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Deep Brain Stimulation (DBS)

• High frequency electrical 
stimulation of brain 
structures via electrodes 
implanted deep inside the 
brain

• Over 200,000 patients have 
been implanted worldwide; 
>2/3 are PD patients



Deep Brain Stimulation

• 65-year-old professor with 

Parkinson’s Disease and tremor 

for 10 years that has not 

responded to medication



Deep Brain Stimulation



• Component 1: Evaluation

– Multiple appointments, MRI, testing

• Component 2: Surgery

– Implant the DBS electrodes (1 day)

– Implant the battery pack (1/2 day)

• Component 3: Programming

– Initial programming (1-3 hours)

– Follow up programming (multiple 30 minute 
session over 6-12 months)

Deep Brain Stimulation



What’s good about DBS? 

• We can dramatically help PD symptoms 
beyond what we can do with medications 
alone
– Rigidity

– Tremor

– Dyskinesia

– Motor fluctuations

– Amount of medication



• Doesn’t help and can actually worsen some 
symptoms
– Swallowing

– Bladder symptoms

– Forgetfulness / thinking

– Speech

– Depression

– Freezing, falls, imbalance

What’s NOT good about DBS? 



• Doesn’t help and can actually worsen some 
symptoms

• Requires battery replacements every 3-5 years 
(or battery recharging each week)

• The surgery is uncomfortable and carries risk 
of bleeding and infection

• Takes lots of time to find the right settings

• Limitations on MRI

What’s NOT good about DBS? 



The Future of DBS

• Making the operation more pleasant

• Earlier intervention

• New types of stimulation

• Improving programming efficiency

• New targets / new indications



• Open loop DBS:

– Constant stimulation 24 hours per day

• Closed loop DBS:

– Records brain activity continuously 
and only gives a pulse of stimulation 
when it senses an abnormal 
Parkinson’s rhythm

Future of DBS: Closed Loop



• Currently it can take months of trial and error 
to find the right settings

• New approaches use MRI and computer 
models to find the ideal settings

Future of DBS: Faster Programming



Horn et. al 2017 Annals of  Neurology

Future of DBS: Connectomics



Horn et. al 2017 Annals of Neurology

Important ConnectionsStim. Site Variability

DBS Network Mapping



Horn et. al 2017 Annals of Neurology

Response PredictionImportant ConnectionsStim. Site Variability

DBS Network Mapping



Review: Horn and Fox 2020 Neuroimage

DBS Network Mapping



DBS for Depression: 5 cohorts, 101 electrodes

Siddiqi et al. 2021 Nature Hum Behav

DBS Network Mapping: Depression
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DBS Network Mapping: Depression



Reich et al. 2022 Brain

DBS Network Mapping: Cognition
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Howard et al. 2025 Alz and Dementia

DBS Network Mapping: Cognition
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DBS Network Mapping: Cognition



New surgical Targets

• Most existing DBS targets were identified 
through trial and error, often using lesions

• The search is on for new targets / indications



New Approach for Finding Targets

Joutsa, Shih et al. 2018 Annals of  Neurology
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New Approach for Finding Targets



Lesion connectivity VIM target Overlap

Joutsa, Shih et al. 2018 Annals of  Neurology

New Approach for Finding Targets
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Addiction Remission

Joutsa, Moussawi, Siddiqi et al. 2022 Nature Medicine



Remission Not quitting
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VLSM results

Addiction Remission
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Remission Not quitting
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VLSM results

LNM results

vs

Addiction Remission

Joutsa, Moussawi, Siddiqi et al. 2022 Nature Medicine



Addiction Remission

Pfwe<0.05

Joutsa, Moussawi, Siddiqi et al. 2022 Nature Medicine



Addiction Remission Targets

Joutsa, Moussawi, Siddiqi et al. 2022 Nature Medicine

Lesion / DBS Targets



Addiction Remission Targets

Joutsa, Moussawi, Siddiqi et al. 2022 Nature Medicine

Lesion / DBS Targets

TMS Targets
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Transcranial Magnetic Stimulation 
(TMS)

• Electromagnet held outside the scalp

• Changing magnetic field induces an electric 
current in the underlying brain tissue

• Standard protocol is daily sessions for 4-6 
weeks

• New “accelerated” protocols administer 10 
sessions per day for 1 week



TMS for Depression

• High frequency “excitatory” stimulation to the 
left DLPFC

• ~60% of patients respond (defined as 50% 
reduction in depression symptoms)

• 20-30% remission (defined as no longer 
meeting criteria for depression)



Herwig et al. 2001 BIOL PSYCHIATRY 50:58–61

Targeting TMS in Depression: The 5 cm method
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Targeting TMS in Depression: The 5 cm method



Herwig et al. 2001 BIOL PSYCHIATRY 50:58–61

5 cm

Targeting TMS in Depression: The 5 cm method



Targeting TMS in Depression: The 5 cm method

Herwig et al. 2001 BIOL PSYCHIATRY 50:58–61

Only hit the “DLPFC”

~40% of the time



Targeting TMS in Depression

Cash et al. Biological Psychiatry 2020
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Fox et al. 2012 Biol Psych.

Subgenual Target
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Subgenual Seed
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Subgenual Seed
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Fox et al. 2013 Neuroimage

“Individualized” TMS Targets
Day 1 Day 2 Day 1 

Subject 1 Subject 2 

0.7 -0.7 

A 

B 

C 

Day 2 

Day 1 Day 2 Day 1 

Subject 1 Subject 2 
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A 

B 

C 

Day 2 

Subgenual Target



Siddiqi et al. 2021 Biological Psychiatry

“Individualized” TMS Targets



“Individualized” TMS Targets

SAINT Neuromodulation System FDA approved 9/2022

Cole et al. 2020 AJP, Cole et al. 2021 AJP : >80% response rate



What if we’re unsure of our target?

Subgenual Target



Siddiqi et al. 2020 Am. J. Psychiatry

Patient 1

Patient 2

Patient 30

Decreased Interest

+-

TMS Network Mapping
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Symptom-Specific TMS Targets?



Siddiqi et al. 2020 Am. J. Psychiatry

Patient 1

Patient 2

Patient 30

Feelings of  Failure

+-

Symptom-Specific TMS Targets?



Siddiqi et al. 2020 Am. J. Psychiatry

Patient 1

Patient 2

Patient 30

Sleep Problems

+-

Symptom-Specific TMS Targets?



 

 

  

 

 

 

 

 

          

 

   

 

 

 

 

 

 

 

 

 

 

         

      

 

  Figure 2: Connections correlated with improvement in individual depressive symptoms match one of two general patterns. (a) In our 

discovery cohort, connections correlated with improvement in certain symptoms such as sadness, anhedonia, and concentration were 

similar while connections correlated with improvement in other symptoms such as sex, sleep, and indecisiveness were similar.  (b) Based 

on spatial similarity, our 21 individual symptom maps split into two distinct clusters which we term “dysphoric” and “anxiosomatic” for 

convenience. (c) This two-cluster solution was highly replicable across different symptom scales and across two independent datasets. 

Lateral views of the brain are shown; for medial views, see figure S4. 
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Symptom-Specific TMS Targets?

 

Dysphoric
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Anxiosomatic

Target

Taylor, Siddiqi et al., 2026 Mol Psych



Symptom-Specific TMS Targets?
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High Intensity Focused 

Ultrasound (HIFU)

• Uses multiple ultrasound emitters on 

the scalp and MRI guidance to create 

a lesion in the brain

• The lesion (and any clinical effects) 

may be irreversible

• FDA approved for tremor (essential 

tremor and Parkinson’s tremor)

Elias et al. 2016 NEJM, Chua et al. 2025 Sci Adv



HIFU – increasing precision

Chua et al. et al Sci Adv 2025



HIFU – increasing precision

Chua et al. et al Sci Adv 2025



HIFU – increasing precision

Chua et al. et al Sci Adv 2025



HIFU versus DBS

 
Figure 3: Evolution of therapeutic lesions in functional neurosurgery.  

A) Early ablative lesions such those resulting from prefrontal leucotomy (left) were large and spanned multiple brain 

regions.87 After introduction of stereotactic frames around 1947, lesions became more precise, such as those generated 

by stereotactic cingulotomy (middle). Current lesions generated by modern ablative surgery are small, precise, and 

often barely visible on MRI just 3 months after the procedure, such as the ones created by MRgFUS (right).  

B) Schematic showing the clinical value of DBS versus lesions as the precision of our therapeutic target increases.  

When the therapeutic target is unclear, DBS has a major advantage over lesions due to reversibility and tunability. As 

the target and lesioning technique become more precise, this advantage is diminished, and we may reach an inflection 

point where lesions become preferable over DBS (due to lower infection risk and higher convenience).  

C) The number of MRgFUS procedures for tremor have increased rapidly over the past few years, suggesting that 

lesions are already preferable over DBS for some patients. Data provided by InSightec for the commercial neuro-

exablate system. 

Joutsa et al. Brain 2023
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Lesions

5 cohorts

465 lesions

TMS Sites

4 cohorts

151 sites

DBS Sites

5 cohorts

101 sites

Convergent Depression Circuit

Siddiqi et al. 2021 Nature Hum Behav
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Convergent Depression Circuit

Siddiqi et al. 2021 

Nature Hum Behav



Convergent Depression Circuit

Siddiqi et al. 2021 

Nature Hum Behav

Taylor et al. 2026

JAMA Psych



Convergent Depression Circuit

Taylor et al. 2026

JAMA Psych

Number Needed to Scan = 5
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Woodham et al. 2025 Nature Medicine

10 wks at home tDCS, 87 per group

HDRS decrease: 9.41 vs 7.14, P = 0.012

Skin redness: 64 vs 19%, P < 0.001

Guessed active: 78 vs 59% P = 0.01



8 wks at home stim, 62 per group

HDRS decrease: 8.62 vs 6.01, P = 0.02

Adverse effects: 16 vs 8%, P = NR

Guessed correctly: 15 vs 6%, P = NR

Carpenter et al. 2025 Brain Stimulation



Take Home Points

1) Different neuromodulation techniques can be 
used to treat neuropsychiatric symptoms

2)   All neuromodulation techniques have effects 
beyond the target region and impact 
connected brain circuits

3) The human brain connectome can be helpful in 
localizing and refining therapeutic targets for 
neuromodulation 
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Andrew Naidech (Northwestern)

Robin Cash (Monash)

Kevin Johnson (Neuronetics)

Natalia Egorova (Melborne)

Sophia Gozzi (Monash)

Fredrike Irmen (Charite)

Rob Rouhl (Maastricht)

AND SOOO MANY OTHERS

Lab / Center Collaborators



Questions?

Contact: foxmdphd@gmail.com

Twitter: foxmdphd

https://www.brighamandwomens.org/neurosciences-
center/center-for-brain-circuit-therapeutics
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