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Invasive Deep Brain Stimulation

STN-DBS Off      STN-DBS on
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General aspects:

Indications

Procedure

Programming 

Contact / Amplitude 

Pulse width

Computational and Imagaing methodes:

Probabilistic mapping 

Connectomics

Oscillatory activity and closed-loop DBS:

LFPs

adaptive Concepts  



Parkinson's surgery



General principle of stereotactic brain surgeries

Targeted "elimination" of dysfunctional 
nerve tissue using a frame system, 
anatomical reference images, and 
physiological additional information

StimulationLäsion



Deep Brain Stimulation of Thalamus

Tremor

Benabid et al., J. Neurosurg., 84, 1996



New basal ganglia model 

Delong, TINS, 1990



Generator 
(ITREL II)

Extension

Target

Elektrode

Prinzip der DBS (Deep 
Brain Stimulation)



Indications of DBS 



Parkinsons Disease 

ON (mit peak-dose Dyskinesien)



Effect of DBS 

under Meds

ON+Dysk

ON

OFF

After STN-DBS

ON+Dysk

ON

OFF+STIM

Med Med Med Med

STIM Effekt



Negative feedback model of the basal ganglia.
(Alexander and DeLong)
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Class I Evidence in Advanced 
Parkinson’s Disease 

STN-DBS Off      STN-DBS on

Indication for patients with motor fluctuations, dyskinesias, severe tremor



thalamic DBS in Essential Tremor

DBS off DBS on



GPi DBS in Dystonia 

under Meds After DBS



Procedure of invasive DBS 



Implantation der Elektroden



Planing of the Implantation 



Implantation of the electrodes





Firing patterns along STN-trajectory (PD)

Morel-atlas: 10.8 mm sag. to AC-PC

dorsal

ventral

anteriorposterior

• Zona incerta: sparse firing, low background

• STN: irregular firing (30 Hz), high background

• SNr: tonic firing at higher rate (60 Hz)



Testing of the electrodes



Tuning the therapy 



• Active Contact

• Current (0.5-6.0 mA)

• Pulse duration (30-210 µs) 

• Frequency (60-210 Hz)

Tuning the therapy 



Monopolar review

0 1 2 3 4 5

0

1

2

3

0

1

2

3

a) Threshold detection a) Clinical response  assessment
Fixed amplitude (e.g. 1.5 mA)

-100 -80 -60 -40 -20 0

0

1

2

3

Current (mA) Symptom reduction (%)



Using clinical response as a 
benchmark for DBS

Stim Off Stim On
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Programming time? 

12,964 
combinations of 

PW, F and mA
65 contact 

combinations
Millions of 

combinations

Nickl et al. 2019 Neurosurgery



Programming workflow

► Monopolar review 

including „vertical“ 

steering to find optimal 

stimulation site in z-

Axis

► highest efficacy

60 µs
130 Hz

vertical
steering
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Programming workflow

► Monopolar review of 3-

6 directions including 

„directional“ steering to 

find optimal direction

► highest efficacy

60 µs
130 Hz

Directional
(rotational)
steering

vertical
steering



Programming workflow

► Check the therapeutic 

window on the most 

effective contact 

combination 

60 µs
130 Hz

Directional
(rotational)
steering

vertical
steering

Efficacy/AE threshold 
(mA)



Pulse width

VTA assumes that the primary effect of DBS is to activate myelinated axons, which was proved by several studies 
[Holsheimer et al. 2000; Groppa et a. 2014; Reich et al. 2015]. 



therapeutic window outcomes by altering pulse width

I. Chronaxie of the fibers 
...observed chronaxies of 27μs for 

tremor-reduction and 52μs for 

dysmetria induction... 



therapeutic window outcomes by altering pulse width

I. Chronaxie of the fibers 
...observed chronaxies of 27μs for 

tremor-reduction and 52μs for 

dysmetria induction... 



► Stim parameters  

     1 - /2.5 mA / 90 us / 130 Hz

9- / 2.7 mA / 90 us / 130 Hz

Delayed-onset adverse effect of thalamic DBS



After pausing and re-programming

    1 - /3.3 mA / 30 us / 130 Hz

9- / 3.5 mA / 30 us / 130 Hz

Delayed-onset adverse effect of thalamic DBS



Re-programming to 30 µs
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therapeutic window outcomes by altering pulse width

II.   Distance of fibers to electrode 
...explained by focusing on excitation of 

(smaller myelinated) axons near the 

electrode and a steeper falloff for 

activation of (thick myelinated) axons with 

increasing radius of current spread...



... searching in the dark

Tapping in the dark
„Inching“ distances



Ideas?



DBS programming of > 12.000 options



Computational modelling for DBS programming with imaging



imaging methods



Computational modelling for DBS programming with imaging



Sweetspot(s) of STN DBS in PD

Nickl et al. 2019  Dembek et al. 2019            Akram et al. 2017  Tödt et al. 2022
     

n = 9 n = 21
449 settings

n = 12
192 settings

n = 69



Sweetspot(s) of STN DBS in PD

Dembek et al. 2019, Ann Neurol      



Programming patients on Sweetspot

anatomical  clinical



Taking the whole statistical map

n = 87



Probabilistic mapping and VTAs

Correlation between estimation and clinical measurements

Estimation for dystonic reduction
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M.M. Reich, A. Horn, F. Lange et al. - Probabilistic mapping of antidystonic effect of pallidal neurostimulation; BRAIN, 2019



Individual predictions on local maps

M.M. Reich, A. Horn, F. Lange et al. - Probabilistic mapping of antidystonic effect of pallidal neurostimulation; BRAIN, 2019



In silico testing of all possible monopolar electrode 

choices with a predefined VTA (3.0 mA; 90 µs) 

M.M. Reich, A. Horn, F. Lange et al. - Probabilistic mapping of antidystonic effect of pallidal neurostimulation; BRAIN, 2019



Conformation study with a independent cohort of 

isolated and combined dystonia (Soares et al. 2021) 



Fix Amplitude ?

Fix pulse duration? 

How to handle Frequency?

Overlap of VTA with probablistic map? > 50 % regarding Soares et al. 2021

Individual chosen once 

120 µs  (mean 117.5 µs ± 44.2 µs; Brain 2019)

No

Prediction modelling of individual DBS settings 



mean 3,41294118
std 1,10172412

lower upper
1 sigma 2,31121706 4,51466529
2 sigma 1,20949294 5,61638941

Clinician has +/- 0.5 mA selection freedom

So the range for CSURF is:

1.5 (1.0 - 2.0) until 5.5 (5.0 - 6.0)

Prediction modelling of individual DBS settings 



b0: 0
b1: -1
b2: +2
b3: +3 (4 contacts x 8 amplitudes ) 2 sides

1024 combinations!

1024 predictions.      → TOP 1 and 2 

(5 minutes per setting, would be 3.5 days non 
stop programming)

F. Lange , C. Soares, J. Roothans , R. Raimundo, H. Eldebakey , B. Weigl,  C. Daniels, T. Musacchio, J. Volkmann, M. Rosas, MM. 
Reich . (2023) „C-Surf: Artificial intelligent DBS programming results of a prospective feasibility study “, Brain Stimulation

Proof of Concept Study 



Akute Wirkung/Nebenwirkungen

F. Lange , C. Soares, J. Roothans , R. Raimundo, H. Eldebakey , B. Weigl,  C. Daniels, T. Musacchio, J. Volkmann, M. Rosas, M. M. Reich .(2023) 
„C-Surf: Artificial intelligent DBS programming results of a prospective feasibility study “, Brain Stimulation



2-weeks Outcome Dystonia

p < 0.012 

F. Lange , C. Soares, J. Roothans , R. Raimundo, H. Eldebakey , B. Weigl,  C. Daniels, T. Musacchio, J. Volkmann, M. Rosas, MM. 
Reich . (2023) „C-Surf: Artificial intelligent DBS programming results of a prospective feasibility study “, Brain Stimulation



1991



today



Stimulation or neuromodulation ?







Network modelling with normative 
connectomes

Local Heatmaps structural connectivity functional connectivity 



Seed-based connectivity 

Horn, Reich et. al 2017 Annals of Neurology
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Horn, Reich et. al 2017 Annals of Neurology
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Clinical Response Map

Horn, Reich et. al 2017 Annals of Neurology

Independent Cohort



Horn, Reich et. al 2017 Annals of Neurology



Neuronal network of 
parkinsonism improvement

Leon Sobesky, L.  Goede,  ..., M. Reich, J. Volkmann, Rob M.A. de Bie, A. Kühn, A. Horn (2021) „Subthalamic and pallidal 
deep brain stimulation – are we modulating the same network?. , Brain



Neuronal network of side effects ?
- Small cohorts -

Reich, M. M., J. Hsu, M. Ferguson, F. Schaper, J. Joutsa, J. Roothans, R. C. Nickl, A. Frankemolle-Gilbert, J. Alberts, J. Volkmann 
and M. D. Fox (2022). "A brain network for deep brain stimulation induced cognitive decline in Parkinson's disease." Brain, 



Neuronal networks in small cohorts

Reich, M. M., J. Hsu, M. Ferguson, F. Schaper, J. Joutsa, J. Roothans, R. C. Nickl, A. Frankemolle-Gilbert, J. Alberts, J. Volkmann 
and M. D. Fox (2022). "A brain network for deep brain stimulation induced cognitive decline in Parkinson's disease." Brain, 



Neuronal network of cognitive (decline) 

Reich, M. M., J. Hsu, M. Ferguson, F. Schaper, J. Joutsa, J. Roothans, R. C. Nickl, A. Frankemolle-Gilbert, J. Alberts, J. Volkmann 
and M. D. Fox (2022). "A brain network for deep brain stimulation induced cognitive decline in Parkinson's disease." Brain, 



Network non-similarity 

r = 0.29 p = 0.52

Reich, M. M., J. Hsu, M. Ferguson, F. Schaper, J. Joutsa, J. Roothans, R. C. Nickl, A. Frankemolle-Gilbert, J. Alberts, J. Volkmann 
and M. D. Fox (2022). "A brain network for deep brain stimulation induced cognitive decline in Parkinson's disease." Brain, 



Neuronal network of cognitive (decline) 

Reich, M. M., J. Hsu, M. Ferguson, F. Schaper, J. Joutsa, J. Roothans, R. C. Nickl, A. Frankemolle-Gilbert, J. Alberts, J. Volkmann 
and M. D. Fox (2022). "A brain network for deep brain stimulation induced cognitive decline in Parkinson's disease." Brain, 



NBM-Connectivity to memory 
circuit



Metabolic brain changes under chronic 
combined NBM and STN-DBS



Low and high Frequency 
Stimulation in PET

No DBS   160 Hz  50 Hz 



Different high Frequency 

Stimulation in fMRI



130 Hz (STN) vs. 20 Hz (NBM)

Reich, M. M., J. Hsu, M. Ferguson, F. Schaper, J. Joutsa, J. Roothans, R. C. Nickl, A. Frankemolle-Gilbert, J. 
Alberts, J. Volkmann and M. D. Fox (2022).
 "A brain network for deep brain stimulation induced cognitive decline in Parkinson's disease." Brain,  



To network and back to local

Reich, M. M., J. Hsu, M. Ferguson, F. Schaper, J. Joutsa, J. Roothans, R. C. Nickl, A. Frankemolle-Gilbert, J. Alberts, J. Volkmann 
and M. D. Fox (2022). "A brain network for deep brain stimulation induced cognitive decline in Parkinson's disease." Brain, 



Local heatmap validation

Reich, M. M., J. Hsu, M. Ferguson, F. Schaper, J. Joutsa, J. Roothans, R. C. Nickl, A. Frankemolle-Gilbert, J. Alberts, J. Volkmann 
and M. D. Fox (2022). "A brain network for deep brain stimulation induced cognitive decline in Parkinson's disease." Brain, 



Translational approach to patient 
care

Reich, M. M., J. Hsu, M. Ferguson, F. Schaper, J. Joutsa, J. Roothans, R. C. Nickl, A. Frankemolle-Gilbert, J. Alberts, J. Volkmann 
and M. D. Fox (2022). "A brain network for deep brain stimulation induced cognitive decline in Parkinson's disease." Brain, 



Computational modelling 
in neuromodulation

Methods

Aim
?



Matlab Toolbox ARENA

https://github.com/JonasRoothans/ArenaToolbox



DBS programming of > 12.000 options





Future type of DBS programming

Cohort (> 1000) Individual (< 20) programming / adapting (< 5) 



Oscillatory activity and closed-loop DBS 



• Time resolution

• Overground walking

• Recording at the site of 
stimulation

• Chronic recording (at home)

Microelectrode recordings
Single-unit activity

Chronically implanted electrodes
Local field potentials

Wong et al.  Neural engineering 2009 

Nguyen et  al. Front Hum Neurosci 2020

Why electrophysiology?



• Input signal (biomarkers)

• They must remain pathological over time (Brain-computer interface)!

• Example: exaggerated β frequency band oscillations

Fast Fourier Transformation Power spectrum density

Lofredi et al. NPJ Parkinsons Dis 2023

What are we looking for?



Tuning DBS on LFP Signals 

Feldmann et al. npj Parkinson’s Disease (2022)8:44 ;



Closed-loop / Adaptive DBS

Cagnan et al. NaTurE BIoTECHNology | VOL 37 | SEPTEMBER 2019 | 1024–1033 



ADAPT-PD trial (same Electrode)



Phase-specific deep brain 
stimulation

Cagnan et al. Brain 2017



• More information 
about movement 
states

Louie et al. Eneuro 2022

Two electrode recordings (STN + M1) 
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Junior Research Group Reich
visualdbslab.com

@MartinMReich1


	Slide 1
	Slide 2: Invasive Deep Brain Stimulation
	Slide 3: Overview 
	Slide 4: Parkinson's surgery
	Slide 5: General principle of stereotactic brain surgeries
	Slide 6: Deep Brain Stimulation of Thalamus
	Slide 7: New basal ganglia model  
	Slide 8
	Slide 9: Indications of DBS 
	Slide 10: Parkinsons Disease 
	Slide 11: Effect of DBS 
	Slide 12: Negative feedback model of the basal ganglia. (Alexander and DeLong)
	Slide 13: Class I Evidence in Advanced Parkinson’s Disease 
	Slide 14: thalamic DBS in Essential Tremor
	Slide 15: GPi DBS in Dystonia 
	Slide 16: Procedure of invasive DBS 
	Slide 17: Implantation der Elektroden 
	Slide 18: Planing of the Implantation 
	Slide 19
	Slide 20: Intraoperative Neurophysiology
	Slide 21: Firing patterns along STN-trajectory (PD)
	Slide 22: Testing of the electrodes
	Slide 23: Tuning the therapy 
	Slide 24: Tuning the therapy 
	Slide 25: Monopolar review
	Slide 26: Using clinical response as a benchmark for DBS
	Slide 27: Directional Platform
	Slide 28: Programming time? 
	Slide 29: Programming workflow
	Slide 30: Programming workflow
	Slide 31: Programming workflow
	Slide 32: Programming workflow
	Slide 33: Programming workflow
	Slide 34: Programming workflow
	Slide 35: Programming workflow
	Slide 36: Programming workflow
	Slide 37: Programming workflow
	Slide 38: Programming workflow
	Slide 39: Programming workflow
	Slide 40: Programming workflow
	Slide 41: Programming workflow
	Slide 42: Programming workflow
	Slide 43: Pulse width
	Slide 44: therapeutic window outcomes by altering pulse width
	Slide 45: therapeutic window outcomes by altering pulse width
	Slide 46
	Slide 47: Delayed-onset adverse effect of thalamic DBS
	Slide 48: Re-programming to 30 µs
	Slide 49: therapeutic window outcomes by altering pulse width
	Slide 50: ... searching in the dark
	Slide 51: Ideas? 
	Slide 52: DBS programming of > 12.000 options
	Slide 53: Computational modelling for DBS programming with imaging
	Slide 54: imaging methods
	Slide 55: Computational modelling for DBS programming with imaging
	Slide 56: Sweetspot(s) of STN DBS in PD
	Slide 57: Sweetspot(s) of STN DBS in PD
	Slide 58: Programming patients on Sweetspot
	Slide 59: Taking the whole statistical map
	Slide 60: Probabilistic mapping and VTAs
	Slide 61: Individual predictions on local maps
	Slide 62: In silico testing of all possible monopolar electrode choices with a predefined VTA (3.0 mA; 90 µs) 
	Slide 63: Conformation study with a independent cohort of isolated and combined dystonia (Soares et al. 2021) 
	Slide 64
	Slide 65
	Slide 66
	Slide 67: Akute Wirkung/Nebenwirkungen
	Slide 68: 2-weeks Outcome Dystonia
	Slide 69: 1991
	Slide 70: today
	Slide 71: Stimulation or neuromodulation ?
	Slide 72
	Slide 73
	Slide 74: Network modelling with normative connectomes
	Slide 75
	Slide 76
	Slide 77
	Slide 78
	Slide 79: Neuronal network of parkinsonism improvement
	Slide 80: Neuronal network of side effects ? - Small cohorts -
	Slide 81: Neuronal networks in small cohorts
	Slide 82: Neuronal network of cognitive (decline) 
	Slide 83: Network non-similarity 
	Slide 84: Neuronal network of cognitive (decline) 
	Slide 85: NBM-Connectivity to memory circuit
	Slide 86: Metabolic brain changes under chronic combined NBM and STN-DBS 
	Slide 87: Low and high Frequency Stimulation in PET
	Slide 88
	Slide 89:  130 Hz (STN) vs. 20 Hz (NBM)
	Slide 90: To network and back to local
	Slide 91: Local heatmap validation
	Slide 92: Translational approach to patient care
	Slide 93: Computational modelling  in neuromodulation 
	Slide 94: Matlab Toolbox ARENA
	Slide 95: DBS programming of > 12.000 options
	Slide 96
	Slide 97: Future type of DBS programming
	Slide 98: Oscillatory activity and closed-loop DBS 
	Slide 99
	Slide 100
	Slide 101: Tuning DBS on LFP Signals 
	Slide 102: Closed-loop / Adaptive DBS
	Slide 103: ADAPT-PD trial (same Electrode)
	Slide 104: Phase-specific deep brain stimulation
	Slide 105
	Slide 106: Overview 
	Slide 107

