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Abstract

Deep brain stimulatiofDBS) therapyis aprogrammableneurosurgical intervention that

can significantly improve quality of life forindividuals with medicaton-refractory
movement disordeysuch agssential Tremoranda r ki n s o nHoweveD clisieala s e
outcomeswith DBS therapystill vary across patient@nd the clinical time and effort
necessarytprogramt he sti mul ati on settings to each p
challenges in the clinioVith the advent otlirectional lead technologgndindependent
multi-channelcurrentcontrolled stimulationthe scope opossibleDBS configurationss

now substantially larger thaim waseven five years ago. This hgieatlyincreasedhe time

to determine the most effectivelectrode configuration, and in reality much of the
stimulation parameter space is left unexplatedng aclinical visit. This thesisaddressed

the gap between thedirectional lead technology andits clinical implementation by
developingthree promising techniquesto program directional DBS leadsystemsThe

first programming techniqumvolved developing subjeespecificcomputationamodels

of DBS based on individual MRI/CT scans. Comparing model predictions to clinical
outcomedgrom patients with Essential Trem@vealed that laterahd medial parcellations

of themotorthalamic afferents of the cerebellothalamic tract were diffedynassociated

with stimulationinduced therap and side effects respectively Second,sensotbased
evaluation of DBS in Essential Tremor patients revealeddinattional contacts were
superior to ringmode contacts in providing optimized tremor refthn with reduced
dysarthria.Thethird programming technique involdeisingneurophysiological feedback

to guidethe selection of whicklectrode(sjo use duringDBS | n Par ki fosonds
example, stimulation through electrodes wiitigher restirg-state betaband oscillatory
powerin thesubthalamic nucleugenerally resulin better clinical outcome&Jsing a non
human primate model, we tracked hbetaband power changed spatially and temporally
between intraoperative and chronic time posrslshowed that the strongest variability
occurred within the first two weeks after lead implantation. This sugddsiat
neurofeedbackased programming may be most consistent after the immune tissue
response settles Together, these resultsshonwed how modd- and sensoibased
programming techniquesanlimit the parameter space for programming directional DBS

enabling more efficient and effective clinical outcomes in the future.
v



Table of Contents

ACKNOWIEAGEMENLS.... .ot semmennsnnnans i
=70 [Tor=1 (o o DR PO TP iii
0] 1 = ox AT PPPOPP IV
IS A ) =] =TS PP PPPUPPPRR IX
LISE OF FIQUIES. ...ttt e e e e et e eeeee s s e e e e e e e e e e e e eeeeeeetennnneeeeeeeeeesnnees X
(IS 0 Y o] o] £V = U o 1SS Xil
Chapter 1: INtrOAUCTION. .......ceiiiiiiiiieeee e eeaes 1
1.1 Brief History of DBS Therapy......cccoouiiiiiiiiiiieeee s e 1
1.2 Current DBS Systemsnd Implantation Procedures............c.eevvvviiiieecvnnnnee. 2
1.3 Clinical Indications for DBS TRerapy..........ccuueuiiiiiiiiiieemeiieeeieeeeeee e 6
1.4 Physiological Mechanisms of DBS Therapy.........cccceeeiiiiiiiicecciiiieceeeeeees 7
1.4.1 Volume conductor theory with DBS electrodes...........cccccceeeiiiimeennnes 7
1.4.2 Membrane potential changes induced by DBS...............ccccvviieeeinnnes 10
1.4.3 Disruption of pathological oscillations...................oiiceeiiiieeeiiiiiinnns 11

1.5 Spatial Targeting for DBS TNEIAPY......uuuuuiiriiiiiiiiiiiieeeiieeeeeeee e 11
1.5.1 DBS lead implants: unilateral vs. bilateral..................cccccoveeree s 12
1.5.2 DBSlead deSign......ccccociiiiiiiiiiiiiiieeeiii e eeerree e 12
1.5.3 Directing the electric field.............oiiiiiiiiii e 15
1.5.4 Targeting algorithms that leverage computational models of.DBS....17

1.6 Pathway targeting with DBS across movement disorders....................... 21
1.6.1 DBS for Essential Tremor (ET)......ccoooiiiiiiiiiiiieeen e 21

162 DBS for Par ki ns.o.n.a.s..Di.s.eas.e..(.P22D) .

1.7  ThesSiS ODJECHVES. .....cuuii it errer e eaaaans 23

Chapter 2: Clinical effects of modulating pathways within and around

cerebellothalamic tract in patients with Essential Tremar...........cccoooeeeveeeeeceennnn. 26

\Y

the



2.1 Chapter SUMMALY........ccvveeeiieiiiiiiimmmr e et e e s emre s e e e e e eaeeaes 26

V2 | 1 10 To [T« o] o WA PP PP PP PP PP PP 27
2.3 Materials and MethOdS.........coooiiiiiiiiieeee e 28
2.3.1 Subject demographics and imaging............cccuueeeeerieemrinmreemeeieeeeeeeeens 28
2.3.2 Computational Modeling Pipeling..........ciiiiiiiiimans 30
2.3.3  Finite Element Models (FEMS)...........uuuuiiiiiiiiis e 30
2.3.4 Pathway Tractographgnd Axon Population...........ccceeeveeeeeeeiieeecccnnnn. 31
2.3.5  Data ANAIYSIS......uuuiiiiiiiiiiiiiiii it 33
2.4 RESUILS. ...t 34
2.4.1 Pathway Activation and Clinically Programmed Settings.................. 36
2.4.2 Pathway Activation at Side Effect Thresholds................ccccoiiicnnnnnns 38
2.5 DISCUSSION....cciiiiiiiieeiitiii ettt a e e e e e e e eensana e e e e e e e e eeeeeeeeeennnseeeeas 42

2.5.1 Therapeutic VIM DBS associated with lateral cerebellothalamic tract

= oAV (o] o PR PPPPP 43
2.5.2 Paresthesia associated with activation of Medial Lemniscus and posterior
VIMI CTT fIDEIS. .. aeenree s 44
2.5.3 Dysarthria associated with activation of the VIMi CTT fibers............ 44
2.5.4  Study LIMItationS..........covvviiiiiiiiiie i sremrnnnen e 4D
2.6 CONCIUSIONS.....uuiiiiiiiiiiiiieiie it ceett ettt e e e e e e e e e e e e st e e e e e e e e e e e e e e e s e s s nnneeeas 45

Chapter 3: Quantitative evaluation methods of deep brain stimulation therapy and side

effects in essential tremor PatiENIS...........oooi i 46
31 Chapter SUMMIALY . ..cciiiiiiiiiiitttetieeee bbb e e e eeesse e e e e e eeeeeeaaeeeeeeesd 46

G 32 | 11 0T ¥ Tox 1 o] o PSRRI 47

G T T |V =1 o To £ U USPSPRP o
3.3.1 Capturing kinetic tremor severity: Archimedes spiral analysis.......... 49
3.3.2 Capturing dysarthria severity: Voicing and Voice onset time............ 50
3.3.3  Statistical ANAlYSIS........cooiiiiiiiiii e 51

B4 RESUIS....cc et ennnr s 52
o R I (=10 0 [0 STV Lo 1 PP 52

Vi



3.4.2  Stimulationrinduced dysarthria SeVerity............cccoevveviiiiimemn s 53
3.4.3 Combined profile.........cccuiiiiiiiiii e 55
3.5 DISCUSSION. . .uiiiiiiiiiiiiiiiie ettt ettt e e e rmmmr e e e e e e e e nes s 57

3.5.1 Quantitative assessments provide precise and granular outcome mgasures

3.5.2 Directional electrodes provide optimal therapy.............ccccevvvvvieeennnnn. 59
3.5.3  Study lIMiItatiONS........uuiiiiiiie e ceeer e 60
G I I o [od [ 1] o] o =PSRRI 61

Chapter 4: Longitudinal analysis of local field potentials recorded from directional deep

brain stimulation lead implants in the subthalamic nucleus...................cccceennn 62
o R O g F= 1o 1 (=T U 0 =T o PP 62
A | 01 1o o (U Tod 1 o] o PP PPPRT 63
4.3 Materials and Methods............ueeiviiiiiiiiiceeiiiiiieeee e 65

4.3.1  Preclinical ANIMalS........coooiiiiiiiieiiieeeee e 65
4.3.2 Imaging and Surgical Procedures...............ccccuvrrrimmmnnniiiiiiiiiiineeeeeeen 65
4.3.3 Microelectrode Mapping and DBS Lead Implant...............oooviiieee. 66
4.3.4 Local Field Potential Recording and AnalysiS...........cccoeeeeeeivieeeeennnn 67
4.3.5 Electrochemical Impedance Spectroscopy and Analysis.................. 69
4.3.6 Statistical ANAlYSIS........ccooiiiiiiiiiiemr e 70
O = 1S | £ 70

4.4.1 General LFP beta peak power trends following SIBES lead implant. 70
4.4.2 Beta peak power spatial distribution following STBS lead implant..73

4.4.3 Tissue impedance following STRBS lead implant..........................c. 75
4.4.4  Longer term beta peak power dynamicCs...............uveeeeevieemiivrivnnneneeene. 76
4.45 Referencing scheme relationships............cccocviviimmnniiiiiiiieeee 78
4.5 DISCUSSION.....uuiiiiiiiiiiiiiiiii ittt eeeer ettt ettt e e e e e e e e e s s s e e e e e e e e e e e e nn e 79

45.1 Average beta peak power varies during the initial two weeks following
109 o] F= g1 £= 4[] o HU PP PP PPO PP PPPPPP 80

4.5.2 Variance of beta peak power is largest during the initial two weeks following
implant 81

4.5.3 Spatial arrangement of beta peak power changesmp#nt................ 81

vii



4.5.4 Tissue impedance does not directly affect LFP signals.................... 82

4.5.5 Implications for clinical and preclinical reseatch...................coooiceee. 83
4.5.6  LIMITALIONS.....ccciiiiiiiiiiiiiiiie e ceereiiis s e e e e e e e e e e e enneas s s e e e e e e e e aaeeeeeeennnnens 84

4.6 CONCIUSIONS.. ..ot e e e e e e e e e e e e amen s 85
(O gF=T o] (=] gt o W @] o4 115 [ 3P 87
5.1  Summay of FINAINGS.....uiiiiiiiiiiieiee e 87
5.2 Future clinical IMpliCAtiONS...............uuvuiiiiiiiireeeee e e 388
5.2.1 Implementation of modeling and quantitative measures................... 89
5.2.2  Chronic programming with betaand power..............ccccvviiiiirieeniiinnnns! 92
5.2.3 Complementing programming Strate€gies.........ccceeevveeeeeeeeeeiiiiiiieeeeennn. 93

] (=] €= o =R 95

Appendix (Al): Spatial map of beta band activity correlates with therapeutic efficacy of

monopolar stimulation through a directional SDBS lead................coovvvviivieeeee.... 119
ALL  ApPendiX SUMMAIY........ccooiiiiiiiieiiiiiemme e ee e emre e as 119
AL.2 INETOAUCTION. .....eiiiieiiiiiie et scee ettt eemr e e e e e e eeenees 119
Al1.3 Materials and MethOdS...........uuviiiiiiiiiieei e 120
AL RESUILS.....eoiiiiiiiiiiie e e e eeer e e 120
ALD  DISCUSSIOM . ...ciiiiiiiiiiiiiiittt e e e b ettt e eees bbb s et e e e e e e e e e e e e e e s emmeeees 121
AL.B CONCIUSIONS....coiiiiiiiiieee e eneees 122

viii



List of Tables

Table 1.1:Clinical Indications for DBS..........ccoooiiiiiiiiii e 6
Table 2.1:Subject demographics and final DBS Settings.............uviiiiiiieeceeennnnnns 29
Table 5.1:Programming tools for DBS in movement disorders...............oooeveeeee. 93



List of Figures

Figure 1.1: lllustrated historical examples of chronically implanted DBS lead designs and
SHMUIATIONSEIIINGS....eeeeeeeeeeee e e ererr e e e e e e e e e e e e e e e e eaeaannneeeeeees 2
Figure 1.2: Standard components of a DBS SyStem..........cccccoeiiiiiiiccs 3

Figure 1.3: Surgical protocol for the DBS lead and IPG implantation process........ 4

Figure 1.4:DBS lead design pParameterS.......cccoieeiieeeeeeiiiieeeieeee e ee e e eeeeevevenne e 13
Figure 1.5: Orientationselective stimulation.................cccooimmn e 16
Figure 1.6: Multi-objective particle swarm optimization................cccccvvimmerriinennnes 20
Figure 1.7: Three programming tOOIS.............uuuuuuiiiiiiceeeee e ereeree 24
Figure 2.1: Computational modeling pipeling............cccceeiiiiiii i cceercccee e 30

Figure 2.2: Directional DBS lead implant examples targeting VIM and the RSA...35
Figure 2.3: Directional DBS lead location for all SUbjects...........ccccooeviviiiicceeeeenn. 36

Figure 2.4: Subjectspecific pathway activation for clinically programmed DBS settings.

Figure 2.5: Pathway activation for clinically programmed therapeutic settings......38

Figure 2.6: Pathway activation at paresthesia thresholds...............ccceevieeeiiiinnnee. 39
Figure 2.7: Pathway activation at thresholds for stimulatioduceddysarthria.......... 41
Figure 2.8: Pathway activation..................ooevviiiieemee e A2
Figure 3.1:Spiral analysis Method..........cooviiiiiiie e 50
Figure 3.2: Speech analysis methQds..............ooooeemn e 51

Figure 3.3: TETRAS ratings compared to calculated Spiral Tremor Severity....... 52
Figure 3.4: Granularity of TETRAS ratings compared to objective calculated Spiral
TIEIMOI SEVEIILY....cetiiiiieiie ettt e e et b e e e e e e 53
Figure 3.5:BARS dysarthria ratings compared to quantitative speech measures54
Figure 3.6: Granularity of BARS dysarthria ratings compared to quantitative speech
I ASUIES..... .t eeeeettte e e e ettt et e e e e e et et e e e et e et mmme e et e e e e e e et b e e e e e e tmnmeeeetnn e e e e eennnnnan 55

Figure 3.7: Spiral Tremor Severity (STS) and dysarthria severity across electrades.

Figure 4.1: Directional DBS lead implants and experimental timeline.................. 67
Figure 4.2: LFP betaband activity across three referencing approaches.............. 68
Figure 4.3: Electrochenical impedance spectroscopy measurements................... 70

X



Figure 4.4. Changes in local field potential spectral characteristics using a common
average referencing SCheME...........oooviiiiiiiie e 71

Figure 4.5: Changes in local field potential spectral characteristics using an IRBR scheme

Figure 4.6: Spatiotemporal dynamics of local field potential characteristics using7f@AR

Figure 4.7: Spatiotemporal dynamics of local field potential characteristics using IRBR

............................................................................................................................... 74
Figure 4.8:Z-score trends for individual electrodes over days.............ccoeeevviiceee. 75
Figure 4.9: Dynamics of tissue impedance following DBS lead implantation........76
Figure 4.10:Longer term betdand (1230 Hz) peak power trends.......................... 7
Figure 4.11:Long term IRBR betdand (1230 Hz) peak power trends................... 78

Figure 4.12:Comparison between CAR and bipolar referencing approaches......79
Figure 5.1: Techniques for the personalized programming of DBS therapy.......... 89
Figure A1.0.1: A directionaldeep brain stimulation lead..................cccoovieeeeennnne. 120
Figure A1.0.2: A spatial map of low bethand peak power.............ccccccviviiieeennnn. 121

Figure A1.0.3:Comparisons of low beta peak power with parkinsonian symptaitial

Xi



List of Abbreviations

A Anterior

AC Anterior CommissuréChp. 2)or Alternating Curren(Chp. 4)
BARS Brief Ataxia Ratings Scale

CAR Common average reference

CSF Cerebrospinal fluid

CT Computerized tomography

CTT Cerebellothalamic tract

DBS Deep brain stimulation

DCN Deep cerebellar nuclei

EIS Electrochemical impedance spectroscopy
ET Essential tremor

FDA Food and Drug Administration

FEM Finite Element Model

FSL FMRI B6s Software Library
FTM FahnrTolosa Marin

GPi Internal Globugallidus

HDP Hyperdirect pathway

IACUC Institutional Animal Care and Use Committee
IC Internal capsule

IPG Implantable pulse generator

ILS Interleaved Stimulation

IRBR Intrarow bipolar reérence

L Lateral

Xii



LF

LFP

MC
ML
MSS
MR
MRI
MSD
OSS

NHP

PC
PSA
PD
PET
pMC
PSO
Ret
SA
SCP
SSC
STN

STS

Lenticular Fasciculus

Local field potential

Medial

Motor Cortex

Medial lemniscus

Multiple Stimulation Sets
Magnetic resonance
Magnetic resonance imaging

Mean Squared Deviation

OrientationSelective Stimulation

Non-human primate

Posterior

Posterior commissure
Posterior subthalamic area
Parkinsonds di
Positron Emission Tomography
Premotor Cortex

Particle swarm optimization
Reticular nucleus

Surface area

Superior cerebellar peduncle
Somatosensory cortex
Subthalamic nucleus

Spiral Tremor Severity

Xiii

sease



TETRAS The Essential Tremor Rating Assessment Scale

TF Thalamic fasciculus

VC Ventral caudal nucleus of thalamus

VIM Ventral intermediate nuclewd thalamus
VIMi Internalaspect of the VIM

VIMe External aspect of the VIM

VOA/P Ventral oral ant/posterior nucleus of @uaus
VOC Voicing

VOT Voice onset time

VTA Volume of tissue activated

ZI Zona incerta

Xiv



Chapter 1: Introduction

Publishedin part within

BrindaAK and JohnsoMD. @A Deep Br aiHandi®okioimul at i on.

Neuroengineering edited by Nitish V. Thakor, Springenpecteduly 29, 2022.

1.1 Brief History of DBS Therapy

For almost a century, physicians have treated brain disorders with intracranial electrical
stimulation. Early on, electrical stimulation was applied intraoperatively through acutely
implanted depth electrodes as a part of volumetric mapping procedumsntidyi the
precise brain regions to surgically ablate to ameliorate symptoms of several brain disorders.
These stimulatioibased mapping procedures proved to be critical in two respects. First,
one of the challenges with lesion therapies had been tghtlgloff-target lesions could

result in severe side effects, including the inability to speak and the loss of motor control
in the lower and upper extremities. Electrical stimulation was found to transiently and
reversibly evoke those same side effectsjst enabling physicians to identify the
stereotaxic coordinates to avoid when performing surgical ablation. Through the course of
these mapping studies, it also became apparent that electrical stimulation could be helpful
in identifying volumes that wherbkted would result in robust therapeutic outcomes. In
particular, low frequency stimulation (with pulse trains <50 Hz) in the optimal target could
exacerbate symptoms, whereas high frequency stimulation (with pulse trains >50 Hz) could

alleviate symptoméHassler et al., 1960)

This discovery prompted several neurosurgeons to pioneer the chronic implantation of one
or moredepth electrodes into the same brain regions targeted for surgical ablation therapies
(Mark et al., 196Q)The advantage of this approach over surgical ablation therapies was
that deep brain stimulation (DBS) was reversible (i.e. the stimulator could be turned off)
and adaptable (i.e. the stimulator settings could be adjusted to optimize the therapy for a
given patient). In these early studies, the electrode wire implantexteraalized through

a percutaneous connector that mated with an electronic box for delivering voltage or
currentcontrolled stimulation with pulse trains at frequencies at or above 50 Hz. lllustrated

1
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examples of the depth electrode implants in thesg sartlies are shown iRigure 1.1,
including implants targeting the globus pallidus and motor thalamus for the treatment of
movement disorder@Bechtereva et al., 1972he perdamygdala space for the treatment

of neuropsyclhatric disorders(King, 1961) and the somatosensory thalamus for the

treatment of neurogenic pain disord@f®sobuchi et al., 1973)

Ll Movement Bechiersva NPy et ), Von B I L King HE. Efectrical Stimuiation | © m Hosobuchi Y, et al. Arch Neurol,
Disorders [y Aty Disorders of the Brain, 1961; pp. 477-486. 1973; 29(3):158-161
/ )t
z

DBS leads

DBS leads 2mm 4

Frequency: 100-120 Hz
Frequency: 100 Hz Configuration: Bipolar \_‘\
Configuration: Multi-electrode Configuration: Bipolar Electrodes: Inferior

Voltage: 10 V Current: 1-13 mA Current: 1-1.5mA

Figure 1.1: Illustrated historical examples of chronically implanted DBS lead designs and stimulation
settings. (A) Stimulation of targets within the basal ganglia and motor thalamus of the same patient were
used to treat movement di s o (Bechterexg et al.n XO72§BY Highg Par ki |
frequency stimulation of the pesimygdalaregion could induce emotions of joy, whereas stimulation in the

amygdala cow induce emotions of fegKing, 1961)(C) A coiled lead of electrodes implanted into the
somatosensory theanus was used to treat severe neurogenic(pimisobuchi et al., 1973)

Thalamus
Frequency: 50 Hz

Pulse generators were then further developed into fully implantable systems containing
primary cell batteries and telemetry hardware for programming stimulation settings
including stimulation amplitude, frequency, pulse width, and electrode configuration. The
pioneering work of Dr. Alim Louis Benabid and colleagues in collaboration with
Medtronic brought DBS systems to mainstream use for treating movement disorders in the
1980s ad 1990s(Benabid et al., 1987a, 1991%ince then, several medical device
companies have successfully navigated the regulatory and reimbursement pathways to
bring a range of DBS systems to market for the treatment of movement disorders,

neuropsychiatric disorders, and epilepsy.

1.2 Current DBS Systems and Implantation Procedures

The current DBS system consists of an implantable pulse generator (IPG) connected, via
an extension cable, to a lead of electrodfegufe 1.2A). DBS leads are approximately 1.3

mm in diameter with four or more electrode contacts distributed along or around the lead

2



body and made of an alloy of platinum and iridium. The arrangement of electrodes as
shown inFigure 1.2B includes a vertical stack, which derives from the early studies by
Hosobuchi and colleagues who sought to design a lead that could accommodate off target
implantation depths (see indatFigure 1.2C). Electrodes on the distal end of the DBS
lead are connected to coiled or milar wires that are insulated and traverse through the
lead body to matevith the extension cable. The insulating polymer is typically made of
medical grade polyurethane with mechanical and biological resistance to fracture and
degradationin vivo. The IPG has bidirectional telemetry capabilities for remote
programming of stimulation settings and in some cases onboard recording from
accelerometers that are embedded in the IPG circuitry and from onboard recording of local
field potentials within thérain. The bidirectional telemetry uses RF ranges between 150
200 kHz to much higher ranges with Bluetooth protocols. In recent years, these protocols
have allowed for distargind even remotgrogrammingsuch thathere is no longer a need

for a telemetryvand to be physically over the implanted neurostimulator.

A
DBS Lead

Subthalamic
g Nucleus(STN)__%,

e

Biphasic, charge-balanced
stimuli

Implantable
Pulse Generator
(IPG)

Figure 1.2: Standard components of a DBS systdm) Components include IPG, extension cable tunneled
subcutaneously, and one or more leadsaxftebdes implanted into the brain through a cranial burr (B)e.
Shown is a sagittal view from a postoperative MRI with the susceptibility artifact highlighting the trajectory
of the DBS lead. The inset shows the coronal view of the DBS lead targediniprigolateral subthalamic
nucl eus (STN) for treating Parkinsonds di sease.

Individuals scheduled for DBS surgery will first undergo a-@perative magnetic
resonance imaging (MRI) scan followed by a computed tomography (CT) scan in which a
headframe witliducials is secured to the cranium with set screws under local anesthesia
(Figure 1.3). The preoperative imaging data sets are thenregistered to plan the
trajectory of the DBS lead implant and determine the precise coordinates and angles to set

3



on a stereotaxic arc that attaches to the headframe during surgery. This planning process is
critical to identify the angles in the coronal (med&tkral) and sagittal (anteriqosterior)

planes that ensure reaching the targeted brain region but also avoiding instances in which
the DBS lead passes through major vasculature (e.g. throughatedici) or passes
through regions known to result in poor postoperative outcomes (e.g. ventricle penetration
has been associated with postoperative confusion). In the operating room, the surgery is
often performed under mild general anesthesia duringpitie skin incision, cranial burr

hole, and formation of a dural flap to access the brain. After which, the patient is weaned
off of general anesthesia and microelectrode mapping is performed to identify the
functional territories of the DBS target.

Preoperative ® -
Imaging

(1) MRI and CT scans are performed with fiducial markers

(2) Imaging is used to plan the stereotactic trajectory of the DBS lead implant

Day 0 *
Surgery #1 - DBS Lead Implant:

(1) Skin incision and craniotomy are performed

(2) Microelectrode mapping may be conducted to locate target nucleus subregion
(3) DBS lead is implanted and guide tube is retracted

(4) Proximal lead cable is fixed to a cranial burr hole cap

(5) DBS is performed to ensure therapeutic effect and test for side effects

(6) Lead wires are coiled near burr hole and skin incision is closed

Day 0 or 30+ *
Surgery #2 - IPG Placement:

(1) Extension cable is tunneled under skin from chest to burr hole
(2) DBS lead wires are connected to extension cable through small skin incision

(3) Other end of extension wire is connected to IPG implanted in chest area
Day 30+ *
Programming:

(1) IPG is turned on

(2) DBS lead stimulation settings are programmed by clinician

Figure 1.3: Surgical protocol for the DBS lead and IPG implantation process.

This mapping process includes both electrophysiological mapping to identify cells whose
spike activity responds to behavioral npanations and microstimulation mapping to
identify regions that when stimulated evoke side effects. The microelectrodes are advanced
using a microdrive, which is attached to the stereotaxic frame. Rigid guide tubes are used
to ensure that the microeledatles advance straight to the target. These microelectrodes

range from single microwires to single shank arrays with multiple microelectrodes along a
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single shank to muliine systems. Depth electrodes used for epilepsy monitoring and
stimulation have beedesigned with both macroelectrodes and microelectrodes to enable
recording local field potentials as well as the possibility of recording +uniti spike
activity. These different geometries emphasize the need to record both along a track as well
as acros several spatially distinct tracks. The microelectrode track deemed to exhibit the
longest run of functionally relevant cells and with reasonably high stimulation thresholds

for inducing side effects is then used for the DBS lead implant.

The final stag consists of advancing the lead through the chosen guide tube under
fluoroscopy, retracting the guide tube with the lead held in place with an anchored stylet,
and fixing the lead to the cranium using a clamping fixture within the burr hole. In most
casesit is informative to test stimulation after the DBS lead reaches its target to determine
the extent of the therapeutic effect as well as the thresholds to induce side effects while the
patient is still in the operating room. The remaining proximal erideoDBS lead cable is

coiled in a subgaleal pocket for the second stage of the DBS implant surgery. While
microelectrode mapping is commonly used in DBS lead implant procedures for movement
disorders, the technique is rarely used for DBS targets cogsestiirely of axonal fiber
pathways. In these cases, targeting is based on the stereotaxic coordinate system generated
by the stereotaxic headframe-i@mistered to the preoperative MRI and CT scans. Recent
studies have also reported on the use of intradpe MRI and CT imaging to guide the
implantation of DBS leads, which has the benefit that the patient can be placed under
general anesthesia during the entire procedure.

Several weeks after the initial DBS lead implantation surgery, the second pties®BS

implant surgery is performed under general anesthesia. This phase involves tunneling an
extension cable under the skin from the infraclavicular area of the chest to the subgaleal
pocket adjacent to the burr hole. Through a small skin incisierDBS lead is connected

to this extension cable with the other end of the extension cable secured to the IPG. In some
cases, there may be two DBS leads implanted in a single procedure in which case multiple
cables are routed to one or more IPGs. Followving second phase of the DBS surgery, a

clinician will program the DBS system to identify the stimulation settings (e.g. electrode
5



configuration, stimulation amplitude, pulse width, frequency) that provide the best
therapeutic effect without causing sidéeets

1.3 Clinical Indications for DBS Therapy

DBS therapy is approved by the FDA for use in five brain conditions with many other
clinical indications under active investigation in preclinical animal models andstagg

human clinical trials. In 1999hé FDA approved DBS therapy targeting the ventral
intermediate nucleus (Vim) of the thalamus, which is the cerebrelt@iving area of motor
thalamus, for Essential Tremor (ET). DBS targeting the subthalamic nucleus (STN) and
internal globus pallidus (GPi f or Par ki nsondéds di sease (PD)
2002. The FDA gave humanitarian device exemptions in 2003 for DBS of the GPi to treat
dystonia and in 2009 for DBS of the anterior limb of the internal capsule to treat obsessive
compulsive disordefMost recently, the FDA approved DBS of the medial temporal lobe

in 2013 and the anterior nucleus of thalamus in 2019 for treating epilepsy. With these
successes, DBS is under investigation across many other brain disorders including stroke,

minimally corscious state, addiction, obesity, and demeiiible 1.1).

Table 1.1: Clinical Indications for DBS.Level of approval currently obtained for each clinical indication
target: Food and Drug Administration (FDA), European Conformity (CE Mark), Humanitarian Device
Exemption (HDE), and Investigational.

Regulatory Indication Primary DBS Target

CE,FDA Parkinson’s disease Subthalamic Nucleus {DeLong and Wichmann, 2015;
Herzog et al., 2003; Mao et al., 2019)
Internal Globus Pallidus (DeLong and Wichmann, 2015;
Mao et al., 2019)
Ventral Intermediate Nucleus of Thalamus (Benabid et al.,
1991; Ondo et al., 2001)

CE,FDA Essential Tremor Ventral Intermediate Nucleus of Thalamus (Benabid et al.,
1991, 1996; Ondo et al., 2001)

CE,FDA Epilepsy Medial Temporal Lobe {(Koch and Baltuch, 2015; Velasco
etal,, 2007)
Anterior Nucleus of Thalamus (Koch and Baltuch, 2015;
Lim et al., 2007)

CE, HDE Dystonia Internal Globus Pallidus (Coubes et al., 2000; Park et al.,
2016)
CE, HDE Obsessive Compulsive Disorder | Anterior Limb of Internal Capsule (Greenberg et al., 2006;

Malone et al.,, 2009)




CE Tourette Syndrome Anterior Limb of Internal Capsule (Flaherty et al., 2005;
Kuhn et al., 2008b)
Internal Globus Pallidus (Shahed et al., 2007; Zhang et al.,
2014)
Centromedian / Parafascicular Nucleus of Thalamus
(Maciunas et al., 2007; Porta et al., 2009; Servello et al.,

2008)

CE Alzheimer’s Disease Fornix (Leoutsakos et al., 2018; Mao et al., 2018)

Investigational Parkinson’s Disease Pedunculopontine Nucleus
(Jenkinson et al., 2004; Wilcox et al., 2011)
Investigational Tinnitus Caudate Nucleus
(Cheung et al,, 2019; Larson and Cheung, 2013)
Investigational Depression Subgenual Cingulate (Howell et al., 2019; Mayberg et al.,
2005)

Anterior Limb of the Internal Capsule (Wal et al., 2020;
Widge et al.,, 2019)

Investigational Obesity Lateral Hypothalamus (Whiting et al., 2019)
Investigational Addiction Nucleus Accumbens (Ge et al.,, 2019; Miiller et al., 2016)
Investigational Cluster Headache Posterior Hypothalamus (Nowacki et al., 2019)
Investigational Chronic Pain Ventral Posterior Medial/Lateral nuclei of Thalamus

(Abreu et al,, 2017; Yamgoue et al., 2016)

Investigational Minimally Conscious State Central Thalamus (Baker et al., 2016; Schiff, 2010)

1.4 Physiological Mechanisms of DBS Therapy

In order to optimize DBS therapy for existing targets and consider new targets, it is
important to have a solid understanding of the biophysical principles of how electrical
stimulation influences neural activity and how those changes in neural actaigfatie

into symptomrelieving therapies for patients. While there are several general concepts that
extend across most DBS clinical applications, it is important to acknowledge that the
physiological mechanisms of DBS can vary according to the clinichtadtion, the
targeted brain region, and the stimulation patterns used in the thEngpyeneral concepts

of the mechanisms of DBS will be explained below.

1.4.1 Volume conductor theory with DBS electrodes
Importantly, applying a voltage across one or momplanted electrodes generates both
nonfaradaic and faradaic currents. These currents are delivered by most DBS systems as

a biphasic stimulation waveform with the first phase consisting of a narrow put8® (60

€S most often) f ol | secorddry phase ok opposite gokanity théhtu r a t |
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balances the charge injected in the first phase. Such ebalg@ecing is a critical feature

of DBS waveforms to avoid the buildup of faradaic reaction products at the eletssnge
interface. Such redox reaatis can both degrade the electrode and cause a reactive tissue
response that can be damaging to the cellular microenvironment of the nearby neuropil.
DBS systems typically use a secondary stimulus waveform phase that is delivered as an
active recharge or passive recharge, with the latter case meaning that the electrode is

switched to an open circuit after the initial narrow pulse is delivered.

The stimulation waveform that passes into the neuropil is affected by the presence of a glia
and proteinaceouseapsulation layer surrounding the DBS lead. This encapsulation layer
consists of dense collections of microglia, ramified astrocytes, extracellular matrix, other
proteins that adsorb onto the electrode surface, and in some cases macrophages that enter
into the brain when the microvasculature is disrupted during implantation. Together, this
encapsulation layer adds resistive and capacitive impedances that can modify the waveform
shape of the applied stimulation. Voltagentrolled stimulators are particulaisensitive

to this filtering phenomenon since the delivered current depends on the sensed electrode
tissue impedancedempka et al., 2010)Currentcontrolled waveforms are much less
sensitive to the effects of the encapsulation layer impeddwson et al., 2006)and

currentcontrolled stimulators have become ttandard in recent years.

Interestingly, chronic stimulation for more than an hour can significantly attenuate the
encapsulation layer impedance, presumably by creating extracellular paths through the
tightly clumped glia that make up the encapsulatgyer(Lempka et al., 2009 linically,

this often manifests during the initprogramming visit for voltageontrolled stimulators

in which stimulation amplitudes are set at ~80% of the threshold to elicit a side effect. Over
the course of several hours of stimulation, the electtisdae interface impedances drop
leading to proaunced side effects appearing. In this case, the impedance drop results in a
larger current passing through the electrodsue interface thus having broader spatial
effects and activating more pathways than initially intended. The delayed side effect
phenomenon has not been widely reported for curcemttrolled stimulators.



According to volume conductor theory, the stimuiloduced tissue potentials fall off as a
function of distance from a monopolar electrode source and as a function of distance
square from bipolar electrode sources. Monopolar stimulation is defined in the field of
DBS as stimulating through one electrode within the brain with a return electrode set as
the metallic shell of the | PG, al siasesk n o wn
two electrodes within the brain with each set as the anode or cathode depending on the
time-point of the stimulation waveform cycle. Let us first consider the distribution of
extracellular tissue potentiabs ‘Q that result from monopolar and bipo current
controlled stimulation through an isotropic conductance medium using a point source

electrodeThese potentials are given by:

. R Q — 1.1)

. R Q — 1.2)
where'Ois the current amplitude, is the specific electrical conductivity, aflis the
distance between the current source and the location being evaluated. While these
equations are helpful to see conceptually how tissue poterdiladgffwith distance, DBS
leads contain macroelectrodes with surface areas on the order-a.Q.5nf and with
geometries that include cylindrical, hemispherical, or radially segmented cylindrical
shapes. When stimulating through such macroelectrduetissue potentials fall off more
gradualy with distance as shown iEquation 1.3) with an| experimentally calculated
between 0.78.88 forsomemonopolar configurationgviiocinovic & al., 2009)

. R —_— 1.3)

Though it has not yet been experimentally calculated| tivalue in this equation for

bipolar stimulation through a DBS lead is likely less than 2. The larger siZe8%f

electrodes also create smaller current densities in tissue that are adjacent to the active
electrode(s) and relatively larger current densities in the tissue farther away from the active

el ectrode(s). These have i mparttianmgtd iomp | g ecn
action potentials within neurons or axonal pathways adjacent to the DBS lead as described
below.



1.4.2 Membrane potential changes induced by DBS
Computational models have provided significant insight into the biophysical mechanisms
by which DBS modifies membrane polarization within neuronal processes that are adjacent
to an active electrode. We will start with a discussion of the effects of stiomulan
myelinated and unmyelinated axons and then consider the effects that DBS has on a
neurondés soma and dendritic processes. One
how extracellular stimulation can depolarize or hyperpolarize portions ofania the
principle of t hestimatoBEquatioa 14) (Ragtay,f1988)ct i on 6

Yafp h__* (1.4)

This function estimates the contribution of electrical stimulation on transmembrane current
that underlies membrane polarization and action potential formation. Felinated
axons, this function is defined as the second spatial difference of extracellular potentials
along axonal compartments in which the external potekfjatorresponds to the nth node
of Ranvier along an axon with node of Ranvier separatioangby w wThe activating
function calculation for unmyelinated axons requires taking the limit as the axonal
compartment sizey» wseduces to zerdsquation 1.5).

Yafd o Q¥ehd — (1.5)
Together, these activating functions for myelinated and unmyelinated axons emphasize
that the direct driving force on membrane polarization with electrical stimulation is the
second spatial difference or differential in extracellular potentials alongxtire &he
spatial profile of the activating function adjacent to a DBS lead depends on both the
electrode geometry and the orientation of the axon. In other words, if two orthogonal axons
cross at a single nodal point adjacent to an active electrode titheting function values
for each axon at that crossing point will most likely be different. As another example to
reinforce this point, an axonb6s membrane p
stimulation when the axon courses along an isopiatecontour within the tissue. In
contrast, when an axon courses orthogonal to the induced isopotential contours, DBS will
have a strong effect on the axonds membran
of the stimulusanduced electric field in Wich case axons that align with the electric field

direction will have much stronger changes in membrane polarization than axons projecting
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orthogonal to the electric field. Recent DBS studies have sought to leverage this principle
of electricfieldalignre nt t o creaeéedcoivedt ati onml ati on
selectively activate subsets of axonal pathways coursing near a DB3heksison et al.,

2019; Lehto et al., 2017; Slopsema et al., 20180 Xiaal., 2016a)

1.4.3 Disruption of pathological oscillations

In addition to modulation of neuronal spike activity, DBS can affect the spectral power of
local field potentials. Abnormal oscillatory activity is known to occur in several brain
disorders intuding epilepsy, PD, and EKuhn et al., 2008a; Neumann et al., 20I%)ese
osdllations are thought to stem from pathological synchronous activity across independent
information channels manifesting as abnormal spectral power across one or more
frequency bands. In epilepsy, for example, these oscillations are often charactetheed in
gamma band (3@00 Hz) and high frequency oscillation band. In PD and ET, the
pathological oscillations are in the beta band-302Hz) and theta band @& Hz),
respectively. Isochronal stimulation is known to suppress these oscillations at stimulation
amplitudes and frequencies that are clinically therapéaircet al., 2012; Kuhn et al.,
2008a; Sohal and Sun, 201Recent work has also shown that triggestignulation based

on the phase of local field potentials can further reduce the spectral power of these
abnormal oscillationgCagnan et al., 2017Chapter 4will discuss the use of betand

power for initial DBS lead programming in PD patients.

1.5 Spatial Targeting for DBS Therapy

Precise spatial targeting of DBS therapy is critical to activate the pathways necessary to
drive clinical improvement in symptoms and to avoid activating pathways that can evoke
side effects. Spatial precision can be thought of in two ways: the first issuegical
precision of implanting the DBS lead in a position and orientation that allows for one or
more electrodes to be in the target nucleus or fiber pathway; the second is the postoperative
programming precision in which a clinician fine tunes whitbcteodes to stimulate

through and which stimulus settings to use to achieve robust improvement in symptoms
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for a given patienfThe focus of this thesis is primarily pagperative programming which
we will discuss after first considering the effect of ®®ad implants and lead design.

1.5.1 DBS lead implants: unilateral vs. bilateral

When considering DBS surgery for a patient, it is important to determine if a patient should
have unilateral or bilateral DBS lead implants. In most settings, bilateral impdastate

used given that the clinical effects of DBS manifest primarily contralateral to the DBS lead.
In ET, for example, DBS therapy targeting the Vim nucleus of thalamus produces almost
an entirely contralateral effect on tremor. Thus, if a patientbilateral tremor or has
substantial midline tremor, bilateral DBS lead implants are necessary to adequately control
t he pati ent 6s(Mitchekehal.r 2018;yNagzdrooeina.QP3; Ondo et al.,
2001; Putzke et al., 200Fjowever hilateral DBS implants often have a higher likelihood

of inducing side effects including speech and gait impairm@ditchell et al., 2018;
Nazzaro et al., 2013; Ondo et al., 2001; Putzke et al., 2605)s0me disorders, such as
PD, unilateral DBS can generate reduction in motor symptoms on both the contralateral
and ipsilateral side@lberts et al., 2008; Rizzone et al., 20130t the effect size is greater

on the contralateral side. Similar to bilateral DBS for ET, bilateral DBS for PD can also
cause more speech and cognitive dysfunction in comparison to unilatergdAllRgs et

al., 2008; Temel et al., 2006)

1.5.2 DBS leaddesign

The basic DBS lead design contains four cylindredaktrodes distributed along a lead
body with adjustable design variables including the number of electrodes, electrode height,
and interrow spacingftigure 1.4A). These design parameters have been adjusted to create
several models that are commonly used in DBS applications today. DBS leads designed to
target small nuclei, will have shorter array lengths. An example is the Medtronic 3389 DBS
lead which has a totalrary length of 7.5mm and is commonly used for targeting the STN.

In other cases, such as targeting the anterior limb of internal capsule for treating obsessive
compulsive disorder, DBS leads often havadammspan of electrode.g. Medtronic

3391 lead)providing additional flexibility to target a broad range of fiber pathways with
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both dorsal and ventral extents. These designs with stacked electrodes along the lead also
provide surgical tolerance should the lead be implanted too deep or too shallow.

A B c
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Spacing Electrodes

Lo
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Figure 1.4: DBS lead design parametef#) Conventional DBS lead design with four cylindrical electrodes.
Adjustable parameters include electrode height and spacing between electrodes, both of whiciectantrib
the total array length(B) Directional DBS lead designs with the two middle rows containing split band
electrodes. Shown are leads from Abbott (left) and Boston Scientific (ri@)tFuture directional DBS
leads for enhanced spatial targeting.justble parameters include electrode height, 4rdad intrarow
spacing between electrodes, and the number of segmented electrodes in each row.

Recent developments in DBS lead technology have created split band designs in which a
cylindrical electrodds divided into multiple separately addressable electroBiggire

1.4B and Q. Such designs have enabled current steering around the DBS lead with more
spatial precision. This has become particularly useful in cases in which the DBS lead is
slightly deviated ints implant location from its therapeutic target. In such cases, the ability
to directionally steer current towards the therapeutic target and away from any pathways
related to side effects is crucial to obtaining optimal therapy for the patient. A thiecape
window refers to the stimulus amplitude difference between achieving a robust clinical
effect and generating side effe@adis a concept often used in assessing DBS lead designs
and lead implant locatienWhen that difference is less than or edqoatero, side effects
emerge at or before the threshold for maximal therapeutic effect. Directional DBS leads
have been shown to improve therapeutic windows in patients with ET and PD and will
likely be beneficial for other clinical indications as well.
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While commercially available DBS leads have a limited number of designs available, the
design space is quite largehere is a clinical need for DBS lead technology to be tailored
to the anatomy of thearyingneural targets of DBS therapyuch adaptatianmay involve

the following design characteristics

(A) Number and location of cylindrical and split band electrodes
(B) Electrode size

(C) Spacing between rows

(D) Spacing between segmented electrodes within a row

It is important to keep in mind that these designiad® may be constrained by other
factors. For instance, increasing the number of electrodes along and around the DBS lead
creates smaller electrode sizes that will result in higher charge densities at the electrode
tissue interfac€Teplitzky et al., 2016a)T o facilitate these higher charge densities without
causig electrode material degradation, there is ongoing research to develop high surface
area electrode coatingBetrossians et al., 2014Jowever, one still needs to considlee

effects of higher charge densities on the local cellular microenvironment around the DBS
lead(McCreery et al., 1990)The use of smaller electrode sizes as mentioned earlier, also
creates different tissue potential distributions than observed for larger macroelectrodes;
smaller electrodes will yield current density that is higher in the tissue nearest to the active
electrodes and more quickly falls off with distance. This effectively results in the
directional 60t hrowd of the actileraléeciroden vol u
sizes around a DBS leddeplitzky et al., 2016a)

Models have suggested that one can shift the centroid of a volume of tissue activated by 1
2 mm on one side or the other with commercialgilable directional leads, but charge
density limits related to tissue damage make it difficult to extend thi (deglitzky et

al., 2016a) Hence, directional DBS leads cateer current to aid in spatial targeting to
some extent, namely in cases in which implants &erin off target but are not likely to

be a remedy for implants that are farther off target. In those casaglemtation of the

first DBS lead may be nessary or implantation of a second DBS lead to steer the current
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between leads may be helpful. These challenges are acutely present in the field of DBS as
recent metanalysis has shown that-B8% of DBS cases involve removal or revision of

a DBS leadRolston et al., 2016)ziven those limitations, directional DBS lead technology

still provides increased flexibility to steer cemt, creating a neaniform electric field that

can activate a therapeutic target and avoid activation of regions and pathways related to
sideeffects(Martens et al., 2011)

1.5.3 Directing the electric field

A useful way to visualize t he -basedastonaton 6 act i
of the volume of tissue activated (VTA). The process involvessihg a single activating
function threshold or a threshold function to provide a spatial volume of the axons that are
likely activated by a given DBS setting. VTA analysis can be used by clinicians to
determine what combinations of electrodes should bd tescontain or direct stimulation

to certain structuregButson and Mcintyre, 2008)While the VTA is useful in its
computational efficiency, there are other more accagpeoaches to estimating the neural
structures activated by DBS including the driving func{@nnalan et al., 2018a; Warman

et al., 1993) and largescale biophysial models in theNEURON programming
environmen{Johnson and Mcintyre, 2008; Mclntyre et al., 2004; Miocinovic et al., 2006)

When one considers finite element models and biophysical models that incorporate
anatomically realistic axonal fiber trajectoriesie can consider how to steer current to
preferentially stimulate one axonal pathway over another. One approach in this regard is
known as orientatioselective stimulation in which one aligns the electric field along the
threedimensional morphologied the neuronal pathways of interésehto et al., 2017)

As an example of this approach through directional DBS lgldpsema et al., 201,8)ne

can target specific axonal orientations relative to the DBS lead as shéiguia 1.5:

(A) Two cathodes on separate rows and in the same column produce an electric field
adjacent to the active electrodes that is orthogonal to the DBS lead and will
preferentially activate axonal fibers that arhogonalto the leadFigure 1.5B
andC).
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(B) One cathode and one anode on separate rows and in the same column produces an
electric field parallel to the DBS lead and will preferentially activate axonal fibers
that areparallel to the leadFigure 1.5B and C).

(C)In order to activate axonal fibers oriented at an angle of 45 degrees to the DBS lead
axis, the electrode pairing can be rotated so that they are not in the same column of
electrodegFigure 1.5D and E).

(D)In order to activate fibers at an angle between 0 and 45 degrees, the electrode
pairing can be rotated and the ratio of current amplitude between the two electrodes

can be adjuste(Figure 1.5F).

Another example of this principle was shown for SDRS in humans in which one can
align the electric field orthogonally to the DBS lead through a double cathode configuration
(Slopsema et al., 201.8)his configuration resulted in an electric field oriented parallel to
the axonal projectionsto and out of the STN and orthogonal to the corticospinal tract of

internal capsule, which if stimulated would result in involuntary muscle contractions.
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Figure 1.5: Orientationselective stimulatiomvolves designing an electric field that aligns with the direction

of axonal pathways of therapeutic relevance and is not aligned with axonal pathways implicated in side
effects of DBS(A) This principle is highlighted for a directional DBS lead wittoa of annular electrodes

on either side of two segmented rows each containing thredaptit electrodes (Abbott Neuromodulation,
Plano, TX).(B) Dual cathode (green) and bipolar (blue) curemttrolled stimulation was applied through
electrodes on ehcof the segmented row&C) Biophysical axon models were distributed around the DBS
lead at a 1mm distance from the lead, and activated axons are highlighted for each electrode configuration.
(D) Dual cathode (red) and bipolar (purple) configurations w@rdied to offaxis segmented contac(g)
Activated axons are highlighted for both cath@@¢hode and cathodmode configurationgF) Stimulus
thresholds for activation of all radially distributed axons for each stimulus configuratid) iang (D).
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N A = axons were not act i @at.&Keproduped with peemission romg e  d e n
(Slopsema et al., 2018)

1.5.4 Targeting algorithms that leverage computational models of DBS

The clinical optimization of DBS settings, also known as programming, requires a
substantial amount of clinical time to identify the mostapeutic electrode configurations

and stimulation amplitudes, frequencies, and pulse widthe.goal in programming a

DBS system is to target electrical current through an anatorfiicalw-e @ trelafed to

the disease: such as, the postateral STN for PD and the inferior pole of the VIM
nucleus of the thalamus for ERkram et al., 2017; Barbe et al., 2011a; Benabid et al.,
1991,1996; Horn et al., 2017; Sandvik et al., 201DBS programming often requires
multiple patient visits over months to years with each clinical visit requiring hours to parse
through as many DBS settings as possfblenka et al., 2005; Schiipbach et al., 2017)
The programming process typically $gawith a monopolar review, during which each
electrode is tested individually to determine the therapeutic efficacy and therapeutic
window. This involves fixing the stimulation frequency and pulse width and ramping up
the stimulation amplitude until a €iceffect is observed. Realistically, however, clinician
time, patient fatigue, and the washand waskout time constants of DBS therapy on
individual symptoms limit the number of electrodes that can be tested in a given session.
Patients are often progremed with reasonably good stimulation settings but are not
6optimizedd since it is difficult to fully

stimulation parameters in a single clinical visit.

Typically, during a single monopolar review sessime can evaluate DBS leads with four
electrodes as shown Figure 1.4A but a monopolar review is not easily accomplished
with newer directional DBS leads with eight more electrodes. One shart strategy

used for directional DBS leads has been to group the split band contacts of one row together
and stimulate simultaneously through of them to mimic a cylindrical electrode. If that
grouped ring of electrodes pides better therapy than the other rows, then the split band
electrodes can be tested individually. Although this technique does save time and often
provides additional levels of theraffyteigerwald et al., 2016)he parameter space is still
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left largely unexplored. Bipolar configurations are ratelsted which limits opportunities
to use orientatioiselective stimulatiofSlopsema et al., 2018)\dditionally, the frequency
of DBS s typically fixed,limiting opportunities to consider other frequencies that may

cause fewer side effeqtXie et al., 2012)

Several novel programming strategies have been proposed in recent years leveraging
computational models of DBS. One strategy has been to run hundreds to thousands of
simulations using patiergpecific finite element models ofdlelectroddissue interface

and the activating functionEQuation 1.4) to predict the volumes of tissue in which
stimulation generates action potentials within the axonal ectmgnts defined by the
volume (Mclintyre et al, 2006) These simulations then build VTA estimations for any of

the parameter combinations of interest (amplitude, pulse duration, frequency, and electrode
configuration). Each of those VTAs can then be compared to the target VTA and scored
guantitatively. The VTA deemed most similar by the scoring equation corresponds to a set
of DBS parameters which are given to the
first programming session. Recent efforts have integrated machine learning into this
approach to more efficiently predict the stimulation setting that will generate a VTA best
matching the desired target volume. Artificial neural networks are-suékd to this
process and can be trained by the initial VTA simulations to calculate fulths W a

timely manner(Chaturvedi et al., 2013)This allows clinicians to virtdly explore
activation due to any monopolar and potaihtimultipolar configurationsbut do require

a very large upfront cost of running many simulations

Additionally, there have been efforts to leverage optimization theory to further reduce the
upfront cost of running patiergpecific computational models and allow for instances in
which one may want to more selectively activate axonal pathways of different orientations
that occupy the same volume of interest. In this case, convex optimization défy tten
stimulation settings that maximize the activating functi@guation 14) for a given
axonal pathway within a region of interest rather than running a full set of simulations for
each configuratiofAnderson et al., 2018; Xiao et al., 20168ajhe can set up an objective

function to maximize the activag function value for one axonal pathway and minimize
18

c



the activation value of other axonal pathways and assign relative weights amongst all the
objectives. This objective function can be solved for each point in a 3D grid and also
include constraints ortber objectives such as power consumption to further constrain the
problem(Xiao et al., 2016a)n addition, one can extend this to a Hessian matrix of electric
potentials that can be useful to define an objective function for pathways to target and avoid
(Anderson et al., 2018)Jse of the Hessian matrix allows for activatjorediction in all
directions, rather than in a pdefined axonal pathway direction. These linear convex
optimization approaches have the advantage of computing optimal DBS parameters in

mere seconds.

With these convex optimization approaches, onerassuhat each volumetric grid point

is independent of other grid points, which is not necessarily the case. If one considers an
axon traversing through a volume of interest, it should not matter if one generates an action
potential in one axonal compartnter another. What matters is that the overall axon is
activated. Posing the problem in this way requires-camvex optimization. Particle
swarm optimization (PSO) is one approach that has been shown to be effective in solving
this problem by establishingundreds of particles that can navigate through the DBS
parameter spad®efa et al., 2017The patrticles are guided by inertial velocity (where

in the parameter space they are going), a cognitive velocity (related to the parameter setting
t hat yielded a particleds best out come) ,
particles found its best outcome to be ia ffarameter space). Over many iterations, which
together take a few minutes to calculate computationally, the particle population swarms
towards a global solution on a Parétont. Whereas other approaches requiredafning

the objective function weigh, PSO can be set up with a mualkijective function in that

the Paretdront evaluates all possible objective function weighting schefigsire 1.6)

(Peia et al., 2018)n this case, a clinician can identify, across a nruiitiensional space
corresponding to all the pathways modeled, which pathways to activabe activate and

to what degree to reveal the stimulation settings that will achieve that optimized

programming solution.
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Figure 1.6: Multi-objective particle swarm optimizatiofPSO) for |dent|fy|ng DBS settings that more
selectively active one or more neural pathways adjacent to a DB$Agadultiple particles each explore a
parameter space of electrode configurations and stimulation amplitudes and are guigdrbynertal,
cognitive, and social component amongst the N parti@@@&) Particles are mapped onto a malijective
space that describes the goal of activating one or more pathways over other pathways. Through an iterative
process, nowlominated particles argacked to create a Pareto front with particles corresponding to
optimized electrode configurations. Reproduced with permission (lRafia et al., 2018)
Machine learninghased computational algorithms will no doubt be importaméeducing
the clinical visit time to identifgherapeutic stimulation settings and perhaps provide non
intuitive stimulation settings that will more effectively deliver therapy for patients on an
individual basis. Such algorithms are also likely to enadéting hypotheses on DBS
mechanisms in a prospective maneadentify which neural pathways account for therapy
and side effects. These algorithms may prove especially useful for DBS therapies that have
long washin times such as DBS fareatmentresistant depressioand dystonia. With the
emergence of DBS leads with more segmented contacts, includinddmgity leads with
20+ electrodeéMartens et al., 201 1programming through a trial and error approach will
be clinically infeasible using the monopolar review method. Spatial targeting algorithms

could make the use of these leads more practical andthesepeutically impactful.
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1.6 Pathway targeting with DBS across movement disorders

The following are two examples of neurological disorders that can be treated with DBS:
Essenti al tremor (ET) and Parkinsonds di se
have pathophysiology that has given rise to multiple therapeutic targets. In the case of ET,

the goal is to choose a target thabidsthe myriad of potential side effects; while in the

case of PD, there more of &ocus on symptorspecific therapy whicmay be associated

with subregions of thédBS target.

1.6.1 DBS for Essential Tremor (ET).

Essential Tremor is the most common movement disorder affecting up to five percent of
adults over the age of 60 and four percent over the age(bbds et al., 1998; Zesiewicz

et al., 2010) For cases of refractory disease, motor thalamic DBS has been shown to
improve tremor by 6®0% (Benabid et al., 1991; Kumar et al., 2003; Schuurman et al.,
2000; Zesiewicz et al., 2010)he cerebellareceiving area of motor thalamus, also known

as the ventral intermediate aleus (VIM) (Al-Fatly et al., 2019a; Benabid et al., 1987b,
1991, Eisinger et al., 2018; Papavassiliou et al., 2004; Siegfried and Lippitz,aE984)l

as the posterior subthalamic area (PSA), which includes the zona incerta and prelemniscal
radiations are the common targets of DBS for(Bdrbe et al., 2011b; Becker et al., 2020;
Hamel et al., 2007)Although tremorcan bemore easily controlled compared to the
multitude of PD symptoms, side effects can and often do arise from DBS therapy including
dysarthria, paresthesias, imbalanesd overall weaknesgSchuurman et al., 2000;
Zesiewicz et al., 2010PSADBS is equivalent in clinical outcome to VIM DBS, though

the former can achieve therapy at lower stimulation intensities on av@adee et al.,

2014; Kim et al., 821) Recently, connectomic and tractogragiased studies have been
focusing on the cerebellothalamic tract (CTT), which courses through both the PSA and
VIM, as an effective target for treating ET with DBSoenen et al., 2020; Henderson,
2012; Keane et al., 2012; Middlebrooks et al., 2018, 2021a; Schlaier et al., 2015; Yang et
al., 2020) In Chapter 2:we investigated the fibers within the CTT to determine their role

in providing therapy and inducirggdeeffects during DBS for ETHowever, investigating

how DBS affects individual symptoms of ET (i.e. postural versus action tremor) will
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require more quantitative approaches to measure each motoChigpter uilds that
framework to show how directional DBS leads can provide esgthcontrol of tremor and

avoid side effects of stimulation.

162 DBSf or Par kinsomdés Disease (PD

PD is a movement disorder characterized by bradykinesia, muscle rigidity, tremor, and
postural instabilityMao et al., 2019; Peng et al., 2018he common anatomical targets

for treating these cardinal motor signs with DBS include the STN and@&Rbng and
Wichmann, 2015; Ma et al., 2019)which are both integral to the basal ganglia motor
control network(DeLong and Wichmann, 2015 the case of the STN, studies have
shown that targeting the dorsolateral region of the STN subserving sensorimotor function
generates a robust thpratic effect, whereas targeting the ventromedial STN can induce
cognitive side effectéFrankemolle et al., 201 cluding changes in moo@kun et al.,

2003) These regions are only a few millimeters rapamphasizing the importance of
precise DBS lead implantation. Studies have also pointed towards the importance of
antidromically stimulating the hyperdirect pathwé@radinaru et al., 2009)which
connects cortical regions including motor cortex directly with the $Naimbu et al.,
1996) Studies have shown that one can align the electric field to thegetpns within

STN to more precisely modulate those fib€Blopsema et al., 28) There is also
experimental evidence using patkspecific models that the sweet spot for alleviating
rigidity and bradykinesia are differe(Butson et al., 2011)he rigidity target was found

to be larger and located more lateral than the biiadgla target suggesting that there are
different pathways subserving the therapeutic effects on different motor signs.
Interestingly, this study also showed that the therapeutic targets could be outside of the
STN, suggesting that fibers of passage neB® Bargets may be important to consider as
well. Studies have also shown that the wasshnd waskout times of DBS therapy can

also depend on the location of stimulation in the STN @eaper et al., 2011)

Metaanalyses studies have shown no significant difference in the overall therapeutic effect
of STN-DBS versus GPDBS on improvement in motor sig(Bollett et al., 2010; Mao et

al., 2019; Peng et al., 2018; Xie et al., 20I8)e GPi may be better suited for patients
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experiencing dystonia, gampairments, and medicationduced dyskinesiéMirza et al.,

2017) There is also exgrimental evidence that, similar to SIMBS, the targets for
treating parkinsonian rigidity and bradykinesia differ in the GPi target as well. In this case,
rigidity was relieved relatively easily across all electrodes spanning the medial edge of the
extenal globus pallidus (GPe) all the way to the ventral GPi. Bradykinesia, on the other
hand, was reduced most strongly when the active electweleslocated at the border
between the GPi and GR#&mMmson et al., 2012a; Yelnik et al., 200Qther studies have
embarked on targeting brain regions including the pedunculopontine nucleus within the
brainstem for freezing of gait and other gait dysfunc{idao et al., 2019; Wilcox et al.,
2011) Together, these studies emphasize that DBS can be effective when targeting
different brain regios, but at the same time, within a brain region, it is critical to target

pathways precisely to achieve robtierapy without side effects.

Another promising method for programming DBS leads involves the use of recorded local
field potential activity, whth becomes especially prominent for leads with smaller
electrode sites that do not shunt the underlying neural so(Ccesolly et al, 2016;
Contarino et al., 2014 his may aid in DBS programming as features from the local field
potentials that correlate with the manifestation of symptoms could guide clinicians in
choosing thespatial configuration of electrodes to stimulate thgbyTinkhauser et al.,
2018) Additionaly, one can use such recorded neural activity to identifytehgporal
paradigm of the stimulation settings to maxamtherapy for a given patient. Ghapter

4:, we discern utility of neural oscillations in DBS programming by longitudinally tracking
the spatial and temporal dynamics of local field potentials following DBS lead implant in

4 nonhuman primates.

1.7 Thesis Objectives

Much like other neuroengineering subfields, the field of DBS is moving even further to
one ofprecision medicinen a way, DBS has always been personalized with the flexibility
of tuning stimulation settings (including electrode configuration and stironlpatterns)

to be most effective for a given patient. However, recent developments have greatly
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expanded pon this personalized approach. In particular, ¢heical introduction of
directional DBS leads allows for a high amount of flexibility in progrmanyg, but also
requires a tedious amount of clinician and patient time to fully optimize stimulation

settings.

This thesis (1) pairs computational modeling to clinical outcomes in order to define an
optimal target for DBS in ET(2) provides clinical eviehce which emphasizes the utility

of directional DBS leads in ET patients)d @) investigates neurophysiology as a guide
for programmingof DBS in PD. The significance of these approaches is the additional
clinical knowledge that can be useddptimize directional DBStherapy inmovement

disorder patients using three programming approaches alitifégure 1.7.

Directional DBS
Programming Tools

Sl Quantitative Neurophysiology
Modeling
Assessments

Figure 1.7: Three programmintpols outlined in this thesis that are helpful in programming directional DBS
in movement disorder patients.

Chapter 2:develops patierspecific computational models of DBS in ET whialere
paired with a retrospective analysis of clinical outcomes to investigate which neural

pathways in and around the VIM are responsible for therapeutic andéaffects.

Chapte 3 describegnitial data collected ira prospective clinical trial witleT patients
using a profile of quantitative methods which objectively evatuBX®S paradigms and
suppors the use of segmented contacts to steer cutmemhaximize therapy without

inducing side effects
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Chapter 4:showsthe spatial and temporal dynamics of betad oscillatory power
immediately following DBS lead implant in a preclinical modeid eludes to the
importance of chronic neural recordings in DBS patients for initial programming and

research purposes.
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Chapter 2: Clinical effects of modulating pathways
within and around the cerebellothalamic tract in

patients with Essential Tremor

Submitteddr publication:
Brinda AK, SlopsemdP, ButlerR, IkramuddinS, Beall T, GuoW, ChuC, PatriatR, Braun
H, Goftai M, PalnitkarT, AmanJ, SchrockL, CooperSE, Matsumotal, Vitek JL, Harel
N, JohnsonMD. Climical effects of modulating pathways within arsdound the
cerebellothalamic tract in patients with Essential Tremr

2.1 Chapter Summary

Background: While deep brain stimulation (DBS) is an effective treatment for medieation
refractory Essential Tremor, patient outcome variability remains a signitotatienge
across centers. Proximity of active electrodes to the cerehellamic tract (CTT) is likely
important in suppressing tremor, but how tremor control and side effects relate to targeting
parcellations within the CTT and other pathways arouedvéntral intermediate nucleus

of thalamus (VIM) is unclear.

Objective: To relate detailed, patiespecific neural pathway activation of VIMBS to
clinical outcomes.

Methods: Using ultrahigh field (7T) MRI, we built subjeespecific finite element mads

and pathway activation models for 23 directional DBS leads. Pathways included the CTT,
corticothalamic tracts, medial lemniscus, thalamic fasciculus, lenticular fasciculus, zona
incerta and internal capsule. Pathway activations were compared atoioptimized
settings, paresthesia thresholds, and dysarthria thresholds. -&ffeetl models were
utilized to determine which pathways significantly contributed to therapeutic and adverse
outcomes.

Results: The lateral portion of the CTT had the highastivation at clinical settings
(p<0.05) and a significant effect on tremor suppression (p<0.001). Activation of the medial

lemniscus and posterionedial CTT was significantly associated with severity of
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paresthesias (p<0.001). Activation of the antem@dial CTT had a significant association

with dysarthria (p<0.05).

Conclusion: This study provides important context on the pathways responsible for DBS
therapy with Essential Tremor and suggests a directional programming approach may have
utility in moreselectively activating lateral fibers within the CTT with the goal of avoiding
stimulationinduced side effects.

2.2 Introduction

Deep brain stimulation (DBS) therapy can be a highly effective neurosurgical treatment to
alleviate the motor signs of medicaticgfractory Essential Tremor (ETBenabid et al.,
1991, Blomstedt et al., 2007; King et al., 2017; Siegfried and Lippitz, 1B@#ever, the
clinical effectiveness of DBS for ET continues to vary witfiilitsis et al., 2008and
across clinical DBS cente(®kun et al., 2005)stemming in part fronfl) deviations in

the precise surgical targeting of the electrode array to the cerateekaving area of motor
thalamus and/or the posterior subthalamic dteav et al., 2019; Papavassiliou et al.,
2004)and(2) challenges in identifying stimulation settings thalty reduce tremor without

inducing adverse side effe¢tsKk i m et al ., 2021; .00Suill eabh:

The cerebellareceiving area of motor thalamus, also known as the ventral intermediate
nucleus (VIM)(Al-Fatly et al., 2019a; Benabid et al., 1987b, 1991; Eisinger et al., 2018;
Papavassiliou et al., 2004; Siegfried and Lippitz, 19&<lyvell as thposterior subthalamic

area, which includes the zona incerta and prelemniscal radiations from the cerebellum, are
thought to be key pathways in the propagation of tremorous adfatye et al., 2011b;
Becker et al., 2020; Hamel et al., 2000ften, DBS can induce side effects, including
paresthesia, dysarthria, and ataxia, at stimulation amplitudes that knabiiity to fully
abolish tremor. Bcent onnectomic and tractographstudies have focused on the
cerebellothalamic tract (CTT) as an effective target for the(@py et al., 2021; Coenen

et al., 2020; Low et al., 2019; Middlebrooks et al., 2021a; Schlaier et al., 2015; Yang et al.,
2020) However, other studies suggest that fibers within the CTT may also be responsible
for stimulationinduced side effeci@strom et al., 2010; Petr$chmelzer et al., 2021)
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Computational modeling of DBS has become an important tool to investigate the
relationships between thelume of tissue activated (M) (Reich et al., 2016pr the
prediced pathways activate(Keane et al., 2012; Gunalan et al., 20a@Jl the resulting
clinical efficacy and side effects of each stimulus setting, \approaches based on
predicted pathway activatidmaving significantly better accura¢unalan et al., 2018b)
Recent efforts in the field of computational modelindp&S have also leveraged subject
specific models(Keane et al., 2012jhat are constructed from hidield magnetic
resonance (MR) imaging da{&oftai et al.,, 2020; Pefia et al., 2018)o date, these
detailed models have | argely focused on DB
disorders. In this study, we developed patgpecific computational models of DBS for

ET toidentify neural fikersthat correlate with the clinical effect of reducing tremor and

induang side effects.

2.3 Materials and Methods

2.3.1 Subject demographics and imaging

Preoperative higHield, 7-Tesla (7T) MR imaging was collected fratmrteensubjects
clinically diagnosedwith medicationrefractory ET. Imaging was performed at the
University of Minnesota Center for Magnetic Resonance Research on a 7T research
scanner (Magnetom 7T Siemens) and followed our published prot@othin et al.,

2018; Plantinga et al., 201Briefly, imaging included 0.6 mm isotropic Meighted,
0.4x0.4x1.0 mm T2veighted, and 1.25 or 1.5 mm isotropic diffusieaighted (b=1500,

54 directions) images. Diffusion preprocessing steps included motion, susceptibility, and
eddy current distortions correction using I
algorithms All leads wereAbbott Infinity DBS systems with segmented DBS leads (rhode
6172 or6173) implanted either unilaterally (Bsubjects) or bilaterally (rnEO subjects).
Subjects returned several weeks pogtlant for initial programming of their DBS
systems, where monopolar review thresholds for therapy and side effects evdifget

and initial optimized settings determined by a movement disorder specialist. At that time,

a CT scan (0.4x0.4x0.6 mm) was collected and fused with thepamtive MRI to
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determine the final location of the DBS lead. Subject demographics ahgrbgeammed
DBS settings are showm Table 2.1. The study was approved by the University of
Minnesota Institutional Review Board andslbjectgyave written, informed consent prior

to participation.

Table 2.1: Subject demographics and final DBS settings

Implant To Programming Time Initial Optimized Initial Optimized
Subject | Age | Gender (Left Lead) (Right Setting Setting
Lead) (Left Lead) (Right Lead)
2A (-), case(+) 2ABC (-), case(+)
1 60 M 36 days 29 days 1.2 mA, 180 Hz, 1.2 mA; 180 Hz,
60ns 60 s
2ABC (-),caset) | 2ABC (-), case(+)
2 73 M 38 days 24 days 1.75 mA, 130 Hz, 1.5 mA, 130 Hz,
60 s 60 s
2B (-), case(+) 2B (-), case(+)
3 61 F 36 days 40 days 3.25mA, 130 Hz, | 3.25 mA, 130 Hz,
90 s 90 s
1 (), case(+) 3ABC (-), case(+)
4 65 F 31 days 70 days 4.2 mA, 190 Hz, 2.0 mA, 130 Hz,
60 s 30ns
3A (-), case(+) 3ABC (-), case(+)
5 57 M 29 days 31 days 25 mA, 130 Hz, 2.5 mA, 130 Hz,
60 s 60 s
2C (), case(+)
6 67 M 32 days --- 2.2 mA, 180 Hz,
60 s
2ABC (-), case(+)
7 52 F 52 days - 1.0 mA, 130 Hz,
30ns
3ABC (-), case(+) | 2ABC (-), case(+)
8 75 F 31 days 28 days 1.6 mA, 130 Hz, 1.0 mA, 130 Hz,
60ns 60 s
3ABC (-), case(+) 3C (), case(+)
9 57 M 52 days 23 days 2.75 mA, 130 Hz, 2.0 mA, 130 Hz,
30ms 30ms
10 70 M 28 days 28 days 2ABC (), case(t) | 3ABC (), case(+)
1.5 mA, 130 Hz, 2.5 mA, 130 Hz,
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60ns 60 s
2ABC (-), case(+)
11 66 F - 31 days - 0.5 mA, 130 Hz,
60 s
3ABC (-), case(+) | 3ABC (-), case(+)
12 65 M 30 days 29 days 1.9 mA, 130 Hz, 0.5 mA, 130 Hz,
60ns 60 s
2ABC (-), case(+) 2AC (-), case(+)
13 74 M 80 days 38 days 3.5 mA, 180 Hz, 2.0 mA, 130 Hz,
30ms 30ms
64.8 10 bilateral / 3 unilateral
- (avg), — 37days (avg) Amplitude 1.9 mA (avg), 2.0 mA (med)
65 31 days (med) Frequency: 141 Hz (avg), 130 Hz (med
(med) Pulse Width: 538 (avg), 6018 (med)

cathode {),anode (+), im@nted pulse generator (IP@yerage (avg), median (med)

232 Computational Modeling Pipeline

Subjectspecific finite element models (FEMs) and biophysical NEURON models were

f r o mwezexanibined to Ipredicc t 6 S
activation of neural pathways surrounding a given DBS |Ealie 2.1).

manually constructed

Brain geometry Inhomogeneous Lead Localization FEM Pathways
(T1) Conductivity CT scan + T1
. (DTI)

Pathway Activation Model

Finite Element Model (FEM)
Figure 2.1: Computational modeling pipeline. The brain geometry, inhomogeneogsnductivity

distribution, and lead location are combined into a finite element model (FEM) which is interpolated along
axons and fed into NEURON.

2.3.3 Finite Element Models (FEMs)

An Abbott 6172 segmented DBS lead-R2,diameter: 1.27 mm, contact height5 Tnm,
contact spacing: 0.5 mm) or &bbott 6173 segmented DBS lead=R, diameter: 1.27
mm, contact height: 1.5 mm, contact spacing: 1.5 mas)built in COMSOL Multiphysics

v5.4a. The leads contained 8 electrode contacts #3-8-1 configuration with he two
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middle rows segmented into 3 contacts each. The location of each lead was determined by
registering a possurgery CT scan with a paperative 7T MRI in Slicer (v4.8.0). The
surface of the brain was segmentadichTdéok om t h
Patientspecific brain volumes were segmented into grey matter, white matter, and cerebral
spinal fluid (CSF) usingMRIB's Automated Segmentation T@¢BAST)on the T1 image.

Voxels classified as grey matter or white matter were assigngetsapecific anisotropic
conductivities based on diffusion tens¢@&illmar et al., 2010; Schmidt and van Rienen,

2012) using conductivity and permittivity values calculated with the @uée dispersion

functions at the median frequency04® Hz) of the stimulus waveform applied (grey
matter: O U= 06.5,08083/ myhite mal%780)(Colednd= 0. O
Cole, 1941; Gabriel et al., 1996a, 1996b, 199€0Kels classified as CSF were assigned

i sotropic val ueg=109) and buk tigsie ousidenof thenliain was
considered | umped ut=i2%790)(dowéll @and Mchfyre, BB A S/ m,
0.25 mm encapsulation layer was added around the lead to represent the tissue response
foll owing i mplantation and was model ed wi't
S/m, = 29,790)Yousif et al., 2007)

The FEM was meshed using Delaunay triangulations and variable tetrahedral elements
with extra fine resolution within and around the lead/encapsulation and within a 20 mm
sphere around the lead tieinal meshes contained 167,0088,000 tetrahedra. In each

model, the base of the neck was assigned a Dirichlet boundary condition of zero volts to
represent ground, and the insulation of the lead was assigned a Neumann boundary
condition of zero flux. Tie model also included a 1 mAZmormal current density applied

to the surface of one of the eight cont ac
simulated with a sinusoid at the median frequency of the stimulation waveform (3049 Hz)

to calculate the vadtge distribution throughout the tissue.

2.3.4 Pathway Tractography and Axon Population
MR images were used to segment several nuclei and pathways thought to be involved in
therapy and side effead$ DBS for ET. Segmentation of the thalamic nuclei was completed

by resampling the T1 MRI image to ARC space and warping the Mai Atlas of the Human
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Brain to the TIMRI images(Keane et al., 2012; Mai, 2007; Xiao et al., 201t6ayientify

the internal and external aspects of the VIM (VIMi and VIMe, respectively), verdtalal
nucleus YC), ventral oral anterior and posterior nucleus (VOA/P), reticular nucleus (Ret),
and the zona incerta (ZI). Further segmentation included the motor, premotor, and
somatosensory cortices using FreeSurfer, and manual segmentation of additional structures
from the T1 and T2 images, including the red nucleus, subthalamic nucleus, crus cerebri,
internal globus pallidus, and the decussation of the superior cerebellar peduncle (SCP).
Diffusion-weighted images were processed with F3knkinson efal., 2012) FDT
(Jenkinson and Smith, 200&/as used for eddgurrent correction, BEDPOSTBehrens

et al., 2003ajvas used to estimate the diffusion parameters, and D{Bdfrens et al.,
2003b) was used to fit the diffusion model to each voxel. Following segmentation,
probabilistic tractography was completed to extraobjectspecific trajectories for
pathways within and around the VIM. For the coribalamic pathways, sequints and
way-points were placed in the premotor cortex (pM@yithe VOA/P, the motor cortex

(MC) andthe internal and external aspects of\tt (VIMi and VIMe, respectively), and

the somatosensory cortex (S&@pthe VC.The SCP was subdivided into three pathways:
seedpoints were placed in the deep cerebellar nuclei (DCN) contralateral to the DBS lead,
waypoints were placed in the decussatbthe SCP and the ipsilateral red nucleus/lateral
edge of the red nucleus, and endpoints were placed in the ipsilateral reticular nucleus,
VIMi, and VIMe. The internal capsule was obtained with speihts in the ipsilateral crus
cerebri and waypointsiithe ipsilateral motor cortex. For the medial lemniscus (ML), the
region lateral to the decussation of the SCP was used as-p@eednd a waypoint was
placed in the VC. The thalamic/ansa fascicularis (TF) and the lenticular fasciculus (LF)

were segmeird manually using an atléislai, 2007)

Each pathway was randomly populated with 2 um diameter-cwitipartment myelinated
axons(Mclintyre, 2004) and axon fibers which intersected the DBS lead were displaced to
account for tissue deformation using the following formula:'Yz A @ bi , wherei is

the distance from the closest compartment to the center of the DBS leddsatiek sum

of the radius of the DBS lead and thickness of tleapsulation laygiGoftari et al., 2021)

The complex FEM voltage stribution was interpolated along these axon trajectories to
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represent the extracellular voltages at each membrane compartment. These voltages were
scaled by arn vivo primate recordingf stimulationartifacts @0 us, 136 Hz, biphasic
passive rechargegcorded adjacent to a DBS lead in a-haman primate to account for

the capacitive effects of the electretisue interface. If multiple contacts were employed

in a stimulation setting, superposition was used to sum the resulting FEM output. This
time-varying extracellular potential was applied to each compartment along each axon in
NEURON v7.3 using_extracellulay which in turn calculated and applied transmembrane
currents from those extracellular potenti@l®plitzky et al., 2016b)Action potential
counters were placed the distal endf each axon to determine whether an action potential

was produced. A binary search algorithm was used to scale the FEM output and determine
the pulsatile wavef or mo s ctivatera e. genepatingaude t
stimulusevoked action potential) for each axdrhe clinical standard of a monopolar
review in which stimulation is sent through a single contact in reference to the IPG was
assessed in the FEMs, including grouping of the seged contacts into a single row.

2.3.5 Data Analysis

Subjectspecific pathway activation models were generated foR&IDBS leads and
simulations were run for all 10 possible monopolar DBS settings (230 settings x 9
pathways = 2070 total pathway simulasacross all subjects). For each setting, thresholds
for activation were found and compared. Percent activation for each pathway was
calculated as the number of axons activated for a given stimulation paradigm divided by
the total number of axons in eachtlpway.Fr ei dmands t est for vVal
determine if statistical differences in pathway activation existed at therapeutic and side
effect thresholds (MATLAB R2019b). Post hoc analysis was done to test specific
comparisons between pathways. A {8ided sign test was performed to compare pathway
activation to zero. For further statistical analysigingicant pathway activation was
deemed as greater than 20%, a threshold based on previous studies in w2084 10
activation was necessary to exhibihbeioral change@Chaturvedi et al., 2010; Johnson

et al., 2012h)Pathways with this level of significant activation at clinic@timized
settings, paresthesia thresholds, or dysarthria thresholdsnekréedin ordinal logistic

regression models with randombgect effect (SAS 9.4n which the dependent variabl
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was categorized as a 0, 1, or 2, based on tremor reduction or side effect severity as
interpreted from the clinical visit records (SAS 9.4). No tremor reduetiin DBS was
categorized as a 0, partial tremor reduction as a 1, and substantial tarfall tegluction

as a 2. NdBS-inducedside effect was categorized as a 0, transient paresthesia or slight
dysarthria as a 1, and persistent paresthesia or moderate to severe dysarthrigoas a 2.
ordinal logistic regression, the outcome was an oddsestiimate for each individual term.

All models used a larger data set which included 613 samples taken from the entire
monopolar review process, rather than just at the aforementioned threshold points. This

larger data set followed the same general trends.

2.4 Results

Pathway activation was investigated &8 leads from13 subjects with ET, who were
implanted with one or more directional DBS leads targeting the VIM thalamus. The
subjectspecific location of the implant relative to parcellations of functionalei of the
thalamus andiber pathways coursing through those nuclei are shown for two subjects in
Figure 2.2 (seeFigure 2.3 for all leads) In this cohort, despite variation in lead location,
all of the clinically optimized electrodes were located along the CTT with contacts
spanning ventral VIM, th ventral pole of the VIM, and the posterior subthalamic area
(PSA).
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Figure 2.2: Directional DBS lead implant examples targeting VIM and the P@).The Abbott 6172 DBS

lead with eight electrodes inlx3x3x1 configuration. (B) Examples of subjagtecific pathway models for

DBS leads from two subjects (EFR and ET4R) in the sagittal view (top) and the front coronal view
(bottom). Axonal fiber tracts incorporated in the model included the cerebddoticatract with
demarcations for axons terminating in VIMi (blue), VIMe (yellow) and Ret (not pictured); the medial
lemniscus (green); thalamic and lenticular fascicularis (not pictured); and the corticothalamic traets: SSC
VC (green), MGVIM (yellow andblue), pMGVOA/P (violet). The arrow represents the row of the clinician

optimized settings.
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Figure 2.3: Directional DBS lead locatiofor all subjects The Abbott 6172 DBS lead (0.5 mm spacing)
with eight electrodes in a 1x3x3x1 configuration was implanted in 12 of 13 subjects (21 of 23 leads). The
Abbott 6173 DBS lead (1.5 mm spacing) was implanted bilaterally in one subject, ET13.

2.4.1 Pathway Activation and Clinically Programmed Settings

Stimulus threshals of activation were found for axons populated in @i€l, cortical
thalamic pathways (subdivided into: MM, pMC-VOA/P, and SS&/C), ZI, TF, LF,

ML, and IC. The percent pathway activation was calculated at the clinically optimized
settingfor each DBSead(Figure 2.4). While most modeled pathways were not robustly
activated at the clinically optimized DBS settings across subjects, three pathways did show
more consistently strong activation (CTT, ZI, antd)Ms well as differential activation of
those pathways within the same lead and variance in pathway activation distributions

amongst the 23 DBS leads studied.

36



A B ET1 ET2 ET3

MCP-VIM

SSCeVC pMCP»VOA/P
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Figure 2.4: Subjectspecific pathway activadi for clinically programmed DBS settingBercent activation
of the MGVIM, ML, pMC-VOA/P, SSGVC, CTT, LF, TF, IC and ZI for (A) all 23 leads and for (B) each
individual patient.

ET6 ET7

Friedma®w s Test for variance indicated that t
across pathways (p<0.00T)he highest mean pathway activation was found inQhé
(32.45+ 14.026), which wassignificantly larger than activation in ML19.2 + 18.49%;
Wilcoxon signed rank test, p=0.015) and Z6(65+ 17.62%Wilcoxon signed rank test,
p=0.001) before adjusting for the multiple comparisdiigure 2.5A). An ordinal logistic

mixed effects regression model including these three pathways showed that CTT was the
only pathway with a significant effect on tremor suppression (p<0.604ure 2.5B). ZI

and ML were included for comparison in this analysis given their higher pathway activation
values at settings eliciting side effedfgithin theCTT (Figure 2.5C), Friedman'dest or
variance indicated significant differences in f#thway activation (p<0.001). Fibers
innervating posterior VIMeshowed the highest mean activatids9.08 + 30.8%%),
followed closely by fibers projecting into anterior VIN£1.97+ 30.2%6) and posterior
Reticular nucleug41.11+ 34.58%). All three aforementioned pathways were found to

have a similar positive association with tremor suppression (p<0.BigLy¢ 2.5D).
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Figure 2.5: Pathway activation for clinically programmed therapeutic settii@sPercentagactivation

of pathways at clinically therapeutic settings shows that the CTT had highest activation (*p<0.05,
**pn<0.005). The white or black dot represents the median and the horizontal line represents the mean
activation for each pathway. A black mediast depresents significant pathway activation compared to
zero (p<0.001). (B) Mixed effects model results are shown for the ZI, CTT, and ML pathways; CTT was
shown to be the only pathway significantly associated with tremor reduction (*p<0.0001). Odds ratio
estimates with 95% confidence intervals not overlapping the dotted red line were considered to have a
significant effect on the therapy outcome. (C) The CTT pathway was subdivided intesécsioms of

fibers entering posterior (P) and anterior (A) Ré\e and VIMi, with significantly different pathway
activation demarcated by *p<0.001. (D) Mixed effects model results are shown for directional subsections
of CTT fibers with greater than 20% activation at clinically programmed stimulation settings@®isx0.

2.4.2 Pathway Activation at Side Effect Thresholds
Percent activation of all the pathwayere compared for all DBS settings reported to
exhibit side effects of paresthesia and dysarthria. For settings eliciting persistent

paresthesiasFriedman's testevealed significant differences in pathway activation
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(p<0.001), with the ZI, CTT, and ML pathways exhibiting greater than 20% pathway
activation at paresthesia threshold settiriggure 2.6A). Paresthesias were found to be
primarily associated withctivationof ML (p<0.001)and CTT(p<0.001) whereas ZI fiber
activation had a slight negative association with paresthesia severity (p<@s0§igwn

in Figure 2.6B. CTT subdivisions revealed significant differences in activatiath the
posterior CTT fibers projecting to the VIMhowing the largs positive association with

paresthesiaeverity(p<0.0001)Figure 2.6C).
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Figure 2.6: Pathway activation at paresthesia thresho{#g.Percentage activation of pathways at
stimulation thresholds for persistgudaresthesias highlights that ML had high activation (*p<0.001) along
with CTT and ZI. A black median dot represents significant pathway activation compared to zero
(p<0.001). (B) A mixed effects model for paresthesia outcome shows that ML and CTT &dysimi
associated with paresthesia presence and severity (*p<0.001). (C) Mixed effects model results for
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paresthesia outcome including the 6 subsections of CTT fibers highlights posterior VIMi as the CTT fibers
most associated with paresthesias (*p<0.0p<®.001).

Pathway activation at the dysarthria thresholds again showed significant differences
(Fri edman 0 sl7).tTdes CTT pathway &xibited the highest activation at
stimulation settings reported to indudgsarthria <0.01) asshown inFigure 2.7A.
Additionally, CTT proved to have a significant positi@ssociation withdysarthria
presence in the mixed effects model (p<0.0(Eigyre 2.7B). When the CTT was
subdivided into 6 regions for further analysis, despite all regions having greater than 20%
acti vati on a nstrevaaling signigcdnimdifferénses in pathway activation
(p<0.001), only CTT fibers innervating the anterior VIMi had a significant association with
dysarthria (p<0.05) as shownhingure 2.7C.
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Figure 2.7: Pathway activation at thresholds for stimulatinduced dysarthria(A) Percent activation of
pathways across all DBS leads at thresholdstionulatiorinduced dysarthria highlights the ZI and CTT
pathways as possible contributors. (B) Mixed effects model results for dysarthria show CTT as the only
pathway significantly associated with dysarthria. (C) A mixed effects model for dysarthridimgclu
directional subsections of CTT fibers show the anterior VIMi fibers of the CTT as the only subsection
significantly associated with dysarthria.

41



SR\ /
W Full tremor control

w/o side effects.

3ABC(-), IPG(+)

0.5mA

¢ -\
pMC» VO _,,\

MR ML

/1 Full tremor control
" wl persistent

| paresthesia.

8\ 1(-). IPG(+)

| 2.5mA

N

&%/ Full tremor control
¥/ w/ mild dysarthria.
§ 4(), IPG(+)
L 4.0mA

Figure 2.8: Pathway activationin ET12L across therapeutic and side effect inducing DBS settings. (A)
DBS lead location for ETXR in the context of the modeled pathways, including MC to VIMe (yellow), MC

to VIMi (blue), pMC to VOA/P (lavender), SSC to VC (green), ML (green), DCN tbl&(yellow) and

DCN to VIMi (blue). (B) Pathway activation using contact 3ABC as the cathode (0.5 mA), which resulted in
complete arrest of tremor without inducing side effects. Activated axons appear in their corresponding
pathway color. Noractivated axos are transparent grey. (C) Persistent paresthesias were induced using
contact 1 as the cathode (2.5mA), and (D) dysarthria was generated using contact 4 as cathode (4mA). In
both cases, full tremor control was also achieved.

2.5 Discussion

In this study detailed subjeespecific biophysical models of DBS were used to explore
pathway activation around DBS leads implanted in or near the VIM for treating Essential
Tremor. Similar to previous studies, our results showed significant activation Gffthe
pathway; however, the models went furtherdgpecifically identifying the lateraldeep
cerebellar nucleprojection axons to the reticular nucleus and to VIMe as key elements

activated at clinically effective stimulation settingsgure 2.8).
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2.5.1 Therapeutic VIM DBS associated with lateral cerebellothalamic tract activation
Therapeutic efficacy of thalamic DBS for ET has been attributed to activation of the VIM
nucleus as well as the PKakei et al., 2001; Kultalinsky et al., 2003) The PSA has

been shown to have clinical outcome equivalence to VIM [Efbe et al., 2014; Kim et

al., 2021) In our patients, the directional DBS leads were implantedh ghat the
segmented contacts were positioned between the VIM and the PSA, enabling stimulation
settings to target both the CTT and other pathways in the PSA region, including the ZI, TF,
and LF. We first investigated the hypothesis that activation ofanmore of these
pathways is responsible for the therapeutic effects of @B models showed thadt the
clinically optimized settingsthe CTT coursingthrough the PSA area was aeiied
significantly more than the ZIThere wasalsolittle or no actvation ofthe LF and TF.
These subjeespecific pathway activation modeling results confirm previous studies based
on 3T MRI and volume of tissue activated calculations that found positive association with
the CTT region and tremor reductif@oenen et al., 2020; Henderson, 2012; Keane et al.,
2012; Lévy et al., 2020; Middlebrooks et al., 2018, 2021a, 2021b; Schlaier et al., 2015;
Yang et al., 2020)

Given the improved imageontrast and higher signal to noise ratio of the sulgpetific
imaging at 7T, we were able to further segmentGhAd into 6 subpathways based on
entrance to VIM at the ventral pole. These included the anterior reticular, VIMe, and VIMi,
as well as th posterior reticular, VIMe, and VIMi subpathway8ased on
electrophysiology studie@d/itek et al., 1994)the medial to lateral demarcations relate to
the somatotopic organization of VIM such that projections related to the lower extremities
are more lateral (VIMe) and those responsovéhe face are more medial (VIMi). Recent
thalamotomy studies have also shown that a lesion restricted to the most lateral/external
portion of VIM is sufficient for arresting tremor with less adverse effects than the
traditional, more medial targé¢Hirato et al., 2018)We found that clinically optimized
settings had greatest activation of thivié and posterioreticular fibers suggesting the
posterelateralafferentsarethe portion of the&CTT responsible for thprimarytherapeutic
effect seen with DBSHigure 2.8B).
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2.5.2 Paresthesia associated with activation of Medial Lemniscus and posterior VIMi
CTT fibers
Paresthesias are thought to originate from activation of cells within the VC region of
thalamus given their responsiveness to somatosensory stimufbtien et al., 2000;
Kuncel et al., 2008)Consistent with this hypothesis, tméed effects modelshowedthe
presene and severitpf apersistenparesthesia was associated with activation of the ML
pathway Figure 2.8C). Activation of the ML aligns with a previous study noting
association of the afferent inputs to the VC with paresthéki@ane et al., 2IR). The
additional association of paresthesias with activation of posterior VIMi CTT fibers may
stem from the proximity of these fibers to the ML or modulation of kinesthetic cells at the
posterior border of the VIMMolnar et al., 2005Additionally, in our study, twehirds
(50/75) of the stimulation settings inducing persistent paresthesias reported paresthesias
located in the face, which aligns with the posterior VIMi as having a somatotopy ef face
responsive cell§Vitek et al., 1994)

2.5.3 Dysarthria associated with activation of the VIMi CTT fibers

Dysarthria is another common stimulatimduced side effect of DBS for ET, reportedly
occurring in up to 75% of cas€Blora et al., 2010; Pahwa et al., 2008) our study,
dysarthriaoccured atthe upper limit of the therapeutic windoww over half of the
clinically chosen settingdVe assessed the pathways activated at dysarthria andet
found a significant association with activation of CTT fibers, and more specifically,
anterior MMi afferentgFigure 2.7 and Figure 2.8D). This medal activation profilaligns

with the facerelated cellular somatotopy of internal VIMitek et al., 1994pas well as a
studyby Matsumotaand colleagues showirigat stimulatioAinduced dysarthria occurred
with more medial thalamic stimulatidivatsumoto et al., 2016Dther studies have also
suggestedhat stimulation overlapping the CTT was a possible cafsdysarthric
worsening of intelligibility (Astrém et al., 2010; Petr§chmelzer et al., 2021Dur
findings are consistent with these past studies and further suggest that the anterior VIMi
afferents of the CTT are specificatlyoseresponsible for gnhulationrinduced dysarthria.
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2.5.4 Study Limitations

The patientspecific modeling pipeline developed here has the potential to improve
directing and steering of the electric field in and around DBS leads. However, these studies
have an inherent degree ofarwvarying from registration of various MRI images, to post
operative registration of a CT scan to an MRI scan, to the manual segmentation of
structures later used for tractography. These sources of error are mitigated to the best of
our ability through acombination of improved spatial resolution of images by using 7T
MRI with optimized sequences, automated and manual registration of images, multi
individual validation of subjeespecific segmentations, and detailed checking of
tractography solutions withn atlas to maximize the accuracy of our models. Additionally,

the time and effort necessary to produce these stdpecific models is not optimized for
practical i mpl ementation in todayds standa
was the genet lack of granularity in the degree of tremor improvement or worsening
based on the clinical Fakfolosa Marin (FTM) and the Essential Tremor Rating
Assessment Scale (TETRAS) scales. This can make it difficult to compare levels of therapy
across subjectsln this retrospective analysis, we therefore relied heavily on final
programmed settings and thresholds for therapy in the comparisons made here. Within the
larger sample used for mixed effects modeling, tremor and side effects outcomes were

assigned a serity value of 0, 1, or 2 based on our interpretation of the clinician.notes

2.6 Conclusions

Patientspecific computational models were used to assess pathway activation related to
clinical DBS settings. DBS settings clinically optimized for tremor redacsbowed
significant activation of th€TT, and in particular the more lateedferentsof VIMe and

Ret, while paresthesias were related to activation of the ML and posterior VIMi afferents,
and dysarthria wasissociated withactivation of anterior VIMi dferents This study
provides important context for the pathways responsible for therapy and side effects of
DBS in ET patients and suggests a directional programming approach may have utility in

more selectively activating fibers within the CTT.
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Chapter 3: Directional DBS enhances kinetic tremor

reduction and avoids stimulationrinduced dysarthria

In collaboration with
BrindaAK, Butler R Cornish CJiang T ,Marticorena D Blumenfeld M Slopsema JP
Hjelle N, Krieg J Kim M, Beall T, Guo W\Vitek JL, SchrockL, CooperSE, Matsumoto
J, JohnsorMD.

3.1 Chapter Summary

Objective: Directional deep brain stimulation (DBS) with sgd@nd electrodes has
potential to improve clinical outcomes through higher spatial resolution and spatial
targeting within the brain. In this study, we investigated the degree to which directional
DBS canenhance outcomes in patients with Essential Tremor using a set of quantitative
tools to measure kinetic tremor and speech dysarthria.

Approach: Six subjects (11 DBS leads) were evaluated through a monopolar review in
which stimulation was applied througtach of the eight electrodes on th8-3-1 DBS

lead. Archimedes spirals were digitally measured when kinetic tremor was observed to first
decrease (initial therapy) and again after reaching the highest stimulus amplitude before
emergence of side effectméximum therapy). Speech recordings were also collected at
the side effect threshold or maximum therapy stimulus amplitude for each electrode, and
were analyzed for voice onset time (VOT) and prolonged voicing (VOC) durations. Both
sets of measurements wecompared to determine the optimal electrode for tremor
reduction and avoidance of dysarthric side effects.

Results: For the splitband rows, in 78.9% of cases, a directional contact had more
capability to reduce tremor without inducing dysarthria congpaoea simulated ring
mode. Additionally, in 41.7% of visits, a futland electrode provided superior or similar
tremor reduction to the most therapeutic simulated ring electrode suggesting thetreglit
electrodes at the distal and proximal rows maydegful.

Significance: These results emphasize the utility of evaluating directional DBS for patients
with Essential tremor and provide an example of how to effectively and efficiently
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determine the most optimal directional DBS electrode in a programmimgsearch
session using quantitative measures of therapy and stimuilatioced side effect.

3.2 Introduction

DBS leads targeting the thalamus were first designed with a stack of ring electrodes to
enable one to deliver therapy should the lead be implanted too superficial or too deep
(Hosobuchi et al., 1973More recently, directional DBS leads with syfiénd electrodes

have become standaad-care in many clinics to enable current steering both along and
around the lead bod¥runo et al., 2021; Contarino &, 2014; Pollo et al., 2014)hese
directional leads contain eight electrodes arranged ir3&-1 configuration, and are
implanted about the ventral border of the cerebe#aeiving area of motor thalamus for

treatment of Essential Tremor (ET).

While the leads offer more flexible programming options, the higher electrode count and
the ability to steer current in multiple orientations with bipolar or multipolar stimulation
settings makes it challenging for clinicians to adequately explore theafaimeter space
during a clinical visit. For many patients, DBS programming is performed with a standard
monopolar review using ringnode configurations at each row, and only if side effects
emerge are the splitand electrodes evaluat@deerappanteal., 2021) The efficiency of

the DBS programming visit is one consideration, but perhaps more importantly is being
able to find an optimal setting given the lack of granularity in clinical rating scales such as
the wellvalidated FahfTolosa Marin (FM) tremor rating scale (@ score range) and the
Essential Tremor Rating Assessment Scale (TETRAS) (atbadbre range(Kriger et

al., 2021; Rammo et al., 2021; Roque et al., 2021, Steffen et al., 2020; Veerappan et al.,
2021) The use of more objective, quantitative measures would enable clinicians to

ascertain fine diffeances in treatment to identify optimal DBS settings more readily.

There have been many studies that use sensors to capture and quantify tremor reduction
along a continuous sca(Bruno et al., 2021; Cooper et al., 2020; Haddock et al., 2018;
Merchant et al., 2018; Riegge et al., 2020d a few studies that use sensors to capture
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side effect severitfAl-Fatly et al., 2019b; Becker et al., 2020; Fasano et al., 2010; Micke
et al., 2014, Petrpchmelzer et al., 2021Pne study utilized a 3D ultrasound kinematic
analysis tool to asse tremor suppression and choose the best pair of electrodes for
interleaved stimulation (ILBarbe et al., 2014Quantitative analysis of speech was then
used to show that curreabaping ILS decreased stimulatimmluced dysarthria compared

to ILS using equal current for bothHeetrodes. Here, we similarly used senrbased
analysis to assess tremor reductanrd dysarthria. However, in this study we expand

previous results by exploring the full parameter space of monopolar directional DBS.

In this study, we compared directedrand omnidirectional DBS outcomes in ET patients
through (1) upper extremity kinetic tremor assessment using digital capture of Archimedes
spiral drawings, and (2) stimulationduced dysarthria severity by recording fast repetition

syllables.

3.3 Methods

Six individuals with a clinical diagnosis of Essential Tremor, agperative 7T MRI brain
scan, and one or more directional DBS lead implants (Abbott Infinity, model 6173) were
recruited to participate in this study. All subjects gave their written ariheonsent to
participate (clinical trial: NCT03984643), and the study was approved by the Institutional
Review Board of the University of Minnesota. Five of the subjects had bilateral DBS lead
implants, and one subject had a unilateral implant. Overghesdaylong programming

visit, a neurologist performed a rigorous monopolar review in which each electrode (n=8)
and 2 simulated ringnode rows of segmented contacts (2ABC and 3ABC) were evaluated.
Evaluations included cliniciadetermined TETRAS scoresmd Brief Ataxia Rating Scale
(BARS) scores at multiple stimulation amplitudes for each electrode. In addition to these
common cliniciardetermined ratings, we utilized two senbased measurements to
guantitatively assess upper extremity tremor seventy stimulatiorinduced dysarthria

severity.
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3.3.1 Capturingkinetic tremor severity: Archimedes spiral analysis

Instead of assessing kinetic tremor by having the subjects copy a spiral on a sheet of paper,
subjects were asked to trace a spiral using a stiyldsa Microsoft Surface Tablet within

Inkscape. Spirals included in this analysis were traced at two clirdei@mmined
thresholds: initial therapy and maximum therapy without side effects. Spirals were then
extracted from | nks c apversiom frain cdrtasiam govpelarl e d o
coordinatesKigure 3.1A) (Legrand et al., 2017; Pullman, 1998; Saundariman et al.,

2008) The dAunravel | e dooapaslg plotthat acoounts fortpbsiioning i t t e
error, as done by Legrand et al., ustguation 3.1.

"N — AT S DDEFH (3.

where” is the unravelled spiral aridNg the fitted line. The mean squared deviation (MSD)
was then derived from the residual fluctuation and a logarithmic transform was applied
(Equation 3.2) to calculate Spiral Tremor Severity (STE)ble et al., 2006; Haubenberger

et al., 2011; Legrand et al., 2017)

YYYD £ QIB 47 (3.2)

Figure 3.1B shows an example set of spirals collected from a patient in our study while
DBS was OFF and while DBS was ON using three different segmented contacts of the
same row on a directional DBS ledthe corresponding quantitative STS scores are listed
below each spiral. In this case, the DBEF spiral received a cliniciamated TETRAS

score of three, and all three DESN contacts received a cliniclaated TETRAS score of

Zero.
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Figure 3.1:Spiral analysis metho@nd examples. (A) An example spiral was unravelled from cartesian to

polar coordinates and fitted with a line using Equation 1 in order to calculate the mean square deviation
from theresidual. (B) An example set of spirals is shown from one patient forOBSand DBSON

through three different segmented electrodes on onelspld row to highlight how the differences in

tremor severity are scored and to show how directional coriteitte same row varied in tremor reduction
capability.

3.3.2 Capturing dysarthria severity: Voicing and Voice onset time

As part of the BARS assessment, clinicians rate the severity of dysarthria during DBS. In
this study, we recorded a fast syllable repetitiask during which the subject was asked

to repeat the syllabMa at least 10 times in a row as fast and as clearly as possible. This
is also known as oral diadochokinesis and typically includes the syll&lesnd\pa as

well. We chose to reducainsample to the velar consonanisakaka.\) as it is the most
complex of the three and its features have been shown to relate tm@E®d dysarthria
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in Essential tremaofBecker et al., 2020; Mcke et al., 2014; P&ohmelzer et al., 2021)
Speech recordings were done la¢ tmaximum stimulation amplitude tolerated by the
patient, or 5.0 mA depending on which occurred first. Analysis of the speech recordings
included manual labeling of voice onset time (VOT) duration and prolonged voicing
(VOC) duration in the PRAATSoftware(Figure 3.2A and B). Thefirst and lastka\ of

each string were excluded to account for differences in phonetics seen at the beginning and
end which are not indicative of dysarthria. The average VO V& were then manually
labeled for each string dkals within PRAAT, a speech analysis software. VOT was
labelled at the onset of the consonantal constriction to the onset of the vowel. VOC was
labelled as the duration of voicing during the start of coastal closure with voicing
greater than 20 ms considered dysartlikitiicke et al., 2014)Figure 3.2 shavs an
example string ofka\s with labelled VOT and VOC start and end times from one subject
in which DBS was OFFHRjgure 3.2A) and DBS was ONHigure 3.2B) for an electrode
which caused dysarthridhese parameters showed further granularity when comparing

recordings from three different segmented contacts in the samé&igweg 3.2C).

A . ; _ DBS-OFF , ~ ¢ Directional DBS-ON
L S - —
v YRR} v v v oo l_ l
Oom 0O Om O (o] MO
T c T c T c
B DBS-ON, Dysarthria present
VOC =16.0 ms VOC=20.5ms
l m r VOT =60.6 ms VOT =579 ms
{ v vV v v -u}
¢ o ¢ re VOC =28.1 ms
01s ) ) ) VOT =57.4 ms

Figure 3.2: Speech analysis methodsd examplegA) A non-dysarthric recording dkas during which DBS was
OFF shows normal variation of syllables in an ET subject. VOT and VOC durations are labeled witks¢B) A
dysarthric recording ofkals during which DBS was ON. When compari#g and(B), note the visual difference in
VOT and especially VOC duration&) An example of VOT and VOC duration values in one dpdihd row of a DBS
lead shows the diffences possible across segmented electrodes.

3.3.3 Statistical Analysis

Statistical analysis compared the quantitative methods to their corresponding clinician rating
outcomes using Pearson correlations. Additionally, the Kroalalis test, a nonparametric en

way ANOVA, was used to check for differences between STS values across clinician ratings. Post
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hoc comparisons were made using the Wilcoxon rank sum test. When comparifgND&&d
DBS-OFF conditions, the Wilcoxon sigiank test was used to test for diénces.

3.4 Results

3.4.1 Tremor severity

Spirals drawn during various monopolar DBS stimulation paradigms were analyzed from
11 DBS leads across a total of six ET subjects. Bilaterally implanted subjects had separate
visits for each implanted hemisphere. Thesulted in a total of n=441 spirals from 11
separate visits. TETRAS ratings for left hand and right hand spirals were correlated to the
calcul ated STS (Pear s onkgsre 38)r A mohparamenicn t e st
ANOVA test revealed significant differences across TETRAS rating groups (P<0.0001)
and posthoc analysis showed differences between all TETRAS rating chronological pairs
(Wilcoxon ranksum test: all P<0.0001) except between spirals with a TETRAS rating of
zero or one. Both TETRAS ratings and calculated STS gave significantly reduced
outcomes when comparing DB3-F and TETRASptimized DBSON settings
(Wilcoxon signrank testboth P<0.001)Kigure 3.3B).
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Figure 3.3: TETRAS ratings compared to calculated Spiral Tremor SevéfyS).(A) TETRAS ratings and STS
were significantly correlated (P<0.0001, R=0.58) Both TETRAS and STS showed a significant decrease in tremor
when comparing the DBOFF to DBSON condition (P<0.005). DB®N uses the electrode and amplitude deteechi

by clinicians to be optimal for chronic stimulation.

The distribution and granularity of the entire sample of spirals rated by TETRAS and by
the quantitative method of outputting STS are showfigare 3.4A. TETRAS ratings for
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spirals ranged from O to 4 with no spread between integers, while STS ranged.#8&

to 1.941 with a precision down to the thousandth decimal place. When focusismglea
subject inFigure 3.4B, the granularity provided by the quantitative method appeared in the
ring electrodes and rows of segmented contacts THI&RAS ratings for simulated ring

mode electrodes and futland ring electrodes were all 0. However, the STS values
provided a visible, quantifiable difference in each row and revealed the best tremor
reduction was with contact 4 and 3ABC. Further, in ®WTETRAS scores of each
segmented electrode were all the same at a rating of 0, while STS values revealed slightly
better tremor reduction in contact 2B. Similarly, contact 3B is revealed as the optimal

contact for tremor control overall.
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Figure 3.4: Granularity of TETRAS ratings compared to objective calculated Spiral Tremor Sef&fTiB).(A) Violin

plots of the TETRAS ratings and calculated STS values highlight the differences in paramebertidist(B) An

example mapping of TETRAS scores and STS for spirals drawn during therapeutic stimulation using each individual
electrode, as well as simulated rmpde electrodes 2ABC and 3ABC, highlights the granularity of the calculated STS
and the utity of directional contacts. Note that (iB) yellow is considered optimal and blue is considered suboptimal

for these parameters.

3.4.2 Stimulation-induced dysarthria severity

Speech recorded during DBS were similarly analyzed from each DBS lead (n=1%) acros
the six subjects. This resulted in n=142 speech recordings from 11 total visits. Each speech
recording included 10 to 15 repeated syllabds\. VOT and VOC durations were

manually labelled for each syllable and averaged for each recording.
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The aveage VOC was shown to have a positive correlation with the BARS dysarthria
rating (P<0.0001, R= 0.46) whereas the average VOT had a negative correlation with the
BARS dysarthria rating (P<0.05, R6.18) figure 3.5). A KruskalWallis test with post

hoc analysis revealed significant differences in VOC and VOT between recordings rated a

zero or a one with BARS (P<0.005). Of note, a BARS dysarthria ratihgoowas rare
(6/142).
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Figure 3.5: BARS dysarthria ratings compared to quantitative speech measite#verage VOC was positively
correlated with BARS dysarthria rating (P<0.0001). A significant difference in VOC for BARS dysarthria ratings is given
by **P<0.005.(B) Average VOT was significantly negatively correlated with the BARS dysarthria ratingDg)<0.

The distribution of all BARS dysarthria scores is showRigure 3.6 juxtaposed with the
distribution of all average VOC and VOT durations. All BARS dysarthria ratings ranged
from 0-2 with no spread between integers, while the VOC and VOT values showed high
granularity ranging from 7.381.90 ms and 17.4712.13 ms, respégely. The same
patient fromFigure 3.4B was used as an exampieFigure 3.6B to showcase BARS
dysarthria scores mapped out on a directional DBS lead and compared with VOC and VOT
values. The VOC map of ring electrodes followed a similar trend as the BARS scores as
contacts 1 and 3 induced the worst dysarthria and contacts 2 and 4 induced the least. VOT

values similarly conclude that contact induced the least amount of dysarthria. Based on
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VOC values, contact 2C showed the least amount of dysarthric speech overalletbmpa

to all electrodes along the DBS lead.
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Figure 3.6: Granularity of BARS dysarthria ratings compared to quantitative speech meagdyediolin plots of

BARS scores, average prolonged voicing duration (VOC), and average voice onset time (VOT) share the distribution of
each paramete(B) BARS dysarthria ratings, average VOC durations, and average VOT durations during stimulation
through eah electrode at 5mA are mapped onto the lead to show the precision of quantitative speech measures when
BARS dysarthria ratings are only able to give a binary output in this patient. Note (Batyigllow is considered less
dysarthric and blue is consiggl more dysarthric for these parameters.

3.4.3 Combined profile
When programming a DBS lead, the clinician must consider tremor reduction and side

effect severity in parallel in order to select and program that electrode configuration into
the pulse generatofigure 3.7 compares the quantitative outcome measures of STS and
VOC for the 11 DBS leads (n=92 DBS settings total). Spirals includétyure 3.7 are

only those drawn contralaterally at maximum therapy thresholds. Speech recordings are
those from maximum stimulation tolerance or 5 mA, with the majority (78 of 92) at 5 mA.
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Figure 3.7: Spiral Tremor Severity (STS) and dysarthria severity across electr@&e®vals are shown, each
representing one programming visit, to highlight the variance across subjects when analyzing STS and VOC. The
dotted line 820 ms represents the threshold for impaired spé€Bgfcach programming visit is shown individually to

share the STS and VOC values for each electrode that are used to objectively determine the optimal electrode for

tremor reduction and avoidance ofstilatiorrinduced dysarthria.
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The entire patient group was plotted together to compare across indivieigal®e (3.7A)

and then plotted individually to determine the optimal electrode on eachHead¢g

3.7B). When only considering tremor reduction at maximum therapy threshold, a
directional electrode was optimal in nine of 11 leads, and simulatedodg was optimal

in the remaining two. When assessing dysarthria severity at maximum stimulation
amplitude, a directional electrode had the smallest VOC duration in five of 11 leads, and a
simulated ringmode electrode was best in three of 11 leads:auitl ringmode was best

at avoiding dysarthria in three of 11 leads. The optimal electrode when ST®&hd&fe
combined is considered the electrode with lowest STS and a VOC duration less than 20
ms. In two cases when all electrodes had VOC durations greater than 20 iR dad1
ET7-L), a new threshold was set at 25 ms. Nine of 11 leads (81.8%) had todakc
electrode revealed as optimal and the remaining twof€&8d ET¥R) were optimized

with a simulated ringnode electrode. Of note, in nine of 11 leads, including-RTeéhd
ET7-R, a fultband electrode had lower STS or lower VOC than the best seduimg

mode electrode. When evaluating spind electrodes by row, there are 19 viable cases
with one simulated ringnode electrode and at least two directional electrodes in that same
row. In 13 of these cases a directional electrode was chosen wtieizimg for lowest

STS and a VOC duration less than 20 ms (or 25ms forRE@hd ET7L).

3.5 Discussion

In this study, quantitative sensbased measures of DBS therapy and Biafticed side
effects were used to objectively compare directionabamaidirectional DBS for Essential
Tremor. The methods utilized provided precision and granularity in their outcome beyond
clinical rating scales that enabled a robust evaluation of DBS settings and revealed that
directional stimulation was often superiar démnidirectional stimulation in providing

tremor reduction while avoiding stimulatianduced dysarthria.

3.5.1 Quantitative assessments provide precise and granular outcome measures
Clinicians have a limited amount of time in a single programming session to optimize

directional DBS leads. Therefore, it is not surprising that clinicians often use shortcut
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methods and stick with simulated ringpde for splitband rows unless side effedimit

DBS from achieving a satisfactory level of therg@itman et al., 2021)This results in a
significant portion of patients leaving their first programming session with omnidirectional
stimulation settings and no exploration of directional DBS capabi(¥esrappan et al.
2021) By utilizing an easily deployable quantitative measure framework, this study
provided a method for more efficiently determining the optimal DBS setting on a

directional lead in a programming session or in a research setting.

The methods used ten were similar to those validated in previous stu(Besker et al.,

2020; Haubenberger et al., 2011; Legrand et al., 2017; Micke et al., 2014; Pullman, 1998;
SaundersPullman et al., 2008and although slightly modified, were still correlated to the
clinician ratings found herein using TETRAS and BARE&: did see a seemingly bimodal
distribution of the STS for spirals when compared to TETRAS ratings. This may be
attributable to the variability in rating consistency across clinicians considering only a
single live rating was used for each spiral, rathen an average of several retrospective
ratings. This highlights the lack of precision, especially across clinicians and centers, when

using rating scales, such as TETRAS.

As shown irFigure 3.4 andFigure 3.6, the calculated STS and speech measures provided
a granularity and precision that was not possible with the clinician ratings. TETRAS values
ranged from zero to four with no possibility of Risteger values, whereas calculated STS
values were shown to range freh788 to 1.941 with a precision down to the thousandth
decimal place. The BARS dysarthria ratings ranged from zero to two with no spread
between integers, while the VOC and VOT valakewed high granularity with a range
from 7.3031.90 ms and 17.4¥712.13 ms, respectively. Together STS and VOC were able
to provide an objective comprehensive profile of stimulatrmluced dysarthria and tremor
reduction for each electrode as showrFigure 3.7. This allowed for a visualization to
easily determine the most optimal electrode or at least narrow down the parameter space
to be explored by monopolar review.
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In the future, more quantitae measures may be added to the framework described herein,
such as assessment of postural tremor redu(Barbe et al., 2014; Bruno et al., 2021;
Giuffrida et al.,, 2009; Haddock et al., 2018; Riegge et al., 28808)assessment of
stimulationinduced gait ataxi@Fasano et al., 2010; Kroneberg et 2019) The addition

of these measures would further allow a more precise evaluation of DBS settings.

3.5.2 Directional electrodes provide optimal therapy

Using the quantitative assessment framework, this study provides evidence that directional
DBS has utity in providing upper extremity tremor reduction while avoiding dysarthric
side effects in the majority of ET patients. When STS and VOC parameters were combined
(Figure 3.7), directional electrodes resulted in the best tremor reduction while accounting
for stimulatiorinduced dysarthria in 81.8% of programming visits. A more detailed
assessment was then perforntieat only included spliband electrode rows with enough
viable directional segments to fairly compare to the simulated ring electrode. -tleistin
analysis revealed that 68.4% of the time, a directional contact had more capability to reduce
tremor witlout inducing dysarthria compared to simulated -nmgde. These results
confirm those reported in many previous studies based on clirdei@nmined efficacy
(Kruger et al., 2021; Pollo et al., 2014; Rammo et al., 2021; Steffen et al., 2020; Veerappan
et al., 2021; Zitman et al., 2023 study that used sendmased tremor reductidiBruno

et al., 2021)and a single study which quantitatively investigated dysarthria in the context
of interleaved stimulatiofBarbe et al., 2014)The results align with and expand upon
these reports by usingissorbased assessments of both stimulatnmluced dysarthria and
tremor reduction during monopolar directional DBS.

Interestingly, in nine of the 11 DBS leads, a-tdind electrode (row 1 or 4) had a lower
STS and/or lower VOC duration than the simuateng-mode with lowest STS. This
leaves us to predict that if the superior fdind electrode were instead a sphnd
electrode row, further optimization of tremor reduction might be achieved in these subjects.
While the fultband electrodes never hexver STS than all of the directional electrodes,

a full-band electrode did have lower VOC durations than both simulatedgnodg and
directional electrodes in three DBS leads (HT&T6-R, and ET7L). These data suggest
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that if directional stimulation ere possible in these filand rows, avoidance of
stimulationinduced dysarthria may be achieved with better tremor reduction compared to
the current optimal electrode. These results emphasize the utility of a-deysty DBS

leads with four or more $ip-band electrode rows.

3.5.3 Study limitations

In this work, only kinetic tremor was assessed using Archimedes spirals. In the future,
sensotbased assessments which measure postural tremor using accelerometers could be
added to this framework to give a maoobust measure of therapeutic effect. Similarly,
different side effect assessment could be added, such as using-lessksrse estimation

to capture gait ataxia severity.

These results were obtained from a relatively small sample of subjects (6) arldddBS

(11); therefore, additional subjects are necessary to prove statistical power for the
hypothesis that the probability of a directional electrode being optimal (81.8%) is greater
than chance (60%). Additionally, only seven DBS settings acrossratlatlvisits caused
stimulationinduced dysarthria severe enough to be rated at a 2 using the BARS. The study
did highlight that there was considerable nuance in stimulatduced dysarthria between

0 and 1 ratings of the BARS, which would be in linehitpical optimization done in the
clinic to decrease dysarthria to a 0. Similarly, TETRAS ratings of 0, 1 and 2 show nuance
in clinician ratings when comparing STS across scores. If a more precise comparison
between clinician ratings and sentased methds were needed, an average of several
clinician ratings might have given TETRAS and BARS outcomes with a more normal

distribution.

Despite the efficiency of the speech collection process, the manual labeling of VOT and
VOC duration parameters within tHeRRAAT software for data collected from one
programming visit with 10 DBS settings took several hours to complete. Translating these
approaches into the clinic will require automatic labeling approaches. Syllable duration is
another speech parameter shownm lie indicative of stimulatiemnduced speech

impairment because it encompasses articulation rate, which deteriorates with dysarthric
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speech(PetrySchmelzer et al., 2021This is readily seen iRigure 3.2A and B, which
are shown on the same time scale but appear at different articulation rates.

3.6 Conclusions

In this study, we calculated STS scores combinedspigéech VOC durations revealed that
directional stimulation was optimal compared to omnidirectional stimulation in the
majority of subjects for providing substantial tremor reduction while avoiding stimwation
induced side effect3his research emphasizég need to develop programming strategies
that are effective at determining the optimal electrode or at least limiting the parameter

space which clinicians must explore during a directional DBS programming session.
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Chapter 4: Longitudinal analysis of local field
potentials recorded from directional deep brain

stimulation lead implants in the subthalamic nucleus

Brinda AK, Doyle AM, Blumenfeld M, Krieg J, Alisch JSR Cornish C, Lecy E,
WilmerdingLK, DeNicolaA, Johnson A, Vitek JL, JohnsorMD. f L o n ganatysisd i n a |
of local field potentials recorded from directional deep brain stimulation lead implants in
the subthalamic nucleusdournal of Neural Engineerind8, no. 4 (May 13, 2021).
https://doi.org/10.1088/1742552/abfclc

4.1 Chapter Summary

Objective: The electroddissue interfacsurroundinga deep brain stimulation (DBS) lead

is known to be highly dynamic following implantation, which may have implications on
the interpretation ofintraoperatively recorded local field potentials (LFPs). We
characterized bethand LFP dynamics following implantation of a directional DBS lead
in the sensorimotor subthalamic nucleus (STN), which is a primary target for treating
Parkinsonds disease.

Approach: Directional STNDBS leads were implanted in four healthhyon-human
primates. LFPs were recorded over two weeks and dgéimonths after implantation.
Impedance was measured for two weeks-poptantwithout stimulationto compare the
reactive tssue response to changes in LFP oscillations. Both common average referencing
(CAR) and intrarow bipolar referencinglRBR) were calculated fothe LFP recording,

and beteband (1230 Hz) peak power was extracted from the power spectra.

Results: Restingstate LFPsn 2 of 4 subjectsevealeda steadyincreaseof beta power

over the initial two weeks poginplant whereas the other 2 subjects showed variable
changes over timd@eta power variance across days was significantly larger in the first two
weeks ompared to ¥4 months posimplantin all 3 longterm subjectsFurther, spatial
maps of beta poweseveral hours after implantatidid not correlate wittthosemeasured

two weeks or 4 months posimplant. CAR andRBR beta power correlated across short

and longterm time points. Howevedepending on the time period, subjesto®wed a
62


https://doi.org/10.1088/1741-2552/abfc1c

significant bias towards larger beta power using one referencing scheme over the other.
Lastly, electrodetissue impedance increased over the two weeksippdant but sowed

no significant correlation to beta power.

Significance: These results suggest that beta power in the ®ajundergo significant
changedollowing DBS lead implantationDBS lead diameter and electrode recording
configurationscan affectthe postimplant interpretation ofoscillatory features. Such
insights will be important foextrapolating results fronmtraoperative and externalized

LFP recordings.

4.2 Introduction

Similar to other intracranial electrode arrays, deep brain stimulation (DBS) leads with
electrodes around and along the lead body provide opportunities for bidirectional
interfacing, including the ability to record oscillatory activity in the form of Ide=d
potentials (LFPs) from the surrounding tissue. Recent translational efforts that leverage
LFPs to collect and interpret data for evaluation of cldsed DBS technologief.ittle

et al., 2013; Priori et al., 2013; Rosa et al., 20pb¥toperative programming techniques
(Bour et al., 2015; Connolly et al., 2015a; Ince et al., 2010; Tinkhauser et al., 2018; Yoshida
et al., 2010)and new lead desigii€onnolly et al., 2016)lepend on understanding how

the reactive tissue rpense influences LFP signatures over the duration of the implant.
While the reactive tissue response to cortical microelectrode implantation has been well
studied in rodent&ozai et al., 2015a; Ludwig et al., 2009; Vetter et al., 2004; Ward et al.,
2009; Williams et al., 2007; Woolley et al., 20@)mategBarz et al., 2017; Suner et al.,
2005) and humangFernandezt al., 2014; House et al., 2008ss is known about how

the time course of the tissue response to DBS lead implan{agompka et al., 2009)
affects the ability to record neural activity from DBS leads.

Electrochemical impedance spectroscopy is one apptoatiaracterize the reactive tissue
response of implantable neuralvaes and gain insight abouthe surrounding tissue
encapsulatiofKozai et al., 2015b; Williams et al., 200Tihpedance of implanted cortical

microelectrodestypically increass during the first two weeks posimplant before
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stabilizing thereafter(Kozai et al., 2015b, 2015a; Williams et al., 2Q0Zargercross
sedional areamicroelectrodeslsocause more tissue damage and, hence, larger increases
in impedancgKozai et al., 2015b)Not surprisingly, preclinical and clinicatudies have
shown that impedance of DBS lealéctrodeswith leaddiameters much greater than that

of microelectrods, increases substantially in the initial weeks following implantation
(Lempka et al., 2009; Lungu et al., 2014, Sillay et al., 2018; Williams et al.,.2007)

A common LFP feature recorded from DBS leads in the subthalamic nucleus (STN) are
betaband oscillationgAbosch et al., 2012; Arlotti et al., 2018; Bour et al., 2015; Bronte
Stewart et al., 2009Beta oscillations have long been used intraoperatively to guide DBS
lead placement, as they are known tadifgustin the sensorimotor region of the STiN
drug-naive(Connolly et al., 2015b, 2015and parkinsoniafChen et al., 2006; Holdefer

et al., 2010; Kolb et al., 2017; Kulet al., 2005prains Beta oscillatory activity recorded
from conventional DBS leads (4 rows x 1 column) in the $iaN been showto change
between intraoperative and-8@y postimplant time period¢Rosa et al., 2010PDue to
clinical constraints, there is a lack of studies detailing the dynamics of LFP oscillatory
activity over the initial two weeks following STRBS lead implant and how these
compare with known increases in electrddsue impedancat later time pointsSuch
knowledge is critical for interpreting results from intraoperative studies that evaluate the
use ofbetabandactivity as a feature for pesperative programming and intraoperative

evaluation of closetbop DBS systems.

In this study, we examined peishplant spatial and temporal dynamics ldtaband
oscillatory power in the STN through directional DBS leads in fourmonan primates.
Recordngs were performed over a tweeek posimplant periodwithout stimulationand

then tracked again-4 months later. Thenon-parkinsonianstate was chosen over a
parkinsonian state in order toontrol for any dayto-day fluctuations inbetaband
oscillatory power stemming from changes in parkinsonian behaviors. LFP recordings were
analyzed usingommon average referencing (CAR) and v bipolar referencing
(IRBR) schemes and tracked alongside electttsfeie impedance measurements.
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4.3 Materials and Methods

43.1 Preclinical Animals

Four healthy, adult female rhesus macaqiacéca mulattq were used in this study
(Subject 1, 17 years old, 9.5 kg; Subject 2, 17 years old, 8.9 kg; Subject 3, 15 years old, 11
kg; Subject 4, 17 years old, 10.0 kg). All edpeental procedures and care were performed

in compliance with the Institutional Animal Care and Use Committee (IACUC) at the
University of Minnesota and with the United States Public Health Service policy on the
humane care and use of laboratory animEi® subjects were pamoused, provided with
waterad libitum andfed a standard diet supplemented daily with a variety of fresh fruits
and vegetablesSubjects were housed in a humieityntrolled room maintained on a
12h/12h light/dark cycle. All effost were made to provide quality care and alleviate
medical conditiondor the animals through regular veterinary support and consultation.
The animals were trained with a cooperative behavioral training paradigm using positive
reinforcement method$raham et al., 2012; McMillan et al., 2014)

4.3.2 Imaging and Surgical Procedures

Preoperative CT (Siemens Biograph) and 7T MRI (Magnex Sciergdgsively shielded)
data were acquired in each subject at the Center &gnktic Resonance Research at the
University of Minnesota. The F1T2- and susceptibiliweighted images were used to
construct subjeespecific surgical plans through a combination of Amira (Thermo Fischer
Scientific) and the Monkey Cicerone surgicaligation softwaréMiocinovic et al., 2007)
(contact the corresponding author for an updated copy of this software platform). All
surgeries were performed under deep isoflurane anesthesia and aseptic conditions as
described previouslgAgnesi et al., 2015; Connolly et al., 2015a; Zhang et al., 2@1B)
subjects were instrumented with a chamber overigiie (S1 and S2) deft (S3 and S4)
hemisphere and oriented im @blique, anterioposterior / lateramedial trajectory to
target the STN in a manner consistent with the trajectory of-BBN lead implantation

in humans. The chamber material was PEEK in Sul§jant titanium in all other subjects
(Gray Matter Reseah).
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4.3.3 Microelectrode Mapping and DBS Lead Implant

Electrophysiological mapping techniqueslized glass tipped tungsten microelectrodes
(250 nM diameter) to record neuronal spike responses to passive and active joint
manipulation to locate the sensorimmategionof the STN. Additionally, microstimulation

(< 50mA) which evoked motocontractionsvas used to define the location and functional
representation of the corticospinal tract of the internal capsule. The mapping/triabk
yielded the longest run of spike activapd high thresholds for evoked motor movements

in the sensorimotor STN was chosen for DBS lead implantation. Along this trajectory, a
scaleddown, twelve-electrodedirectionally segmented DBS lead (4 rows by Bioms,
manufactured by Heraeus Medical Components) was implanted in Subjects 1 and 2
(Figure 4.1A). The 4x3 lead diameter was 0.8 mm, and each eledtaxi@5 mm heigh

(SA = 0.36 mm) with a 0.5 mm spacing between rows. A scaledn, six-electrode
directionally segmented DBS lead (2 rows by 3 columns, manufactured by Abbott
Neuromodulation) was implanted in Subjects 3 arf€igufe 4.1B). The 2x3 leadhad 0.51
mmdiameter, and each electrode was 0.76 mm in height (SALl+0m) with a 0.3 mm
spacing between rows-bay imaging (JPI Healthcare) was used during the microelectrode
mapping and lead implantation procedures to ensure trajectory and depth were consistent.
Postoperative CT scans wer e-operatignalsurgeal plashtot o e a
verify DBS lead placement within the STINhe radial orientation oDBS lead &ectrodes

in Subjects 1 and was verified with posmortem histology Kigure 4.1C). For more
informationonobtaining thesereclinicalDBS leaddesigndrom theabovemanufacturers

please contact the corresponding author
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Figure 4.1: Directional DBS lead implants and experimental timeliifd) DBS lead with 12 segmented
electrodes in a 4x3 configuration implanted in the STN of Subjects 1 and 2T MRiages are shown for

each subject with segmentegtonstructions of the DBS lead (cyan) and STN (red) overlaid on the images.
(B) DBS lead with 6 segmented electrodes in a 2x3 configuration was implanted in the STN of Subjects 3
and 4.(C) Radial orientation of electrodes relative to the STN (red) foh sabject. View is in a plane
perpendicular to the oblique DBS lead trajectory. Alhteromedial; Pl posterolateral(D) Experimental

timeline marks the day of implant and subsequent LFP recordings and impedance spectroscopy
measurements.

434 Local Field Potential Recording and Analysis

Restingstate LFPs were recorded at 24.4 kHz from each of the electrodes ovewadiwo
period for 30 consecutive movemdrge seconds (IckerDavis TechnologiesSynapse
Software) Figure 4.1D). Perioperative (day 1) LFP recordings were taken several hours
following DBS lead implantationRestingstate periods were determined by visual
inspection of the animal during the recordingsPs were collected in reference to the
metallic head post anchored to the cranium with multiple titanium bone screws (Subjects
1-3) or a silver chloride wire inserted into the DBS chamber filled with saline (Subject 4)
(Lempka et al., 2009).FPs were analyzed offline using the Chronux tooligokil et al.,
2010) and modified MATLAB scripts (2017a, Mathworks). Initial pogirocessing
included a Hz highpass filter and a 308z low-pass filter applied to the raw time series

data Figure 4.2A). Two LFP reérencing schemes were calculated: common average
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reference (CAR) andntrarow bipolar referencing (IRBR) CAR is useful for
interpreation of the spatial location of beleand activity, andRBR is more relevant in
currently implementedlinical devicegAbosch et al., 2012; Yoshida et al., 2010AR

LFPs were calculated by subtracting the average signal across all electrodes from each
individual electrode Kigure 4.2B). IRBR LFPs were calculated by subtracting signals
from adjacent electrodes within the same réig(re 4.2C). Power spectra fronthe
recording schemes were calculated using the rfapgr method with three tapers
(Chronux). The resulting power spectra were smoothed with a moving Gaussian window
of length 100(standard deviation = 2@nd normalized by aligning ¢hhigh frequency
baseline power of each spectrum to ziereeduce contribution of any dag-day wide

band spectral power changégom the full power spectrum, the bgtaak power was

calculatedrom spectral data betwed2 and 3(Hz.
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Figure 4.2: LFP betaband activity across three referencing approacf@sample from Subject 4)A)
Monopolar recordings, in reference to a silver chloride wire in the DBS chamber, were filtered around the
peak leta activity from 1230Hz. (B) Common average referencing involved subtracting the average
monopolar recording across the array from each individual monopolar recof@n@gipolar intrarow
referencing involved subtracting monopolar recordings from adjaglectrodes within the same rothe

dotted line highlights instances in which a phase reversal occurs amongst electrodes in the array indicating a

dipole near electrode 3A.
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4.3.5 Electrochemical Impedance Spectroscopy and Analysis

LFP instability immediatgl following the DBS lead implant reflects changes in the
electrodetissue interface and may stem from the reactive tissue response to neurotrauma
induced by the implar{Kozai et al., 2015b; Lempka et al., 200B) track progressioof

this immune responsse characterize the fibrous tissue encapsulation layer that forms
around the lead usinglectrochemical impedance spectroscdphs). EIS was measured
before LFP recordings to ensure viability of each electrode and to trackua®piment

of the tissue encapsulation laysrrroundingthe lead (AutoLab Potentiostat, NOVA 2.1
software). Electrodes were deemed -uiable if impedance measured at 1 kHz was
significantly higher than anatomically possible, indicating the wire connediad come
loose and neural recordings were no longer possidgesurementasedan AC signal at

an amplitude of 25mV to ensure a linear respghsenpka et al., 2009All impedances
were measured in a twalectrode configuration with a DBS electrode serving as the
working electrode Kigure 4.3A). A titanium heaepost, attached with metallic bone
screws, served as the counter electrode for Sulfie2tand3. The counter electrode for
Subject4 was asilver chloridewire placed ingle the ipsilateral DBS chamber and
submerged in 0.9% NaCl. The measured impedance spectrum ranged frb&aID Hz,
which was sufficient to capture the resistive and capacitive nature of the int&iitaoe (
4.3B). Analysis of EIS data included a longitudinal impedance analysis specifically at 1
kHz and 20 Hz. We hypothesiz¢hat the impedance at 20 Hz may better reflect the
impedance experienced by thetabandLFP signalsin the 1230 Hz rangethat were
recorded through the electrotssue interface. kHz is the impedance commonly
measured by investigators to ensure electrode viallilégnpka et al., 2009; Williams et

al., 2007) and 20 Hz is more consistent with the spectral features of the neuronal
recordings Given the susceptibility of electrodissue impedances to decrease with
electrical stimulatiorfLempka et al., 2009n0 electrical stimulation was delivered during
the duration of the study.
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between a working electrode on the DBS lead and a counter electrode either as a silver chloride wire in the
DBS chamber or a distributed set of bone screws over thermsscranium(B) Shown is a Nyquist plot of

an example impedance spectroscopy measurement highlighting 1 kHz and 20 Hz resistance and reactance.
The latter measurement was chosen given its relevance to typicdetdrequencies (120Hz).

43.6 Statistial Analysis

For LFP and impedance time series data, a nonparametrigvagnéANOVA was
performed to confirm the presence of any significant changes across qeys08, post

hoc analysis was done using a Wilcoxon signed rank test for zero median wihnr8oin
corrections to account for multiple comparisons. Testing for correlations between different
time series trends was done using a Pearson correlation test. This was applied to compare
CAR betaband peak power to bipolar bdiand peak power and imp@tte to betdband

peak power. Pearson correlations were also used to compare spapaakepawemaps

across days.

4.4 Results

44.1 General LFP beta peak power trends following SIDBS lead implant

The CAR power spectra calculated from DBS lead electrod#seifour subjects varied

over time Figure 4.4A). During the perimplant period (day 1 to 4), beta peak power (12

30 Hz) fluctuated but showed consistent trends for each of the DBS kgdee(4.4B

and O. There was an increase in beta peak power between days 1 and 4 in S1 and S2
(Wilcoxon signed rank: p=0.0122 and p=0.0420), and a decrease in beta peak power in S4
(Wilcoxon signed rank: p=0.0313) thsimilarly trended downward in S3. Note that the

subjects with lower beta peak power on dayefe those with the largeliamete¥x3 DBS
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lead (S1 and S2), whereas the subjects with higher beta peak power owetaytliose

with the smallediameter2x3 DBS lead (S3 and S4). For the bipolar configurations, all
animals showed similar trends to those observed for the CAR configurations, but only S1
hada significant change in bepeakpower between days 1 and 4 (Wilcoxon signed rank:

p=0.0269) Figure 4.5).

Figure 4.4: Changes in local field potential spectral characteristics using a common average referencing
schemefollowing implantation of a 4x3 DBS lead (S1, S2) and a 2x3 DBS lead (S3, S4). (A) Example power
spectra with common average referencing from one co
spectral variation across days and subjects. Therspexamples shown are from the contacts which were

highest in betdoand peak power on day 13. (B) B&tand peak power (between-32 Hz, CAR) over days
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