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Neuromodulation in epilepsy



Disclosures 

• I have served as a consultant for Medtronic within the past year
• Will discuss investigational/off-label use



Epilepsy patients remain surgically underserved

• Candidacy for surgery
• Persistent focal* seizures despite 2 or 

more appropriate AEDs at therapeutic 
dosages 

• More than 1 million patients in the US 
meet this definition 

• Only about 1% of these receive surgery 
within 2 years of diagnosis of DRE
• 1.7% absolute mortality increase annually
• 6 years in pediatric patients 
• 20 years in adult patients 

• Quality of life scores improve when 
patients are treated earlier in their disease 
course (<10 years) 

Loring 2021, Wissel 2024



Traditional epilepsy surgery 

• Historically reliant on being able to localize 
a lesion 
• Unilateral mesial temporal sclerosis 
• Other lesion, such as cavernoma 

• Resect lesion or perform multiple subpial 
transections if lesion in eloquent cortex 

Rhoton 



Surgical considerations and planning

• Lesional or non-lesional? 
• If lesional, does EEG and semiology correlate? 
• If non-lesional (or lesional without definitive concordance), must 
perform localization surgery 

• Once seizure-onset zone is identified, we can: 
• Surgically excise (craniotomy) 
• LASER ablate 
• Offer neuromodulation 

• If no seizure-onset zone can be identified, neuromodulation may be 
considered 



Robotic localization surgery: sEEG   

• Multiple depth electrodes used to create 3D map of seizure-onset zone in brain 
• Each bolt is 2.1 mm diameter 
• The robot acts as a trajectory guide to help minimize operative time 
• Stereotactically precise way to insert the electrodes and reach target 
• Does not function in lieu of surgeon



sEEG leads 



Definitive surgical therapy 

• Once seizure onset is localized, the region 
may be:

• Cut out (traditional method) 
• Burned (ablated) with a LASER
• Temporarily interrupted with electrical 

stimulation (neuromodulation**)

Rhoton 



What is neuromodulation? 
• Application of electrical current (or pharmaceutical agents) to neural 
circuit

“the alteration of nerve activity through targeted delivery of a stimulus, such as electrical 
stimulation or chemical agents, to specific neurological sites in the body”

• Penfield 1950s direct cortical stimulation
• Open loop

• Tonic stimulation set regardless of 
whether patient is seizing

• Closed loop (dynamic)
• Stimulation is offered in response to a 
biomarker rather than at a set interval

Price 2020Ryvlin 2021



Neuromodulation in epilepsy

• May be applied:
• Cranial nerve

• Vagal Nerve Stmulation (VNS)
• Brain

• Responsive Neurostimulation (RNS)
• Deep Brain Stimulation (DBS)
• Inhibitory interneurons (in trial) 

Alcala-Zermeno 2022



Vagal nerve stimulator  

• Lead that wraps around the vagus nerve 
and connects directly to a generator 
placed in the chest  

• ~50% of patients experience a 50% 
improvement in seizure frequency and 
severity at 2 years 

• Better outcomes with more years of 
stimulation 

• FDA-approved for partial epilepsy (non-
unilesional) since 1997

• Left side preferred so as not to cause 
effect on the sinoatrial node 



VNS
• Improvement in SUDEP 
• Improvement in mood 
• Improved cognition, memory, and quality of life
• Reduced daytime sleepiness 
• Improved verbal communication and school 
performance 

• Thought to be due to locus coeruleus and 
noradrenergic effects via the nucleus tractus 
solitarius (norepinephrine, likely serotonin) 

• Also FDA-approved for depression
Giordano 2017



Responsive neurostimulation 

• Recording and directed stimulation at or between two electrodes (strips or 
depths with 4 contacts each) 

• FDA-approved in 2014 for patients >18 with partial-onset seizures with no 
more than two epileptogenic foci 

• Frequent and disabling seizures despite 2+ AEDs 
• Skull-mounted IPG lasts ~10 years 



RNS

• “Closed loop” system 
• Frequent patient download of data to 
patient remote monitor 



RNS

• Can be used for long-term monitoring and 
modulation
• Bilateral mesial temporal sclerosis 
• Sometimes leads to resection/ablation of 
one side 

• Eloquent cortex 
• Adjuvant to resection or ablation 

• Multifocal epilepsy 
• About 60% improvement in recent UCSF 
study (57 patients) 

Krucoff 2020



SUDEP rates reduced in RNS  



Long-term outcomes 



RNS for generalized epilepsy  

• About a fifth of epilepsy 
patients have 
generalized, rather than 
focal-onset, epilepsy

• Bilateral centromedian 
nucleus of thalamus 
stimulation 

• Results are expected this 
summer

Richardson 2022 



Deep brain stimulation for epilepsy

• Electrodes implanted bilaterally in the anterior 
nucleus of the thalamus

• Cranial leads are connected to pulse generator 
in the chest via extension cables

• Gold-standard practice since 1993 and FDA-
approved in 1997 for movement disorders 

• FDA-approved for epilepsy in 2018 
• IPG 4-7 years



SANTE trial 



SANTE 
• Failed three AEDs 
• 18-65 years old 
• Three-month double-blinded phase (after which all participants 

received neurostimulation) 
• 40.4% reduction in stimulated versus 14.5% reduction in non-

stimulated group (p=0.0017) 
• Efficacy is held/improves over the course of 5 years of follow-up
• Improvement in executive function and attention at 7 years  
• Thought to be most effective in patients with temporal-onset seizures



Across 8 independent manufacturing lots of NRTX-1001:
77% (87/113) of epileptic mice with NRTX-1001 have > 75% seizure reduction

66% (75/113) of epileptic mice with NRTX-1001 become seizure free

NRTX-1001 reduces dentate granule cell dispersion and hippocampal damage 

At 7 months post-transplant of NRTX-1001 in epileptic mice:
Area and width of dentate granule cell layer are reduced

Hippocampal sclerosis is reduced

NRTX-1001 suppresses seizures by 5 MPT

Nonclinical Efficacy: NRTX-1001 is Disease-modifying in a Model of 
Chronic Mesial Temporal Lobe Epilepsy (MTLE)



NTE001 Unilateral MTLE – Disabling Seizure 
Reduction and Durability
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Unilateral MTS (low dose)

4-6 mo (n=9) 7-12 mo (n=9) 13+ mo (n=9)

Median disabling 
seizure reduction

80% 89% 89%

50% RR 67% 78% 89%

75% RR 56% 67% 78%

Unilateral MTS (high dose)

4-6 mo (n=9) 7-12 mo (n=9) 13+ mo (n=6)

Median disabling 
seizure reduction

78% 58% 57%

50% RR 89% 78% 67%

75% RR 56% 33% 33%

Unilateral without MTS (low dose)

4-6 mo (n=3) 7-12 mo (n=1) 13+ mo (n=1)

Median disabling 
seizure reduction

100% 83% 67%

50% RR 67% 100% 100%

75% RR 67% 100% 0%

9MAR2026 data cutoff

Partially complete epoch



NTE002 Bilateral with and without MTS (low 
dose): Disabling Seizure Reduction
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Bilateral with and without MTS (low dose)

4-6 months 
(n=4)

7-9 months 
(n=2) 

10-12 months 
(n=1)

Median disabling 
seizure reduction

64% 65% 100%

50% RR 50% 50% 100%

75% RR 50% 50% 100%

9MAR2026 data cutoff



Defining success in epilepsy surgery

• Traditionally, “success” has been 
measured according to Engel 
outcomes 

• As neuromodulation improves, 
“success” is being defined in terms of:
• Improving quality of life 
• Reducing seizure frequency/severity 

(and changing natural history of 
disease) 

• Reducing rate of SUDEP
• Important to understand each patient’s 
goals and set expectations realistically 
and accordingly 
• Potentially curative
• Disease modifying

Engel Outcomes 
I Free of all seizures, nondisabling simple 

partial seizures after surgery but 
seizure-free x2 years, convulsions only 
off meds 

II Initially seizure-free, rare disabling 
seizures since surgery, more than rare 
seizures initially post-op but now 
seizure-free x2 years, or only nocturnal 

III Worthwhile seizure reduction or >50% 
seizure-free over follow-up period (<2 
years)

IV No worthwhile improvement 

Englot 2024



Barriers to access 
• Referring physicians (PCP, community neurologists) 
• Patients’ and families’ fear of surgical intervention  
• Cost (though actually less than that of continued 
lifetime seizures)

• Family support in perioperative period 
Recommendation: 
• All patients with drug-resistant epilepsy should be 
referred to an interdisciplinary epilepsy treatment 
center 

• The center should carefully consider each patient for 
surgical candidacy, and, as an informed source, talk 
with each patient individually about risks, benefits, and 
outcomes



Ongoing applications of neuromodulation



Improved understanding of stimulation efficacy



Conclusions

• Epilepsy remains a significant public health 
burden that is surgically underserved 

• Neuromodulation offers an exciting 
alternative or adjunct to resective/ablative 
seizure surgery and may be able to serve 
special populations of patients, including 
IGE and bilateral MTS 

• Multiple systems may have synergistic 
effect (Khankhanian 2022)

• The longer the systems are in effect, the 
more effective they tend to be 

Hadar 2024
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