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Abstract: Tuberous sclerosis complex (TSC) is a neurogenetic disorder that affects multiple organ systems, including the heart, kidneys,
eyes, skin, and central nervous system. The neurologic manifestations have the highest morbidity and mortality, in particular in children.
Clinically, patients with TSC often present with new-onset seizures within the first year of life. TSC-associated epilepsy is often difficult
to treat and refractory to multiple antiseizure medications. Refractory TSC-associated epilepsy is associated with increased risk of
neurodevelopmental comorbidities, including developmental delay, intellectual disability, autism spectrum disorder, and attention
hyperactivity disorder. An increasing body of research suggests that early, effective treatment of TSC-associated epilepsy during critical
neurodevelopmental periods can potentially improve cognitive outcomes. Therefore, it is important to treat TSC-associated epilepsy
aggressively, whether it be with pharmacological therapy, surgical intervention, and/or neuromodulation. This review discusses current
and future pharmacological treatments for TSC-associated epilepsy, as well as the importance of early surgical evaluation for refractory
epilepsy in children with TSC and consideration of neuromodulatory interventions in young adults.
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Introduction

Tuberous sclerosis complex (TSC) is a neurogenetic disorder that affects multiple organ systems due to an inactivating
variant in either the TSCI gene, which encodes hamartin, or the 7SC2 gene, which encodes tuberin.'* TSC1 and TSC2
form a complex that regulates the mTOR pathway (Figure 1).> Hyperactivation of mTOR signaling due to an inactivation
of one of the 7SC genes results in the disinhibition of the mTORCI1 complex and leads to increased activation of the
4EBP1 and S6K1/2 downstream pathways, resulting in increased cell growth and proliferation of benign tumors or
hamartomas that can affect multiple organs, including the heart, eyes, kidneys, lungs, skin, and brain.>* Further,
dysregulated mTOR signaling results in ubiquitous subtle abnormalities within the central nervous system, including

13,14

alterations in the white-matter connectivity and myelination,>”’ neuronal migration,® '? axonal guidance, and

15,16

dendritic pruning, contributing to the great phenotypic variability seen in TSC and high incidence of neurologic

and neuropsychiatric morbidity and mortality.'”"'® For more detailed information regarding the effects of dysregulated
mTOR signaling on central nervous system development, please see the following reviews.>'’

Many patients with TSC present clinically as a newborn or young child with either new-onset seizures or dermato-
logic manifestations (eg, hypomelanotic macules or shagreen patch), while some patients are identified in utero through
the presence of a cardiac rhabdomyoma on prenatal ultrasound. However, a subset of patients have more subtle
symptoms due to variable penetrance of the inactivation of the 7SC genes and may not be diagnosed until adulthood.

Children often present with seizure onset within the first year of life; however, seizures can present at any point

Neuropsychiatric Disease and Treatment 2023:19 733-748 733
Received: 1 December 2022 © 2023 Singh et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are avallahle at https://www.dovepress.com/terms.php
A and incorporate the Creative Commons Attribution — Non Commercial (unported, v3.0) License (http://creati /by-nc/3.0/). By accessing the work

Accepted: 22 March 2023
Published: 5 April 2023

you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press lelted provided the work is properly attributed. For
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).


http://orcid.org/0000-0002-9926-2080
http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/3.0/
https://www.dovepress.com/terms.php
https://www.dovepress.com

Singh et al Dove

Amino Acids @

@
oOO ~<

’ e l ( ) PTEN
tavp ?Epidiolex
(et I

Kotomen]c S AKT
fRetogenic
Diet | M N

\ GATOR1 mTORC2

m ERK 1/2 TSC2( TSC1 / \
NPRL2 1 lon  Cytoskeleton
transport remodeling

RHEB Cell survival
mTORC1

Hiat
®

i
ol

RAPTOR

Everolimus/ j J_ \
Sirolimus
Autophagy Protein

Synthesis

Figure | The mTOR signaling pathway and TSC disease-specific therapies. Figure depicting the mTOR signaling pathway and disease-specific treatments. Everolimus and
sirolimus, mTOR inhibitors, inhibit RAPTOR, a protein in the mTORCI| complex. Evidence suggests that the ketogenic diet acts through the GATOR pathway to increase
inhibition on RagAC and subsequent decreased activation of MTORCI. The exact mechanism of action of Epidiolex is unknown; however, evidence suggests it may modulate
the PI3K-PDKI-Akt—mTOR pathway. Figure created with Biorender.com.

throughout the life span, with 80%-85% of TSC patients having at least one lifetime seizure.?® Focal seizures (68%)
followed by infantile spasms (39%) are the most common presenting seizure semiology in children.' Patients with
a pathogenic variant in 7SC2 generally have a more severe phenotype of TSC than patients with pathogenic variants in
TSC1.2'"% In fact, TSC2 variants are associated with an earlier age of onset of seizures, as well as epilepsy that is more
difficult to treat and often refractory to multiple antiseizure medications. Further, patients with a pathogenic variant in
TSC2 are more likely to be diagnosed with infantile spasms than those with 7SC/ mutations or no
mutation identified.?**

TSC-associated neuropsychiatric disorder (TAND) is present in approximately 90% of patients with TSC and
encompasses a wide range of neuropsychiatric disorders and neurobehavioral symptoms, including but not limited to
behavior problems, sleep disorders, autism spectrum disorder, attention deficit-hyperactivity disorder, intellectual dis-
ability, and mood disorders.>>° The TOSCA study showed that while learning disabilities, intellectual disability, autism
spectrum disorder, and attention deficit-hyperactivity disorder are relatively well recognized, the mean age of diagnosis
of TAND-related symptoms in children with TSC is later than that of children without TSC.?® Further, studies have
shown that children with TSC who have an earlier age of seizure onset are associated with more significant cognitive
deficits and neuropsychiatric comorbidities.”****” While the role of mTOR dysregulation and the underlying molecular
mechanisms contributing to the presence of TAND symptoms are not clearly understood, it is evident that early seizure

onset and refractory epilepsy are associated with poorer cognitive outcomes.'** Therefore, early diagnosis and treatment
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of seizures and implementation of early intervention therapy are of the utmost importance in improving neurodevelop-
mental outcomes and improving the patient’s quality of life.!

Diagnostic Criteria

TSC affects approximately one in 5000-6000 individuals, with variable penetrance.’'”*® While pathogenic variants in
either TSCI or TSC2 are inherited in an autosomal-dominant manner, a majority of patients with TSC have a de novo
variant that arises spontaneously early in embryogenesis. Further, up to 15% of patients with TSC do not have
a definitive pathogenic variant identified (no mutation identified), despite a clinical diagnosis of TSC.*'"*

The diagnosis of TSC requires fulfillment of either the genetic and/or clinical criteria recommended by the
International Tuberous Sclerosis Complex Consensus Group.* Identification of a pathogenic variant in either 7SCI or
TSC2 is sufficient to make a definite diagnosis of tuberous sclerosis. Clinical diagnosis of TSC requires two major
features or one major feature with two or more minor features. For a probable diagnosis, the presence of either one major
feature or two or more minor features is sufficient.**

Some of the clinical features of TSC present at distinct time points throughout the patient’s lifespan.!” Cardiac
rhabdomyomas, which can be detected by prenatal ultrasound as early as 20 weeks gestational age, are often the first
clinical symptom of TSC and often spontaneously resolve within the first 2 years of life.>' Cortical tubers form between
7-20 weeks gestational age and can be identified on fetal MRL® Subependymal nodules line the lateral and third
ventricles, and are present in 90% of patients with TSC, often at birth and/or infancy, and must be monitored for
enlargement and transition into a subependymal giant-cell astrocytoma (SEGA; lesion >10 mm with >5 mm of growth).?
SEGAs are benign, slow-growing grade 1 astrocytomas that occur in childhood (rare in both newborns and after age 20
years) and can result in cerebrospinal fluid obstruction at the level of the foramen of Monro and subsequent obstructive
hydrocephalus.® Hypomelanotic macules are often present at birth or in early infancy, and are often a presenting clinical
manifestation of TSC. Additional dermatologic manifestations, such as shagreen patches and facial angiofibromas, are
often present by 5 years of age, whereas ungual fibromas do not typically appear until the second decade of life.* Renal
and hepatic angiomyolipomas can develop anytime between childhood and adulthood, whereas pulmonary lymphangio-
myomatosis typically presents in women during young adulthood.* Therefore, routine screening and surveillance in
patients with TSC is necessary to assess the progression of TSC stigmata,*® as well as aid in the detection of rarer TSC
manifestations, such as pancreatic neuroendocrine tumors. While the latter are not a formal major or minor criterion of
TSC, they were seen in up to 4% of adult TSC patients in a single-center retrospective study.*>

Synaptic Development and Epileptogenesis in TSC
Synapses are highly dynamic structures within the brain that govern normal neuronal activity, including learning and
memory. The strengthening or weakening of a synapse in response to neuronal activity due to localized protein synthesis
is known as activity-dependent synaptic plasticity. The mTOR pathway is a critical regulator of protein synthesis, and
thus plays an integral role in the synaptic changes underlying synaptic plasticity and neuronal activity.>>**
Epileptogenesis is the development and extension of neural tissue capable of generating spontaneous seizures,
including the development of an epileptic condition and/or progressive worsening of the patient’s epilepsy.>> Cortical
tubers, which are histologically similar to focal cortical dysplasia type IIb, are characterized by gliosis, loss of
lamination, and the presence of multinucleated giant cells with aberrant and disordered processes that are composed of
both dysplastic neurons and reactive astrocytes.*® Epilepsy surgical workup utilizing scalp EEG recordings in combina-
tion with magnetoencephalography, PET, and single photon—emission computed tomography often leads to the identi-
fication of one or more specific tubers thought to be at the center of the epileptogenic zone.>® Thus, one may hypothesize
that identifying the primary epileptogenic tuber(s) with subsequent tuberectomy would result in seizure freedom;
however, this occurs in only 60%-80% of patients.’”*° A recent retrospective study by Alexander et al showed that
quantitative EEG analysis of stereoelectroencephalography (sEEG) recordings of four TSC patients, there was a change
in global and intertuberal connectivity in the beta and gamma frequencies in the epileptogenic tubers.*' Therefore, there
must be other mechanisms mediating epileptogenesis in TSC, including the possibility of an epileptogenic network
including multiple tubers and/or surrounding tissue, given that perituberal tissue contains subtle structural and cellular
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abnormalities on a microscopic level that are not appreciated on MRI.>**! This is supported by the fact that multiple

4243 or neurons® have

mouse models of tuberous sclerosis in which 7sc/ is conditionally knocked out in either glial cells
progressive seizures without any focal abnormalities or tubers present within the mouse brain.

Studies have shown that perilesional or non-tuber areas of the cortex can contribute to the epileptogenic zone and/or
potential within the cortex.** One study showed that resection of normal-appearing tuber-free neuronal tissue resulted in
seizure freedom in a TSC1 patient with refractory epilepsy.** Molecular analysis of surgically resected cortical tubers has
demonstrated changes at both the mRNA and protein level in both excitatory, ionotropic glutamatergic receptors and
inhibitory GABAergic receptors.**° Aberrant expression of the calcium-binding proteins calbindin and parvalbumin
have also been observed in the dysplastic cortex of cortical tubers.’® Therefore, subtle abnormalities at the cellular and
molecular level of the perilesional tissue may be contributing to the excitatory/inhibitory imbalance contributing to
seizure generation in TSC patients.

Epilepsy in TSC: Heterogeneous Presentation

Epilepsy among TSC patients is often the most challenging manifestation and has the greatest effect on both the patient’s
and family’s quality of life. Children often present with seizure onset within the first year of life; however, seizures can
present at any point throughout the life span, with 80%-85% of TSC patients having at least one lifetime seizure.*
Further, the likelihood of developing epilepsy after a single seizure is nearly 100% in patients with TSC.>* While focal
seizures (67.5%) followed by infantile spasms (38.9%) are the most common presenting seizure semiology in children
with TSC,! patients can present with almost all seizure semiologies, including focal to bilateral tonic—clonic, atonic,
tonic, atypical absences, and myoclonic seizures.”*" Epilepsy is truly heterogeneous among TSC patients, and seizure
semiology can change throughout a patient’s lifetime.

Focal seizures are the most frequent seizure type noted in TSC patients, with a mean age at diagnosis of 2.7 years.'
Given the early onset of focal seizures in children with TSC, focal seizures often precede or occur concomitantly with the
presentation of infantile spasms.’> However, focal seizures can also evolve into infantile spasms in up to a third of
patients with TSC.'* Therefore, early treatment of new-onset seizures, even after one clinical seizure, in a patient with
a diagnosis of TSC can have significant implications on the patient’s neurodevelopment and overall morbidity and
mortality."*° Given the dynamic nature of TSC-associated epilepsy during critical periods of neurodevelopment, early
seizure control via pharmacological and/or surgical interventions, albeit even if only temporizing, is essential in
maximizing the patient’s developmental trajectory.

Among the 2216 patients enrolled in the international TOSCA study, 720 (38.9%) presented with infantile spasms,
with a mean age at diagnosis of 4-5 months (0.4 years), which is slightly lower than the mean age of onset of infantile
spasms of all etiologies (6.1 months).'>* Rarely, late-onset epileptic spasms in TSC patients older than 2 years may be
seen (2%—6%). The occurrence of spasms has been strongly associated with increased cortical tuber count.”*>?
Clinically, the presentation of infantile spasms in patients with TSC can appear to be more subtle than classic flexor
or extensor spasms, as well as be asymmetric, similar to those noted in other cortical malformations.’*>%>7 Further,
electrophysiologically, up to 70% of TSC patients with infantile spasms do not have interictal hypsarrhythmia present on
EEG.>*>® Infantile spasms are a risk factor of autism spectrum disorder and poor cognitive outcomes in patients with
TSC.>®>° However, effective seizure control has been shown to result in improved cognitive and developmental
outcomes in TSC patients with infantile spasms.’>**®! Finally, acute management of status epilepticus does not differ
in patients with TSC, and institutional, regional, or international guidelines should be applied in order to ensure a safe
and timely response to these neurological emergencies.

EEG Abnormalities as a Biomarker and Early Preventive Treatment

Given the significant neurologic and neuropsychiatric comorbidities associated with TSC, it is important to identify
a biomarker that can monitor for patients at risk of developing seizures and allow for early pharmacological intervention.
Several studies have shown that patients with TSC have abnormal EEGs with the presence of epileptiform activity prior
to the onset of clinical seizures and/or infantile spasms.®*®* Wu et al monitored infants with TSC with serial EEGs and
identified epileptiform activity on average at 4.2 months of age (range 1.2-9.0 months), which preceded seizure onset by
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a median of 1.9 months (average age at seizure onset 6.7+4.1 months).®* Serial routine EEGs were found to be a feasible
strategy to identify individuals at high risk of developing seizures and epilepsy. These early studies formed the basis for
current studies aimed at determining whether early pharmacological intervention at the onset of epileptiform activity and
prior to onset of seizures can change the natural history of epilepsy due to TSC.%%¢¢

Vigabatrin is the recommended first-line monotherapy for both TSC-associated infantile spasms and focal seizures in
TSC patients <1 year of age in Europe and for infantile spasms in the US.®” In 2011, an open-label study of 45 patients
monitored infants with EEG every 6 weeks to assess for epileptiform activity.®® Patients with epileptiform activity on
EEG either received preventive vigabatrin prior to onset of clinical seizures or standard treatment with initiation of
vigabatrin after clinical seizure onset. At 2 years of age, the preventive group had a significantly higher rate of seizure
freedom (93% vs 35%) and lower incidence of drug-resistant epilepsy (7% vs 42%), and there were fewer patients
requiring multidrug therapy (21% vs 55%) than the standard-treatment arm. Additionally, the standard-treatment group
had a significantly higher prevalence of intellectual disability (48% vs 14%) and lower mean 1Q scores (68.7 vs 92.3)
than the preventive arm. As such, this study showed that preventive vigabatrin treatment markedly improves neurode-
velopmental and epilepsy outcomes at 2 years of age.®

More recently, the multicenter EPISTOP clinical trial (NCT02098759) utilized serial EEG as a biomarker of epilepto-
genesis in infants with TSC <4 months of age and compared the efficacy of either preventive or standard vigabatrin
treatment on clinical outcomes. The trial initially followed 94 infants with a definite TSC diagnosis with monthly video
EEG. A total of 55 patients were included for analysis of primary outcomes of epilepsy and received either preventive
vigabatrin in the setting of an abnormal EEG prior to the onset of seizures or standard vigabatrin treatment after the onset of
clinical or electrographic seizures. The time to first clinical seizure was significantly longer with preventive than conven-
tional treatment. Compared to the standard treatment group, preventive vigabatrin treatment decreased the risk of clinical
seizures (OR 0.21, p=0.032), drug-resistant epilepsy (OR 0.23, p=0.022), and infantile spasms (OR 0, p<0.001) at 24
months of age.®> Further, the incidence of neurodevelopmental delay by 2 years of age was lower in the preventive
vigabatrin arm; however, this difference was not significant compared to the standard-treatment arm.®

While the authors stated that the results of the EPISTOP trial suggested that early intervention with vigabatrin at the
onset of epileptiform activity on EEG prior to onset of clinical or electrographic seizures may modify the natural history
of TSC-associated epilepsy and improve cognitive outcomes, there are limitations to this study that dampen this
interpretation. Ideally, the trial would have been designed as a double-blind, placebo-controlled study to assess the
efficacy of vigabatrin on seizure control and neurodevelopmental outcomes; however, it did not include a placebo arm
and only six of ten of the sites that participated in the study randomized patients to either preventive or conventional
vigabatrin treatment. The remaining four sites were designated open-label, with treatment according to local clinical
practice, two offering preventive treatment and two conventional treatment. Further, the study sample was relatively
small, with 94 patients undergoing EEG surveillance to determine eligibility, and had a high dropout rate (>10%). Only
54 patients were deemed eligible for the primary end-point analysis, with 27 patients participating in each of the
randomized and open-label arms. Of the 27 patients that were in the randomized control arm, only 13 were randomized to
the preventive arm and 14 to the conventional arm, with one patient dropping out. To be eligible for randomization,
a patient must have had epileptiform activity prior to the onset of clinical or electrographic seizures; however, epilepti-
form activity was defined as unifocal discharges present in >10% of the recording, which is a high standard requiring at
least one focal spike to be present on each page on average. Therefore, while vigabatrin is approved in Europe as
a preventive treatment for TSC patients with an abnormal EEG, further studies are needed to address these weaknesses.

The PREVeNT trial (NCT02849457) is an ongoing phase IIb prospective, multicenter, randomized, placebo-
controlled, double-blind clinical trial that seeks to determine the cognitive and neurodevelopmental effects of early
preventive vigabatrin treatment in infants with TSC who have not yet developed clinical seizures at 24 months of age.®®
This trial has finished enrollment and is currently slated to complete data collection for primary outcome analysis by
May 2023. Infants <6 months of age underwent monthly surveillance EEG, and once epileptiform activity was detected
the infants were randomized to vigabatrin or placebo. The primary outcome measure utilizes the cognitive assessment
scores on the Bayley Scales of Infant and Toddler Development at 24 months of age to determine the developmental
impact of early versus delayed treatment with vigabatrin. The secondary measures will assess the number of patients who

Neuropsychiatric Disease and Treatment 2023:19 https: 737

Dove:


https://www.dovepress.com
https://www.dovepress.com

Singh et al Dove

develop seizures despite preventive vigabatrin treatment, time to first clinical seizure, prevalence of drug-resistant
epilepsy, and neurodevelopmental impact of early versus late treatment with vigabatrin evaluated by the Vineland II
and Autism Diagnostic Observation Schedule second edition (ADOS 2). Additional secondary measures will include
assessing the safety profile and adverse events of vigabatrin, as well as the feasibility of using a routine 1-hour video
EEG as a biomarker for the risk of developing epilepsy.

Medical Therapies
Vigabatrin

Vigabatrin is an irreversible blocker of GABA transaminase and prevents the breakdown of synaptic GABA, the major
inhibitory neurotransmitter in the central nervous system, thus increasing GABA levels in the cerebrospinal fluid several
100-fold.® Vigabatrin is recommended as the first-line treatment for both TSC-associated infantile spasms and/or focal
seizures in children <1 year of age (Table 1).°*°” Recently, the EPISTOP trial established a potential role for use of
vigabatrin (100-150 mg/kg/day) in the prevention of clinical seizures, drug-resistant epilepsy and infantile spasms among
patients with TSC.®® While further studies must be performed to determine the ideal recommended dosing for preventive
vigabatrin treatment, given the concerns for possible retinal toxicity and risk of irreversible loss of peripheral vision with

Table | Medication management options for TSC-associated seizures by indication.>*¢%'29732

Seizure type Antiseizure Medication

Infantile spasms Vigabatrin
ACTH/prednisolone

Topiramate

Clobazam

Focal seizures Vigabatrin

Valproate

Lamotrigine
Levetiracetam/brivaracetam

Carbamazepine

Oxcarbazepine: use with caution due to risk of spasms/do not
use if patient has had infantile spasms, as may result in recurrence’®

Lacosamide

® Topiramate

Perampanel

Generalized seizures Vigabatrin (tonic seizures)
Valproate

Lamotrigine
Levetiracetam/brivaracetam
Carbamazepine
Topiramate

Perampanel

Rufinamide

Other seizure indications ® Myoclonic seizures (levetiracetam, valproic acid, clobazam)
® | ennox—Gastaut syndrome phenotype (clobazam, lamotrigine, topiramate)
® Atonic seizures (rufinamide)

Mechanism-specific (nNTOR pathway) ® mTOR inhibitors (everolimus)

® Cannabinoids (epidiolex)

Current medications in clinical trials ® Ganaxolone (steroid and GABA4-positive allosteric modulator)
® Basimglurant (mGIuR5)
® Sirolimus (mTOR inhibitor)
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prolonged and higher doses of vigabatrin treatment, we recommend a dosing of 100 mg/kg/day for preventive therapy.
However, if clinical seizures — either infantile spasms or focal seizures — do occur, it is our experience that increased
dosing to 150 mg/kg/day or possibly higher is effective.’>’%’" Additionally, there is evidence that higher doses of
vigabatrin are associated with lower relapse rates.”' While irreversible vision loss associated with vigabatrin can occur at
any point throughout treatment, thereby warranting close monitoring with routine ophthalmologic exams every 3 months
while on treatment, studies have shown that short treatment courses of vigabatrin of 6 months or less can result in
recurrence of infantile spasms.’®’% Of note, previous studies in TSC animal models suggested that taurine deficiency may
underlie vigabatrin-related retinal toxicity;”*"’* however, a clinical study did not find any evidence for this hypothesis.”
Therefore, while there are no formal recommendations for taurine supplementation for children receiving vigabatrin,
some centers do provide supplementation, as there are no known contraindications to taurine supplementation. Therefore,
it is recommended vigabatrin treatment should be continued for longer treatment courses — up to 2 years — while
balancing the additive risk of prolonged vigabatrin treatment.

If the patient’s epilepsy is refractory to vigabatrin monotherapy, second-line treatment for TSC-associated infantile
spasms includes corticosteroids’/hormonal treatment with ACTH and/or prednisolone, as well as topiramate or
clobazam.’>’%"7 Traditional antiepileptic medications used in combination and/or as replacement therapy can be used
for refractory TSC-associated focal seizures. However, caution must be used when using oxcarbazepine in children <2
years of age, given concerns that oxcarbazepine could result in the recurrence of infantile spasms.”®

Traditional Antiseizure Medications

Traditional antiseizure medications continue to play a role in management of seizures in TSC (Table 1). As with all other
patients, their selection is based on seizure type, medication interactions, side-effect profile, and tolerability. As
previously mentioned, there are many options for focal seizures, including valproate, lamotrigine, levetiracetam,
brivaracetam, carbamazepine, oxcarbazepine, topiramate, zonisamide, lacosamide, and perampanel.70’79_81 Rufinamide
has been shown to be effective in treating TSC-associated tonic seizures and/or drop attacks.®’ In addition, clobazam,
which enhances GABAergic tone within the brain by binding to the GABA, receptor and upregulation of GABA
transporters, is used as an adjunctive treatment in treating refractory epilepsy in TSC.”’

mTOR Inhibitors

Given that TSC is the result of aberrant mTOR signaling, mTOR inhibitors such as everolimus and sirolimus, analogs of
rapamycin, offer targeted, disease-specific treatment in TSC (Table 1). The EXIST-1 and EXIST-3 trials have shown that
everolimus is effective in decreasing the size and progression of SEGAs, as well as maintaining a sustained decrease in
seizure frequency in children older than 2 years.®*** In 2018, based on the results from the EXIST-3 trial, the FDA
approved the use of everolimus as an adjunctive treatment for refractory TSC-associated focal seizures, joining the
European Medicinal Agency, which had approved its use in 2016. The other two FDA-approved indications for
everolimus treatment in TSC are for TSC-associated SEGA and TSC-associated renal angiomyolipoma.

In 2016, Overwater et al conducted a randomized control study that assessed the efficacy of sirolimus treatment in
modulating seizure frequency in children aged 2—12 years with TSC. They found that 6 months of treatment decreased
seizure frequency by 61%; however, the result was not significant (p=0.06) due to the sample size.** However, the study
provided supportive data and the basis for two current clinical trials that assess its efficacy in younger children: STOP2
(NCT04595513) and TSC-STEPS (NCT05104983). STOP2 is a phase I/II open label clinical trial that verified the safety
and dosing of sirolimus in infants. The STOP2 trial has finished enrolling and the data are expected to be published soon, but
were favorable and allowed for the TSC-STEPS trial to ensue. TSC-STEPS is a randomized, double-blind, placebo-
controlled trial that is enrolling infants <6 months of age with definite TSC who have not yet developed seizures to evaluate
the safety and efficacy of early sirolimus treatment in preventing and/or delaying seizure onset in infants with TSC at 12
months of age. Secondary outcomes will assess neurodevelopmental outcomes at 12 and 24 months of age, quality-of-life
measures, EEG and MRI measures of neuronal connectivity and validate the feasibility of sirolimus dosing in infants.

While both everolimus and sirolimus are associated with side effects including mucositis/stomatitis, gastrointestinal
upset, and increased infection, they are generally well tolerated. For stomatitis/mucositis, one can use dexamethasone
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swish and spit at the start of treatment to reduce the incidence of oral ulcers®*®

and/or one can add lysine supplementa-
tion to decrease the incidence of recurrent ulcers.®’ Prior to starting an mTOR inhibitor, one should obtain screening labs
that include fasting lipid panel, liver-function tests, and hemoglobin A, given concerns for hyperlipidemia, elevated

transaminases, and hyperglycemia.®

Epidiolex

Epidiolex is a synthetic cannabinoid with a 50:1 ratio of cannabidiol to tetrahydrocannabinol (Table 1). Cannabidiol is the
pharmacologically active component of epidiolex, and does not cause the psychoactive features associated with tetra-
hydrocannabinol in cannabis. While the exact mechanism of action of epidiolex is not clear, prior studies suggest
multiple potential anticonvulsive mechanisms, including inhibition of adenylate cyclase and voltage-gated calcium
channels with subsequent decreased intracellular calcium, resulting in decreased presynaptic glutamate release and
decreased synaptic excitability,®® but there are several studies that suggest that cannabidiol may mediate the mTOR
pathway.**°! Although Barnett et al showed that therapeutic doses of epidiolex did not reduce the volume of TSC-
associated SEGAs or renal angiomyolipomas, in contrast to mTOR inhibitors,”* recent studies have shown that
cannabidiol decreases seizure frequency.”>* In 2020, Thiele et al published the findings of the GWPCARES6 study
(NCT02544763), a randomized, placebo-controlled study that showed the efficacy of cannabidiol as an adjunctive
treatment in TSC, as well as providing guidance with regard to optimal dosing (25 mg/kg/day), leading to FDA approval
for TSC for patients >1 years of age and >2 years of age by the European Medicinal Agency.”* Additionally, longer-term
adjunctive cannabidiol treatment was studied in an open-label extension to the GWPCARES6 trial and demonstrated
maintenance of seizure reduction through 48 weeks, as well as 87% of patients and caregivers reporting subjective global
improvement in quality of life and epilepsy control.”> The major adverse effects of epidiolex are mild to moderate
gastrointestinal upset (diarrhea and decreased appetite) and somnolence, present in 91% of patients on <25 mg/kg/day
and nearly all patients on >25 mg/kg/day.”” However, one must also consider the patient’s other antiseizure medications
when prescribing epidiolex and often adjust the concurrent medication doses, particularly if they are on valproic acid or

clobazam, as epidiolex affects the metabolism of several medications and can exacerbate their side effects.”®"’

Ketogenic Diet

The ketogenic diet is an effective nonpharmacological, low-carbohydrate, high-fat diet for drug-resistant epilepsy of
various etiologies that mimics the physiological state of fasting or starvation to use ketones as the body’s main energy
source.”® Preclinical studies suggest a role for modulation of the mTOR pathway by the ketogenic diet, providing the

Table 2 Alternative (nonpharmacological) management options

Treatment Considerations

Dietary options Ketogenic diet ® Few TSC-specific studies

® Recommended by European TSC consensus guidelines and International Ketogenic
97-100

Diet Study Group

Resective surgical | Tuberectomy vs larger perituberal |® Debate as to optimal procedure

options resection ® Need to balance concern for underlying genetic predisposition to epilepsy with data
of postresection seizure freedom

® Age-related concerns regarding skull thickness for sEEG, poorly localized neurophy-
siological data, and lack of cooperation with presurgical evaluation

® Concern with generalized or multifocal interictal and ictal EEG findings'>>

Neuromodulation | Vagal nerve stimulation (VNS) ® Several studies confirming safety and efficacy of VNS'''~''*

Brain-responsive ® Small (n=5) retrospective study suggesting safety and efficacy of RNS in adults''®

neurostimulation (RNS)

116

Direct brain stimulation (DBS) ® A single case report with anterior nuclei DBS suggesting promise in adults
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basis for clinical studies (Table 2).”%%*'%° Recent studies aimed at determining the efficacy of the ketogenic diet
specifically in TSC and mTORopathies have shown that it results in seizure reduction, often within the first few months
of initiation of the diet, but it does not guarantee long-term efficacy.'’’-'? However, due to its known efficacy in drug-
resistant epilepsy and tolerability in children, both the European consensus TSC guidelines and the International
Ketogenic Diet Study Group recommend early consideration of the ketogenic diet in infants and young children with

TSC when surgery is not an option.”*'%

Surgical Options

The multilesional nature of cortical tubers in TSC poses significant challenges in the assessment of a patient’s surgical
options (Table 2). There are many additional challenges in assessing the surgical candidacy of TSC patients, including
the timing of surgery (ie, children <2-3 years of age may not have sufficient skull thickness to allow for SEEG electrode
placement versus early surgery to improve developmental outcomes), the presence of generalized ictal or interictal
epileptiform activity on EEG, and determining the goals of the surgery, ie, sustained seizure freedom with a single large
intervention versus repeated smaller surgeries with temporary or incremental seizure control (serial minimally invasive
surgeries could target specific seizure types and gain quality of life or improve learning during critical periods of
neurodevelopment). TSC presurgical workup utilizing EEG recordings, in combination with magnetoencephalography,
PET, and single photon—emission computed tomography often identifies one or more specific tubers thought to be at the
center of the epileptogenic zone.>® However, tuberectomy of the dominant cortical tuber results in seizure freedom in
only 60%-80% of patients,”” ** suggesting that perilesional or non-tuber areas of the cortex can contribute to the
epileptogenic zone and/or potential within the cortex.** In recent years, clinical and technological advances (eg, sEEG,
laser interstitial thermal therapy, diffusion tensor imaging, o-[''C]methyl-i-tryptophan PET) have altered the surgical
landscape dramatically, providing patients with more options than ever.

Resective Surgery

Presurgical evaluation, identification/localization of the epileptogenic zone, and operative management of patients with
TSC differs considerably across institutions. In a prospective, observational study by Grayson et al, single-stage open
resections guided by intraoperative electrocorticography were the most common procedure, followed by subdural grids
with or without depth electrodes with extraoperative monitoring and rarely sEEG with extraoperative monitoring.'®*
However, certain centers exclusively proceed with multistage or even bilateral invasive monitoring strategies.”” When
invasive monitoring is required, a tendency toward lower surgical success rates has been seen, which may reflect the
inherently greater complexity of the underlying epilepsy, rather than technical failure.'® Whether a minimally invasive
intratuberal ablation versus a large perituberal resection is preferred remains unresolved, as children with TSC have thus
far only been included within larger case series.’ Traditionally, resection volume has been considered a major predictor of
surgical success, suggesting larger resections encompassing both the tuber and perituberal rim,'®> but this is not
necessarily the case in TSC, and patients may actually require a multistaged approach with multiple smaller surgeries
to achieve seizure freedom/good surgical outcomes. The advent of SEEG and magnetic resonance—guided laser interstitial
thermal therapy has increased the ability to perform smaller lesional ablations or highly targeted focal resections that can
improve surgical outcomes.*""'°® However, overall outcomes appear similar among the different surgical approaches,
which lends one to postulate that familiarity, expertise, and experience with TSC epilepsy surgery may play a more
important role than the surgical technique used.>”'®’

Increased seizure burden in early development in TSC has been repeatedly demonstrated to result in significant
cognitive delays, as well as higher rates of autism spectrum disorder.””'®® This was further confirmed by the recent TSC
Natural History study, where data from 1657 children demonstrated that epilepsy onset prior to 2 years of age was
associated with increased severity and frequency of intellectual disability.'” However, future studies are needed to
determine if early, effective pharmacological treatment of epilepsy can prevent intellectual delays, as evidence suggests
that even relative seizure control during critical developmental periods may mitigate seizure-related developmental
injury.'® Grayson et al and the TACERN Study Group showed that early epilepsy surgery in children with TSC <2 years
of age resulted in developmental gains within language domains — receptive greater than expressive language — despite
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patients rarely achieving full seizure freedom.'® Interestingly, Grayson et al did not find an association between
resection size and postoperative neurodevelopmental outcomes, whereas Fallah et al reported a significant association
between a greater extent of resection and probability of seizure freedom.'**!1%>

Good surgical outcomes have been shown to directly promote neurodevelopment and cognition, with early and
aggressive surgery potentially increasing developmental gains, as well as improving the patient’s quality of life."''*!!2
However, even if the patient experiences only partial or temporary improvement in their seizure frequency during critical
developmental periods following surgery, this could result in a significant improvement in the patient’s quality of life and
overall development. Surgical success rates may be higher in young children; however, systematic assessment of surgical
and cognitive outcomes in this population are lacking.'*>'°” In the TACERN surgical pilot study, 19 patients with TSC
underwent epilepsy surgery prior to 2 years of age with excellent (Engel I, n=10) and favorable (Engel 11, n=2) outcomes,
similar to those reported in older children, with surgical complications occurring in 11/19 (58%) patients, most of which
were minor: subgaleal or subdural fluid collections, local edema, or hemorrhage.1’]04‘107’110’113 However, even transient
deficits can play a detrimental role in neurodevelopment and impact assessment, highlighting the importance of long-
term follow-up to evaluate for lasting effects.

Therefore, in order to properly understand the effects of early aggressive surgery in refractory TSC-associated
epilepsy in children, better methods are required to serially monitor developmental outcomes and efficacy on seizure
frequency. Ideally, a multicenter, prospective, observational study is needed to examine the predictive value of each
presurgical workup modality, the location and number of implanted electrodes, the different types of surgeries, and long-

term results on both seizure freedom and/or amelioration of the targeted seizure type, as well as on neurodevelopment.

Neuromodulation

Given the refractory nature of TSC-associated epilepsy, for patients that are not surgical candidates for resective surgery,
they may benefit from neuomodulation with vagus nerve stimulation (VNS), deep brain stimulation (DBS), or brain-
responsive neurostimulation (RNS) (Table 2). Following FDA approval of VNS in 1997 for drug-resistant focal epilepsy
in individuals 12 years of age and older, tens of thousands of stimulators have been implanted worldwide. The first study
published on the safety and efficacy of VNS in TSC was in 2001. In the open-label, retrospective, multicenter study by
Parain et al, they reported that nine of ten of children with TSC experienced >50% reduction in seizure frequency and
five had >90% reduction in seizures.''* Several studies since have confirmed both safety and efficacy, in addition to
potential improvements in depressed mood, although seizure freedom is a rare occurrence.''>”

Recently, a small retrospective review of five adult TSC patients who were treated with direct RNS (RNS System,
NeuroPace) reported that RNS is safe and effective in treating TSC-associated drug-resistant epilepsy.''® The RNS
System targets one or two seizure foci in response to epileptiform activity detected by the system. Patients were followed
postimplantation, and all five had >50% reduction in seizures at last follow-up (average length of follow-up was 20
months). Additionally, three of the five patients experienced some period of seizure freedom ranging from 3 months to
>] year. This study highlights the potential promise of RNS as a treatment option for TSC patients with refractory focal
epilepsy who are not resective surgical candidates.

DBS of the anterior nucleus of the thalamus has been shown to be an effective treatment for patients with refractory
epilepsy. Recently, Zheng et al reported a single case report of a 22-year-old male patient with refractory TSC-associated
epilepsy who received bilateral DBS of anterior thalamic nucleus.'"” Following placement of the bilateral DBS, the
patient experienced a 90% reduction in seizure frequency and achieved a satisfactory response on quality-of-life
measures at 15-month follow-up."'” This suggests that anterior thalamus DBS may be an alternative option to other
neuromodulatory interventions in TSC patients.

Novel Therapeutics and Future Directions

Ganaxolone
Ganaxolone is a neuroactive steroid and positive allosteric modulator of GABA, receptors that was recently FDA-
approved to treat epilepsy in CDKL5-deficiency disorder.'*® Given its mechanism of action and modulation of
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GABAergic signaling, ganaxolone is being investigated as a possible therapy for TSC (Table 1). Koenig et al recently
presented preliminary findings from an open-label phase II clinical trial in which ganaxolone was evaluated as an
adjunctive therapy for refractory TSC-associated epilepsy (more than eight seizures during 4-week baseline) in 23
patients aged 265 years (median age 11 years).'?! The primary outcome was the median percentage change from
baseline in frequency of TSC-associated seizures over the course of the 12-week treatment period (including a 4-week
titration) and the secondary outcome responder rate (50% reduction in seizure frequency). Preliminary results showed
a 16.6% reduction in TSC-associated seizures after 28 days, with 30% of patients achieving at least a 50% reduction in
seizure frequency. Overall, the trial showed a median of 25% reduction in focal seizures. Ganaxolone was generally well
tolerated; however, four patients (17.4%) withdrew from the trial due to adverse events, which most often was
somnolence (43.5%).'?! These findings served as the basis for TrustTSC (NCT05323734), a phase III, double-blind,
randomized, placebo-controlled trial aimed at further evaluating the efficacy of ganaxolone in reducing the frequency of
TSC-associated seizures. This trial is currently enrolling, and is predicted to end in the winter of 2025.

mGLURS

mGluRS5 is located both presynaptically on excitatory glutamatergic neurons and present in the postsynaptic membrane,
lending itself as a promising therapeutic target for neurodevelopmental disorders (Table 1). Evidence has shown that
modulation of mGluR5-mediated signaling with a negative allosteric modulator (NAM) ameliorates long-term memory
deficits, excessive repetitive behaviors, motor stereotypies, and abnormal social interactions in different mouse models of
autism.'**"'%® In addition, mGluR5 NAMs have anticonvulsant effects, as seen in Zs¢2 mouse models in which MPEP,
an mGIluRS NAM, reduced ictal bursting in acute slice preparations and acute treatment with MPEP decreased seizure
frequency and total seizure time.'?”"'?® Further, acute administration of a positive allosteric modulator of mGIluR5
resulted in increased seizure frequency and total seizure time in a Tsc2 conditional knockout mouse model.'*” Together,
these studies suggest that inhibition of mGluR5-mediated signaling is a promising therapeutic target for TSC-associated
seizures. Basimglurant in Children, Adolescents, and Young Adults with TSC (NCT05059327) is a phase II, randomized,
double-blind, placebo-controlled study that is currently enrolling patients to determine the effectiveness and optimal dose
of basimglurant, an mGluR5 inhibitor, in reducing seizure frequency in patients with TSC (5-30 years of age). This study
is anticipated to be completed in the summer of 2024.

Conclusions

TSC-associated epilepsy can be challenging to treat; however, with advances in the understanding of the epileptogenesis
in TSC, mTOR signaling including the role of the GATOR complex, and the advent of mTOR inhibitors, we have entered
a new era in precision therapy for TSC. The ongoing technological and investigational advances in invasive EEG
monitoring, particularly in sSEEG methodology, offer great promise in the treatment of TSC patients with refractory
seizures. Preliminary evidence suggests that early treatment with vigabatrin for infantile spasms and perhaps focal
seizures in infants and young children can improve neurodevelopmental outcomes during critical developmental periods;
however, further studies are needed. If TSC-associated epilepsy remains pharmacoresistant, patients should undergo early
evaluation for surgical intervention, even prior to 2 years of age, to consider both curative and/or palliative options, as
this may provide not only potential improvement in seizure outcomes but also improvement in cognition and quality of
life for patients and caregivers. A patient’s age or the presence of generalized interictal epileptiform activity on EEG
should not preclude them from consideration for possible resective or targeted laser ablation surgery. The advent of
disease-specific therapies that target mTOR signaling with everolimus and sirolimus, as well as the promise of novel
ways to enhance GABAergic signaling via ganaxolone and new therapeutic targets with mGluRS5, may offer patients
even more precise therapies aimed at treating TSC-associated seizures in the near future.
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