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Abstract

Purpose of review: Tuberous sclerosis complex (TSC)is
a variably expressed neurocutaneous genetic disorder
characterized by hamartomatous growths in multiple or-
gan systems. Neurologic involvement often confers the
most severe symptoms, and can include epilepsy,
increased intracranial pressure from hydrocephalus, in-
tellectual deficits, and autism. The purpose of this review
is to provide a neurologically focused update in the diag-
nosis and treatment of these complications in patients
with TSC. Recent findings: We highlight 5 new areas
of understanding in TSC: the neurobiology of TSC
and its translation into clinical practice, vigabatrin
in the treatment of infantile spasms, the role of tubers
and epilepsy surgery, the treatment of subependymal gi-
ant cell astrocytomas, and TSC-related neuropsychiatric
disorders. Summary: These recent advances in diagno-
sis and treatment give our patients with TSC and their
families hope for the future for improved care and pos-
sible preventive cures, to the end goal of improving
quality of life. Neurol Clin Pract 2016;6:339-347

uberous sclerosis complex (TSC), occurring in 1 in 6,000 people, is a variably
expressed autosomal dominant neurocutaneous disorder characterized by hamar-
tomatous growths in multiple organs. Neurologic involvement confers the most se-
vere symptoms, and can include epilepsy, increased intracranial pressure,
intellectual deficits, and autism. Early diagnosis and treatment are focused on treatment of
symptoms and prevention of complications, to the end goal of improving quality of life.
The average age at diagnosis of TSC is 7.5 years, although this can range from birth to adult-
hood.! The diagnostic criteria for TSC were recently revised with the notable changes being
the inclusion of genetic testing and reduction of the clinical diagnostic classes to either
definite or possible TSC.” With the successful application of bench research, there has been
an increasing understanding of the underlying mechanisms behind the clinical manifestations
of TSC, which brings with it hope for novel treatments and improved outcomes. We are
highlighting 5 new areas of understanding in TSC.

Divisions of Child Neurology (DTH), Hematology/Oncology (SLW), and Medical Genetics (LOR), Department
of Pediatrics, San Antonio Military Medical Center, JBSA - Ft. Sam Houston, TX; and Pediatric Epilepsy Program
(EAT), Department of Neurology, Massachusetts General Hospital, Boston.

Funding information and disclosures are provided at the end of the article. Full disclosure form information
provided by the authors is available with the full text of this article at Neurology.org/cp.

Correspondence to: david.t.hsiech.mil@mail. mil

Neurology: Clinical Practice I August 2016 339


http://cp.neurology.org/lookup/doi/XXX10.1212/CPJ.0000000000000260
http://Neurology.org/cp

David T. Hsieh et al.

340

Vigabatrin, approved by the FDA in 2009, has
shown remarkable efficacy for infants with
TSC and infantile spasms.

Neurobiology

TSC displays one of the most illustrative examples of how bench research can be translated into
clinical care, specifically providing novel medical treatments of the known complications of
TSC. 7§CI and 7SC2 are the only known causative genes in TSC. Of the 85% of patients
with detectable disease-causing mutations, 31% have mutations in 75CI, encoding for the
protein hamartin, and 69% have mutations in 78C2, encoding for tuberin. Of the remaining
patients with a clinical diagnosis of TSC, it is thought that they may be exhibiting somatic
mosaicism or have a mutation in the 7SCI or 7SC2 genes not detectable by conventional
methods.?

Under normal physiologic states, hamartin and tuberin regulate cell differentiation and pro-
liferation. They form a complex that activates GTPase, which keeps the Ras homolog enriched
in brain protein inactive, keeping the mechanistic target of rapamycin (mTOR) pathway
inhibited (figure 1). 7SC1 and 7SC2 mutations hyperactivate the mTOR pathway, leading
to abnormalities in cell cycle progression.* Despite some overlap, patients with 7SC2 muta-
tions tend to present earlier and are more likely to have complicated epilepsy and intellectual
deficits, have a higher tuber to brain proportion, and develop subependymal giant-cell astro-
cytomas (SEGA).>°

Sirolimus and everolimus are antiproliferative and immunosuppressive oral medications that
inhibit the mTOR pathway. Sirolimus is approved by the US Food and Drug Administration
(FDA) for the treatment of pulmonary lymphangioleiomyomatosis (LAM), which occurs in
about a third of women with TSC. The current FDA approvals for everolimus in patients with
TSC include pediatric and adult patients with SEGAs requiring therapeutic interventions but
cannot be curatively resected, and adult patients with renal angiomyolipomas (AML) not re-
quiring immediate surgery.

Clinical trials support the efficacy and safety of these mTOR inhibitors for the treatment of
several neurologic and non-neurologic manifestations of TSC. Although initial case series
reported SEGA regression with sirolimus treatment, subsequent studies have involved mainly
everolimus. After positive phase I evidence, everolimus clinical trial C2485 enrolled 28 patients
age 3 years and older with TSC-related SEGA, reporting at 6 months a decreased size of
SEGAs.” This was followed by the Examining Everolimus in a Study of TSC (EXIST-1)
trial, which randomized patients ages 0-65 years, 39 to placebo and 78 to everolimus,
reporting at 6 months at least a 50% decreased SEGA volume in 35% of the everolimus
group vs none in the placebo group.® The most common adverse events were mouth ulcer-
ations (32% everolimus vs 5% placebo). In the open-label extension, persistent efficacy was
noted at a median follow-up of 28 months.” The positive clinical effects of mTOR inhibition
using either sirolimus or everolimus are also reported in clinical trials and case series for renal
AMLs, skin angiofibromas, cardiac rhabdomyomas, and lung LAM.'®"" Thus, with continued
research comes the hope of furthering our understanding of how to best treat and prevent the
multiorgan system complications of TSC.

Vigabatrin and infantile spasms (IS)

The syndrome of IS, usually consisting of flexor or extensor spasms, developmental plateau or
regression, and an EEG pattern of hypsarrhythmia, is a common manifestation of epilepsy in
TSC, occurring in over one-third of patients.'* Although IS is defined as occurring in infants,
5% of patients with TSC can manifest the seizure semiology of epileptic spasms after 2
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[ Figure 1 Mechanistic target of rapamycin (mTOR) pathway ]
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There are many components of the upstream and downstream pathways of the regulation of mTOR. Under nor-
mal physiologic conditions, some of the upstream pathways are activated by hypoxia and cellular stress. Serine/
threonine kinase 11 (STK11) (also known as LKB1) is induced by hypoxia and cellular stress, which is further
activated by adenosine monophosphate (AMP) and induces adenosine monophosphate-activated protein kinase
(AMPK), which further activates the TSC1/TSC2 complex, which inhibits Ras homolog enriched in brain (Rheb)
and therefore downregulates mTOR. Hypoxia-inducible factor 1-«a (HIF1-q) is induced by hypoxia, which in turn
activates regulated in development and DNA damage responses 1 (REDD1), which induces TSC1/TSC2. There
are multiple growth factors and cytokines, which induce protein kinase B, also known as Akt (PKB), extracel-
lular signal-regulated kinase (ERK), ribosomal protein S6 kinase (RSK), and inhibitor of nuclear factor x-B
kinase subunit g (IKKg), and all inhibit the TSC1 and TSC2 complex, as seen in the diagram. The activation
of mTOR leads to cell growth.

I Cell growth

years.'? The early diagnosis of patients with TSC has allowed the collection of prospective
data, showing an association between the onset of IS and impairment in intellectual de-
velopment.'"* Retrospective data in infants with TSC support an association between an
increased duration of time from treatment initiation until clinical spasm cessation and worse
intellectual outcome." Thus, early recognition and successful treatment of IS can hopefully
prevent subsequent long-term intellectual delays.

Vigabatrin (VGB), approved by the FDA in 2009, has shown remarkable efficacy for infants
with TSC and IS. VGB irreversibly inhibits y-aminobutyric acid (GABA) transaminase, which
increases GABA levels, contributing to its anticonvulsant properties. Prior retrospective stud-
ies and case series have reported very high response rates (95%) of IS in TSC to VGB,
although these high rates were based upon clinical cessation of spasms without EEG confir-
mation of hypsarrhythmia resolution.'® Although yielding less robust efficacy, prospective
studies randomizing low-dose (18-36 mg/kg/d) to high-dose (100-148 mg/kg/d) VGB, using
stricter criteria of EEG confirmation of hypsarrhythmia resolution in addition to clinical
spasms cessation, still report higher response rates and a shorter time to response in patients
with TSC vs other etiologies.'"” VGB has been recommended as first-line treatment of IS by
the 2012 International TSC Consensus Conference.'®
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[ Figure 2 Vigabatrin-related brain MRl abnormalities ]

Axial diffusion-weighted 1.5 T MRI of a 5-month-old boy with tuberous sclerosis complex and infantile spasms trea-
ted with vigabatrin reveals abnormal signal in the bilateral basal ganglia (arrow).

VGB is available in both tablets and in sachets as a powder for oral solution. However, the dis-
tribution of VGB is controlled by the SHARE (Support, Help, and Resources for Epilepsy) pro-
gram to ensure its safe use because VGB has been linked to irreversible visual field loss due to retinal
toxicity, which can occur in 20%-30% of children." Longer durations of treatment are associated
with a higher risk, thus VGB should be used for the shortest duration possible to ensure the
cessation of spasms. For patients such as infants who are unable to cooperate with standard visual
field testing, electroretinogram monitoring during treatment may predict toxicity prior to clinical
changes.'” In addition, VGB has been associated with dose-dependent, reversible, and apparently
asymptomatic MRI signal abnormalities in the basal ganglia and brainstem (figure 2).*° The
underlying pathophysiology of this abnormal MRI signal is uncertain, but it may be related to
intramyelinic edema. With these risks in mind, the goal of improving long-term cognitive out-
comes underlies the need for the prompt diagnosis and treatment of IS in TSC.

Tubers and epilepsy surgery
Epilepsy, occurring in up to 85% of patients, is a major cause of neurologic morbidity in patients
with TSC, with poor control correlating with a worse cognitive outcome.'* Although treatment is
indicated at the clinical onset of seizures, it is possible that treatment at the onset of EEG
abnormalities, prior to clinical seizures, might improve long-term outcome,' but this is a concept
in need of further research. Epilepsy in TSC is often characterized by multiple seizure types, in
particular focal onset seizures, and is medication-refractory in 30%-60% of patients.'>** Patients
with a history of IS are more likely to develop refractory epilepsy (75%) vs those without
a history of IS (40%)."> Medication-refractory patients should be considered for alternative
treatments, often epilepsy surgery, but also should include dietary therapy and neurostimulation.
Although neurobiology-based treatment of epilepsy using mTOR inhibitors also holds prom-
ise,” long-term studies are needed to assess the safety and viability of this treatment option.
Multiple types of dysgenetic brain findings occur in TSC, to include cortical tubers, sube-
pendymal nodules, radial glial lines, and abnormal white matter diffusivity. In particular, the
cortical tuber holds an important role in the development of epilepsy and also as a target of
surgical resection. Although most cortical tubers act as stable congenital lesions, tubers may oc-
casionally change over time. Microstructural changes in tubers can be detected with diffusion
tensor imaging (DTI) with age,”® and on MRI, tubers sometimes evolve into a cyst-like
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Currently, early surgical resection remains the
standard treatment for SEGAs showing serial
growth on imaging.

appearance. These cyst-like tubers (figure 3) are often present in TSC patients with more
severe epilepsy phenotypes, and thus are often looked at closely as surgical targets.”® However,
the exact role of cortical tubers in epilepsy is still being defined, as it appears that although
many tubers are epileptogenic as proven by intracranial, intratuber depth electrodes,® in
other TSC patients tubers have been found to be electrically silent.””

An epilepsy surgery evaluation to include ictal scalp or intracranial EEG, MRI, functional im-
aging, and neuropsychological testing is needed to define those patients with TSC as potential can-
didates. This is often challenging in patients with TSC due to the frequent occurrence of multiple
tubers, the possibility of epileptogenic tissue extending outside of tubers, and also the changing ap-
pearance and epileptogenicity of other tubers. However, despite these challenges, a single epilepto-
genic cortical tuber, causing a predominant seizure semiology, is often determined to be a suitable
surgical target, but with perituberal cortex also being evaluated to define the extent of resection.*”*®
When surgical candidates are chosen carefully, epilepsy surgery can result in good outcomes with
seizure freedom in about 60% when followed for at least 1-2 years®~' (as a comparison, the
success rate of pediatric temporal lobe resection approaches 80%).** Several factors have been
associated with better outcomes, to include unilateral focality in interictal or ictal EEG, lobec-
tomy, removal of epileptogenic tissue by MRI and intracranial EEG, and agreement of interictal
and ictal EEG localization.?*** Poorer outcomes have been associated with younger age at seizure
onset, history of IS, and interictal bilateral focality.*! Most importantly, successful epilepsy surgery
is associated with improvement in quality of life measures in patients with TSC.?>%*

SEGAs
SEGAs are the most common CNS tumor in patients with TSC, developing in 10%-15% of
patients. Per the 2012 Washington Consensus Conference, they are defined as a lesion >1 cm

[ Figure 3 Cystic tuber ]

Axial fluid-attenuated inversion recovery 1.5 T MRI of the brain reveals multiple cortical tubers to include a cystic-
appearing tuber (arrow).
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[ Figure 4 Multiple subependymal giant-cell astrocytomas (SEGAs) ]

Axial T1-weighted 1.5 T MRI with gadolinium contrast reveals multiple SEGAs near the left foramen of Monroe (ar-
row), without evident hydrocephalus, in a patient with prior resectional epilepsy surgeries.

at the caudothalamic groove or a subependymal lesion showing serial growth, with most
showing gadolinium enhancement.”® SEGAs commonly present in the first 2 decades of life
with symptoms of headache, increased seizure frequency, and emesis due to obstructive hydro-
cephalus, although symptoms can initally be very subtle. SEGAs rarely become symptomatic
during adulthood. Current clinical consensus is for screening neuroimaging every 1-3 years
during childhood to identify SEGAs before they become symptomatic; once diagnosed, more
frequent imaging is indicated to monitor evidence of growth.

Currently, early surgical resection remains the standard treatment for SEGAs showing serial
growth on imaging. For smaller lesions, complete resection can be curative with rare associated
surgical complications.*® However, in larger (>3 cm), bilateral, multiple, or previously resected
lesions, the risk for surgical complications is high, with one series of 57 TSC patients reporting
0% complications with SEGAs <2 cm vs 46% in SEGAs 2-3 cm, and 83% in 3-4 c¢m, and
a 67% complication risk in patients with bilateral SEGAs.*

With the discovery that genetic lesions in TSC patients lead to unregulated mTOR activa-
tion, there has been renewed interest in possible medical management of complex patients.
Medical management with mTOR inhibitors is currently indicated for patients with symptom-
atic SEGA who are not amendable to surgery (figure 4).” There may also be a role to reduce
tumor size prior to surgical resection. Duration of treatment is currently unknown as
regrowth has been documented with cessation of therapy. Finally, further research is needed
to better understand the possible long-term side effects of pharmacologic mTOR inhibition,
as there have been conflicting reports regarding effects on linear growth, pubertal progression,
and immunosuppressive effects in the post-transplant population.®®

TSC-associated neuropsychiatric disorders (TANDs)

TAND is a recently agreed-upon term that encompasses a spectrum of disorders commonly present
in patients with TSC to include autism spectrum disorders, intellectual and learning disabilities,
and psychiatric and behavioral disorders.” Over 90% of patients with TSC exhibit difficulties
in areas within the realm of TANDs,*** particularly autism spectrum disorders and intellectual
deficits, which each occur in up to 50% of patients.”” The TSC Neuropsychiatry Panel recom-
mends regular screening of patients in order to assist in the identification and proper treatment of
these common issues.”” A TAND checklist has been developed and has undergone pilot
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validation.”” In addition to regular screening, a sudden change in /~ . ™\
symptoms within the spectrum of TANDs should also prompt Tubel‘ous SClCI‘OSlS COII‘lplCX:
the consideration of TSC-related medical complications, such as Five new things
hydrocephalus secondary to SEGA growth. : :
The underlying etiology of TAND:s is uncertain, but probably W Understanding of the neur Ot?’OIOQV, (?f TsC
ltifactorial, to include contributions from genetic, functional ines susesesiuly ireneiatize! into Clinac)
multifactorial, g , , ) ; .
. . . . practice with novel medical treatments
and structural factors. Genetically, patients with 7SC2 mutations . o
. . ) using mTOR inhibitors.
tend to have worse cognitive outcomes than patients with 7SC1.°
Functionally, an earlier onset of seizures is associated with a worse Vigabatrin, approved by the FDA in 2008,
long-term cognitive outcome,*** thus the goal to diagnose and has shown remarkable efficacy for infants
treat seizures early.” Structurally, there are inconsistent data for with TSC and infantile spasms.
whether tuber burden is related to cognitive outcomes, although Epilepsy surgery in patients with TSC with
the tuber-to-brain Pl‘OpOl’tiOH may be a better predictor than tuber medicotion-refrgctory epi[epsy can improve
quantification.”>** However, there are other factors involved, ex- quality of life, when candidates are chosen
emplified by examples of TSC patients without tubers with cog- carefully.
.. . 44 . .
nitive delays .and epllepsy. One po'smble contributor cquld be T2 el G ey el e Wi
abnormal white .nllatter m'TSC, a§ ev_ldenced by DTI, vs.lhlc'h can mTOR inhibitors and traditional resectional
detect abnormalities of microscopic tissue structures by indirectly surgical treatments to treat subependymal
measuring the direction and degree of water diffusion. Patients giant cell astrocytomas are currently being
with TSC can have either decreased fractional anisotropy or in- defined.
creased mean diffusivity within normal-appearing white matter,
. S . . . B TAND are extremely common and regular
suggesting abnormalities in the structural integrity of the imaged ) B
; 45 ; °. screening and early identification and
white matter.* Furthermore, these white matter abnormalities .
. . . gy treatment are an essential component of
appear to be .modlﬁable using treatments .Wlth mTOB inhibitors, care in pationts with. TSC:
as evidenced in subgroup analysis of studies of everolimus for the
treatment of SEGAs.* It is uncertain what the clinical implica- S J
tions of these findings are, but further research is ongoing to study
whether these changes might have a positive effect on TAND:.
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