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Abstract

After initially successful treatment of infantile spasms, the long-term cumulative risk of relapse
approaches 50%, and there is no established protocol to mitigate this risk. Although vigabatrin
may be an effective means to prevent relapse, there is little guidance as to ideal duration and
dosage. Using a cohort of children with infantile spasms and tuberous sclerosis complex (TSC),
we evaluated the potential association of post-response VGB treatment and the rate of infantile
spasms relapse. Patients with infantile spasms and clinical response to vigabatrin were identified
among a multicenter prospective observational cohort of children with TSC. For each patient we
recorded dates of infantile spasms onset, response to vigabatrin, relapse (if any), and quantified
duration and dosage of vigabatrin after response. Time to relapse as a function of vigabatrin
exposure was evaluated using survival analyses. We identified 50 children who responded to VGB.
During a median follow-up of 16.6 months (IQR 10.3 — 22.9), 12 (24%) patients subsequently
relapsed after a median of 7.8 months (IQR 3.1 — 9.6). Relapse occurred after VGB
discontinuation in four patients, and during continued VGB treatment in the remaining eight cases.
In survival analyses, risk of relapse was unaffected by the presence or absence of VGB treatment
(HR 0.31, 95%CI 0.01 — 28.4, P=0.61), but weighted-average dosage was associated with marked
reduction in relapse risk: Each 50 mg/kg/d increment in dosage was associated with 61% reduction
in risk (HR 0.39, 95%CI 0.17 — 0.90, A= 0.026). This study suggests that the risk of infantile
spasms relapse in TSC may be reduced by high -dose vigabatrin treatment.

Keywords

West syndrome; epileptic spasms; secondary prevention

Introduction

Infantile spasms (IS) is the most common epilepsy syndrome with onset in the first year of
life, affecting approximately 1 in 2,500 infants (Shields, 2006). IS presents in a distinctive
fashion with clusters of brief seizures called epileptic spasms (Fisher et al., 2017), and a
spectrum of severe electroencephalographic abnormalities that include hypsarrhythmia
(Hrachovy et al., 1984). Onset is often heralded by neurodevelopmental arrest or regression
(Shields, 2006). Despite its relatively high incidence and this unique clinical presentation,
diagnostic confusion and treatment delay are common and potentially devastating (Hussain
etal., 2017). Treatment delay is associated with reduced efficacy of first-line medications
(O’Callaghan et al., 2017) as well as marked reductions in long-term neurodevelopmental
outcomes.(O’Callaghan et al., 2011) First-line treatment options for IS include natural
(Baram et al., 1996) and synthetic (Lux et al., 2004) adrenocorticotropic hormone (ACTH),
prednisolone (Hussain et al., 2014) and vigabatrin (VGB) (Elterman et al., 2010). Although
short-term response rates to these therapies are substantial (Knupp et al., 2016), the
cumulative long-term risk of IS relapse approaches 50% (Hayashi et al., 2016; Rajaraman et
al., 2016). As enduring freedom from IS appears to be a prerequisite for favorable long-term
cognitive outcomes (Riikonen, 2010), an effective strategy to prevent relapse would be of
great value. Unfortunately, no successful approach to relapse prevention has been
established (Rajaraman et al., 2016).
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Although the short-term efficacy of VGB is inferior to the hormonal therapies in general
(Knupp et al., 2016; Lux et al., 2004), VGB appears to be especially effective in the
treatment of 1S among children with tuberous sclerosis complex (TSC) (Chiron et al., 1997).
However, despite this established efficacy (Appleton et al., 1999; Elterman et al., 2001), the
use of VGB has been limited by the threat of permanent peripheral visual field loss (Eke et
al., 1997; Vanhatalo et al., 2002). MRI abnormalities (Dracopoulos et al., 2010; Hernandez
Vega Y et al., 2014; Pearl et al., 2009; Wheless et al., 2009). In particular, VGB has been
linked to reversible—and usually asymptomatic—signal changes on T2-weighted and
diffusion-weighted MRI, localized to the basal ganglia, thalami, brainstem tegmentum, and
deep cerebellar nuclei. Although estimates of visual field loss vary substantially, risk appears
to be lower among infants with treatment duration less than 12 months (Riikonen et al.,
2015) and the risk of clinically meaningful vision loss is very low among children treated for
infantile spasms (Schwarz et al., 2016). With regard to MRI abnormalities, the risk of
toxicity is approximately 20-30% (Pearl et al., 2009; Wheless et al., 2009) and dependent on
dose but not duration of therapy (Hussain et al., 2017).

Although there is consensus in the United States that vigabatrin is the first-line treatment of
choice for TSC-associated IS, there is great variability in prescribed dosage and duration of
therapy (Pellock et al., 2010). With the contemporary views that (1) risk of meaningful
visual field loss is low, (2) risk of MRI abnormalities may be reduced by avoidance of high
dosage, and (3) MRI abnormalities are reversible and usually asymptomatic, VGB may
represent a reasonable treatment in the effort to prevent IS relapse. Accordingly, using a
prospective cohort of children with TSC and IS—among whom long-term VGB therapy is
common—we set out to determine whether ongoing VGB treatment is associated with lower
risk of IS relapse.

2. Method

2.1 Standard protocol approvals

This study was approved by the institutional review boards at each center. All patients’
guardians provided written informed consent prior to any study procedures.

2.2 Study design and procedures

We conducted a nested cohort analysis. The patients comprising the nested cohort were
derived from two linked ongoing multicenter prospective observational studies
(ClinicalTrials.gov: NCT01780441 and NCT02461459), which seek to identify genetic and
electrophysiologic biomarkers of epilepsy, autism, and long-term neurodevelopmental
outcomes in children with TSC. For the analyses in this study, we specifically identified the
subset of patients with IS (based on seizure-diary) and response to VGB, as defined below,
and as illustrated in Figure 1. Importantly, although the evaluation of a potential association
between VVGB exposure and IS relapse was not a specific aim of these studies, the data from
these cohorts presented an opportunity to readily address this question. Our hypothesis was
that risk to IS relapse would be lower among infants with longer duration and higher dosage
of VGB.

Epilepsy Res. Author manuscript; available in PMC 2019 December 01.
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Both parent studies enrolled infants with a clinical or genetic diagnosis of TSC, and all
patients underwent serial in-person evaluations at ages 0-2, 3, 6, 9, 12, 18, 24, and 36
months (NTC01780441) and at ages 1.5, 3, 4.5, 6, 9, 12, 18, and 24 months
(NTC02461459). At each visit, there was detailed accounting of seizure burden (via seizure
diaries) with classification and quantification of each seizure type, and detailed tabulation of
all medication exposures. In addition, serial outpatient video-EEGs (1 hour duration, awake
and sleep) were performed at each visit and interpreted in a blinded fashion by a team of
board-certified pediatric electroencephalograhers as follows: All studies were reviewed by at
least MG and JMP. In the event of any inter-rater discrepancy, studies were then reviewed by
JYW for adjudication. Although there was specific notation of the presence or absence of
epileptic spasms and hypsarrhythmia at each visit, the video-EEGs performed in the course
of this study were in addition to clinical EEGs obtained by treating physicians, and were not
intended for verification of IS onset, response to therapy, or relapse on a clinical basis.

2.3 Definition of response and relapse

We defined response to VGB as the cessation of epileptic spasms (according to seizure diary
and not contradicted by a study video-EEG demonstrating either epileptic spasms or
hypsarrhythmia) for at least one month, and beginning not more than one month after VGB
initiation. The date of response was defined as the first day of the interval of at least month
duration without epileptic spasms. IS relapse was defined as the presence of either epileptic
spasms (according seizure diary or study video-EEG) or hypsarrhythmia on any subsequent
study video-EEG, at least 1 month after initial response.

2.4 Quantification of VGB exposure

Among VGB responders, VGB exposure was quantified from the date of initial response to
(1) VGB discontinuation, (2) IS relapse, or (3) most recent study visit, whichever came first.
Quantification was accomplished using dosages, dates of therapy, and patient weight, as
recorded at each sequential study visit. For each patient, we determined (1) duration of VGB
therapy, (2) weighted-average weight-based VGB dosage (mg/kg/day), and (3) peak weight-
based VGB dosage (mg/kg/day). To determine weighted-average weight-based VGB dosage,
each patient’s exposure interval (time) was segmented into #7 subintervals of variable
duration, ¢;. The beginning and end of each subinterval was demarcated by any reported
change in VGB dosage or patient weight. The weight-based dosage (mg/kg/d) of each
subinterval was calculated based on the dosage (mg/day), @}, and weight (kg), w;, at the
beginning of each subinterval, using the last observation carry forward approach. We then
calculated weighted-average weight-based dosage across the entire exposure interval, D,
with the contribution of each subinterval weighted by the duration of the subinterval, as
follows:

For each patient, peak weight-based dosage was defined as the largest weight-based
dose(d/w)) in any subinterval.
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1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Hussain et al. Page 5

2.5 Statistical Methods

Continuous summary data were presented as median and interquartile range based on
nonparametric distributions. Comparisons of percentages and medians were accomplished
with the Fisher exact test and Wilcoxon rank-sum test, respectively. Time to IS relapse was
evaluated using the Kaplan-Meier method and Cox proportional hazards regression, with
censorship at 12 months post-response. All comparisons were two-sided and P-values less
than 0.05 were considered statistically significant. Given the interdependence of the three
primary (planned) analyses (evaluation of the association between time to relapse and [1]
VGB treatment duration, [2] weighted-average dosage, and peak dosage) we did not adjust
for multiple comparisons. Statistical calculations were facilitated with Stata software
(Statacorp, version 14, College Station, Texas, USA).

3. Results
3.1 Subjects

Clinical and demographic characteristics of the study population are summarized in Table 1
and illustrated in Figure 1. Among 172 total patients enrolled in the parent studies, we
identified 81 (47%) patients with IS, of whom 50 (62%) responded to VGB, with median
follow-up of 16.6 months (IQR 10.3 — 22.9). These 50 patients comprise the nested cohort
for the analyses in this study. Importantly, six of 50 (12%) children received a course of
hormonal therapy (prednisolone or ACTH) which overlapped with VGB treatment. Among
these cases, it is unclear if hormonal therapy was added after VGB initiation because of a
lack of early complete response, lack of immediate availability of ACTH, or other reasons.
We did not have access to all clinical notes of referring providers with explicit rationale for
the sequence and timing of therapy. In these cases, it is thus unclear whether response was
attributable to VGB, hormonal therapy, or both. Among the 31 patients who were not
identified as VGB responders, six patients had not yet returned for study follow-up after first
identification of IS. In short, although we have identified patients receiving VGB at the time
of initial IS resolution, we cannot reliably estimate the initial response rate to VGB alone. Of
note, there were no instances in which response defined on a clinical basis (seizure diary)
was contradicted by study protocol video-EEG. However, as we did not have complete
access to clinical EEGs performed by treating physicians, it is possible that some patients we
have classified as responders were incorrectly classified (i.e. hypsarrhythmia or subtle
spasms persisted), or that complete response occurred later than we have estimated (i.e.
clinical response preceded video-EEG confirmed “complete” response). Twenty-five (50%)
of patients became completely seizure-free upon IS resolution. Among the remaining 25
(50%) patients with continued focal seizures, seizure frequency was generally low (median
0.7, IQR 0.3 — 2.7 seizures/month), though six (12%) continued to suffer more than one
seizure per week, on average. With regard to genetic characterization of TSC, Page 9 of 23
genetic data were available for 28 patients, among whom there were 25 children with 75C2
mutations, one child with a 7SCZ mutation, and two children with no identified mutations.

3.2 VGB exposure

Among the 50 VGB responders, the median duration of VGB therapy was 9.2 months (5.7 —
16.3), median peak weight-based dosage was 118.9mg/kg/d (88.2 — 162.6), median

Epilepsy Res. Author manuscript; available in PMC 2019 December 01.
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weighted-average weight-based dose was 91.6 mg/kg/d (49.3 — 120.5), and the median
cumulative dose was 781.8 grams (422.8 — 1043.0). We were surprised to encounter a high
proportion of responders (resolution of epileptic spasms) who continued to exhibit focal
seizures. In an exploratory, post-hoc analysis, we found that in comparison to patients who
became completely seizure-free (n = 25), the remaining children with ongoing focal seizures
after IS resolution (n = 25) exhibited higher median weighted-average dose (112.3 vs 72.7
mg/kg/d, P=0.02), higher median peak dose (159.1 vs 101.3 mg/kg/d, A< 0.001), and
longer (albeit statistically indistinct) median duration of treatment (12.0 vs 8.4 months, P=
0.18) (Figure 2). VGB exposure did not vary as a function of age of onset of IS, duration of
IS prior to response, age at response, simultaneous treatment with hormonal therapy, or any
other clinical/demographic variable.

3.3 Timeto IS Relapse

Twelve (24%) patients suffered relapse of IS during follow-up, which occurred after a
median of 7.8 months (3.1 — 9.6). Relapse occurred after VGB discontinuation in four
patients, and during VGB therapy in eight patients. Although the presence or absence of
VGB treatment after relapse (evaluated as a time-dependent covariate) did not affect time to
relapse (HR 0.31, 95%CI 0.01 — 28.4, P=0.61), weighted-average and peak dosage were
associated with marked reduction in relapse risk. Each 50 mg/kg/d increment in weighted-
average dosage was associated with 61% reduction in risk (HR 0.39, 95%CI 0.17 - 0.90, P=
0.026), and similarly, each 50 mg/kg/d increment in peak dosage was associated with a 45%
reduction in risk (HR 0.55, 95%CI 0.30 — 0.99, A= 0.048). To illustrate these associations,
we compared patients with weighted-average dosage above or below 100 mg/kg/d (Figure
3A) as well as patients with peak dosage above or below 150 mg/kg/d (Figure 3B).
Furthermore, in considering both peak and weighted-average dosage simultaneously, there
were no relapses among patients with both peak dosage > 150 mg/kg/d and weighted-
average dosage > 100 mg/kg/d (Figure 4).

To evaluate whether simultaneous hormonal therapy modified the aforementioned
associations between VGB dosage and time to relapse, we conducted an exploratory analysis
in which we evaluated time to relapse as a function of weighted-average VGB dosage, with
simultaneous hormonal therapy (present/absent) as a covariate. After adjustment for
simultaneous hormonal therapy, each 50 mg/kg/d increment in weighted-average VGB
dosage was again associated with a 61% reduction in risk (adjusted HR 0.39, 95%Cl 0.17 —
0.90, A=0.027). Similarly, among the subset of 44 patients without simultaneous hormonal
therapy, we found that each 50 mg/kg/d increment in weighted average VGB dosage was
associated with a 59% reduction in risk (HR 0.41, 95%Cl 0.17 — 1.00,P = 0.050). Although
the subgroup with simultaneous hormonal therapy (n = 6) was too small to permit
meaningful statistical analysis, we observed a similar trend: Of four patients with weighted-
average VGB dose < 100 mg/kg/d, there were two relapses, and neither patient with
weighted-average VGB dose > 100 mg/kg/d exhibited a relapse.

Upon observing that half of the responders exhibited persistence of other seizures types
(focal seizures), we hypothesized (post-hoc) that the risk of IS relapse might be linked to the
presence of other seizures after resolution of 1S. However, in an exploratory analysis, we
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observed the opposite trend such that the presence of other seizures seemed to favor lower
risk (HR 0.30, 95%CI 0.08 — 1.12, A= 0.074). Nevertheless, as indicated above, the
presence of other seizures was correlated with—and may have prompted—nhigher peak and
weighted-average VGB dosages. As such, it is not clear from our data whether the
persistence of other seizure types is associated with IS relapse. No other clinical or
demographic variables were associated with time to IS relapse in a univariate fashion, and
none significantly modified the association of VGB dosage and time to relapse.

4. Discussion

Given the high cumulative incidence of IS relapse(Hayashi et al.,2016; Rajaraman et al.,
2016) and the presumptive impact on development, this study is noteworthy in that we have
linked high-dose VGB therapy to lower risk of relapse. It is especially significant in the
context of a prior report demonstrating that that use of topiramate and zonisamide exhibit
little utility in secondary prevention.(Rajaraman et al., 2016) However, we must be cautious
in the interpretation of these data and several important limitations must be acknowledged.

First, this study was not a randomized controlled trial. Although this was a prospective
observational study, the duration and dosage of VGB was determined at the discretion of
treating providers, and neither patients (parents) nor investigators were blinded to treatment
parameters. In particular, the anticipated duration and dosage of VGB treatment upon
response and prior to any relapse is seldom documented in progress notes and was not
ascertained as part of the research protocol. It is not clear if these VGB treatment parameters
simply vary across providers in an idiosyncratic fashion, or perhaps they vary as a function
of patient-specific attributes. Second, identification of response and relapse was based on
parent report and not adequately verified with blinded long-duration video-EEG review to
exclude the possibility of ongoing hypsarrhythmia or continued subtle spasms. Further
investigation is clearly warranted and an ideal study would be a larger-scale, randomized,
double-blind, placebo-controlled study in which both initial response to VGB as well as
identification of relapse are confirmed by blinded video-EEG review.

Along with high dosage, we had hypothesized that longer duration VGB treatment would be
associated with lower rates of relapse in the first year. Although we did not detect this
association, we were limited in observing this potential effect because short-duration
treatment (i.e. less than 6 months) was less common than anticipated in this cohort. With
longer follow-up, a subsequent analysis may demonstrate that VGB treatment duration—
regardless of dose—may be associated with lower risk of relapse in the second year
following initial response.

In an exploratory post-hoc analysis, we speculated that the presence of other seizure types
after IS resolution would be linked to higher rates of IS relapse, with the assumption that
patients with multiple seizure types, and more frequent seizures, harbor more “severe”
epilepsy overall or exhibit greater potential for de novo epileptogenesis. Curiously, we found
the opposite trend, such that the burden of other seizure-types was linked to both lower risk
of 1S-specific relapse and higher VGB dosage. However, we do not suspect that a high
burden of other seizures is protective against relapse; rather, we hypothesize that other forms
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of ongoing epilepsy prompted treating physicians to employ higher-dose and longer-duration
VGB regimens, which may have then led to lower rates of IS relapse. Conversely, some
patients classified as VGB responders may instead represent patients with an evolution in
epilepsy classification (e.g. transition to Lennox-Gastaut syndrome), which coincidentally
occurred at the time of initial VGB treatment. In short, given that we did not randomize
treatment allocation (i.e. VGB treatment dosage/duration), and our observation that the
burden of non-1S seizures was highly associated with VGB exposure, we cannot disentangle
these competing risk factors.

Although these data suggest that high-dose VGB treatment may reduce the risk of IS
relapse, we have not established that high-dose VGB is associated with improvement in
meaningful long-term outcomes such as enduring seizure-freedom, developmental/
behavioral outcomes, or quality of life. In a subsequent analysis, with longer follow-up and
dedicated neurobehavioral evaluation, we shall search for a link between VGB treatment, IS
relapse, and these long-term endpoints.

To the extent that high-dose VGB protocols may be incorporated into clinical practice or
clinical trials, the potential benefit in secondary prevention of IS must be weighed against
the risks of VGB toxicity. Although the risk of clinically apparent visual field loss appears to
be low among VGB-treated infants with IS (Schwarz et al., 2016), several studies have
linked longer duration VVGB therapy to retinotoxicity (Riikonen et al., 2015; Westall et al.,
2014), and risk of MRI abnormalities is dose-dependent, especially with doses greater than
175 mg/kg/day (Hussain et al., 2017). Accordingly, any high-dose VGB protocol should
include vigilant monitoring for the emergence of MRI abnormalities. Given that risk of IS
relapse was especially low with peak VGB dose of at least 150 mg/kg/day and weighted-
average VGB dosage of at least 100 mg/kg/day, this appears to be a favorable target dosage
to maximize benefit with respect to relapse prevention and minimize risk with respect to
MRI abnormalities. However, this suggested peak dose conflicts with regulatory guidance
from the Food and Drug Administration and others, which specify a maximum dose of 150
mg/kg/d (Sabril (vigabatrin) package insert, 2009). It is also noteworthy that VGB dosage in
this study was quite high, with nearly one-third of responders exposed to peak VGB dosage
exceeding 150 mg/kg/d. Although we could not reliably discern the rationale for prescribed
dosage in this study, we observed that some practitioners aggressively—and successfully—
titrated VGB well beyond the recommended maximum dosage. Importantly, this study did
not provide an adequate means to assess the potential impact of VGB-associated MRI
toxicity on the prescribed duration or dosage of VGB. As these reversible MRI
abnormalities are transient, they are likely to have often escaped detection by study protocol
MRIs. Moreover, there is scant guidance in the literature as to whether or not VGB should
be tapered or discontinued upon discovery of MRI changes.

Although the results of this study are encouraging, further rigorous study is warranted. In
particular, the evaluation of long-term neurodevelopmental and epilepsy outcomes is
essential to establish any meaningful clinical benefit that may accompany high-dose VGB
treatment after IS resolution. More generally, it is not clear that the potential benefit of high-
dose VGB extends to patients without TSC. As such, further study of an etiologically
diverse cohort would be of value to better guide VGB treatment for all patients with IS.
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Highlights

. Higher vigabatrin dosage after resolution of infantile spasms is associated
with lower risk of relapse.

. The potential benefit of high-dose vigabatrin must be weighed against the risk
of toxicity, especially vigabatrin-associated MRI phenomena.

. Further study is needed to determine if high vigabatrin dosage is associated
with long-term outcomes.
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All patients (n=172)

No infantile spasms (n = 91)

Infantile spasms (n = 81)

No response (n = 25)

Inadequate follow-up (n = 6)

Vigabatrin responders (n = 50)

Figure 1: Formation of the nested study cohort
The analyses in the study are based on the 50 patients with infantile spasms who responded

to VGB.
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P=0.18

o

[ ] patients with complete seizure freedom upon IS resolution (n = 25)

D Patients with continued seizures (non-IS) upon IS resolution (n = 25)

Figure 2: VGB exposure after IS resolution as a function of non-1S seizure burden
In the period following resolution of IS, VGB exposure was higher among patients with

other (non-1S) continued seizures.
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Figure 3: Time to IS relapse as a function of weighted-average VGB dosage
Kaplan-Meier plot of cumulative relapse as a function of weighted-average VGB dosage

(Panel A) and peak VGB dosage (Panel B). P-value determined by Cox proportional hazards
regression with single dichotomous risk-factor.
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Figure 4: IS relapse as a function of weighted average and peak VGB dosage

IS relapse was least common among patients with high peak and weighted-average VGB

dosage in the period following resolution of IS.
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Table 1.
Characteristics of the study population (n = 50)
Demographics
Female, n (%) 23 (46%)
Age at infantile spasms onset, mo? 54(41-70)
Genetics
Known 75CI mutation, n (%) 1(2%)
Known 75C2 mutation, n (%) 25 (50%)
Neither 7SCI nor 7SC2, n (%) 2 (4%)
Unknown/unavailable, n (%) 22 (44%)
Epilepsy Burden
Duration of spasms prior to response, daysa 11@3-41)
Presence of other (focal) seizures after IS resolution, n (%) 25 (50%)
0(0-0.7)

Frequency of other (focal) seizures after IS resolution (sz/mo)a

VGB treatment parameters
Duration of therapy, mo?
Peak weight-based dosage, mg/kg/da
Weighted-average weight-based dosage, mg/kg/da

Cumulative VGB dosage, ga

Simultaneous hormonal therapy, n (%)

9.2 (5.7 - 16.3)
119 (88 - 163)
92 (49 - 121)
782 (422 - 1043)

6 (12%)

aMedian (interquartile range)
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