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Overview

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




UN Parkinson's surgery
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802 E. Gasper: Paralysis agitans. Wiirzburg
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pie, wie sie i in FRIEDLAENDER einen warmen Fiir-
sprecher gefunden hat. Man kann mit der Ubungstherapie, besonders wenn sie
rechtzeitig begonnen wird, entschieden viel erreichen. Allerdings muB sie, so-
wohl von seiten des Arztes, wie des Kranken mit Geduld und Ausdauer durch-
gefiihrt werden. Dabei ist darauf zu achten, daB die Ubungen zu keiner Uber-
miidung des Kranken fithren und sollen daher nie Jinger als 5—10 Minuten
fithrt werden, konnen dafiir aber mehrmals am Tage wieder-

holt werden.
Sehr mit Recht weist K. MENDEL darauf hin, daB es bei der Machtlc

HANDBUCH DER unserer Therapie Hauptaufgabe des behandelnden Arztes ist,
S X den Patienten einzuwirken und ihm immer wieder den Trost und die Zuy
NEUROLOGI zu bringen, deren der Kranke bedarf, um ein so langwieriges opfervolles

zu ertragen. Meist hiingen die Kranken mit vertrauensvoller Anhiinglich
ihren iirztlichen Freunden und lassen ihre Hoffnung immer wieder mit
o 0. FORRSTER neuen therapeutischen Versuch beleben.
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General principle of stereotactic brain surgeries

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

e P, Lasion Stimulation




Deep Brain Stimulation of Thalamus
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Y=16382-221.23 X + 11277 X2- 2547 X3 + 215 X4

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




New basal ganglia model
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Primate models of movement disorders of basal ganglia origin

Mahlon R. DeLong

| ganglia Within the circuit are two projection systems that  Mahlon R Detongis
S PMC Mc aliftes that arise from separate subpopulations of putamen af the Depariment of
ich Parkin- neurons and terminate within GPi and SNr (for Neurology, The Johns
one extreme  reviews, see Refs 1,2,5). The ‘direct’ pathway arises Hopkins University
by Hunting- from putamen neurons that contain both GABA and S’M”"TM’W"‘
other. Both substance P and project directly to the motor portions vw’g :fog,
o can be of GPi and SNr. The ‘indirect’ pathway, on the other Baltimore, MD
25 apithin_hand_aricac fram nntamen neurons that contain both 37505 UISJL
whose influences are )
\glia output nuclei only
e of connections involv-

equential connections, it

‘indirect’ ‘direct’
pathway pathway

v
Brainstem
Spinal cord

GPi/SNr

Delong, TINS, 1990
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uni Parkinsons Disease
WU

Early PD Moderate PD Advanced PD
Dyskinesia Dyskinesia o
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UN] Effect of DBS
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under Meds After STN-DBS

ON+Dysk ON+Dysk
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Negative feedback model of the basal ganglia.
(Alexander and Delong)
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WU Parkinson’s Disease

STN-DBS Off

uni Class | Evidence in Advanced

ORI CONTHE TR0

Bilateral Deep Brain Stimulation vs
Best Medical Therapy for Patients
With Advanced Parkinson Disease
A Randomized Controlled Trial

o M. Weavee, PRV
Rennech Fellors, WD, PHIY
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The HEW ENOGLAND JOURNAL of MEDICIHE

ORIGINAL ARTICLE

A Randomized Trial of Deep-Brain
Stimulation for Parkinson’s Disease

Gonther Deuschl, M.Dv, Ph.D., Carmen Schade-Brittinger,

Paul Krack, M.D, Ph.D., Jens Volkmann, M.D., Ph.D., Helmut Schafer, Ph.Dx,
Kai Batzel, M.D., Ph.D., Christine Daniels, M.D., Angela Deutschlznder, M.D.,

Ulrich Dillmann, M.D., Ph.D., Wilhelm Eisner, M.D., Ph.D.,
Doreen Gruber, M.D., Wolfgang Harmdl, M.D., Jan Herzog, M.D.,
Rodiger Hilker, M.D., Ph.D., Stephan Klebe, M.D, Manja Klo®, M.D.,
Jan Koy, M.D., Martin Krause, M.D., Andreas Kupsch, M.D., Ph.D.,
Delia Lorenz, M.D., Stefan Lorerzl, M.D, Ph.D.,

H. Maximilian Mehdam, M.D., Ph.D., Jean Richard Moringlane, M.D., Ph.D.,

STN-DBS on

Indication for patients with motor fluctuations, dyskinesias, severe tremor

Deep brain stimulation plus best medical therapy versus best
medical therapy alone for advanced Parkinson’s disease
(PD SURG trial): a randomised, open-label trial
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under Meds After DBS
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Firing patterns along STN-trajectory (PD)

Morel-atlas: 10.8 mm sag. to AC-PC Zona Incerta (- 4.3 mm)

dorsal : i '

posterior anterior white matter (- 3.7 mm)

N Mokt it O sl b

\ STN (- 3.5 mm)

R

STN (- 2 mm)
|
STN (-0.7 mm
anatomical = I 1
target & [~ —
- point \ SNr (- 0.3 mm)
N —/\J\

e Zona incerta: sparse firing, low background
e STN: irregular firing (30 Hz), high background

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



| Testing of the electrodes
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UN] Tuning the therapy
WU

* Active Contact
* Current (0.5-6.0 mA)
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U N I M O I l O p O I ar reVI eW Basic Algorithms for the Programming of Deep Brain
4 Stimulation in Parkinson’s Disease

Jens Volkmann, MD,'* Elena Moro, MD.,? and Rajesh Pahwa, MD?

'Department of Neurology, Christian-Albrechts-Universitit Kiel, Kiel, Germany
2Department of Neurology, Toronto Western Hospital, and University of Toronto, Toronto, Canada
“Parkinson Disease and Movement Disorder Center, University of Kansas, Kansas City, Kansas, USA

a) Threshold detection a) Clinical response assessment
Fixed amplitude (e.g. 1.5 mA)
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um Using clinical response as a
wu benchmark for DBS
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o7, "
visualDBSIlab
Wiirzburg

~~._ radio-dense
marker

post conventional ring stimulation




. Programming time?

AAILIL
Reprogramming sessions

Inpatient Outpatient

days appointments Hours

28 8 96

12 / 36

26 / 78

8 7 34.5

38 4 120

10 2 33

15 1 465 1.2,964

- A %0 combinations of
PW, F and mA

; , . 65 contact Millions of
combinations combinations

12 4 60

Nickl et al. 2019 Neurosurgery



Programming workflow

» Monopolar review
iIncluding ,vertical”
steering to find optimal
stimulation site in z-
AXIS

» highest efficacy

vertical
steering

Universitétsklinikum Wirzburg  Ul¢




Programming workflow

130 Hz

» Monopolar review
iIncluding ,vertical”
steering to find optimal

stimulation site In z-

AXIS
» highest efficacy

vertical
steering
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Programming workflow

130 Hz

:
v/

» Monopolar review
iIncluding ,vertical”
steering to find optimal
stimulation site in z-
AXIS

» highest efficacy

vertical
steering
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Programming workflow

130 Hz

i
v

» Monopolar review
iIncluding ,vertical”
steering to find optimal
stimulation site in z-
AXIS

» highest efficacy

vertical
steering
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Programming workflow

130 Hz

,,

!
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» Monopolar review
iIncluding ,vertical”
steering to find optimal
stimulation site in z-
AXIS

» highest efficacy

vertical
steering
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Programming workflow

130 Hz

,
U

» Monopolar review
iIncluding ,vertical”
steering to find optimal
stimulation site in z-
AXIS

» highest efficacy

vertical
steering
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Programming workflow

130 Hz
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» Monopolar review
iIncluding ,vertical”
steering to find optimal
stimulation site in z-
AXIS

» highest efficacy

vertical
steering
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Programming workflow

» Monopolar review

. . N 130 Hz
including ,,vertical

steering to find optimal
stimulation site in z- — 4
AXIS

» highest efficacy

,,
!
,L

vertical
steering
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Programming workflow

» Monopolar review of 3-
6 directions including
,<directional” steering to
find optimal direction

» highest efficacy

Directional vertical
(rotational) steering
steering
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Programming workflow

» Monopolar review of 3-
6 directions including
,<directional” steering to
find optimal direction

» highest efficacy

Directional vertical
(rotational) steering
steering
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Programming workflow

» Monopolar review of 3-
6 directions including
,<directional” steering to
find optimal direction

» highest efficacy

Directional vertical
(rotational) steering
steering
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Programming workflow

» Monopolar review of 3-
6 directions including
,<directional” steering to
find optimal direction

» highest efficacy

Directional vertical
(rotational) steering
steering
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Programming workflow

» Monopolar review of 3- ~ Y ﬂ e
6 directions including
,<directional” steering to —
find optimal direction
» highest efficacy by
Directional vertical
(rotational) steering

steering
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Programming workflow

» Check the therapeutic
window on the most
effective contact
combination

Efficacy/AE threshold
(mA)

Directional
(rotational)
steering

vertical
steering

Universitétsklinikum Wirzburg  Ul¢




Pulse width

Tuning therapy plan

B Strength-Duration Curve

—— 5.7 garm axons

1

Theeshold Amplitude (mA)

-C)

4 4 4

i
:

Annotations

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

doi:10.1093/brain/awt304 Brain 2014: 137; 109-121 | 109

Accepted Manuscript = BRAIN

BRAIN e

A JOURNAL OF NEUROLOGY

Less is more - Pulse width dependent therapeutic window in deep brain stimulation
for essential tremor

Physiological and anatomical decomposition

= = = = Alexia-Sabine Moldovan, Christian Johannes Hartmann, Carlos Trenado, Nicola
Of SUthaIamlc neurOStlmUIat|on effeCtS mn Meumertzheim, Philipp Jorg Slotty, Jan Vesper, Alfons Schnitzler, Stefan Jun Groiss
essential tremor
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therapeutic window outcomes by altering pulse width

ARTICLE CLASS OF EVIDENCE

Thalamic short pulse stimulation diminishes
adverse effects in essential tremor patients

Chi-un Choe, MD,* Ute Hidding, MD,* Miriam Schaper, MD, Alessandro Gulberti, PhD, Johannes Koppen, MD, Correspondence
Carsten Buhmann, MD, Christian Gerloff, MD, Christian K.E. Moll, MD, Wolfgang Hamel, MD, Dr. Choe C
and Monika Potter-Nerger, MD cchoe@uke.de [ dedee
Ncurology® 2018;91:e704-e713. doi:10.1212/WNL.0000000000006033 @
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Delayed-onset adverse effect of thalamic DBS

1-/25mA/90us/ 130 Hz
O-/2.7mA/90 us/ 130 Hz

Universitatsklinikum Wirzburg \U’!l(/



Delayed-onset adverse effect of thalamic DBS

After pausing and re-programming
1-/3.3mA/30us /130 Hz
9-/3.5mA/30us /130 Hz

Universitétsklinikum Wirzburg  Ul¢




Re-programming to 30 us

A JOURNAL OF NEUROLOGY

LETTERTOTHE EDITOR

Reply: Clinical approach to delayed-onset cerebellar impairment following deep
brain stimulation for tremor

Martin M. Reich,' Nicolé G. Pozzi,' Joachim Bl»'umberg,z Mattias i\sh‘(’im,"‘ Jens Volkmann'
and loannis U. Isaias’

SARA | , TRS
12 7 30 1
10 1 25 1
8 A 20 4
- R 1

I |

60us 30us (30 mun) I0us [>2 weeks) S0us 30wus (30 min) 30us (>2 weeks)

Figure | Severity scores of tremor (TRS) and ataxia (SARA scale, items | to 3, SARA, ;) with 60 us pulse duration, acutely (30 min) after
changing to 30 us pulse duration and after at least 2 weeks of stimulation with 30 us pulse duration.
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therapeutic window outcomes by altering pulse width

A
of Clinical and Translational Neurology BRIEF REPORT
Open Access
BRIEF COMMUNICATION . .
.y Pulse Duration Settings
H H H H .7 um axons . . . .
Sh;::l‘t‘ p:uls? width \n::l_denls ::_he therapeutic window « in Subthalamic Stimulation
su alamic neurostimulation - =
2 pm axons for Parkinson’s Disease
Martin M. Reich'?, Frank Steigerwald'®, Anna D. Sawalhe’, Rene Reese’, Kabilar Gun —~—
Johannes®, Robert Nickl?, Cordula Matthies®, Cameron C. Mcintyre? & Jens Volkmann' : .
"Department of Neurology, Julius-Maximilians-University, Wiirzburg, Germany Frank Steigerwald, MD, " Lars Timmermann, MD,
2Department of Biomedical Engineering, Case Western Reserve University, Cleveland, Ohio Andrea KUhn, MD,G Alfons Schnitzler, |\/|D,/|
“Department of Neurosurgery, Julius-Maximilans-University, Wiirzburg, Germany Martin M. Reich, MD,1 Anna Dalal Kirsch, |V|D,1
Michael Thomas Barbe, MD,”
Veerle Visser-Vandewalle, MD,” Julius Hibl, MD,*
A Christoph van Riesen, MD,® Stefan Jun Groiss, MD,*
o Alexia-Sabine Moldovan, MD," Sherry Lin, PhD,?
[ Stephen Carcieri, PhD,® Ljubomir Manola, PhD,® and
-©- rigidity control ' | Jens Volkmann, MD'*
-5~ contraction [
— 84
é 1081
-]
2 7 96
=
s
- A4d 84
g
o
3 g 727
© L I 1 1 1 3
Tmm'imm’ 2mm irm! =
Pulse Width (7) 60 Pulse Width
5 | B peal 4.63 — 30 s o l 30 s
% Q’l: > Q(_: Extracellular Voltage (V) T w60 uS % 48 60 pus
inv. pulse duration (1/us) I I D t f .I: b t I t d é 31-3
: ISTance o1 11pers 10 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 radlus Of Current Spread... Universitatsklinikum Wurzburg U((
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... searching in the dark

Tapping in the dark
,Inching” distances

Universitatsklinikum Wirzburg  Ul¢
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DBS programming of > 12.000 options

Universitétsklinikum Wirzburg  Ul¢



Computational modelling for DBS programming with imaging

C - A\
STN ‘\ J
oy ™
- R,

SN

1. Registration of atlas 2. Detection of lead 3. Rendering of VTA
0
' \ '
‘ﬁa

4. Scoring of therapy 5. Aggregation of data

Universitatsklinikum Wirzburg \U’!l(/



Imaging methods

STN-atlas*

Patient brain

*Not to scale




Computational modelling for DBS programming with imaging

1. Registration of atlas 2. Detection of lead 3. Rendering of VTA

0 5’4%
f ‘
v

4. Scoring of therapy 5. Aggregation of data 6. Statistical analysis




Sweetspot(s) of STN DBS in PD

p=0.009

n=9 n=21 n=12 n =69
449 settings 192 settings

Nickl et al. 2019 Dembek et al. 2019 Akram et al. 2017 Univerdisttigiham 022 burg Ul

U



Sweetspot(s) of STN DBS in PD

p =0.009

Clinical Improvement

il AT R2 =0.20

0% 20% 40% 60% BO % 100%
Percentage of Hotspot stimulated

Dembek et al. 2019, Ann Neurol
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Programming patients on Sweetspot

& trontiers el
in Neurology oi: 10.3389/fneur 2 :

.......

Reduced Programming Time and
Strong Symptom Control Even in
Chronic Course Through
Imaging-Based DBS Programming

Florian Lange ™, Frank Steigerwald’, Tobias Malzacher', Gregor Alexander Brandt',
Thorsten Michael Odorfer’, Jonas Roothans ', Martin M. Reich’, Patrick Fricke?, O _ .

Percentage of improvement 20 -4 o
relative to MedOFF/StimOFF ° ° .
80 -40 o ®
K | .
60 — S
60 T L 0. ..
0\40 '80 ] o
-100 -
20 | |
anatomical clinical
. Q Q Q
¢ K ¥
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Taking the whole statistical map

Universitétsklinikum Wirzburg  Ul¢



Probabilistic mapping and VTAS

100 - e g ® .
. -
2 - P
O r2=0.53 : - ";“.
+— 75 . o - .
wn C ™ * -
> 9 . : .‘. L
Qo = 50 . . .
x> -
(7o . = . - .
© ) -
v e ® ®
o ® ¢ :
»
™ - - .
-25 IR 25 50 75 100
Estimation for dystonic reduction
-25

Correlation between estimation and clinical measurements

Universitatsklinikum Wirzburg

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



Individual predictions on local maps

PREDICTION MODEL INDIVIDUAL VTAs CLINICAL OUTCOME
LEFT LEFT RIGHT PREDICTION  REALITY
100% D 100% r
50% 50%

T T
0% 0%

100% | 100% [ 98%
[' 91% @ °

50% 50%

0% I 0% I
100% j 100% D

0,
62% 4 75%
50% 50%

O%I O%I

GPe W GPi m VTA

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



In silico testing of all possible monopolar electrode
choices with a predefined VTA (3.0 mA; 90 us)

p<0.03 ns

A. 120 -

100 T —_
80 -
60 -
40 -
20 -

0- 1

Model based prediction Observed clinical
computer selected clinical programming outcome
electrode choice choice

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




Mumber of patients

Conformation study with a independent cohort of
Isolated and combined dystonia (Soares et al. 2021)

Isolated Dystonia

12

w

L=2)

E'.
0

B Combined Dystonia

Non-responders

Average

Good-responders Super-responders

Real outcome

Improvement from baseline (3 years follow-up)

100,00

80,004

60,007

40,007

20,009

00

|R? Linear = 0,230

T
=20,00

T
00

m:un 4EI:CICI ECII.IJI:I- an:qm mt;.nn
Predicted outcome
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Prediction modelling of individual DBS settings

Fix Amplitude ? No

Fix pulse duration? 120 ps (mean 117.5 us £ 44.2 ps; Brain 2019)
How to handle Frequency? Individual chosen once

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




Prediction modelling of individual DBS settings

doi:10.1093/brain/awz046 BRAIN 2019:0; 1-13 | 1

/A JOURNAL OF NEUROLOGY

mean 3,41294118 Probabilistic mapping of the antidystonic effect
std 1,10172412 of pallidal neurostimulation: a multicentre
imaging study

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

Clinician has +/- 0.5 mA selection freedom

So the range for CSUREF is:
1.5 (1.0 - 2.0) until 5.5 (5.0 - 6.0)




UNI Proof of Concept Study
WU —
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burg

b,: 0
0 ] [ 2
b]_: -1 w D
+2 e .
by +3 (4 contacts x 8 amplitudes ) 2sides

1024 combinations!
1024 predictions. 9 TOP 1and 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 intellicent DBS sramming results of a prospective feasibilitv studv “ Brain Stimulation



uni Akute Wirkung/Nebenwirkungen

°
WU
’ visualDBSlab
Wiirzburg
DBS programming according to CSURF
© (n = 10 patients, 20 electrodes)
£
(2]
©
o
) Does adapting Can the problem B o
Acute §|de effects the amplitude by be solved with I_ tDr%pout. n—ll
or insuffcient sg/mptom + 0.5mA solve no | thesecondbest [Tho | €€ fg e,ﬁcap:su ar
control the issue? stimulation side efrects
settings?
n=7 electrodes n = 2 electrodes
no (n= 10 electrodes)
(n=4 + 0.5mA//
30 min observation n=3-0.5mA)
period before discharge yes J
(n=10 patients, 19 | S
electrodes)
l Dropout: (n=1 patient: discomfort with the

settings)

2 weeks

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 s ing i ibili “ Brain Stimulation
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A Clinical improvement

p <0.012
% .
100 — D Bayesian t-test: motor scores
@ data | H+
’ BF.q = 12.2383 o Median: 0.984
_ BFg. = 0.0817 95% Cl: [0.192, 1.958]
80 ... ® ’ data | HO
° ' o
60 — e® 0.8 E “\ —— Posterior
2 06 -
2
40 — o 8 o04-
@) 0.2 -
20 —
O -
I I I T I 1
2 1 0 1 2 3
0o - Effect size &
[ |
Clinical C-SURF

programming
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Long-term suppression of tremor
by chronic stimulation of the ventral intermediate
thalamic nucleus

ALIM L. BENABID PIERRE POLLAK CLAIRE (GERVASON
DOMINIQUE HOFFMANN DONG M. GAO MARC HOMMEL
JEAN E. PERRET JACQUES DE ROUGEMONT

The mechanism of aﬂ%ﬁaﬁc&l Vim stimulation is
not known, but it cou e to the alteration of a
transcortical reflex loop passing through Vim, in the same
~ manner as a thalamotomy. Instead of the removal by
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Stimulation or neuromodulation ?

RS P
REVIEWS NEUROLOGY

Review Article Published: 28 July 2017

Insights into the mechanisms of deep
brain stimulation

Keyoumars Ashkan , Priya Rogers, Hagai Bergman & Ismail Ughratdar

Nature Reviews Neurology 13, 548-554 (2017)  Download Citation *

'deep brain stimulation' warrants modification. A potentially more
accurate term is 'deep brain neuromodulation) as the mode of action

spans an array of therapeutic effects over a variable period of time, and

is not just limited to 'stimulation' of the basal ganglia brain centres.
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Oscillatory activity and closed-loop DBS



lJvN[,} Why electrophysiology? &
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Nguyen et al. Front Hum Neurosci 2020
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 |nput signal (biomarkers)
« They must remain pathological over time (Brain-computer interface)!
« Example: exaggerated B frequency band oscillations
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Open-loop stimulation Closed-loop stimulation
Sensing and stimulating via the same electrode

c d

Closed-loop stimulation Closed-loop stimulation
Sensing using cortical electrodes Sensing using peripheral sensors
and stimulating via the depth electrodes and stimulating via the depth electrodes

S

Cagnan et al. NaTurE BloTECHNology | VOL 37 | SEPTEMBER 2019 | 1024-1033
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WU stimulation

Figure | Phase-specific stimulation. The neurostimulator is

Cagnan et al. Brain 2017
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General aspects:
Indications
Procedure
Programming
Contact / Amplitude
Pulse width

Computational and Imagaing methodes:
Sweetspots
Probabilistic mapping
Connectomics

Oscillatory activity and closed-loop DBS:
LFPs
adaptive Concepts
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