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“In clinical practice, brain imaging can now be divided in two
parts: the diagnostic neuroradiology and the preoperative
stereotactic localisation procedure. The latter is part of the

therapeutic procedure. It is the surgeon’s responsibility and
should be closely integrated with the operation.”

Lars Leksell (1907 —11986), 1985

“Seeing Is believing”






STEREOTACTIC IMAGING IN FUNCTIONAL NEUROSURGERY

Hidehiro Hirabayashi
Department of Pharmacology and Clinical Neuroscience, section of Neurosurgery

ABSTRACT

Background

The birth of stereotactic functional neurosurgery in 1947 was to a great extent dependent on the development of
ventriculography. The last decades have witnessed a renaissance of functional stereotactic neurosurgery in the
treatment of patients with movement disorders. Initially, these procedures were largely based on the same
imaging technique that had been used since the birth of this technique, and that is still used in some centres. The
introduction of new imaging modalities such as Computed Tomography (CT) and Magnetic Resonance Imaging
(MRI) provided new potentials, but also new challenges for accurate identification and visualisation of the
targets in the basal ganglia and the thalamus with an urge to thoroughly evaluate and optimize the stereotactic
targeting technique, as well as evaluate accurately in stereotactic space the location and extent of stereotactic
Radiofrequency (RF) lesions and the exact position of deep brain stimulation (DBS) electrodes.

Aims

To study the differences between CT and MRI regarding indirect atlas coordinates in thalamic and pallidal
procedures and to evaluate and validate visualisation of the pallidum and the subthalamic nucleus in view of
direct targeting irrespective of atlas-derived coordinates. Furthermore, to evaluate the contribution of various RF
parameters to the size of stereotactic lesions, as well as the impact of size and location on clinical outcome.
Method

The surgical coordinates defined in relation to the landmarks of the 3" ventricle, of the targets in the pallidum
and ventrolateral thalamus were compared between CT and MRI in 34 patients. In another 48 other patients
direct visualization of the pallidum was evaluated and compared to indirect atlas based targeting. The possibility
and versatility of visualizing the subthalamic nucleus (STN) on short acquisition T2-weighted MRI were
evaluated in a multicentre study, and the use of alternative anatomical landmarks in identification of the STN
was demonstrated in another study. In 46 patients CT and MRI were compared with respect to the volume of the
visible RF lesions in the thalamus and the pallidum. The volume was analysed with regard to the parameters of
the RF coagulation. The location and size of the lesions were further evaluated in relation to clinical outcome.
Results

Minor deviations, mostly frame dependent, were seen between MRI and CT coordinates of brain targets. The
rostro-caudal direction of these deviations were such that they would be easily accounted for during surgery.
MRI using a proton density sequence provided detailed images of the pallidal structures, which demonstrated
considerable inter-individual variations in relation to the landmarks of the 3" ventricle. By using a direct
visualization of the target, each patient will act as his or her own atlas, avoiding the uncertainties of atlas-based
targeting. The STN could be visualized on various brands of MRI machines in 8 centres in 6 countries with good
discrimination and with a short acquisition time, allowing direct visual targeting. The same scanning technique
could be used for postoperative localization of the implanted electrodes. In cases where the lateral and inferior
borders of the STN cannot be easily distinguished on MR, the Sukeroku sign and the dent internal-capsule-sign
signs might be useful. The volume of a stereotactic RF lesion could be as accurately assessed by CT as by MRI.
The lesion’s size was most strongly influenced by the temperature of coagulation. The lesions” volumes were
however rather scattered and difficult to predict in the individual patient based solely on the RF coagulation
parameters. For thalamotomy, the results on tremor was not related to the lesion’s volume. For pallidotomy,
larger and more posterior-ventral lesions had better effect on akinesia while effects on tremor and dyskinesias
were not related to size or location of the lesions..

Conclusions

The minor deviations of MRI from CT coordinates can be accounted for during surgery, why MRI can obviate
the need of CT in some procedures. Direct visualized targeting on MRI of the pallidum is superior to atlas based
targeting. The targets in the pallidum and the STN, as well as the location of the electrodes, can be well
visualized with short acquisition MRI. When borders of the STN are poorly defined on MRI the Sukeroku sign
and the dent internal-capsule-sign signs proved to be useful. The volumes of RF lesions can be accurately
assessed by both stereotactic thin slice CT and MRI. The size of these lesions is most strongly influenced by the
temperature of coagulation, but difficult to predict in the individual patient based on the coagulation parameters.
Within certain limits, there were no clear relationships between lesions” volume and location and clinical effects
of thalamotomies and pallidotomies.

Keywords: Deep brain stimulation, pallidotomy, thalamotomy, Parkinson’s disease, Essential tremor, CT, MRI.
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INTRODUCTION - EVOLUTION OF STEREOTACTIC IMAGING IN
FUNCTIONAL NEUROSURGERY

Functional neurosurgery is a surgical procedure to treat functional disorders of the brain such
as movement disorders (Parkinson’s disease (PD), dystonia, essential tremor), as well as
intractable pain, psychiatric disorder, and some forms of epilepsy. These diseases are
considered due to dysfunction of specific neural structures or neuronal networks, therefore,
either the ablation or stimulation of these abnormal neural structures or neuron-circuits has
been historically performed. In this kind of surgery on deep brain structures, One cannot use
the microscope to visualise or confirm the target, unlike surgery for tumors or vascular
malformations. In the practice of functional neurosurgery, it is essential to use the stereotactic
technology, in order to reach the target for implanting a probe or for lesioning. The
stereotactic technique relies on a stereotactic frame and some kind of imaging to direct the
probe to the brain target.

Blaine S. Nashold, famous functional neurosurgeon from Duke University in Durham, North
Carolina, published a paper in 1994, entitled “The history of stereotactic neurosurgery?,
Nashold began his paper by quoting the following sentence from the thesis of M. Hariz: “The
history of stereotaxis is to a great deal the history of its instrument, the stereotactic frame™*.
Today, one could add that the history of functional stereotaxis is to an equally great deal the
history of brain imaging. In fact, if the stereotactic frame is one prerequisite for functional
stereotaxis, the corollary and equally important prerequisite is brain imaging. Brain imaging
has in fact and to a great extent dictated even the shape and the geometry of stereotactic
frames, and even the material from which they are manufactured. Furthermore, recent
advances in brain imaging modalities have provided —and continue to provide -- “new” brain
targets for “new” indications and applications (more on this below).

X-Rays and ventriculography

In 1896, Wilhelm Konrad Rontgen introduced X-rays, and demonstrated its unlimited
potentials in medicine®*" **. Already the following year, a French frame suitable for X-rays in
two projections for localization of intracranial projectiles was presented** ***. Horsley and
Clark’s stereotactic frame for use in animals was presented in 1908°®. A frame intended for
human use, but that was never used in humans, was designed by Mussen in 1918'%> 31 These
frames were based on the use of external landmarks*® and the visualizaion of the corpus
pineale on plain x-rays. A technique allowing for further visualization of intracranial
structures was not introduced untill 1918, when neurosurgeon Walter Dandy presented
cerebral ventriculography using air as a contrast™. This method, still used in some centres
today --albeit with both air and positive contrast agents--, was the prerequisite enabling the
performance of functional stereotactic neurosurgery in humans that started at the hands of
neurologist Spiegel and neurosurgeon Wycis 29 years later in 19473, They called their new
technique “‘stereoencephalotomy’

The demands of ventriculography-based functional stereotactic surgery have
dictated the need for stereotactic frames to be made with material that is readily visible on the
X-ray images, and possible to align on the head in a way that allows geometrically accurate
determination of the third ventricle landmarks, and to provide well-visualization of the frame
reference structures necessary to perform the surgical intervention. Parallax phenomena,
magnification issues, and misalignment of frame and head in relation to the X-ray source,
were addressed by designing various shapes of the stereotactic frame, by judicious placement
of the x-ray sources in relation to the patient’s head and the frame attached to it, and by
various ways to circumvent the pitfalls of x-ray imaging to avoid miscalculation of the target



coordinates® 1%, With “brain” imaging firmly established thanks to ventriculography, to the
use of suitable stereotactic frames, and with the help of various atlases demonstrating the
approximate position of various midbrain structures in relation to the third ventricle,
functional stereotaxis experienced a tremendous popularity from the early 1950s and onwards,
especially in surgical treatment of Parkinson’s disease and other movement disorders, as well
as in stereotactic surgical interventions in patients with chronic pain or with epilepsy, and in
psychiatric illness*.

Originally, the lesions were made with alcohol injection, which theoretically
was more likely to affect the neurons in the intended nucleus while sparing the fibers en
passage. The spread of the alcohol was unpredictable, however, so soon lesions were made
with electrolytic direct current such as Horsley and Clarke had reported almost half a century
before. Other ways to perform lesioning included the use of procaine-oil, or oil-procaine-wax
injection, a balloon, a coagulating substance, mechanical damage with a leukotome,
cryoprobe methods, and later on radiofrequency, which is the method that has gained
worldwide acceptance™ 2" 2846 118,121,122, 124,157 "+ is estimated that by 1965 more than
25,000 functional stereotactic procedures had been done worldwide, and by 1969 the number
reached 37,000 patients operated**® ***,

All these procedures were performed for various functional brain disorders, with PD being the
main application, and all were based on ventriculography-targeting and the use of atlases of
the brain, especially atlases of the thalamus and basal ganglia.

The main legacy of ventriculography and pneumoencephalography in
stereotactic surgery is the anterior commissure—posterior commissure line (AC-PC line),
which became the main reference in relation to which the position of various midbrain
structures were calculated, according to the Cartesian three planes of space. The two principal
brain atlases relying on the AC-PC line were the Atlas of Schaltenbrand and Bailey'*, an a
later edition by Schaltenbrand and Wahren'** as well as the Atlas of Taliarach'®. In a method
based on brain atlases, the inter-individual variabilities of the position of various midbrain
structures was a problem.

Computed Axial Tomography

The advent of computed axial tomography (CT) in the mid-1970s’" had, as we know, the most
fundamental impact ever on all aspects of neurosurgery. For the first time ever, and non-
invasively, the neurosurgeon could actually “see” the brain in vivo, and CT could directly
visualize the different pathologies that affect the brain, from traumatic or spontaneous
haemorrhages, to tumours, malformations, etc. In functional stereotactic surgery, the impact
of CT was equally important even though the CT image as such could not show the
subdivisions of the thalamus or other usual functional brain targets, but with later versions of
the CT machines, it could show accurately the ventricular references on the basis of which the
location of the functional target could be calculated®. Despite the failure of CT to directly
visualise a functional target, the advent of the CT scan forced the re-design of both the
geometry of the stereotactic frame and of the material from which it is made: while the X-ray-
ventriculography method provided frontal and lateral projections, the CT provided axial
(horizontal) scans, i.e. axial images of head and brain. This axial image could provide the
anteroposterior and lateral coordinates of a given brain target, but the vertical coordinate was
obviously difficult to evaluate. It was a graduate student at the University of Utah who solved
that problem of the Z (verical) coordinate by introducing the clever oblique bar to a
localizing box attached to the stereotactic frame. The stereotactic frame with the localization
box incorporating ”N” or “Z” shaped fiducials became standard for all CT-guided (and later
on MRI-guided) stereotactic procedures, including functional and morphological procedures
% The N or Z shaped fiducials allowed to calculate the vertical position of a target by



assessing and measuring on a single axial scan the distance between the three points of the Z
or N shaped structures, these distances being different on different scans along the superior-
inferior direction, depending on the “depth” of the scanned brain area. Hence, with these
innovative modifications, a single axial scan at the level of the brain target did indeed contain
all necessary information in terms of X, Y, Z coordinates of that target. Furthermore, the
advent of CT forced a new denomination of the X-Y-Z coordinates of the stereotactic target:
the anteroposterior direction became Y instead of the previous X, the dorso-ventral became Z
instead of Y and the lateral direction became X instead of Z. Additionally, in order to
accommodate for the disturbing metal artefacts of previous stereotactic frames, these had to
be re-designed in a material that showed as little as possible artefacts on the CT image while
still being fully visible as reference fiducials on that image. In some instances, new CT
compatible “interfaces” between CT and frame were designed to circumvent the metallic
disturbances of the frame on the CT images™ "> °*. One of these interfaces, in fact the most
used and documented in the field of functional stereotaxis™* was the “stereoadapter”, devised
by Laitinen'®, and used in several studies of this thesis.

Finally, the advent of CT brought up a renaming of the official Journal of the "World Society
for Stereotactic and Functional Neurosurgery". The Journal’s name "Applied
Neurophysiology" was replaced by the name "Stereotactic and Functional Neurosurgery™
beginning with volume 52 in 1989*.

Magnetic Resonance Imaging

MRI is a technology, to which Felix Bloch and Edward Purcell laid the foundation when they
discovered the magnetic resonance phenomena in 1946. Initially the method was mainly used
for chemical and physical analysis. However, in 1971 Raymond Damadian discovered that
normal tissues and tumors had different nuclear magnetic relaxation times. The computer
techniques applied to CT-scans and echo-planar imaging developped by Mansfield were
combined to develop the MRI as we know it today**.

The introduction of clinical MR1 was thus the next “revolution” in brain imaging in general
and in stereotactic imaging of functional neurosurgery targets in particular. MRI provided
much improved soft tissue contrast, and possibility to image the brain in any desired plan. At
the same time, concerns were raised about possible distortions in the images due to
incompatibility between alloys of the frame and the MRI, magnetic susceptibilities, and
magnetic field inhomogeneities. Again it was a new imaging modality, MR, that forced the
development of new stereotactic frames, compatible with this new imaging modality, both
concerning the material from which frames are built as well as the shape of the frame
allowing it to be fit into the head coil of the MRI machine. With modern MRI machines,
algorithms to correct for image distortions were introduced and these distortions, especially
the so-called potato chip effect could be decreased by designs of frames where the fiducials
could be placed as close as possible to the head and not far away in the periphery of the
picture. In that respect, the Leksell frame is one of those where the fiducials are reasonably
close to the head. The Laitinen sterecadapter, used in several studies in this thesis, remained
though the one whose fiducials are the closest to the head since the stereoadapter by its own
design is mounted to the head by pressing its lateral and frontal components —now carrying
CuS04 tubes to be visible on MRI- to the head.

Even today, MRI is an imaging tool still “in progress”. From the beginning, with field
strengths of 0.5 or one Tesla, to the classical field strength of 1.5 T commonly used today, the
development of MRI machines is now moving to 3T and even in some centres to 7T.
However, already at fields of one Tesla, the soft tissue contrast allowed nice discrimination
between white and grey matter allowing visualisation of subdivisions of the pallidum™ using
proton density sequences (see paper Il in this thesis). This study, which was even more



confirmed subsequently in imaging using MRI at 1.5 T°® was the one that paved the way to
further discovery of the usefulness of this particular MRI sequence to visualize the
pedunculopontine nucleus (PPN), a novel target for DBS in PD patients with predominantly
gait and balance disturbances*®. Again, using T2 sequences at 1.5 T MRI, the subthalamic
nucleus could be nicely visualised on several brands of MRI machines in several different
centres in different countries®™ ", illustrating the versatility of this particular imaging
sequence. Thus, one of the major advantages of MRI in functional stereotactic neurosurgery
was the ability to allow non-invasive and direct visualisation of most commonly used brain
targets and their surroundings without the need to rely on their indirect position in relation to
third ventricular landmarks and the brain atlas. Lars Leksell understood very early these
potentials of MRI for functional stereotaxis when he wrote in 1985, one year before he passed
away, the following:

“In clinical practice, brain imaging can now be divided in two parts: the
diagnostic neuroradiology and the preoperative stereotactic localisation
procedure. The latter is part of the therapeutic procedure. It is the surgeon’s
responsibility and should be closely integrated with the operation.”*’

It is not without reason that most of those who discovered means to image the living human
were awarded Nobel prizes as shown in this composite picture (Figure 1) reproduced here
with kind permission from consultant neurosurgeon Ludvic Zrinzo, London.

Figure 1. Developments in imaging. The dates in blue refer to the year when the Nobel Prize in medicine was
awarded. For the neurologist Egaz Moniz, the Nobel Prize was awarded for his work on frontal leucotomy, but
the remaining legacy of Moniz is actually cerebral angiography. Neurosurgeon Walter Dandy was never awarded
a Nobel Prize.

Ventriculography  Angiography

Roentgen Ho:g;jeld M?r;s?ﬁ?eld
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Further applications and potentials of MRI in functional stereotaxis

A stated above, MRI is an imaging tool “in progress”, beyond the development of machines
with higher field strength, better image resolution and faster image acquisition. New scanning
sequences and modalities are being introduced, the latest and the most promising for the field



of functional stereotaxis being functional MRI (fMRI) and diffusion tensor imaging (DTI)
commonly called tractography or imaging of connectivities.

Although these imaging modalities are beyond the scope of the present work
(most of which, it must be kept in mind, was performed in an earlier era of imaging), it is
important to briefly mention here the continuous potentials provided to our field by the
innovations in imaging.

Aside from the old scintigraphy method using Xenon inhalations®, Positron
Emission Tomography (PET) has been historically the main method to study the metabolic
function of the brain. Because of its low spatial and temporal resolutions, PET has been, and
still is, too crude as a tool for stereotactic targeting of subcortical targets. Nevertheless, PET
studies have provided two novel brain targets for intervention in neurological and psychiatric
disorders. PET study in patients with cluster headache have shown hyperactivity of the
posterior medial hypothalamic area during attacks'™. This prompted the investigation of deep
brain stimulation (DBS) of that area as a therapy for patients with refractory Horton"s
headache®. Then, the observation of hyperactivity of the subgenual cingular area Cg25 in
patients with severe depression initiated trials of DBS for major depression targeting that area
of the brain'**. Thus, in the last few years it was indeed “brain imaging” that has provided
new brain targets for functional stereotactic applications, and it is expected that, with the more
recent applications of fMRI, which is much more widely available than PET, more
applications of functional stereotactic neurosurgery will certainly emerge in the future.

For DTI, this technique has so far permitted to evaluate the connectivity of some
commonly used functional brain targets. A recent paper'® has permitted the sub-parcellisation
of the subthalamic nucleus (STN) and shown the different connectivities of the different sub-
areas of that nucleus, paving the way for more precise stereotactic targeting of the
sensorimotor part of that nucleus. DTI may also be useful to “discover” new pathways
relevant to various diseases that can be stereotactically and precisely targeted by surgery?®.

Imaging as a tool in postoperative evaluation of functional stereotaxis

In the ventriculography era, there were two ways to verify the accuracy of reaching the brain
target that was lesioned. One method was relatively crude and consisted in leaving in the
stereotactically lesioned area metal clips to indicate where the lesioning was performed. This
method was used by Leksell among others™®*. Otherwise, the only method to evaluate the
location of the stereotactic lesion was autopsy.

With the advent of CT it was possible to visualize in the living brain and non-
invasively the lesions both acutely and at any time after surgery™. If the CT scan was
performed in stereotactic conditions, with sufficiently thin slices, and months after the surgery
when all edema has disappeared, then one could evaluate rather accurately both location and
size of the stereotactic lesion and correlate the lesion’s size and site to the clinical results®,
and correlate the lesions dimensions and shape to the parameters of the radiofrequency
lesion®. These two issues are being examined in detail in this work (see papers V and VI in
this thesis).

Postoperative MR is also, and even more than CT, a very invaluable tool to
determine the location and size of the stereotactic lesion and also the location of the DBS
electrode. There has been some concern about safety of MRI scanning in patients who are
implanted with DBS electrodes'® *3, but in practical reality these concerns have been very
largely inflated, since MRI, provided few but important safety measures, is nowadays largely
used to safely document postoperatively the location of implanted DBS electrodes, permitting
thus a correlation between anatomical location and results™.

Furthermore, a stereotactic postoperative MRI will allow immediate verification
of targeting accuracy’ allowing thus immediate repositioning of the DBS electrode if it is



misplaced, and allowing DBS surgery to be performed in general anaesthesia in suitable
patients operated on in brain targets that are possible to visualize directly with MRI, such as
the pallidum and the STN**.

Additionally, MR imaging, judiciously used for both stereotactic targeting and
for immediate postoperative verification, may reduce the need to use micro-physiological
methods, in particular reducing the need for several tracks of microelectrode recordings
(MER), decreasing thus the risk for brain shift'* as well as the risk of brain haemorrhage
during functional stereotactic neurosurgery'®,

Finally, even at long time after surgery with DBS, postoperative imaging using
fMRI (and PET) can indeed be performed safely and contributes to invaluable knowledge
about brain circuitries and how these are affected by stimulation®.

In summary, it is obvious that imaging has been and is even more today at the
center of functional stereotactic neurosurgery, be it ablative or stimulative. Imaging is thus the
ultimate reference and constitutes in fact both the first step of a functional stereotactic
procedure (the targeting on the image) and also the last step of that procedure (the verification
that what was intended to be hit by the lesion or reached by the DBS electrode has indeed
been hit or reached). While a ruler measures distance, a thermometer measures temperature,
and a balance measures weight, in functional stereotaxis, MER measures physiology and MRI
measures anatomy. This work is thus about analysing the contribution of anatomical structural
imaging to functional stereotactic procedures, both pre- and post-operatively, both for
stereotactic lesions, and for implanted DBS electrodes.



BACKGROUND OF THE PRESENT STUDY

Introduction

The work with this thesis was initiated in 1996 and has now been continued intermittently for
16 years. Considering the rapid evolution of this field, the conditions for the different studies
have varied, and the general situation concerning imaging in stereotactic functional
neurosurgery may differ in many aspects considerably between the first publication in 1997
and the more recent ones. Although this must be kept in mind when considering the
background of the different studies, the importance of imaging for functional stereotactic
neurosurgery has, if anything, increased even more .

The overall purpose with this work has been to contribute to the development
and adaptation of imaging in stereotactic functional neurosurgery, described in the previous
chapter, regarding evaluation and optimization of targeting, of visualizing brain targets, as
well as evaluation of the extent and location of stereotactic Radiofrequency (RF) lesions and
of DBS electrodes. The background to the individual studies will be described in some detail
below.

Paper |

(Comparison between stereotactic CT and MRI coordinates of pallidal and thalamic
targets using the Laitinen noninvasive stereoadapter)

MRI provides a high degree of visualization of the soft brain tissue, which is why many
surgeons use it for calculation of the target coordinates in stereotactic procedures® " 2 313539
41,42, 47,92, 93, 95, 100, 108, 136, 147, 162, 179. Due to concern regarding MRI distorsionz’ 9,49, 71, 89, 94, 97,
112,126,139, 141, 142, 148, 154,139, 171 ' qe/eral workers prefer combinations of MRI with other
geometrically more accurate image modalities, such as CT or

ventriculography. Figure 2: The Laitinen
The accuracy of target coordinates have previously been stereoadapter with the
compared regarding CT and MRI. Most of these studies were Vertex support (arrow).
. - . From Hirabayashi et al
however either experiments on phantoms, or included 19987

morphological targets intended for biopsy, radiosurgery or
stereotactic craniotomy? %% 244492 111, 112,164, 172,178 '\, hile only a
few systematic studies have been presented regarding stereotactic
coordinates of functional targets compared between MRI and
CT/ventriculography?* 92 110-112,

We have used stereotactic CT for functional procedures since
1985 and MRI since 1993, especially for pallidotomies>® 3" &% 61 100.
101,104 The Laitinen non-invasive stereoadapter has been used with
both imaging modalities. In order to improve the fixation to the
head, a slightly modified stereoadapter has been developed (Figure
2). This has in in this study been used in a series of patients in order
to compare the coordinates of the functional targets in the thalamus
and pallidum on CT and MRI. The aim of this study was to assess
differences between these two modalities and to decide on the
relative contribution from eventual MRI distortion and repositioning
of the adapter on the head between the CT and the MRI studies.

Paper |1

(Stereotactic imaging of the pallidal target)

The original target for posteroventral pallidotomy (PVP) described by Svennilson et al™" and
Laitinen et al'®* was based on the Schaltenbrand and Bailey atlas**® or the Schaltenbrand and
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Wahren atlas™**. The target was identified in relation to the 3 ventricle, and located 20-22
mm lateral of the inter-commissural line (ICL), 2-3 mm in front of the mid-commissural point
(MCP), 3-6 mm below the plane of the anterior and posterior commissures (AC-PC). The
landmarks of the 3" ventricle were originally chosen since they could be visualized on
ventriculography. However, even when CT, and later MRI, became available for stereotactic
procedures, many still continued to rely on ventriculography for the targeting procedure®” **
120,146,149 "geveral of those who abandoned ventriculographies in favor of MRI did however
still proceed by first identifying the landmarks of the 3™ ventricle on MRI, and defined the
pallidal target in relation to these landmarks® 3% 34230 90. 176,

However, if one uses judicious scanning sequences, MRI will visualize more of
the brain than just the landmarks of the 3" ventricle, and if one can visualize the internal
capsule, the globus pallidus internus (GPi), the lamina medullaris interna, the globus pallidus
externus (GPe), the lamina medullaris externa, the putamen, and the optic tract, within
reasonable time and with minimal distortion of the frame fiducials, then atlas-based
coordinates are of limited value and may become redundant. With direct visualization of the
individual pallidal targets, each patient will be his or her own atlas. In the present study we
evaluated direct stereotactic visualization of the pallidal target and its surrounding.

Paper 11
(A quick and universal method for stereotactic visualization of the subthalamic nucleus
before and after implantation of deep brain stimulation electrodes)
T2-weighted MRI sequences were first presented by Benabid et al*? as an option for direct
visual identification of the subthalamic nucleus. Despite this, the Grenoble group still uses
ventriculography in the surgical targeting of the STN. This is in accordance with the general
situation, where many groups continued for a long time to determine the position in relation to
landmarks of the 3" ventricle, identified on T1-weighted sequences, instead of performing a
direct visualization of the nucleus itself.

One reason for this might be that the early publications regarding direct visualization
of the STN all used volumetric T2- weighted sequences with a long acquisition time'® 1% 14
180 sometimes with an additional need of reformatting the images and/or additional T1-
weighted sequences™ **°. Such long acquisition will often result in the need of general
anesthesia. When analyzing the literature regarding postoperative imaging it was clear that the
quality of these images, with a few exceptions**> *>°, was not of such a quality that the
electrode contacts could be localized in the target structure™® 8 24,

In the present paper we present the experience from a number of centers regarding the
use of a T2-weighted, fast-acquisition non-volumetric MRI protocol™® for direct targeting of
the STN, as well as for postoperative verification of the electrode location.

Paper IV

(""Sukeroku sign™ and "'dent internal-capsule sign*--identification guide for targeting
the subthalamic nucleus for placement of deep brain stimulation electrodes)

The target in the STN can be identified by a direct or indirect method, or a combination of
both. The direct method consists of a direct visual identification of the target point in the STN
on MRI, while with the indirect method the location of the target point is decided from a
stereotactic atlas, based on its relation to landmarks of the 3" ventricle.

When using direct targeting, a good anatomical knowledge concerning the area
of interest is vital. Sometimes the lateral and inferior borders of the STN may be difficult to
distinguish from the substantia nigra (SN). The use the Sukeroku sign and the dent internal-
capsule-sign may aid in that respect. The purpose of the present study was to present these
signs and to assess their usefulness in targeting of the STN.



Papers V & VI

(Is there a relationship between size and site of the stereotactic lesion and symptomatic

results of pallidotomy and thalamotomy? & Impact of parameters of radiofrequency
coagulation on volume of stereotactic lesion in pallidotomy and thalamotomy)

Lesional procedures have demonstrated substantial symptomatic improvements in both PD and
essential tremor (ET) patients > & 16:17:23:104.12% 'The nracedures of choice have been ventrolateral/Vim
thalamotomies for non-parkinsonian tremor, as well as for tremor dominant PD*® % while
posteroventral pallidtomy has been preferred for patients with advanced PD® 3 3¢ 100.103.109 ‘Thq
symptomatic profile of pallidotomy seems to vary according to the different symptoms: an excellent
effect has been reported regarding dyskinesias, while the effect on tremor, akinesia and dystonic
painful cramps is more varying® & 19 132,163,

Even though both procedures are well established there has been some lack of consensus
regarding the optimal location of the lesion within the target area, as well as regarding the optimal
volume of the lesion. The volume of the lesion constitutes one of the most important issues regarding
lesional procedure, since not only is it unclear how the effect of the lesion is correlated to the volume,
but we are currently unable to predict the size of the lesion, in order to encompass the target area,
without encroaching on adjacent structures.

The aim of the present studies was to analyze if the location and size of the lesions in the
Pallidum and VL-thalamus might influence the effect on the various symptoms, and further to
evaluate the respective role of the various RF parameters (temperature of coagulation, time of
application of RF current) in determining the size of the lesions.
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AIMS

The specific aims of this thesis were:

e To assess differences between CT and MRI regarding coordinates of the functional
targets in the thalamus and pallidum, and to evaluate the composite contribution from
MRI distortion and repositioning of the Laitinen non-invasive Stereoadapter towards
these differences.

e To evaluate on proton density MRI sequences direct stereotactic visualization of the
pallidal target and its surroundings.

e To evaluate in different centers, different countries, and on different MR machines, a
T2-weighted, fast-acquisition non-volumetric MRI protocol for direct targeting of the
STN, as well as for postoperative verification of electrode locations.

e To define the Sukeroku sign and the dent internal-capsule-sign and to assess their
usefulness in targeting of the STN.

e To analyze the influence of location and size of pallidotomies and thalamotomies on effects
and side effects.

e To analyze the impact of the various RF parameters in determining the size of stereotactic
lesions.
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MATERIALS AND METHODS

Paper |

A preoperative stereotactic CT and a preoperative stereotactic MRI were performed in 34
patients (19 males, mean age 65 years (range 44-79)). Thirty patients had PD and four ET.
The target was in 28 cases the PVP (16 left) and in 6 the ventrolateral (VL) thalamus (5 left).

The CT studies were performed on a Philips CT scanner (Philips Tomoscan LX, The
Netherlands). The scanning procedure has been previously described % ®*, |n short, the
scans were performed parallel to the transverse bars of the Stereoadapter, with 1.5-mm-thick
contiguous slices in 2-mm-steps, from above the foramina of Monro until the second
transverse bars and cerebral peduncle were reached. After the CT scanning, the Stereoadapter
was detached and later remounted for the MRI Study.

The MRI studies were performed on a 0.5-tesla superconducting MR scanner (Philips
Gyroscan T 5 I). The Stereoadapter was remounted on the patient’s head using the same
positions as for the previous CT. Thirty 2-mm-thick contiguous slices were obtained with an
axial, T1-weighted, 3-D fast field echo volume sequence parallel to the transverse bars of the
adapter (flip angle 30; TR 30 ms; TE 13 ms; number of excitations 2; in-plane resolution 0.78
x 0.78 mm (field of view 200 and matrix 256 x 256); phase encoding left to right).

Enlarged hard copies of CT and MRI films were obtained from the level of the
foramina of Monro down to the middle of the aqueduct, including the second pair of the
transverse bars of the stereoadapter. The identification of landmarks, target, and coordinates
were performed on both the CT and the MRI images. The AC was localized on a slice 4 mm
ventral to the ventralmost margin of the foramen of Monro*®. The PC was identified on the
slice lying just above the slice with the beginning of the aqueduct. The distance between AC
and PC was measured, giving the length of the ICL.

The target point was based on the atlas of Schaltenbrand and Wahren**. After the
anatomical target point had been decided, its coordinates were calculated in relation to the
stereoadapter.

The X, y, and z coordinates obtained from the MRI study were compared with those
obtained from the CT study (Figure 3). The vectorial distance between the MRI- and CT-
defined targets was calculated using the equation:

N(Xmr = Xct)2 + (Ymr — Yct)2 + (Zmr — Zct)?

where Xct, Yct and Zct represent the coordinates on CT, and Xmr, Ymr and Zmr
represent the coordinates on MRI. The lengths of the ICL was further compared between the
two modalities.

The differences in each coordinate location were measured by subtracting the
CT coordinate value from the MRI coordinate value. The difference in target position was
indicated as negative if the MRI target was medial, posterior, or ventral to the CT target, and
positive if lateral, anterior or dorsal.
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Figure 3; Stereotactic CT and
stereotactic MRI of the same patient. The
scans are at the level of the pallidal
target. The inter-aural (horizontal) line
represents the reference for the
anteroposterior coordinate of the target.
The line vertical projecting from the
frontal pin onto the inter-aural line
represents the reference for the lateral
coordinate of the target. The target in the
left posteroventral pallidum is indicated
by a dot. From Hirabayashi et al 1998™.

Paper 11
Forty-eight consecutive patients (32 males) scheduled for pallidal surgery were included in
the present study. The mean age was 60 years (range 43-76) and duration of disease 12.6
years (range 3-30).

Imaging was performed with a 1.0 Tesla superconductive scanner (Magnetom Impact
Expert, Siemens, Erlangen, Germany). A T1-weighted spin-echo sequence was obtained
(TR/TE 180/15; field of view, 25 cm; slice thickness, 5 mm; matrix, 192 x 256; excitations, 2;
imaging time, 1 minute 12 seconds). Three slices without gap were obtained from the midline
for visualization of the AC-PC plane, and 3 slices for identification of the transverse bars of
the Laitinen stereoadapter®’. This was followed by a transverse Turbo spin- echo proton
density sequence angulated parallel to the transverse bars (TR/TE 4000/15; echo-train, 7; field
of view, 25 cm; slice thickness, 2 mm, gap, 0; matrix, 210 x 256; excitations, 3; imaging time,
6 minutes and 5 seconds). The target area was covered by 34 slices and reconstructions for
measurements performed according to the plane of the transverse bars. A coronal sequence
perpendicular to the former and centered on the mammillary bodies was further obtained
using the same scanning parameters. In some cases this was replaced by a coronal Turbo true
inversion recovery sequence (TR/TE 5600/60 T1350; echo-train, 11; field of view, 25 cm;
slice thickness, 5 mm; gap, 0; matrix, 198 x 256; excitations, 2; imaging time, 3 minutes 27
seconds).

Axial and coronal scans covering the target area and relevant landmarks were enlarged
1.4 times and printed on hard copies of film. The target was indicated in the axial plane in the
posterior-ventral area of the Gpi, from the AC-PC plane and ventrally. The depth of the target
was assessed in relation to the optic tract, the ambient cistern and the supra-amygdala on the
coronal scans. The coordinates on the most ventral point of the target was thereafter
calculated in relation to the Laitinen stereoadapter. The following measurements were further
performed as a part of the study: laterality in relation to midline of: the pallidocapsular border,
the lamina medullaris interna, the medial border of the putamen. Also the width of the
posteroventral pallidum (PVP) at target level was measured. The measurements were
performed, 2 mm anterior of the MCP and 2 - 4 mm below the AC—PC plane. The width of
the PVP was measured on the same slice.

Paper 111

This was a multicenter study involving eight centers in six countries. The investigations were
performed using 1.5 tesla MRI scanners (Siemens, Philips and General Electric) in 7 centers,
and a 1.0-tesla machine in one center. The Laitinen, Leksell and Cosman Roberts Wells
(CRW) stereotactic frames were used.
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More than 85 patients implanted with DBS electrodes in the STN were included in the present
study. These patients were investigated using transaxial and coronal scans, with the
parameters presented in table 1. Postoperative MRI, with or without the stereotactic frame
was further performed in some of the patients, using the same parameters.

Table 1%°. Some of the parameters of MRI (axial scanning) used.

London Trondheim Enschede  Nara Cape Town Stockholm Ume&/Uppsala

Frame Leksell Leksell no frame CRW Laitinen Laitinen Laitinen/Leksell
Scanner GE Siemens Philips Siemens Siemens Siemens Philips
TR 3,500 3,000 3,000 4,000 3,000 6,200 3,000
TE 90.9 82 85 17 96 112 84
Thickness of

slice/gap, mm 2/0.2 2/0 2/0 2/0 2/0 2/0 211
Excitations, n 4 3 3 3 3 5 4
Field of view, mm 250 x 250 250x250 220 x 220 256 x 256 230 x 230 250 x 220 230 x 250
Slices, n 22 19 variable variable 15 17 22
Acquisition time 7mn7s 7min48s 6min42s 5min30s 5min37s 7min20s 3min5s

TR =Time of repetition; TE =time of echo; CRW = Cosman Roberts Wells; GE = General Electric.

Paper IV

This study was based on pre-operative MRI images from five patients (3 males) aged 31 -76
years, operated with STN DBS for PD. DBS electrodes had been successfully implanted in
the STN in these patients, resulting in a mean improvement of the Unified Parkinson Disease
Rating Scale (UPDRS)* from 35.6+4.3 before surgery, to 14.6+2.9 after surgery. All patients
had an improvement of more than 43% (mean, 58%).

Axial and coronal short Tau inversion recovery (STIR) images were acquired
[2D-fast SE: repetition time (TR) =5,000 ms, inversion time (TI) = 150 ms, echo time (TE)
= 10 ms, echo train length (ETL) = 8, field of view (FoV) =256 mm, slice thickness =3
mm, slice spacing =2 mm, interleave acquisition, matrix = 256 x 256, averaging = 2]
using a 1.5-T scanner. The STIR sequence generates clear contrast between high signal from
gray matter and low signal from white matter, and both the SN and the STN appear with high
signal. The axial slices were parallel to the AC-PC line and the coronal perpendicular to this
line.

The target was initially placed 12 mm lateral of the ICL, 2 mm behind the MCP
and 4 mm below the AC-PC-plane, and was adjusted according to the location and shape of
the STN as seen on the MRI. Single or multitrack MER was performed during surgery, and
used for determination of the electrode depth. After this the microelectrode was replaced with
the DBS electrode in the center of the STN. Within a week after the implantation an MRI
identical to the pre-operative investigation was aquired for determination of the electrode
location. The coordinates of the target were determined from the postoperative MRI and used
as reference for the subsequent study.

In order to determine to the accuracy of STN localizing, five board-certified
radiologists served as readers. None of them had any previous experience of STN localization
procedures or any knowledge of the Sukeroku sign or the dent internal-capsule sign (Figure
4).

The readers were provided with an anatomical atlas of the brain® and asked to identify
the center of the STN on the pre-operative MRI images of each of the five patients, based on
the information available within the atlas. The time needed to identify the target in the
coronal, as well as in the axial planes, was recorded together with the coordinates of the
selected point.
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After a minimum of one month the experiment was repeated, but this time the readers were
provided with an instruction sheet containing detailed information on the Sukeroku sign and
dent internal-capsule sign, before performing the task.

The deviation of the targets selected by the readers was then analyzed in relation to the
actual target, that is, the final position of the electrode decided from the post-operative MRI.

Figure 4: Instruction sheet used to
explain the “Sukeroku sign” and the
“dent internal-capsule sign”. a, d, e STIR
images.

a, b, ¢ “Sukeroku sign” is used for
identification of the STN on coronal
slices. The STN (arrows, a) and SN
(arrowheads, a) appear together on the
coronal plane perpendicular to the AC-
PC plane, at the level of the internal
auditory canal, with the STN cranial and
lateral to the SN (schematic drawing, b),
resembling the cosmetically highlighted
eye of a Japanese traditional literary
hero, Sukeroku (c).

d, e “Dent internal-capsule sign” is used
for identification of the STN on axial
slices. On the axial plane parallel to the
AC-PC line at the level of the mamillary
bodies, the STN (oval area, d) appears to
stick into the internal capsule, creating a
dent on the margin of the internal
capsule”(dotted line, d), while the margin
of the internal capsule appears straight on
the adjacent caudal plane at the level of
the SN (dotted line, €). From Taoka et al
2009'".

Papers V & VI

Forty-six consecutive patients who had undergone a total of fifty functional stereotactic
lesions (29 unilateral and 1 staged bilateral PVP, 2 ipsilateral re-pallidotomies, 13 unilateral
and 1 bilateral thalamotomy, and 1 ipsilateral combined staged PVP and thalamotomy) were
retrospectively analyzed. Forty-five patients had PD and one ET. The mean age of the patients
was 64.8 + 8.3 years and 35 were males.

The surgical procedure is presented in detail below. A postoperative stereotactic CT
(Siemens, Erlangen, Germany)/MRI scanning (1.5 Tesla, Philips, The Netherland) was
performed after a mean of 6 months (range 3 — 24) after the procedure, using the Laitinen
non-invasive stereoadapter ‘. This allowed a scanning plane identical to the preoperative
scanning plane, regarding orientation and slice thickness (2mm). Enlarged film copies were
used to evaluate the stereotactic lesion and calculate its volume. The lateral (x) and
anteroposterior (y) diameters of the lesion were measured at the level of the maximal diameter
of the lesion, and the dorsoventral (z) diameter was calculated by identifying the number of 2
mm-thick scans on which the lesion could be visualized. The volume of the lesion was
calculated using the spheroid volume formula, Volume = 4/3 * n * (x /12) * (y/2) * (z/2). The
AC, PC, and ICL were identified on the postoperative studies and the coordinates of the
center of the lesion determined in relation to these landmarks and to the intended target. The
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coordinates of the edges of the lesion were further identified in the three planes in order to
decide the extension of the lesion in relation to the intended target point. The
location/extension of the lesions were then analyzed with regard to the clinical effect.

The clinical effect was decided during a qualitative clinical assessment of akinesia, tremor,
dyskinesia and dystonia. The effects were rated in three steps: excellent (symptoms practically
eradicated); good/fair (~ 50 % symptom reduction); and no change (no substantial effect or absence of
effect). Side effects were further documented.

Furthermore, The volume of the lesions were correlated to the parameters of the
Radiofrequency coagulation (temperature, duration of heating) in order to evaluate whether the lesion
volume could be predictable
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SURGICAL TECHNIQUE

All procedure in papers I-11 & V-VI were performed in local anaesthesia using the Laitinen
strereotactic system °’. The Stereoadapter has been previously presented in detail®” ®* ¢ 0% |t
is a noninvasive springy frame made of aluminum alloy, which is mounted on the head using
ear plugs and a nasion support. The lateral triangular components, contain four transverse bars
of 2-mm thickness and separated by 25 mm. These components are pressed against the scalp
with the aid of a connector plate over the vertex. The modification of the adapter in paper |
(Figure 1) consisted of a vertex support hooked between the calvarium and the center of the
connector plate. On the axial scans, the reference structures of the adapter are:

for the x= laterality coordinate: a perpendicular between the frontal pin and the line between
the anterior margins of the posterior ear arms of the triangular components.

For the y = A-P coordinate: the line between the anterior margins of the posterior ear arms of
the lateral triangular components (= inter-aural line).

And for the Z = dorso-ventral vertical coordinate, the level of the scans showing the nearest
pair of transverse bars. The same references were used for the axial MRI scan, although here,
for MRI studies, since the adapter as such is not visible on MR, plastic tubes filled with olive
oil were attached to the reference structures to allow their visualization.

Identification and calculation of target coordinates was performed manually on enlarged hard
copies of CT / MRI films using a ruler, a minicalculator and a thin pen or needle . The standard
thalamic target was located 6-7 mm anterior to the PC, 13-15 mm lateral of the midline of the 3"
ventricle, at the level of the ICL. The pallidal target was identified 2 mm anterior to the MCP, 2 - 3
mm lateral of the internal capsule, and 2 mm above the optic tract, and adjusted according to
visualisation of the individual target structure.

The patient was placed in a semi-lying position on the operation table, in order to
minimize leakage of cerebrospinal fluid (CSF). After partial shaving a linear incision of
approximately four centimetres was placed centred over the place for the burr-hole. A burr-
hole of 8 mm in diameter was made using a hand-drill, and placed just anterior to, or at, the
coronal suture and approximately 2.5 — 4 cm lateral of the midline, depending on the target.
Durotomy and corticotomy were performed with monopolar coagulation.

In all procedures, the same RF generator (512-KHz RF generator, IBBAB, Gothenburg,
Sweden) and the same RF electrode (custom made Laitinen-Wicksell monopolar thermocouple
electrode, IBBAB, Gothenburg, Sweden) were used. The electrode had a non-insulated tip 2 mm long
and 1.8 mm in diameter. The RF generator and electrode were used for dynamic impedance
monitoring, stimulation and coagulation.

Macrostimulation with 6Hz up to 10mA, and with 60 or 120 Hz up to 5 mA was performed at
various points at target level to evaluate effect and side-effects. The effect of intraoperative
stimulation on symptoms such as tremor, rigidity, hypokinesia, and eventual induction of dyskinesias
was evaluated and possible side effects, such as visual phenomena, capsular response, speech
alterations and paresthesias were sought. In all patients in whom the Laitinen system was used,
surgery was performed without microelectrode recording.

The pallidal lesions were performed with 75-85° C during 60 s, at 3-4 levels, starting 6 mm
above the most ventral target point, with one lesion every 2 mm, provided that macrostimulation did
not yield capsular or visual responses. The thalamic lesions were performed with 70 - 75° C during 30
- 60 s at 1-3 levels separated by two mm. The number of lesions at each target point was dictated by
the size of the target area (the pallidal target being larger than the thalamic one) and of course by the
clinical response.

In patients who underwent DBS (Papers 11l and 1V), the surgical technique and frames
used varied slightly among centers. The stereotactic frames used were the Leksell, the
Laitinen or the Cosman Roberts Wells (CRW). Macrostimulation was used in all centers to
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evaluate the effects and side effects, prior to implanting the DBS electrode. Occasionally
microrecording was performed in one of the centers (Nara medical University), initially using
a home-made system (Paper I11), and subsequently using the Leadpoint system (Paper 1V).
Single or multitrack microelectrode recordings (maximum three tracks) were obtained and the
depth of the DBS electrode was determined based on the best electrical activity of the STN
recordings.

STATISTICS

The values are reported as mean + SD (standard deviation), and range, if not otherwise indicated. A p-
value of < 0.05 was considered statistically significant.

Paper |

Two-sample paired t-test was used for analysis of the differences between CT and MRI
measurements. Two sample unpaired t-test was done in order assess the coordinate
differences according to the target (PVP & VL-thalamus; left & rigth) and whether or not the
vertex support of the adapter had been used.

Paper 11
Wilcoxon’s signed rank test or Student’s t-test for paired samples were used.

Paper V & VI
Paired two-tailed Student’s t-test was applied for analysis of statistical significant differences between
the means regarding lesion volume on CT and MRI.

The relationship of coagulation temperature, length of coagulation and duration of coagulation
to lesion volume, and lesion volume to clinical outcome, was analyzed using ANOVA, and logistic
regression analysis was used for evaluation of predicting factors.
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RESULTS

Paper |
The distribution of the MRI coordinates in relation to the CT coordinates in the transverse
plane is demonstrated in figure 5.

*] Figure 5: Distribution of MRI coordinates in the transverse plane
44 o in patients with (black dots) and without (empty dots) vertex
¥ N support. The horizontal (x) axis represents the coordinate
i ] . ° difference in the medial to lateral direction. A positive value
] o , 8 o means that the MRI coordinate is laterally deviated, and a
' o e negative value that it is medially deviated, in relation to the CT
ol _° e S0 o coordinate. The perpendicular (y) axis represents the coordinate
g ] S difference in the anteroposterior direction. A positive value
=™ means that the MRI coordinate is anteriorly deviated and a
g2 negative value that it is posteriorly deviated in relation to the CT
1. . coordinate. From Hirabayashi et al 1998™.
-]
] - -3 -2 -1 o 1 F 3 4 5
Medial X dimension (mm) Laveral

The differences regarding the x coordinates on CT and MRI ranged from —1.75 to 2.5 mm
(mean 0.27+0.95, p = ns., 95 % confidence interval range —0.057 to +0.604). The difference
was < 1 mm in 26 of the patients. The corresponding figures regarding the y coordinates were
-3.75 - 3.75 mm (mean 0.76+1.11, p < 0.001, 95% confidence interval range 0.403 - 1.176).
The corresponding figures regarding the z coordinates were —2.5 - 3.0 mm, (mean 0.76x1.4, p
<0.01, 95% confidence interval range 0.276 - 1.253). The distribution in the coronal plane of
the MRI coordinates in relation to the CT coordinates is presented in Figure 6.

Figure 6: The distribution of the MRI vs. CT

'-_ coordinates in the coronal plane in patients with
2 . (black dots) and without (empty dots)vertex support
E 1 © on the Stereoadapter. The horizontal (x) axis
] . ° represents the coordinate difference in the medial to
B 0o e poo oo lateral direction. The perpendicular (z) axis
£ ] el ° | represents the coordinate difference in the
§ . dorsocaudal direction. A positive value means that
~ M @ ¢ the MRI coordinate is dorsally deviated and a
224 ole negative value that it is ventrally deviated in
§_,j ) relation to the CT coordinate. From Hirabayashi et
al 1998".
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The vectorial difference between the coordinates of the same target on CT and MRI ranged
from 0.61 to 3.76 mm (mean 2.13+0.95, 95% confidence interval range 1.824 - 2.427).
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The length of the AC-PC line was on CT in mean 24.82+1.65 mm (range 21.5 - 27.5) and on
MRI 24.46+1.62 mm (range 19.5 - 27.0). The difference in length was in mean —0.37+0.9 mm
(range -2 - 2.25, p < 0.05).

The differences regarding the pallidal target between CT and MRI were in mean
0.12+0.88 mm in x, 0.80£1.15 mminy, and 0.98+1.79 mm in z. The corresponding figure
concerning the thalamic target were 1.01£0.99 mm in x, 0.79£0.99 mm iny, and 1.13£1.22
mm in z. The differences were not statistically significant.

The corresponding figures concerning the left-sided targets were 0.48+1.00 mm in X,
1.13£0.92 mminy, and 0.87£1.43 mm in z. Concerning the right-sided targets —0.06+0.77
mm in X, 0.24£1.19 mm in y, and 0.60£1.39 mm in z. The differences regarding the two sides
was only significant regarding the y coordinate (p<0.05).

The differences between CT and MRI in the 11 patients with vertex support were —
0.50£0.61 mm in X, 0.26x£1.27 mm in y, and 0.57£1.59 mm in z. In the 23 patients without
vertex support the corresponding figures were 0.43£1.05 mm in X, 1.04£0.95 mm in y, and
0.86£1.33 mm in z. The differences were not statistically significant.

Paper |1

The imaging procedure, from mounting of the stereoadapter to acquisition of images lasted in
general 25 — 30 min. The target area, the medial border of the putamen, the pallidocapsular
border, the internal capsule (IC), and the optic tract could be adequately visualized in both the
axial and coronal planes in all patients (Figure 7)

Figure 7. Coronal and axial stereotactic, 2-mm-thick MRI scans showing the pallidal subdivisions and
adjacent structures. From Hirabayashi et al 20027,

Pallidal subdivisions, including the external Globus pallidus (Gpe), the lamina medullaris
externa and interna, and the GPi, was adequately visualized in 71% of patients. Comparison
of the visualized anatomical target point with the atlas target point of Leksell-Laitinen
demonstrated a large inter- and intra-individual variability. The position of various pallidal
structures in relation to ventricular landmarks, and in relation to the atlas target point, are
presented in table 2.
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Table 27 Laterality of pallidocapsular border, of lamina medullaris interna, and of medial border of putamen

Left hemisphere Right hemisphere
Mean + SD (range) Mean + SD (range) P value
Laterality of pallidocapsular border 2—4 mm ventral to level of 19.7+2.05 205+19 0.0017
AC-PC line (15.5-25.0) (16.3-23.7)
Laterality of lamina medullaris interna 2—4 mm ventral to level 237+18 241+£18 0.0492
of AC-PC line (19.9-28) (20.6-26.5)
Laterality of medial border of putamen 2—4 mm ventral to level 264+2 26.6+2.06 ns.
of AC-PC line (21.5-30.3) (21.3-31.5)
Width of the posteroventral pallidum 24 mm ventral to level of 6717 61+16 0.0441
AC-PC line (3.5-11.7) (3.0-11.0)

The laterality was measured on axial scans from the midline of the third ventricle, from a point lying 2 mm anterior to the midcomnussural point.
Additionally, the width of the posteroventral pallidum is shown. All values are in millimeters AC, anterior commissure; PC, posterior commissure.

Paper 111

The STN could in most cases be adequately visualized on both the axial and coronal scans.
The STN could normally be further demarcated in relation to its surroundings when
manipulating the contrast enhancement on the screen after the scanning. This was considered
especially usefull for discriminating between the STN and the substantia nigra on the axial
scans of the ventral part of the target area. The STN and its surrounding structures are
demonstrated on axial and coronal scans in Figure 8. The location of bilateral DBS electrodes
in the STN on an axial scan is presented in Figure 9, and the location of a unilateral STN DBS
electrode on coronal and axial scans is shown in Figure 10.

Figure 8: STN and surrounding structures shown on a 2-mm-thick axial and 3-mm- thick coronal scan
(acquisition time for each sequence 7 min 48 s, Siemens machine). From Hariz et al 2003%.
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Figure 9: Bilateral DBS electrodes in
the STN shown on a 2-mm-thick axial
scan (acquisition time 7 min 7 s, GE
machine). From Hariz et al 2003%

Figure 10: A 3-mm-thick coronal and a 2-mm-thick axial scan showing a unilateral left-sided DBS electrode
(acquisition time 4 min 3 s, Philips machine). From Hariz et al 2003%

The scanning parameters used in the various centers are described in some detail in table 1.
Acquisition time for each scan varied from 3 min 5sto 7 min 48 s between the different
centers.
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Paper IV

The target points selected by the readers are presented in relation to the actual target in Figure
11, before and after receiving information on the Sukeroku sign and dent internal-capsule
sign.

Figure 11: Deviation between reader-determined location of the target and the tip of the electrode, before and
after information about the “Sukeroku sign” and “dent internal-capsule sign”. a. Deviation in axial plane before
instructions: mean in-plane deviation 3.53+1.51 mm. Correct plane selected in 56%. Vectorial deviation
3.77£1.51 mm. b. Representative STIR image of axial plane at the same scale with graphs (mm). c. Deviation
in axial plane after instruction: mean in-plane deviation 1.79+0.70 mm. Correct plane selected in 84%.
Vectorial deviation 1.95+0.72 mm. d. Deviation in coronal plane before instruction: mean in-plane deviation
3.47£1.79 mm. Correct plane selected in 28%. Vectorial deviation 4.69+£1.36 mm. e. Representative image of
coronal plane at the same scale with graphs (mm). f. Deviation in coronal plane after instruction: mean in-
plane devil%t7ion1.44i0.92 mm. Correct plane selected in 92%. Vectorial deviation 1.79+0.93 mm. From Taoka
et al 2009™".
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In the first experiment the mean in-plane deviation of the readers target was 3.53£1.51mm
from the actual target on the axial images, and 3.47£1.79 mm on the coronal image. The MRI
slice containing the center of the STN had been correctly chosen in 56 % of the axial and 28
% of the coronal investigations. Taking into consideration the deviation in all three planes, the
vectorial deviation from the actual target was 3.77+1.51 mm for the axial images and
4.69%1.36 mm for the coronal images.

After instruction was provided regarding the two signs, the mean in-plane deviation
was reduced to 1.79+0.70 mm for the axial images and 1.44+0.92 mm for the coronal image.
The correct slice containing the center of the STN was now chosen in 84% of the axial and
92% of the coronal investigations. The vectorial deviation was reduced to 1.95+0.72 mm for
the axial images and 1.79+0.93 mm for the coronal images. All these improvements were
statistically significant (p < 0.001)
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The time for localization of the target in the axial and coronal plane was reduced from in
mean 15.6+4.03 min to 9.4+1.94 min (p < 0.05), after instructions regarding the sign was
provided.

Paper V & VI
The distribution of coagulation parameters according to temperature, rostro-caudal length of
coagulated area, and total duration of coagulation is presented in table 3.

Table 3. Distribution of coagulation parameters according to temperature, rostro-caudal length of coagulated area, and
total duration of coagulation. From Hirabayashi et al 2012%.

Number of lesions
Temperature (°C)

70-73 3

74-77 17

78-81 12

82-85 18

Duration (s)

90-160 10
160-230 23
230 — 300 17

Length (mm)

25-<55 14

55-<8 16

8-105 20

Lesion volume versus temperature, duration of coagulation, and length of coagulation area

The mean lesion volume in the whole material was 75.9 + 56.6 mm3 (range 4.2 - 254.9) and the
temperature 79.1 + 4.3 °C (range 70 — 85). As seen in Figure 12 the higher the temperature, the larger
the volume, for a given length of coagulated area (correlation coefficient 0.516, p < 0.001).
Furthermore, the shorter the length of the coagulation, the stronger was the correlation between
volume of lesion and temperature of coagulation. A logistic regression analysis is presented in Figure
13, where the relation between volume and temperature is described by the equation:

log Vol. =-1.62 + 0.04 * T. (Correlation coefficient 0.469, p<0.001).
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Figure 12. Scatter diagram of lesion volume versus temperature of coagulation. The patients were divided into three
groups according to rostro-caudal length of coagulation. From Hirabayashi et al 2012%°.
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Figure 13. Scatter diagram of logarithm of lesion volume and temperature of coagulation. The patients were divided into
three groups according to rostro-caudal length of coagulation From Hirabayashi et al 2012%.
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The dorso-ventral length of the coagulation was in mean 6.5 £ 2.0 mm (range 2.5 — 10). The relation
between volume and length of coagulation is demonstrated in Figure 14. The longer the coagulation
area, the larger was the volume of the lesion (correlation coefficient 0.346, p < 0.05).



25

Figure 14. Scatter diagram of lesion volume versus the length of rostro-caudal coagulation. The patients were divided into
4 groups according to the temperature of coagulation. From Hirabayashi et al 2012%°,
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The mean duration of coagulation was 201 + 54 s (range 90 - 300). The relation between duration of
coagulation and lesion volume is shown in Figure 15. The longer duration of coagulation, the larger
volume of lesion (correlation coefficient 0.356, p < 0.05).

Figure 15. Scatter diagram of lesion volume versus total duration of coagulation. The patients were divided into 4 groups
according to the temperature of coagulation. From Hirabayashi et al 2012,
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A multiple regression analysis of the relationship between lesion volume, temperature, length of

coagulated area, and duration of coagulation, demonstrated the temperature to be the most important
factor affecting the lesion volume (p<0.05).
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Volume of Lesions on CT vs. MRI

The relationship between lesion volume on CT and MRI in 18 pallidotomies and 2 thalamotomies
analyzed with both methods is presented in Figure 16. In these patients, the mean lesion volume on
CT scan was 74.5 + 47.1 mm3 (range 4.2 - 177.0), and on MRI scan 80.6 + 63.9 mm3 (range 6.1 -
218.2). There were no significant differences, but a strong correlation between CT and MRI volumes
(correlation coefficient: 0.914, p< 0.0001). Lesion volumes and diameters for the whole material is
presented in table 4. The coordinates of the center of the lesions in relation to the intended target point
are presented in table 5. The center of the lesions was located significantly more anterio-dorsal in the
pallidotomies and anterior in the thalamotomies than the target point.

Figure 16. Relationship between lesion volumes on CT and MRI in 20 lesions analyzed with both methods.
From Hariz et al 1997%.
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Table 4%*. Lesion volumes (mm®), diameters (mm), and statistics (Student's t test)

Pallidotomies Thalamotomies  Statistics

Volumes mean+SD  87.08+58.44  46.95+40.09  p<0.05

95%ClI 67.3— 106.9 23.8-70.1
range 9.63—254.84 418-135.04

Transverse diameter mean=SD 4.14+ 1.36 417+ 1.62 p= n.s.
range 1.75-7.8 1.6-6.4

Anteroposterior diameter mean +SD 4.99+1.63 5.18+2.05 p= n.s.
range 2-10.4 2-10.4

Dorsoventral diameter mean=SD 7.27+2.18 3.5+ 1.22 p<0.0001
range 2—12 2—6

SD =Standard deviation; 95% CI = 95 % confidence interval
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Table 5%. Differences between coordinates of center of lesion and intended target point in 36 pallidotomies and
14 thalamotomies. Figures are presented for all three dimensions (X, Y, Z) as well as for the vectorial deviation
(3D). Negative values indicates deviations in the medial, posterior and ventral direction regarding X, Y and Z,
respectively.

Pallidotomies Thalamotomies

X mean + SD 0.10+1.14 0.29+1.67
Range -20-2.9 -22-34
t-test p=n.s. p =n.s.

Y mean = SD 2.08+1.38 1.49+1.51
Range -1.0-5.0 0.0-4.8
t-test p <0.0001 p<0.01

Y mean + SD 1.75+1.66 -0.35+1.15
Range -20-4.0 -20-2.0
t-test p <0.0001 p =n.s.

3D mean + SD 3.39+1.21 2.6£1.31
Range 0.0-5.88 0.0-5.0
t-test p <0.0001 p <0.0001

Macrostimulation, immediate postoperative effects and side-effects

Following intraoperative macrostimulation, the target was shifted in an anterior and/or medial
direction in 5 thalamic procedures due to paresthesias or capsular response. The latter side
effect did also cause a change in an anterior and/or lateral direction in 3 pallidal procedures.
The electrode was further retracted 2 — 3 mm in 13 patients due to optic response.

In the immediate postoperative period 85.7 % of the thalamotomies and 86 % of the
pallidotomies were considered as successful. Of the patients with pallidotomies 7 (19 %)
complications of longer duration were identified: 2 worsening of memory; 2 worsening of
dysarthria; 2 leg weakness; 1 facial weakness. Of the patients with thalamotomies 6 (42 %)
had complications of longer duration: 4 disequilibrium; 1 dysarthria; 1 leg weakness.

Lesion Volume v.s clinical outcome

The relation between lesion volume and effect of surgery is presented in table 5. All patients
selected for pallidotomy suffered from moderate to severe akinesia. At a mean of 6 months
after surgery 30.5 % of the pallidotomies resulted in a good/fair effect on akinesia and 69.5 %
in no change. The lesion volume was larger in the group with a good/fair effect (p< 0.05)
(Figure 17). Of the 32 patients with dyskinesia 78 % had an excellent effect, 19 % good/fair
and 3 % no change. Of the 31 patients with tremor 6.5 % had an excellent effect, 64.5 %
good/fair, and 29 % no change. Of the 16 patients with dystonia 31 % had an excellent effect,
50 % good/fair and 19 % no change. No significant correlation to lesion volume was seen
regarding dyskinesia (Figure 18), tremor (Figure 19) or dystonia (Figure 20). Conceming the
14 patients with thalamotomy 57 % had an excellent effect on tremor, 28.5 % good/fair and
14.5 % no change. Except for akinesia, lesion volume was not correlated to outcome (Figure
21). In neither thalamotomies or pallidotomies were there any correlation between lesion
volume and complications, and the result was not influenced by gender or side of surgery.



Table 6%. Relation between lesion volume (mm®) and effect of surgery on the various symptoms, in

pallidotomy and thalamotomy

Excellent Good/fair No change Statistics
Patlidotomy
Akinesia cases 0 11 25
(36 cases) volume
(mean = SD) - 122.5£66.7 71.6+48.06 p<0.05
95% CI - 77.5—167.2 51.7-91.4
range - 28.3—255 9.6—177
Dyskinesia cases 25 6 1
(32 cases) volume
(mean+SD) 92.5+64.6 84.5+36.4 9.6 p=ns
95% ClI 65.8—119.2 46.3—122.7 -
range 10.5—249.5 45.4—136.1 -
Tremor cases 2 20 9
(31 cases) volume
{mean=SD) 44,2 and 46.1 83.0+51.67 82.8+60.64 p=n.s.
95% CI - 58.9—107.2 36.2+129.4
range - 10.5—199 9.6—177
Dystonia cases 5 8 3
(16 cases) volume
(mean £ SD) 90.5+53.07 78+46.15 93.0+£27.65 p=ns
95% Cl1 - - -
range 44.2-59 28.3—1532 69.1—123.3
Thalamotomy
Tremor cases 8 4 2
(14 cases) volume
(mean+SD) 44.4+32.64 68.2+56.14 8.51and2l.5 p=ns.
95% C1 17.1=71.6 21.1—157.5 -
range 4.2—100.6 17.5—135.1 -

95% CI = 95% confidence interval.
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Figure 17. Correlation between lesion volume and outcome regarding akinesa in pallidotomy (p < 0.05). From

Hariz et al 1997
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Figures 18-21. Effects of pallidal lesion volume on dyskinesia (18), tremor (19) and dystonia (20). Effects of
thalamic lesion volume on tremor (21). No significant correlation were seen in figures 18-21. From Hariz et
al 1997%.
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Location of lesion vs. clinical outcome

Concerning pallidotomies the target area was included in all lesions. Lesions with a good/fair
effect on akinesia had a more posterior extension (~1mm) than those with no change (p<
0.05). In dystonia the lesions with excellent or good/fair outcome were centered and extended
more posterior-ventral than those with no change (p< 0.05). No significant correlations were
seen regarding location of lesion and effect on dyskinesia and tremor. This was also true
regarding thalamotomies and complications in both procedures.
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DISCUSSION

Paper |

In this study of differences between target coordinates obtained from CT and MRI we
found significant differences regarding the anteroposterior y and dorsoventral z coordinates.
We did further find a difference concerning the side of the target, where the left-sided targets
showed a significant difference regarding the y coordinate. This latter finding might be due to
inhomogeneities in the magnetic field causing geometric distortion in the frequency-encoding
direction, which in our examinations was from left to right, or because there were more left-
sided than right sided targets (21 left, 13 right targets).

The vectorial difference between CT and MRI was always in the rostrocaudal
direction (mean 2.13 mm), where the MRI target seemed to lie more anterior and dorsal, that
i, more rostral, than the CT target.

In this study the CT was the reference, against which the MRI scanning and MRI
coordinates were assessed. The discrepancies of MRI coordinates in relation to CT
coordinates will therefore probably be multifactorial and represent the sum of several
potential errors, such as target selection in relation to ventricular landmarks (which are better
visualized on MRI), repositioning errors of the stereoadapter, and MRI distortion.

The possible contribution by true MRI distortion is difficult to assess. Several MRI-
inherent factors might have contributed. (a) Magnetic field inhomogeneities causing
geometric distortion, as discussed above concerning differences between the right and left
side. Such inhomogenities might also influence the definition of the AC and PC on the
image, and hence, the antero-posterior position (y) of the target. (b) Field inhomogeneities
and gradient nonlinearities resulting in potatoe-ship effect and warped shape of the selected
slice might also add to the distortion. The effect of this should however be limited due to the
closeness of the reference fiducials of the stereoadapter to the head. ¢) The impact of metal
artifacts might be considered negligible since the adapter is made of MRI compatible
materials. (d) Magnetic susceptibility artifacts>* can also be considered negligible, since the
targets were central in the brain, far from any air-filled bony compartments, that is, far away
from the air-tissue interface. (e) Most importantly, chemical shift as a source of distortion®*
18 may be of importance, since we used olive-oil-filled fiducials. In a study by Taha et al*®* it
was shown that the MR image of petroleum-filled fiducials shifted more anteriorly and
inferiorly than fiducials with chromium chloride, resulting in a posterior and superior shift of
the target coordinates. However, in our study, the shift of the MRI target was always anterior
on MRI compared to CT. If that shift was due to a chemical shift affecting the position of the
fiducials on MRI, then when the fiducials shifted anteriorly, the y coordinate of the target
measured in relation to these fiducials should have ‘shifted” posteriorly on the MRI compared
to CT, i.e. the value of the y coordinate on MRI should have been less than the value on CT.
This was however not the case.

The reason for which we had used olive oil was due to the fact that copper sulfate
tends to disintegrate over time, which requires regular refilling of the tubes prior to each MRI
session. This was found cumbersome and time consuming. However, no matter the case
whether olive oil contributed or not to the distorsion, and in that case in which direction, in
order to settle the issue, we no longer use olive oil to fill in the tubes of the reference
fiducials, neither in the Laitinen MRI system nor in any other. CuSO4 is now the norm across
the line.

In this study the discrepancies between CT and MRI target coordinates were less than
what could be expected based on the published experience of others® ?* 12172 especially
when considering the re-mounting of the adapter. In fact, the discrepancies were not larger
than those found when comparing CT and ventriculography®.
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In conclusion, what appeared to be significant in this study was the 3-D vectorial shift
of coordinates affecting the rostrocaudal coordinates (y and z) of the stereotactic target on
MRI. However, since this coincides with the direction of the electrode trajectory it would be
relatively easy to account for by careful intra-operative impedance monitoring and
macrostimulation® 3. MRI guided stereotaxis with the Laitinen system can obviate the need
for CT to obtain target coordinates in functional stereotactic procedures.

Paper 11

We presented in this study a fast technique based on proton density MRI for direct
visualization of the pallidal target area under stereotactic conditions. The position of the target
point displayed large inter- and intra-individual variations in the 96 analyzed hemispheres.
This was demonstrated by the pallidocapsular border, whose laterality from the midline varied
from 15.5 - 25.0 mm in different individuals. Further, when comparing the right and left
hemispheres, the right pallidocapsular border was significantly more lateral than the left. This
was also true regarding the lamina medullaris interna, hence demonstrating a more lateral
position of the right Gpi. The width of the right PVP was further smaller than for the left PVVP.
Taking into consideration that the laterality of the medial border of the putamen did not differ
between the hemispheres it can be deduced that the right PVP had a less medial extension
than the left.

Inter and intra-individual variations regarding the basal ganglia and midbrain
structures are well document in the literature, and this variability will increase with the
distance to the landmarks of the 3 ventricle® " #7152 Of the different targets for stereotactic
procedures in PD, such as the Zona incerta (Zi), Subthalamic nucleus (STN), and the Vim, the
Gpi is the target located furthest from the landmarks of the 3" ventricle. The wide variation of
this target demonstrated in our material is therefore to be expected, and has been described
earlier™®. Taking this wide variation in consideration, it is obvious that targeting based solely
on the landmarks of the 3" ventricle will result in many targeting errors. This is also
suggested by the large number of micro-electrode passes made during pallidal surgery by the
groups relying on this technique® % 0. 90, 115,169,176 "gjnce the passing of multiple electrodes
might not be without certain risks® > '8 an imaging technique allowing for a reduction of
the number of passes might be of value.

Paper |11

Since access time to MRI scanners might be limited, and especially in order to avoid
movement-artifacts created by the patients, without using general anesthesia, it is desirable to
minimize scanning time, without compromising the quality of the images.

The results presented in this study, evaluating the visualization of the STN on various
machines using T2 weighted sequences, represent a work in progress. The scanning
parameters are being constantly refined in the different centers which partook in the study,
and differences exist, especially concerning the acquisition time. It is worth noting, that even
in the MRI center with the longest acquisition time, this time was still considerably shorter
than the 20 — 25 min reported by most other groups'® 128 145 15, 180

The lack of homogenous scanning parameters between our groups reflects a well-
known fact that settings and parameters cannot easily be translated from one MR scanner to
another, not even when the scanners are of the same model or brand. There were further
considerable interindividual differences concerning the visualization of the STN. These
differences might be attributable to differences in iron content in the STN, or may perhaps be
caused by differences in age and disease duration.
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The visualization of electrode contacts and target structures after surgery was in many
cases not optimal, especially on the coronal slices. The result on axial scans was however
often satisfactory, as seen in Figures 2 and 3.

We have in this study demonstrated that direct visual targeting of the STN can be done
on MRI scans of good image quality despite a short acquisition time. Whether the imaging
technique presented here will decrease the number of (micro) electrode passes at surgery,
and/or provides better results as compared with indirect targeting, remains to be analyzed.

Paper IV

The STN can be targeted in different ways. Indirect targeting is based on coordinates from
stereotactic brain atlases in relation to landmarks of the 3 ventricle. These coordinates are
often adjusted with consideration to the ICL, in an attempt to improve the fit between the atlas
and the individual patient.

There are however inter-individual variations concerning the location, size and shape of the
STN, and the STN tends further to change its size and shape with aging®. There are thus
obvious advantages with direct visualization of the target with MRI*® ™°. Further, in order to
facilitate the process combinations of the two methods are widely used® 13> 1°% 181,

However, regardless of whether the direct targeting method is used alone, or in
combination with indirect targeting, a clear visualization and recognition of the STN is
essential for the targeting procedure. The STN is in most centers visualized using T2-
weighted sequences® ¥ *5> 181 ‘\We have, however, in this paper tested the use of a STIR
sequence generating a clear contrast between high signal from gray matter and low signal
from white matter.

The STN is a small almond shaped structure located below the thalamus. Besides its
limited size, there is little contrast between the STN and the surrounding structures, why
visualization and recognition of the STN might be a problem, especially for those with limited
experience. In the coronal plane and lower axial planes, there is further a risk of confusing the
STN with the very adjacent SN, since the latter has a similar shape and signal intensity.

However, in the coronal plane perpendicular to the AC-PC plane, at the level of
internal auditory canal, the STN is found adjacent to the SN, but located somewhat more
cranially and laterally. The relation between the two structures can here be easily recognized,
and the STN thus easily traced on the subsequent slices. When looking at these structures, it
was noticed that there is a resemblance between them and the cosmetically highlighted eye of
a Japanese traditional literary hero, Sukeroku, as seen in Figure 4c.

On the axial plane parallel to the AC-PC plane the dent internal-capsule sign can be
helpful in locating the STN, and in differentiating it from the SN. In this plane, at the level of
the mamillary bodies, the STN appears as if being stuck into the internal capsule. Thus, a dent
is seen in the margin of the internal capsule, while this margin appears straight on the adjacent
caudal plane at the level of the SN (Fig. 4).

In the current study we could demonstrate that the use of these signs were of
significant help to a test group of radiologists without experience of STN localization. Both
the accuracy and the speed of the targeting were significantly improved. We believe that these
signs might prove useful to persons who are not familiar with the local anatomy, and perhaps
also to experienced persons in cases where the STN cannot be easily distinguished on MRI.

A weakness with the current study was that the “true target” was based on the
electrode position as seen on the postoperative MRI. The final placement of the electrode was
however not decided solely based on anatomical targeting, but was adjusted in accordance
with the findings from the MER. Thus, in some patients there may have been some
discrepancy between the anatomical target as seen on MRI, and the final target. Another
weakness is the limited number of patients evaluated.
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Finally, this sukeroku sign has not been evaluated in other ethnicities than Japanese
patients. This issue may be interesting to investigate further.

Paper V & VI

Lesional procedures do indeed offer some advantages to DBS, such as a low cost, shorter and less
complicated procedure, absence of hardware complications and battery replacements, and a less
cumbersome follow-up. However, due to the irreversibility of lesions, the dangers inherent to
simultaneous bilateral procedures, and the impossibility of postoperative “modulation” of the lesion,
and in fact due also to aggressive promotion by industry and last but not least, due to the lack of
proper training of young neursouregons in performing lesions, DBS is currently preferred.

With the growing understanding of the “optimal” area within the different targets regarding
location, extension, effects and side effects, and with improved imaging, increased accuracy, and
various methods for intra-operative assessment of the target, the possibility to perform successful
stereotactic lesions carries today better chances to be improved as compared to the situation during the
old lesional era.

Our knowledge concerning how the size of the lesions is decided in the individual patient is
however still limited, as well as our understanding of the impact of location and volume of these
lesions on the clinical outcome. The aim of studies V and VI was to try to increase our understanding
of these questions.

These studies were based on postoperative imaging performed > 3 months after the procedure.
since the peri-lesional edema will persist for some time, and since the lesion will often shrink during
the first months after surgery ** 31-3%36.80.109 ‘gince our material consisted of patients undergoing CT
and/or MRI, and since the relation between these two methods had not been analyzed previously
regarding lesion size, we first demonstrated that there were no significant differences in the calculated
lesion volume between these two methods.

Location of lesion

Even though all lesions included the target area, the center of the lesions were located
significantly more anterio-dorsal than the intended target in pallidotomies, and more anterior
in thalamotomies. Taking into consideration that the electrode was inserted along a trajectory
progressing in a direction from dorsal to ventral and from anterior to posterior, and that the
intended target point was the most ventral and posterior point in the target area, this
discrepancy can be explained by the fact that no lesions were produced beyond this point, and
in several cases no lesions were performed at the deepest level of the target due to the
response during macro-stimulation (such as optic flash in the case of some pallidotomies,
prohibiting coagulation at that level) Hence it is logical that the center of the lesion lay rostral
to the most ventral target point aimed at.

Lesion location vs. outcome
Concerning the location of the lesions our results suggests a better effect on akinesia in the
most posterior part of the Gpi, while a posterior-ventral location was most efficient regarding
dystonia, as subsequently and independently demonstrated by Tisch et al in their studies of
location of DBS contact versus effect of dystonia'®®. Krack et al® demonstrated that during
pallidal DBS for PD, a location in the dorsal Gpi resulted in decreased akinesia and increased
dyskinesia, while a more ventral location of the electrode inhibited both dyskinesia, and L-
dopa effects on akinesia. Others have suggested the effect to be better when lesion is located
anterior to the Laitinen target "> 1% 1% These observations could not be confirmed in our
material.

Regarding complications, no injuries to the optic tract ocurred in this material
104 “and the rare complications that were carefully and duly recorded seem to be attributable to
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a too medial location with affection of the internal capsule. The high complication rate
presented by Baron et al® can probably be ascribed to the very medial target chosen by this
group. Thus, when considering the location of lesions in relation to effects and side-effects
we consider that the lesions should be in the posteroventral part of the pallidum and include
medial as well as lateral portions of the PVP, rather than only the medial parts where an
encroachment of the internal capsule is difficult to avoid.

Regarding thalamotomy no correlation was seen regarding location and
effect/side-effects. The disequilibrium seen in several patients is in accordance with the well-
known occurrence of leg hypotonia following lesions in the VL thalamus™® % 73

Lesion volume and outcome

Akinesia is known to respond to pallidotomies , even if the
improvement is more modest than for other parkinsonian symptoms * 3368199 This was
verified in this study where none of the patient had an excellent result, and only 30. 5 % had a
good/fair effect. This was also the only symptom where the size of the lesion was correlated
to the effect, larger lesions being associated with a better outcome. Regarding dyskinesia 97
% were improved, 71 % for tremor and 81 % for dystonia. The lack of association between
size of thalamotomies and effect on tremor is in accordance with previous studies® .

One weakness of this study includes the lack of use of validated scales to
measure outcome, such a UPDRS for PD and essential tremor rating scale (ETRS) for ET.
This study was published at a time when these scale were rarely used in evaluation of surgery.
Furthermore the patients published in this study had their evaluation and operation even
earlier, before it became more or less compulsory to measure outcome with these scales. One
has to remember that the first ever published paper using UPDRS in pallidotomy was by
Dogali et al as late as 1995%°. Formal evaluation of DBS for essential tremor using ETRS was
published even later®. Our patients were operated mostly before that period. Also we took
great pains to evaluate qualitatively as accurately as possible the symptoms after surgery, as
witnessed by for example the low percentage of patients whom we considered had their
akinesia improved after pallidotomy (only 30.5% who had good or fair effect).

9, 14, 35, 36, 80, 102-104, 109, 177

Lesion volume and coagulation parameters

As seen above, the correlation between the size and site of the lesion and the clinical outcome was
limited. It seems plausible that the combination of size, site and shape of the lesion within a given
target area should decide the effects and side effects. All these variables must be taken into account
simultaneously in order to understand their interaction and relative contribution to the clinical result.
Such analyses will however necessitate a very large material, and there are more basic issues that also
need to be taken into consideration, such as our current inability to predict the exact size of the lesion.
Among the different techniques to produce stereotactic lesions 2" 25 46118121180 pE_|esjoning became
the method of choice, since it was considered that the size of the RF lesion was easiest predicted and
safest regulated 2% *2"17%17® The sjze of an ablative RF lesion is the result from the balance between
heat generation and heat loss, and depends also on other parameters such as electrode design,
electrode tip volume, temperature setting and tissue conductivity *" 8/

Even though the relationship between lesion volume and various coagulation parameters has
been well studied in experimental studies™ 2% 3" 38 117.127. 175 "clinical reports are few, consisting
mainly of old autopsy studies®. One clinical study did however report only a moderate correlation
between the theoretical impact of the analyzed parameters and lesion size”.

In our own material the RF parameter that most strongly influenced the size of the lesion was
the temperature. This is in accordance with previous studies”. Further, even though the distribution of
lesion volumes between individual patients was high, the lesion volume was proportional to the
temperature, and this relationship could be described by an exponential equation. This is not in
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accordance with the suggestion of Organ*?” who stated that the volume should be proportional to the
square root of the temperature. The volume was also correlated to the duration of application of
coagulation, but this correlation was less strong than that of volume vs. temperature®® 1, It seems as
if an equilibrium between heat generated and heat lost is reached early, which after further duration of
the coagulation will result in limited expansion of the lesion?* %,

Despite the clear relationship between the lesion volume and the analyzed parameters, it is
evident that the variation in volume was high regarding individual lesions. The predictive value of the
coagulation parameters are thus more limited than would be hoped for.

It is obvious that variations in the conductance of the surrounding tissues, such as the
distribution of the grey and white matter, will affect the coagulation. This is especially important in
the pallidum which is rich in fibers. Virshow-Robin spaces are further likely to influence the lesion
volume. Heat losses by diffusion, convection via circulation and low resistance shunting will
contribute further to the difficulty to predict the lesion size®> 8 Biological factors might also have an
impact, for example by coagulation of perforators resulting in larger lesions than anticipated.

It is thus evident from our study that it is at present not possible to accurately predict the size
of the lesion in the individual patient. Hopefully, studies regarding coagulations tailored to the
individual targeted area with intra-operative monitoring of lesion progression, using for example optic
measurements, will in the future result in better technical possibilities to predict a lesion size also in
the clinical practice® 8% 7,
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GENERAL SUMMARY

1) The most significant finding when analyzing the differences between target coordinates on
thin slice stereotactic CT and MRI was a 3-D vectorial shift of coordinates affecting the
rostrocaudal coordinates (y and z) of the stereotactic target on MRI. However, since this
coincides with the direction of the electrode trajectory in the target area, it would be relatively
easy to account for by careful intra-operative impedance monitoring and macrostimulation.
MRI guided stereotaxis with the Laitinen system can obviate the need for CT to obtain target
coordinates in functional stereotactic procedures.

2) Stereotactic thin slice MRI using a proton density sequence provides detailed images of the
posteroventral pallidum and adjacent structures, thereby providing an anatomical targeting
based on direct visualization of the target in the individual patient. The inter- and intra-
individual variations concerning the position of the pallidal target in relation to the landmarks
of the 3" ventricle are considerable. By using a direct visualization of the target, each patient
will act as his or her own atlas, avoiding the uncertainties of atlas-based targeting.

3) Direct visual targeting of the STN using T2 sequences can be implemented on various
brands of MRI machines providing thin slice scans with good discrimination of the STN area,
despite a short acquisition time. This is especially important in order to permit individual
targeting and also in order to avoid discomfort for the patient or movement artifacts during
stereotactic scanning of patients with movement disorders in local anesthesia. Furthermore,
the same scanning technique can be used postoperatively to image the location of the
electrode with acceptable low artifact enabling decent evaluation of the electrode within the
target area to verify the accuracy of the targeting.

4) The use of the Sukeroku sign and the dent internal-capsule-sign sign was of significant help
to a test group of radiologist in their identification, both regarding speed and accuracy, of the
STN borders in relation to the substantia nigra reticulata (SNr), and in relation to the internal
capsule. Even though the STN, and especially its medial border are easily recognizable on
MRI as stated in 3) above, there remain difficulties to discriminate their lateral and inferior
borders from the internal capsule and the SNr. These signs might prove useful as adjuvents to
persons who are not familiar with the local anatomy, and also to experienced persons in cases
where the lateral and inferior borders of the STN cannot be easily distinguished on MRI.

5) Stereotactic thin slice CT scans are as accurate as stereotactic thin slice MRI scans for assessment
of the volume of RF pallidotomy or thalamotomy lesions. The major effect of pallidotomy is on
dyskinesia, followed by dystonia, tremor and to a lesser degree akinesia. Larger pallidotomies
extending more posterior-ventral had a better effect on akinesia, while effects on dyskinesia and
tremor were, within limits, not related to the size or location of the lesion. The same was true
regarding thalamotomies” effect on tremor.

6) For a given RF electrode configuration, and a given length of coagulation area, the lesion’s size
was most strongly influenced by the temperature used for coagulation. However, despite this clear
correlation, and the relatively homogenous coagulation parameters, the lesions” volumes were widely
scattered. The size of the lesion is thus still difficult to predict in the individual patient based solely on
the coagulation parameters, probably due to the influence of heat conduction, induction of micro-
infarcts, presence of enlarged Virchow-Robin spaces and variable density of brain tissue in the target
area.
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CONCLUSIONS

The target on MRI was shifted somewhat in a rostrocaudal direction, probably due to
multifactorial causes. Since this coincides with the direction of the electrode
trajectory, this shift can be accounted for so it will not be deleterious for the surgical
outcome.

MRI guided stereotaxis with the Laitinen system can obviate the need for CT to obtain
target coordinates in functional stereotactic procedures.

Stereotactic MRI using proton density sequence provides detailed images of the
pallidum and adjacent structures.

The inter- and intra-individual variations of the posteroventral pallidum (PVP) in
relation to the landmarks of the 3" ventricle are considerable.

By using a direct visualization of the PVP, each patient will act as his/her own atlas,
avoiding the uncertainties of atlas-based targeting.

Direct visual targeting of the STN can be done on thin T2-weighted MRI scans of
good image quality despite a short acquisition time.

Postoperative visualization of electrode contacts and of the STN on axial MRI scans
can in most cases be achieved with adequate image quality despite a short acquisition
time

The Sukeroku sign and the dent internal-capsule-sign signs are of significant adjuvant
help for the identification of the STN, especially its ventral and lateral borders, and
especially for persons not familiar with the local anatomy

Stereotactic CT scans are as accurate as MRI scans for assessment of the volume of RF lesions
in the brain.

The major effect of pallidotomy is seen on dyskinesia, followed by dystonia, tremor and to a
lesser degree akinesia, in that order.

Larger pallidotomies extending more posterior-ventral had a better effect on akinesia, while
effect on dyskinesia and tremor were not related to the size or location of the lesion.

The effect of thalamotomies on tremor was not related to the size or location of the lesion.

For a given RF electrode configuration, and a given length of coagulation area, the lesion’s
size was most strongly influenced by the temperature used for coagulation.

The size of the lesion is thus difficult to predict in the individual patient based solely on the
coagulation parameters, limiting thus their predictive value with respect to lesion size.
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