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Abstract

Background: The posterior subthalamic area (PSA) is essentially composed of the caudal
Zona incerta and the prelemniscal radiation. Subthalamotomy in the PSA was renowned for
its effectiveness in alleviating movement disorders and particularly tremor. The modern
literature on DBS of this area is limited, but promising results have been presented for
Parkinson’s disease (PD), essential tremor (ET) and other movement disorders.

Aim: To evaluate the safety of PSA DBS with emphasis on the panorama of side effects, the
distribution of stimulation-induced side effects and the effects of PSA DBS on verbal fluency.
To evaluate the therapeutic effect of PSA DBS on less common forms of tremor, tremor-
dominant PD, and concerning the long-term results in ET.

Method: 40 patients were evaluated regarding side effects of the procedure. 28 patients with
ET were analyzed for stimulation-induced side effects in a standardized manner. The
locations of the contacts that caused stimulation-induced side effects were plotted on atlas
slides. A 3-D model of the area was created based on these slides. Verbal fluency was
analyzed in 17 patients with ET before surgery, after 3 days and finally after 1 year. Five
patients with less common forms of tremor and 18 with ET were evaluated according to the
ETRS at baseline and one year or 3-5 years after surgery, respectively. 14 patients with
mainly unilateral tremor-dominant PD were evaluated a mean of 18 months after surgery
according to the motor part of UPDRS.

Results: PSA DBS was associated with few serious side-effects, but a transient and mild
postoperative dysphasia was found in 22.5% of the patients. There was a slight transient
decline in the performance on verbal fluency tests immediately after surgery. Visualization of
the contacts causing stimulation-induced side effects showed that identical responses can be
elicited from various points in the PSA and its vicinity. The effect on the less common forms
of tremor was excellent except for neuropathic tremor where the effect was moderate. A
pronounced and sustained microlesional effect was seen for some of the patients. After a
mean of 4 years with unilateral PSA DBS the total ETRS score was improved by 52.4%,
tremor by 91.8% and hand function by 78.0% in the patients with ET. There was no increase
in the stimulation strength over time. In PD, the scores improved 47.7% for contralateral
UPDRS III. Contralateral tremor, rigidity, and bradykinesia improved by 82.2%, 34.3%, and
26.7%, respectively.

Conclusions: PSA DBS generally seem to be a safe procedure, but it may be associated with
transient declines of verbal fluency. There was no clear somatotopic pattern with regard to
stimulation-induced side effects in the PSA. PSA DBS can alleviate tremor regardless of the
etiology. The long-term effects in ET were favorable when compared to our previous results
of Vim DBS. The effect on Parkinsonian tremor was satisfying, however, the reductions of
rigidity and bradykinesia were less compared to previous studies of PSA DBS for PD.

Keywords: Deep brain stimulation, Movement disorders, Posterior subthalamic area, Zona
incerta, Prelemniscal radiations, Tremor, Essential tremor, Parkinson's disease.
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Populiirvetenskaplig sammanfattning pa svenska

Neurologiska rorelsestorningar sdsom Parkinsons sjukdom, essentiell tremor och dystoni kan
leda till nedsatt livskvalitet och nedsatt forméga att sjdlvstandigt klara av vardagliga sysslor..
Nar ldkemedel inte ger tillracklig lindring av symtomen kan stereotaktisk funktionell
neurokirurgi vara en alternativ behandlingsmetod. Med hjélp av stereotaktisk teknik kan man
med millimeterprecision na djupa strukturer i hjairnan sasom nervkarnor och nervfibrer. Vid
neurologiska rorelsestorningar anvands metoden i dagens ldge i huvudsak till att inplantera
stimuleringselektroder djupt i hjarnan, s.k. Deep Brain Stimulation (DBS) eller fritt §versatt
”djup hjérnstimulering”. Metoden anvénds mestadels for att med hjdlp av stimulering kunna
reducera skakningar (tremor), ofrivilliga rorelser, krampartade kroppsstillningar samt vad
giller Parkinsons sjudom &@ven stelhet och ldngsamma rorelser.

I denna avhandling med namnet ”Deep brain stimulation of the posterior subthalamic
area in the treatment of movement disorders”, har DBS i det bakre subthalama omradet
(engelska: posterior subthalamic area, PSA) utvérderats for rorelsestorningar dar
handikappande tremor 4r en gemensam ndmnare. Omradet &r tétt packat med nervfibrer och
nervkérnor som inverkar i kontrollen av vara rorelser. Redan under 60-talet var omradet kéant
som ett effektivt mal for att lindra rorelsestorningar och framforallt tremor, men de moderna
studierna av DBS i detta omrade é&r relativt fa.

Sakerhetsaspekterna ér ytterst viktiga eftersom DBS i dagens ldge oftast inte botar, utan
syftar till att ge betydande lindring av patientens symtom. Relativt lite kunskap finns i dagens
lage om eventuella biverkningar av just PSA DBS. I arbete 1-3 utvirderades olika
sakerhetsaspekter av DBS 1 PSA. Studie 1 undersokte forekomsten av biverkningar hos
patienter opererade med DBS i PSA. Malet befanns vara sikert och forenat med fa allvarliga
biverkningar. Négra fall av 6vergdende svérighet att hitta ord uppticktes. Detta har inte
rapporterats tidigare efter PSA DBS, men ddremot efter operationer av nirliggande mal i
hjarnan.

Studie 2 undersokte biverkningar orsakade av sjélva stimuleringen. Samma typ av
biverkning kunde utlgsas av flera olika strukturer i omradet.

Studie 3 byggde vidare pa det forsta arbetet och undersékte ndrmare den dvergaende
svarigheten att finna ord. Genom att testa ordflodet hos opererade patienter fann man att det
fanns en 6vergdende paverkan efter operationen. Det hir berodde inte pa om stimuleringen
var av- eller paslagen och paverkade inte patienternas funktionsniva.

Studie 4-6 utvdrderade den kliniska effekten av PSA DBS for ett antal rorelsestorningar
dér tremor &r ett dominerande symtom. Studie 4 studerade fem patienter med mer ovanliga
former av tremor . Patienternas tremor lindrades vél. Effekten var god &ven mot smértor och
krampande muskler hos tvé patienter med s.k. dyston tremor.

I studie 5 studerades effekten av PSA DBS efter fyra ar hos 18 patienter med Essentiell
tremor (ET). En DBS operation innebér ofta en livslang behandling och det hir gor att
langtidsresultaten ar ytterst viktiga. Behandlingen visade sig ha bibehallen effektivitet dven pa
langsikt. Resultaten var fordelaktiga i jaimforelse med langtidsstudier av DBS i thalamus.
Thalamus 4r en kdrna i hjarnan som i dagsldget dr det mest vanliga mélet for DBS vid ET.

I studie 6 studerades effekten av PSA DBS hos 14 patienter med Parkinsons sjukdom.
Patienterna hade huvudsakligen ensidiga symtom som dominerades av tremor. Effekten mot
tremor var god och jamforbar med tidigare studier. Effekten mot stelhet och langsamma
rérelser var ndgot mindre positiv. Vad detta beror pa behover studeras ytterligare.
Sammanfattningsvis tyder avhandlingens resultat pé att det bakre subthalama omrédet (PSA)
ar ett sékert och effektivt mal for djup hjarnstimulering mot rérelsestrningar. Fler studier
behovs for att klargéra om PSA dr ett lampligt alternativ i jamforelse med andra stereotaktiska
mal.

iii



Abbreviations

ADL, activities of daily living

AC, anterior commissure

CT, cerebellar tremor

CT, computed tomography

¢Zi, caudal zona incerta

DBS, deep brain stimulation

DT, Dystonic tremor

ET, essential tremor

ETRS, Essential Tremor Rating Scale

Fct, fasciculus cerebellothalamicus
GABA, y-aminobutyric acid

Gp, globus pallidus

Gpe, globus pallidus externus

Gpi, globus pallidus internus

H, field H of Forel

HI, field H1 of Forel

H2, field H2 of Forel

HFS, high frequency stimulation

Hz, hertz

ICL, intercommissural line

10, inferior olive

IPG, implantable pulse-generator

MCP, midcommissural point

MlI, medial lemniscus

MRI, magnetic resonance imaging

MS, multiple sclerosis

MPTP-monkey, monkey lesioned with 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
MRF, medial reticular formation.

NT, neuropathic tremor

PC, posterior commissure

PEV, pulse effective voltage

PD, Parkinson’s disease

Ppn, pedunculopontine nucleus

PSA, posterior subthalamic area

PW, pulse-width

Raprl, prelemniscal radiation

RN, red nucleus

STN, nucleus subthalamicus

U, voltage

UPDRS, Unified Parkinson's Disease Rating Scale
UPDRS, III Unified Parkinson's Disease Rating Scale — Motor part
V, volts

Vim, nucleus ventralis intermedius thalami
VL, ventral lateral nucleus of thalamus
VLp, nucleus ventralis lateralis posterior thalami
Voi, nucleus ventrooralis interna thalami
Vop nucleus ventrooralis posterior thalami
WT, writing tremor

Zi, zona incerta

us, micro-second



“Young man, they can beat and rob you of everything, but you will always keep your
education.”

— Matti, retired Finnish sailor giving the 19-year-old author advice about what to do in life.
Gothenburg, Sweden, 2000.

Introduction
General Introduction

“Dr. Ernest A. Spiegel held the belief that there is nothing that appears in the literature
without some precedent in an older article.”

- Philip L. Gildenberg.”

The title of this thesis implies that it concerns deep brain stimulation (DBS). DBS signifies
stimulation of subcortical structures for therapeutic purposes and the procedure is
incorporated into the field of functional and stereotactic neurosurgery. The term functional
neurosurgery implies a surgical procedure in the nervous system that aims at reducing
symptoms and/or restoring function by in some way altering a dysfunction in the nervous
system. The term stereotactic consists of the Greek word “stereo”, meaning solid or three-
dimensional in combination with —tactic, which is derived from the Latin word tactus (to
touch) or can just be a linguistic evolution of the Greek word “taxis” (arrangement, order).> ¢
Either way, by applying a three-dimensional reference system (the stereotactic frame) to the
patient, we are able during functional stereotactic procedures to reach and affect structures
deep in the brain through a small burr hole. Today, many consider stereotactic functional
neurosurgery to be more or less the same as DBS, which normally is considered to have been
introduced by Benabid et al. in 1987.” However, everything comes from something and
“history often repeats itself,” as Gildenberg stated in an article with the same name.”* I
personally feel that this is one of the key factors to the background of this thesis, history does
repeat itself and a knowledge of history is essential for understanding the somewhat “back
and forth” evolution that eventually led us to conduct the studies in this thesis concerning
DBS in the posterior subthalamic area (PSA).?

A simplified outline of the history of stereotactic neurosurgery and the surgical
procedures for movement disorders will therefore be included in this introduction.

Historical background

The French Philosopher René Descartes (1596—1650) is accredited for the introduction of
the Cartesian coordinate system which can be said to constitute the “foundation” of
stereotactic surgery. By defining an origo, or 0, and a scale that may have positive as well as
negative values, it is possible to identify any point in space with this coordinate system
using three intersecting planes at right angles (Figure 1). Several constructions for guiding
intracranial procedures had predated the publication in 1908 of the “Horsley-Clarke
stereotaxic frame” for use in animals. However, this frame is generally regarded as the first
one based on Cartesian coordinates and is therefore also regarded as the predecessor of the
current stereotactic systems for humans.®"'* Though the first frame for human stereotaxy
actually had been constructed before, it was not until 1947 when Spiegel and Wycis
presented their “stereotaxic apparatus for operations on the human brain” that the technique
really took off.'® '3 '>-16 The rapid spread of this technique from this point was certainly due



to numerous reasons. The ability to use intraoperative x-ray which facilitated the use of
intracranial landmarks was fundamental, but probably most importantly: there simply was a
great need to develop the method.> """
The initial purpose of Spiegel and
Wycis was to provide a safer alternative
to prefrontal lobotomy for psychiatric
disease; however, the method would
predominately spread in the field of
surgery for movement disorders, mainly
because there were no effective medical
alternatives at that time.>*'>2°?* Since
the beginning of the 20th century
surgeons had tried different open
intracranial operations on the motor
cortex or its descending pyramidal
pathways in order to alleviate symptoms
as involuntary movements and tremor.”
2439 These procedures were usually
associated with hemiparesis and high
mortality, and the concept of targeting
instead the extra pyramjda] motor Figure 1) Schematic drawing of a Cartesian 3D
. coordinate system. (Reproduced with kind

system, such as the basal ganglla, had permission from the publishers.")

not been considered previously as an

option.”’ 30-32

However, during the 1940s and 1950s interventions aimed at structures of the basal ganglia,
such as the caudate nucleus and the globus pallidus (Gp), proved that surgical lesions of the
extra pyramidal motor system could lessen symptoms of movement disorders without
simultaneously causing hemiparesis.”* ****! These operations were, however, also limited
in their popularity due to high risks and low predictability of the outcome, '’ 2% 30 34.38.42

Inspired by the pioneer work of Spiegel and Wycis, numerous neurosurgeons soon

constructed their own stereotactic frames which were used at different centers around the
world."”*%¢ Lars Leksell presented his first frame in 1949, which already had the movable
semicircle that still is the hallmark of the later model which was used for the operations in
this thesis.”* >’ With the use of stereotaxy, the mortality quite rapidly sank under 1% and, for
the first time in history, there was a safe and effective way to ease the burden on the patients
with movement disorders in general and PD in particular.24’ 3860 By using the stereotactic
frame, the surgeon was able to insert a thin cannula or an electrode into central structures of
the brain and make therapeutic lesions with millimeter precision. The lesions were mostly
made using radiofrequency, electro-, thermo- or chemocoagulation.”* ' The first widely used
target for stereotactic lesions in PD was the globus pallidus and hence the procedure was
named pallidotomy. In 1954 Hassler presented the ventral thalamotomy, which was
advocated due to its superior effect on tremor and therefore surpassed pallidotomy in
p0pularity.38’ 62:65 Purther evolution led to the development of campotomy and later also the
subthalamotomy, which was a lesion below the thalamus in the zona incerta (Zi) and the fiber
tracts of the subthalamic area.* **7° The first publication on subthalamotomy was by
Wertheimer et al. in 1960 and the procedure was preferred by some surgeons as they
considered it even more potent in alleviating tremor than thalamotomy.”" Since L-dopa was
not in use back then, the PD patients of that era were in an earlier, but equally severe, state of
the disease compared to the patients who are candidates for surgery today. The predominant
indications for surgery were therefore tremor and rigidity, and not bradykinesia and




dyskinesias.'” 2% 647273 By 1965 approximately 25,000 stereotactic procedures for
Parkinsonism had been performed.'” A dramatic turnaround of events occurred around 1968
when effective L-dopa preparations became widely available and revolutionized the
management of patients with PD.'” 387477 For the first time, there was an effective
pharmacological treatment for PD and the need for stereotactic surgery was now considered
small.”””® What often is referred to as the “lesional era” of stereotactic neurosurgery had
passed its peak and during the 1970s and 1980s only certain centers still performed
stereotactic functional procedures for movement disorders.” ' ™® It would take
approximately 20 years before there once again was a general awareness of the need for
stereotactic surgery for patients with PD and other movement disorders. This second
turnaround in history is often referred to as the “renaissance” of functional stereotactic
neurosurgery. Precisely as in the 1950s, there was once again a massive eruption of activity in
the field, clinically as well as scientifically. The development was spurred by the seminal
paper by Laitinen et al. in 1992 that revived the advantageous effects of Leksell's
posteroventral pallidotomy on the troublesome motor symptoms of PD, which at this time in
history, apart from tremor and rigidity, were also bradykinesia and L-dopa-induced
dyskinesias.'” 7 Development in the field of surgery for movement disorders was further
spurred by the introduction of the use of high-frequency stimulation of the ventrolateral
thalamus (Vim DBS) and subthalamic nucleus (STN DBS) initiated by the Grenoble group,
as well as the introduction of internal globus pallidus (Gpi) DBS by Siegfried et al.”**'%
DBS soon replaced lesional procedures almost entirely since similar therapeutic effects could
be achieved from the same brain targets in a “reversible manner” and hopefully also be
associated with fewer complications.'*"'® At present, in the midst of the “modern era” of
DBS, an estimated over 80,000 DBS procedures have been performed worldwide in the
treatment of movement disorders.''” STN DBS is most often preferred in PD due to its effects
on tremor, rigidity, and bradykinesia, as well as its ability to reduce L-dopa medication.®
°7 Vim DBS is mainly used for tremor-dominant disorders and Gpi DBS mainly for dystonia
and some cases of PD. 80100102 118124

DBS has generally been applied to targets that were previously used to perform lesions.
Subthalamotomy was, as mentioned above, considered to be an effective procedure for the
alleviation of movement disorders with tremor. 2% 66 6870 125-140 e targets for this
procedure during the lesional era appear to have mainly been either the Zi or the 1prelemniscal
radiations (Raprl), which in this thesis is incorporated into the term PSA.* %125 13 Of course,
previous to the development of MRI and CT, it was difficult to confirm the anatomical
location of a lesion by other means than an autopsy. The reports of DBS of these structures
during the “modern era” have been very limited, even to the extent that it has been referred to

as a “forgotten target”.3 +22:126. 141



“Though we should not refuse to give modern authors due credit for their discoveries or
happy imitations, it is none the less just to restore to the ancients what properly belongs to
them.”

- Ceslus, Liber Medicinae Secundus, Cap XIV
The Posterior Subthalamic Area

The PSA is bounded superiorly by the nuclei of the ventral thalamus and inferiorly by the
superior margin of the substantia nigra. It lies posterior of the STN and anterior of the medial
lemniscus. Medially, it is outlined by the lateral margin of the red nucleus (RN) and the
lateral border is made up of the STN and more posteriorly of the posterior limb of the internal
capsule (Figure 2). The primary component structures are the Zi and the Raprl. The areas
often designated as the fields of Forel (H, H1 & H2) lie more anterior and are not components
of the PSA. It should be noted that there is no exact definition of the PSA which is generally
agreed on. The Zi and the Raprl will be discussed in more detail below.> 12141143

Figure 2) Schematic drawing based on the atlas of Schaltenbrand & Wahren demonstrating selected
structures in the posterior subthalamic area and its surroundings. A & B corresponding to horizontal slice H.v
-1.5 & -3.5, respectively. C & D corresponding to coronal slice F.p 5.0 & 7.0, respectively. E & F
corresponding to sagittal slice S.I 10.5 & 13.0, respectively.

(Cpip; Internal capsule, posterior limb; H2: Field H2 of Forel; Sth: Subthalamic nucleus; LI: Lateral
lemniscus; Lm: Medial lemniscus; Ni: Substantia nigra; Ppd: Peripeduncular nucleus; Q: Fasciculus Q;
Raprl: Prelemniscal radiation; Ru: Red nucleus; Vim: Nucleus ventralis intermedius of thalamus; Vim.e:
External nucleus ventralis intermedius of thalamus; Vim.i: Internal nucleus ventralis intermedius thalami;
Voa: Nucleus ventrooralis anterior thalami; Vop: Nucleus ventrooralis posterior thalami; Zi: Zona incerta.)
(Reprinted with kind permission from the publishers.’)



Subthalamotomy

The target for the subthalamotomy during the “lesional era” was not the subthalamic nucleus
as the term often signifies in more modern literature."**"*’ Even though modern studies have
indicated that there isn’t an absolute correlation, lesions of the STN (or nucleus of Luys) were
not intentionally performed since surgeons feared that this would cause contralateral
hemiballism as had been observed in stroke patients.'**'>* Several groups explored the
subthalamic area during the lesional era. Spiegel and Wycis performed what they called a
“campotomy”, which name signified that it was a lesion of the “campus Foreli” or fields of
Forel.' %13 Accordingly, these lesions were produced somewhat anterior to the PSA.
Meyers, and also other surgeons, performed subthalamic lesions in the substantia nigra
(substantia nigrotomy/-lysis),*'-26-31- 133137 138

Exactly why and how the posterior subthalamic area was discovered as a target is
somewhat hard to tell from the literature. The proximal location of the PSA, just inferior to
the ventrolateral thalamus, might be fundamental in this aspect. The PSA can, in fact, often be
reached by using a standard trajectory from a frontal burr hole and by just advancing the
electrode a few millimeters inferior to the thalamus (i.e. below the intercommissural line,
(ICL)).> **1%° It was from early on noted that a pronounced microlesional effect was
characteristic of the area. A marked reduction of tremor is often observed just by entering the
target area with an electrode. It was further claimed that a smaller lesion of the subthalamic
area could be as effective as a larger thalamic lesion, 0870 137. 153. 161-166 Consequently,
regardless of whether the PSA was reached on purpose or not, the pronounced microtomy
effect probably encouraged surgeons to explore the area further since alleviation of tremor
was a main concern at that time, 5% 7% 128 130 17

To the best of my knowledge, the first publication of a stereotactic subthalamotomy of the
region of the PSA was the one by Wertheimer et al. in 1960.”" The interest in the procedure
grew rapidly, however, after the meeting of the Harvey Cushing Society in 1963 where Andy
presented the first series of subthalamotomies.®” °® '** Several papers on the subject were
published in rapid succession during the following few years, and although the
subthalamotomy probably did not surpass the thalamotomy in usage, it apparently coexisted
during the lesional era as an option for the treatment of movement disorders, especially when
tremor was a dominating symptom, >+ 13> 137- 161167170 The reports on subthalamotomy
primarily concern PD and, secondly, ET, but conditions such as multiple sclerosis (MS)
tremor, posttraumatic tremor, torticollis (cervical dystonia), cerebral palsy, and other
movement disorders were also evaluated, 22 66- 68-70.125. 128, 130, 134-137, 140, 153, 161-163, 166-168, 170-186
In PD, the effects were reported as being most favorable on tremor and perhaps also rigidity,
but the effects on bradykinesia and other symptoms are more difficult to interpret.?* %6 %7
125, 128, 130, 134, 135, 137, 140, 153, 161-163, 168, 170, 177-180, 187, 188

Many groups, for example, the one working with Laitinen, combined lesions of the
thalamus and the subthalamus according to the best response to intraoperative stimulation.
Furthermore, several surgeons probably intentionally, as well as unintentionally, made both
thalamic and subthalamic lesions and “labeled” them thalamotomy, % 2 66 125 134, 135, 137-140.
166, 167, 171 175, 176, 182, 185. 187. 189-194 Hwever, the targeting and the studies concerning this issue
were more detailed than one perhaps might think. The group of Bertrand and Velasco
elaborated a method of minimizing the impact of the anatomical variations when using air
ventriculography as the radiographic method. By dividing the ICL into tenths, they identified
a quite small subthalamic “optimum” target area in which an alleviation of tremor could be
reproduced in most patients. This area was located 8/10 behind the anterior commissure, 5/10
lateral to the midline and 1/10 to 2/10 inferior to the ICL. With a distance between the AC
and the posterior commissure (PC) of 25 mm, i.e. the ICL length, the corresponding



coordinates would be 20 mm behind the AC, 12.5 mm lateral and 2.5-5.0 mm inferior to the
ICL. The authors were quite specific that this area should be characterized as a “funnel”,
which thereby allowed greater variations in the inferior-superior (z) axis than in the anterior-
posterior(y) or the lateral(x) axes. According to their data, this area corresponded to the Raprl,

or, as stated in Velasco et al. in 1972, “the prelemniscal radiations within the Zona incerta.””®
126, 128, 130

Complications of Subthalamotomy

“Sir Bedevere: What makes you think she's a witch?
Peasant: Well, she turned me into a newt!
Sir Bedevere: 4 newt?
Peasant: [meekly after a long pause] ... I got better.
Crowd: [shouts] Burn her anyway!
- Search for the Holy Grail, Monty Python, 1974

Complications of subthalamotomies will be discussed in somewhat more detail since three
of the six papers in this thesis evaluate different safety aspects of DBS in the PSA. It has also
been suggested that lesional surgery in the PSA was abandoned in favor of thalamic lesions
due to the associated side effects.'** '*” Some authors compared their thalamic and
subthalamic lesions regarding the effect, as well as the side effects, of these procedures. The
opinions differ and, unfortunately, it is difficult to draw conclusions based on these reports as
to whether one target was more preferable than the other,'> 14 177 178, 187. 198,199

Although often reported as mild, different types of cerebellar signs such as dysmetria,
disturbances of gait and balance, dysarthria, and hypotonia were perhaps the most frequently
reported category of side effects.’ 127 136 166. 168, 169,179, 180, 182, 189,199,200y 5 o 5]
investigated the frequency of cerebellar signs after thalamotomy and subthalamotomy and
found the frequency to be somewhat higher for subthalamotomy, and especially considering
the persistence of these side effects.'”’ Hypotonia was reported by several authors, and in a
paper by Blacker et al., hypotonia accompanied by a slight transient clumsiness of the treated
limb was reported in all of the 15 patients.136

Neglect of the treated arm secondary to thalamotomy has been reported by several
authors. Velasco et al. also encountered this after combinations of thalamotomies and
subthalamotomies, but it is difficult to know if this should be ascribed to the subthalamic
lesion or not. |27 129 153,201,202

Ipsilateral deficits of the sympathetic nervous system, presenting primarily with
hypohidrosis and Horner’s syndrome, was reported to occur quite frequently by some
authors, |77 203205

Dysphasia of different types and severity has been reported with quite high occurrences in
some series of thalamotomies. Mild dysphasia was also reported after subthalamotomies by
Liicking and Laitinen, but as Laitinen combined thalamic and subthalamic lesions, it is
difficult, just as in the case of neglect discussed above, to draw any conclusions as to whether
this was caused by thalamic lesions, subthalamic lesions, or both. % 22 140, 180, 184, 201, 206-214



“It is a cursed evil to any man to become as absorbed in any subject as I am in mine.”
- Charles Darwin

Deep brain stimulation of the posterior subthalamic area

The subthalamotomy declined hand in hand with the other stereotactic procedures for
movement disorders as the use of L-dopa for PD spread.” While DBS has revolutionized the
field of stereotactic neurosurgery during the modern era, the interest in applying DBS to the
PSA seems to have been fairly absent. Simplified, bilateral STN DBS has become the first
choice for advanced PD and thalamic Vim DBS is mainly used for non-Parkinsonian tremors
or tremor-dominant PD. The rationale for evaluating STN DBS was the knowledge gained
from animal models (MPTP monkeys) about the role of the STN in Parkinsonism. Regarding
Vim DBS, it seems as if it mostly depended on knowledge obtained from intraoperative
stimulation during thalamotomies.” ' 1% Based on the knowledge from the lesional era, one
might feel that it would have been natural to explore PSA DBS for the same conditions as the
subthalamotomy was once used.’

This was, in fact, also done several years before the publication in 1987 presenting high-
frequency stimulation of Vim by Benabid et al., which is regarded by many as the first paper
on DBS for movement disorders.”*'*2'¢

In 1977 Mundinger published the article, “Neue stereotaktisch-funktionelle
Behandlungsmethode des Torticollis spasmodicus mit Hirnstimulatoren”, in which he
presented 7 patients with spasmodic torticollis who had been treated with
“Permanentimplantation eines Hirnstimulationssystems (Medtronic ®) in die extra-
pyramidalmotorischen thalamischen Kerne (V.o.a/V.0.i) und die subthalamische Zona Incerta
unter Einbezug der Bundel HI und H2 (nach Forel).” In other words, this is, to the best of my
knowledge, the first publication on chronic DBS which included the PSA. The results were
reported to be good and not accompanied by complications.'”

In The Lancet in 1980, Brice and McLellan published an article on two patients with MS
tremor who were treated with chronic DBS using a target that was located in the subthalamic
area.z};he coordinates where 20 mm behind the AC and 10 mm lateral and 68 inferior to the
ICL.

0.J Andy, who had presented the first series of subthalamotomies in 1963, published a
paper in 1983 on nine patients with tremor of different etiology who were treated with
chronic stimulation of different thalamic and subthalamic structures. The paper included one
patient with posttraumatic tremor, for which the stimulated structures included the Zi and the
effect was reported as “excellent”.*"”

One may merely speculate as to why the DBS technique was not to become widespread
based on papers published before 1987 and the reason why the PSA became a “forgotten
target” is probably multifactorial. *2'>2'72!? It would take until the year 2000 before we saw
the first publication on PSA DBS during the “modern era” of DBS. This and the subsequent
reports on the subject are summarized in Table 1.%'%

PSA DBS has been applied for various conditions with tremor, similar to the use of
subthalamotomies. Apart from the patients in papers [IV-VI, the therapeutic effect in 114
patients has been presented in 14 papers since the year 2000, 26 141+ 15 160. 165. 196,197, 220-228
There are essentially only four groups that have published series with PSA DBS: Kitagawa
and Murata in Japan, Velasco and co-workers in Mexico, Plaha and Gill in the UK, and
Blomstedt et al. in Sweden, 2% 141 159 160. 165, 196, 197, 220-222, 224-226.229. 230 T jntended targets
and the nomenclatures of the procedures differ somewhat. Velasco et al. refer to their target
as the prelemniscal radiations (Raprl), precisely as during the lesional era, Plaha et al. target



the caudal Zona incerta (cZi), and Kitagawa et al. refer to the posterior subthalamic white
matter/area, which incorporates both the c¢Zi and the Raprl.'** 141, 165,196, 157, 221

The prefix ‘caudal’ regarding the Zi was added by Plaha et al. in order to distinguish this
part of the Zi from the more anterior and superior part that is often affected when performing
STN DBS."""" ' Our group refers to the cZi as our target since it reflects our intended
anatomical target and corresponds to an area with a clear anatomical reference (i.e. lying
posteromedial to the posterior tail of the STN). However, it is very difficult to separate the
cZi from the Raprl on MRI images and the extension of the PSA is quite limited, and
accordingly stimulation in the area probably affects several substructures.® '**?** We have

therefore also chosen to use the term posterior subthalamic area as a general term for the
3,159, 160, 224,234
area.” > 00T

Parkinson’s Disease and Parkinsonian Tremor

Excluding the 14 patients with tremor-dominant PD in paper VI of this thesis, 54 patients
have so far been presented in six papers and one book chapter regarding PSA DBS for PD.'%
141,163,221, 225227 The improvements after DBS on the “cardinal motor signs” of PD have been
reported as 78-93% for tremor, 45-94% for rigidity and 46—75% for bradykinesia. In
essence, only 18 patients in two papers have been operated on with bilateral DBS due to the
motor symptoms of advanced PD.'*"~** The other series primarily include patients with
tremor-dominant disease.'?* '%>?2"+226 There is also one publication by Khan et al. in which
the patients received bilateral cZi DBS as well as DBS of the pedunculo-pontine nucleus
(Ppn). These patients had a rather different clinical picture which was dominated by “PD with
significant falling, freezing, or postural instability. »227

Although it involved only 5 patients, the article by Carrillo-Ruiz et al. concerning
bilateral Raprl DBS for advanced PD reported quite impressive improvements in the motor
part (part IIT) of the Unified Parkinson Disease Rating Scale (UPDRS).** Please see table 1
for details.

The article by Plaha et al. from 2006 is interesting since the group first performed STN
DBS. Due to a better effect, the target was then moved medially of the STN, corresponding to
the area of the pallidofugal fibers (outflow fibers from the Gpi) and the more anterior and
superior parts of the Zi (outside the PSA)."*"*** After further exploration, they once again
moved their target, this time to the caudal Zi. According to their results, the best effect was
elicited when stimulating the cZi with ensuing improvements contralaterally of 76% for the
total UPDRS 111, 93% for tremor, 76% for rigidity, and 65% for bradykinesia. The
corresponding figures for the STN group were 55% for UPDRS 111, 61% for tremor, 50% for
rigidity, and 59% for bradykinesia.””’

Essential tremor
As mentioned above, the PSA is often reached just by advancing a few millimeters inferior to
the ICL when using a standard trajectory aimed at placing the electrode in Vim. Regardless of
whether it is intended or not, the most inferior contacts of many “Vim electrodes” will
therefore actually be located in the PSA.>15%:160:236 geveral studies on the most effective
contact location for Vim DBS in essential tremor have also shown that the most effective or
energy-efficient stimulation site was actually located inferior to the thalamus within the
PSA.Z*?*! Sandvik et al. also compared a group with Vim DBS to one with PSA DBS for ET
and found that the absolute majority of the contacts that yielded an effective reduction of
tremor were located in the cZi or Raprl.241

Forty-eight patients from six papers have thus far been reported on concerning PSA DBS
for ET (Table 1)..160’ 196,197, 220-222 Including the 18 patients in paper V, there are now 22



patients for which the long-term effects of PSA DBS for ET have been evaluated.”*?** The
results seem promising, even when compared with Vim DBS, which is currently the standard
choice for DBS in ET. For bilateral procedures the improvements on the total Essential
Tremor Rating Scale (ETRS) were 74-80%.72°2*? Blomstedt et al. presented the one-year
results of 21 unilaterally operated patients, which improved 60% for total ETRS, 95% for
contralateral hand tremor and 87% for contralateral hand function.'®

Other types of tremor

The modern literature (excl. Paper IV) of PSA DBS for other types of tremor than ET and PD
comprises four patients with MS tremor, two with dystonic tremor (DT) and one case each of
posttraumatic tremor (PTT), cerebellar tremor (CT), Holmes tremor (HT), and spinocerebellar
ataxia type 2.'°% 222228 The results are reported as good and though it is still in its cradle, it
seems as if PSA DBS may be a feasible procedure for tremor of various etiologies.



DBS of the Posterior Subthalamic Area in the Treatm

Author Patients/Disease

Movement Disorders

Follow-up Target (mm)

Side effects

Results

(months) (improvement)
Kitagawa 2000 1ET& 1DTunilat - See Murata 2003 None reported “Abolition” of tremor
Hooper 2001 1 PTT unilat 44 6 post MCP, 12 lat & 4 inf ICL Transient weakness in  Sustained ML-effect,
the treated arm electrode removed
Velasco 2001 10 PD unilat 12 Expressed in tenths of the ICL: 1 deter. depression, Result reported to be
Predominantly unilat Lat. 5/10, 8/10 post AC, 1-2/10 1 subopt result due to excellent concerning
tremor & rigidity below ICL. stim-ind side-efx tremor and rigidity.
Murata 2003 8 ET unilat* Mean 23 10 lat of ICL. 3-4 post STN on the Only stimulation- Contralateral tremor
(8-42) axial slice with the greatest STN-  induced which did not improved by 81 %.
diameter. Active contacts: 11 lat, affect the result
7.5 post MCP, 4 inf ICL.
Plaha 2004 4 ET bilat 12 Medial to the posterior dorsal None reported Total ETRS improved by
third of the STN. 80%. FMS improved
75.2 %.
Kitagawa 2005 8 PD unilat 24 Contacts with best effect: Lat None reported C-lat tremor 78%,
Predominantly unilat 10.5, 5.5 post MCP, 3 inf ICL. rigidity 93 %, akinesia
tremor 66%.
Plaha 2006 14 PD, 13 bilat & 1 6 Active contacts: Lat 14, 6 post None reported C-lat tremor 93%,
unilat. MCP, 2 inf ICL. rigidity 76 %,
Therapy-refractory PD bradykinesia 65%.
Freund 2007 1 SCA type 2 bilat 24 2 contacts in Vim, 2 in the PSA None reported Nearly completely
cessation of tremor and
torticollis
Carrillo-Ruiz PD 15 unilat 77 12 See Velasco 2001 None reported. See Not separated for bilat
2007 PD 5 bilat (all in C-R also C-R 2008 & unilat. See Velasco
Book Chapter 2008) 2001 for unilat & C-R
2008 for bilat
Carrillo- Ruiz 5 PD bilat 12 See Velasco 2001. Active 1 deter. depression,  Total UPDRS Il 65%,
2008 Advanced PD contacts: Lat 11.5, 6.5 post MCP, 5 transient tremor 90%, rigidity 94
4.5 inf ICL. somnolence, %, bradykinesia 75%.
Plaha 2008 6 ET,5PD, 4 MS, 1CT, 12 Posterior-medial to the 1 transient dysphagia PD: tremor 92 %,
1 HT, 1DT - all bilat posterior-dorsal STN. rigidity 77 %,
bradykinesia 62 %.
Tremor-dominant PD TRS: ET 76 %, MS 57 %,
CT 60 %, HT 70 %, DT 71
Blomstedt 2009 2 DT, 1WT, 1CT, 1 NT 12 Posterior-medial to the STN at 1 hardware-related Tremor & hand function
Paper IV the level of the maximal DT 100%, WT 80% (incl.
diameter of the red nucleus. writing), CT 100%, NT
72%.Sust. ML-effect,
electr. explin 1 DT
Blomstedt 2010 19 ET unilat, 12 See Blomstedt 2009. Active 8 trans dysphasia &  ETRS improved 60%.
2 ET bilat contacts (mm): 11.6 lat, 6.3 post 1 clumsiness. 1 Upper extr. tremor
MCP, 3.0 inf of ICL. subopt effect dueto  (item5/6) 95%. Hand
stim-ind side-efx. function (item11-14)
3 hardware-rel. 87%.
Plaha 2011 15 ET bilatt Mean 32 Posterior-medial to the 3 stim.-related ETRS improved 74%,
(12-84)  posterior-dorsal STN dysarthria. 1 infection FMS 73.5%
Khan, 2011 7 PD bilat with 12 Coordinates not stated. None reported to be  Tremor 84.6%, rigidity
Combined cZi & significant falling, Posterior-medial to the related with the czi 45%, bradykinesia 46%
PPn DBS freezing, or postural posterior-dorsal STN
instability
Fytagoridis 2011 16 ET unilat, Mean 48.5 See Blomstedt 2010. Active 1 hardware-related ETRS 52%. Tremor (item
Paper V 2 ET bilat + (34-62)  contacts (mm): 12.0 lat, 6.3 post 5/6) 92%. Hand
MCP, 2.2 inf to ICL. function 78%.
Blomstedt, 14 PD, 13 unilat & 1 See Blomstedt 2009. Active 1 subopt result due to C-lat tremor 82.2%,
2012 bilat contacts: Lat 12.6, 7.0 post MCP,  stim-ind side-efx. rigidity 34.3%,
Paper VI Tremor-dominant PD 2.0infICL 1 infection bradykinesia 26.7%.

Table 1) Overview of the literature concerning PSA DBS for movement disorders. The figures in the column to the right represents

improvement in percent with stimulation.

AC: Anterior commissure. MCP: Mid-commissural point. ICL: Intercommissural line. C-lat: contralateral. Inf: inferior. Post: posterior. Lat:

laterality

FMS (functional motor score) = category used by Plaha et al.: upper limb action and postural tremor combined with items 10-14 (hand

function & writing) of the ETRS.

*, One patient was previously presented in Kitagawa 2000. 1, 10 of 15 patients previously reported in Velasco 2001. 1, All 5 patients were
previously reported in Carrillo-Ruiz 2007. , 6 patients were previously reported in Plaha 2008. +, Long-term follow up of the patients from

Blomstedt et al. 2010.

ET = Essential tremor; MS = multiple sclerosis; CT = cerebellar tremor; HT = Holmes tremor; DT = dystonic tremor; PTT = posttraumatic
tremor. SCA 2= Spinocerebellar ataxia type 2. TRS = Fahn-Tolosa—Marin tremor rating scale
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Zona incerta
“The region of which nothing certain can be said.”- Auguste Forel

In 1877 Auguste Forel was the first to describe the Zi, “the zone of uncertainty”. ***** The
Zi is a heterogeneous nucleus of the diencephalon that lies inferior to the ventrolateral
thalamic nuclei and is draped over the superior and medial surfaces of the STN. Further
inferiorly, the caudal extension of the Zi lies posteriomedial to the STN.'**'** The nucleus
has been divided into four subsectors based on morphological and physiological properties
and the caudal sector has been claimed to play a role in the motor system. ****** Even though
some things have become less uncertain about the Zi, we still cannot fully comprehend its
global role or if and how it plays a role in the pathophysiology of movement disorders.'*"**"
243,24 Ope thing that is known is that the Zi, with its different sectors, has extensive both
afferent and efferent connections with virtually every part of the central nervous system. For
example, there are reciprocal connections with the interpositus nuclei of the cerebellum,
brain-stem motor nuclei, basal ganglia, thalamus, and cerebral cortex, but there seems to be
limited direct connections with the STN.**2%

The transmitter substance of the efferent cZi axons is mainly y-aminobutyric acid
(GABA). GABA is inhibitory, in contrast to glutamate (Glu), which has an excitatory effect
on the receiving neurons.***>% 2%

In accord with the widespread connections to the Zi, experiments on rats have shown that Zi
lesions can produce a variety of effects on, for example, arousal, attention, and motor and
vegetative behavior. With regard to the motor system, the cZi seems be in a key position
within the pathways connecting the cerebellum-thalamus-cortex and the basal ganglia-
thalamus-cortex and also for modifying these projections via ascending sensory input.>** The
Zi has been shown to respond rapidly to peripheral stimulation and the Zi neurons seem to
fire in synchrony with cortical impulses during normal movement.***2*-2%>2% The quite
extensive GABA-ergic and inhibitory axons that project from the Zi to the thalamus have
been shown to block the sensory impulses to the thalamus and thereby reduce the
spontaneous activity of the thalamic neurons.”** *"2*® In parkinsonian rats the Zi is
hyperactive in similarity, but less marked in comparison, to the STN. It has been postulated
that the predominately GABA-ergic Zi and the glutamatergic STN have parallel functions in
the control of movements.***>%

Prelemniscal Radiations

Currently, the most widely used stereotactic atlas for targeting deep brain structures is that of
Schaltenbrand and Wahren. This atlas uses the nomenclature of Hassler which incorporates
the preleminscal radiations and the fields H of Forel.'* '***2%! The Raprl signifies the fiber
bundle anterior to the medial lemniscus (ml) and medial to the Zi (please see Figure 2).The
Atlas of Morel was used in several studies in this thesis and this atlas has, instead, adapted the
nomenclature used in studies of other primates. The intention of the Morel atlas was partly to
provide an updated and detailed atlas, but also to simplify the transition of knowledge from
studies in non-human primates to stereotactic neurosurgery in humans by using the same
nomenclature. According to this nomenclature, the Raprl is incorporated into the
cerebellothalamic tracts or the “fasciculus cerebellothalamicus (fct)”, which also includes the
“prerubral area”, often referred to as the field H of Forel.'*>*%! The fct originates in the
dentatus, interpositus, and fastigius nuclei of the cerebellum, passes along the superior
cerebellar peduncle, and crosses the midline before it continues in between the Zi and the red
nucleus and ascends into the thalamus.?®' Therefore, at the level of the PSA, the fct
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corresponds more or less to the Raprl and it is very likely that what Hassler called Raprl
mainly consists of cerebellothalamic fibers, but also axons from the mesencephalic reticular
formation,'** 6% 26!

Some neurophysiologic studies have been conducted during stereotactic operations on the
Raprl. Stimulation of the median nerve of the forearm produced late, but not early,
components of the somatosensory evoked potential (SEP) when recorded in the Raprl. These
responses showed amplitude changes with attention, a pattern that is different from that of the
medial lemniscus and the thalamus.'®**** Additionally, stimulation of the Raprl induced
EEG-recruiting responses of the cortex similar to stimulation of the mesencephalic tegmental
area.'® These data favor the assumption that the fibers of the Raprl may have a role in the
control of movements in relation to attention.

The Ventrolateral Thalamus

The nomenclature of the thalamic motor nuclei can be equally confusing as the one for the
subthalamic structures. Most neurosurgeons are familiar with the Ventro intermediate nucleus
(Vim) of thalamus according to the Schaltenbrand atlas and the nomenclature of Hassler.
Later research have tried to cohere Hassler's nomenclature with that used in other primates
and have instead proposed the use of the terms ventral lateral nucleus of thalamus (VL) or
Nucleus ventralis lateralis posterior thalami (VLp). The VL and VLp both incorporate the
Vim, but they differ regarding whether other adjacent nuclei of Hassler such as Vop and/or
Voi also should be included into each respective term or not, 14 143263264

Tremor

The aim with PSA DBS in movement disorders is not only to treat tremor. This section will,
however, focus on tremor because this is the most important denominator for all the disorders
included in this work.

Tremor is defined as a rhythmical and involuntary oscillatory movement of a body part.
The tremor must be involuntary but the amplitude may vary. Rest tremor, which is
predominately seen in PD, occurs in a body part that is not voluntarily activated and is
completely supported against gravity. Action tremor is any tremor that is elicited by a
voluntary contraction of a muscle. This category therefore includes postural, isometric, and
kinetic tremor. Kinetic tremor is produced during any voluntary movement and is further
divided into simple kinetic tremor (during movements that are not target-directed), tremor
during target-directed movements (intention tremor), and task-specific tremors (for example,
writing tremor).”®® The frequency of the oscillations in essential tremor normally varies
between 4 and 12 Hz, while the rest tremor in PD has lower frequencies of 4-9 Hz.2%% 2%

The central neurogenic tremors such as for example essential, dystonic, cerebellar, and
PD tremor are thought to arise from oscillations in the neural pathways of the brain. Data
indicate that these oscillations are caused by not one, but multiple “oscillators” inside the
respective loop. 2°**% Rest tremor is considered to arise from the basal ganglia loop and is, in
most cases, dependant on dopamine depletion.”®* %2 The action tremors are considered to
arise somewhere in the neural loop connecting the inferior olive, cerebellar cortex,
ventrolateral thalamus, and the motor cortex.”*® Studies have indicated that the ipsilateral
cerebellum and the contralateral sensor-motor cortex and the thalamus are involved in ET,
PD, and several other forms of tremor.?*® "' The cerebello-thalamic pathways do,
therefore, appear to be involved in the pathology of all tremors, even though the exact
mechanisms and the roles of the different structures are unknown.
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Why Deep Brain Stimulation of the Posterior Subthalamic Area for
Movement Disorders?

“I know nothing expect the fact of my ignorance.”

- Socrates

The mechanism of action for high frequency stimulation (HFS) of deep brain targets is at
present under some debate. The exact mechanism of HFS in general and for the different
targets in particular is not fully understood.® **7° 2”7 The original theory was that HFS
inhibited its targets since the effect of HFS mimicked lesions, but later data have indicated
that this perhaps is not the only mechanism.> %27

To the best of my knowledge, there are two main theories concerning the putative
effectiveness of DBS in the PSA. We might call one of these theories the “bottle-neck
theory”, after Herzog and co-workers, and the other “the cZi theory”, after Plaha and co-
workers, 22! 2%
The essence of the “bottle -neck theory” is similar to the ideas that Bertrand and Velasco
postulated during the 1970s.”" '** 3% The axon-dense PSA is considered to be a key point
for interrupting or modulating pathological tremor signals within the cerebello-thalamo-
cortical loop as they ascend from the cerebellar nuclei towards the VL. Herzog et al referred
to the area as a “bottle neck” of axons emanating to the Vim and speculated that stimulation
of these axons is more potent in terms of affecting thalamic neurons than stimulation of the
thalamus itself.**’ This assumption is also supported by data showing that HFS potentially
affects more neurons when stimulating axons, in contrast to nuclei.?’®

What we here call the “cZi theory” postulates that the cZi is an effective target for the
alleviation of all forms of tremor due to its “unique GABA-ergic connections” with the basal
ganglia and cerebello-thalamo-cortical loops, as well as the motor nuclei of the brainstem
such as the inferior olive (I0) and medial reticular formation (MRF).**' Plaha et al. suggest
that the cZi is the only link between the basal ganglia and the VL and that alteration of this
circuit is therefore effective in suppressing Parkinsonian tremor.'*" !
Regarding the action tremors, Plaha et al. suggest that abnormal oscillations are transferred
from the cerebellar interpositus nuclei to the VL and MRF. These oscillations are also
transferred to the ¢Zi, which in turn sends efferents to the IO, MRF, RN, and also return
signals to the interpositus in order to moderate and amplify the oscillations. cZi DBS is then
thought to be effective by overriding oscillations in the nuclei mentioned above. Plaha et al.
further propose that since the cZi DBS may influence the MRF, it may thereby affect the
proximal component of tremor in contrast to stimulation of the VL or the cerebellothalamic
fibers, which is said to be effective mostly against the distal components of tremor.?!

In my opinion, neither of these theories actually excludes the other, and we also know
that stimulation probably affects several of these microanatomic substructures. Thus, it is
difficult to discard either one of them.
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Background to the Present Study
Safety, Paper I-111

The safety aspects must be regarded as fundamental for all surgical procedures that are
carried out solely in order to reduce symptoms and thereby improve the quality of life of the
patients. Complications associated with surgery in the PSA are of particular interest, not only
because the safety aspects of PSA DBS is relatively unexplored, but also because it has been
suggested that the PSA was abandoned as a target for lesions due to the associated side
effects, 26 141165, 196,197, 220223, 223,238 117 yaper I the first 40 patients undergoing PSA DBS at
our department, regardless of the indication, were analyzed concerning complications and
side effects.

Stimulation-induced side effects are quite seldom a threat to the results of DBS, but,
nevertheless, important decisions are sometimes made based on them and they can also give
us useful anatomical and physiological information about a target.”’®>” To further explore
the PSA in terms of safety, it could therefore be useful to investigate the panorama and the
anatomical distribution of stimulation-induced side effects, particularly as these might differ
from other more explored targets in the proximity, such as the Vim and the STN. In paper II
stimulation-induced side effects were evaluated in relation to the anatomical location in
patients with ET and PSA DBS.

Some of the patients with ET in paper I experienced a mild and transient postoperative
dysphasia. Similar findings have not been re}s;)orted after PSA DBS, but it has been reported
for other targets such as the STN and Vim.'"***?% To further investigate and, if possible,
also objectify the effect that PSA DBS may have on language functions, the pilot study in
paper III was conducted concerning the effects of ¢Zi DBS on verbal fluency in a group of
patients with ET.

Effect, Papers IV-VI

Several neurosurgeons preferred to target the PSA instead of the ventrolateral thalamus when
treating various forms of tremor during the lesional era of functional stereotactic
neurosurgery.> 2% 70126 yyIM DBS is by the majority of neurosurgeons considered as the
standard procedure for tremor-dominant movement disorders other than PD. The number of
modern studies reporting PSA DBS is more limited. Nevertheless, promising results have
been shown for different movement disorders with tremor as a dominating symptom, such as
tremor-dominant PD, ET, and other forms of tremor, ' 126 141 160,165, 196,197, 220-223, 225, 228, 283,
8 In paper 1V the effect of cZi DBS is evaluated in five patients with less common types of
tremor.

Essential tremor is the most common adult movement disorder and up to 50% of the
patients with disabling tremor do not respond adequately to drug therapy.”**?** For these
patients DBS is an alternative which, in most cases, will become a life-long commitment and
this highlights the impetus to also evaluate the long-term effectiveness of the procedure.'** %
Only four patients with ET have been reported on concerning the long-term results of cZi
DB?zgnd paper 1V investigates this issue for 18 patients operated upon with cZi DBS for
ET.

DBS is a treatment alternative for symptoms of Parkinson's disease when
pharmacological therapy alone does not provide sufficient relief, or is associated with
disabling side effects.””2%¢ At present bilateral STN DBS is the treatment of choice, but not
all PD patients are suitable for this procedure. In some patients, another target for bilateral
DBS or a unilateral procedure, is preferable.** For tremor-dominant PD, the most common
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alternative target to STN is the Vim nucleus of the thalamus.”** Recent data has highlighted
the PSA as an alternative target for PD, mostly for tremor-dominant disease, but effeteness

has also been reported for bradykinesia and rigidity.
The aim of Paper VI was to evaluate the effect of unilateral cZi DBS on tremor in a group of
patients with predominantly unilateral tremor-dominant PD.
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Aims

To evaluate the safety aspects of deep brain stimulation in the posterior subthalamic
area.

To investigate the panorama and the anatomical distribution of stimulation-induced
side effects in the posterior subthalamic area.

To investigate the relationship between verbal fluency and deep brain stimulation in
the posterior subthalamic area.

To evaluate deep brain stimulation of the caudal zona incerta for tremors other than
ET and Parkinsonian tremor.

To evaluate the long-term effect, energy consumption and safety of deep brain
stimulation of the caudal zona incerta for Essential tremor.

To evaluate the caudal zona incerta as a target for deep brain stimulation in the

treatment of tremor-dominant Parkinson's disease.

16



Material and Methods

“The beginning is the most important part of the work”
- Plato

Diagnosis

All patients were diagnosed by a neurologist and referred to surgery after failure of
pharmacological treatment. ET and the other movement disorders except PD were diagnosed
according to the “consensus statement of the Movement Disorder Society on Tremor”. PD
was diagnossegi according the “United Kingdom Parkinson’s Disease Society Brain Bank
Criteria™.

Ethics

Informed consent was obtained according to the Declaration of Helsinki and the studies were
approved by the Ethical Committee of the University Hospital of Umea (approvals 04-123M
& 08-009M).

Paper1

Forty consecutive patients (67.5% men) operated on with DBS in the PSA were analyzed
concerning complications and side effects of the procedure and followed for a mean period of
34 + 18.2 months (range, 3—59 months). No patient was lost to follow-up due to migration,
death, or any other causes. Twenty-seven patients had essential tremor (ET), 8 PD, 2 dystonic
tremor, 1 cerebellar tremor, 1 neuropathic tremor, and 1 writing tremor. The mean age at
surgery was 62 + 13.0 years (range, 25-79).

Paper 11

Twenty-eight consecutive patients with ET who underwent implantation of, in total, 33 DBS
leads in the PSA from 2004 to 2009 were analyzed regarding stimulation-induced side
effects. Twenty-four of the electrodes were on the left side and 9 on the right. Nineteen
(67.9%) of the patients were men and the mean age at implantation was 61.

Paper 111

This prospective study included 17 consecutive patients (7 females) treated with cZi DBS for
ET. The mean age at surgery was 66. Two patients had bilateral surgery. Three of the
unilateral procedures were performed on the right side, which in one case was for a left-
handed patient. All 12 patients undergoing unilateral left-sided procedures were right-handed.

Paper IV

Five patients with unilateral PSA DBS for tremor were included in this prospective study.
Two patients had dystonic tremor, one primary writing tremor, one cerebellar tremor, and one
neuropathic tremor. The group consisted of three men and two women. The mean age at
surgery was 49.

Paper V

The one-year outcome for the 18 patients with ET in Paper V has been presented previously
in a study on 21 patients.160 Three of the patients from the original study did not, however,
complete the long-term follow-up. One patient died of causes not related to the surgery and
two patients did not wish to participate owing to old age, declining health, and long travelling
distances. Twelve patients were males and six were females. The mean age at operation was
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63 and the duration of disease 20.3 + 13.9 years. Fourteen patients had left-sided, two right-
sided, and two bilateral implants.

Paper VI

Fourteen consecutive patients (12 men) were included in this prospective study on unilateral
¢Zi DBS for PD. The mean age at the time of surgery was 65 and the duration of disease 7 £
5.7 years. Five patients had non-L-dopa responsive symptoms (< 30% improvement of the
UPDRS III score on 1.5 times their normal L-dopa dose). The indication for DBS in all
patients was disabling tremor with unilateral predominance and insufficient relief with
pharmacologic therapy. In three patients the symptoms may have justified a bilateral
procedure, but this was excluded due to a moderate cognitive decline.

Eleven patients were operated upon on the left side, two on the right, and one had bilateral
staged surgery. The second procedure in the latter patient was performed after an interval of
five years due to progression of symptoms and the patient’s UPDRS scores were evaluated
separately for each electrode.

Evaluation and Visualization

The stereotactic coordinates of all contacts were calculated from a postoperative stereotactic
CT. The Framelink® planning station was then used to fuse the pre- and postoperative images
and to calculate the coordinates for each contact in relation to the midcommissural point
(MCP), and regarding paper IT and VT also in relation to the posterior tip of the STN at the
level of the maximal diameter of the red nucleus (pSTN). In papers II and V-VI all contacts
were plotted on the stereotactic atlas of Morel and a 3D atlas was created based on the axial
images of this atlas."* The software tool used for visualization was created in Matlab 7.0
(The MathWorks, Inc., USA).

In paper II, each contact of the implanted electrode was evaluated in a standardized
fashion one year after surgery using monopolar stimulation, a pulse width of 60 psec and a
frequency of 145 Hz. The amplitude was gradually increased up to 4.5 V, or less if the patient
experienced intolerable side effects. The side effects were recorded at the amplitude at which
they first appeared and were categorized according to Table 3 in the Result section. Each side
effect was visualized with a spherical 3D object in the 3D atlas (radius 0.3 mm) which was
color-coded according to the type of side effect (Figures 6 and 7 in the Result section). In
cases where multiple side effects were presented by the same contact, each side effect was
represented by a separate sphere with an offset location of 0.3 mm.

The patients in paper III were evaluated regarding verbal fluency before surgery, three
days after surgery and, finally, after one year. The early postoperative evaluation was
performed before the stimulation had been initiated, and the late postoperative evaluation
after the stimulation had been turned off during the night. The test consisted of four different
subtests, for which one minute each was allotted. In the first test the patient was asked to
mention as many words as possible beginning with the letter A; in the second test, five-letter
words beginning with M; in the third, names of professions beginning with B; in the fourth,
five-letter names of animals beginning with S. Finally, at the one-year follow-up, ten patients
were also evaluated using the same test on-stimulation, in addition to the test made off-
stimulation. This was a later addition to the study and was not done in the first patients.

In paper IV the patients were evaluated using items from the ETRS before surgery, and
off/on-stimulation after one year.288 The evaluation off-stimulation was performed after the
DBS had been deactivated during the night. The items used were item 5/6 (resting, postural
and action/intention tremor of the upper extremity), items 11-14 (hand function tested by
drawing and pouring water), as well as item 10 (handwriting) if the patient wrote with the
treated hand.
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In paper V the patients were evaluated before and off/on-stimulation after one year, and
at the final evaluation after three to five years using the ETRS.*® The evaluation off-
stimulation was performed after the DBS had been deactivated during the night. The two
patients with bilateral stimulation were evaluated separately for each electrode.

The patients in paper VI were evaluated according to the UPDRS III (motor part) on/off
medication before surgery and at a minimum of 12 months postoperatively on/off medication
and stimulation. The off-medication evaluations were performed in the morning after the
medication had been withheld for about 12 hours. The evaluations off- and on-stimulation
were performed after the stimulator had been switched off/on, for 60 minutes.

The contacts used for chronic stimulation in paper II, V and VI are visualized in Figures 5,
13, and 15, respectively.

Surgical technique

The Leksell frame model G® (Elekta Instrument AB, Linkdping, Sweden) was placed the day
before surgery or during the morning of the procedure. Stereotactic MRI was performed after
placement of the frame, and calculations of the target and trajectory were done using the
Framelink Planning Station® (Medtronic, Minneapolis, MN, USA).

The target was identified anatomically on stereotactic T2-weighted transaxial MRI
images as lying slightly posterior and medial to the visualized posterior tail of the STN on the
scan showing the maximal diameter of the red nucleus (Figure 3). Intravenous cefuroxim was
given as antibiotic prophylaxis. The procedures were performed under local anesthesia and
intraoperative effects and side effects were evaluated using macrostimulation through the
various contacts of the permanent DBS electrode 3387 or 3389 (Medtronic, Minneapolis,
MN, USA). Microelectrode recording was not done. The electrode was secured with the
Stimloc™ burr hole cover (Medtronic, Minneapolis, MN, USA) and the connection between
the electrode and the extension cable was placed on the calvarium. In all but three cases the
implantable pulse generator (IPG) was placed in the same session. A stereotactic CT scan for
verification of the electrode position was performed before removing the Leksell frame.

|

Figure 3) Preoperative T2-weighted MRI fused with a postoperative CT demonstrating the electrode in the left
posterior subthalamic area. The image is at the level of the maximal diameter of the red nucleus.



Statistics
Results are presented as the mean, + standard deviation (SD) and, in some cases, also the
range. Paired t-tests were used to compare means of verbal fluency in paper III. The non-
parametric Wilcoxon signed rank test was used for statistical comparison between pre-
operative and post-operative scores, and between on and off stimulation in papers I[V-VI.
ANOVA for repeated measurements with the Bonferroni test as a post hoc test was used
for comparison between the stimulator settings in paper V. A p value of <0.05 was
considered statistically significant.

Results

Paper I
Fifty-four DBS leads were implanted in these 40 patients, requiring a total of 57 tracks.
Twenty-nine patients were operated on in the left hemisphere, 7 in the right and 4 bilaterally.
Five of the patients had an ipsilateral lead implanted at a different target (4 STN, 1 Vim) due
to participation in a separate study. Four patients received an extra ipsilateral electrode in the
PSA due to an ambiguous response during intraoperative stimulation of the original electrode.
The deepest contacts (contact 0) were localized at a mean laterality of 10.9 + 1.2 mm
from the midline, 7.6 = 1.5 mm behind the mid-commissural point, and 4.4 + 1.9 mm below
the inter-commissural line, while the corresponding figures for the chronically used contacts
were 12.0 £ 1.3 mm, 6.1 = 1.5 mm and 1.5 = 1.9 mm, respectively. The patients were
hospitalized for a mean of 7.4 + 2.0 days.

Table 2) Side-effects encountered among 40 patients, with 42 procedures
and 54 leads implanted

Side-effects No
Transient dysphasia 9
Transient clumsiness 2
Transient hemiparesis with persisting dizziness 1
Rebound of tremor 2
Suboptimal effect on tremor due to stimulation induced side-effects 1
Hardware related complications other than infection 4
Infection 1
Seizure 1
Total number of side-effects 21
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General Complications

The encountered complications in this series are summarized in Table 2. Two procedures
were aborted in the operating room and completed at a later time: in one case because the
durotomy provoked a generalized seizure and, in the second case, due to suboptimal
placement of the electrode in a patient too exhausted to allow a relocation of the electrode in
the same session.

No hemorrhages were seen in this series. A 72-year-old patient developed mild contralateral
hemiparesis after the operation. No hemorrhage or other findings of interest were seen at
repeated CT scans. The hemiparesis had regressed completely at the evaluation after 6
months, but the patient had developed possible sequelae in the form of dizziness when
standing up, forcing her to use a walking support when walking outside of the home. The
dizziness was not improved by turning off the stimulation.

During the period after discharge, two patients experienced transient clumsiness of the
contralateral hand and leg and of the contralateral hand, respectively. These symptoms had
resolved, however, before the evaluation at 6 weeks, and no objective findings were present at
the examination.

Nine patients with ET developed mild postoperative dysphasia, which regressed
completely within 1 day to 5 weeks. Among these patients, 7 had been operated on in the left
hemisphere, 1 in the right (patient is right-handed) and 1 bilaterally. Five of these patients had
received an extra ipsilateral electrode, 2 patients in the STN, 2 in the PSA, and 1 in the Vim.

Stimulation-induced side effects
The stimulation-induced side effects did normally not impede the final result. However, in
one patient the electrode was placed too anterior and too medially close to the red nucleus
(contact 0: laterality 7.6 mm, 5.3 mm behind the MCP, 4,3 below the ICL.) and an optimal
result could not be reached without eliciting visual disturbances and dizziness. In this patient
a suboptimal reduction of tremor was therefore accepted in order to avoid these side-effects.
A stimulation-induced and quite profuse ipsilateral hyperhidrosis of the back, chest and
forehead was seen in a patient with a left-sided DBS for ET. This disappeared after
adjustment of the stimulation parameters, and no concurrent symptoms were observed.
A disturbing transient rebound of tremor was encountered on turning off the stimulation in
two patients with PD. This problem ceased after the stimulation had been modified.

Hardware-Related Complications

One patient with PD and bilateral implants suffered a postoperative infection. Three days
after surgery he developed fever, elevated C-reactive protein, mild intermittent confusion, and
a discrete left-sided hemiparesis. Signs of inflammation were seen along the right cerebral
electrode (Figure 4). The electrode was removed and samples for bacteriological culture were
collected. The cultures were negative and the patient was treated presumptively with
antibiotics and recovered fully within one month. However, after three months the scar over
the left electrode became purulent. The second electrode was removed and cultures
demonstrated growth of coagulase-negative Staphylococcus aureus, Enterobacter aerogenes
and a-hemolytic Streptococcus. This patient did not suffer any permanent sequelae.

Revision of the extension cables was performed in two patients due to straining and a
feeling of tightness and one patient had an irritating granuloma removed from the
infraclavicular scar.

The IPG malfunctioned in one of the patients with two ipsilateral electrodes with regard
to the STN electrode. This did not affect the clinical result, however.
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Figure 4) T2 weighted MRI showing oedema as a sign of inflammation along the right
electrode. (Reprinted with kind permission from the publishers."”)

Paper 11

Thirty-three electrodes, in total 132 contacts, were evaluated and 331 stimulation-induced
side effects were recorded, two thirds of which were paresthesias. Table 3 shows the overall
frequency of the different types of side effects and the mean amplitudes and coordinates of
the contacts giving rise to them. All contacts are visualized in Figure 5, and the contacts that
caused side effects are visualized in Figure 6 for paresthesias and in Figure 7 for the
remaining categories. Contacts causing dysarthria, ataxia/dysmetria, and muscular affection
are visualized in a 3D model of the area outlined by the red nucleus and the STN (Figures 8a
and 8b). This model was made using the pSTN as the origin for Figure 8a, and the MCP as
the origin for Figure 8b.

22



Side-effect No X Y Z Amplitude (V)
1.Paresthesias 219
Hand 75 11,715 -6,3+1.6 -2,3 +2,7 1,7 0,9
(8,6 — 15,4) (-9,8--1,7) (-7,1-338) (0,3-4)
Face 71 11,6 +16 -6,3 +1,9 -2,5 12,6 2,2 +1,0
(84-16,0) (-1,2--10,2) (7,6 -4,0) (0,8-4,5)
Arm 32 11,2 214 -6,4 1,8 -3,1 (£2,2) 2,0 0,8
(8,4 — 14,5) (-9,4--1,8) (-6,0 - 1,4) 0,3-3,6
Leg 39 11,8 £1,3 -6,5 1,6 -3,6+2,5 2,1 +11
(9,2-15,0) (-2,4--8,8) (-7,9-3,4) (0,6 —4,5)
2. Dizziness 32 11,8 +15 -6,0 +1,5 -2,4 126 3,208
(9,5 -15,4) (-9,1--1,7) -79-38 (1,3-4,5)
3. Blurred vision 26 11,8 +1,8 -5,7 +1,7 -1,3 128 3,2 10,7
(8,4 — 15,0 (-8,8--2,3) (-6,3—4,0) (1,5-4,2)
4.Muscular affection 19 12,7 +1,7 -6,0 +1,8 -2,6 £26 2,9 0,8
(10,3-16,0)  (-9,8—-2,4) (-7,9-2,0) (1,5-4,5)
5. Dysarthria 15 12,4 121 -5,2 11,5 -0,9 2,6 3,2 :0,6
(9.3 - 16.0) (-7,1--1,9) (-52-3,4) (1,8-4,1)
6.Ataxia/dysmetria 13 11,3 21,2 -5,4 +1,8 -2,4:30 3,0 :0,9
9,2 13,2 (-7,2--1,7) (-6,8 - 3,8) (2-4,5)
7. Diplopia 4 9,4 +13 -5,1 2,6 -3,7 +2,2 3,3 0,2
(8,4 —11,3) (-7,2--1,8) (-1.5--6,3) (3-3,6)
8.Ptosis 2 12,5 -6,8 -2.0 3,6
(121-12,9)  (-5--8,5) (-0,7--3,2) (3,3-3,9)
9.Hyperhidrosis 1 11,6 -6,1 -4,4 3,0
Total 331

Table 3) Categorization and frequency of appearance of the encountered stimulation induced side-effects. The

mean coordinates in the three stereotactic axis’s are given. Values are mean (SD+) (range).

Figure 5) A 3 D reconstruction (posterior view) depicting all implanted contacts in

Paper 11, except those not visible in this view due to screening. The contacts are shown

in relation to the red nucleus (red) and STN (golden), the reconstruction was made
based on the MCP as origin. Contacts used for chronic stimulation are dark




Figure 6) Contacts eliciting stimulation-induced paresthesias plotted on axial slides of the Morel Atlas. Slide
0 represents the AC-PC plane and the images are separated by 0.9 mm. Dorsal (D) or Ventral (V) to the
midcommissural point.
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Figure 7) Contacts eliciting different stimulation-induced side effects are plotted on axial
slides of the Morel Atlas. Slide 0 represents the AC-PC plane and the images are
separated by 0.9 mm. Dorsal (D) or Ventral (V) to the midcommissural point.
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Figure 8a and Figure 8b) 3D reconstruction of the area outlined medially by the red nucleus (RN)
and anterolaterally by the STN depicting contacts where stimulation caused dysarthria, muscular
affection, or ataxia/dysmetria. The posterior tip of STN at the level of the maximal diameter of the
RN (pSTN) was used as origin in 8a instead of the conventionally used midcommissural point,
which was used in 8b for comparison.



Paper II1

Verbal Fluency Before versus After Surgery

The results regarding verbal fluency are presented in Figures 9 and 10. The total score
decreased from 22.7 + 10.9 before surgery to 18.1 + 7.5 immediately after surgery (t (16) =
2.2898, p = 0.0360). The mean total score one year after surgery with the stimulation turned
off was 20.1 £9.7 (n.s., 7 (16) =1.1481, p = 0.2678). The data from the last subtest were
excluded in an additional analysis in order to rule out possible floor effects, however, without
significantly changing the results. In the ten patients evaluated on- and off-stimulation the
mean total scores were 24.0 £ 8.0 and 24.1 + 8.5, respectively (n.s.)

No side effects thought to be able to affect the outcome of the tests of verbal fluency
were seen, with the exception of a mild and transient dysphasia reported by four patients.
These patients did not, however, have a larger reduction of verbal fluency than those patients
who did not report postoperative dysphasia.

Mean verbal fleuncy test scores

25,0
20,0
15,0 espwTest A
afg=Test B
11,1
9.2 10,1 - Test C
10,0 e Test D
esw=Total score
s
50 - ) 52
3,4
0,0 I !! I I !5 I 1,2
Baseline 3 days postop 1 year postop

Figure 9) Mean scores for the group on tests A to D and the total score of the verbal fluency tests before
surgery, three days after surgery and one year after surgery.

A = As many words as possible beginning with the letter A

B = Five-letter words beginning with M

C = Names of profession beginning with B

D = Five-letter names of animals beginning with S
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Figure 10) Individual total scores ( including subtests A to D) at each evaluation are illustrated with bars as well

as with numbers. * Patients who experienced transient subjective dysphasia.
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Paper IV

Results and Case Presentation

At the follow-up after one year, the mean score on the tested items of the contralateral hand
had improved from 17.2 + 12 points preoperatively to 7.6 + 10.6 “off-stimulation” and 2.2 +
4.4 “on-stimulation”. Only the reduction between baseline and “on stimulation” was
statistically significant. The results are also further presented in Figure 11. No major
complication occurred. Due to the limited size of this series, each patient will be presented in
brief below.

Patient 1 - dystonic tremor
This left-handed female had a quite sudden onset with symptoms of clumsiness, ache,
tension, and tremor in the left arm at the age of 30. MRI of the brain was normal. Some
dystonic posturing was seen in the left arm and the tremor of the left hand was distal and of
rather high frequency. She had a mild intermittent resting tremor, a moderate postural tremor,
and a moderate tremor of action. She was diagnosed as having a dystonic tremor.
Pharmacological treatment did not improve the patient and at the age of 38 she underwent
DBS of the right PSA. She experienced a pronounced microlesional effect and was initially
completely free of tremor for several weeks. Regarding tremor and hand function of the left
arm, the patient improved from 9 points before surgery to 3 “off-stimulation”, and 0 “on-
stimulation” one year after surgery. No dystonic posturing was seen and the ache and tension
had disappeared completely.
The best effect was achieved on contact 0 (9.5 mm lateral to the midline, 4.5 mm behind
MCP, 3.5 mm below ICL) and the patient used monopolar stimulation with 2.1 V, 60 ps, and
185 Hz.

H Preop
@ Off stimulation
& On Stimulation

Patient Patient Patient Patient Patient
1 2 3 4 5

Patients

Figure 11) This demonstrates the scores for item 5/6 (tremor), item 10 (handwriting) when appropriate, and
items 11-14 (handfunction) preoperatively and ‘off-* and ‘on stimulation’ one year after surgery in patient 1-5.
(Reprinted with kind permission from the publishers.'”)
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Patient 2 - dystonic tremor

The symptoms of this left-handed male started with chronic pain in the neck and left arm after
a traffic accident with whiplash trauma at the age of 29. Many years later intermittent
dystonic phenomena and a clinically insignificant intermittent tremor in the left hand were
noted.

At the age of 40 the patient developed pain, a feeling of tension, and tremor in the right
arm. He had a mostly distal tremor of high frequency that was present at rest, when
maintaining posture, and during activity. The tremor was always present, except for when the
patient rotated his head toward the right side and at the same time tilted his head to the right
side (geste antagoniste) when it disappeared completely. The condition was diagnosed as a
dystonic tremor.

He was operated on at the age of 45 with left-sided PSA DBS (Figure 12). The deepest
contact was placed 10 mm lateral to the midline, 7 mm behind MCP, and 5 mm below ICL.
He had a pronounced and sustained microlesional effect and has been completely free of
tremor ever since. The IPG was therefore later explanted.

Patient 3 - writing tremor

In this right-handed female the symptoms started at the age of 56, with tremor while writing.
This gradually increased in strength and eventually her ability to use a computer ‘mouse’ was
also affected. No tremor was noted when performing other tasks, but the condition was highly
incapacitating for the patient in her daily work. She was diagnosed with a primary writing
tremor type B (position specific).

She was operated on at the age of 64 with left PSA DBS. Before surgery she scored 5
points when evaluated for writing and function of the right hand (items 10—-13). One year
after surgery she scored 7 points off-stimulation and 1 on-stimulation. Her writing velocity
further improved substantially and she considered herself to have no remaining disability
when writing or working the computer mouse on-stimulation. At the follow-up she had
bipolar stimulation using 2.8 V, 60 ps, and 185 Hz with contact 0 negative (11.5 mm lateral
to the midline, 6 mm behind MCP, 3.5 mm below ICL) and contact 1 positive.

Patient 4 - cerebellar tremor

This patient was operated on at the age of 14 for a juvenile astrocytoma that occupied the
major part of the right cerebellar hemisphere. No recurrence of the tumor has occurred. At
follow-up after surgery, tremor and affection of the fine motor skills in the right upper
extremity were present. The tremor progressed with time, and the patient was operated on at
the age of 24 with DBS of the left Vim. The result was marked reduction of the tremor,
although the patient never became completely free of tremor. The tremor continued to
progress after surgery with development of a more pronounced proximal component, which
could not be controlled by DBS. At examination the patient demonstrated a cerebellar tremor
of low frequency and mixed low and high amplitude with frequent large jerky movements
from the shoulder/upper arm. It was a postural- and action/intention tremor without any
tremor at rest.

At age 34 the electrode broke and it was decided to replace it with a new one in the PSA.
Macrostimulation during surgery did not yield an optimal effect, and it was decided to
implant a second electrode in the same location as the broken electrode in the Vim. Nor did
this electrode produce a good response. However, an excellent effect could be achieved with
the PSA electrode after the stimulation-parameters were optimized postoperatively. Even if
there was no microlesional effect immediate after surgery, there was an apparent effect even
without stimulation after one year. As for tremor and hand function, the patient improved
from16 points before surgery to 2 points off-stimulation and 0 points on-stimulation. The
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patient has managed without stimulation in everyday life without problems, but often used the
DBS since he felt that it improved the motor skills of the hand and that it abolished occasional
jerky twists in the shoulder.

At follow-up the patient had 6.3V, 90 uS, and 145 Hz bipolar stimulation with contact 1
(10 mm lateral to the midline, 8 mm behind MCP, 3.5 mm below ICL) and 2 negative and 3
positive.

Patient 5 — neuropathic tremor

This right-handed man had a history of previous abuse of alcohol and amphetamine. At the
age of 30 diabetes started and over the years he developed retinopathy, arteriosclerosis,
orthostatism, impaired balance and gait, and a severe peripheral neuropathy. Tremor started
in the right arm at the age of 64 and spread to affect the other extremities as well as the head.
In the arms, it was a high amplitude rest-, postural- and especially intention/action tremor.
DaT scan and MRI were normal and the condition was diagnosed as neuropathic tremor.
The patient underwent left PSA DBS at the age of 66. During the first months, he showed an
excellent effect of stimulation and was virtually free of tremor in the right arm.

As for tremor of action/intention, the effect was excellent for the distal component. The
effect on the proximal component did diminish, however, somewhat after six months and
even more after one year. The patient scored 36 points for tremor and hand function of the
right arm before surgery and after one year this was reduced to 26 off-stimulation and 10 on-
stimulation. The stimulation did also abolish the head tremor. At follow-up the patient had 3
V, 60 uS, and185 Hz bipolar stimulation with contact 1 (10.5 mm lateral to the midline, 7
mm behind MCP, 2 mm below ICL) and 2 negative, 3 positive.
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Figure 12) Postoperative MRI demonstrating the electrode in the left posterior subthalamic area in patient
2. (Reprinted with kind permission from the publishers."”’)
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Figure 13a and b) Illustration demonstrating the location of all contacts in the PSA used for chronic stimulation
in Paper V and adjacent structures that outline the area. a) Superior view. b) Posterior view. Both illustrations
were made by plotting the contacts on the axial images of the stereotactic atlas of Morel and a 3D atlas was
created by using the Matlab 7.0 (The MathWorks, Inc., USA) software. (Reprinted with kind permission from
the publishers.”")

STN - Nucleus subthalamicus. RN - Nucleus ruber. VLp - Nucleus ventralis lateralis posterior thalami. SNc -
Substantia nigra pars compacta. SNy - Substantia nigra pars reticulata.

Paper V

Eighteen patients with 20 DBS electrodes were evaluated at the final evaluation after three to
five years, mean 48.5 = 10.6 (range 34—62) months after surgery. The contacts used for
chronic stimulation were located 12.0 + 1.5 mm lateral to the midline, 6.3 + 1.5 mm posterior
to the midcommissural point and 2.2 + 2.3 mm inferior to the intercommissural line. The
contacts used for chronic stimulation are illustrated in Figure 13, a 3D model based on the
axial slides of the stereotactic atlas of Morel that displays the target area and the anatomical
structures in the vicinity of the PSA.'*

Tremor assessment

The total ETRS score and selected subscores are presented in Table 4 and Figure 14. The
percentage improvement on-stimulation at both postoperative evaluations is compared in
Table 5.

On-stimulation the total ETRS score was 17.6 = 8.2 after one year and 21.9 £ 10.0 at the
final evaluation, representing improvements relative to baseline of 61.7% (p < 0.001) and
52.4% (p < 0.001), respectively. The differences between the one-year and the final
evaluation were significant concerning both off- and on-scores (p = 0.022 and p =0.002,
respectively) (Tables 4 and 5).

The tremor scores (item 5 or 6) improved by 96.7% (p < 0.001) after one year and by
91.8% (p < 0.001) at the final evaluation. There were no significant changes in the tremor
scores between the first and the final follow-up, except for action tremor where a slight
increase from 0.2 £ 0.4 to 0.5 + 0.6 on-stimulation (p = 0.034) was seen at the final follow-

up.
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A slight, but still significant, improvement was seen concerning ipsilateral tremor in the on-
as compared to the off-state, both after one year and at the final evaluation. The subscores for
hand function (items 11-14) of the treated side improved by 90.1% after one year and by
78.0% at the final evaluation. These scores were significantly increased at the final follow-up
compared with the 1-year follow-up both on- and off-stimulation.

Items 15-21, which evaluate the activities of daily living (ADL), were improved for on-
stimulation by 64.1% (p < 0.001) after one year, and by 65 .8% (p < 0.001) at the final
evaluation.

Item Maximum Pre-op One year 3-S5 years
Score Stimulation Stimulation
Off On Off On
Sum ETRS (item s1-21) 144 46.0 £8.7 38.7+£4.8%  17.6+8.2%* 45.1£16.0# 21.9 £10.0**}#
Part A (items 1-9) 80 13.5+3.7 10.6 £ 4.8* 5.1 £3. 1% 13.0 £ 5.4# 6.9 £ 3.9%*4#
Voice tremor (item 3) 4 03+0.5 0.1+0.2 0.1 £0.2 0.5+ 0.9# 02+04
Head tremor (item 4) 8 04+0.7 02+05 0.1 0.3 02+0.7 0.1+04

Tremor of upper extremity

ipsilateral to DBS 12 4421 4.7+27 42+£25% 52+£22 4.5 £2.57%
contralateral to DBS 12 6.1+1.8 5.1+2.0% 0.2 £0.5%*+ 4.7 +23% 0.5 £0.8%*f+
Rest 4 04+0.8 0.6+0.8 0.0£0.0%f 04+0.6 0.0 £0.0%*+f
Postural 4 24+09 1.4+09% 0.1 £0.2%* 15+0.8% 0.1 £ 0.2
Action/intention 4 34+1.0 32409 0.2 +0.4%*f+ 29+13 0.5 £0.6%*f#
Hand function (items 11-14) 32 172+4.8 152+6.5 8.3 £4.2%*4F 18.5+7.1# 10.5 £ 5.2%*44#
Contralateral to DBS 16 9.1+32 74+3.6 0.9 £ 1.0%*+ 9.3 +4.6# 2.0 £2.1%*f#
Ipsilateral to DBS 16 7.6+33 79+38 75+3.6 8.9 £3.7# 8.6 £3.8#
ADL (items 15-21) 28 117427 112+46 4.2 £4.9%04 124+54 4.0 £3.0%%+

Table 4) ETRS scores for 18 patients evaluated separately for each of the 20 electrodes before surgery and
off/on stimulation at one year and at the final evaluation after 3—5 years (mean 48.5 months). Values are the
mean + standard deviation.

* Significant vs. baseline p < 0.05. ** Significant vs. baseline p < 0.001.

7 Significant vs. off-stimulation p < 0.05. 17 Significant vs. off-stimulation p < 0.001.

# Significant increase since the 1 year follow up p < 0.05.
ETRS = essential tremor rating scale. DBS = deep brain stimulation. ADL = activities of daily living.
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Total ETRS and contralateral tremor-
and handfunction scores

0 Tremor item 5-6
Handfunction item 11-14
CIETRS Total

ETRS score

F'n;op 1yea|rOFF 1yaEIrON 35 ye&;rs OFF 3'5yelars oN
Evaluation
Figure 14) A graph with error bars displaying the total ETRS, the upper extremity

tremor and the handfunction scores at the different evaluations.
(Reprinted with permission of the publishers.***)

Stimulation Parameters

The mean stimulation parameters are presented in Table 6. Pulse effective voltage (PEV) was
used as a measurement of stimulation strength (V(U” x pps xpw, where U = voltage (V), pps
= pulses per second (Hz), and pw = pulse width (us)).* There were no statistically significant
differences in the stimulator settings at any point.

Complications and Battery Replacement

The mainly mild and transient complications that occurred during the first year after surgery
have been presented previously.'® One patient was operated on during the current follow-up
with bilateral revision of the extension cables due to strain in the neck. The implantable pulse
generator (IPG) was replaced simultaneously, although it was not yet depleted. There were no
additional complications or battery replacements during the long-term follow-up.

Total ETRS 38.7£4.8 17.6£8.2 54.5% 45.1£16.0# 21.9=10.0# 51.4%

Contralat. tremor of 5.1+2.0 0.2+0.5 96.1% 47+23 0.5+0.8 89.4%
upper extr. (item 5/6)

Contralat. handfunction 7.4+3.6 0.9+1.0 87.8% 93+46# 20+2.1# 78.5%
(item 11-14)

Table 5) The on-stimulation scores are compared with the off-scores at each follow up and the improvement in
percent with stimulation are shown. Values are mean + standard deviation.

# Significant increase since the 1 year evaluation, p < 0.05.
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6 weeks 1 year 3-S5 years

Mono-/bipolar 14/6 15/5 15/5
Voltage (V) 1.9+0.7 24+0.8 2.1+0.6
Pulse-width (ps) 62+7 60+ 0 65+11
Frequency (Hz) 166 +21 168 + 21 161+ 18

Pulse effective voltage (V) 0.20 +0.08 0.24 + 0.08 0.21+0.06

Table 6) Stimulator settings 6 weeks after surgery, at one year, and at the final evaluation after three to five
years (mean 48.5 months). Values are the mean + standard deviation.
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Gender & eI || |3 |3 S [d |3 S |2 S ]|E |F | @ [Mean
Age 57% | 59 58 66 61 78 63 59 70 62 62*%* | 69 67 74 65
Duration of | 16 11 3 2 9 10 2 1 6 7 21 8 3 4 3 71+£5.7
disease (yr)
L-dopa yes | yes | yes | no no no yes | yes | no yes | yes no yes | yes | yes 64.3% of all
responder patients
Microtomy yes yes | yes | yes | yes | yes | yes yes | yes yes | no yes | yes yes yes 93.3% of all
effect patients
Follow-up 12 50 28 24 24 12 12 16 16 17 12 12 12 12 12 18.1+£103
(months)

Improvement in percent On-stimulation versus Off-stimulation (%) Mean

Improvement

c-lat 64 42 25 54 41 65 70 32 27 55 32 37 57 61 55 47.7%
UPDRS %
c-lat 100 | 72 60 88 75 88 100 | 38 100 | 75 83.3 73 100 | 100 | 100 82.2%
Tremor %
c-lat 60 50 0 33 0 25 67 67 =25 | 20 25 33 75 0 -33 34.3%
Rigidity %
c-lat 50 14 11 39 11 64 38 14 0 50 0 13 17 29 33 26.7%
Brady. %

Table 7) Demographic and clinical data for the individual patients in Paper VI. The improvement in percent
ON-stimulation versus OFF-stimulation (without medication) is given at the final evaluation for the contralateral
(c-lat) subscores of the UPDRS TIIL

* = The right electrode of the patient undergoing bilateral surgery.

** = The left electrode of the patient undergoing bilateral surgery.

C-lat UPDRS = items 20-26 excl. axial scores. Tremor = 20-21 excl. axial. Rigidity = 22 excl. axial.
Bradykinesia = items 23-26.

Paper VI

Fourteen patients were implanted with 15 DBS electrodes using 16 tracks. Clinical and
demographic data are presented in Table 7. The minimum follow-up was 12 months (mean
18.1 £ 10.3) and the majority of patients were evaluated within 16 months. Monopolar
stimulation was used in 12 cases and the mean stimulation parameters were: amplitude 2.6 V
+ 1.0, pulse width 66.0 £+ 12.4 pS, and frequency 159.7 + 26.4 Hz. The medication was 706 +
425 mg L-dopa equivalents before surgery, and 736 + 386 mg at last follow-up (p = n.s).

Therapeutic effect

The results regarding UPDRS III are displayed in percent in Table 7 and in absolute
scores in Table 8. All but one electrode produced a microtomy effect when introduced in the
target, with substantial suppression of tremor which subsided within days to weeks.

Total UPDRS III scores and the rated subscores had increased somewhat from baseline to
follow-up. In the following, all comparisons are between on-stimulation/off-medication and
the off/off-state, unless indicated otherwise.

Total UPDRS III on stimulation/off medication improved by 32.5% (p <0.001) compared
to the off-medication/off-stimulation state. The items of contralateral UPDRS III (cl. UPDRS
III), i.e. tremor (items 20-21, excluding tremor of the head), rigidity (item 22, excluding
rigidity of the neck), and bradykinesia (items 23-26) were analyzed separately. Total cl.
UPDRS III was improved by 47.7% (p < 0.001). Contralateral tremor, rigidity, and
bradykinesia were improved by 82.2% (p <0.001), 34.3% (p < 0.05), and 26.7% (p < 0.001),
respectively. Action tremor (item 21) was totally eliminated in 8 of the patients (53.3%) and
the mean improved by 80.0% (p <0.001). Tremor at rest of the arm (item 20b) was totally
eliminated in 10 patients (66.7%) and the mean improved by 87.1% (p < 0.001).
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The five non-L-dopa responders improved by 82.5% (p < 0.05) for tremor, 15.4% (p =
n.s.) for rigidity and 28.8% (p = n.s.) for bradykinesia
One patient had a tremor reduction of only 38% (Table 7). Increasing the amplitude would
improve the result, but at the same time affect the contralateral leg. This was probably caused
by affection of the internal capsule since the electrode was placed somewhat too laterally. For
this reason, the patient had two stimulation settings and could switch between optimal gait
with poor tremor control and suboptimal gait with good tremor reduction.

The axial scores (items 18—19, head tremor (20a), neck rigidity (22a) and items 27-30)
improved by 19.5% (p < 0.005) with stimulation, but no changes were seen concerning the
ipsilateral items.

An additive effect was seen on combining stimulation and medication, resulting in an
improvement of total UPDRS III of 54%, total cl. UPDRS 111, 64%, tremor, 90.4%, rigidity,
68.6%, and bradykinesia, 43.8%.

Location of Active Contacts
The active cathodes were located 12.6 + 1.4 mm lateral to the midline, 7.0 = 1.2 mm posterior
to the MCP and 2.0 = 1.8 mm inferior to the intercommissural line (Figure 15).

Adverse Events

As mentioned above, one patient had a suboptimal effect due to stimulation-induced side
effects. Another patient suffered an infection at the incision above the burr hole four weeks
after surgery. The electrode was explanted and a new one implanted three months later.

Item Maximum Baseline Follow-up
( UPDRS item) score OFF-med®? ON-med OFF/OFF ON/OFF OFF/ON ON/ON
UPDRS III (18- 114 37.2+114 26.3+93 46.1+12.1 29.5+10.5 31.1+129 21.0 84
31) il !
Cl. UPDRS III (20- 36 17.9£43 12.8 +4.9 21.6+54 14.5+5.1 113 +43 7.7+32
26) *Ft !
Cl. Hand tremor 4 2.7+09 2.0=x13 3.1+11 21+14 0.4+0.6 0.4+0.6
atrest (20b) ! !
Cl. Action tremor 4 2.6+1.1 1.2+14 3.0+1.2 2413 0.6 +0.8 0.3+05
(cl.21) 1! !
Cl. Tremor (cl.20- 12 5.6+19 3.7:28 7.3+24 4.9+3.0 1.3:15 0.7 +1.0
21) i B
Cl. Rigidity 8 3.3+13 2.2+1.0 3.5+16 2.2:06 2312 1.1+09
(c1.22) t 1
Cl. Bradykin. (cl. 16 8.5+28 6.7 3.6 10.5 £3.1 7.3+32 7.7+29 5.9+23
23-26) Tt i
Axial score (axial 32 76+28 - 9.7+39 - 7.7+34 -
20&22,18-19,27- i
30)
Ipl. Tremor 12 3.1+33 - 3.1+32 - 2230 -
(ipl.20-21)
OFF/OFF = Off-medication/Off-stimulation * p<0.05 vs. baseline OFF "'p<0.05 vs. ON/OFF
ON/OFF = On-medication/Off-stimulation ;* p<5006(;01 vgpbs/sgllir;e OFF lcllp <0.001 lVS- OT\{/OFF
= i 3 5 5 = 0. VS. . = contralatera’
g;F/ = Ol ey 0 bl aion Hp<0.001 vs. OFFIOFF Tpl. = Ipsilateral
/ON = On-medication/On-stimulation 212 pts & 13 sid
pts sides

Table 8) UPDRS III scores are presented at baseline on/off medication, and on/off medication and stimulation at
the follow-up after a mean of 18.1 months. The items of the UPDRS are displayed in parenthesis after the
heading in the column to the left. P-values are omitted for on-medication versus off-medication scores.
Ipsilateral and axial scores are only displayed in off-medication on/off stimulation. Values are the mean +
standard deviation.
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Figure 15) Paper VI: Location of the active electrode contacts used for chronic stimulation in relation to the
AC-PC (a and b) and in relation to the posterior tip of the STN (¢ and d). The figures were made based on the
stereotactic atlas of Morel and a 3D atlas was created by using the Matlab 7.0 (The MathWorks, Inc., USA). The
location of posterior tip of the STN for Figure c) and d) were set at the level of the maximal diameter of the red
nucleus and this was decided from the fused MRI- and postoperative CT-scans. This point corresponds to the
posterior tip of the STN on the axial slide “-4.5” in the stereotactic atlas of Morel
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Discussion

“The dimensions of the structures in question are so small that significant instrumental errors
should not be added to the unavoidable anatomical variations.”

- Leksell, L. in “A stereotaxic apparatus for intracerebral surgery 1949”7

Part 1: Safety Aspects of DBS in the Posterior Subthalamic Area

Paper I-111,

Side Effects and Complications

The findings are in accord with the limited literature on the subject and indicate that the PSA
is safe as a target for DBS. The majority of the encountered complications were mild, the
more serious ones being an infection and transient postoperative hemiparesis. The frequency
of minor side effects was relatively high, however, compared to previous publications
concerning the PSA (Table 1).

With experience from our previous publications on complications after DBS, we
speculate whether studies aiming specifically at identifying the side effects of a procedure
might be more prone to search for and report complications of minor importance.''™ "% It is
difficult to decide whether this is the case, or if our data simply demonstrate that this
procedure is accompanied by a relative high number of minor side effects in our hands.

Papers I and III: Dysphasia and Verbal fluency

Mild transient dysphasia, often detectable only to the patient and not to the examiner, affected
22.5% of the patients in paper 1. All but one of these had an electrode in the left hemisphere,
half had received two ipsilateral electrodes and all were patients with ET. The dysphasia
presented itself before the chronic stimulation was initiated, and it was not increased by the
stimulation.

As mentioned in the Introduction, the findings from paper I prompted us to investigate
whether it was possible to objectify this by testing verbal fluency as has been done regarding
STN and Vim DBS.""* ! It was decided to carry out this investigation in patients with ET
mainly because of the observations in paper I and also because patients with PD were deemed
less suitable since they probably recover more slowly from surgery and might also be affected
by changes in L-dopa medication.?*% %

As hypothesized, there was a statistically significant tendency in the series towards
reduced verbal fluency following cZi DBS as measured immediately after surgery, but after
one year the reduction had diminished at the group level and was no longer statistically
significant. A sustained reduction was noted nevertheless in individual patients, with the four
patients experiencing the most pronounced effect having a reduction of 50% after three days
and 38% after one year.

It is well known that the mere introduction of the electrode might have a positive effect on
the patient’s symptoms. This microlesional effect is often ascribed to the edema evolving
around the electrode."*’ However, some patients will have sustained positive effects over
longer periods of time as reported in paper IV, suggesting permanent structural lesions. By
analogy, we can expect the existence of immediate, as well as of sustained, side effects
caused by the same microlesional effects.
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The reduction of verbal fluency might be caused either by a microlesion/edema in the cZi,
or in other structures along the electrode trajectory.”® The fact that stimulation of the cZi did
not increase the observed effects on verbal fluency might suggest that an influence on other
structures may have been responsible. The exact mechanisms underlying thalamic and basal
ganglia involvement in verbal fluency are not fully understood. However, in addition to the
subthalamic nucleus, other structures such as the caudate nucleus, the centromedian and the
Vim nuclei of the thalamus have been implicated as parts of relevant circuits.”” **! Dysphasia
has not been reported by other groups performing DBS in the c¢Zi or Raprl, but it is common
after thalamotomy, occurring in up to 42% of the patients operated in the dominant
hemisphere, 7209212 214. 292295 There is also data indicating that Vim DBS might have
negative effects on verbal ﬂuency.lls’ 21 might thus be suspected that the dysphasia
previously seen after cZi DBS, as well as the reduction of verbal fluency in this series, might
be caused by the electrode passage through the ventrolateral thalamus situated just above the
cZi.

Regarding the laterality of the procedure, it should be noted that since most patients had
unilateral left-sided DBS, no conclusions can be drawn regarding the effects of right-sided or
bilateral cZi DBS.

The limited size of this series, especially concerning the effects on stimulation, calls for
some caution regarding the interpretation of the results. However, the results reported above
suggest that c¢Zi DBS is associated with a significant, but transient, effect on verbal fluency.
Some patients may display results that indicate a permanent reduction, even though they do
not experience any lasting difficulties in finding words. Our observation further suggests that
this effect may be caused by microlesional effects/edema related to the trajectory of the
electrode rather than by direct effects of stimulation of the cZi.

Finally, it should be noted that the transient dysphasia reported in paper I may of course
encompass other components than reductions of verbal fluency capacity. Because of this, it
would be important to incorporate broader linguistic tests in future neuropsychological
studies on cZi DBS.

Papers I-11: Stimulation-induced side effects

Stimulation-induced side effects in the PSA have only been briefly discussed in a few
studies.'?* 7 For other targets used in movement disorders, stimulation-induced side effects
are important because they can outline the therapeutic interval for chronic stimulation, and
also because intraoperative macrostimulation might provide an indication of the location of
the electrode. Sensory side effects, primarily paresthesias, are often not regarded as a major
threat to the therapeutic result as there is normally a high degree of habituation over time.

Motor side effects are, however, more often considered to be less susceptible to
habituation, and thus more prone to impede the result of the treatment.’® %"

Reversible stimulation-induced side effects did only impede the clinical result in one patient
in Paper L.

The visualizations in paper II demonstrate that different contacts which elicit similar side
effects show considerable anatomical variation when plotted on the atlas. This might depend
on several factors. Primarily it is of course possible that several distinct anatomical structures
in and around the PSA elicit a similar response when stimulated. The axonal predominance of
the PSA may also make it more probable that electrical impulses will spread farther than
would be expected in predominantly nuclear structures.*’®

Additionally, the interpretation of the anatomical location of coordinates plotted on a
stereotactic atlas is not entirely precise due to the individual variability of the central
structures of the brain.>* >’
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Due to the wide distribution of contacts eliciting the same side effects, we find these
side effects to be of poor localizing value, and thus of limited importance for orientation
during intraoperative macrostimulation.

Motor side effects might be important as mentioned above and separate 3D visualizations
(Figure 8a & 8b) were made regarding dysarthria, ataxia, and muscular affection. To test if
the impact of interindividual anatomical variations could be reduced, the electrode contacts
were plotted not only in relation to the MCP (Figure 8b) but also in relation to the pSTN
(Figure 8a), considering its closer relation to the PSA. This reduced the dispersion somewhat,
as seen in Figure 8a & 8b, however, not to such an extent that the individual side effect might
become of value for localization.

Muscular contractions: Stimulation-induced muscular contractions have been described after
Vim and STN DBS. They are normally considered to be caused by affection of the internal
capsule (IC).279 IfIC side effects are encountered at subtherapeutic amplitude, a more medial
relocation of the electrode should be considered. Contractions of a dystonic phenotype have
also been reported and attributed to the STN itself.>”® %"

During the tests in paper II cramps/tension in an extremity or the face were sometimes
clearly visible, but more frequently a discrete dystonic posturing was seen .These side effects
probably cannot be ascribed to an affection of the IC. IC-induced cramps in STN DBS are,
according to Tommasi et al., most common in the face and occurred in their series at a
median amplitude of 4.8 V.2’ One would expect similar features of IC-induced side effects in
PSA DBS, however, only in four of the 19 cases were they located in the face, and they
appeared as early as at a mean amplitude of 2.6 V (range 1.9-3.3). The contacts causing
muscular affection (Figures 8a, b8 & 7) were not, with the exception of one patient, close to
the IC. According to Figure 8a and 8b all these contacts were located medial to the pSTN, i.e.
not close to the IC.

Dysarthria: Dysarthria is often encountered during DBS. This side effect in Vim and STN
DBS has often been interpreted as being caused by too lateral a location of the electrode with
affection of the IC.”" "% While this was true in one patient in our series with a laterally
placed electrode, the remaining patients are likely to exhibit this side effect as a consequence
of stimulation of the cerebellothalamic fibers in the area, as indicated by previous
publications and since their electrodes were placed away from the IC (Figures 8a, 8b, and
7).*! Dysarthria following STN DBS has recently been shown to be associated with
electrodes placed medial to the STN in the cerebellothalamic fibers, whose projections to the
Vim might, in some cases, also be involved in dysarthria after Vim DBS. 41301303
Paresthesias: Paresthesias seem to be elicited throughout the area at relatively low
amplitudes and, as seen in Figure 6, there is no clear somatotopic pattern of occurrence.

Other stimulation-induced side effects: Certain cerebellar signs, often reported after
subthalamotomies, and which we also observed during evaluation of the stimulation settings,
included hypotonia, dysmetria, and disturbance of gait or balance.'** '** "%’ In one study by
Blacker et al., all patients exhibited a postoperative hypotonia combined with slight transient
clumsiness of the affected limb after subthalamotomy.'*® Probably, an affection of the same
structures explains the two cases of non-stimulation-induced, transient postoperative
clumsiness in paper 1.

Hypohidrosis due to disruption of sympathetic efferent fibers in the Zi was frequent after
subthalamotomies, while DBS in one case has been reported to cause an elevated sympathetic
tonus with hyperhidrosis, as in the patient presented in paper 1.22%%*
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Part 2: Therapeutic Effect of DBS in the Posterior Subthalamic
Area for the Treatment of Movement Disorders

“Wise men speak because they have something to say, fools because they have to say
something.”

- Plato

Paper IV-VI

During the lesional era, the PSA was often used as a target for various movement disorders
and was considered to be an excellent target for the treatment of tremor. The area was, and is,
known to be associated with a pronounced microlesional effect manifested as a substantial or
total cessation of tremor when the electrode is introduced in the target,®7% 128 130 134.137. 140,
164-166, 197,223, 228 [ jp¢) recently, the interest for DBS in this area has been rather limited, but a
number of studies have been published during the last few years. In this thesis the effect of
PSA/ ¢Zi DBS on several movement disorders with tremor as a dominating symptom was
evaluated.

Paper IV: Other forms of tremor

In Paper IV five patients with less common types of tremor were operated on with unilateral
DBS in the PSA. Two patients had dystonic-, one primary writing-, one cerebellar-, and one
neuropathic tremor. One year after surgery the mean improvement of the targeted tremor and
handfunction was 8§7% on stimulation.
While the mean improvement off-stimulation was 56%, the reduction in the three patients
with the most pronounced effect was 89%. In patients 1, 2, and 5, this improvement was
interpreted as a sustained microlesional effect, which even allowed for the removal of the IPG
in patient 2. Except for one case, this prolonged microlesional effect has not been reported
previously after DBS in the PSA, albeit many studies have reported on pronounced
microlesional effects of surgery in the PSA as discussed above.”®

As can be seen in Table 1 in the Introduction, the modern literature on PSA DBS for
other forms of tremor than PD and ET mainly consists of one or a few cases regarding each
condition. However, these papers do report favorable therapeutic result for this heterogeneous
group of movement disorders.'?” 22223228
The results from Paper IV are also promising concerning PSA DBS for less common forms of
tremor. The existing published material is of limited size, however, and our series was small.

Paper V: Essential tremor

Therapeutic effect. Paper V evaluated 18 patients treated with cZi DBS for ET after a mean
of 4 years. The baseline total ETRS score of 46.0 was decreased to 21.9 (52.4%) at the final
evaluation. On the treated side, tremor of the upper extremity improved by 91.8% and hand
function (items 11-14) improved by 78.0%. The ADL scores improved by 65.8%.

The improvement without stimulation, the microlesional effect, which still was evident 1
year after surgery, had to a large extent veined at the last follow up. There was also some
degree of decreased improvement on-stimulation compared to the one-year results. This is
probably to a large extent due to a reduced microlesional effect and progression of tremor.
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This assumption is supported by a previous study which indicated that the more tremor a
patient had off-stimulation, the more residual tremor the patient would have on-stimulation.**’
Furthermore, with the exception of action tremor, all significant increases from 1 year to the
final evaluation on-stimulation were accompanied by corresponding increases off-stimulation.
Neither was any late treatment failures observed in this population. Considering these facts,
development of tolerance seems to have been limited. This is further supported by the lack of
increase regarding stimulation parameters, as discussed below

Previous reports concerning the long-term effects of PSA DBS are limited to four
patients with bilateral implants, in whom the total ETRS score was improved by 72.6% after a
follow-up of four years or more.”*” As discussed above, thalamic DBS of the Vim nucleus is
at present regarded as the standard target for ET. With regard to the long-term studies on Vim
DBS, it is often difficult to compare different ones, because many involve mixed bilateral and
unilateral procedures and because the ETRS data are presented in various ways. The
European and American multicenter studies with 5-6 year follow-ups reported 50-75%
tremor reduction in the treated arm after unilateral VIM DBS'*"*% In our own experience of
19 cases with Vim DBS evaluated at a mean of seven years after surgery, the tremor of the
contralallgfral upper extremity was reduced by 60.3% and hand function was improved by
35.4%.
Energy consumption: The PEV remained practically unchanged (0.20 vs. 0.21 V) and no
batteries were replaced due to depletion during the follow-up of up to 5 years. In our long-
term study of Vim DBS, the PEV increased from 0.15 after one month to 0.24 V after five
years and to 0.29 V after seven years.'>* Other long-term studies of Vim DBS report values of
0.27-0.48 and the PEV was 0.36 for the four patients with long-term cZi DBS reported by
Plaha et a] 8% 100.305-307
PSA DBS for ET: Development of tolerance to stimulation over time, making it necessary to
increase the stimulation parameters and also, in some cases, causing stimulation failure, is
reported quite frequently after Vim DBS for ET.'** %3311 Thijg can be a major problem,
and Plaha et al. have suggested that it might be due to properties of the Vim itself.?* . No late
treatment failures were observed among the patients in paper V and the long-lasting treatment
effects of cZi DBS appear to be achieved at a low stimulation strength compared to other
reports and without any apparent development of tolerance. In summary, this long-term
follow-up of 18 patients indicates that cZi DBS is a safe and effective treatment for ET — also
in the long run.

Paper VI: Parkinsonian tremor:

In Paper VI 14 patients with predominately unilateral tremor-dominant PD and insufficient
relief from pharmacologic therapy were operated on with unilateral cZi DBS and one patient
underwent a bilateral staged procedure. Five of the patients had non-L-dopa responsive
symptoms. At the follow-up after a mean of 18.1 months, stimulation in the off-medication
state improved the contralateral UPDRS III score by 47.7%. Contralateral tremor, rigidity,
and bradykinesia were improved by 82.2%, 34.3%, and 26.7%, respectively. Stimulation
alone also abolished tremor at rest in 66.7% and action tremor in 53.3% of the patients.

The results in paper VI demonstrated satisfying efficacy and safety of cZi DBS for
Parkinsonian tremor and adds to the growing body of knowledge indicating this target as a
promising alternative in Parkinsonian tremor. The level of tremor reduction presented in this
series is in line with previous reports and it is also notable that this effect seemed to be
equally good for non-L-dopa responders.m’ 141, 165,220,221, 225, 227

The effects on rigidity and bradykinesia were, however, less positive than previously
reported by other groups. Previous studies on PSA DBS reported improvement of
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contralateral tremor by 78%—93%, rigidity by 45%-94%, and bradykinesia by 46%—75%
(Table 1 in the Introduction)."*® 141,165,220, 221,225,227

The optimal target within the PSA is not known; however, the coordinates of our active
contacts were close to those reported by other groups, as seen in Table 1, and the 3D
reconstructions with the active cathodes shown in Figure 15 seem to be in line with other
authors” publications.

Perhaps the fact that a third of our patients had non-L-dopa responsive symptoms and that
the severity of rigidity and bradykinesia was rather limited in comparison to the severity of
tremor in many patients contributed to the limited effect of cZi DBS on non-tremor PD
symptoms.

Vim DBS and STN DBS are the other alternative targets for DBS in tremor-dominant
PD. The European Multicenter Study reported improvements of 75% for tremor, 23% for
rigidity, and 35% for bradykinesia in 57 patients after unilateral Vim DBS.”® The effect on
tremor did not appear to decline at the long-term follow-up after 6 years as has been reported
concerning Vim stimulation for ET.” ' The analysis of the effect of Vim DBS may,
however, be somewhat complicated as the electrode can be advanced into the PSA during
surgery, and the contact stimulated in “Vim DBS” may well be located ventral to the
thalamus in the subthalamic area, as has been shown in several studies.?’2*

The effects of bilateral STN DBS on PD symptoms are well known, and some studies
have focused on the effects in patients with severe tremor, where a tremor reduction of 80—
84% has been reported.312’ 313 The literature on the effect of unilateral STN DBS specifically
for patients with tremor-dominant PD seems to be very limited, however. Two papers (34
patients) that specified the improvement of the different motor symptoms following unilateral
STN DBS were identified. The follow-up was short (7-9 months), and the severity of tremor
at baseline was low (60% lower than in our series). Nevertheless, contralateral tremor
improved by 86-88%, rigidity by 31-60%, and bradykinesia by 30-54%.%'* 3!

In summary, cZi DBS seems to be a safe and effective target for the treatment of tremor-
dominant hemi-Parkinsonism, but the effect on rigidity and bradykinesia in Paper VI was less
profound than previously reported for PSA DBS in PD. Further studies are needed before we
will know how the relative merits of different DBS targets can be used to tailor the treatment
for the individual patient with PD.
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“If I have ever made any valuable discoveries, it has been due more to patient attention, than
to any other talent.”
- Sir Isaac Newton

General summary: DBS of the PSA in the treatment of movement
disorders

PSA DBS was accompanied by few serious side effects in this series, but an immediate,
transient, and mild postoperative dysphasia was detected for some patients. The relationship
between PSA DBS and language functions was further supported by a slightly reduced verbal
fluency following surgery. The material was, however, limited and more detailed
neuropsychological evaluations are warranted. Dysphasia or declines in verbal fluency have
been reported both following Vim and STN DBS.'" 280282 These targets are located in the
absolute proximity of the PSA. Considering this, it is perhaps not surprising, that one finds
similar side effects for PSA DBS. It is however also possible, that these side effects have a
closer relationship to DBS for movement disorders in general, than to the targeted
substructure or the electrode trajectory. We can conclude, that our results indicate a possible
relationship between PSA DBS and mild declines in the ability to produce language. We can
also conclude that broader linguistic and neuropsychological studies are needed before we
can decide on the relevance of these findings.

The investigations could not provide a meaningful somatotopic map for the stimulation-
induced side effects in the PSA. Whether this was due to poor methodological design, or not,
is difficult to answer. Stimulation-induced muscular affection and dysarthria did normally not
seem to be of capsular origin. These side effects, as well as paresthesias tended to fade out
and were seldom a threat to the therapeutic result.

It is interesting, that for example dysarthria, can be elicited from more or less the same
point within the PSA as from which a good clinical effect is achieved. Considering this, and
the fading nature of the side effects described above, it seems as if the therapeutic effect and
verification of the anatomic position of the electrode might be more important than evaluating
intraoperative side effects. If the electrode has a good location within the PSA, possible
stimulation-induced side effects seem to fade out. This has implications regarding the
possibility of performing these operations under general anesthesia. More knowledge about
the physiology of the PSA can hopefully be gathered with the use of new techniques such as
functional MRI, directed stimulation fields and diffusion tensor imaging (DTTI).

In summary, regarding the safety of PSA DBS, it has been suggested that lesional
procedures in the PSA were discarded due to the side effects associated with the
procedure.'®® "7 This is not evident from the literature. Nor is it clear that the attempts to
compare subthalamotomies, thalamotomies, and combinations of these, have demonstrated
either procedure to be preferable in regard to safety,'>* 16178199

With regard to DBS, the investigations in this thesis do not give the impression that the
PSA is a less safe target than the Vim or STN.

The findings in this thesis favor the notion that the PSA, including the cZi and the Raprl,
is an effective target for DBS in movement disorders with tremor as a dominating symptom.
Tremor of various types such as ET, PD, dystonic, writing, and cerebellar tremor all
responded well to the treatment. The microlesional effect for the ET patients was still
statistical significant after 1 year. The long-term effectiveness and energy consumption for
cZi DBS in ET was satisfying. cZi DBS was effective on Parkinsonian tremor, also for
patients with non L-dopa responsive PD. The improvement on all forms of tremor was
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comparable to previous publications of PSA DBS.* 126 141, 160. 165,196, 220-223. 228 g BT the
long term effectiveness was positive compared to our previous results of Vim DBS, and the
results were also good compared to other publications of Vim DBS.'0% 124 197:220:222.305

For Parkinsonian tremor, the effects were comparable to other publications of PSA, Vim
and STN DBS.’® 126 141. 163,221,225, 227, 314. 315 ywith regard to rigidity and bradykinesia, the
effects were not as positive as reported in the few papers on PSA DBS that exists.' 2% 14+ 16
221:225.227 On the other hand, the effects did not differ much from what mostly has been
reported for unilateral Vim and STN DBS.”*!*3'> We should remember that the patients in
paper VI did not have severe rigidity and bradykinesia. More studies are needed to investigate
the role of PSA DBS in PD.

The findings in this thesis are generally in line with the existing literature on PSA DBS
and also coherent with the knowledge of the PSA from the lesional era. The modern literature
is however limited, and the literature from the lesional area is difficult to interpret due to the
differing ways of presenting the data.® Nevertheless, several factors indicate that the PSA is a
key point within the circuits that transmit tremor to the motor thalamus. Whether this is
because of the denseness of cerebello-thalamic fibers, due to the properties of the cZi, a
combination of these, or any other factor still remains to be decided. 2! 240,243,261

A good location in the PSA can often be reached just by advancing a few millimeters
below the Vim when using the same trajectory as one would when targeting Vim.'*
Accumulating data supports the effectiveness of PSA DBS for tremor-dominant disorders,
and studies of the optimal contact location in Vim DBS has indicated that this actually might
be below Vim, within the PSA.****!

The PSA should be further evaluated as a target for tremor-dominant movement
disorders, ideally in randomized controlled studies comparing this target to Vim and STN.

46



Conclusions

* DBS of the posterior subthalamic area seems safe and was accompanied by few serious
side-effects.

* A mild and transient dysphasia that was not stimulation induced was encountered in several
patients with ET.

* An immediate and partly transient decline of verbal fluency that was not affected by
stimulation was seen in patients with ET.

* Stimulation-induced side effects in the PSA were of limited localizing value and posed few
problems in these series of PSA DBS.

* Dysarthria and muscular affection do in most cases not seem to be elicited by spread to the
internal capsule when stimulating the PSA.

* The effect on the more uncommon forms of tremor, such as dystonic, cerebellar, and writing
tremor, was satisfying and the microlesional effect alone improved several patients
substantially.

* The long-term effectiveness and energy consumption for ¢Zi DBS in ET were satisfying and
also favorable compared to our previous results of Vim DBS.

* ¢Zi DBS was effective for tremor-dominant Parkinson’s disease although the effect on
rigidity and bradykinesia was less than reported previously.
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