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Abstract
Objective: In tuberous sclerosis complex (TSC)-associated drug-resistant epilepsy, 
the optimal invasive electroencephalographic (EEG) and operative approach remains 
unclear. We examined the role of stereo-EEG in TSC and used stereo-EEG data to 
investigate tuber and surrounding cortex epileptogenicity.
Methods: We analyzed 18 patients with TSC who underwent stereo-EEG (seven 
adults). One hundred ten seizures were analyzed with the epileptogenicity index (EI). 
In 13 patients with adequate tuber sampling, five anatomical regions of interest (ROIs) 
were defined: dominant tuber (tuber with highest median EI), perituber cortex, sec-
ondary tuber (tuber with second highest median EI), nearby cortex (normal-appearing 
cortex in the same lobe as dominant tuber), and distant cortex (in other lobes). At 
the seizure level, epileptogenicity of ROIs was examined by comparing the highest 
EI recorded within each anatomical region. At the patient level, epileptogenic zone 
(EZ) organization was separated into focal tuber (EZ confined to dominant tuber) and 
complex (all other patterns).
Results: The most epileptogenic ROI was the dominant tuber, with higher EI than 
perituber cortex, secondary tuber, nearby cortex, and distant cortex (P <  .001). A 
focal tuber EZ organization was identified in seven patients. This group had 80% 
Engel IA postsurgical outcome and distinct dominant tuber characteristics: continu-
ous interictal discharges (IEDs; 100%), fluid-attenuated inversion recovery (FLAIR) 
hypointense center (86%), center-to-rim EI gradient, and stimulation-induced sei-
zures (71%). In contrast, six patients had a complex EZ organization, character-
ized by nearby cortex as the most epileptogenic region and 40% Engel IA outcome. 
At the intratuber level, the combination of FLAIR hypointense center, continuous 
IEDs, and stimulation-induced seizures offered 98% specificity for a focal tuber EZ 
organization.
Significance: Tubers with focal EZ organization have a striking similarity to type 
II focal cortical dysplasia. The presence of distinct EZ organizations has significant 
implications for EZ hypothesis generation, invasive EEG approach, and resection 
strategy.
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1 |  INTRODUCTION

Tuberous sclerosis complex (TSC) is an autosomal domi-
nant, neurocutaneous disorder. In the central nervous 
system, the hallmark of TSC is cortical tubers.1 There 
are striking cellular, molecular, genetic, radiological, 
and electrophysiological similarities with focal cortical 
dysplasia (FCD), particularly FCD type II (FCDII).1‒9 
Epilepsy is the most common neurological manifestation 
of TSC, occurring in 75%-90% of patients, and almost 
two-thirds develop drug-resistant seizures.10,11 Epilepsy 
surgery can lead to seizure freedom in 50%-60% of pa-
tients,12 with a subsequent improvement in quality of life 
and neurocognitive function.10,13,14 However, this man-
agement strategy is currently underutilized in TSC.15

In the common setting of multiple tubers, several seizure 
types, and discordant noninvasive investigations, intracra-
nial electroencephalography (EEG) is required to precisely 
identify the epileptogenic zone (EZ) and guide surgical re-
section. In patients requiring invasive EEG, postresection 
seizure freedom rates approach 50%-70%.6,12,16‒18 However, 
there is a paucity of literature examining invasive EEG in 
TSC and even less that has analyzed neurophysiological 
data.6,18‒20 Subdural grid and strip studies, which occasion-
ally incorporate depth electrodes, predominate in the liter-
ature,6,16‒19,21,22 and there has been no dedicated analysis of 
stereo-EEG (SEEG) data. As a result, the optimal invasive 
EEG approach is still not defined. This leads to a wide varia-
tion in intracranial EEG evaluation and operative approach,12 
from focal tuberectomies sparing perituberal cortex after tar-
geted intraoperative electrocorticography (ECoG)6 to lobar 
disconnections.13

A possible factor driving this variation in invasive EEG 
and surgical strategy is the unresolved question of epilepto-
genicity in TSC. Several recent studies utilizing intratuber 
depth recordings found that tubers were the predominant if 
not sole generator of seizures rather than surrounding cor-
tex.6,18,20 Despite these findings, postresection intracranial 
epileptic activity is described adjacent to tuberectomy bound-
aries,17 approximately 40% of patients have ongoing seizures 
after tuberectomy, and resections extending beyond tuber 
margins appear to be associated with better outcomes at the 
group level.15,23 In a range of malformative pathologies, it 
is well established that the EZ can extend beyond visible le-
sions.5,8,24‒27 Additionally, over the past decade, two types of 
spatial organizations of the EZ have been observed in various 

epilepsies24,25,28,29: (1) a focal EZ limited to a lesional/re-
strained cortical area and (2) a more widespread network in-
volving lesion and/or multiple distant structures. We propose 
that distinct EZ spatial organizations may also be observed 
in TSC.

In this retrospective study of patients with TSC who un-
derwent invasive EEG during presurgical evaluation, we 
quantitatively examined SEEG signals and analyzed epilep-
togenicity. We hypothesized that focal (single tuber only) and 
complex (nontuber ±  tuber) EZ organizations could be ob-
served in TSC with distinct electroclinical characteristics and 
surgical outcomes. We also sought to investigate the role of 
radiological tuber type in tuber epileptogenicity.

2 |  MATERIALS AND METHODS

2.1 | Case selection

Cases were identified from four French tertiary epilepsy 
centers (Lyon, Grenoble, Nancy, and Marseille) and included 
in the analysis if they had a diagnosis of TSC (genetic or 
clinical)30 and underwent a presurgical evaluation using digi-
tal SEEG recordings between 2004 and 2018 (flow diagram 
in Figure S1). No patients had undergone previous surgery at 
the time of SEEG. The study was approved by the local ethics 
committee of Lyon University Hospital.

K E Y W O R D S

electroclinical syndromes, epilepsy surgery, epileptogenic zone, stereo-EEG, tuberous sclerosis complex

Key Points

• In patients with TSC, a single dominant tuber is 
the most epileptogenic structure at the group level

• Two EZ organizations were identified: focal tuber 
(EZ confined to dominant tuber) and complex (all 
other patterns)

• Focal tuber EZ organization patients had 80% 
Engel IA postsurgical outcome and FCDII-like 
dominant tuber characteristics

• Complex EZ organization patients had 40% Engel 
IA outcome, and normal-appearing cortex was the 
most epileptogenic structure

• At the intratuber level, type C tubers, continuous 
IEDs, and stimulation-induced seizures were 98% 
specific for a focal tuber EZ organization

[Corrections added on January 05, 2020, after 
first online publication: The text “Member of 
the ERN EpiCARE” was added to affiliations 
2, 4 and 9”.]
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2.2 | Noninvasive workup

All patients underwent a comprehensive presurgical epilepsy 
assessment. At minimum, 1.5- or 3-T magnetic resonance 
imaging (MRI) three-dimensional T1 and fluid-attenuated 
inversion recovery (FLAIR) sequences were available for 
all patients. In a subset of patients, additional examinations 
were performed with positron emission tomography (PET) 
with 18F-fluorodeoxyglucose, or α-[11C]methyl-tryptophan 
(AMT), magnetoencephalography (MEG), and/or high-den-
sity EEG. Eight patients in the current study were previously 
included in an analysis of AMT-PET.31

A decision to proceed to SEEG was made at the indi-
vidual patient level when noninvasive data were discor-
dant and typically when the presumed EZ could not be 
confidently limited to a single tuber.32 Postoperative sei-
zure outcome was assessed at last available follow-up (at 
least 12 months) and evaluated using the Engel Epilepsy 
Surgery Outcome Scale.33 Preoperative MRIs were exam-
ined in all patients. Each supratentorial tuber was counted 
and identified as type A, B, or C. Type A tubers are 
FLAIR hyperintense and T1 isointense, type B tubers are 
homogenously FLAIR hyperintense and T1 hypointense, 
and type C tubers have a FLAIR hypointense center sur-
rounded by a hyperintense rim and are T1 hypointense 
(Figure 1A). These radiological tuber type definitions uti-
lizing FLAIR/T1 sequences are consistent with published 
classifications.34,35

2.3 | SEEG recordings

Intracerebral multicontact electrodes (5-15 contacts, diam-
eter = 0.8  mm, 1.5  mm apart) were implanted according 
to Talairach's stereotactic method36 or using a frameless 
stereotactic surgical robot. Electrode location was verified 
with either postimplantation MRI or postimplantation com-
puted tomography coregistered with preoperative MRI using 
dedicated in-house software. Prolonged extraoperative re-
cordings were performed to capture each patient's habitual 
seizures. High- and low-frequency cortical stimulations were 
performed with the aim of mapping cortical function, re-
cording afterdischarges, and inducing habitual seizures.37 
Radiofrequency thermocoagulation (RF-THC) was per-
formed when clinically indicated, and a good outcome was 
defined as Engel I-II at 2-month follow-up.38

2.4 | Anatomical regions of interest

For each patient, a subset of SEEG channels were selected 
based upon their anatomical location within tuber, peritu-
ber, or normal-appearing cortex. We first identified SEEG 

contacts within tuber and perituberal cortex (Figure 1C). 
For each sampled tuber, distinct bipolar tuber channels were 
selected within the tuber center and rim. The tuber center 
channel was defined as the most central bipolar contacts in 
the tuber, surrounded by FLAIR hyperintensity and pref-
erentially within FLAIR hypointensity for type C tubers. 
Tuber rim channels were defined as those in the outermost 
aspect of the tuber, with contacts within the external part 
of the FLAIR hyperintense tuber (excluding the FLAIR 
hyperintense tuber tail extending through white matter). 
Center and rim channels did not have overlapping contacts. 
Perituberal cortex was defined as the cortical region imme-
diately adjacent and contiguous with FLAIR hyperintense 
tuber.

Next, we selected channels from normal-appearing cortex. 
Using only contacts within gray matter, one bipolar channel 
from every unique sublobar brain region was selected (Table 
S1).39 If more than two channels were in the same brain area, 
we selected the channel with the least artefact and greatest 
amplitude. Visual analysis of electrographic seizures was 
performed to confirm that ictal onset was captured within the 
selected channels for each patient.

2.5 | Qualitative and quantitative analysis

2.5.1 | Interictal analysis

For each patient, a 20-minute bipolar interictal recording in 
a restful, nonsleep state between 8 am and 2 pm was selected 
and examined for interictal activity, including continuous, 
pacemaker-like, interictal epileptiform discharges (IEDs) as 
described in previous studies of TSC and FCD.5,6,8,18 An ex-
tended time base (5 seconds per page) was used to qualita-
tively identify whether there was a time-locked delay of the 
earliest upstroke of morphologically similar spikes between 
nearby structures (ie, spike propagation).

2.5.2 | Ictal analysis

A maximum of 10 electroclinical seizures with both video 
and EEG data were analyzed for each patient. For patients 
with >10 captured seizures, we reviewed all seizures, then 
analyzed 10 representative seizures, so as to keep the same 
proportion of each distinct electroclinical seizure type. 
Seizure onset was defined as the first unequivocal SEEG sig-
nal change from the background in the setting of a sustained 
rhythmic discharge.28,40

The epileptogenicity index (EI) was then calculated 
for all seizures within the subset of selected SEEG chan-
nels using AnyWave software (available at http://meg.
univ-amu.fr/wiki/AnyWave; Figure 1F).41 The EI is a 

http://meg.univ-amu.fr/wiki/AnyWave
http://meg.univ-amu.fr/wiki/AnyWave
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F I G U R E  1  Methodology: tuber types, regions of interest, and epileptogenicity index (EI) map. All images and EI analysis are from Patient 
11, with complex epileptogenic zone organization (tuber-plus). A, Definitions of tuber type according to fluid-attenuated inversion recovery 
(FLAIR) and T1-weighted magnetic resonance imaging (MRI). B, Regions of interest on sagittal T2-weighted image incorporating anatomical 
and EI data. C, Schematic definition of tuber-related regions of interest. D, E, Sagittal T1-weighted (D) and T2-weighted MRI (E) with implanted 
electrodes labelled with letters. Of note, K samples the epileptogenic tuber (tuber center and tuber rim) and perituberal cortex, F explores nearby 
normal-appearing prefrontal cortex, and the external contacts of G (not in view) sample a parietal type C tuber. F, An example of an EI map of a 
single seizure. The EI map illustrates the increase in energy ratio (blue to yellow scale) and time of detection (circle, alarm time; cross, detection 
time). Highest EI was detected at F (nearby cortex, EI = 1) followed by the dominant tuber rim (EI = 0.6) and then center (EI = 0.1). The overlying 
red stereoelectroencephalographic signal shows that the seizure onset arises from a background of continuous interictal activity. Parietal tuber 
(G11-12, EI = 0.007) has independent continuous interictal activity and displays a delayed ictal activation during the seizure; however, a temporal 
lobe tuber sampled by C7-8 (EI = 0.02) is the second most epileptogenic tuber
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semiautomated method to quantify the epileptogenicity of 
different brain structures using SEEG signals. The EI was 
proposed in an original 2008 study, where a detailed de-
scription is provided,42 and it has been now utilized in the 
investigation of multiple different epilepsies.24,25,28,29,42 
The EI is a normalized value that ranges from 0 (no epi-
leptogenicity) to 1 (peak epileptogenicity) in the selected 
channels.

The median EI for each channel across all seizures for 
an individual patient was calculated. To make compari-
sons between patients, we used tuber EI values to stan-
dardize five anatomical regions of interest (Figure 1B): 
dominant tuber (tuber with highest median EI), peritu-
ber (cortex adjacent to dominant tuber), secondary tuber 
(tuber with second highest median EI), nearby cortex 
(normal-appearing cortex in the same lobe as the domi-
nant tuber), and distant cortex (normal-appearing cortex 
in all other lobes). The dominant tuber always had a higher 
EI than the secondary tuber, yet this definition does not 
imply that the difference is statistically significant. The 
epileptogenicity of the structures within the five regions 
of interest were examined by comparing the highest EI 
recorded from any channel within the anatomical region. 
Comparisons were made at the seizure level (n = all sei-
zures). Similarly, the epileptogenicity of the center and 
rim channels of the dominant tuber were compared.

2.6 | EZ organization

In describing the EZ organization, we defined epileptogenic 
channels as those with an EI > 0.3, as this is a threshold 
frequently used in the literature to delineate the EZ.24,29,42 
We first described the EZ organization for each individual 
seizure. Second, for each patient, the EZ organization was 
separated into four patterns according to the highest re-
corded EI in the regions of interest (median EI across all 
patient seizures). This provided an overall patient-level EZ 
organization:

• Focal tuber = dominant tuber with median EI > 0.3 and all 
other regions with median EI ≤ 0.3

• Focal nontuber = single nontuber region of interest with 
median EI > 0.3

• Tuber-plus = dominant tuber and one other region of in-
terest (perituber, secondary tuber, nearby cortex, or distant 
cortex) with median EI > 0.3

• Diffuse = three or more regions of interest with median EI 
> 0.3 (further information in Table S2)

For all analyses, we further dichotomized the patient-level 
EZ organization into focal tuber and complex (focal non-
tuber, tuber-plus, and diffuse). We qualitatively compared 

characteristics between patients with focal tuber and complex 
EZ organizations.

The EI comparisons between regions of interest and the 
analysis of EZ organizations were only performed in cases 
of adequate tuber sampling. We defined inadequate tuber 
sampling as cases where following visual interpretation of 
seizure and MRI we could not exclude an unsampled tuber, 
close to the captured EZ being involved in the actual  EZ 
(Table S2). The five cases with inadequate tuber sampling 
were still included in the qualitative analysis of intratuber 
continuous IEDs and in the descriptive baseline characteris-
tics of the cohort.

2.7 | Statistical analysis

The paired, nonparametric Wilcoxon signed rank test 
(WSRT) was used to compare nonparametric continuous 
variables. Paired t tests were used to compare means of con-
tinuous variables. Chi-squared and Fisher exact test (FET) 
were utilized to compare categorical data between groups of 
patients and tubers. Mann-Whitney U (MWU) was utilized 
to compare continuous variables between groups of patients 
and tubers. A generalized linear model was used when ana-
lyzing EI at the tuber level to control for individual effects 
and the varying number of seizures contributed by each pa-
tient. All statistical tests were two-tailed, and a P value of 
<.05 was chosen to indicate a significant result. Bonferroni 
corrections were made to adjust for multiple comparisons. 
All statistical analyses were performed with SPSS version 
25 (IBM).

3 |  RESULTS

3.1 | Baseline characteristics

Eighteen patients with tuberous sclerosis complex were 
examined (Table 1). The median age at first seizure was 
2.0 months (interquartile range [IQR] = 0.4-7.3). Six pa-
tients experienced epileptic spasms as a current seizure 
type at the time of SEEG. The median age at SEEG was 
11.5 years (IQR = 5.8-29.6). Thirteen (76%) patients un-
derwent a bilateral exploration, and 12.7 ± 4.2 electrodes 
were implanted per patient. A total of 95 tubers were im-
planted across the entire cohort, with a mean of 5.4 ± 3.5 
tubers sampled per patient.

Fifteen (88%) patients underwent a surgical resection fol-
lowing SEEG. Patients were followed up postoperatively for 
a mean of 58.0 ± 25.9 months (range = 12.5-87). At the end 
of follow-up, nine of 15 (60%) patients achieved an Engel I 
outcome. In all but one patient (Patient 15), tubers were in-
cluded in the surgical resection.
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3.2 | Continuous interictal activity patterns

Independent continuous IEDs were observed in 14 structures 
among 10 patients (Figure S2): 13 in tubers and one in the 
perituberal region (Patient 5, see Figure 3C). Eight such tu-
bers were the dominant tuber and the remaining five tubers 
were all in different lobes from the most epileptogenic tuber/
zone. Eighty-five percent of tubers with continuous IEDs 
were radiological type C. Time-locked delayed continuous 
IEDs (ie, propagated activity) were observed in perituberal 
cortex (n = 3), the nearest tuber (n = 3), and in normal-ap-
pearing cortex (n = 3) from both nearby and distant cortical 
regions.

3.3 | Epileptogenicity of regions of interest

A total of 110 individual seizures were examined, 6.1 ± 3.3 
per patient. In the 13 patients with adequate tuber sampling, 
the epileptogenicity of five regions of interest were com-
pared. At the seizure level, the most epileptogenic structure 
was the dominant tuber (Figure 2A), which had a higher EI 
than all other structures (P < .001, for each paired compari-
son, WSRT). Nearby cortex was the next most epileptogenic 
region. In all patients, the dominant tuber had significantly 
higher EI and therefore was more epileptogenic than all other 
tubers (P < .05). In two seizures, both from the same patient 
(Patient 17, see Figure 4D), the perituberal region recorded 
the highest EI; however, this was in the setting of a diffuse, 
multilobar onset pattern, not a focal nontuber (perituberal) 
onset.

The epileptogenicity of intratuber structures from the 
dominant tuber was next examined (Figure 2B). The tuber 
center had the highest EI and represented the most epilepto-
genic intratuber structure (P < .001, WRST).

3.4 | EZ organization

At the patient level, EZ organization was focal tuber in seven 
patients, and an EI gradient existed from dominant tuber 
center to rim (Figure 3). Six patients exhibited a complex 
organization (Figure 4), represented by tuber-plus (n  =  3), 
focal nontuber (n = 1), and diffuse (n = 2) patterns. In pa-
tients with a complex organization, the most epileptogenic 
region (highest median EI) was nearby cortex in four cases, 
dominant tuber in one case, and distant cortex in one case. In 
complex EZ organization cases, there was no dominant tuber 
center-to-rim gradient (Figure 4B).

We then classified the EZ organization of each individual 
seizure (Figure 2B). Only one patient (Patient 18) had distinct 
focal seizures arising from different tubers; however, even in 

this case, the dominant tuber was the only structure with EI > 
0.3 in 95% of the patient's seizures.

3.5 | Relationship between 
EZ organization and intrinsic tuber 
characteristics

At the tuber level, we compared the seven dominant tubers 
associated with a focal EZ organization with the remaining 
88 tubers sampled in the entire cohort. The seven dominant 
tubers were associated with continuous IEDs (P < .001, FET) 
and tuber stimulation–induced habitual seizures (P <  .001, 
FET) and closely associated with type C radiological tuber 
(P = .06, FET). There was no association with lobar (P > .99, 
chi-squared) location. In addition, the presence of continuous 
IEDs was strongly associated with tuber EI (median across 
all seizures; P < .001, MWU).

Statistical measures of performance of these factors for 
identifying a tuber with focal EZ organization were per-
formed (Table S3). Although type C tubers and continuous 
IEDs yielded a high sensitivity (85% and 100%, respec-
tively), the positive predictive values (PPVs) were modest 
(15% and 53%, respectively). The combination of type C, 
continuous IEDs, and tuber stimulation–induced seizure 
offered a specificity of 98% and PPV of 80% for a dom-
inant  tuber with a focal EZ organization. In keeping with 
these findings, we observed a spectrum of intrinsic tuber 
epileptogenicity across sampled tubers (Figure 2D) with a 
density of these three biomarkers in the high EI end of the 
spectrum.

3.6 | Relationship between 
EZ organization, patient characteristics, and 
postoperative outcome

Lastly, we compared patients with focal tuber and complex 
EZ organizations in cases with adequate tuber sampling 
(n = 13; Table 2). There were no pre-SEEG noninvasive fea-
tures that differed between the groups. There was a trend to-
ward lower age at SEEG, shorter epilepsy duration at SEEG, 
and fewer C tubers in those with a focal pattern; however, 
SD/IQR was large/wide, indicating that the differences were 
unlikely to be clinically meaningful.

SEEG implantation features (electrode number, sampled 
tubers, bilateral explorations) were also similar between 
groups. During SEEG recording, continuous IEDs were iden-
tified in 100% of focal, compared with 33% of complex orga-
nization cases. Stimulation of the dominant tuber induced a 
habitual seizure in 71% of focal and in no complex cases (see 
Table S4 for stimulation parameters).
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F I G U R E  2  Epileptogenicity of intra- and extratuber regions of interest. A, Boxplots of epileptogenicity index (EI) for regions of interest 
(ROIs) at the seizure level. DC, distant cortex; NC, nearby cortex; PT, perituberal cortex. B, Boxplots of EI for dominant intratuber ROIs at the 
seizure level. C, Epileptogenic zone (EZ) organization of individual seizures, with colored bars indicating the EZ organization at the patient 
level. D, Histogram plotting median EI for all sampled tubers from patients with an identified EZ. Median tuber EI is calculated from all seizures 
for each patient. Each tuber is color-coded according to radiological tuber type and labeled according to the presence of continuous interictal 
epileptiform discharges (IEDs; open circles) and tuber stimulation–induced seizures (stars). Stim, stimulation; Sz, seizure. E, Tuber epileptogenicity 
(EI) according to radiological tuber type. F, Proportion of all tubers displaying continuous IEDs (orange) according to radiological tuber type. G, 
Proportion of all tubers associated with a tuber stimulation–induced habitual seizure (green) according to radiological tuber type
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Postintervention outcomes were better in patients 
with a focal tuber EZ organization. A good RF-THC 
outcome was achieved in 100% (4/4) and 25% (1/4) of 
focal and complex cases, respectively. Postresection, 

an Engel IA outcome was achieved in 80% (4/5) of 
focal onset cases and 40% (2/5) of complex cases. 
Tuberectomy alone resulted in seizure freedom in two 
of three focal cases and zero of one complex case. One 

F I G U R E  3  Focal tuber epileptogenic zone (EZ) organizations. A, B, Boxplots of epileptogenicity of regions of interest (A) and intratuber 
structures for the dominant tuber (B). DC, distant cortex; NC, nearby cortex; PT, perituberal cortex. C-E, SEEG Seizure onset, Epileptogenicity 
index (EI) map and magnetic resonance imaging (MRI) with color-coded regions of interest for three patients with a focal tuber EZ organization. 
The EI map illustrates the increase in energy ratio (blue to yellow scale) and time of detection (circles, alarm time; crosses, detection time). Color-
coded circles on MRI indicate the location of contacts for respective regions of interest. Seizure onset for all patients was within the tuber center. 2° 
Tuber, secondary tuber 
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patient from each group was offered a focal resection 
but declined, and one patient was planned for resection 
at the time of manuscript preparation. Additionally, of 

the five patients with inadequate tuber sampling, all un-
derwent surgery and two achieved Engel IA outcomes  
(see Table S2).

F I G U R E  4  Complex epileptogenic zone (EZ) organizations. A, B, Boxplots of epileptogenicity of regions of interest (A) and intratuber 
structures for the dominant tuber (B). DC, distant cortex; NC, nearby cortex; PT, perituberal cortex. C-E, SEEG Seizure onset, epileptogenicity 
index (EI) map, and magnetic resonance imaging (MRI) with color-coded regions of interest for three patients with a complex EZ organization. 
The EI map illustrates the increase in energy ratio (blue to yellow scale) and time of detection (circles, alarm time; crosses, detection time). Color-
coded circles on MRI indicate the location of contacts for respective regions of interest. C, Focal nontuber pattern. Tuber, large type C temporo-
occipital tuber. NC represents anterior hippocampus, and DC represents precuneus. D, Diffuse pattern. DC represents anterior hippocampus, and 
NC represents precentral gyrus. E, Tuber plus pattern. Rim (light blue) is adjacent to a subcortical cyst rather than the tuber center. DC represents 
anterior insular, and NC represents supplementary motor area. Note, fluid-attenuated inversion recovery and T1 coronal MRI slices are not in the 
exact plane. 2° Tuber, secondary tuber 
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4 |  DISCUSSION

In this retrospective study, we have performed the first 
SEEG-based analysis in TSC. We have observed distinct 
EZ organizations: (1) a focal tuber organization in pa-
tients with neurophysiological characteristics strikingly 
similar to FCDII and (2) a complex organization primar-
ily involving nearby normal-appearing cortex rather than 
perituberal cortex. Additionally, we have provided fur-
ther evidence of the epileptogenicity of radiological type 
C tubers.

4.1 | FCDII-like tubers

A focal tuber EZ organization was identified in more than 
one-half of our cohort. This pattern was characterized by 
(1) a dominant tuber as the EZ; (2) a gradient of epilepto-
genicity from tuber center to rim; (3) intratuber continu-
ous IEDs (100%), which often propagated into adjacent 
structures; (4) a type C dominant tuber (86%); (5) tuber 
stimulation–induced habitual seizures (71%); and (6) 80% 
Engel IA outcome, which was often achieved with tuberec-
tomy. These findings are remarkably similar to those of 
FCDII.3,5,8,25 The two previous TSC studies with the most 
detailed invasive EEG analysis (both from the same center) 
also identified a similar focal EZ organization. Mohamed 
et al18 recorded a tuber onset in four of six patients with 
tuber depth sampling. Kannan et al6 exclusively identified 
a tuber onset in all six patients with adequate sampling. In 
the latter study, 90% of tubers were radiological type C, 
and the majority displayed continuous or periodic IEDs, 
with a gradient from center to perituber cortex. In a follow-
up study, again from the same center, four patients with 
pericentral tubers became seizure-free following restricted 
tuber-center resections.43

T A B L E  2  Factors associated with focal and complex 
epileptogenic zone organizations

  Focal Complex

n 7 6

Female, n (%) 3 (43) 3 (50)

Mutation, n (%)

TSC1 2 (29) 1 (17)

TSC2 1 (14) 2 (33)

No mutation detected 1 (14) 0 (0)

Not tested 3 (43) 3 (50)

Age at epilepsy onset, y 
[IQR]

0.5 [0.4-6.0] 2.0 [1.3-8.0]

History of spasms, n (%) 5 (71) 4 (67)

Current spasms, n (%) 3 (43) 3 (50)

Tuber types, mean ± SD

A 6.7 ± 4.8 7.8 ± 6.3

B 5.0 ± 4.2 7.6 ± 6.5

C 3.3 ± 2.8 5.5 ± 7.1

Total tubers, mean ± SD 15.0 ± 9.2 21.0 ± 11.2

Predominant interictal scalp EEG pattern, n (%)

Focal 5 (71) 1 (17)

Multifocal 2 (29) 1 (17)

Diffuse 0 (0) 4 (67)

Seizure scalp EEG, n (%)

Focal 5 (71) 2 (33)

Diffuse 2 (29) 4 (67)

Age at SEEG, y [IQR] 8.6 [5.7-19.3] 20.2 [5.7-40.8]

Epilepsy duration at SEEG, 
y [IQR]

8.1 [4.0-13.3] 13.1 [3.3-38.8]

SEEG electrodes, mean ± SD 12.6 ± 2.4 12.3 ± 2.9

SEEG sampled 
tubers, mean ± SD

5.4 ± 2.8 6.8 ± 4.3

Bilateral SEEG implantation, 
n (%)

5 (71) 5 (83)

Dominant tuber location, n (%)

Frontal 4 (57) 3 (50)

Insulo-opercular 1 (14) 1 (17)

Parietal 2 (19) 1 (17)

Temporal 0 (0) 2 (33)

Continuous IEDs, n (%)

Anywhere 7 (100) 2 (33)

Dominant tuber 7 (100) 1 (17)

Perituber 1 (14) 0 (0)

Other tuber 1 (14) 2 (33)

Stimulation-induced habitual seizure, n (%)a

Dominant tuber 5 (71) 0 (0)

Perituber 0 (0) 2 (33)

(Continues)

  Focal Complex

Normal cortex 1 (14) 2 (33)

No induced seizure 1 (14) 2 (33)

Surgery, n (%)

Tuberectomy 3 (43) 1 (17)

Corticectomy 2 (29) 2 (33)

Lobar (ATL, 
disconnection)

0 (0) 2 (33)

Engel IA outcome, n (%) 4/5 (80) 2/5 (40)

Note: Continuous variables are presented as mean ± SD, or median [IQR].
Abbreviations: ATL, anterior temporal lobectomy; EEG, electroencephalog-
raphy; IED, interictal epileptiform discharge; IQR, interquartile range; SD, 
standard deviation; SEEG, stereo-EEG.
aThe structure being stimulated. 

T A B L E  2  (Continued)
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4.2 | Complex EZ organization in TSC

Almost 50% of cases displayed a complex EZ organization 
that preferentially involved normal-appearing cortex and to 
a lesser extent, the nearby dominant tuber. These findings 
illustrate the heterogeneity of TSC-related epilepsy and help 
explain why the literature has failed to reach a consensus on 
the primary epileptogenic structure. Importantly, the peritu-
beral region was not involved in seizure onset, which is con-
sistent with a recent depth and subdural contact study in TSC 
that utilized a very strict definition of adequate sampling.6 
Several previous studies that have attributed an epileptogenic 
potential to the perituberal region have been limited by (1) 
incomplete sampling,18,22 (2) interpretation of interictal data 
alone under anesthesia,19 and (3) nonvalidated measures of 
epileptogenicity.22 However, a recent pediatric study showed 
that tissue adjacent to the initial invasive EEG-guided tu-
berectomy frequently had ongoing IEDs and seizure activity 
on immediate postresection invasive EEG.17

In TSC, focal MRI-negative cellular alterations and dif-
fuse nontuber brain abnormalities provide convincing ex-
planations for this complex organization. High-field MRI 
(7 T) compared with 3-T MRI can identify more tubers and 
detect abnormalities extending beyond 3-T tuber bound-
aries.44 As such, 3-T MRI is recommended over 1.5-T for 
presurgical assessments. In addition, pathological studies 
of the perituberal cortex have revealed mammalian target 
of rapamycin (mTOR) pathway activation,7,45 increased ax-
onal connectivity, and dysplastic cells.7,17 Finally, diffuse, 
extratuber abnormalities have been detected in humans 
with TSC and in epileptic TSC1 knockout mice that do not 
exhibit tubers.1,46,47 However, despite diffuse abnormali-
ties, some patients with complex EZ organizations can also 
achieve seizure freedom. Further studies are required to un-
derstand what drives this complex pattern and to clarify the 
optimal resective strategy.

4.3 | Tuber epileptogenicity—Why are some 
tubers FCDII-like?

The similarities between TSC and FCDII should not be 
surprising. These malformations share multiple charac-
teristics.1‒3,7,8,16 Maybe most notable are the activating 
somatic mutations of MTOR and TSC1 found in FCDII 
lesions.48,49 Together with hemimegalencephaly, they en-
compass a spectrum of lesions with dysmorphic neurons, 
recently referred to as mTORopathies.3 Unfortunately, the 
precise mechanism of epileptogenicity in TSC and FCD 
is incompletely understood. However, there is evidence 
supporting increased dysmorphic neuron density as a bio-
marker of continuous IEDs, the radiological tuber center, 
and the EZ.43,45

In our study, not all C tubers displayed continuous IEDs 
and not all tubers with continuous IEDs were highly epilep-
togenic. We hypothesize that with increasing "density" of 
cellular, molecular, and connectivity abnormalities, tubers 
increase their potential first to produce IED pacemaker ac-
tivity and then to generate seizures,1 that is, they adopt an 
FCDII-like phenotype. A noninvasive biomarker of this "den-
sity" and therefore epileptogenicity may be radiological type 
C tubers.

4.4 | Radiological type C tubers are 
epileptogenic

We found type C tubers to be associated with continuous 
IEDs, increased tuber EI, and a focal tuber EZ organiza-
tion. Our findings are consistent with those of Kannan et 
al,6 who identified the central FLAIR hypointense region as 
specifically epileptogenic. FCD-like features (thickened cor-
tex, blurred gray-white border, and transmantle sign) have 
been correlated with type B/C tubers.45 However, the type C 
FLAIR hypointense core appears unique to tubers, and this 
dichotomy warrants further histomolecular study.

In FCD, there is a clear correlation between pathology 
and radiology.3,9 Few studies have attempted to analyze this 
correlation in TSC, although a greater dysmorphic neuron 
density has been described in the radiological tuber center 
compared with the rim.43 However, given type C tuber's low 
PPV for a focal tuber EZ organization (15%), this association 
should be made cautiously when assessing the epileptogenic 
potential of an individual tuber based solely on radiological 
appearance.

4.5 | Limitations

The specific areas and number of normal-appearing cor-
tical regions sampled could not be standardized between 
patients, as this was guided by the respective clinical hy-
potheses. Complete, circumferential coverage of the peritu-
beral cortex was never achieved. The EI has some inherent 
limitations, including the semiautomated parameter adjust-
ment. We cannot exclude undersampling in the complex 
organization cases and therefore potential incorrect clas-
sification of a true focal EZ organization. Likewise, with 
the exception of one case (Patient 4, Engel IV posttuberec-
tomy), it remains to be seen whether a complex EZ organi-
zation is actually driven by a single epileptogenic tuber and 
can be cured by tuberectomy alone. PET, MEG, and high-
resolution EEG were not performed in all patients, and it 
is unclear whether the combination of extensive presurgi-
cal investigations may identify FCDII-like tubers at the 
group level. The small sample undergoing resection limits 
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the correlation between electroclinical characteristics and 
postoperative outcome.

4.6 | Implications of findings and 
future directions

Our findings further reinforce the role of surgery as the most 
effective strategy for TSC-related drug-refractory epilepsy. 
The existence of both focal and complex EZ organizations 
in TSC must inform the presurgical hypothesis and guide the 
surgical strategy.

Targeted intraoperative ECoG followed by one or more 
tuberectomies guided by the presence of continuous IEDs 
is practiced with success at some highly experienced cen-
ters.6,43 Our results support that careful case selection is es-
sential for the ongoing success of this approach, as it relies 
on a biomarker with modest PPV and may miss the most ep-
ileptogenic tuber, not to mention the majority of complex EZ 
organization cases.

To achieve accurate identification of the EZ, detect 
FCDII-like tubers, and minimize the size of surgical resec-
tion, we propose that SEEG will often offer the superior 
strategy, particularly in comparison to subdural electrodes. 
Implantations should prioritize type C tuber centers, while 
also including relevant normal-appearing cortical structures 
in the same lobe as the presumed EZ.

Regardless of the approach, the goal should be to identify 
(where present) and resect FCDII-like tubers. Our findings 
further support that patients with a FCDII-like tuber can be 
treated with a single tuberectomy alone, as with many FCDIIb 
cases. Likewise, there is scope for posttuberectomy intraoper-
ative ECoG to identify remaining regions of continuous IEDs 
and guide further resection, although this needs further vali-
dation.14,17 In the future, identifying accurate noninvasive bio-
markers of FCDII-like tubers will allow more direct surgical 
approaches.
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