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Objective: Tuberous sclerosis complex (TSC) is a genetic disorder primarily char-
acterized by the development of multisystem benign tumors. Epilepsy is the most 
common neurologic manifestation, affecting 80%- 90% of TSC patients. The diffuse 
structural brain abnormalities and the multifocal nature of epilepsy in TSC pose di-
agnostic challenges when evaluating patients for epilepsy surgery.
Methods: We retrospectively reviewed the safety experience and efficacy outcomes 
of five adult TSC patients who were treated with direct brain- responsive neurostimu-
lation (RNS System, NeuroPace, Inc).
Results: The average follow- up duration was 20 months. All five patients were re-
sponders (≥50% disabling seizure reduction) at last follow- up. The median reduction 
in disabling seizures was 58% at 1 year and 88% at last follow- up. Three of the five 
patients experienced some period of seizure freedom ranging from 3 months to over 
1 year.
Significance: In this small case series, we report the first safety experience and ef-
ficacy outcomes in patients with TSC- associated drug- resistant focal epilepsy treated 
with direct brain- responsive neurostimulation.

K E Y W O R D S

refractory epilepsy, responsive neurostimulation, tuberous sclerosis complex

Key Points

• TSC patients commonly have comorbid drug- resistant epilepsy that is difficult to 
treat with epilepsy surgery.

• Five TSC patients were treated with brain- responsive neurostimulation (RNS 
System) for an average of 20 months.

• All five patients experienced >50% seizure frequency reduction at last follow- up.
• Brain- responsive neurostimulation was well tolerated and efficacious in this small 

series of TSC patients with focal drug- resistant epilepsy.
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1 |  INTRODUCTION

Tuberous sclerosis complex (TSC) has a prevalence of 1 in 
6000 people.1 Epilepsy is the most common neurologic con-
dition associated with TSC and has a prevalence of roughly 
80%- 90%.2,3 Over 60% of TSC patients with epilepsy are 
refractory to antiseizure medication (ASM).4 The propor-
tion of TSC patients refractory to ASM is twice that of the 
general epilepsy population.5 Infantile spasm is a common 
seizure type in TSC patients; however, 68% of TSC patients 
have more than one focal onset seizure type, including focal 
aware, focal impaired awareness, and focal to bilateral tonic- 
clonic seizures.2– 4

Resective or ablative surgery is considered the gold stan-
dard therapy for TSC- associated drug- resistant epilepsy 
(TSC- DRE) when a seizure focus or foci can be clearly iden-
tified. Tuber resection has shown efficacy in patients with 
epileptogenic tubers and has been associated with improved 
cognitive outcomes when successful.6– 8 However, for many 
TSC- DRE patients, focal or tuber resection is not a suitable 
option. Numerous seizure foci, difficult to treat seizure foci 
(eg, bilateral or near eloquent cortex), and generation of 
secondary foci that propagate seizures postoperatively may 
contribute to unsuccessful resective or ablative procedures.9 
Additionally, seizure foci are not always associated with tu-
bers. These factors make TSC- DRE exceedingly difficult to 
manage. Neuromodulation offers new treatment options for 
this patient group.

The RNS System (NeuroPace, Inc) delivers direct brain- 
responsive neurostimulation to one or two seizure foci in 
response to abnormal epileptiform activity detected by the 
system. In addition to the efficacy reported during the clin-
ical trials,10 it was also demonstrated that areas of eloquent 
cortex could be treated without stimulation side effects.11 
There were no patients with diagnosed TSC in the RNS 
System clinical trials, perhaps due to the concern that re-
peated MRI scans would be needed to monitor tuber growth. 
Here, we report safety experience and efficacy outcomes for 
five cases of TSC- DRE treated with the RNS System.

2 |  METHODS

A retrospective chart review was performed on adult patients 
with TSC- DRE across five institutions who were treated with 
the RNS System according to the FDA approved indication 
for use between November 20, 2016, and October 1, 2019. 
Each institution received approval from their respective in-
stitutional review boards to perform this review. Inclusion 
criteria were a diagnosis of TSC by diagnostic or genetic test-
ing, and treatment with the RNS System for a minimum of 
6 months. All patients underwent surgical localization, and 
those results guided the location and type of leads implanted.

Demographics, epilepsy histories, RNS System details, se-
rious adverse events and stimulation- related side effects were 
collected from the patients’ medical records. Disabling seizure 
frequencies were collected from the medical record and re-
ported as an average of seizures per month over the prior year. 
The disabling seizure frequencies per month were collected for 
the following time- points: preimplant baseline, 1 year postim-
plantation and last follow- up postimplant. Disabling seizures 
were defined as focal aware (with motor component), focal 
impaired awareness, or focal to bilateral tonic- clonic seizures. 
Changes from baseline disabling seizure frequency were 
calculated for 1  year and last follow- up postimplant. Safety 
was measured through review of serious adverse events. The 
Clinician Global Impression Scale (CGIS) was obtained from 
treating physicians to assess patients’ clinical responses to 
RNS System treatment as of the last follow- up visit.

3 |  RESULTS

Five adult patients diagnosed with TSC- DRE and focal ep-
ilepsy were treated with the RNS System per the FDA in-
dication for use. Demographics, epilepsy history, and RNS 
System lead placement can be found in Table 1. The median 
age of our patients was 35 years (range: 23- 41). No patient 
had a history of infantile spasms or generalized epilepsy. The 
results of MRI demonstrated that all patients were found to 
have cortical tubers in multiple lobes of the brain, and no pa-
tient had mesial temporal sclerosis. Other MRI findings can 
be found in Table 1. All patients underwent intracranial mon-
itoring evaluation. Three of the five patients had the RNS 
System placed at the same surgery as intracranial monitoring 
electrode removal.

The median baseline seizure frequency was 12 disabling 
seizures per month (mean: 33.6, range: 2- 88 seizures). The 
median reduction in disabling seizures was 58% at 1  year 
(mean: 62%, range: 42%- 95%) and 88% (mean: 83%, range: 
58%- 95%) at last follow- up post– RNS implant. The median 
follow- up duration post– RNS implantation was 17  months 
(range: 9- 33  months). All five patients were responders, 
 defined as a 50% or greater reduction in clinically disabling 
seizures at last follow- up. Three of the five patients expe-
rienced some period of seizure freedom ranging from less 
than 3 months to over 1 year. All patients were categorized as 
“Much Improved” or “Very Much Improved” on the CGIS. 
The individual reductions in disabling seizures at year one 
and last follow- up can be found in Figure  1. One patient 
(patient 2) was able to reduce their ASMs from two medica-
tions to one medication. All other patients remained on the 
same number of ASMs throughout the period of follow- up 
reviewed.

There were no serious adverse events reported in any 
patient. Stimulation- related side effects were noted in two 
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patients (patient 4 and 5). Patient 4 had intermittent intense 
left periorbital pain and muscle twitching time locked with 
stimulation suggesting meningeal irritation; pain subsided 
with decreased stimulation parameters. Patient 5 would occa-
sionally report right hand dysesthesias when stimulation was 
delivered to electrodes placed in the centromedian nucleus of 
the thalamus. The patient elected to continue with the stimu-
lation as it was not considered bothersome.

4 |  DISCUSSION

This is the first report of TSC- DRE treated with brain- 
responsive neurostimulation. The five patients in our co-
hort experienced median reductions in clinical seizures 
of 58% at 1 year and 88% at last follow- up with the RNS 
System. The RNS System implantation procedure and re-
sponsive stimulation delivery were without complication 
in this small cohort.

Resective surgery can be successful in TSC patients 
who have a single seizure focus and/or a MRI lesion that is 
concordant with the seizure focus. However, TSC patients 
frequently have more than one seizure focus. Over 40% 
of TSC patients that undergo resective surgery continue 
to have seizures.12 Two of the patients in our cohort had 
prior resective surgery with continued seizures. The RNS 
System can be used in combination with a resective proce-
dure if some tissue can be safely resected but other cortex 
involved in the seizure- onset region is eloquent or unresect-
able. Additionally, the electrographic seizure data gathered 
by the RNS System can guide future resective surgery.13,14

Epilepsy surgery evaluations often uncover regional sei-
zure networks in TSC patients that may involve more than 
one epileptogenic tuber, the rim of the tuber, and the cortex 
overlying the tuber.15,16 The RNS System offers the flexibil-
ity of treating two distinct seizure foci11 or larger regional 
neocortical seizure foci.17,18 The neurostimulator can be 

connected to two depth and/or cortical strip leads at one time 
and up to four leads (at most two depth leads) can be placed. 
The additional leads are reserved for future connection to the 
neurostimulator if desired. The depth leads have two elec-
trode spacing options which allow the targeting of a small 
structure (such as a tuber) with a compact spacing (four elec-
trodes, 3.5 mm center- to- center distance) or a broader area 
(such as a tuber and its overlying cortex) with a longer spac-
ing (10 mm center- to- center distance). In our case series, the 
RNS System was used successfully to treat patients with dual 
foci and patients with a single broad region of seizure onset.

Seizure outcomes in patients that have undergone ep-
ilepsy surgery for TSC- DRE decrease over time from 75% 
seizure freedom at 1 year to 48% at 10 years.19 In contrast, 
the RNS System clinical trials demonstrated an improvement 
in clinical seizures over time, a median of 44% reduction at 
1 year20 to 75% at 9 years.10 A recent posttrial report of real- 
world outcomes reported similar improvements over time but 
with larger improvements observed earlier in the course of 
treatment, a median of 67% at 1 year to 82% at 3 or more 
years.21 Our patients experienced reductions similar to that 
of the published real- world study, with a median reduction in 
seizures of 58% at 1 year and a median of 88% in an average 
follow- up of 20 months.

The RNS System recently received FDA approval for 
MRI conditional labeling, allowing patients with a RNS® 
Neurostimulator model RNS- 320 to undergo a 1.5T full- body 
MRI scan under certain conditions. This new labeling makes 
it possible for patients with TSC to be treated with brain- 
responsive neurostimulation while still allowing MRI scans 
to monitor brain and other organ tuber growth.

4.1 | Study limitations

This case series is limited by a small sample size and retro-
spective design. The retrospective nature of a chart review 

F I G U R E  1  Patient seizure frequency 
reduction at 1 y and last follow- up 
appointment compared with preimplantation 
baseline
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has potential to bias data reporting. It should be noted that 
while it is fairly common to have generalized seizure types 
in TSC, the FDA approved indication for use for the RNS 
System necessitated that our group of patients had focal epi-
lepsy. The safety and efficacy of the RNS System treatment 
of TSC patients should continue to be evaluated in additional 
patients.

5 |  CONCLUSION

These data suggest that brain- responsive neurostimulation 
with the RNS System can be a safe and appropriate thera-
peutic option for the management of refractory epilepsy in 
some patients with drug- resistant epilepsy related to tuberous 
sclerosis complex.

ACKNOWLEDGMENT
We are grateful to our patients that allow us to care for them, 
and we would like to thank our colleagues for their help in 
case discussion, surgical planning, and surgery.

CONFLICT OF INTERESTS
Author David E. Burdette has received support from 
NeuroPace and has served as a paid consultant for 
NeuroPace, Inc Author Emily A Mirro has equity owner-
ship/stock options with NeuroPace and is an employee of 
NeuroPace. Author Felicia MK Elefant has equity owner-
ship/stock options with NeuroPace and is an employee of 
NeuroPace. Author Sanjay E. Patra has received support 
from and has served as a paid consultant for NeuroPace, 
Inc. The remaining authors have no conflicts of interest. We 
confirm that we have read the Journal's position on issues 
involved in ethical publication and affirm that this report is 
consistent with those guidelines.

ORCID
Danielle S. McDermott   https://orcid.
org/0000-0002-8171-0447 
Emily A. Mirro   https://orcid.org/0000-0001-7548-4634 
David E. Burdette   https://orcid.org/0000-0002-6235-2568 
Stephanie Chen   https://orcid.org/0000-0002-5919-5426 
Jennifer Hopp   https://orcid.org/0000-0002-2326-0740 
Felicia M. K. Elefant   https://orcid.org/0000-0002-7266-9438 
Mesha- Gay Brown   https://orcid.org/0000-0003-2470-3723 
Zulfi Haneef   https://orcid.org/0000-0002-0720-1417 

REFERENCES
 1. Crino PB, Nathanson KL, Henske EP. The tuberous sclerosis com-

plex. N Engl J Med. 2006;355:1345– 56.
 2. Holmes GL, Stafstrom CE. Tuberous sclerosis complex and ep-

ilepsy: recent developments and future challenges. Epilepsia. 
2007;48:617– 30.

 3. Nabbout R, Belousova E, Benedik MP, Carter T, Cottin V, Curatolo 
P, et al. Epilepsy in tuberous sclerosis complex: findings from the 
TOSCA Study. Epilepsia Open. 2019;4:73– 84.

 4. Chu- Shore CJ, Major P, Camposano S, Muzykewicz D, Thiele 
EA. The natural history of epilepsy in tuberous sclerosis complex. 
Epilepsia. 2010;51:1236– 41.

 5. Kalilani L, Sun X, Pelgrims B, Noack- Rink M, Villanueva V. The 
epidemiology of drug- resistant epilepsy: a systematic review and 
meta- analysis. Epilepsia. 2018;59:2179– 93.

 6. Koh S, Jayakar P, Dunoyer C, Whiting SE, Resnick TJ, Alvarez 
LA, et al. Epilepsy surgery in children with tuberous sclero-
sis complex: presurgical evaluation and outcome. Epilepsia. 
2000;41:1206– 13.

 7. Roth J, Olasunkanmi A, MacAllister WS, Weil E, Uy CC, Devinsky 
O, et al. Quality of life following epilepsy surgery for children with 
tuberous sclerosis complex. Epilepsy Behav. 2011;20:561– 6.

 8. Shahid A. Resecting the epileptogenic tuber: what happens in the 
long term? Epilepsia. 2013;54(Suppl 9):135– 8.

 9. Evans LT, Morse R, Roberts DW. Epilepsy surgery in tuberous 
sclerosis: a review. Neurosurg Focus. 2012;32:E5.

 10. Nair DR, Laxer KD, Weber PB, Murro AM, Park YD, Barkley 
GL, et al. Nine- year prospective efficacy and safety of brain- 
responsive neurostimulation for focal epilepsy. Neurology. 
2020;95:e1244– 56.

 11. Jobst BC, Skarpaas TL, Morrell MJ. Response: therapeutic brain- 
responsive neurostimulation in eloquent cortex can be delivered 
without symptoms. Epilepsia. 2017;58:1488.

 12. Fallah A, Guyatt GH, Snead OC 3rd, Ebrahim S, Ibrahim GM, 
Mansouri A, et al. Predictors of seizure outcomes in children with 
tuberous sclerosis complex and intractable epilepsy undergoing 
resective epilepsy surgery: an individual participant data meta- 
analysis. PLoS One. 2013;8:e53565.

 13. DiLorenzo DJ, Mangubat EZ, Rossi MA, Byrne RW. Chronic 
unlimited recording electrocorticography- guided resective epi-
lepsy surgery: technology- enabled enhanced fidelity in seizure 
focus localization with improved surgical efficacy. J Neurosurg. 
2014;120:1402– 14.

 14. Hirsch LJ, Mirro EA, Salanova V, Witt TC, Drees CN, Brown MG, 
et al. Mesial temporal resection following long- term ambulatory 
intracranial EEG monitoring with a direct brain- responsive neuro-
stimulation system. Epilepsia. 2020;61(3):408– 20

 15. Jacobs J, Rohr A, Moeller F, Boor R, Kobayashi E, LeVan 
MP, et al. Evaluation of epileptogenic networks in children 
with tuberous sclerosis complex using EEG- fMRI. Epilepsia. 
2008;49:816– 25.

 16. Ma TS, Elliott RE, Ruppe V, Devinsky O, Kuzniecky R, Weiner 
HL, et al. Electrocorticographic evidence of perituberal cortex ep-
ileptogenicity in tuberous sclerosis complex. J Neurosurg Pediatr. 
2012;10:376– 82.

 17. Burdette DE, Haykal MA, Jarosiewicz B, Fabris RR, Heredia G, 
Elisevich K, et al. Brain- responsive corticothalamic stimulation in 
the centromedian nucleus for the treatment of regional neocortical 
epilepsy. Epilepsy Behav. 2020;112:107354.

 18. Ma BB, Fields MC, Knowlton RC, Chang EF, Szaflarski JP, 
Marcuse LV, et al. Responsive neurostimulation for regional neo-
cortical epilepsy. Epilepsia. 2020;61:96– 106.

 19. Liang S, Zhang J, Yang Z, Zhang S, Cui Z, Cui J, et al. Long- 
term outcomes of epilepsy surgery in tuberous sclerosis complex. 
J Neurol. 2017;264:1146– 54.

https://orcid.org/0000-0002-8171-0447
https://orcid.org/0000-0002-8171-0447
https://orcid.org/0000-0002-8171-0447
https://orcid.org/0000-0001-7548-4634
https://orcid.org/0000-0001-7548-4634
https://orcid.org/0000-0002-6235-2568
https://orcid.org/0000-0002-6235-2568
https://orcid.org/0000-0002-5919-5426
https://orcid.org/0000-0002-5919-5426
https://orcid.org/0000-0002-2326-0740
https://orcid.org/0000-0002-2326-0740
https://orcid.org/0000-0002-7266-9438
https://orcid.org/0000-0002-7266-9438
https://orcid.org/0000-0003-2470-3723
https://orcid.org/0000-0003-2470-3723
https://orcid.org/0000-0002-0720-1417
https://orcid.org/0000-0002-0720-1417


424 |   MCDERMOTT ET al.

 20. Heck CN, King- Stephens D, Massey AD, Nair DR, Jobst BC, 
Barkley GL, et al. Two- year seizure reduction in adults with med-
ically intractable partial onset epilepsy treated with responsive 
neurostimulation: final results of the RNS System Pivotal trial. 
Epilepsia. 2014;55:432– 41.

 21. Razavi B, Rao VR, Lin C, Bujarski KA, Patra SE, Burdette DE, et 
al. Real- world experience with direct brain- responsive neurostimu-
lation for focal onset seizures. Epilepsia. 2020;61(8):1749– 57.

How to cite this article: McDermott DS, Mirro EA, 
Fetrow K, et al. Brain- Responsive Neurostimulation 
for the treatment of adults with epilepsy in tuberous 
sclerosis complex: A case series. Epilepsia Open. 
2021;6:419– 424. https://doi.org/10.1002/epi4.12481

https://doi.org/10.1002/epi4.12481

	Brain-responsive neurostimulation for the treatment of adults with epilepsy in tuberous sclerosis complex: A case series
	Authors

	/var/tmp/StampPDF/bd9AfGUIiI/tmp.1663636497.pdf._tsQW

