment of patients with
epilepsy with or without photosensitivity.

5 Conclusions

We observed significant between-sex differences in response
to VPA via the pharmacodynamic biomarker, the EEG PPR
(with transformation to SPR units): males showed a greater
reduction in SPR, a higher rate of PPR elimination than
females, despite comparable VPA total daily milligram
doses, attendant with almost twice higher (but nonsignfi-
cant) plasma [VPA] concentrations in females. All 21 males
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had a clinically meaningful and/or optimal EEG-SPR VPA
response compared with 51.8% of females. These findings
suggest that inherent biological or physiologic sex differ-
ences may influence VPA efficacy by an unknown mecha-
nism; this certainly requires further study. Furthermore, our
data emphasizes the importance of considering sex in per-
sonalized ASM treatment planning for patients with epilepsy
plus photosensitivty.
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