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• Neural NETWORKS underlie ALL neurological func2on
• à Neural NETWORKS underlie ALL neurological DYS-

func2on (not a motor cortex stroke that is the 
problem…but connec;on to MNs and muscle…)

• à Must Modulate the Neural Network to ameliorate 
neurological dysfunc;on

• = Neuromodula2on
• Tools:

• Pharmacological (e.g., ASMs, L-dopa, NSAID, baclofen, etc.)
• Electrical (e.g., DBS, VNS, SCS, RNS, TDCS, etc.)
• MagneFc (TMS)
• Ultrasound (FUS)
• Gene-based (opto-geneFcs)

Susan Haber et al.

Pre-requisite concepts
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Electrical neuromodulation 
in neurosurgery: 2026

Approved Indica:ons/Targets

Inves:ga:onal Indica:ons/Targets

• SCS* (510k, 1989; PMAs 1990s)
• VNS for focal epilepsy
• DBS (Vim thalamus) for ET
• DBS (STN, globus pallidus) for PD
• DBS (GP) for primary dystonia* (HDE, )
• RNS for focal epilepsy (2014)
• DBS (ANT) for focal epilepsy (2018)
• DBS (ALIC) for OCD* (HDE, )
• Occipital nerve sYmulaYon for pain
• VNS for stroke rehabilitaYon (

• M ovement disorders
• DBS for Tourettes
• DBS for HD, secondary dystonia
• DBS for freezing of gait

• Epilepsy
• DBS other targets for focal 

epilepsy
• DBS/RNS for generalized epilepsy

• Pain
• DBS
• Trigeminal stimulation

• Psychiatric disorders other than OCD
• DBS for Alzheimers disease
• Neuro-inflammation

• VNS

4
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Movement disorders: Evolution from cortical to subcortical 
destructive targets… to circuit neuromodulation…and back!
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DBS – pacemaker for the brain
• Implanted pulse generator sends 

continuous, brief electrical pulses 
into brain areas responsible for 
various functions
•Mechanism(s)?
• Inhibits? (functional lesion)
• Activates?
• Inhibits by activating?

Drawing by Bona Kim, Emory
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Basic DBS equipment

Brain electrode

IPG/Battery Clinician programmer

Patient programmer

+ extension cable
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STN DBS is effective treatment for advanced PD
2003

Lancet Neurol 2012

Lancet Neurol 2020
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DBS history 

Krauss et al. 2020, Nature Reviews
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FDA approved segmented leads

• All 3 U.S. manufacturers
• 8 contacts in 1-3-3-1 

configuraFon
• 3 segments can be 

simultaneously acFvated to 
simulate ring contact

90o

90o90o

30o

30o

30o
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DirecFonal (segmented) leads

Contarino et al, Neurology 2014

• Programming can be limited 
by ring contacts with 
symmetric distribution of 
electrical field
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Directional DBS study: Increased therapeutic 
window 

Dembek et al 2017, Movement Disorders

Ant

PM PL
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Network mechanisms: Recording LFP beta power 
elevated in PD in basal ganglia and motor ctx

• Exaggerated beta band (13-30Hz) power in basal ganglia 
nuclei in PD (Silberstein et al 2003; Brown et al 2005)

• Proportional to akinesia/rigidity severity (Kuhn et al 2006)

• Reduced by levodopa and DBS (Kuhn et al 2006, 2008; Giannicola2010) 

Silberstein et al. Brain 2003
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Kuhn et al, 2006

De Hemp:nne et al. 2015, Nature Neurosci
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DBS reduces elevated beta power

Eusebio et al. J NNP 2011
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Chronic brain recordings
• Medtronic Percept
• Inactive DBS contacts can be 

used to record local field 
potentials (LFP) chronically 
(‘sensing’ mode)
• Pathway to adaptive (true 

closed-loop) DBS

Koeglsperger et al 2021, Acta Neurochirurgica

TIME DOMAIN

FREQ DOMAIN

Stim on Stim off
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LFP beta power – Adaptive DBS pilot study

• Many pilot trials 
• Early Adapter 1 study (Japan)
• ADAPT-PD study (N. America & Europe)

LFP
signal

Beta power

DBS 
intensity

Adapted from LiOle et al. Ann Neuro 2013

• Challenges: 
• control signal (LFP, 

ECoG…)
• control algorithm
• clinical adoption
• implementation

16
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DBS for PD: LimitaFons

• It is not a cure
• Hardware; requires battery change or recharging
• It does not replace dopaminergic medications
•Will not treat non-motor symptoms (cognition, depression, 

lightheadedness, constipation, sleep)
•May not improve balance, freezing when walking, speech 

and swallowing 

17

Movement disorders: EvoluAon from corAcal to subcorAcal destrucAve 
targets… to circuit neuromodulaAon…and back!

18
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What’s the FUS?
MRI-guided Focused 

Ultrasound
at 

Somerset

Somerset Health Care Foundation Board of Trustees | June 3, 2026

19

MOVEMENT DISORDERS TOTAL ADDRESSABLE MARKET (U.S.)

7.4M

Diagnosed

ET population

Drug Refractory 

1.5M

750K

Adv Therapy Eligible 75K

97%
Untreated

1M

Actively treated

PD population4

LID Patients5

800K

280K

Adv Therapy Elig42K

>3500 Jerseyans
20
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FOCUSED ULTRASOUND PROCEDURE

21

RCT (Elias et al. 2016) 

• 7.2 point improvement in tremor 
score at 12 months (near 0 for 
sham; Elias et al. 2016)

22
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THREE-YEAR CLINICAL RESULTS

76.5%
tremor improvement
at three-year follow-up6

What are patients telling us?
§ Tremor relief

§ Psychosocial benefit

§ Physical perception
§ Return to work and financial position

§ Enjoyment from hobbies + leisure

After treatment, the most common adverse 
events
(AEs) included: 
§ imbalance/gait disturbance (26% of study subjects)
§ numbness/tingling (33% of study subjects)
§ headache/head pain (51% of study subjects)
Of all AEs, 48% resolved within 30 days. Additional 
infrequent events include dizziness, taste disturbance, 
slurred speech, fatigue and vomiting

At three-years, persistent AEs included6: 
§ imbalance (4% of study subjects)
§ unsteadiness (4% of study subjects)
§ gait disturbance (2% of study subjects)
§ musculoskeletal weakness (2% of study subjects)
§ numbness/tingling (9% of study subjects)

6. Pre-Market Approval (PMA) P150038
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THREE-YEAR CLINICAL RESULTS

73.1%
tremor improvement
at five-year follow-up6

What are patients telling us?
§ Tremor relief

§ Psychosocial benefit

§ Physical perception
§ Return to work and financial position

§ Enjoyment from hobbies + leisure

After treatment, the most common adverse 
events
(AEs) included: 
§ imbalance/gait disturbance (26% of study subjects)
§ numbness/tingling (33% of study subjects)
§ headache/head pain (51% of study subjects)
Of all AEs, 48% resolved within 30 days. Additional 
infrequent events include dizziness, taste disturbance, 
slurred speech, fatigue and vomiting

At three-years, persistent AEs included6: 
§ imbalance (4% of study subjects)
§ unsteadiness (4% of study subjects)
§ gait disturbance (2% of study subjects)
§ musculoskeletal weakness (2% of study subjects)
§ numbness/tingling (9% of study subjects)

6. Pre-Market Approval (PMA) P150038
Data is from Insightec-sponsored clinical subjects of 40 subjects at 5-year time point. 

24

https://www.accessdata.fda.gov/scripts/cdrh/cfdocs/cfpma/pma.cfm?id=P150038
https://www.accessdata.fda.gov/scripts/cdrh/cfdocs/cfpma/pma.cfm?id=P150038
https://www.accessdata.fda.gov/scripts/cdrh/cfdocs/cfpma/pma.cfm?id=P150038
https://www.accessdata.fda.gov/scripts/cdrh/cfdocs/cfpma/pma.cfm?id=P150038
https://www.accessdata.fda.gov/scripts/cdrh/cfdocs/cfpma/pma.cfm?id=P150038
https://www.accessdata.fda.gov/scripts/cdrh/cfdocs/cfpma/pma.cfm?id=P150038
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BECOMING STANDARD CARE FOR TREATMENT OF ESSENTIAL 
TREMOR

1,132%

§ Average treatment time of 2.5 hours

§ 39 commercial Exablate Neuro systems 

treating essential tremor patients in 
20215

§ Over 5,900 commercial treatments 
performed globally from 2017 to 20215
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Commercial Treatments in Americas

growth in commercial focused 
ultrasound treatments for 
essential tremor from 2017 to 
2021 in the Americas5

4. Data provided by Insightec as of December 31, 2021
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Neuromodulation for movement disorders:
Other coming advances
• Novel and modifiable stimulation patterns

• Opto-DBS: DBS informed by gene-based optogenetic neuromodulation
• Coordinated reset

• Gene-based neuromodulation
• Opto-genetics
• Magneto-genetics
• Chemo-genetics

• Cell based neuromodulation
• Ongoing trials with hES and iPS-derived DA neurons

• MR-guided Focused Ultrasound 
• Back to the future

26



7/19/26

14

DBS for epileptic disorders: Circuit-based targets

• Anterior thalamic &/or Hippocampus 
~ Limbic circuit (Papez’ circuit)

• Centromedian ~ Intralaminar circuit
• Pulvinar ~ parietal/occip circuits
• Subthalamic nucleus/Vim ~ motor 

circuits
• Other targets

Indirect neuromodulation relies on network – level 
interactions affecting excitability of connected structures

27

Circuit-based targets
Indirect neuromodulation relies on network – level 

interactions affecting excitability of connected structures

Piper et al., Towards network-guided 
neuromodulation for epilepsy. Brain 2022 (145)

28
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Simpson et al., Epilepsia, 2022
Ryvlin P, et al., Lancet Neurol. 2021

29

RNS
(Neo/Allo-cortical)

RESECTION

DBS

VNS 

The Epilepsy Surgery/Modulation Tree

Geller 2025

ABLATION

• Thalamus 
(ANT, CM, 
Pulvinar)

30
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DBS

The Epilepsy Surgery/Modulation Tree

Geller 2025
31

Surgical Considerations: Direct targeting vs ACPC

32

Broad range of 
ACPC coordinates1

X  =  5-6 mm lateral
Y  =  0-2 mm anterior
Z  =  10-12 mm superior

1Medtronic SANTE Study

32
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ACCURATE TARGETING VERIFICATION IS CRITICAL
Fidicials = Trust --- “Trust, But Verify” RR

From Lehtimaki and also Jiltsova et al. Imaging of anterior nucleus of thalamus using 1.5T MRI for deep brain 
stimulation targeting in refractory epilepsy. Neuromodulation: Tech at Interface. 2016;19: 812-817.

UC202210812EN DBS AES Fisher FY22

§FGATIR sequence §Postop CT registered to preop MRI

33

ANT-DBS is GOOD (not great)
 Neither is GREAT

• ~70% of 50% reduction
• 10-20% seizure freedom

Fisher et al., Epilepsia, 2010

Salanova et al., Epilepsia, 2021
10 years open-label results

Epileptic Disorders. 2026;00:1–17.
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RNS
(Neo/Allo-cortical)

RESECTIONThe Epilepsy Surgery/Modulation Tree

Geller 2025

ABLATION

35

Responsive Neurostimulation 
(RNS) 

36
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RNS pivotal trial outcomes (N=191)
Long-term outcomes
Post-approval outcomes (N=271) 

Morrell et al, Neurology 2011

• 3 month blinded: 39% 
improvement

• Long-term unblinded (7 
years): 75% 
improvement

• Post-approval
• 66% >50% decrease
• 41% >90% decrease
• 24% SF x 6mo at end

37

RNS benefits over seizure reduction

• Long term invasive monitoring
• E.g. change laterality in 20%
• Can identify surgical candidates

• Circadian and ultradian patterns revealed
• Useful for medication titratation

38
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Nanda, Epilepsia, 2024

• Effective for IGE and multifocal onset 
FBTC seizures

• Mean seizure frequency reduction of 
82.6% (SD = 19.0%, median = 91.7%)

• Seizure types respond variably

39

Where? … Approved and investigational (?) 
targets in epilepsy

Limbic circuit
HipC
ANT

Pulvinar?

Motor circuit
CM?
STN?
Vim?

Parietal/Occipital Pulvinar?
LGN??

Generalized CM?!

Any focal epilepsy Neocortical

See Drs. Fisher 
and 

Lundstrom’s 
talks

40
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RNS DBS
Neurologist wants long-term 
ECoG ✔
Can’t do daily uploading ✔
Like cranial/don’t like neck 
wire/IPG ✔
Don’t like cranial/don’t mind 
neck wire/IPG ✔
1-2 leads sufficient ✔ ✔
3 or 4 leads (multi-target) ✔
Think contingent stimulation is 
beneficial/less toxic ✔
Recognize that the results are 
the same regardless ✔ ✔
True Believer ✔ ✔

How to Choose b/w VNS, DBS, RNS

Simpson et al., Practical considerations in epilepsy neurostimulation, Epilepsia. 2022;63:2445–2460
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PULVINAR
- The “prototypic association nucleus”, corticothalamocortical connections
- The largest thalamic nucleus (30% by volume)
- “Cushion”

4 Subnuclei
1. Anterior (PuA)
2. Medial (PuM)
3. Lateral (PuL) - vl, dm
4. Inferior (PuI)

- Increased synchrony between PuM, lat
temp neocortex, Ectx, Hc during MTL 
seizures (Rosenberg 2006 & 2009)
- 80% of TL seizures recorded in PuM (imbalance in reciprocal PULV-Hc)

Benarroch. Pulvinar: Associative role in cortical function and clinical correlations. Neurology 2015.
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PULVINAR

2019: Burdette et al. (RNS)
- N=3 patients with PQE-DRE
- 1-2 RNS systems (all with PULV stim, one with neo+PULV)
- 10-15 mo follow-up, no clear adverse effects
- ↓90% in 2 patients, 62% in 3rd; 100% responder rate

43

Epileptic Disorders. 2026;00:1–17.
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Warsi et al. The anterior and centromedian thalamus: Anatomy, function, 
and dysfunction in epilepsy. Epilepsy Research 2022: 182.

Centromedian nucleus
- Broad connectivity: 

- Basal ganglia (dorsal 
striatum, caudal 
sensorimotor putamen, also 
STN, SN, GP to lesser 
extent)

- Ventral thalamus
- Cortex (premotor, motor, 

somatosensory, ACC*)
- Brainstem (reticular 

formation, vestibular, solitary 
nuclei, nucleus ambiguus)

- Functional: Sensorimotor 
coordination, cognition, pain

Sagittal 
(+/- 8.2)

MCP

PCP

Axial 
(+0.9)

Ilyas et al. The centromedian nucleus: Anatomy, physiology, and clinical implications. J 
Clin Neurosci 2019; 63.
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Warsi et al. The anterior and centromedian 
thalamus: Anatomy, function, and dysfunction in 
epilepsy. Epilepsy Research 2022: 182.

Centromedian nucleus
- Broad connectivity: 

- Basal ganglia (dorsal 
striatum, caudal 
sensorimotor putamen, also 
STN, SN, GP to lesser 
extent)

- Ventral thalamus
- Cortex (premotor, motor, 

somatosensory, ACC*)
- Brainstem (reticular 

formation, vestibular, solitary 
nuclei, nucleus ambiguus)

- Functional: Sensorimotor 
coordination, cognition, pain

Warren et al., Journal of Neurology, Neurosurgery & Psychiatry,-2019

Warren, (2020). Journal of Neurology, Neurosurgery & 
Psychiatry, 
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J Neurol Neurosurg Psychiatry 2022

Nanda, Epilepsia, 2024

• There is a lot of variability in 
CM targeting

• Could be role for VB 
complex

• Doesn’t mean we don’t aim 
for CM!

47

CM DBS
2017-2022: ESTEL trial
19 patients with LGS (≥ 3 failed AEDs)
Prospective, randomized, double-blinded design

Median SR
Responder Rate: 
% with ≥ 50% SR

1 – 2.5V
90 µs,
145 Hz
1min ON/5min OFF

48
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CM DBS – ESTEL TRIAL Median SR
Responder Rate: 
% with ≥ 50% SR

**ONLY 6 MONTHS REPORTED**

Diary

EEG

Caregivers: 74% “better”, 
16% “same”, 5% “worse”
Increased alertness in 95%

49

• The study is a prospective, multicenter, single-blind, 
randomized, sham stimulation controlled pivotal study and 
participants will be followed for two years after placement 
of the RNS System. 

• The study will enroll a maximum of 100 participants within 
the United States to ensure that at least 80 participants are 
implanted with the RNS System

NAUTILUS trial: IGE/PGE

50
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Can patients have multiple devices?

Yes, but it can present 
challenges:
• Skin incisions
• Proprietary imaging protocols

• Indications for transmit receive 
coils differ

• Programming strategies
• One one –> the other?
• Which one first?
• Turn both on at same time?

51

b/l Hc RNS ➕ b/l ANT DBS: Emory Experience

Emory experience:
1. LR: L Hc RNS (5 yr) à b/l ANT DBS (2 yr);

• 75%, 0% reduction FIA, GTCs
 

2. AB: ANT DBS (5 yr) à b/l Hc RNS (3 yr)
• No reduction in seizures

3. JW: b/l Hc RNS (3.5) à b/l ANT DBS (2 yr); Both being stimulated. 
• 100% reduction in GTCs (99% long episodes R Hc)

4. LJ: b/l ANT + L Hc RNS (5 yr each); Being stimulated through L ANT & L Hc 
(s/p R ATL):
• 90% reduction in seizures

52
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Rationale for 4 electrodes/4 channel IPG: 
Generalized epilepsy

• When its straightforward symptomatic generalized epilepsy (LGS, LGS-
like with drop attacks è CM DBS

• What about prominent GTCs?🤔 è ANT?
• è DO BOTH: CM + ANT

• What about prominent myoclonic features?🤔 è STN?
• è DO BOTH: CM + STN

53

J Neurosurg July 14, 2023
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Neurosurgery 89:686–694, 2021

• Seizure reduction 
percentage was not 
significantly different among 
groups    

• ~50% of subjects who didn’t 
benefit from VNS:

• ~75% of those who did 
benefit from VNS:

à Achieved a seizure reduction 
≥50% after ANT-DBS surgery.

J Clin Neurophysiol 2021;00: 1–5

Suggests that VNS and RNS are 
synergistic

Journal of Clinical Neurophysiology Volume 40, Number 1, January 2023

Conclusions: 
• ECoGs recorded by the RNS device in 

patients with dual (VNS and RNS) 
neurostimulators 

• VNS stimulation results in desynchronization 
of specific frequency bands (salient decrease 
in theta and beta bands, smaller decrease in 
alpha band)

• Support for desynchronization as a theorized 
mechanism of action of VNS. 
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Muthiah et al. (T. Abel), Seizure: European Journal of Epilepsy 94 (2022) 74–81

p = 0.64

p = 0.10

“Closed-loop” VNS
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Neuromodulation 2021; 24: 1018–1023

N=20 pts w/ GE (LGE or 
LGE-like)

Activation of the cbVNS 
feature did not add to rVNS 
efficacy.
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DBS for OCD
• Targets: Limbic network

• Cingulate cortex
• Anterior ventral internal capsule
• Ventral striatum/N. accumbens
• Subthalamic nucleus/MFG

Greenberg, Rauch and Haber; Neuropsychopharmacology Rev. (2010) 35, 317–336
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Molecular Psychiatry, 31(5), 2978-2989
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DBS for TRD
(Treatment resistant MDD)

60
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Evaluating symptomatic improvement Examining durability of outcomes

19-Jul-
26

Stim ON ACTIVE DBS

SHAM DELAYED STIM

24-month 

Stim ON Long term follow up 

Long term follow up 

Leveraging knowledge 
of delayed response

 12-month primary endpoint based on 
potenKal delayed effect of DBS for TRD

Highly constrained programming and 
medication algorithm post-

randomization

DBS for Depression: The TRANSCEND Pivotal Study  |  

TRANSCEND Study Overview
• Prospective, multicenter, double-blind, randomized, & sham-controlled
• 100 implanted patients, up to 25 sites in the US
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