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ABSTRACT
Tuberous sclerosis complex (TSC) is a rare multisystem, autosomal dom-
inant neurocutaneous syndrome in which epilepsy is the most common
of several neurological and psychiatric manifestations. Around two thirds
of patients develop drug-resistant epilepsy for whom surgical resection of
epileptogenic foci is indicated when seizures remain inadequately controlled
following trial of two antiseizure medications. The challenge with presur-
gical and surgical approaches with patients with TSC is overcoming the
complexity from the number of tubers and the multiplex epileptogenic net-
work forming the epileptogenic zone. Data suggest that seizure freedom is
achieved by 55%–60% of patients, but predictive factors for success have
remained elusive, which makes for unconfident selection of surgical can-
didates. This article presents three different cases as illustrations of the
potential challenges faced when assessing the suitability of TSC patients
for epilepsy surgery.

KEYWORDS
Epilepsy, Everolimus, Imaging, Prognostics, Surgery, Tuberous sclerosis
complex (TSC)

INTRODUCTION

Tuberous sclerosis complex (TSC) is a rare neurocutaneous
syndrome (one in 6000–22 000 live births)1,2 for which
the major morbidity is usually neurologic, though virtually
any organ system can be affected.3 Approximately 85% of
patients carry a pathogenic variant of the TSC1 or TSC2
genes, which cause excessive activation of the “mammalian
target of rapamycin” (mTOR) signaling pathway through
elevated activity of mTOR.4 A common signaling node of
the mTOR pathway mutations seems to be mTOR complex
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1 (mTOR and raptor, its binding partner),5 which has strong
association with the characteristic hamartomas, tuberous
sclerosis-associated neuropsychiatric disorders (TAND),6

and epilepsy.4

Epilepsy is the most common (80%–90% of patients)7 of a
large spectrum of neurological and psychiatric manifesta-
tions of patients with TSC, which also includes intellectual
disability, behavioral abnormalities, and autism spectrum
disorder.8 Deaths are most commonly also from status
epilepticus and sudden unexpected death in epilepsy. The
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type of seizures experienced by patients with TSC are
diverse (e.g., focal and generalized motor seizures, epilep-
tic spasms [ES], tonic, atonic, and tonic-clonic seizures),
but 62.5%–73% of patients experience seizures during the
first year of life.9,10 The most common seizure-type during
this first year is ES and 75% of these patients become drug
resistant—proportionally greater than patients without a
history of ES of whom a still sizeable 40% develop drug-
resistant epilepsy.10 Notably, patients with early-onset ES
also experience a higher degree of intellectual disability
than patients experiencing either late-onset ES or other
seizure types.11–13

Although around two thirds of patients eventually develop
drug-resistant epilepsy,10 early treatment of epilepsy with
antiseizure medications (ASMs) is reported to improve
longer term outcomes,14 and controlled epilepsy is associ-
ated with reduced symptoms of autism. The recommended
first-line treatment in early-onset seizures is vigabatrin,
which stops TSC-related infantile spasms in up to 95%
of cases.8 Combination of vigabatrin with hormonal ther-
apy has been reported to provide even better long-term
outcomes.1

In general, between 52% and 100% patients with TSC are
treated with a combination of two or more ASMs. Combin-
ing multiple mechanisms of action (valproic acid, carba-
mazepine, topiramate, lamotrigine, and vigabatrin) is pru-
dent in most cases to cover the multitude of seizure types.14

Nevertheless, an overly aggressive approach with ASMs
should be avoided as cognitive and behavioral side effects
can worsen TAND, which is challenging for most parents.
Despite the introduction of targeted drugs for TSC, such as
vigabatrin and mTOR inhibitors, we are still unable to pre-
dict the patients who can benefit from these treatments, and
more than half of patients still present seizures.8 Cannabid-
iol is an option as it has been associated with halving
seizure frequency compared with placebo in a double-blind
randomized clinical trial.15

An effective nondrug treatment for epilepsy recommended
during the early stages is ketogenic diet (KD),16 the mech-
anism for which has been suggested to be mTOR path-
way inhibition due to carbohydrate depletion.17 Vagal nerve
stimulation is also a consideration in patients unsuited to
epilepsy surgery, with about half reducing their seizure fre-
quency by at least 50%.18

Resective surgery is an important treatment option that is
currently underused.19 Indication for considering surgery
are seizures remaining inadequately controlled following
trial of two ASMs. Surgery (resective or palliative) was
performed in only 10.7% of patients with focal seizures
and in 6.4% of patients with infantile spasms of the 1852
patients with epilepsy in the international “TuberOus SCle-
rosis registry to increase disease Awareness” (TOSCA).20

In comparison, mTOR inhibitors were prescribed in 7.7%
of patients with focal seizures and 5.5% of patients with
infantile spasms.

Data on surgical series revealed that seizures freedom
can be reached in 55%–60% of patients, with early inter-
ventions and accurate localization of the epileptogenic
region.21,22 Even if with surgery seizure freedom is not
reached, tailored surgical resection of epileptogenic foci
was still reported to improve seizure frequency by >90% in
18% of patients.21,23 Stereoencephalography-directed mag-
netic resonance-guided laser interstitial thermal therapy
(SEEG-directed MRgLITT) is a minimally invasive tech-
nique in development that shows promise.24

Planning epilepsy surgery for TSC is challenging due to the
presence of multiple lesions (tubers). Furthermore, debate
continues on whether the “epileptogenic tuber” includes
the surrounding altered cortex. Accurate localization of the
epileptogenic network should be achieved to the limit per-
mitted from using standard procedures complicated by mul-
tiple tubers. Understandably, the approach varies consider-
ably between centers, depending on the clinical focus, scalp
or invasive electroencephalography (EEG), and functional
neuroimaging.21 The current recommendation is to identify
the target tuber with consideration to avoiding multifocal
and even bilateral resection.8

The aim of this article is to present three different cases as
illustrations of the potential challenges faced when assess-
ing the suitability of TSC patients for epilepsy surgery.

RESULTS

Case 1

A 6-year-old boy, born at term with prenatal diagnosis of
left ventricular rhabdomyosarcoma and subsequent diagno-
sis of TSC (TSC1 mutation), was referred for consideration
of surgery. During the neonatal period, depigmented mac-
ules were noted on his left leg and right side. His overall
development was delayed and he showed signs of behav-
ior disorder. Seizures began at 3 months of age with infan-
tile spasms characterized by flexing of both upper arms and
trunk and stiffening of lower limbs.

The first brain magnetic resonance imaging (MRI) was
suggestive of bilateral cortical tubers and multiple
subependymal nodules (Figure 1A,B). Seizures were
partially responsive to vigabatrin, adrenocorticotropic hor-
mone (ACTH), and carbamazepine. At 11 months of age,
frequency and semiology of seizures had worsened, with
daily seizures then characterized by stiffening of bilateral
upper and lower limbs and head deviation toward the right.
The first video-EEG monitoring showed an interictal EEG
characterized by numerous multifocal abnormalities in the
right hemisphere (Figure 1D) and a right focal ictal pattern.
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FIGURE 1 (A) Preoperative brain MRI showing multiple bilateral tubers with hyperintensity on FLAIR-weighted sequences and subependymal nodules
in T1-sequence (B). (C) Postoperative brain MRI showing the resection area over the right fronto-basal region. (D) Preoperative video-EEG recording
of right fronto-temporal seizure with contralateral diffusion and followed by bilateral epileptic spasms. (E) SEEG recording of a focal seizure starting
with a low-voltage fast activity over electrodes B, C, and O, followed by rhythmic theta activity over the same electrodes and over electrode A. Then
the ictal discharge involved temporal electrodes (D, E, H, M, and N). This discharge was followed by a cluster of clinically subtle epileptic spasms
characterized by pseudorhythmic complexes of spikes, followed by a high-voltage slow wave, mixed with fast activity evident at electrodes A3–4. EEG,
electroencephalography; FLAIR, fluid attenuated inversion recovery; MRI, magnetic resonance imaging; SEEG, stereoelectroencephalography.

These correlated with episodes of generalized hyperto-
nia followed by a cluster of spasms (Figure 1D). MRI
confirmed multiple cortical tubers in the left hemisphere.
Mild improvement of seizure frequency was observed with
valproic acid and steroids, and he was successfully reduced
to vigabatrin as monotherapy.

Presurgical evaluation with SEEG monitoring at age 2 years
showed that the epileptogenic zone (EZ) was in the right
fronto-temporal lobe with early involvement of the orbital
region (electrode A) (Figure 1E). Based on these clinical,
neurophysiological, and radiological data, a right anterior
frontal lobectomy was performed.

Post surgery, the boy remained seizure-free after 18 months
of follow-up while still undergoing therapy with vigabatrin.
He improved both intellectually and behaviorally, and an
interictal EEG showed only rare right abnormalities.

Case 2

A 4-year-old girl with prenatal diagnosis of cardiac rhab-
domyoma, ipomelanotic macules, and angiofibromas has
been followed since surgery. Despite a negative family his-
tory of epilepsy, genetic testing found deletion of TSC2.

At 1 month of age, she presented with daily right myclonic
seizures. Multiple cortical tubers and subependymal nod-
ules were detected in MRI (Figure 2A,B). At first neuro-
logical evaluation, the video-EEG showed a focal seizure—

characterized by grimace, palpebral blinking, and oral
automatism—that correlated to a left centro-temporal dis-
charge (Figure 2D). Seizures were partially responsive to
levetiracetam, vigabatrin, carbamazepine, and topiramate.
At psychological evaluation, she was diagnosed with a psy-
chomotor development delay and deficiency in acquired
functional language.

At 2 years old, she underwent presurgical SEEG monitor-
ing with a left-side implantation that showed an EZ in oper-
cular (electrodes L, P, and M) and parietal (electrode N)
regions (Figure 2E) during seizures characterized by right
eye clonic jerks with involvement of the right arm.

At 3 years old, she underwent resection of the right parietal
lobe, including the epileptogenic tuber (Figure 2C).

At the most recent follow-up at 16 months after surgery, she
was in Engel II and her EEG showed left central abnormal-
ities with ASMs reduced but not fully withdrawn.

Case 3

An 11-year-old girl with prenatal diagnosis of cardiac
rhabdomyoma revealed by echocardiography at second
trimester (7 months of pregnancy) has been followed post
surgery. MRI revealed multiple tubers, primarily in the
left parietal lobe (Figure 3A). Genetic analysis found a
de novo mutation in TSC1, which confirmed the diagno-
sis of tuberous sclerosis with neurologic, cardiac, and renal
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FIGURE 2 (A) Preoperative axial T2-weighted brain MRI showing multiple bilateral tubers with hyperintense signal over the fronto-temporo-parietal
regions. (B) Left T1-weighted sagittal sequence, showing large hypointense tuber over the posterior suprasylvian region. (C) Postsurgical FLAIR
sequence, showing the focal resected area in the suprasylvian posterior operculum, excluding the insula. (D) Interictal video-EEG with left fronto-
temporal epileptiform abnormalities, with contralateral synchronous diffusion. (E) SEEG seizure recording: rhythmic spike and wave complexes over
electrodes P, M, and L (shown in the square) with clinical correlate of right eyelid clonic jerks, then evolving in low-voltage fast activity over the same
electrodes (hypomotor phase, pointed out with the arrow), then again more diffused spike and wave complexes with right face and arm clonic jerks. EEG,
electroencephalography; FLAIR, fluid attenuated inversion recovery; MRI, magnetic resonance imaging; SEEG, stereoelectroencephalography.

FIGURE 3 (A) FLAIR-weighted MRI with bilateral tubers, among which the most prominent over the left parietal lobe. (B) Postsurgical FLAIR sequence
showing the parietal resection. (C) Wakefulness interictal video-EEG with left parietal and vertex epileptiform abnormalities. (D) Video-EEG recording
of left parietal focal seizure, with rhythmic theta activity over C3–P3 and anterior vertex, evolving in focal spike and sharp waves discharge. EEG,
electroencephalography; FLAIR, fluid attenuated inversion recovery; MRI, magnetic resonance imaging.
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involvement. The neurological symptoms had appeared
early as daily focal right hemiclonic seizures and asymmet-
ric spasms (Figure 3C,D). Seizures were treated with viga-
batrin, carbamazepine, and ACTH with partial response.

When she was 8 months old, refractory epilepsy meant she
underwent a left parietal tuber resection at the Rothschild
Hospital in Paris (Figure 3B). After surgery, she was in
Engel class I for several years and so drug cessation was
attempted when she was 9 years old; however, this was
stopped due to considerable interictal abnormalities appear-
ing on the EEG.

At 7 years old, she had a loop recorder implanted after a
syncopal event. Cardiac follow-up revealed the presence
of bilateral ventricular rhabdomyoma and confirmed the
absence of asystole.

The radiological follow-up remained invariant. At last neu-
rophysiological follow-up, the EEG showed an asymmetric
activity for the presence of lower activity in the left hemi-
sphere, but she was still seizure-free. She was in the range
of moderate intellectual impairment.

DISCUSSION

Meta-analysis of the growing published evidence suggest
that 55%–60% of postsurgery patients with TSC achieve
freedom from seizures. However, the practical development
of policy from this statistic is limited, because clear agree-
ment on who are the best candidates for surgical treatment
remains unclear, even after assessment with invasive as well
as noninvasive tools.

The most widely evaluated tool for identifying epilepto-
genic tubers has been the concordance between EEG and
MRI (both ictal and interictal).25–27 The potential of EEG–
MRI concordance as a predictive feature of postsurgical
seizure freedom has been supported by meta-analysis.28

Nevertheless, these hypothesis-generating data were only
partially corroborated by subsequent reports and no clear-
cut correlations have yet been found with long-term
follow-up.23,29

Presurgical evaluation in patients with TSC has commonly
also included positron emission tomography (PET) co-
registered with MRI. More complex cases often necessi-
tate invasive monitoring with intracranial electrodes, and
bilateral explorations are frequently required to define the
EZ and the area to resect. Locating the EZ is now aided
by source-localization techniques, which is expected to
improve outcomes in terms of seizure freedom and cogni-
tive performances.

Age at onset on seizure has been evaluated as a pre-
dictor of postsurgical outcome in four studies—two
retrospective single-center studies30,31 and two multi-

center studies29,32—and assessed by meta-analysis.33 In
general, these studies suggested that onset of seizures
after the first year of life was associated with a greater
proportion of seizure freedom, but support was weak by
meta-analysis.33 Many studies have also suggested that
shorter duration of epilepsy is a determinant of postsurgical
seizure freedom,27,30–32,34,35 though these have not yet
been assessed by meta-analysis. Similarly, better overall
postsurgical outcome has been associated with higher IQ
prior to surgery.27,35–37

The origin of seizure onset being within the tuber area
(rather than perituberal cortex) has received support from
recent studies combining strip, grid, and tuber depth
electrodes. Consequently, this evidence favors a tuber-
oriented surgical approach, though diverse surgical tech-
niques remain with no consensus on the relative merits for
each. Intuitively, resections beyond tuber borders (tuberec-
tomy plus and lobectomy) are likely to result in better
seizure control on average.

In the majority of published surgical series, assessments
were at only one follow-up time point, ranging from a
few months to several years post surgery. Longitudinal data
were available from seven studies, which collectively sug-
gest seizure freedom is achieved by 65%–75% at 1 year,
which reduces to 48%–51% after 10 years of follow-up. In
21 of 28 studies, data regarding the outcome are expressed
as average21: seizure freedom ranges from 70% at 1 year
to 57% at 5 years, which is the longest follow-up duration
reported.21

The postsurgical follow-up was quite favorable in our three
reported cases, being two of them in Engel class I (Case 1
and Case 3) and one in Engel class II (Case 2). Despite rare,
isolated, and short focal seizures in Case 2, we decided to
partially decrease ASMs to reduce the burden of treatment:
her seizure frequency remained stable.

Brain MRI is challenging in patients with TSC, and indi-
vidual studies have focused on diverse features (size or
localization,38 presence of calcification and/or cyst-like
appearance,39 tuber-center characteristics40), with each
potentially associated with epileptogenicity. The strongest
predictive factor of seizure freedom after surgery is the
co-occurrence within a single tuber of both bigger size and
calcifications,23,29or without invasive recordings, a single,
clear-cut lesion.41 As TSC is almost always associated
with multiple brain lesions, invasive recordings are more
frequently used than with other etiologies in patients with
drug-resistant epilepsies.

The challenge with the presurgical and surgical approaches
with patients with TSC and drug-resistant epilepsy is
overcoming the complexity from the number of tubers
and the multiplex epileptogenic network forming the EZ.
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Despite the use of targeted antiepileptogenic drugs, which
has reduced the overall number of drug-resistant patients,
more than half of patients with TSC still present persis-
tent seizures and we are still unable to predict reliably the
patients who will respond best post surgery.
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