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CHAPTER 1

General introduction

Parkinson's disease (PD) is a neurodegenerative movement disorder that is mainly
characterized by its motor symptoms bradykinesia, rigidity, and tremor. As the disease
progresses, the initial treatment with dopaminergic medication may become less
effective and patients can develop medication-induced motor response fluctuations
and additional dyskinesias, often referred to as on-off fluctuations. At this stage, deep
brain stimulation (DBS) is a possible surgical treatment that can effectively alleviate
PD motor symptoms and suppress on-off fluctuations.-* For DBS therapy, electrodes
are permanently implanted in the deep nuclei of the brain, the basal ganglia, using
a frame-based stereotactic procedure (figure 1). After implantation, the electrodes
continuously stimulate a preoperatively chosen target structure.

Although there are several target structures that can be stimulated within the basal
ganglia, previous studies in our center, and in others, have shown that the subthalamic
nucleus (STN) is currently the preferred target for optimal suppression of the cardinal
PD motor symptoms.>” On average, the improvement of motor symptoms by STN-DBS
is around 50% of the off-medication symptom severity, but there are large variations in
clinical outcome, both in terms of motor improvement and possible side effects.26812

Several factors influence the clinical motor improvement that can be obtained by DBS.
The first factor influencing the success of DBS is careful selection of DBS candidates,
considering the influence of age, disease duration and the preoperative response
to dopaminergic medication.®®*% The second factor determining the improvement
of motor symptoms is the correct location of the active contacts of the stimulating
electrode relative to the target structure, the STN.16-2° Therefore, one of the biggest
challenges for the clinical team lies in the optimal identification of the STN target,
preoperatively and intraoperatively. Thirdly, the outcome of DBS is determined by
postoperative adaptations in the stimulation programming, optimizing the stimulation
parameters to maximize symptom reduction while minimizing the stimulation of side
effect inducing structures.

Preoperatively, the STN can be visualized with MRI. The contrast differences between
white and gray matter seen on T2-weighted MRI images are used to identify the
contours of the STN. Guided by these contours the target's cartesian coordinates are
calculated and used to plan the stereotactic DBS procedure. With this stereotactic
approach the neurosurgeon can place one of the contacts of the DBS electrode at
the desired target coordinates with a high level of accuracy? However, accurate
identification of the MRI-based STN is dependent on high-quality MRI images and
is further complicated by the fact that differences in MRI field strength and MRI
sequencing result in varying STN shapes and sizes.
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Figure 1. (@) An example of DBS electrodes implanted bilaterally in the subthalamic nucleus, connected to an
implantable pulse generator placed under the skin on the chest wall. (b) An example of the stereotactic head

frame that is used during DBS surgery to ensure that the electrodes are implanted at the desired target location.
Reprinted with permission, Cleveland Clinic Center for Medical Art & Photography © 2012 All Rights Reserved.

Therefore, in addition to the preoperative MRI-based planning, the STN can be
identified intraoperatively by measuring local high frequency neuronal activity with
microelectrode recordings (MER). Through interpretation of the spiking activity typical
for the STN, measured with multiple MER trajectories, the functional boundaries of the
STN can be delineated during the surgery. This can guide electrode placement and it
allows the neurosurgeon to functionally refine the preoperative MRI-based targeting.
Because MER measurements give information on the real-time functional STN activity,
we consider these measurements to be the gold standard for identification of the STN.

Additionally, the measurement of low frequency local field potential (LFP) activity
can give more insight into the pathological oscillations inside the STN that are typical
for PD. The LFP is composed of the summation of postsynaptic potentials from local
cell groups and shows a relation to the envelope of the neuronal spiking that can
be measured with MER?2?23 LFP can be measured intraoperatively, either with the
microelectrode or with the contacts of the final DBS electrode. Thereby, intraoperative
measurement of the LFP could be useful in identification of the STN boundaries.
Moreover, the oscillations in the beta (12 - 35 Hz) and gamma (35 - 80 Hz) bands of
the LFP have been shown to correlate with the severity of PD symptoms 252’ Analysis
of these oscillations can therefore give more spatial information on the theoretical
target location within the STN. A possible disadvantage of using the LFP for target
identification is the loss of spatial resolution due to the relatively large contacts and
inter-contact spacing on the conventional cylindrical DBS electrode.

To optimize the identification of the STN as a whole and the sensorimotor target area
within the STN, it is important to continuously evaluate these different imaging and
measurement techniques, the way in which they relate to each other, and how this
influences the identification of the target for DBS electrode implantation.

11
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Postoperatively, the stimulation of the target can also be adapted with the final
electrode in place. Apart from changing the voltage or current on the electrode,
this can be done by choosing or combining different stimulation contacts. In the
conventional cylindrical electrode, this is limited to selecting one of the four in-
line cylindrical contacts for stimulation or combining cylindrical contacts in double
monopolar and bipolar stimulation patterns. This changes the stimulation field mostly
in the dorsoventral direction, along the longitudinal axis of the electrode.

Technological innovations led to the development of DBS electrodes with multiple
multi-directional stimulation contacts (figure 2).222° These electrodes can not only
shape the stimulation field in the dorsoventral direction, but also in the anteroposterior
and the mediolateral directions, providing more possibilities for postoperative
adaptation of the stimulation. Moreover, because these electrodes have multiple
smaller contacts, this might improve the spatial resolution for intraoperative and
postoperative LFP measurements with the final DBS electrode, which as mentioned
above is limited with the conventional electrode.

To optimize both the intraoperative identification and the postoperative stimulation
of the STN target area, the possibilities of both measuring and stimulating multi-
directionally need to be evaluated. It needs to be studied how LFP measurements with
the steering electrode could aid intraoperative STN target area identification and how
the steering electrode could shape the field of stimulation, steering the stimulation
away from structures where side effects are induced and towards the target area
where the highest amount clinical motor improvement can be achieved.

Figure 2. A comparative illustration of the conventional cylindrical DBS electrode and two steering DBS
electrodes; (a) the conventional four-contact cylindrical electrode, (b) an experimental 40-contact steering
electrode, and (c) a commercially available eight-contact steering electrode, where the middle two levels
are divided into three segments.



Introduction and aim of the thesis

Aim and outline of the thesis

The aim of this thesis is to evaluate the techniques used for preoperative and
intraoperative identification of the STN. Also, the location of the target area within the
STN itself and the relation between the location of the stimulating contact and the
resulting clinical motor improvement is evaluated.

To this end we consider MER measurement of STN neuronal activity to be the gold
standard for STN identification. We use a more detailed analysis of the MER data to
improve our knowledge on the identification and stimulation of the target. In this more
detailed analysis, we model the size and shape of each patient specific STN to which we
can then relate all the locations of the recordings and stimulations that are evaluated.

Additionally, we aim to examine different types of steering DBS electrodes, both
in their ability to measure and to stimulate multi-directionally. For this, we use a
computational modelling approach as well as a proof-of-principle clinical study to
optimize identification and stimulation of the STN target with steering DBS electrodes.

In the first part of this thesis (chapters 2 - 4), we examine the role of intraoperative
measurements in target identification. We study how the MER-based STN model
can lead to improved insights on the STN target, from the total STN structure, to the
sensorimotor STN area, to the most effective target area within the sensorimotor STN.
In chapter 2 we study how the MER-based STN relates to the STN identified on T2-
weighted MRI images of different field strengths (15 Tesla, 3.0 Tesla and 7.0 Tesla).
Using the same MER-based STN modelling approach we study in chapter 3 how the
sensorimotorarea of the STN can potentially be identified by combining simultaneously
measured MER and LFP data. Chapter 4 describes our study into the relation between
the location of the stimulating contact after one year, identified on CT, and the clinical
motor improvement after one year. Hereby, we attempt to identify the most effective
target area for postoperative motor improvement within the sensorimotor STN.

Inthe second part of this thesis (chapters 5 - 8), we evaluate the potentialrole of steering
DBS electrodes in the identification and stimulation of the STN target. In chapter 5,
we examine the working principle of steering stimulation in one of the first clinical
studies with a novel multidirectional contact electrode. Using the same electrode, we
study in chapter 6 the potential of multidirectional LFP recordings to identify the STN
target and to measure the changes in oscillations caused by stimulating in different
directions. In chapter 7 and 8 we present a computational modelling approach to
evaluate how two different types of steering DBS electrodes can potentially correct
for displacement of the final DBS electrode by steering stimulation away from side
effect inducing structures.

13
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Finally, a general discussion is presented in chapter 9 where the results from all these
studies are combined and evaluated to provide a sense of direction towards optimizing
the efficacy of STN-DBS therapy for PD in terms of identification and stimulation of the
selected target.
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CHAPTER 2

Objective: The correspondence between the anatomical STN and the STN observed
in T2-weighted MRl images used for deep brain stimulation (DBS) targeting remains
unclear. Using a new method, we compared the STN borders seen on MRl images
with those estimated by intraoperative microelectrode recordings (MER).

Methods: \X/e developed a method to automatically generate a detailed estimation
of STN shape and the location of its borders, based on multiple-channel MER
measurements. In 33 STN of 19 Parkinson patients, we quantitatively compared
the dorsal and lateral borders of this MER-based STN model with the STN borders
visualized by 15T (n=14), 3.0 T (n = 10) and 7.0 T (n = 9) T2-weighted MRI.

Results: The dorsal border was identified more dorsally on coronal T2 MRI than by
the MER-based STN model, with a significant difference in the 3.0 T (range 0.97 -
119 mm)and 70 T (range 1.23 - 1.25 mm) groups. The lateral border was significantly
more medial on 1.5 T (mean: 197 mm) and 3.0 T (mean: 249 mm) MRI than in the
MER-based STN; a difference that was not found in the 70 T group.

Conclusion: The STN extends further in the dorsal direction on coronal T2 MRI
images than is measured by MER. Increasing MR field strength to 3.0 T or 70 T yields
similar discrepancies between MER and MRI at the dorsal STN border. In contrast,
increasing MR field strength to 70 T may be useful for identification of the lateral STN
border and thereby improve DBS targeting.
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Introduction

Deep brain stimulation (DBS) of the subthalamic nucleus (STN) is an effective surgical
treatment to alleviate the symptoms of severe Parkinson's disease (PD)!6%% The
surgical procedure®, as well as the stimulation itself may lead to side effects?-%* These
include side effects like tonic motor contractions and rhythmic myoclonus in the face®,
paresthesia, dysarthria®, and effects on cognition and mood.3*** Stimulation-induced side
effects are attributed to the aberrant stimulation of the limbic and associative subareas
of the STN or structures outside the STN and are therefore dependent on the location
of the stimulating contact#%-2¢ Therapeutic effects of STN-DBS can be improved, and
stimulation-induced side effects can be avoided by specifically targeting the dorsolateral
portion of the STN®3%-42 \which is associated with sensorimotor function 384344 Therefore, it
is essential that localization of the STN is performed as accurately as possible.

Targeting of the STN for the implantation of DBS electrodes has shifted from an
indirect approach to direct visualization of the STN. In the indirect approach, autopsy-
based atlases were used to provide the coordinates of the STN relative to landmarks
that were established with imaging techniques that do not show the STN itself.45-4®
With the advances in MR, it became possible to directly visualize (parts of) the STN
on preoperative images and establish a stereotactic target for the STN directly based
on the hypointense signal observed on T2-weighted MRI images.®#-2 This patient-
specific approach is based on the contrast between white and gray matter by which the
contours of the STN can be identified in the MRI images.*¢% However, disadvantages
of this direct visualization are its dependence on high-quality images and the fact that
different forms of MRI sequencing result in different STN shapes and sizes.34653-% For
these reasons, the correspondence between the STN observed in T2-weighted MRI
images and the exact anatomical STN still remains unclear.®® High field strength T2
MRI can improve visualization of the STN, and it could therefore possibly improve the
direct targeting approach 56!

For additional verification of the STN position afterimaging, microelectrode recordings
(MER) are often performed during DBS surgery to delineate the boundaries of the
STN.#5462 The interpretation of high frequency spiking activity measured with MER
thereby helps to guide electrode placement and allows the neurosurgeon to adjust
MRI-based targeting.t3¢* The primary purpose of intraoperative MER measurements
is to define the dorsal and ventral borders of the STN along each planned electrode
path and to identify the most lateral path that passes through the STN with sufficient
length.®> Additionally, the differences between the STN dimensions based on MRI
contrast and the STN dimensions based on intraoperative MER measurements could
be evaluated postoperatively.®®
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The discrepancies between T2 MRI and MER in STN targeting have been the subject
of several studies#54566466-69 Most studies discuss the additional value of MER by
reporting how frequently extra MER channels need to be added to the central one when
the recordings demonstrated that MRI targeting was insufficient.®”%¢ Some studies report
on how the use of MER alters the predefined MRI target for DBS implantation. 4560646669
Only a few studies actually perform a direct comparison between the STN borders
estimated by preoperative T2 MRI and those found by MER 54%¢

Hamani et al concluded that the STN was underestimated on 15 T T2 MRI images
and mainly extended more anteriorly than was determined by T2 MRI** Polanski et al
reported a relatively low positive predictive value (65.5%) of 3.0 T T2 MRI for the MER-
based STN and a high negative predictive value (82.5%), indicating that the STN was
estimated larger on T2 MRI than it was by MER % Overall, literature suggests that the
borders of the STN are variable between patients and comparisons between MER and
T2 MRl in literature are not always able to point out exactly where the discrepancies lie
and are even sometimes contradictory.375456.66

In the present study, a method was developed to automatically generate a detailed
STN model that includes estimation of STN size, shape, and the location of its borders,
based on the classifications of multiple-channel MER measurements. This estimated
MER-based STN model can be easily fused with all available preoperative images and
then a detailed one-on-one comparison can be performed between the STN borders
seen in the MRI images and those estimated based on the MER measurements
without the need for changes in standard surgical procedures. The goal of this study
was to quantify the discrepancies between MRI and MER at the borders of the STN.
We have compared these discrepancies between MRI images made with low (15 T),
high (3.0 T) and ultra-high (70 T) magnetic field strengths.

Methods

This study consists of two separate phases. In the first phase, the model building algorithm
was optimized by determining the correct boundaries for MER-based STN estimation.
For this, a large dataset of preoperative images and MER measurements was used. In
the second phase, the STN models created by the algorithm were used to quantitatively
compare the MRI-based STN with the MER-based STN. For this second phase, a second
dataset was used to prevent overfitting of the models to the initial dataset.

Surgical procedures and MER measurements

All patients presented in this study undenwent DBS using either a one-stage bilateral
or unilateral stereotactic approach, including MER and test stimulation. STN target
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calculation and path planning was done with frame-based T2 MRI using the Leksell
stereotactic frame and Surgiplan software (Elekta Instruments AB, Stockholm,
Sweden). Standard STN coordinates (11 - 12 mm lateral, 2 mm posterior, and 4 mm
ventral to the midcommissural point) were visually adjusted by the neurosurgeon if
necessary. Cerebrospinal fluid (CSF) loss and subdural air invasion was minimized by
planning the paths to enter on top of a precoronal gyrus, by operating patients while
in a semi-sitting position with the head elevated at 20° - 30" and by closing the burr
holes with fibrin glue after introduction of the microelectrodes.”®

To identify the STN during surgery, MER measurements were performed with one
to five steel cannulas and microelectrodes (FHC, Inc., Bowdoin, ME, USA). The MER
electrodes were arranged in a cross-shaped array with an inter-electrode distance of 2
mm. MER measurements started 6 mm above the planned STN target, simultaneously
advancing downward in 0.5 mm steps until substantia nigra activity was visible in at
least one channel or STN activity significantly decreased in all channels.

Over time, two different systems were used for the MER measurements: first the
Leadpoint system (Medtronic, Minneapolis, MN, USA) and later the ISIS MER System
(Inomed, Emmendingen, Germany). Using the Leadpoint system, recordings were
amplified with a gain of 10 000, analogue bandpass filtered between 500 Hz and
5000 Hz and sampled at 12 kHz. Later, using the ISIS MER System, recordings were
amplified with a gain of 10 000, analogue bandpass filtered between 160 Hz and 5000
Hz and sampled at 20 kHz. Although the two recording techniques are slightly different,
this should not interfere with the identification of STN activity. Both systems are well
able to measure single/ multi-unit spiking within 100 - 200 um of the electrode” and
overall background activity. Recordings were visually assessed by an experienced
physicist and a neurologist who scored them as recorded either inside or outside the
STN. The scoring of MER measurements was based on the observed abrupt increase
in background activity upon entry into the STN combined with the amount of single/
multi-unit spiking activity.636572

Phase 1: optimization of the model building algorithm

In the first phase, to optimize the model building algorithm, we studied the surgical
records and MRIimages of 34 PD patients (63 STN) who underwent DBS surgery in the
Academic Medical Center in Amsterdam between April 2004 and July 2007.

To estimate patient-specific models of STN size and position, the model building
algorithm used the classifications of MER measurements, either inside or outside the
STN, to fit an atlas-derived representation of the STN onto the coordinates of the MER
sites. The MER coordinates were all in reference to the stereotactic frame, which is
recognized in the Surgiplan software that is used for preoperative targeting. Only MER

21
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tracks that passed through the STN were used in the model building algorithm.”37
Tracks that did not show STN activity in any of its recordings were excluded. This was
done because high values of electrode impedance and other possible microelectrode
malfunctioning could have interfered with the visual MER assessment and it could
therefore not be concluded with certainty that these tracks missed the STN, which
could induce large estimation errors in the model.

STN fitting was performed offline using Matlab (Mathworks, Inc., Natick, MA, USA). The
original STN representation was a three-dimensional polygon surface extracted from
the Cicerone software package’®’® First, this STN body was placed with its center
on the planned stereotactic target, then both the STN body and the MER sites were
rotated using the arc and ring angles of the preoperative planning, such that the MER
trajectories were aligned parallel to the z-axis. This MER-based orientation, centered
on the planned stereotactic target, is the starting point of the optimization procedure.
This was done so to be able to estimate appropriate boundaries for the STN fitting
algorithm based on the directions in which there was either a high or low density
of MER measurements. From here, the size and location of the patient specific STN
was estimated based on the MER classifications. Using an optimization routine, the
initial 3D body was translated, rotated, and scaled in all three directions (in total nine
degrees of freedom) to fit the classifications of the MER sites as good as possible.
The optimization routine itself has been described in more detail by Lourens et al”
initial boundaries for the transformations were based on the variability of STN size and
location reported by Daniluk et al*” and were 2 mm translation in all directions, 20"
rotation around all axes and #25% scaling in all directions. To obtain the best possible
estimation of STN size and location, the optimization routine was performed 50 times.
The best fittings were selected by excluding all STN for which the fitting value, which
was minimized in the optimization routine, exceeded the median fitting value of 50
iterations. From the remaining STN, the model that had the lowest amount of total
transformation was chosen as the best STN model.

The model building algorithm was further optimized by examining the size and
location of MER-based STN models in relation to the preoperative 15 T T2 MRI
images and determining the appropriate boundaries for the transformations. For this,
cross-sections of the best STN model in stereotactic orientation were made at 0.5
mm slices with a pixel size of 0.5 mm x 0.5 mm. The contours of these cross-sections
were then exported as a set of DICOM images. Every DICOM image included markers
on the stereotactic coordinates of the Leksell frame fiducials. This created an image
of the same stereotactic frame as the one used in preoperative targeting, together
with a patient specific STN body which is in reference to this frame. The images were
then imported into the Surgiplan software with the original frame recognition and co-
registered to the preoperative images using the stereotactic frame. The overlays of
MER-based STN contours and the T2 MRl images of the STN were then independently
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evaluated in axial and coronal images by two experienced DBS neurosurgeons (PR.S.
and Pv.d.M.). Cases with too much rotation, translation or scaling were identified based
on the discrepancies between the contours of the STN model and parts of the STN
border that were well visible on 1.5 T T2 MRI. Based on these cases, realistic boundaries
for all transformations were identified in relation to the information available for the
optimization routine, that is, the amount of MER trajectories that measured STN activity.
Visual assessment of the fused images suggested that at least three MER tracks were
needed for adequate estimation of the STN; this was not the case in 8 out of 63 STN.
The specific transformation boundaries for STN estimated by three or more tracks can
be found in the supplementary materials (table S1). In general, the presence of more
MER trajectories passing through the STN results in more freedom for the optimization
routine to transform the STN. If a certain direction of the cross-shaped array only has
two MER tracks instead of three, then the freedom for transformations in this direction
was limited. Transformations affecting the dorsoventral dimensions of the STN had
the highest degree of freedom and were independent of the number of MER tracks
available. This was done because the resolution of MER classifications is highest in this
direction and therefore these transformations will always be accurately limited.

15 Tesla 3.0 Tesla 7.0 Tesla

-~

Figure 1. Examples of STN imaging using T2-weighted MRI in three different field strengths. Figures (a) - (c)
show axial cross-sections of the STNin 1.5 T, 3.0 T and 7.0 T MRI respectively. Figures (d) - (f) show coronal
cross-sections of the STNin 15T, 3.0 Tand 7.0 T MRI respectively.
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Phase 2. quantified comparison between the MER-based STN
model and the MRI-based STN

In the second phase of this study, after optimization of the model building algorithm, a
new dataset was used to compare the STN borders in a quantitative manner. The first
phase of model optimization suggested that at least three MER tracks were needed for
adequate estimation of the STN, therefore in the second dataset only STN for which
three or more MER tracks showed STN activity were included. Additionally, cases in
which only three MER tracks showed STN activity were not included when these three
tracks were in the same plane (e.g., when only the lateral, central, and medial channels
in the cross-shaped array showed STN activity). This new dataset was composed out of
the surgical records and T2 MRI images of PD patients who underwent DBS surgery in
the Academic Medical Center in Amsterdam between November 2009 and November
2015, Surgical procedures were identical to those in the first dataset. From this period,
three groups of patients were selected based on the field strengths in which T2-
weighted MRIimages were available: 15T, 3.0 T or 70 T. The MRl images that were used
for the quantitative comparison were the same as the images used for preoperative
targeting. A strict selection of patients was performed to ensure that only MRI images
of the highest possible quality were used for STN identification in all groups. Figure 1
shows examples of both axial and coronal cross-sections of the STN in T2-weighted MRI
images in the three different groups.

To objectively compare the STN borders on these MRI images with the MER-based
STN borders, one neurosurgeon (PR.S) used the coronal MRI images to identify the
borders without knowledge of the MER-based STN borders. The STN identification was
performed in the Surgiplan software with the original stereotactic frame recognition.
The neurosurgeon that performed the anatomical STN identification had extensive
experience with this software and with STN identification in 15T, 3.0 T and 70 T MR
images. If, however, he was unable to accurately identify the STN borders in a certain
patient because of low quality MRI images, this patient was excluded from further
analysis. This resulted in 19 PD patients that were used for the quantitative analysis.
Table 1 shows the number of patients and STN included in each group together with
the MRI systems, MRI sequences and specific scanning parameters that were used
to obtain images of the STN. While in the 1.5 T and 3.0 T groups we used coronal MRI
images with a good in-plane resolution and a slice thickness of 2 mm, in the 70 T
group the in-plane coronal MRI images often suffered from motion artifacts and we
had to use the coronal reconstruction of the 3D T2 acquisition instead.



Comparison of MER-based and MRI-based STN location

Table 1. Overview of the number of patients and STN included, and the scanning parameters used to obtain
MRI'images of the STN in the three groups of different magnetic field strengths

Field MRI MRI sequence TR TE Voxelsizelx,y,z Numberof Number
strength system (ms) (ms) (mmxmmxmm) patients of STN’
15T siemens  Coronal T2- 5750 99 05x20x05 8 14

Avanto®  weighted TSE

Philips Coronal T2-

Ingenia®  weighted TSE 4823 80 04x20x04 5 10

30T

Philips Three-dimensional
70T Achieva® T2-weighted TSE 5000 295 07x07x07 6 9

5Siemens Healthcare, Erlangen, Germany.

8Philips Healthcare, Eindhoven, The Netherlands.

7In the 1.5 T group, only 14 out of 16 imaged STN were used because in 2 STN less than three MER tracks
were available. In the 70 T group, only 9 out of 12 imaged STN were used because of the same reason.
TE = echo time, TR = repetition time, TSE = turbo spin-echo.

ALl T2 MRI images were co-registered with the 1.5 T axial T1 images with stereotactic
frame and MRI-based STN borders were identified based on the difference in contrast
between the gray matter of the STN and the surrounding white matter. The initial visual
comparison, performed during the optimization of the model building algorithm,
showed the greatest discrepancies between MER-based and MRI-based STN at the
dorsal and lateral borders. Moreover, the dorsolateral part of the STN is associated
with sensorimotor function, which makes the dorsal and lateral borders the most
relevant borders to identify. Therefore, the quantitative comparison focused on both
these borders, but especially on the dorsal border because the accuracy of the MER-
based STN estimation was highest in the dorsoventral direction.

Figure 2. Example of three coronal 3.0 T T2-weighted MRI images, (b) the central image closest to the
y-coordinate of the stereotactic target on the right side, (a) the image 2 mm more posterior and (c) 2 mm
more anterior. In these images the dorsal (1 - 5) and lateral (6) border points of the right STN are identified
by the neurosurgeon.
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Figure 3. Example of the model STN body (gray) fitted onto the classifications of the MER sites (red dot =
outside, green dot = inside) viewed from a (a) dorsal, (b) anterior and (c) lateral perspective. The blue crosses
represent the STN dorsal and lateral border points as they are identified in coronal 1.5 T, T2-weighted
MRI images. In every view, only the most relevant border points for that perspective are displayed. The
numbering on the axes shows the distance to the stereotactic target in mm. P = posterior, A = anterior, L =
lateral, M = medial, D = dorsal, V = ventral

Three coronal T2 MRl images were used to identify six points that represent the dorsal
and lateral STN borders. MRI-based borders were identified in a coronal image based
on the y-coordinate of the target. Three points were placed by the neurosurgeon
representing the dorsal border in this image on (1) the most lateral part of the dorsal
border visible on the MRI, (2) on the dorsal border 2 mm more medial than the first
point and (3) on the dorsal border 2 mm more medial than the second point (points
1 - 3, figure 2b). Two more points were identified on the most lateral part of the dorsal
border in the coronal images which were 2 mm more anterior (point 4, figure 2c) and
2 mm more posterior (point 5, figure 2a) to the central image. Finally, a 6th point was
placed on the most lateral part of the STN in the central image, approximately 3 mm
ventral to the dorsal border (point 6, figure 2b).

This procedure resulted in six points representing the most relevant STN borders in
reference to the original stereotactic frame that was used for preoperative targeting and
thus for the creation of the MER-based STN model. These six stereotactic coordinates
were then exported from the Surgiplan software to Matlab. There, the MER-based STN
model was combined with the points that represent the MRI-based STN borders, both in
reference to the original stereotactic frame. An example of this is shown in figure 3. Both
the STN model and the identified border points were rotated from the patient specific
stereotactic orientation to the general AC - PC aligned orientation. In this orientation, the
dorsoventral distances between the dorsal border points (points 1 - 5) and the dorsal
border of the MER-based STN model directly above or beneath it were calculated.
Additionally, we calculated the mediolateral distance between the lateral border point
(point 6) and the lateral border of the STN model directly medial or lateral to this point.
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Statistical analysis

Two-way ANOVA was used to compare mean values of size and location of the MER-
based STN models between the three groups: the 15T, 3.0 T and 7.0 T MRI groups.
Similarly, the mean amount of transformation in all directions was compared between
groups.

The quantified difference between the MRI-based STN border points and the MER-
based STN borders was compared to a value of zero using two-tailed one-sample
t-tests with Bonferroni correction (n = 6). This was done for all three groups of images
independently.

Results

Patient data

For the comparison between the MER-based STN and the MRI-based STN, the
MER records and MRI images of 33 STN in 19 patients were examined. The clinical
characteristics of the patients are shown in table 2. In eight patients, 14 STN were
compared using 1.5 T MRl images, in five patients, 10 STN were compared using 3.0
T MRIimages and in six patients, 9 STN were compared using 7.0 T MRl images. Two-
way ANOVA showed no significant differences in clinical characteristics between the
15T,3.0Tand 70 T groups.

Table 2. Clinical characteristics of the 19 patients at time of surgery (mean + SD, [rangel)

Patient characteristics Values (n = 19)
Male/female 10/9

Age (years) 611+6.0,1486 - 70.5]
Disease duration (years) 126+ 50, [74 - 294]
UPDRS part Il motor score off medication 444 +12.3,131- 771
UPDRS part Il motor score on medication 200+ 65,8 - 34]

UPDRS = Unified Parkinson's disease rating scale.
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Table 3. Characteristics (mean * SD, [rangel) describing the size and location of the 33 MER-based STN
models in an AC - PC aligned orientation

STN characteristics’ Values (n = 33)
Dorsoventral dimension (mm) 53+05,145-73]
Anteroposterior dimension (mm) 82+05[72-92]
Mediolateral dimension (mm) 9109, 174 -110]
Target x-coordinate (mm lateral to MCP) 110+ 08,184 -122]
Target y-coordinate (mm posterior to MCP) 24+05,[14-39]
Target z-coordinate (mm ventral to MCP) 41+04,134-54]

*All measures of size and location were assessed in an AC - PC aligned orientation. The STN dimensions
were assessed by calculating the difference between two most extreme points in a certain direction. MCP
= midcommissural point.

MER-based STN models

Using the optimized STN fitting routine, 33 MER-based STN models were created.
Characteristics describing the size and location of these STN models are shown in table
3. Statistical testing of the variables in table 3 with two-way ANOVA showed no significant
differences in MER-based STN size and location between the 15T, 30 Tand 70 T
groups. Additionally, no significant differences between the three groups were found
when comparing the amount of transformation. This was found for all transformations
(translation, rotation, and scaling) in all individual directions (x, y, and z).

Quantified comparison between MER-based STN and MRI-based STN

The results of the assessment of dorsoventral distances between the five dorsal border
points identified in the MRI by the neurosurgeon and the dorsal borders of the MER-
based STN models are shown in figure 4. Per group, for each of the dorsal border
points, the mean distance in millimeter plus and minus one standard deviation of the
distribution is shown. Here, a positive distance indicates that the dorsal border of the STN
was identified more dorsally on MRI than it was by MER. In figure 4a, the comparisons of
points 1, 2, and 3 in the MRI are shown against a centrally located coronal cross-section
of the MER-based STN model. Figure 4b shows the comparisons of points 1, 4, and 5 in
the MRI against a sagittal cross-section of the MER-based STN.
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Figure 4. Overview of discrepancies between MRI-based STN and MER-based STN at the dorsal border.
Shown are the mean distances in millimeters plus and minus one standard deviation, a positive distance
indicates that the dorsal border of the STN is identified more dorsally by MRI than it is by MER. Results
significantly different from zero are marked. (a) Comparisons of (from Left to right) points 1, 2, and 3 identified in
the MRI. For comparison with the MER-based STN, a centrally located coronal cross-section the STN model
is shown. (b) Comparisons of (from left to right) points 5, 1, and 4 identified in the MRI. For comparison with the
MER-based STN, a laterally located sagittal cross-section the STN model is shown.
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Figure 5. Overview of discrepancies between MRI-based STN and MER-based STN at the lateral border.
Shown are the mean distances in millimeters plus and minus one standard deviation, a negative distance
indicates that the lateral border of the STN is identified more medially by MRI than it is by MER. Results
significantly different from zero are marked. For comparison with the MER-based STN, a centrally located
coronal cross-section the STN model is shown.

The average identification of the dorsal border of the STN based on the MRl was located
more dorsally on all points compared to the MER-based STN. Two-tailed one-sample
t-tests with Bonferroni correction (n = 6) showed that, in the 3.0 T and 7.0 T groups, the
lateral part of the dorsal border was identified significantly more dorsal on the MRI than
by the MER-based STN model (i.e., the distance was significantly greater than zero). In
the 3.0 T group, significant differences were found at the lateral part of the dorsal border
at the central (point 1, M = 0.97 mm, p < 0.001), anterior (point 4, M = 1.05 mm, p = 0.006)
and posterior (point 5, M = 119 mm, p = 0.002) levels. The 7.0 T group shows significant
differences at the central (point 1, M = 1.23 mm, p < 0.001) and anterior (point 4, M = 1.25
mm, p = 0.002) levels of the dorsolateral border.

Figure 5 shows the results when comparing the lateral border point identified on the
MRI with the lateral border of the MER-based STN model for the three groups. Here, a
negative distance indicates that the lateral border was identified more medially by MRI
than it was by MER. Two-tailed one-sample t-tests with Bonferroni correction (n = 6)
showed that the lateral border was identified significantly more medial on the MRI (i.e,,
the distance was significantly smaller than zero) in both the 1.5 T (point 6, M = =197 mm,
p <0.001) and 3.0 T (point 6, M = —2.49 mm, p < 0.001) group.

Discussion

The results of this study suggest that there are discrepancies between the borders of
the STN identified by MRI and those identified by MER, found at the dorsal border and
at the lateral border. These discrepancies are different depending on the field strength
of the T2 MRI used for identification of the borders.
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Discrepancies at the dorsal STN border

Both the 3.0 T group and the 7.0 T group showed significant differences at the lateral
part of the dorsal border. The mean difference was comparable between the two
groups and indicates that the dorsalborder was identified approximately .00 - 1.25 mm
more dorsally by MRIthan by MER. The mean difference inthe 1.5T group was similar, but
it did not reach significance because of the larger spread of observations. This spread
decreases with the increase in field strength from 1.5 to 3.0 T which can be explained
by the increased signal to noise ratio and increased MRI contrast obtained with
higher field strengths. Furthermore, the voxel size decreases from 0.5 x 2.0 x 0.5 mm?
to 04 x 20 x 0.4 mm?3. This leads to an MRI image with a higher spatial resolution
and better MRI contrast and should therefore lead to a more precise identification of
the STN border. However, only the spread of the observations seems to decrease,
while the mean difference between the MRI-based border and the MER-based border
remains the same. Even when field strength increases to 70 T, a mean difference
remains. This may indicate that the discrepancies at the dorsal border are not just the
result of a random error due to low MRI contrast, but also of a systematic difference
in the visualization of the STN on MRI and the localization of the STN based on MER.
This systematic difference implies that either there is a systematic error in the used
comparison method or the dorsal border of the STN as seen on MRI extends beyond
the functional border as found by MER.

Errors in the comparison itself can be caused by inaccuracy of the co-registration of
T1land T2 images or by inaccuracies in the stereotactic frame.”” However, these errors
would be random errors and can explain some of the variance, but they cannot explain
the systematic difference. A systematic difference might by caused by the comparison
of the preoperative brain (on MRI) with the intraoperative brain (on MER) due to either
positional differences of the brain or brain shift caused by CSF leakage. However, it is
very unlikely that brain shift caused by leakage of CSF is the cause as CSF leakage is
kept to an absolute minimum by the surgical procedures described in the methods’®7®
and CSF leakage would mainly lead to posterior displacement of the frontal lobe
with very little effect on the basal structures like the STN.7°#° Because of the different
effect of gravity when comparing preoperative MRI taken in supine position, with
intraoperative MER taken in semi-sitting position, a caudal displacement of the brain
could possibly be a contributing cause of the difference found in this study. Another
contributing factor to the more ventral location of the STN as determined by MER
could be that the insertion of several cannulas for the MER close to the STN actually
causes drag and compression, resulting in a ventral displacement of the structures
during surgery. Misidentification of the STN on MER measurements is unlikely to
be the cause of the systematic difference. The STN is very densely populated with
neurons and, therefore, the observed increase in background activity is easy to identify
and abrupt.®® A structural border zone that does not display typical neuronal firing has
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not been reported. Although the density of MER measurements around the dorsal
STN border is high, the distance between two successive measurements in the same
trajectory is still

0.5 mm. This will result in an imprecision in MER-based dorsal border estimation of
maximally 0.5 mm. Moreover, the model building algorithm will interpolate the border
somewhere between a MER site classified as inside the STN and one classified as
outside the STN. This interpolation is also based on the information from surrounding
MER trajectories, which will likely make the imprecision less than 0.5 mm. Again, this
imprecision would lead to a random error and could explain some of the variance
observed in the discrepancies at the dorsal border, but it cannot explain the systematic
difference that has been observed.

Aplausible explanation for the systematic difference is that the dorsal anatomical border
of the STN seen on MRI extends beyond the functional border found by MER. The
systematic difference we found on the anterior side of the dorsolateral border of STN
might be associated with the findings of others that the anteriorly located pallidofugal
fiber pathways result in extra hypointense T2 MRI signal and are therefore difficult to
distinguish from the STN.*°%4 Previous reports on discrepancies between MER and T2
MRI have been contradictory.®*% While Hamani et al** showed a smaller estimation
of the STN in the dorsoventral direction on T2 MRI compared to MER, Polanksi et al*®
showed a larger estimation on T2 MRI. The contradicting results at the dorsal border
in previous studies could be the result of a limited analysis of the locations of MER
measurements. MER trajectories are often analyzed separately or the location of the
MER sites with respect to the STN is only based on the preoperative planning. The
advantage of this study lies in the detailed estimation of the complete STN based by
multiple channel MER measurements. Thereby, we could locate the discrepancies
between MER and MRI more accurately and discriminate between discrepancies at the
anterior and posterior levels of the dorsal border. This can be seen in figure 4b in the
sagittal cross-section of the 7.0 T results. A significant difference of approximately 125
mm was found at the central and anterior level of the dorsolateral border, possibly the
result of extra hypointense T2 MRI signal caused by the pallidofugal pathways, while at
the posterior level of the dorsolateral border, a large variability but no mean difference
was found, which may possibly be caused by the smaller iron content and consequently
a less accurate delineation of the posterior STN by hypointense T2 MRI signal.*°

Discrepancies at the lateral STN border

Figure 5 shows that in the 1.5 T and the 3.0 T groups the lateral border was identified
significantly more medial on coronal T2 MRI images than by MER. The mean
differences found in these groups are approximately 2.0 - 2.5 mm. Similar to the dorsal
border, the spread decreases with increased field strength from 1.5 to 3.0 T. Again, this
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may be caused by the increase in MRI contrast and the decrease in voxel size which
should lead to a more precise identification of the lateral border. However, a significant
discrepancy between MRI and MER still remains. When the field strength increases
further to 70 T, the mean difference between the lateral border on MRI and the border
estimated by MER greatly decreases and was no longer significantly different from
zero. This may indicate that the observed mismatch in the 1.5 T group, and even in
the 3.0 T group, might be the result of insufficient T2 MRI contrast on coronal images
at the lateral border which makes it difficult to discriminate the lateral part of the STN
from the adjacent internal capsule. This finding is different from the study by Hamani et
al% in which no STN activity was found outside the lateral border of the STN identified
on 15 T T2 MRI images. Again, the more detailed estimation of the STN in our study
may explain this difference. Fitting a 3D body of the nucleus onto the MER sites, can
lead to an estimation of the lateral border several millimeters past the most lateral
MER trajectory. For example, the combination of a relatively short trajectory with STN
activity on the central channelwith a very long trajectory on the lateral channelimplies
that the STN will extent some more laterally where there were no MER measurements.
This estimation, compared to the limited identification of the STN only at the precise
MER sites used in other studies, may explain why we find a discrepancy at the lateral
borderinthe 15T and 3.0 T groups.

It is important to note that although the dorsal border of the STN may be well identified
using MER, identification of the lateral border with MER is difficult. To estimate the
location of the lateral border, the model partially relies on extrapolation of the lateral
STN border beyond the sites of MER measurements based on an assumed shape of
the STN, which might be inaccurate. Therefore, an imprecision will always remain when
estimating the lateral STN with MER and this imprecision is likely the cause of the high
amount of variance that is seen in the discrepancies at the lateral border. It is however
unlikely to cause systematic differences unless the assumed shape of the STN is not
correct. However, the correspondence between the lateral STN border estimated with
this model and the lateral border identified on the highest quality (7O T) MRl images
indicates that the assumed STN shape is likely to be correct and our model building
algorithm seems to be a valid way to estimate STN size and location, even regarding its
lateral border.

Limitations

This study compared the location of the STN borders based on MER with the borders
based on three groups of MRl field strengths. For this, three different groups of patients
were used. To accurately study the effects of MRI field strength on the locations of the
STN borders, one should compare the three types of images within the same group
of patients to ensure that no other factors may influence the discrepancies between
MER and MRI. However, we have ensured that all surgical techniques used in the three
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groups were identical. Furthermore, we have checked for differences in the created
MER-based STN models and have found no differences between the three groups.
Therefore, the difference in the observed discrepancies between the groups is most
likely due to differences caused by the MRI images used for STN identification. This
way of comparing the discrepancies in different groups also gives extra value to the
discrepancies that remain consistent over the three groups, like the discrepancies at
the lateral part of the dorsal border.

Both the discrepancies at the lateral and the dorsal border showed a decrease
in variability when MRI field strength increased from 15 to 3.0 T. We expected the
variability to be decreased even more in the 70 T group, but it remained at the same
level as in the 3.0 T group. Apparently 3.0 T scanning provides a level of detail that is
surpassed only marginally when further increasing the field strength to 7.0 T for the
purpose of STN target determination. However, in our comparison a different type
of MRI image was used in the 70 T group. While in the other two groups we used
coronal MRI images with a good in-plane resolution and a slice thickness of 2 mm
(voxel size: 0.5 x 20 x 0.5 mm?® and 0.4 x 20 x 0.4 mm? for the 1.5 T and 3.0 T group
respectively), in the 7.0 T group the in-plane coronal MRI images often suffered from
motion artifacts and we had to use the coronal reconstruction of the 3D T2 acquisition
instead. These had a higher resolution in the y-direction, but a slightly worse resolution
in the coronal plane than the in-plane acquisitions in the 1.5 T and 3.0 T group (voxel
size: 0.7 x 0.7 x 0.7 mmq). We do not expect that the use of this different type of image
has influenced the systematic discrepancy between MER-based STN and MRI-based
STN, but it might explain why the variability did not decrease further with 7.0 T images.
Another explanation might be that the variability did not decrease any further because
it was overshadowed by the random errors created by the co-registration of T1and T2
images and the inaccuracies of the stereotactic frame or the MER fitting procedure
itself, since it partially relies on interpolation and extrapolation.

In this study we have compared the MER-based STN model only with the STN border
seen in T2-weighted MRI images. Other groups have reported the successful use of
other MRI imaging sequences like susceptibility weighted imaging (SWI) to identify
the STN.%58-8 However, T2 MRI images are still most widely used for DBS targeting.
For the future it remains interesting to study the discrepancies at the dorsolateral
border between the MER-based STN model and the SWIl-based STN, although
a recent study by Bot et al®* from our group showed that the correlation between
STN representation on MER and on MRI was worse for SWIimages than it was for T2-
weighted MRl images.
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Conclusions

Using a newly developed method to accurately estimate the MER-based STN, we
conclude that discrepancies exist between the T2 MRI-based STN and the MER-
based STN at the dorsal and lateral borders. Therefore, MER can help to refine the
delineation of the dorsal and lateral borders of the STN in T2 MRI-based targeting.
Increasing the field strength to 3.0 T or 70 T yields similar average discrepancies
between MER and MRI at the dorsal border of the STN, but with significantly smaller
variations. In contrast with the dorsal border, increasing the MRI field strength further
from 3.0 T to 7.0 T may be useful for identification of the lateral STN border.

Independent of the precise reasons for the discrepancies between the MER-based
STN and the MRI-based STN, both the remaining discrepancies at the dorsal border
and the positive effects of 7.0 T MRI on identification of the lateral border are important
when relying on T2-weighted MRl images for preoperative DBS targeting.
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Supplementary materials

Table S1. Overview of the transformation boundaries used in the STN estimation model after visual
assessment of the fusion between preoperative MRl images and MER-based STN models. The
boundaries for transformations depend on which of the MER tracks arranged in a cross-shaped array can
be used to estimate the STN

Transformation Five MER tracks Four MER Four MER Three MER
[direction?] tracks, missing  tracks, missing tracks, missing
one in the one in the oneintheM-L
M-L(x) A-Ply) (x)and A - P (y)
direction direction directions
[x1 -2mm:+2 mm -Imm:+1mm -2mm:+2 mm -Imm:+1mm
Translation [y | -2 mm:+2 mm -2mm:+2 mm -1mm:+1mm -1mm:+1 mm
[z] -5 mm:+5 mm -5mm:+5 mm -5 mm:+5 mm -5 mm:+5 mm
[x] -157:+15° -157:+15° -10°: +10° -10°: +10°
Rotation® [y -157:+15° -10°:+10° -15%: +15° -10°: +10°
[z] -157:+15° -107: +10° -107: +10° -15°: +15°
[x1 -25% :+6% -15% : +5% -25% . +5% -15% : +5%
Scaling€ly] -25% :+6% -25% : +5% -15% : +5% -15% : +5%
[z] -25% 1 +25% -25% :+25% -25% :+25% -25% :+25%

A The directions of the transformations were defined in relation to the MER tracks. The z-axis runs down
along the central MER track, the y-axis runs perpendicular to the z-axis from the posterior track towards
the anterior track and the x-axis runs perpendicular to the z-axis from the medial track towards the
lateral track. This way [z] resembles the anatomical D - V direction, ly] resembles the anatomical P - A
direction and I[x] resembles the anatomical M - L direction.

B The rotations in [x], [yl and [z] direction were defined as rotations around the x-, y- and z-axis
respectively and they therefore resemble rotations in the sagittal, coronal, and axial plane respectively.

¢ During optimization of the MER-based STN model, overlays with the MRI showed that in many cases
the STN was too large in the M - L or P - A or direction, which was probably the result of the original
STN model being too large in these directions. Moreover, upscaling in these directions will have a
large effect on the STN borders due to the extrapolation of the STN border beyond the sites of MER
measurements. Therefore, the boundaries in these directions (x and y) were asymmetrical and have a
tendency towards downscaling. The scaling boundaries in the D -V direction (z) remain symmetrical.

A = Anterior, D = Dorsal, L = Lateral, M = Medial, P = Posterior, V = Ventral
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Objective: In deep brain stimulation of the subthalamic nucleus (STN-DBS) for
Parkinson's Disease (PD), often microelectrode recordings (MER) are used for STN
identification. However, for advanced target identification of the sensorimotor STN,
it may be relevant to use local field potential (LFP) recordings. Then, it is important
to assure that the measured oscillations are coming from the close proximity of the
electrode.

Methods: Through multiple simultaneous recordings of LFP and neuronal spiking,
we investigated the temporal relationship between local neuronal spiking and
more global LFP. We analyzed the local oscillations in the LFP by calculating
power only over specific frequencies that show a significant coherence between
LFP and neuronal spiking. Using this ‘coherence method’, we investigated how well
measurements in the sensorimotor STN could be discriminated from measurements
elsewhere in the STN.

Results: The ‘'sensorimotor power index' (SMPI) of beta frequencies, representing
the ability to discriminate sensorimotor STN measurements based on the beta
power, was significantly larger using the ‘coherence method' for LFP spectral
analysis compared to other methods where either the complete LFP beta spectrum
or only the prominent peaks in the LFP beta spectrum were used to calculate beta
power.

Conclusion: The results suggest that due to volume conduction of beta frequency
oscillations, proper localization of the sensorimotor STN with only LFP recordings
is difficult. However, combining recordings of LFP and neuronal spiking and
calculating beta power over the coherent parts of the LFP spectrum can be
beneficial in discriminating the sensorimotor STN.



Target identification with combined LFP and spiking activity

Introduction

Deep brain stimulation of the subthalamic nucleus (STN-DBS) has emerged as an
effective surgical treatment for Parkinson's disease (PD)?%11%5, although the underlying
working mechanisms of DBS still are not fully understood. A leading hypothesis is that
DBS suppresses pathological synchronized oscillations in the basal ganglia.?¢%” Besides
the favorable therapeutic effects, STN-DBS may also be accompanied by side effects,
including side effects on cognition, behavior, and mood.3+% It is thought that side effects
are avoided, and therapeutic effects of DBS are improved by selectively stimulating the
dorsolateral STN®39-4273 \which is the area of the STN predominantly associated with
sensorimotor function.34344 |n this regard, the challenging task in DBS surgery is to
locate not only the borders of the STN, but especially its sensorimotor area.

In addition to the standard T2 MRI-based targeting, some centers are using intraoperative
recordings with microelectrodes (MER) to identify STN activity. Through the interpretation
of local neuronal spiking activity measured with MER, electrode placement is guided,
and it allows the neurosurgeon to functionally refine targeting 826488 |t may be relevant to
further fine-tune targeting based on local field potential (LFP) recordings from the same
electrodes or even from the contact points of the implanted DBS lead. An additional
possible advantage of using LFP signals to verify electrode placement could be that
they can be measured from the implanted electrode even after surgery to continuously
monitor the position of the DBS lead with respect to the STN, thereby providing feedback
for the configuration of the stimulation parameters 8-

Disadvantages of using the LFP signal in this way are primarily the loss of spatial
resolution due to the relatively large size of the electrodes and the inter-contact
distance on the lead. Also, single unit or multiple unit spiking activity cannot be
detected by these larger surface electrodes. When using the LFP signal one has to
rely on low frequency oscillations of the background signal, for instance in the beta (12
- 35 H2) and gamma (35 - 80 Hz) band, to localize the STN and its sensorimotor area.

Previous studies in PD have shown that neural activity in the beta frequency band,
measured with LFP, has an increased power in the sensorimotor STN compared to
other regions inside the STN and areas outside the STN.232493-% Elevated synchronized
beta activity is considered to be related to antikinetic motor activity and seems to
be associated with bradykinesia and rigidity in PD.#796%7 |t is suggested that beta
oscillations promote tonic activity at the expense of voluntary movement and that
beta oscillations are modulated by dopamine therapy®°, which induces a shift in the
power spectrum of LFP activity, decreasing the spectral beta power and increasing
the spectral power in the gamma frequency band 100-104
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With respect to synchronized gamma oscillations of LFP in the STN, it is thought
that they have a physiological rather than a pathological origin and possibly relate
to specific movement parameters since elevated gamma power is found before and
during the execution of movements 96101102105 |n 5 study by Trottenberg et al.’¢ in PD
patients, gamma oscillatory activity measured with LFP was found to be increased
in the zona incerta and the dorsal STN. Furthermore, Weinberger et al’’, found LFP
power in the gamma frequency range to be increased when comparing periods
of stronger tremor with periods of weaker tremor. These sites of increased gamma
oscillations were mostly located in the dorsal part of the STN.

One of the challenges in identifying these specific oscillations in the STN and its
sensorimotor area is to assure that the measured LFP signalis indeed coming from the
close proximity of the electrode. The electric field produced by the slow oscillations
represented in the LFP is conducted through the neuronal tissue. As a result, LFP
measurements can be influenced by oscillating sources up to a distance of 10 mm
depending on the conductive medium, the frequency of the oscillation'®°, the
architecture of the neural tissue as well as the amount of synchronization between
the neural ensembles. This is in contrast to the neuronal spiking activity represented
in the MER signal, which can only come from neurons within a range of 100 - 200
pm around the microelectrode ™ Therefore, a way to verify the local nature of LFP
oscillations can be by demonstrating that they correlate with local neuronal firing. ™

The temporal relationship between LFP and neuronal spiking activity in the STN has
not been widely studied. Alavi et al3, found that 46% of STN neurons showed beta
oscillatory spiking activity coherent with LFP. Weinberger et al.%, showed that 28% of
recordings of spiking activity displayed significant oscillations in the beta frequencies
of which the majority was localized in the dorsal STN. Almost all of these oscillating
recordings were significantly coherent with LFP activity. In a study by Kihn et al?3, spike
triggered averages (STA) of the LFP were used to show that the beta range oscillatory
activity in the LFP was time-locked to the neuronal discharge with STA amplitudes being
larger in the dorsal STN than in the ventral STN. In light of these results, beta LFP activity
is not thought to be caused by oscillatory firing of STN neurons, but more likely to be the
result of oscillatory afferent input into the neurons from outside the STN.23%

Inthe current study, we have investigated a method to assess the temporal relationship
between strictly local neuronal spiking activity measured with MER and more global
neuronal activity measured with LFP recordings inside different functional parts of
the STN. By simultaneously measuring LFP and neuronal spiking activity from the
microelectrodes used in standard DBS surgery, we were able to study coherence
between LFP and neuronal spiking activity and spectral power of both LFP and
neuronal spiking on numerous positions across the subthalamic area with only a
minimal change in the standard surgical procedures.
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Table 1. Clinical characteristics (mean + SD, [rangel) of the PD patients included in this study

Number of patients 25

Sex (women/men) 6/19

Age (years) 60 + 10, [38 - 76]
Disease duration (years) 13+7,16 - 32]
Total UPDRS" Il off drugs score 41+10, [25 - 62]
Number of sides 48

Number of microelectrodes per STN 3+1,[1-5]

* UPDRS = Unified Parkinson's Disease Rating Scale.

The localnature of oscillations in the LFP beta and gamma band was verified by analyzing
specifically those frequencies in the LFP that show a significant coherence with local
neuronal firing (i.e., LFP-spiking coherence passing the 99% confidence interval). We
have compared this method with other frequently used methods spectral analysis. In
this way, we have explored how the temporal coupling between neuronal spiking and
LFP can guide spectral analysis and how combined recordings of LFP, and neuronal
spiking can be used for the localization of the sensorimotor part of the STN. Both the
beta and the gamma power of the LFP and neuronal spiking signals are hypothesized
to be greater inside than outside the sensorimotor STN. Furthermore, we hypothesize
that the analysis of spectral power around frequencies that show significant coherence
between LFP and local neuronal firing can increase this difference and thereby help to
discriminate between measurements inside and outside the sensorimotor STN.

Materials and methods

Participants and surgery

The study was approved by the Medical Ethical Committee of the Academic Medical
Center in Amsterdam. All the subjects received oral and written information and
signed an informed consent prior to inclusion. The study was conducted conform the
Declaration of Helsinki (1964 and later revisions), in accordance with the Dutch Act on
Medical Research Involving Human Subjects (WMO) and with the Standard EN ISO
14155: 2011 on clinical investigation of medical devices for human subjects - Good
Clinical Practice.

Twenty-five patients with idiopathic PD (age 60 + 10 years) who underwent DBS surgery
were included in this study. Twenty-three patients underwent bilateral STN-DBS
and two patients had unilateral STN-surgery (table 1). The selected patients, despite
optimal drug treatment, suffered from severe response fluctuations, dyskinesias,
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painful dystonia and/or bradykinesia. Exclusion criteria were an age below 18 years,
a Hoehn and Yahr stage of five at the best moment of the day, a Mattis dementia
rating scale score of 120 or below, psychosis, and the general contra-indications for
stereotactic surgery.

The procedure for DBS was a one-stage bilateral or unilateral stereotactic approach. A
detailed description of the surgical procedures has been published before.®® Standard
MER was performed to determine the STN borders during DBS surgery using one to
five steel cannulas and microelectrodes (FHC, Inc., Bowdoin, ME, USA) arranged in a
cross shaped array with an inter-electrode distance of 2 mm.

Recording protocol

The number of microelectrodes was determined by the neurosurgeon, mainly based
on the preoperative imaging. The recordings started 6 mm before the preoperatively
determined MRI-based target point and was continued downward in 0.5 mm steps
until substantia nigra activity was recognizable in at least one channel or STN activity
significantly decreased in all channels indicating the lower border of the STN.
Standard MER was performed with the Leadpoint system (Medtronic, Minneapolis,
MN, USA), amplified with a gain of 10,000, analog bandpass filtered between 500
and 5000 Hz (23 dB; 12 dB/oct). The signal was sampled at 12 kHz, by use of a 16-bit
AD converter and afterwards up-sampled to 24 kHz offline. Following a two second
signal stabilization period after electrode movement cessation, multi-unit segments
were recorded for 5 - 20 s. The MER signals were scored as recorded inside or
outside the STN by an experienced physicist and a neurologist based on the observed
combination of neuronal spiking activity and background noise 5372

At each depth, standard MER was immediately followed by a simultaneous recording
of LFP and single/multi-unit activity using a switch board to connect the same
microelectrodes to a different amplifier, suited for both high and low frequency signals
(REFA amplifier, TMSi, Oldenzaal, the Netherlands). The recordings from the 10 um
exposure micro-tip were referenced against the 1 mm exposed surface of the inner
cannula located 10 mm above the tip of the microelectrode and were sampled at
20 kHz. For the purpose of this study, recordings of 10 s (22 sides) or 15 s (26 sides)
per depth were made. This short measurement time was chosen as it was assumed
that this time window provided a sufficient representation of the STN activity, while
keeping the additional surgery time as short as possible. Further processing and data
analysis were performed offline using Matlab (v. 714, R2012a, The Mathworks, Natick,
MA, USA).
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Mapping procedure

Multiple recordings were made inside and outside the STN. In order to discriminate
between measurements in the sensorimotor area and the non-sensorimotor area of
the STN, we used a novel approach to map an atlas-derived 3D body of the STN on the
microelectrode recording sites.”*™ This three-dimensional mapping method uses the
classifications of the standard MER recordings with the Leadpoint system to estimate
the location and orientation of the STN for each patient specifically. A 3D brain atlas
was used in which the STN is represented as a three-dimensional polygon surface.”®”®
We used an optimization function to find the optimal position, rotation, and scaling
of the STN atlas relative to the stereotactic locations of the MER measurements. A
more extensive description of this mapping procedure and the specific settings used
during the procedure has been published earlier.”® The optimization procedure results
in a spatial representation of the STN as it is defined by the observed combination
of neuronal spiking activity and background noise measured by the Leadpoint
microelectrode recordings. For the purpose of this study, it was assumed that at least
two microelectrode tracks were required to obtain a reliable estimation of the STN
location. One STN was excluded from further analysis since it was estimated by only
one microelectrode track.

Based on the work of Parent and Hazrati®, we assumed the sensorimotor area of the
STN to be the lateral 2/3rd of the dorsal portion of the rostral 2/3rd of this STN body
and the caudal 1/3rd of this STN body. The non-sensorimotor STN was defined to
be the 1/3rd ventral part and the 1/3rd medial tip of the rostral 2/3rd of this STN
body.3843115 All simultaneous LFP and MER measurements done with the experimental
setup were then labelled based on their stereotactic location in these different
functional subthalamic areas (figure 1).
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Figure 1. A 3D view of the STN showing the results of the mapping procedure. The dots represent the MER
measurement sites scored as outside (red) or inside (blue and yellow) of the STN. The gray body represents
the atlas STN body fitted to the MER scorings by the optimization routine. The volume dorsolateral of
the two oval blue planes is assumed to be the sensorimotor part of the STN. Based on these planes, the
measurement sites inside the STN are divided into measurements in the sensorimotor part of the STN
(blue) and in the non-sensorimotor part of the STN (yellow).

Data analysis

Localization of the measurements

Afterthe labeling of measurementstotheir corresponding locations, the measurements
were divided into three areas per studied STN: (1) recorded dorsal to the STN, (2) inside
the sensorimotor part of the STN and (3) inside the non-sensorimotor part of the STN
(figure 1. Measurements of trajectories that missed the STN and measurements
ventral to the STN were excluded from further analysis.

Artifact detection

Artifacts which interfered with the analysis, including movement of the wires,
talking of the patient and other mechanical disturbances, were excluded using an
extensive artifact detection procedure. First, drift was removed from the recording
by subtraction of a fifth order polynomial fitted to the recorded signal. Any remaining
offset was removed by high pass filtering the signal using a second order non-causal,
zero-phase, Butterworth filter with a cut-off frequency of 0.5 Hz. Line noise was then
removed using a second order non-causal, zero-phase, Butterworth band-stop filter
between 48 Hz and 52 Hz.
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To identify large amplitude artifacts and exclude them from further analysis, a visually
assigned threshold was used on the instantaneous amplitude of the signal. The
instantaneous amplitude was obtained by taking the real part of the Hilbert transform
of the signal.® Subsequently, the periods in which this signal exceeded the visually
assigned threshold and the 0.75 s before and after these periods were excluded from
further analysis. After the identification of large amplitude artifacts, further analysis
was performed on the original waveform after offset removal and line noise filtering.
The remaining periods of the recordings were divided into epochs of one second
duration. Welch's method was used to calculate the power spectral density (PSD) of
each one second epoch. For this, four 0.4 second windows with 50% overlap were
averaged, resulting in a PSD with a frequency resolution of 25 Hz. These PSD were
further analyzed to detect artifacts in the one second epochs.

Two criteriawere used for artifact detection in the one second epochs: First, the spectral
power in both the 3 - 45 Hz and 55 - 95 Hz band of each epoch was not allowed to
exceed four times the median spectral power in these frequency bands recorded in
all epochs of a single recording. Second, to obtain a more reliable threshold in case
many epochs of a single recording are influenced by artifacts, the spectral power of
each epoch was also not allowed to exceed four times the median spectral power of
all epochs recorded in the same neurological structure for one specific operation side
(either inside or outside the STN). Epochs that did not meet both of these criteria were
marked as artifacts and excluded from analysis. All remaining artifact-free segments
of two or more consecutive seconds were used for further analysis.

Calculation of power spectra and coherence spectra of LFP
oscillations and spike trains

Using different filters, two types of signals were obtained from the same measurement.
The LFP signal was obtained by using a third order non-causal, zero-phase, Butterworth
filter with bandpass frequencies between 3 Hz and 90 Hz. For analysis of the neuronal
spiking activity, a spike train was retrieved from the high frequency component of the
recording. For this, a third order non-causal, zero-phase, Butterworth filter with band-
pass frequencies between 500 Hz and 3500 Hz was used. A spike train was created
by marking local maxima of this signal as a spike event when the maxima exceeded
35 times the noise level estimated with the envelope method described before by
Dolan et al.®® Spikes were ignored if the spike events occurred within 1 ms of each other
(overlapping spikes), if the time between the positive and negative peak of the spike
waveform exceeded 0.6 ms, if the amplitude of the negative peak was smaller than 0.3
times the amplitude of the positive peak, or if the amplitude of the positive peak was
larger than 10 times the estimated noise level. This procedure has been described before
in more detail.”® The resulting multiple unit spike train (MU-ST) reflects the spiking activity
of multiple neurons in close proximity of the micro-tip of the electrode (between 100 pm
and 200 um) 1217 For accurate analysis of the beta and gamma frequencies in the spike
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trains, we assume that the MU-ST signal should contain at least one neuron spiking with
a frequency of 12 Hz (start of the beta frequencies) or higher. Therefore, recordings with
on average less than 12 spikes per second were excluded from further analysis. Despite
the filtering of line noise, some recordings still showed a distinct 50 Hz peak in their PSD.
Recordings for which the power between 48 and 52 Hz exceeded the sum of powers
from 44 Hz to 48 Hz and from 52 to 56 Hz, were excluded from analysis as well.

Power spectral densities of the MU-ST and LFP signals and the spectral coherence
between LFP and MU-ST were calculated using techniques described by Halliday
et al™® PSD and coherence were calculated over the complete artifact free part of
the signal by taking into account the start samples and the lengths of each of the
combined artifact free epochs. The combined artifact-free signal had an average
length of 10.7 s + 3.2 s (SD). The spectral estimation uses the average of the modulus
squared Fourier transformation over 0.82 s non-overlapping segments (median of 12
segments per recording) resulting in a frequency resolution of 1.22 Hz. To account for
possible differences in the electrodes used in different trajectories, normalization of
the PSD was performed by dividing each PSD by the maximum power between 8 and
80 Hz measured in the same electrode trajectory.

Analysis of spectral power in the PSD of LFP oscillations and spike trains

In this study we compare three different methods to analyze the spectral powers in
the beta and gamma frequency bands represented in the PSD of both the LFP and
the MU-ST signals. For this purpose, we analyze, using each of the three methods, the
same PSD calculated out of the same artefact free parts of the same recordings. In the
first method, the power of the complete beta and gamma spectrum was calculated by
integration of the PSD from 12 Hz to 35 Hz and 35 Hz to 80 Hz, respectively.

In the second method, a more commonly used method of PSD analysis was used
where we detected the most prominent power peak within the beta and gamma
range of the PSD for every recording. We did this by identifying the highest values
within the beta and the gamma frequency ranges and integrating the PSD over a
narrow frequency band (4.88 Hz) surrounding these single peaks for both the beta and
the gamma frequency range.

As a third, novel experimental analysis, we introduced the ‘coherence method' where
the PSD was only integrated over a band surrounding the frequencies that show a
significant coherence between the LFP and neuronal spiking activity reflected in the
MU-ST signal (i.e., the frequencies for which the coherence spectrum passes the 99%
confidence interval). This was done for both the beta (12 - 35 Hz) and gamma (35 - 80
H2z) range of the PSD individually. By using this coherence condition, we make use of
the correlation between the more globally measured LFP and neuronal spiking activity,
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which is known to be very local. Thereby we attempted to verify the local nature of the
oscillations reflected in the LFP recordings. By minimizing the influence of beta and
gamma frequency oscillations from distant sites, either those measured by the reference
electrode or those spreading to the microelectrode through volume conduction, we
limit the analysis of the LFP spectral power as much as possible to oscillating beta and
gamma sources around the location of the micro-tip. To evaluate the ‘coherence method'
we introduced the ‘'sensorimotor power index' (SMPI), a measure representing the ability
to discriminate between recordings in the sensorimotor and the non-sensorimotor area
based on the mean spectral power in both areas:

mean power in sensorimotor STN
mean power in non-sensorimotor STN

Sensorimotor power index (SMPI) =

In this equation, the mean powerin a specific STN area is calculated by taking the average
power of all the measurements localized in that area by the mapping procedure, that
remained after artefact correction and spike train creation. When using the ‘coherence
method', measurements that showed no significant coherence between LFP and MU-
ST in a specific frequency band were treated as measurements with zero spectral power
in that frequency band. The SMPI values were calculated for both the LFP and the MU-
ST signal and both using the beta and the gamma range of the power spectrum.

Statistics

Paired two-tailed t-tests were used to compare the percentage of measurements that
showed a significant coherence between areas, for both the beta and gamma frequency
ranges. We also compared the bandwidth over which the coherence spectrum passes
the 99% confidence interval between areas, using paired two-tailed t-tests.

Forthe statisticalanalysis ofthe SMPIvalues, allresults were logarithmically transformed
since the log of a ratio has better statistical properties than the ratio itself. One sample
two-tailed t-tests, including Bonferroni correction for multiple comparisons (n = 12),
were performed to test whether the log-transformed SMPI values were greater than
zero, reflecting the hypothesized increased power in the sensorimotor STN. Paired
two-tailed t-tests, including Bonferroni correction for multiple comparisons (n = 12),
were performed to compare the log (SMPI) between the three methods used, for beta
and gamma frequencies of both the LFP and the MU-ST signal.

The log (SMPI) is hypothesized to be greater than zero for both beta and gamma
powers. The log (SMPI) values are hypothesized to be larger when using the ‘coherence
method' compared to the other two methods of spectral analysis, representing a
better discrimination between the sensorimotor and the non-sensorimotor STN.

49



50

CHAPTER 3

filtered LFP signal (3 - 90 Hz) multiple unit spike train LFP - MU-ST coherence
T 60 P A A |
E 1| |
Z - 55 /\/\/\J\/\/W,\
o
n o |
onr 50 \/’\/\/\/\/\/VWVM,
30 | 1|
52 4s M\ /NN
s S | | 11
T C 4.0 W/VW
I
Y DOV PN U | [ | [ 1l
2 :

» A i::::ié::éé%
:j;:X:XiXZXCXIMMMMMMMMMMM

P SRV, I T TR TNV I Y SR S
TN A Yo § T T TN THITTHTIITITT | SO 2o B3 S N A

os A\ 11 TR | ! A S N

‘ T TNV RTTIT T TERRTH 1 e I B A R RN
B OSSNy Sy B 11 T AT 1 I

o o) e [
O D NTTHTRTT I IITITTE S S A [ 2

3.8 4 42 44 46 3.8 4 4.2 4.4 46 0 20 40 60 80

sensorimotor STN
(=]
(4,1

non-sensori-
motor STN
N
o

time (s) time (s) time (s)

Figure 2. Example of the LFP (left) and the MU-ST (middle) signals, simultaneously recorded in one channel,
passing the three area categories indicated on the far-left axis. The y-axis shows the distance in mm to the
pre-defined target in the center of the STN. On the right the spectrum of the coherence between LFP and
MU-ST is depicted for measurements that show enough spikes to be suited for coherence analysis. Blue and
green rectangles represent frequency bands within the beta and gamma frequencies respectively for which the
coherence between LFP and MU-ST passes the 99% confidence interval.

Results

After artefact correction, 44 sides (24 patients) showed enough stable recordings of
adequate length to calculate reliable measures for power and coherence. Three sides
had no artefact free measurements longer than two seconds in one (2 sides) of both
(1 side) of the STN areas and the SMPI could therefore not be calculated. On one side,
the depth of the recordings could not be confirmed with certainty and this side was
also excluded.
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The first two columns of figure 2 show one second examples of the LFP and the MU-ST
signals that were simultaneously recorded in one channel, passing through the STN.
The third column shows the coherence spectrum of the signals in the first two columns
for measurements that show enough spikes to be suited for coherence analysis. The
mapping procedure divided all the measurements into three area categories per STN.

Coherence between LFP and MU-ST

Table 2 shows the percentage of measurements that were used for coherence analysis
after artifact correction and spike train creation. Because only a small percentage
of the measurements dorsal to the STN shows spiking activity, the percentage of
measurements that could be used for coherence analysis in that area was much
smaller than in the sensorimotor and non-sensorimotor STN areas.

The amount of measurements outside the STN that could be used for coherence
analysis proved to be too small to make any statements about the added value of
coherence in the analysis of the spectral powers. Therefore, this area category was
not further analyzed.

Comparing the sensorimotor and the non-sensorimotor area, paired t-tests showed
no significant differences in the percentage of measurements that show a beta
coherence (421% vs 42.0%; p = 0.99), nor in those that show a gamma coherence
(62.8% vs 68.4%; p = 0.10) (table 2). However, the average bandwidth over which the
beta coherence spectrum passed the 99% confidence interval was significantly larger
in the sensorimotor area than in the non-sensorimotor area (4.5 Hz vs 3.6 Hz; p = 0.005).
In the gamma coherence spectrum, no significant difference in the bandwidth of
coherence was observed.

Table 2. Overview of the amount of measurements per STN remaining in the three area categories after
artifact correction (column 1), the percentage of these measurements that was suited for coherence
analysis (column 2) and the percentage of these measurements with a significant coherence in the beta
(column 3) and gamma (column 4) frequency bands

Average Average percentage Average percentage Average percentage
number of of measurements of measurements of measurements
measurements suited for with significant beta with significant
per STN coherence analysis coherence (+SD) gamma coherence
(+SD) (xSD)

Dorsal to o)+

SN 18.4 (+9.9) 74%

Sensori- 5 o o

motor STN 205 (+53) 68.9% (+19.2) 42.1% (+13.5) 62.8% (+19.1)

Non-sensori- g 3,35 747% (+16 5) 42.0% (+170) 68.4% (+18.3)

motor STN

* Median percentage (distribution of the percentages was skewed to the right).
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Spectral power of the LFP and MU-ST

A summary of the logarithmically transformed SMPI values is shown in table 3.

Both when calculating the spectral beta power using the complete beta spectrum
from 12 Hz to 35 Hz and when calculating the power around the detected peaks
in the beta spectrum, we found the log (SMPI) of the LFP beta frequencies to be
significantly greater than zero, with mean = 0.085, p < 0.001 and mean = 0.089, p <
0.001, respectively. Also, when using the ‘coherence method the log (SMPI) of the
LFP beta frequencies was significantly greater than zero (mean = 0.262, p < 0.001). The
average log (SMPI) of the LFP gamma frequencies was not significantly different from
zero using any of the three methods of spectral analysis (table 3).

Using the same methods for SMPI calculation on the MU-ST spectral density we found
that both analyzing the complete beta power spectrum and analyzing power around
detected peaks in the beta spectrum did not result in log (SMPI) values different
from zero (mean = 0.108 and mean = 0.119, respectively). However, when using the
‘coherence method! the log (SMPI) was significantly greater than zero, with mean -
0.335, p = 0.001 In the gamma frequencies, none of the three methods of MU-ST
spectral analysis resulted in average log (SMPI) values that were significantly different
for zero (table 3).

Figure 3 shows a graphic display of the log (SMPI) values of the LFP and MU-ST beta
frequencies, including the results of paired t-tests comparing the log (SMPI) values
between the three methods of spectral analysis.

Comparing the log (SMPI) values of LFP signals, no significant differences were found
between the analysis of the complete spectrum and the analysis of power around
detected PSD peaks. However, the ‘coherence method' resulted in a significantly
larger log (SMPI), both compared to the analysis of the complete spectrum as well as
the analysis using peak detection in the PSD (p < 0.001)

Table 3. Overview of the mean log (SMPI) values calculated with the three different methods for LFP
and MU-ST signals, for beta and gamma frequencies; p-values are depicted for the one sample t-tests
comparing the mean log (SMPI) values to a value of zero

Complete spectrum Peak detection Coherence method
analysis method
log (SMPI) beta LFP 0.085 (p < 0.001) 0.089 (p < 0.001) 0.262 (p < 0.001)
log (SMPI) gamma LFP  0.016 not significant 0.017 not significant 0.001 not significant
log (SMPI) beta MU-ST  0.108 not significant 0.119 not significant 0.335 (p = 0.001)
log (SMP1) gamma 0.030 not significant 0.024 not significant 0.050 not significant

MU-ST
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A similar trend was observed when comparing the log (SMPI) values of MU-ST signals,
though less significant. Analysis of the complete MU-ST spectrum and the analysis of
power around detected peaks in the spectrum did not result in significantly different
log (SMPI) values. Using the ‘coherence method' seems to result in higher log (SMPI)
values compared to both the other two methods of spectral analysis. However, when
using Bonferroni correction for multiple comparisons (n = 12), the trend does not reach
significance (p = 0.016 and p = 0.025 for comparison with complete spectrum analysis
and peak detection analysis, respectively).

We found no significant differences when comparing the log (SMPI) values found using
the gamma frequencies between methods, neither for LFP, nor for MU-ST signals.
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Figure 3. Overview of the mean log (SMPI) values including standard errors of the means calculated by the
three different methods of spectral analysis using the beta frequencies, for both LFP and MU-ST signals;
p-values are depicted for the results of paired t-tests comparing log (SMPI) values between methods.
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Discussion

The results of this study suggest that, taking into account the coherence between LFP
and MU-ST can help to differentiate measurements inside the sensorimotor STN from
measurements elsewhere in the STN through the analysis of LFP spectral power in
the beta band.

Coherence between LFP and MU-ST

The percentage of measurements that show a significant coherence between the
LFP and MU-ST signals in the beta frequencies in this study is in accordance with
the literature on this subject. We found significant coherence in 421% and 42.0%
of measurements in sensorimotor and non-sensorimotor STN, respectively. Other
studies report similar values of 46%™2 and 25%°° for the whole STN. These percentages
probably relate to the percentage of oscillatory spiking neurons in the STN. Weinberger
et al.% have shown that almost all (89%) of the measurements that display oscillatory
spiking activity, are coherent with simultaneously measured LFP.

Weinberger et al® report that most of the oscillatory neuronal spiking activity was
found in the dorsal STN while Alavi et al**® report no differences in localization. The
latter is in accordance with our finding that the percentage of coherent measurements
does not differ between sensorimotor STN and non-sensorimotor STN. In this study,
the bandwidth over which the coherence between LFP and MU-ST passes the 99%
confidence interval is larger inside than outside the sensorimotor STN (4.5 Hz vs 3.6
Hz; p = 0.005). However, the calculation of the coherence spectrum has a frequency
resolution of only 1.22 Hz. Therefore, it is difficult to draw any conclusions from this minor
difference in coherence bandwidth. It could potentially indicate that the MU-ST signal
is a summation of multiple neurons oscillating in a broad range of beta frequencies,
all coherent with similar beta frequencies in the LFP signal This leads to a broader
spectrum of coherent oscillations. This summation of multiple oscillating neurons in the
MU-ST signal is more likely to occur inside the sensorimotor part of the STN, because
oscillating neurons there may be more abundant.®® We believe that more research into
the bandwidth of spiking frequencies in the beta range is necessary.

Spectral power of the LFP

The results of the current study confirm our hypothesis that LFP beta power is elevated
in the sensorimotor part of the STN. An average log (SMPI) value greater than zero is
found using all methods of LFP spectral analysis. However, the coherence method
resulted in a significantly higher beta log (SMPI) value than the other two methods.
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The increased LFP beta power in the sensorimotor STN compared to the non-
sensorimotor STN is in accordance with previous studies?324739-% The significantly
larger log (SMPI) when using the coherence method compared to the two other
methods of LFP spectral analysis is probably due to the diminished influence of volume
conducted oscillations in the beta frequencies.

How LFP signals are generated is rather complex.” It is dominated by synaptic
activity, but it is also influenced by several other processes, for example Ca?" spikes,
membrane oscillations, action potentials and spike hyperpolarizations 123 The
dipoles and return currents created by these processes together determine the
extracellular field. One of the factors influencing the conductivity of this electric field is
the dendritic morphology which acts as a low pass filter!?* Therefore, the attenuation
of slow oscillations over distance is relatively small and the low frequency LFP signal
measured at the microelectrode tip may even reflect sources up to a distance of 10
mm %810 VVolume conduction will thus play an important role in the measured LFP in
the beta frequencies, especially inside a small structure like the STN.

On the contrary, spikes that are identifiable over the noise level in the high frequency
signal are coming from neurons at a distance less than 150 pm around the
microelectrode.'®2 The distance over which spikes are measurable is limited because
of the fast attenuation of these high frequency signals.’®

By limiting our power analysis to those frequencies that show a significant coherence
between the LFP and the MU-ST signals, we diminish the contribution of oscillations
in the beta frequency range that are coming from sources located either in different
areas of the STN or outside the STN. This confinement to local oscillating sources
is in contrast to the analysis of the complete spectrum, in which distant sources
can be represented. Even PSD peak detection analysis, which is used to obtain the
most prominent oscillating source in the signal, does not ensure that this prominent
oscillation is indeed coming from the close proximity of the electrode, making it
unreliable for the identification of the sensorimotor part of the STN.

Our hypothesis that LFP spectral power around significant gamma peaks in the
coherence spectrum between LFP and MU-ST will discriminate better between the
sensorimotor area and the non-sensorimotor area of the STN cannot be confirmed.
Gamma log (SMPI) values for all three methods of LFP spectral analysis, including the
coherence method, did not significantly differ from zero. Furthermore, no significant
differences were found comparing the gamma log (SMPI) values between methods.

Gamma oscillations do not spread as far through the tissue as beta oscillations and
thus volume conduction has a smaller effect on the power analysis of the gamma
frequencies. Also, gamma oscillations are likely to show a more out-of-phase

55



56

CHAPTER 3

behavior over larger distance. This is reflected as an absence of clear peaks in the
LFP power spectral density in the gamma range. Another reason for the absence of
LFP gamma peaks could be that the patients in this study are measured during rest
while gamma frequencies in the LFP are thought to relate more to specific movement
pal’ameters.96'101‘102‘105

Spectral power of the MU-ST

The beta log (SMPI) for MU-ST signals calculated with the coherence method is
significantly greater than zero, in contrast to the other two methods in which the
beta log (SMPI) does not significantly differ from zero. When comparing between
methods of MU-ST spectral analysis, the difference in log (SMPI) is not significant after
Bonferroni correction for multiple comparisons, but it does show a trend. Contrary to
the LFP signal, the MU-ST analysis is not influenced by volume conduction in any of
the methods. A way to explain the trend could be that the oscillations in the MU-ST
signal that are coherent with the beta LFP can be caused by a summation of multiple
oscillating neurons, leading to a larger peak in the PSD of the MU-ST signal. Because
this summation of oscillating neurons in the MU-ST signal is more likely to occur in the
sensorimotor STN where oscillating neurons are more abundant®, the power of the
MU-ST signal at the coherent frequencies is greater here than in the non-sensorimotor
STN. This is in agreement with the finding that the beta log (SMPI) of MU-ST signals
is significantly greater than zero when using the coherence methods, even though
the percentage of measurements that show a significant coherence between LFP
and MU-ST does not differ between sensorimotor and non-sensorimotor STN. The
spectral analysis in the other two methods is probably influenced too much by other
peaks in the PSD of the MU-ST signal, leading to an average log (SMPI) value which is
not significantly greater than zero.

In gamma frequencies, no average log (SMPI) values significantly greater than zero
were found for any of the methods and no significant differences were found between
methods. Similar to the gamma LFP results, this may be explained by the fact that
the measurements in this study were performed during rest. Previous research on
oscillatory spiking activity has also found an equal distribution of gamma oscillations
within the STN.%®

Limitations and recommendations

In this study, we used a personalized atlas of the STN mapped on the intraoperative
microelectrode recording sites to estimate the size and location of the sensorimotor
and non-sensorimotor part of the STN. The subdivision of the STN in different functional
areas, based on an atlas model is derived from histological studies®, and it might not
be fitting with the true subdivision for each patient. Therefore, we can only use it as an
estimate. Although such an estimate will not be sufficient to correctly guide electrode
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implantation, it is sufficient for this study to show the potential added value of the
coherence method. We demonstrate that using this new method can be beneficial
in locating the sensorimotor STN area for each patient specifically, so that electrode
placement can in the future possibly be guided by beta LFP power and estimates
based on atlas coordinates may no longer be necessary.

Analyzing the LFP power of only the specific coherent frequencies minimizes the
influence of LFP oscillations from distant sites but it does not fully exclude it. The
frequencies of distant LFP oscillations may overlap with the coherent frequencies
and may therefore still add to the calculated LFP power. Often bipolar LFP
recordings are used to minimize the effects of distant low frequency oscillations.
However, intraoperative LFP recordings with a sufficient spatial resolution require
extensive changes to the standard surgical procedures. The goal of this study was
to intraoperatively localize the STN and its sensorimotor part without significant
changes to the standard surgical procedures. The coherence method is used in this
study as a way to do that by making the analysis of the LFP beta oscillations more
local. However, many centers are no longer using microelectrodes to guide DBS
implantation. e therefore recommend looking for other methods that can measure
the beta oscillations in the LFP very locally without extensive changes to the surgical
procedures. Recent advances in technology have led to the development of DBS
leads which deliver stimulation through multiple smaller contact points, ranging from
8 to 32 individual contacts.282912¢ These multi-contact arrays make it possible to do
bipolar LFP recordings with a much better spatial resolution. Using this type of high
resolution LFP recordings might make it possible to do advanced intraoperative target
identification of the sensorimotor STN.

This study demonstrates significantly elevated LFP and MU-ST beta power on a group
level. Furthermore, it shows that the discriminative ratio between sensorimotor and
non-sensorimotor STN based on beta frequencies can be increased by using the
coherence method. However, to proof that the coherence method truly preforms better
than the other two methods in identifying the sensorimotor STN, a difference between
the methods should be shown at patient level. However, we found that this was not
possible due to the limited number of measurement sites available per STN, especially
in the non-sensorimotor STN. The median amount of measurement sites is 13 in the
sensorimotor area and 6 in the non-sensorimotor area. Therefore, we chose to use the
sensorimotor power index (SMPI) as a measure to express the ability to discriminate
between sensorimotor and non-sensorimotor STN and compare the SMPI values
between the three methods. We found that in 30 out of 44 STN the SMPI value using
the coherence method was greater than the SMPI values using the other two methods.

Although the coherence method performs better at group level, the limited number
of available measurement sites per patient makes a comparison between methods
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at patient level unreliable. When a comparison at patient level was performed, we
found that the distributions of beta powers in both the sensorimotor and the non-
sensorimotor STN were skewed to the right. Therefore, we used log-transformation
and independent samples t-tests to compare the beta powers in the sensorimotor
STN with the beta powers in the non-sensorimotor STN, for all three methods. We
found that using the coherence method, the beta power in the sensorimotor STN was
significantly increased in only three out of 44 STN. In both of the other two methods,
we found a significant increase in only five out of 44 STN. These numbers are too small
to reliably compare the performance of the three methods at patient level.

Conclusion

In conclusion, the coherence method potentially has an added value for the
discrimination of the sensorimotor STN, because of its ability to specifically
analyze the power of locally measured beta oscillations. Volume conduction
of beta frequency oscillations in the LFP signal interferes with the intraoperative
identification of the sensorimotor STN and therefore it probably cannot be done
with LFP recordings alone. However, for the use of the coherence method to
discriminate the sensorimotor STN from the non-sensorimotor STN at patient
level, more measurement sites per STN would be necessary. When these are
available, simultaneous recordings of LFP, and neuronal spiking activity could be
beneficial in intraoperative target identification of the sensorimotor STN. With only
a minor modification of standard surgical procedures, it is possible to increase the
discrimination between measurements inside and outside the sensorimotor STN.
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Objective: Motorimprovement after deep brain stimulation (DBS) in the subthalamic
nucleus (STN) may vary substantially between Parkinson's disease (PD) patients.
Research into the relation between improvement and active contact location
requires a correction for anatomical variation.

Methods: We studied the relation between active contact location relative to the
neurophysiological STN, estimated by the intraoperative microelectrode recordings
(MER-based STN), and contralateral motor improvement after one year. A generic
STN shape was transformed to fit onto the stereotactically defined MER sites.
The location of 43 electrodes (26 patients), derived from MRI-fused CT images,
was expressed relative to this patient-specific MER-based STN. Using regression
analyses, the relation between contact location and motor improvement was
studied.

Results: The regression model that predicts motor improvement based on
levodopa effect alone was significantly improved by adding the one-year active
contact coordinates (R? change = 0.176, p = 0.014). In the combined prediction
model (adjusted R? = 0.389, p < 0.00D), the largest contribution was made by the
mediolateral location of the active contact (standardized beta = 0.490, p = 0.002).

Conclusion: With the MER-based STN as a reference, we were able to find a
significant relation between active contact location and motor improvement. MER-
based STN modeling can be used to complement imaging-based STN models in
the application of DBS.
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Introduction

Deep brain stimulation (DBS) of the subthalamic nucleus (STN) is a widely used and
effective surgical treatment for advanced Parkinson's disease (PD) when treatment with
dopaminergic medication is no longer satisfactory.?48 The main therapeutic effect of
STN-DBS lies in the off-medication improvement of the cardinal PD motor symptoms
of bradykinesia, tremor, and rigidity*!?”; an improvement that is on average 50% of
the off-medication symptom severity.® However, there is a large variation in outcome
between patients, both in terms of motor improvement and side effects.261°-2 The
postoperative motorimprovement is dependent on, amongst others, age, and disease
duration®5 as well as the preoperative response to dopaminergic medication®*,
which makes careful selection of DBS candidates essential. However, the most
important factor determining motor improvement reached through DBS is the correct
positioning of the active contact in the subthalamic area 16-20128-132

The relation between active contact location and motor improvement has been
widely studied, but the results of these studies are not conclusive.’* While some
claim that stimulation within the borders of the STN is most effective’®3!1%2 others
prefer stimulation of the fiber tracts and/or the zone incerta dorsal to the STN?129,
or specifically the border zone between the dorsal STN and the zona incerta 7128130
The methodologies used to study this relation are variable.’*** Determining the active
contact location solely in relation to the midcommissural point (MCP) as the anatomical
reference ignores a large part of the anatomical variation in STN size and location. This
may be the reason that a clear relation between active contact location and motor
improvement was not demonstrated with these methods.***-** The transformation of
brain atlases, based on anatomical landmarks, only partially corrects for anatomical
variations 16128136 Referring the active contact location to the STN visible in MRl images
takes a large part of the anatomical variation into account .2°1371% However, this method
depends on high quality MRl images, and STN size and location on MRI shows some
variation depending on the field strengths and imaging sequences that are used.
The dimensions of the MRI-based STN do not always match the dimensions of the
neurophysiological STN as measured by intraoperative microelectrode recordings
(MER) 5456139 Studies that use MER to define the neurophysiological STN as a reference
for the active contact location have been limited in the fact that they only define dorsal
and ventral STN borders. Therefore, they are unable to make any statements about the
laterality of the active contact location'®®, while MRI studies have shown that laterality
can be an important factor influencing motor improvement 20128138

In this study we defined the location of the active DBS contact after one year relative
to an STN model of which the size and location is automatically estimated based on
multiple-channel MER measurements (MER-based STN)1*® This approach enabled us
to relate the active contact location not only to the dorsoventral dimensions of the

63




64

CHAPTER 4

MER-based STN, but also to its anteroposterior and mediolateral dimensions. Then
we explored the predictive effect of active contact location relative to this MER-based
STN on contralateral motor improvement one year after surgery.

Materials and methods

Patient selection

For this study, we selected a subset of STN implantations (n = 45) in patients enrolled
in the Netherlands SubThalamic And Pallidal Stimulation (NSTAPS) trial, which
compared STN-DBS with Globus Pallidus interna DBS, after receiving ethical approval
(ID 07170069, Medical Ethical Committee AMC, 05/17/2006). Additional selection
criteria were: (1) patients received STN-DBS in the Academic Medical Center in
Amsterdam, (2) three or more MER trajectories measured STN activity during DBS
implantation, (3) Unified Parkinson's Disease Rating Scale (UPDRS) motor scores were
available before and one year after surgery, and (4) CT images showing the implanted
DBS electrode one year after surgery were available.

Surgical procedures and microelectrode recording (MER)-based
subthalamic nucleus (STN) estimation

DBS surgery was performed using a one-stage unilateral or bilateral stereotactic
approach. Standard stereotactic coordinates (12 mm lateral, 2 mm posterior, and
4 mm ventral to MCP) were visually adjusted based on 15 Tesla, T2-weighted MRI
images. Neurophysiological mapping was performed with a 0.5 mm step size using
three (n = 20), four (n = 19) or five (n = 6) tracks of MER to verify STN borders. After
MER, macro-electrode test stimulation was performed, and all patients were then
implanted with the Medtronic 3389 electrode. Detailed descriptions of the surgery
and MER measurements have been published before.®® All MER measurement sites
were scored as either inside or outside the STN by a clinical physicist based on visual
analysis of background activity and single/multi-unit spiking activity.”? A previously
developed method was used to automatically estimate patient-specific STN size
and the location of all its borders, based on the classifications of multiple-channel
MER measurements. This was done in Matlab® (Mathworks, Inc., Natick, MA, USA) by
transposing and scaling an atlas-derived 3D STN shape, within previously validated
boundaries®®, to optimally fit the classifications of all MER sites. The resulting MER-
based STN was used as the reference for location analysis in this study. The details
of this method have been published before’?*° This previous publication also
showed that a reliable MER-based STN model could be created when STN activity
was measured on three or more MER tracks, and that no big differences were found
between models created from three, four, or five tracks. The higher resolution in the
dorsoventral direction, compared to the anteroposterior and mediolateral directions,
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is taken into account by the model. If relatively little information is available in the
anteroposterior or mediolateral direction, the created model will be closer to the atlas-
derived 3D STN with minimal transposing and scaling in these directions. Moreover, a
previously published study has shown that the estimated lateral border of the MER-
based STN corresponded to the lateral STN border identified on ultra-high field (70 T)
T2-weighted MRI images.**®

Postoperative electrode recognition

Using SureTune® (Medtronic Eindhoven Design Center, The Netherlands), the
preoperative T1-MRI images including the stereotactic frame, which were used for
preoperative target planning, were co-registered to the CT images showing the DBS
electrodes one year after surgery. The software automatically projected a 3D model
of the Medtronic 3389 electrode onto the electrode artifact seen on the CT. This
projection was manually improved to optimally fit the artifact in three dimensions. After
that, the stereotactic electrode location was exported from SureTune® to Matlab® and
combined with the patient-specific MER-based STN in stereotactic space.

In this study, we calculated the position of the stimulated contact one year after surgery
relative to each patient's specific MER-based STN. In order to perform a group analysis,
every patient specific STN was transformed, together with the electrode location, back
to the initial STN shape from which it was created. This created a generic STN shape in
an anterior commissure-posterior commissure (AC - PC) -aligned orientation in reference
to which all the locations were expressed, hereafter referred to as the generalized STN.
By doing this, we compensated for the anatomical variation in STN size and location.
The back-transformation was done using the inverse of the transposition and scaling
applied to initially produce the patient-specific MER-based STN. The electrode was
transformed with the same inverse transformations so that the contact locations of all
patients were expressed in reference to the same generalized STN, while the position of
the contact locations relative to this STN remained to be based on the patient-specific
MER measurements (figure 1). For right-hemisphere implantation, all procedures were
mirrored to enable a group analysis.

The contact used for stimulation was retrieved from the stimulator settings after a
neurologist optimized them over the course of one year. When bipolar stimulation
was used (n = 3), the negative pole was determined as the active contact. In double
monopolar stimulation (n = 2), the center between the two active contacts was used
as the active contact location. To verify our results, the analysis was also performed
without these five electrodes.
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Figure 1. Anterolateral view of the subthalamic nucleus (STN) in an AC - PC aligned orientation illustrating
how the contact locations were expressed in reference to the generalized STN. (a) The atlas-derived
generic 3D STN shape is placed on top of the patient-specific MER sites ( - = outside STN, - = inside STN);
(b) the STN is transformed to optimally fit the classifications of all MER sites; (c) the DBS electrode and its
contacts, recognized in MRI-fused CT images, are combined with the MER-based STN using the patient-
specific stereotactic frame (active contact after one year in darker gray); (d) both the MER-based STN and
the recognized electrode are inversely transformed together. All the electrode contacts are now expressed
in reference to the generalized STN in an AC - PC aligned orientation. A = anterior, D = dorsal, L = lateral, M
= medial, P = posterior, and V = ventral. Locations displayed on the axes are in mm.

Motor improvement

In the NSTAPS trial, PD motor symptoms were assessed using the UPDRS part Il after
optimization of the stimulation parameters over the course of one year. Both patients and
clinicalraters were blinded for active contact location ! For this study on the contralateral
motor improvement, only the purely one-sided UPDRS motor score sub-items (UPDRS-
Il items 20 - 26) were used*° Because off-medication motor improvement is typical
for effective STN-DBS, the motor improvement was studied by the off-medication
stimulation effect, which is defined by the change in off-medication hemibody UPDRS
motor score after DBS as a percentage of the baseline off-medication hemibody UPDRS
motor score determined preoperatively:

hemibody UPDRS

(baseline) - hemibody UPDRS (1year)

med_off

hemibody UPDRS

med_off | stim_on

Stimulation effect =

(baseline)

med_off

Statistical analysis

The coordinates of the active contacts relative to the center of the generalized STN
were statistically analyzed in an AC - PC aligned three-dimensional coordinate system
with the x-axis from medial to lateral, y-axis from posterior to anterior, and the z-axis
from dorsal to ventral.
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Table 1. Clinical characteristics of the patients (top) and the contralateral hemibody scores per electrode (bottom)

Patient characteristics (n = 26)

Male/female 20/6
Age - years (mean + SD) 627+71
Disease duration - years (mean * SD) 126+6.6

Contralateral hemibody scores per electrode (n = 43)

Levodopa window (mean + SD) 105+55
Baseline UPDRS __, . (score range = O - 36) (mean + SD) 150:56
One-year UPDRS,__, . (score range = O - 36 (mean + SD) 6.6 £ 4.2
Off-medication stimulation effect - % (mean + SD) 503325

UPDRS: Unified Parkinson's Disease Rating Scale.

To analyze the predictive power of active contact location, multiple linear regression
was performed using SPSS version 23 (SPSS Inc., Chicago, IL, USA), with the off-
medication stimulation effect as the dependent variable and the three coordinates
(x, y, and 2) of the active contact locations relative to the center of the generalized
STN as independent variables. Because the preoperative response to dopaminergic
medication is a known predictor for the off-medication stimulation effect, the levodopa
window (hemibody UPDRS, ., .. (baseline) - hemibody UPDRS,_ ., . (baseline)) was also
included as an independent variable. Hierarchical multiple regression was performed
to study the added predictive value of the three active contact coordinates after
controlling for the influence of the levodopa window.

Results

Of the 45 implanted electrodes from the NSTAPS trial that matched our inclusion
criteria, one was excluded because the MER classifications of different trajectories
were conflicting, and we were unable to produce a reliable MER-based STN estimation.
Furthermore, regression analysis revealed one negative outlier in the dependent
variable stimulation effect (-133%). Because of the profound impact that outliers can
have on linear regression fits, possibly causing overestimation or underestimation of
the relation, this observation was excluded in all further regression analyses.

The relation between active contact location and contralateral off-medication
stimulation effect was studied in 26 patients (43 electrodes). Clinical characteristics are
summarized in table 1. The three-dimensional locations of the active contacts one year
after surgery, relative to the center of the generalized STN, are summarized in table 2.
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Table 2. The three-dimensional active contact locations after one year

Direction Location to center STN mm (mean * SD) *
Mediolateral (x) 10+15

Anteroposterior (y) 1717

Dorsoventral (z) 2221

* Distances are referenced to the center of the generalized STN. The x-coordinate is positive towards
lateral, y is positive towards anterior, and z is positive towards ventral.

Hierarchical regression revealed that adding the three coordinates of the active
contact to the known predictor levodopa window resulted in a significant improvement
of the prediction of off-medication stimulation effect (R2 change = 0.176, p = 0.014). The
combined model, with the levodopa window and the three active contact coordinates
(x, y, and z) as the independent variables, was a significant predictor of off-medication
stimulation effect (adjusted R? = 0.389, p < 0.001). In this model, the mediolateral
location (x-coordinate) of the active contact had the largest unique contribution
to the prediction (standardized beta = 0.490, p = 0.002), followed by the levodopa
window (standardized beta = 0.328, p = 0.022). The contributions of the anteroposterior
(y-coordinate) and dorsoventral location (z-coordinate) of the active contact were
not significant. Figure 2 displays the distribution of the active contact locations
after one year relative to the generalized STN, which were used for the regression
analysis. Figure 3 shows a scatter plot of the relation between mediolateral location
(x-coordinate) relative to the center of the STN and stimulation effect.
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Figure 2. Distribution of the active contact locations after one year in a ventral, anterior, and lateral view.
The gray shape represents the generalized STN, identical for all patients. Locations are color-coded
corresponding to their contralateral off-medication stimulation effect. Overall, the distribution of the
locations is centered on the anterior part of the dorsolateral STN. The relation with stimulation effect is
most striking in the anterior view, where the locations at the lateral and ventral part of the distribution
often correspond to good stimulation effect (red), while locations at the medial and dorsal part of the
distribution are often corresponding to poor stimulation effect (yellow). A = anterior, D = dorsal, L = lateral,
M = medial, P = posterior, and V = ventral. Locations displayed on the axes are in mm.
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Figure 3. Scatter plot of the relation between mediolateral active contact location (x-coordinate) relative
to the center of the STN, and stimulation effect.

The same analysis without exclusion of the outlier in stimulation effect resulted in the
same significant relations, with even slightly higher values for R? change and adjusted
R2. Thereby, exclusion of this single observation was justifiable on theoretical grounds,
but it had no effect on the relations found in this study.

The same analysis with exclusion of the bipolar (n = 3) and double monopolar (n = 2)
stimulating electrodes led to similar main results. Namely, a significant improvement
in the prediction was found by adding the coordinates (R? change = 0.186, p = 0.041),
and this resulted in a significant combined prediction model (adjusted R? = 0.254,
p < 0.008) in which the mediolateral location has the largest unique contribution
(standardized beta = 0.388, p = 0.044). Furthermore, in this subgroup analysis, the
anteroposterior location (y-coordinate) had a significant unique contribution to the
prediction (standardized beta = -0.341, p = 0.048), whereas the unique contribution of
the levodopa window was no longer significant.

Using the active contact locations corresponding to profound off-medication
stimulation effects (275%, n = 10), a theoretical hotspot for DBS could be estimated at
1.9 mm lateral, 0.9 mm anterior, and 2.6 mm dorsal to the center of the generalized
MER-based STN. When the same active contacts with profound effect were related to
MCP, this resulted in a theoretical hotspot at 12.6 mm lateral, 20 mm posterior, and
2.8 mm ventral to MCP.
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Discussion

Using the neurophysiological borders based on MER to create individual STN models
as a reference for active contact location, we found a significant relation between
active contact location and change in contralateral off-medication motor score
with DBS compared to baseline. This is in contrast to earlier studies that have used
active contact location relative to MCP and have reported no relation with motor
improvement. Failure to find a relation in these earlier studies is likely the result of
anatomical variation in STN location between patients!®-%¢ This indicates that the
MER-based correction of STN-modelling can result in a valid reference for active
contact location. Stimulation within the lateral part of the MER-based STN resulted in
more substantial motor improvement compared to stimulation more medial within the
MER-based STN, confirming similar imaging-based analyses.

Our regression analysis showed that the coordinates of the active contact, relative to
the MER-based STN, explained an additional 17.6% of the variance in off-medication
stimulation effect after controlling for the influence of a levodopa window. Together,
they explain 38.9% of the variance in off-medication stimulation effect. Of these three
coordinates, the laterality (x-coordinate) has the greatest unique contribution to the
regression model, greater than that of the levodopa window:. This can be explained by
the anatomical location of the sensorimotor area in the lateral part of the STN, while
the associative and limbic areas of the STN are more medial.*4 The positive influence
on stimulation effect of a more lateral active contact corresponds with findings that
use the MRI-based STN as a reference.202814

In the analysis where bipolar and double monopolar stimulating electrodes
were excluded, the findings described above were confirmed. Furthermore, the
anteroposterior location of the active contact was found to also have a significant,
unique contribution to the regression model, where a more posterior active contact
was related to more stimulation effects. This is in line with research showing that
sensorimotor projections of the STN are more posteriorly located.*®43 In this subgroup
analysis, the levodopa window had a non-significant contribution to the regression
model. This might be explained by the decreased number of analyzed electrodes
compared to the full analysis. Furthermore, for both of the analyses, it should be
noted that the influence of the levodopa window might be underestimated because
patients were selected for DBS based on, amongst others, a large levodopa window.
The location results remain valid for this group, but when considering all PD patients
eligible for DBS surgery, the levodopa window is likely to remain the most important
predictor for postoperative motor improvement.
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The advantage of using the MER-based STN as a reference is that it derives from real-
time intraoperative physiological data from the patient, confirming the location of the
STN rather than relying on an indirect pre-operative dataset that can be subject to
distortion (as MRI can be). Furthermore, the DBS electrode location related to the MER-
based STN can easily be assessed intraoperatively, even when the MER-based STN
does not correspond with the MRI-based STN. In our center, the symptomatic bleeding
rate with this MER driven approach was 0.8%.

To compare implantation in our center with other centers, we also calculated the
active contact locations referenced to MCP. The mean location in our patients (12.0
mm lateral; 1.0 mm posterior; 3.1 mm ventral) corresponded reasonably well with the
average of eight earlier studies presented in a review by Caire et al. (12.0 mm lateral; 1.5
mm posterior; 1.9 mm ventral)}®* However, active contact locations in our group were
slightly more ventral, which likely results from the fact that the targeting in our center
was done with the intention to stimulate inside the STN, compared to some other
centers where stimulation dorsal to the STN was intended. Thus, while our theoretical
hotspot was dorsal to the center of the STN, but within its boundaries, other centers
target even more dorsal (and often more posterior) to stimulate fiber tracts outside
the STN boundaries. Therefore, it should be noted that the relation between active
contact location and motor improvement found here is particularly valid for STN-
DBS surgery using similar targeting and surgical procedures as in our center. Most
importantly, these procedures include the intended stimulation within the boundaries
of the STN and intraoperative refinement of STN borders by MER. Other groups might
target different structures, for example more posterior or dorsal to the STN, or use
different forms of intraoperative visualization of the STN. Therefore, generalization of
these results to all STN-DBS should be considered with caution.

In this study, in 26 patients, the 43 electrodes and its effects on motor improvement
were treated as independent. This assumes that the effect of one-sided stimulation on
the purely one-sided contralateral UPDRS motor score sub-items is independent of
the stimulation of the other STN in the same patient. Any dependency between these
effects may have influenced the statistical significance.

Furthermore, to study solely the stimulation effect of STN-DBS, the off-medication
on-stimulation motor scores after one year would have to be compared to the off-
medication off-stimulation motor scores after one year. Since the latter were not
available in this cohort, the off-medication scores at baseline were used. Therefore,
possible effects of disease progression, microlesions, or long-term medication effects
are also included in the outcome parameter called stimulation effect in this study,
which may have led to both overestimation and underestimation of the pure effect of
stimulation alone.
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Conclusions

Our study showed that, using the neurophysiological boundaries of the STN based
on MER, it is possible to create a model of the STN as a reference for active DBS
contact location based on real-time, intraoperatively acquired neurophysiological
data from the patient. There is a clear correlation between these locations and motor
improvement after STN-DBS, whereby more lateral stimulation within the boundaries
of the MER-based STN predicts more motor improvement after one year. This result is
in contrast to earlier studies that have used active contact location relative to MCP and
have reported no relation with motor improvement.

The neurophysiological generalized model of the STN can be used to complement
imaging studies in the search for better clinical outcomes of DBS. Other
neurophysiological modalities, like local field potential recordings, can be added to
the model, and can become important in future stimulation paradigms of steerable or
adaptive deep brain stimulation.



Electrode location in the MER-based STN can predict motor improvement

73






CHAPTER 5

Directional steering: a novel approach to
deep brain stimulation

M. Fiorella Contarino

Lo J. Bour

Rens Verhagen

Marcel A.J. Lourens

Rob M.A. de Bie

Pepijn van den Munckhof
P. Richard Schuurman

Neurology. 2014,83(13):1163-1169



76

CHAPTER 5

Objective: The aim of this study was to investigate whether directional steering
through a novel 32-contact electrode is safe and can modulate the thresholds for
beneficial and side effects of stimulation.

Methods: The study is a single-center, performance, and safety study. Double-
blind intraoperative evaluations of the thresholds for therapeutic benefit and for
side effects were performed in 8 patients with Parkinson disease while stimulating
in randomized order in spherical mode and in 4 different steering modes with the
32-contact electrode, and in monopolar mode with a commercial electrode. In
addition, simultaneous recordings of local field potentials through all 32 contacts
were performed.

Results: There were no adverse events related to the experimental device. For 13 of
15 side effects (87%), the threshold could be increased by = 1.0 mA while steering in
at least one direction in comparison to conventional spherical stimulation, thereby
increasing the therapeutic window by up to 1.5 mA. Recording local field potentials
through all 32 electrode contacts yielded spatiotemporal information on pathologic
neuronal activity.

Conclusion: Controlled steering of current through the brain may improve the
effectiveness of deep brain stimulation (DBS), allow for novel applications, and
provide a tool to better explore pathophysiologic activity in the brain.

Classification of evidence: This study provides Class IV evidence that for patients
with Parkinson disease, steering DBS current is well tolerated, increases the
threshold for side effects, and may improve the therapeutic window of subthalamic
nucleus DBS as compared with current standard spherical stimulation
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Introduction

Deep brain stimulation (DBS) is an effective treatment for movement disorders,
including Parkinson disease, tremors, and dystonia, and is being increasingly used
as investigational treatment for psychiatric disorders including obsessive-compulsive,
mood, and tic disorders.**? The efficacy of DBS may be limited by current spread into
adjacent structures, inducing side effects such as muscle contractions, dysarthria, and
cognitive or behavioral disturbances 33143

The DBS electrodes have not changed in the past decennia,*** and harbor four
cylindrical contacts, with a surface of 6.0 mm? and a spherical stimulation volume
with a radius of 0.5 to 4.0 mm (figure 1). To shift the horizon on potential applications
of DBS and explore brain areas hitherto unreachable, electrodes are needed that
have small contacts in close relation to local brain pathologic activity, can steer
stimulation selectively into any direction to optimize beneficial effects and minimize
side effects,?8-1% and are able to measure local field potentials to provide feedback
for adaptive DBS.*°

A new type of DBS electrode was developed (Sapiens Steering Brain Stimulation
BV, Eindhoven, the Netherlands), with 32 small electrode contacts that can be
independently activated in clusters, allowing for directional steering of the stimulation
field and directional recording of local field potentials.

We describe the application of steering DBS in awake patients undergoing DBS
surgery in the subthalamic nucleus (STN) for Parkinson disease.

As proof of principle, we tested the hypothesis that directional steering of DBS in the
STN can modulate thresholds for both beneficial effects and side effects, widening the
therapeutic window of stimulation in parkinsonism.
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a
Figure 1. Schematic representation of stimulation fields superimposed on the atlas image of a target area
for deep brain stimulation. (a) Conventional deep brain stimulation electrode with 4 cylindrical contacts.
Activation of one contact (yellow) yields a spherical stimulation field (blue), influencing both the target (Stn,
subthalamic nucleus) as the adjacent internal capsule (C.p.i.p.). (b) The 32-contacts experimental electrode.
Activation of a circular array of 12 contact points in 3 rows (yellow) produces a spherical stimulation field
(green) equivalent to conventional stimulation. () Activation of an array of 4 electrodes (yellow) yields a field
of stimulation (green), which can be modulated to avoid stimulation of adjacent structures, only stimulating
the target area. Atlas image from Schaltenbrand G, Wahren W. Atlas for Stereotaxy of the Human Brain.
Stuttgart: Georg Thieme Verlag KG; 1977. Courtesy of Georg Thieme Verlag KG.

Methods

Investigational devices

The 32-contact electrode has the same diameter as the commercial Medtronic
model 3389 electrode (1.27 mm) and carries 32 oval disc-shaped electrode contacts
arranged on 8 rows of 4 contacts, covering a total length of 6.0 mm (figure 1).

Each contact point is 0.80 mm x 0.66 mm, with a surface area of 0.42 mm?. The distance
between the rows is 0.75 mm, while the center-to-center distance between adjacent
electrodes in the same row is 100 mm.

Activating 12 contacts in 3 rows in circular fashion activates an area of 50 mm?,
equivalent to the currently used technique of spherical stimulation (figure 1b), while
activating a cluster of 4 contacts in a rhomboidal pattern produces an active area of 1.7
mm?, steering stimulation toward one quadrant (figure 1c).

The 32-contact electrode was connected to an external pulse generator system
for brain stimulation (Next Wave; TMSi, Enschede, the Netherlands) and local field
potential recording (Porti32; TMSi). Dedicated software (AiM system; Sapiens Steering
Brain Stimulation BV, Eindhoven, the Netherlands) provided the user interface for
controlling the stimulation and storing data. Stimulation was current-controlled, and
current was distributed across the activated electrodes.
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Patients

Patients with idiopathic Parkinson disease were included in the study between
October 2012 and April 2013.

Inclusion criteria were a diagnosis of idiopathic Parkinson disease with the clinical
indication for DBS of the STN, age older than 18 years, ability to comply with the
study assignments, and ability to give informed consent. Exclusion criteria were
disease severity according to Hoehn-Yahr stage 5, Mattis Dementia Rating Scale
score < 120, psychiatric contraindications for STN-DBS, general contraindications for
stereotactic surgery and general anesthesia, additional risk factors for intraoperative
or postoperative bleeding, diagnosis of acute myocardial infarction or cardiac arrest
up to 6 months before the screening, history of seizure, and general health issues that
would preclude extended surgery time.

Standard protocol approvals, registrations, and patient consents

The study was approved by the Medical Ethical Committee of the Academic Medical
Center of Amsterdam and the subjects signed an informed consent before inclusion.
The study was conducted in accordance with the Declaration of Helsinki (1964 and
later revisions), the Dutch Act on Medical Research Involving Human Subjects (WMO),
and the Standard EN ISO 14155:2011 on clinical investigation of medical devices for
human subjects-Good Clinical Practice. The trial is registered with Dutch Trial Register
(NTR3655).

Standard surgical procedure

Surgery was performed with standard technique, as previously reported.”2148 Briefly,
frame-based, three-dimensional MRI and Leksell Surgiplan software and stereotactic
frame (Elekta Instrument AB, Stockholm, Sweden) were used for targeting. Starting
point for calculations of the STN coordinates were 11 to 12 mm lateral, 2 mm posterior,
and 4 mm inferior to the midcommissural point. Visual adjustments were made based
on T2-weighted MRI. Paths were planned with 70° to 75° anterior angulation to the
intercommissural line and 20° to 30" lateral angulation from the midsagittal plane,
avoiding sulci, vascular structures, lateral ventricles, and the caudate nuclei. Electrode
implantation was performed with patients awake and without sedatives. Dopamine
agonists, when used, were gradually reduced, and then stopped three days before
surgery, while levodopa was stopped at least 12 hours before surgery. Microelectrode
recordings were obtained using three electrodes, placed in an array with central, lateral,
and anterior cannulas, with a center-to-center distance of 2 mm between the cannulas.
After delineation of the boundaries of the STN by microelectrode recordings, clinical
test stimulation was performed at several sites using the electrode's macrostimulation
tip. Based on the observed therapeutic window in the tested locations, the channel and

79



80

CHAPTER 5

depth for implantation of the DBS electrode were determined. Then the experimental
procedure was performed, followed by implantation of the permanent electrode (model
3389; Medtronic, Minneapolis, MN). After electrode implantation, the neurostimulator
was implanted under general anesthesia.

Study design

The study is a single-center, single-group, performance and safety study, conducted
acutely during regular DBS surgery with an observational period of two months after
surgery.

Study protocol

The rigid 32-contact electrode was inserted along the channel chosen for chronic
stimulation, on the first operated side. The depth of stimulation was chosen based on
the effects observed with test stimulation. Radiologic confirmation of the position of
the electrode was performed with intraoperative fluoroscopy. Test stimulation with the
32-contact electrode was performed in spherical mode, followed by four directional
modes with current steered in anterior, posterior, lateral, and medial direction in
randomized order, obtained as described above. Finally, a second spherical mode test
was repeated. Each different stimulation mode was used for up to 5 minutes. Between
the different stimulation modes, an interval of on average about 2 minutes was allowed
for reappearance of clinical symptoms. The total duration of the stimulation procedure
with the experimental electrode was on average 31 minutes (range 25 - 40 minutes).

The patient, the evaluating neurologist, and the neurosurgeon were blind to the
direction of the steering modes. Stimulation was performed with 130 Hz and 60 ps,
by progressively increasing current intensity at fixed steps of 0.5 mA, until side effects
induced discomfort to the patient and up to a maximum of 8 mA. In addition, local field
potentials were simultaneously recorded through the 32 contacts.

A standardized clinical test protocol to establish therapeutic effects and side effects
was followed, including standard scoring of parkinsonian symptoms according to the
Unified Parkinson's Disease Rating Scale, Part Ill, and a predefined list of questions
covering the potential and most frequently observed side effects.

After the second spherical mode test, the 32-contact electrode was extracted and
the commercial DBS electrode (model 3389; Medtronic) was implanted for chronic
stimulation, with radiologic confirmation using intraoperative fluoroscopy. Test
stimulation was then performed via the commercial electrode with the contact point
situated at the chosen stimulation site. Standardized neurologic examination of the
patient was conducted repeatedly to assess safety.
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Evaluation of outcome

The current intensity threshold (mA) for inducing side effects or motor benefit on
rigidity with the commercial electrode in monopole mode and with the 32-contact
electrode in spherical mode was compared for evaluation of equivalence. Only
effects with reproducible and consistent thresholds were considered. The difference
in stimulation threshold was considered significant when it was = 1 mA. The overall
effect of the 32-contact electrode in spherical mode was considered equivalent to
the commercial electrode when at least 65% of the effects occurred at comparable
thresholds with a lower limit of the 90% confidence interval (CI) = 1 mA.

The therapeutic window was defined as the difference in mA between the threshold
for obtaining clinical benefit on rigidity and the threshold for eliciting any side effect.

All patients underwent a postoperative CT scan within one to two days after surgery.
Information on side effects and complications was collected during routine follow-up
visits one week and two months after surgery.

Statistical analysis

This is a pilot study on a new investigational device: no previous clinical data are
available on the clinical effects of steering stimulation in patients. Statistical analyses
were performed using SAS version 9.3 software (SAS Institute, Cary, NC). Non-
parametric methods were used as the Wilcoxon signed rank test for location testing
and the binomial test for proportion testing. The one-sided exact Clapper-Pearson
95% Cl was used to demonstrate equivalence.

Classification of evidence

This study provides Class IV evidence that for patients with Parkinson disease,
steering DBS current is well tolerated, increases the threshold for side effects, and
may improve the therapeutic window of STN-DBS as compared with current standard
spherical stimulation.

Results

Demographic and clinical data of the eight patients included in the study, and details
concerning the experimental procedure are reported in table 1.

Safety
No unexpected adverse events were observed during the experimental procedure.
There were no serious adverse events. A total of 20 adverse events were reported in
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seven patients (table S1 in supplementary materials). None of them were severe or
related to the experimental device. All of the adverse events except for one (restless
legs) resolved within the time window of the study.

Clinical effects of stimulation

Eighteen reproducible clinical effects were induced during the experiments, comprised
of those effects often seen in DBS implantations for Parkinson disease. Thresholds for
improvement of rigidity could be tested in three patients. In the remaining patients,
all Parkinson symptoms disappeared after introduction of electrodes into the brain,
which is a well-known transient effect and a predictor for good outcome of surgery,
but it made rigidity tests unfeasible in these patients. In one patient, dyskinesias
occurred during stimulation, which are involuntary movements that can be induced
by dopaminergic medication, and if occurring during surgery, are also predictors of
good clinical outcome. The other 14 observations concerned side effects: dysarthria (n
= 3), gaze paresis (n = 6), muscle contractions (n = 4), and paresthesia (n = 1).

Thresholds observed with the first and the second spherical mode were equal in 11 of

13 tested effects, showing that fatigue and stunning effect did not vary in the time of
testing.

Table 1. Demographic and clinical details of the patients included in the study

Patient Sex Age(y) Disease UPDRSIIl, Durationtotal Test Stereotactic
duration off/on experimental side coordinates of
(y) procedure test point, mm
(min) X v Z
1 M 474 8 38/10 50 L 117 16 42
2 M 534 12 45/13 33 R 110 23 34
3 M 545 5 26/12 38 R 112 17 39
4 M 619 8 43/13 40 R 16 00 13
5 M 435 7 26/12 49 R 139 07 26
6 F 63.0 13 41/11 32 L 128 20 29
7 = 60.8 17 32/20 38 L 104 51 56
8 F 651 16 31/7 28 L 112 21 25
Average, 5M/ 56.2 10.8 35375/ 385 4L/ 17 19 &3
mean + SD 3F +78 +44 123 +37 +78 4R +11 +15 +13

UPDRS Il = Unified Parkinson's Disease Rating Scale, Part Ill. Stereotactic coordinates are given with
respect to the midcommissural point.
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Equivalence

The thresholds of the effects of spherical stimulation, with 12 of the 32 contacts on the
new electrode activated, were comparable to the thresholds of monopolar stimulation
through the conventional electrode at the same location in 16 of 18 cases (difference
<10 mA in 88.9%; table 2), demonstrating equivalence between the two electrodes
(Clapper-Pearson Cl within the equivalence margin, p < 0.0001).

Steering DBS

In 13 of 15 side effects (86.7%), thresholds obtained with spherical mode stimulation were
different (= 1 mA) than those obtained in at least one steering direction, showing that
steering was effective in modifying the threshold for side effects by selectively targeting
different areas (figure 2, table 2). In 8 of 15 side effects, there was at least one steering
direction that allowed increasing the threshold for side effects of = 1.0 mA (steering away
from the side effect). Increase in threshold could mainly be observed when shaping in
the anterior direction (6 times, 4 times = 1 mA) or medial direction (6 times, 5 times = 1
mA), while decrease in threshold (steering toward the side effect) was most frequently
seen in the lateral direction (8 times, 4 times = 1 mA).

In all of the side effects induced with the steering modes, the lowest thresholds
obtained with one steering direction varied = 1.0 mA with the threshold of at least one
other steering direction.

Effects known to be caused by stimulation of the capsule (gaze paresis, muscle
contraction, dysarthria) were observed with a lower threshold when steering the
stimulation to the lateral direction as opposed to the medial direction in 9 of 13 cases
(in 7 cases = 1.0 mA difference). Paresthesia was observed at a lower threshold on the
posterior channel with respect to the anterior, as expected based on the location of
the medial lemniscus.
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Figure 2. Spider plot representing the thresholds of all observed clinical effects per patient. Green markers
indicate thresholds in the steering directions. Red circles indicate the thresholds obtained by stimulation in
spherical mode. A = anterior; L = lateral; M = medial; P = posterior.

In all of the three cases in which improvement of rigidity was evaluated, there was
no difference in threshold between the spherical mode and each of the four steering
directions (in all three cases, the maximum reduction of threshold by steering was 0.5
mA, table 2). There was also no difference between the monopolar stimulation through
the conventional electrode and the steering directions (table S2 in supplementary
material). These findings suggest that the electrode was centered on the target structure.
Threshold for improvement of rigidity obtained with one steering direction differed
regarding the opposite steering direction of maximum 1.0 mA (table S2, figure 3).

Therapeutic window

The difference between the threshold to obtain clinicalimprovements and the threshold
at which side effects occur (therapeutic window) could be increased in patient 6 from
0.5 to 1.0 mA by steering stimulation in the posterior direction, in patient 7 from 1.0 to
25 mA by steering in the posterior direction, and in patient 8 from 2.0 to 25 mA by
stimulating in the anterior direction (figure 3).
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Table 2. Thresholds of effects (mA) obtained with stimulation through the 32-contact electrode in

“spherical mode" and the commercial electrode in “monopolar mode”

Effect 32-contact 3389 Difference  Max delta steering Max delta steering
"S' electrode  electrode 32-contact away (threshold toward (threshold
B spherical monopolar /3389 (mA) steering-threshold steering<threshold
a mode (mA) (mA) spherical mode, spherical mode,
mA) mA)
5  Dysarthria 35 35 0 o] — 10 Medial/
lateral
6 Dysarthria 25 25 0 10 Anterior/ O -
medial
7  Dysarthria 25 25 0 10 Posterior/ 0.5 Lateral
medial
6 Dyskinesia 10 10 0 25 Medial 0] -
1 Gazeparesis 50 3.0 20 0 = 20 Lateral
2 Gazeparesis 40 35 05 05 Anterior 10 Medial
4 Gaze paresis 35 40 -05 10 Anterior/ 15 Lateral 5
medial
5 Gazeparesis 15 15 0] 10 Medial [0} —
7 Gazeparesis 25 30 -05 10 Posterior 0.5 Lateral
8 Gazeparesis 35 30 05 o] — 10 Lateral
2 Muscle Bl5 4.0 -05 15 Anterior O —
contraction
5 Muscle 35 35 0 05 Lateral 10 Medial
contraction
6 Muscle 3.0 3.0 0 05 Anterior 0.5 Posterior/
contraction lateral
8 Muscle 35 30 05 05 Medial 05 Lateral
contraction
2 Paresthesia 10 10 0 20 Anterior O -
6 Improvement 20 20 6] 05 Anterior 05 Posterior
of rigidity
7 Improvement 15 40" 25 05 Medial 05 Posterior/
of rigidity lateral
8 Improvement 15 10 05 0] — 05 Anterior

of rigidity

*When an effect was not observed, the last tested amplitude is reported.
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Ring mode Steering directions
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Figure 3. Difference in therapeutic window between stimulation in spherical mode and steering stimulation.
Spider plots representing the difference in therapeutic window between stimulation in spherical mode (left)
and stimulation in the 4 steering directions (right). Red arrows indicate the steering direction with the largest
therapeutic window. ANT = anterior; LAT = lateral; MED = medial; POST = posterior.

Local field potentials

Simultaneous recordings of local field potentials from the 32 contacts when stimulation
was turned off yielded the boundaries of the STN by showing increased spectral
power particularly in the g band (13 - 40 Hz). In addition, recordings across the four
directions showed distinct spatial patterns of neuronal activity, identifying areas with
increased pathologic activity within the nucleus (figure Sl in supplementary material).
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Discussion

This study showed that stimulation with the novel 32-contact electrode is safe, is
capable of reproducing effects equivalent to the currently used electrodes, and can
selectively influence the threshold for beneficial clinical effects and for side effects,
thereby increasing the therapeutic window of DBS. No adverse events were observed
during the intraoperative stimulation protocol.

In this study, we have shown that directional steering offers the opportunity of
increasing the thresholds for the appearance of side effects, by redirecting the field of
stimulation away from the anatomical structures responsible for the side effects and
leaving the threshold for beneficial effects unaltered or even reduced. The possibility
of directional steering can greatly improve effectiveness of current applications of
DBS in movement disorders and psychiatric illness. Improvement of the therapeutic
window was sizable in at least one of the patients (patient 7), while it was not striking
in the other two. This was likely attributable to the fact that the threshold for inducing
benefit was already low with the stimulation in spherical mode, suggesting a satisfying
location of the electrode in the target structure.

Because of time constraints, the test stimulation was limited to four standard steering
directions: it is reasonable to think that results could be further improved by more
flexible fine-tuning of the stimulation fields.

It is known that intraoperative effects are predictive of long-term performance!®,
thus results obtained in this study could be suggestive for similar results with chronic
stimulation: this would need to be verified in an appropriately designed long-term
study with the implantable system, once available.

In a chronic setting, steering could also be used to reduce the incidence of other side
effects, such as cognitive deterioration or psychiatric and behavioral disturbances,
which cannot be tested intraoperatively. The implications of this new technique are
manifold. The possibility of directional steering can greatly improve effectiveness
of current applications of DBS in movement disorders and psychiatric illness. The
improved efficacy of stimulation would also allow a reduction of the energy needed,
improving battery life.

New treatments can be designed by stimulation applied locally in small brain areas
that are currently inaccessible because of possible induction of side effects, such as
small subnuclei in the hypothalamus, in the fornix, the upper brainstem, or even the
medulla oblongata and spinal cord. Vulnerable areas such as the limbic system can
be stimulated with more precision and less risk, while the options for activation of
these areas in behavioral and cognitive disturbances at present are limited.
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Developmentsinstructuraland functionalbrainimaging, coupled with neuroanatomical
studies, are rapidly increasing our understanding of connections and network activity
throughout the brain in both normal and pathologic brain states#®'*°, opening up the
possibility of influencing the brain's pathologic function in many other diseases.

Directional steering of stimulation also allows exploration of the anatomical origin
of the observed clinical effects, providing more insights in the pathophysiology of
movement and cognition. Measuring simultaneously multichannellocal field potentials
allows three-dimensional pattern recognition, which can be used to improve the
intraoperative localization of the target structures and will provide a completely new
tool for functional analysis of network activity in the brain.

Small-scale variation in (pathologic) brain activity calls not only for high-resolution DBS,
but also for new adaptive stimulation paradigms based on these individual regional
differences.®! Sensing mechanisms of local neuronal field potentials can provide the
feedback of brain function on which small, steered, and adaptive stimulation can be
optimized,®° so that DBS will become a two-way phenomenon with enhanced specificity.
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Supplementary materials

Table S1. Adverse events reported during the study

Patient Side effect Resolved Severity Related Related to Related to
to the standard standard
experimental surgery chronic
procedure stimulation

During surgery *

24 Warmth Yes 1 Not related Possibly related  Not related

1 Nausea Yes 1 Not related Not related Not related

2 Stiff neck Yes 1 Not related Possibly related  Not related

4 Sweating Yes 1 Not related Possibly related  Not related

3 Dyskinesias Yes 1 Not related Not related Not related

3 Headache Yes 1 Not related Possibly related  Not related

Early postoperative period (< 2 weeks postoperatively)

2456 Headache Yes 1 Unlikely Unlikely Not related
related/Not related/Possibly
related related

1 Confusion Yes 1 Possibly related Possibly related  Not related

3 Heartburn Yes 1 Not related Unlikely related  Not related

1 High blood Yes 2 Not related Not related Not related

pressure

3 Subcutaneous Yes 2 Not related Possibly related  Not related

bleeding
around the IPG

5 Swelling nose  Yes 1 Not related Not related Not related

5 Attention Yes 1 Not related Unlikely related  Not related

problems

4 Vomiting Yes 1 Not related Possibly related  Not related

Up to 2 months postoperatively

4 Disinhibition Yes 1 Not related Not related Possibly

related

8 Restless legs ~ Ongoing 2 Not related Not related Not related

*All adverse events reported during surgery were observed before the insertion of the experimental

electrode.
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Table S2. Thresholds of effects (mA) obtained with stimulation through the 32-contact electrode in the
four steering conditions.

Patient Observed Anterior  Posterior Medial Lateral Max delta

effect between
two steering
modes

5 Dysarthria 30 35 25 25 10

6 Dysarthria 35 25 35 25 20

7 Dysarthria 25 35 35 20 15

6 Dyskinesia 15 10 35" 10 10

1 Gaze paresis 50" 4.0 50 3.0 2.0

2 Gaze paresis 45 35 30 40 15

4 Gaze paresis 45 40 45 20 25

5 Gaze paresis 20 20 25 15 15

7 Gaze paresis 30 35 25 20 10

8 Gaze paresis 35 35 35 25 10

2 Muscle 5.0 40 8IS 45 15
contraction

5 Muscle 35 35 25 4.0 10
contraction

6 Muscle Bl 25 30 25 15
contraction

8 Muscle 35 35 40 3.0 10
contraction

2 Paresthesia 30 20 20 20 10

6 Improvement of 25 15 20 20 10
rigidity

7 Improvement of 15 10 20 10 10
rigidity

8 Improvement of 1.0 15 15 15 05
rigidity

*When an effect was not observed, the last tested amplitude is reported
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Figure e-1. Spectral representation of local field potentials simultaneously recorded from the 32-contact

electrode in one patient. The dashed bar represents the extrapolated dorsal border of the STN as

defined by microelectrode recordings in the same subject. (a) Representation of spectral powers of all

simultaneous LFP recordings averaged per depth across all directions. A clear increase in power in the beta

frequency range (13 - 40 Hz) marks the dorsal border of the STN. (b) Spectral representation of individual

LFP recordings for each contact. Color range represents power intensity in the beta frequency band (13 - 5
40 Hz), normalized to the maximal beta power in the whole array. The laterally/anteriorly located contacts

show higher power in the beta band than the medial/posterior contacts, showing regional differences in

pathological activity within the target nucleus.
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Objective: A new 32-contact deep brain stimulation (DBS) lead, capable of
directionally steering stimulation, was tested intraoperatively. The aim of this
pilot study was to perform recordings from the multidirectional contacts and to
investigate the effect of directional current steering on the local field potentials
(LFP).

Methods: In eight patients with Parkinson's disease, after standard microelectrode
recording and clinical testing, the new lead was temporarily implanted. The
32-channel LFP recordings were measured simultaneously at different depths and
directions before and after directional stimulation.

Results: The spatial distribution of LFP power spectral densities across the contact
array at baseline marked the borders of the subthalamic nucleus (STN) with a
significant increase in beta power and with a mean accuracy of approximately 0.6
mm in four patients. The power in the 185 - 30 Hz frequency band varied across
different directions in all patients. In the three cases that showed improvement of
rigidity, this was higher when current was steered toward the direction with the
highest LFP power in the beta band. Subthalamic LFP in six patients showed a
differential frequency-dependent suppression/enhancement of the oscillatory
activity in the 10 - 45 Hz frequency band after four different ‘steering’ modes as
compared to ring mode, suggesting a higher specificity.

Conclusion: Through a new 32-contact DBS lead it is possible to record
simultaneous subthalamic LFP at different depths and directions, providing
confirmation of adequate lead placement and multidirectional spatial-temporal
information potentially related to pathological subthalamic electrical activity and to
the effect of stimulation. Although further research is needed, this may improve the
efficiency of steering stimulation
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Introduction

The subthalamic nucleus (STN) is the predominantly chosen target for deep brain
stimulation (DBS) in patients with Parkinson's disease.'1521% Abnormal oscillatory
electrical activity of ensembles of neurons in the STN, observable in the amplitude
modulation of the firing patterns of these neurons in a frequency range from
approximately 10 - 35 Hz, is related to the severity of the parkinsonian state 96102105159
The amount of spectral power is related to the clinical status of the patient and the
level of anti-parkinsonian medication 25939910010615215¢-164  E( rthermore, STN-DBS is
capable of modulating this oscillatory activity.25140165.166

Oscillatory amplitude modulation is not only observed in the spiking patterns of STN
neurons, but can also be recorded from the local field potentials (LFP), which are the
low frequency (< 500 Hz) fluctuations of electrical activity. LFP reflect the linearly
summed postsynaptic potential from local cell groups 2106163167168 Ag sych, LFP show
a relationship with the envelope of the neural spiking pattern®7:1% and consequently
are related to the on or off state of the patient or to motor tasks. Interaction between
different frequency bands has been described 25163169-174

Therefore, for intraoperative fine tuning of STN localization, LFP could be used instead
of the microelectrode recording (MER).24%Y5 This could give the advantage that
electrophysiological localization of the STN is derived directly from the same DBS
lead that is used for chronic stimulation. In addition, knowledge about the relationship
between the frequency characteristics of LFP and clinical status could be used to
optimally adapt chronic DBS,2091174176

The current pilot study describes LFP derived from a new 32-contact DBS lead. As
compared with the currently available leads, in a first observation this new lead not
only seems to provide higher resolution depth localization of neuronal activity, but
also directional information which could be used to improve targeting and to support
adaptive DBS.

Materials and methods

Participants and surgery

The study was approved by the Medical Ethical Committee of the Academic Medical
Center of Amsterdam. All the subjects received oral and written information and signed
an informed consent. The study was conducted in conformity to the Declaration of
Helsinki, the Dutch Act on Medical Research Involving Human Subjects (WMO) and
the Standard EN ISO 14155: 2011 on clinical investigation of medical devices for human
subjects e-Good Clinical Practice.
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Eight patients with a diagnosis of idiopathic Parkinson's disease who were candidate
for STN-DBS were included in the study. Details of the surgical procedure have been
described in detail elsewhere 26 Lead implantation was performed with patients being
awake, without sedatives, and in the practically defined off medication condition. MER
were obtained from three needles (FHC, micro/macro electrode model 291), placed
in an array with central, lateral, and anterior cannulas, with 2 mm distance. Clinical test
stimulation was performed at several sites.

Investigational devices

The new 32-contact lead has the same diameter as the commercial Medtronic 3389
and 3397 leads (127 mm).2?¢ The 32 contacts, each with small dimensions (0.66 x
0.80 mm) and surface (0.42 mm3), are equally distributed on the circular surface of
the lead with a center-to-center distance of 0.75 mm. The array is arranged in eight
rows covering a total length of 6.0 mm, with on each row four contact points. The
return current electrode consisted of a patch attached to the shoulder. An external
pulse generator system for brain stimulation (Next Wave, TMS International BV)
was connected to the contacts by means of a manually operated switch box. The
stimulus profile consisted of a short duration (width 60 ps) high voltage negative
pulse, a short period (100 ps) of zero voltage and a longer duration (width 600 ps)
low voltage positive pulse, such that the negative and positive pulse were charge
balanced. Repetition rate of the paired pulses was 130 Hz. Stimulation was current-
driven, in multi-electrode monopolar fashion and the applied currents varied between
0.5 mA and 5 mA, whereas the current was increased or decreased with steps of 0.5
mA. Dedicated software (AiM system, Sapiens Steering Brain Stimulation BV) provided
the user-interface for continuously controlling the stimulation and storing the data.
Maximum voltage was limited by the power supply to 15 V. By all these arrangements
charge densities were within safe limits. Monitoring of the impedance of the prototype
lead, including wiring and contacts, during the stimulation procedure yielded in a
total of approximately 2.0 kQ and 3.5 ka for ring and steering mode, respectively. The
impedance of a single contact of the standard Medtronic lead was 1.5 kQ.

Experimental test procedure

After completion of the routine MER and test stimulation on the first side, the rigid
32-contact lead (Sapiens Steering Brain Stimulation BV, Eindhoven) was inserted
temporarily along the channel chosen for chronic stimulation. The Z-level for the
experimental protocol was chosen according to clinical data obtained during test
stimulation with the microelectrodes before the experimental protocol. Lead position
was confirmed by intraoperative fluoroscopy. A test stimulation protocol with the
32-contact lead was then performed in ring mode, and four steering modes (anterior,
posterior, lateral, medial) in blinded randomized order, as previously described
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A standardized clinical test protocol to establish therapeutic effects and side effects
was followed, including standard scoring of parkinsonian symptoms according to
the UPDRS lll, and a predefined list of questions covering the potential and most
frequently observed side effects. The four steering directions were tested in a
randomized order and the evaluating neurologist, the neurosurgeon and the patient
were blind to the direction of steering. A ring mode is achieved by using a selection of
12 electrodes on three adjacent rows, such that a spherical field of stimulation can be
created, which is similar to that produced by the existing DBS systems in monopolar
mode. By using a small cluster of four adjacent electrodes, arranged in a diamond
shape, directional stimulation was created (steering). Each different stimulation period
lasted 3 - 5 min, followed by an interval of on average about 2 min for reappearance
of clinical symptoms. LFP recordings with a 32-channel DC amplifier’?® with a low-
pass frequency of 500 Hz (12 dB/oct) and within the used frequency band having
a noise level of < 1 uV-RMS and a common mode rejection ratio (CMRR) > 90 dB,
were performed before and after stimulation and stored for offline analysis, which was
performed after the completion of the study in all patients. The high input impedance
(> 1Taq) of the amplifiers makes them rather insensitive to impedance variations of the
source (Porti7-32et, TMS International BV).

The 32-contact lead was then extracted, and the Medtronic 3389 DBS lead was
implanted for chronic stimulation. All patients underwent a post-operative CT scan.

Signal analysis

LFP signals were recorded against a common reference, i.e., the average potential of
allactive contact points with a sample frequency of 2048 Hz. Analog data were filtered
from DC to 500 Hz. For initial inspection of the data, they were digitally band-pass
filtered between 3 Hz and 80 Hz with a non-causal 4th order zero phase Butterworth
filter (forward and reverse IIR filtering) and segments of interest were selected. To avoid
circular convolution artefacts, at the start and the end of the recording an extra second
of data was added (data padding), which afterward was removed. For subsequent
detailed analysis of the spatiotemporal distribution of the LFP inside the STN and the
effect of DBS on the LFP, segments of interest were selected from the original data and
were band-pass filtered between 8 and 80 Hz with the same filter as described above.
In the LFP signals sometimes artefacts were observed in the forms of short jumps'in
the data, which are probably hardware related. To account for artefacts, an automatic
artefact detection algorithm was applied”” and visually inspected afterward. In short,
after data padding and subtraction of the mean the segments were band-pass filtered
and the amplitude envelop of the filtered segments were calculated using the Hilbert
transformation. If the average of the z-score of the amplitude envelope of all channels
exceeded a predefined value, it was supposed there was a common artefact present
in all channels. The artefact detection procedure results in the start and end indices
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of epochs, which can be used to extract artefact-free data epochs from the original
data. Only artefact-free data epochs longer than 2 s were selected for further analysis.
Subsequently, the selected artefact-free data epochs were filtered in the same way as
the segments in the artefact detection method, however, now after filtering the epoch
means were subtracted, i.e., ignoring data padding. Furthermore, a 50 Hz discrete
Fourier transform filter was applied to remove powerline artefacts’”” and the added
data parts again were removed. Finally, data were downsampled to 256 Hz.

The Welch method with 50% overlap and a spectral resolution of 0.5 Hz was used for
the estimation of the power spectral densities. If there was more data than one epoch
(length of at least 2 s), power spectra of all epochs were averaged. Calculations of the
power spectra were performed on monopolar derivations where each contact was
referenced to the average of all active contacts (common reference). Based on the
PSD measured in the patients of this study, which partially reflected also subdivisions
used in the literature'®, the spectrum between 3 and 45 Hz was subdivided into four
bands: 1) from 3 to 9.5 Hz, 2) from 10 to 18 Hz, 3) from 18,5 to 30 Hz, 4) from 305 to
45 Hz. To evaluate the effect of stimulation, power spectral densities were calculated
across the electrode array just prior to (at least 15 s) and immediately 15 s after each
stimulation mode. It is supposed that the spectral distribution immediately after high
frequency stimulation reflects most of the effect on the LFP power. Suppression or
enhancement of power after stimulation was calculated as the percentage of the
power just prior to stimulation in three frequency bands, i.e.,, 10 - 18 Hz, 185 - 30 Hz
and 30.5 - 45 Hz.

For the spectrogram the Welch method with 1-second, 75% overlapping windows was
used, and the windows were multiplied with a Hanning window. The spectrogram was
computed on a frequency grid of 8 - 50 Hz with step size 0.5 Hz using the Goertzel
algorithm. Only LFP recordings with the patient at rest were analyzed.
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Figure 1. (a) shows a schematic two-dimensional display of the multi array lead. (b) shows schematically
the position of the lead inside the STN (yellow) in a stereotactic atlas in a sagittal view at 12 mm from AC -
PC. (c) shows for each contact point the power spectral density of the LFP between O and 40 Hz at baseline
in the unfolded 2D array display in patient 6. Based on the MER recordings in this case all 32 contacts were
completely inside the STN. On top of the array, the direction towards which each contact is heading is
indicated (for instance, contact 1, 9, 17, and 25 are heading in the anterior direction). The contact points 24
and 28 boxes are filled with a red cross because here pre-amplifiers went into saturation due to a too high
DC offset, and therefore LFP recordings were not possible.

Statistical analysis

A balanced one-way ANOVA test was performed to identify significant variations in
power in the different frequency bands across depths at baseline. The average depth
power of n 2-second epochs for two frequency bands, i.e,, 3 - 10 Hzand 11 - 40 Hz, was
calculated as a function of depth. For each epoch, the depth power for a frequency
band was obtained by averaging the power spectral density (PSD) of all contacts at the
same depth followed by integrating the logarithmic averaged PSD over the frequency
band range and dividing by its range. A multi-comparisons Tukey Kramer method was
used to assess variability across depths (significant level a = 0.001) and a post-hoc
contrast test was performed to compare the total power at the locations outside the
STN with those inside the STN as defined by MER.
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A one-way ANOVA was performed to assess significant variability in power variation
after different stimulation modes in the three frequency bands for each patient. When
the results of ANOVA were significant, a multi-comparisons Dunnet post-hoc test
having ring stimulation as control group was performed to test the hypothesis that the
steering directions produced different results than the conventional ring stimulation.

Results

Clinical features

Eight patients (5 males, average age 56.2 + 7.8 years) were included in the study. The
average disease duration was 10.8 + 4.4 years (range 5 - 17 years) and the average
UPDRS lll score was 35.3 + 7.5 off medication and 12.3 + 3.7 on medication.'?

Spectral distribution across contact array

The 32-contact DBS lead (figure 1a) implanted inside the STN (figure 1b) allowed
discrete high-density 3D LFP recordings at baseline. Across the contacts that were
localized inside the STN, a rather large variability of the LFP power spectral density
(PSD) in direction, depth and distribution has been observed in all the patients. An
example is provided in figure 1c. PSD at baseline show a multimodal distribution with
peaks in the 3 - 95 Hz, 10 - 18 Hz and 18.5 - 30 Hz frequency bands.

In patients 1, 2, 3, and 4 the contacts of the experimental lead were lying partly outside
the STN, while in patients 5, 6, 7 and 8, MER recordings indicated that all contact points
of the experimental lead were completely inside the STN and therefore, it was not
possible to identify the dorsal border by LFP in these patients. The average power
spectral density at each depth for patients 1 and 2 is shown in figure 2. In these two
patients it is observed that along the length of the electrode the distribution of power
is different across the different frequencies.
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Figure 2. The left and right panels show for patients 1 and 2, respectively, the average logarithmic LFP
power spectral density across the 3 - 40 Hz frequency band of all contact points at each depth (eight
rows). For clarity the distal end of the new 32-contact DBS lead is shown at the right. The white dotted line
indicates the start of the STN as extrapolated by MER. The vertical bar at the right of each panel indicates
logarithmically the relationship between power and saturation of the color; white is highest power.
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Figure 3. In four patients the average depth power of n 2-s epochs for two frequency bands, ie., 3 - 10 Hz
(blue dashed line) and 11 - 40 Hz (green line), is illustrated as a function of depth. The number of epochs
was 77,9, 7, and 50 for patients 1, 2, 3, and 4 respectively. For convenience the dorsal border of the STN, as
detected by MER, is positioned at +0.00 mm. The upper and lower black dashed lines indicate the dorsal
and ventral border of the STN as determined by MER, respectively. The red error bars around each mean
are the comparison intervals determined by the multi-comparisons Tukey Kramer method (significant level
is a = 0.001). For balanced one-way ANOVA, significant difference between two mean values means no
overlap of their comparison interval. For all patients, ANOVA showed a significant variability across depth
(p < 0.005 for both frequency bands). Post-hoc contrast showed a significantly higher power in the 11 - 40
Hz measured inside than outside the STN for all patients (o < 0.0001). For the 3 - 10 Hz band power was
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significantly higher inside than outside only in patients 3 and 4 (p < 0.001).
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In figure 3 it is shown that in patients 1, 2, 3, for the detection of the borders of the
STN with a 32-contact DBS lead, the LFP power within the frequency band of 11 -
40 Hz could be used, while in patient 4 no step change but a gradual tailing off was
observed. Balanced one-way ANOVA showed a significant variability across depth in
all four patients (p < 0.001 for the 11 - 40 Hz band and p < 0.005 for the 3 - 10 Hz band).
Post-hoc contrast showed a significantly higher power in the 11 - 40 Hz measured
inside with respect to outside the STN for all patients (p < 0.0001). For the 3 - 10 Hz
band this was significantly higher inside than outside only for patient 3 and 4 (p <
0.001). An abrupt power increase within the 11 - 40 Hz frequency band was observed
at a mean distance of 0.6 mm (range 0.25 - 1.15) from the dorsal border of the STN as
determined by MER. The difference in logarithmic power spectral density between the
last point located outside the STN and the first point located inside the STN was -6.9,
-9.1, and -10.0 for patients 1, 2, and 3 respectively. For patient 4, as noted above, this
difference was -0.9, while a turning point with -7.3 difference was seen about 1.5 mm
above the MER-defined STN border.

In most patients, the spatial distribution of power in the low frequencies (< 10 Hz)
was different from the higher (10 - 40 Hz) frequencies, which indicates a different
neurophysiological meaning of the lowest versus the higher frequencies. Figure 4a
demonstrates that power distribution in the low frequency band is highest both in the
anterior direction along the whole STN and in the medial-posterior direction, more
dorsally (patient 6). Local peaks lie between 4 and 8 Hz. Comparison of figure 4a with
the higher frequency range (figure 4b) shows a different power distribution inside the
STN for the 10 - 40 Hz compared to the O - 10 Hz: here highest power is found in the
medial-posterior direction, more ventrally. All contacts show a peak at about 21 Hz,
however, contacts 7,19, 22, 21, 27, and 29 also show a local peak in the 10 - 18 Hz band.
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Figure 4. For each contact point, the power spectral density of the LFP at baseline in the unfolded two-
dimensional array display in patient 6 is shown. Here, the power spectral density between O and 40 Hz
inside the STN has been split up into (a) a low frequency part (< 10 Hz) and (b) a higher frequency part
(10 - 40 Hz) to emphasize the different spatial distribution between these two frequency bands. On top
of the array, the direction toward which each contact is heading is indicated. For instance, contact 1, 9,
17, and 25 are heading in the anterior direction. The figure shows that the power distribution in the low
frequency band, (a), is highest both in the anterior direction along the whole STN and in the medial -
posterior direction, more dorsally while the higher frequency range, (b), shows a completely different
power distribution: highest power is found in the medial - posterior direction, more ventrally. Local peaks
lie between 4 and 8 Hz. All contacts show a peak at about 21 Hz, however, contacts 7, 19, 22, 21, 27, and 29
also show a local peak in the 10 - 18 Hz band.

Power spectral densities recorded across all contact points inside the STN show for
all patients a peak between 18.5 and 30 Hz with an average peak frequency of 24 Hz
(figure 5a and b). In patients 1, 3, 4, and 7 a peak also is present in the 10 - 18 Hz range
with an average peak frequency of 13 Hz. The superimposed spectral distributions
(figure 5b) suggest a subdivision into two different frequency bands between 10 and
30 Hz with a bimodal spectral distribution. Based on these distributions further analysis
of the spectrum between 10 and 45 Hz was performed in three separate frequency
bands 1) from 10 to 18 Hz 2) from 18.5 to 30 Hz 3) from 30.5 to 45 Hz.
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Figure 5. (a) depicts for each patient the relative power spectral densities between 10 and 50 Hz averaged
across all contact points located inside the STN at baseline. (b) shows the same spectra as shown in (a) but
now superimposed. The two red vertical dashed lines in each panel indicate the frequencies 18 and 30 Hz.
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Figure 6. For all eight patients the absolute power distribution into each direction at baseline is shown.
Power has been averaged along the contact points lying inside the STN for eight columns. Indicated in
the figure are the three chosen frequency bands with different colors. Next to these ‘spiderplots’ the final
DBS electrode position is shown in an axial display on the early postoperative CT fused to the preoperative
MRI at the best level of the STN. In some patients the images are left/right flipped, so that all electrodes
are shown on the right side. Recordings at the electrodes into the anterolateral direction for patient 5 were
saturated and therefore missing. In patients 6, 7, and 8 it was possible to test forimprovement of rigidity. The
stimulation direction which produced improvement of rigidity at the lowest threshold corresponded with
the location of the highest LFP power in the 18,5 - 30 Hz band in all three cases.
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Figure 6 demonstrates the spatial distribution of the power spectral densities in different
directions around the lead for the contacts that were located inside the STN. Patients 1
and 6 show a preponderance of maximal power into the posteromedial direction. Patients
2 and 3 show a preponderance of maximal power into the anterolateral direction and
patients 7 and 8 more into the anteromedial direction. For patient 4 this is more into the
medial direction. The difference in direction of the maximal power across the patients
likely reflects a slightly different location of the lead with respect to the active spots
within the STN, or inter-patient anatomophysiological variability. In the three patients
in whom no stun effect was observed after insertion of the lead (patients 6, 7, and 8),
clinical effect on rigidity could be tested?® The stimulation direction which produced
improvement of rigidity at the lowest threshold corresponded with the location of the
highest LFP power in the 18,5 - 30 Hz band in all three cases.

Effect of stimulation

The analysis shows that stimulation produces either LFP power suppression or
enhancement. LFP power variation is not equivalent across patients and, even in the
same patient, it is different across recording directions and across frequency bands
(figures 7 - 9). Moreover, different stimulation modalities (ring mode or different steering
modes) produced different patterns of suppression (figures 7 - 9). In general, in the
frequency band from 18.5 to 30 Hz suppression was always observed, irrespective of
stimulation pattern, whereas enhancement of LFP power during anterior, posterior,
lateral or medial steering has been observed in the 10 - 18 Hz and the 305 - 45 Hz
frequency bands. These variations did not always reach significance in the individual
patients (figure 9). If one-way ANOVA showed significant variation (p < 0.05), post-hoc
analysis was performed. One consistent result in all patients was a significant increase
in power in the 30.5 - 45 Hz band in at least one steering direction with respect to
the ring mode. Enhancement after ring mode stimulation has never been observed
(figure 9). Interestingly, considering each frequency band separately, ring mode not
necessarily gives the highest suppression (figure 9). Comparing the directional spatial
distribution of the power spectral density in the 10 - 18 Hz and 185 - 30 Hz ranges
(figure 6) with the amount of suppression for different steering modes (figure 9), it
appeared that the percentage of power suppression was higher in the direction where
the highest baseline power was measured. Patients 2 and 3, having higher power at
the anterolateral side, show highest suppression with anterior mode compared to the
other steering modes; patient 6, having higher power at the posteromedial side, shows
highest suppression with posterior mode compared to the other steering modes.
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Figure 7. Spectrograms at two contact points are shown for three different modes of current steering,
i.e., anterior, posterior, and ring mode in patient 6. The blue vertical bar indicates the division between
pre- and post-stimulation period. Light grey bars indicate periods with artefacts. Dark red indicates high
power, yellow indicates intermediate power and dark blue indicates low power. Anterior steering does not
lead to so much suppression of power (less reddish) than posterior and ring mode steering. Note that after
stimulation with posterior steering there is an enhancement in the 30.5 - 45 Hz frequency band, whereas
in the other parts of the spectrum there is suppression. Also, it can be seen that 10 - 20 s after stimulation
has been stopped, suppression of power in the 10 - 18 Hz band as well as the 18.5 - 30 Hz band diminishes.
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Figure 8. Variation of power spectral density in the different frequency ranges following different patterns of
stimulation in patient 6. In the left column for contact 8 and in the right column for contact 26, power spectral
densities are shown at baseline (green) and at a 15 s period just prior to anterior, posterior and ring stimulation
and 15 s immediately after anterior, posterior and ring stimulation. It can be seen that in this patient with the
highest power in the posterior direction (figure 6) for both contacts 8 and 26 posterior steering leads to a
stronger suppression in the 10 - 30 Hz frequency range than anterior steering. Note the enhancement in the
30 - 40 Hz frequency range especially at contact 8 during posterior steering (purple curve).
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Figure 9. For six patients at each of the three frequency bands between 10 and 45 Hz the amount of
suppression and/or enhancement, averaged across all electrodes inside the STN, after ring mode
stimulation and anterior, lateral, posterior, and medial steering. The different colors of the bars indicate
different frequency bands. The images on top indicate the spatial distribution of the electrical field in
the different steering modes. Error bars indicate the standard error of mean and the black star indicates
variation after steering mode stimulation that are significantly different from ring mode. For patient 6, 7 and
8 is indicated in which direction the best clinical effect on rigidity was observed. In both patients 6 and 7
suppression of the 18.5 - 30 Hz band and enhancement of the 30.5 - 45 band is seen at the best stimulation
direction. Data of power change in the anterior direction for patient 8 is missing.

Patient 7 and 8 having higher power at the anteromedial side show highest suppression
with anterior and medial mode (patient 7) and with the medial mode (patient 8)
compared to the other steering modes. The relation between the steering direction
that produced the best clinical effect on rigidity and the change in power observed
after stimulation can be only analyzed for two of the three patients (due to missing
post-stimulation recordings at the anterior direction for patient 8). In patients 6 and 7
suppression of the 18.5 - 30 Hz band and a significant enhancement of the 30.5 - 45
band is observed at the stimulation direction with the best clinical effect.



Directional recording of subthalamic PSD and the effect of steering DBS

Discussion

First, in agreement with previous studies®?8 in four patients simultaneous LFP
recordings from a 32-contact DBS lead showed enhanced power spectral densities in
the 11 - 40 Hz frequency band inside the STN compared to just outside, but with the
advantage of a high spatial resolution (on average 0.6 mm). On the other hand, below
10 Hz with the higher resolution it has been shown for two of these four patients that
power spectral densities were not significantly different just above or inside the STN.
This also has been demonstrated previously by Kuhn et al.2®, where the topography
of the 4 - 11 Hz band LFP activity was more distributed and variable than that of the
activity in the 13 - 35 Hz band.

Secondly, inside the STN, the LFP power in the 10 - 40 Hz frequency range depended
on the recording direction and depth. This may point to the presence of small cell
clusters within the STN that have specific pathophysiological activity. Focality of
physiological sources has been suggested in studies which used multiple passes
of microelectrodes®?4, however, their data were limited by the non-simultaneous
nature of their recordings at different locations. Such a precise and directional activity
localization is not possible with the conventional electrodes, which can only record
LFP from a large spherical area. In addition, we have shown that directing stimulation
toward the location of the highest LFP power in the 18.5 - 30 Hz band produced the
best clinical effect on rigidity in all three patients in whom this could be tested.

Thirdly, immediately after stimulation, only suppression of power is found in the 185 -
30 Hz frequency range, whereas enhancement can be found in the 10 - 18 Hz and 30.5
- 45 Hz frequency bands after steering. Enhancement was never seen after ring mode
stimulation, which suggests that it could not be detected by using stimulation through
the conventional electrode. In addition, suppression after one steering mode was often
stronger than after ring mode, although this did not reach significance, suggesting that
in some cases steering is more specific than the conventional ring mode.

Relationship between LFP power spectral density and STN neural
activity

In this study, the subdivision in bands was based on an analysis of the effective power
spectral distribution. The idea of using a frequency band that is not predefined arises
from the consideration that currently used frequency bands are originally based on
scalp EEG recordings, whereas the STN is a different neural structure than the cerebral
cortex with, therefore, also different electrophysiological properties.

Analysis of the current LFP signals at the level of the STN has shown that significant
peaks are either below 10 Hz, in the conventionally used delta and theta range,
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or above 10 Hz, in the conventionally used low and high beta range. This also has
been demonstrated previously by Kuhn et al.?, where first it is shown in the spectral
densities that there are no peaks at 10 Hz and secondly that at the level of the STN
the topography of the 4 - 11 Hz LFP activity is more distributed and variable than the
topography of the activity in the 13 - 35 Hz band.

Of the four frequency bands used, i.e, 3-9.5Hz, 10 - 18 Hz, 18 5 - 30 Hzand 30.5 - 45 Hz,
the second and the third bands roughly correspond to the conventionally used low beta
(13 - 20 Hz) and high beta (20 - 30 Hz) bands 23-25163170171179-81\/e did not split theta band
(3 - 7 H2) from alpha band (7 - 13 Hz) because the current data show, in our patients, a
turning-over point around 10 Hz, in the middle of the conventional alpha band.

The smaller size of the contacts used in this study and the smaller center-to-center
distance (0.75 mm) compared to the conventional DBS lead (2 mm) allowed a refined
detection of the power distribution of the 3 - 10 Hz frequency band in the areas just
above the STN showing in two patients no significant difference with inside the STN.
The conventional DBS electrode probably cannot discriminate whether LFP power
is coming from the STN or neighboring structures dorsal of the STN, including the
thalamus and the zona incerta.

In previous studies, a distinction in two frequency bands within the conventional 13 -
30 Hz band showed that the lower frequencies (low beta) are more reduced with drug
therapy, whereas higher frequencies (high beta) are more strongly coupled to motor
and premotor cortical activity and are modulated by movement 25104163168.179180.182-184 |y
the current study, four PD patients showed an extra peak in the 10 - 18 Hz band at a
frequency between 13 and 14 Hz at baseline, which is not surprising since our patients
were off medication. In one patient (patient 1, figure 5a) power at 14 Hz was three times
higher than at 25 Hz, at which still a local maximum was evident and comparable to
the other patients. All eight PD patients showed synchronization in the 185 - 30 Hz
range with a well-defined peak between 22 and 26 Hz at baseline. Synchronization in
the 30 - 45 Hz range was observed only immediately after high frequency stimulation.

Due to the high-density DBS lead, our study suggests for the first time that LFP
specifically in the 10 - 45 Hz frequency range at baseline are confined to the
physiologically defined subthalamic area as defined by MER. This may not necessarily
correspond to the anatomically defined STN. We showed also that the lowest and
highest frequency parts of the 10 - 45 Hz range react to stimulation differently than the
middle frequency part. The latter always shows suppression, whereas the two former
ones, varying among patients, may be enhanced or suppressed by DBS depending on
the direction of steering.
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Relationship between extracellular potentials and micro electrode
recordings

A relationship exists between LFP oscillations and oscillatory behavior of spiking
patterns particularly in the beta range®®, although the factors that determine this
relationship remain rather complex.2? For instance, the lower frequencies (3 - 10 Hz) of
the amplitude modulation of the MER, which is derived from only a few neurons, are
not comparable with the lower frequency components of the LFP, which are picked up
from a much larger area and a large number of neurons 2216715

The amplitude distribution of the power spectraldensitiesin the 10 - 40 Hzrange inside
the STN at baseline varies both in direction and depth across patients. Differences with
respect to direction are not remarkable between the 10 - 18 Hz and the 185 - 30 Hz
bands (figure 6). Previous MER studies found that the 13 - 30 Hz oscillatory activity was
bounded more to the dorsolateral region of the STN.318! However, with high density
LFP recording in the 10 - 30 Hz frequency range, the subthalamic dorsal to ventral
power distribution, although varying among patients, did not show systematically
higher LFP power in the more proximal contacts.

Effect of DBS on the subthalamic LFP

To avoid possible effects of stimulation artefact removal on the LFP signals, only
the data immediately after stimulation was considered. When DBS is switched off,
a neurophysiological carry-over effect persists at least for 20 - 60 s, reflected by
the ongoing suppression of parkinsonian symptoms. Indeed, continuous recordings
have shown that the time needed to get the power spectral densities of LFP back
to baseline was comparable to the time needed to have a complete recovery of the
clinical symptoms.’®® In three out of six patients (3, 4 and 7), there was at least one
steering condition that produced a stronger power suppression in the 185 - 30 Hz
than conventional ring stimulation, although this did not reach significance (figure 9).
In addition, power enhancement was never seen after ring mode stimulation while it
was seen after several directional modes for selected recordings. This could point to
the fact that the higher specificity of directional stimulation in modulating specific cell
clusters could result in a higher effectiveness as compared to ring stimulation, which
is the resultant of modulation of different cell clusters.

Possibility for STN localization

The use of a high-density array of contacts also offers the possibility to simultaneously
record LFP from smaller areas inside and outside the STN. This could be used to detect
the dorsal border of the STN more accurately by means of simultaneous recordings
directly from the same DBS lead that would be used for chronic stimulation.
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The use of LFP for determination of the borders of the STN has not been routinely
introduced in the clinical practice so far. A reason for this is that the current DBS leads
have a coarse spatial resolution with a relatively large contact (length of 15 mm;
surface of 6.0 mm?) and with a rather large inter-contact distance (2 mm) compared to
the size of the STN (mean diameter of 4 — 6 mm). Moreover, due to volume conduction
properties of the brain tissue, these rather large contacts may pick up also electrical
activity of areas more remotely located, which may introduce an extra inaccuracy in
localization 22186187

Possibility for adaptive DBS

The high-resolution electrode array may open the possibility to identify cell clusters
that are closely located but may have different physiological functions. In this way,
stimulation could eventually be focused on those areas in which pathological activity
is maximal and spare the non-affected cells, thus improving the efficacy of stimulation.

An early hypothesis proposes that DBS creates a functional lesion by suppression of
excessive STN firing, particularly in the 10 - 35 Hz frequency range.’®® However, several
studies now demonstrate that DBS leads to increased action potentials along STN
axons which in turn would elicit a form of short-term depression from a combination
of axonal and synaptic failure,166189-191

The observation that DBS suppression in the 10 - 18 Hz and 18.5 - 30 Hz frequency
bands may become stronger when the current stimulation is steered into the direction
where the highest power has been detected (figures 6 and 9), together with the
observation that a greater clinical benefit is obtained by steering in the direction of
the highest power is rather interesting. This may suggest that if LFP data should be
used for adaptive DBS®%°! one could rely on the spatially distributed power in the
above-mentioned frequency bands to steer the current. Continuous recording from
the implanted lead could then allow a time-locked stimulation based on the spatial-
temporal pattern of the LFP activity recorded. This procedure might lead to both
minimization of side effects and saving of battery power.

Further studies are needed to clarify how parts of the LFP frequency spectrum are
related to different PD symptoms, including tremor, rigidity, and bradykinesia>014017%
and whether power suppression or power enhancement in the different frequency
ranges and different directions should be sought and used for feedback 166179190192 A
strong limitation of the current pilot study is the limited number of patients in whom
the clinical effect could be tested. A chronic analysis of LFP temporal pattern and the
correlation with symptoms manifestation were not addressed in this pilot study and
therefore the results presented here need to be confirmed and complemented by
future studies before firm conclusions can be drawn. Nevertheless, the present data
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show that high-density leads and directional steering technology have the potential
to contribute to an improvement of STN-DBS therapy for PD and potentially also for
other targets and diseases.
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Objective: The clinical effects of deep brain stimulation (DBS) of the subthalamic
nucleus (STN-DBS) as a treatment for Parkinson's disease are sensitive to the
location of the DBS lead within the STN. New high density (HD) lead designs have
been created which are hypothesized to provide additional degrees of freedom in
shaping the stimulating electric field. The objective of this study is to compare the
performances of a new HD lead with a conventional cylindrical contact (CC) lead.

Methods: A computational model, consisting of a finite element electric field model
combined with multi-compartment neuron and axon models representing different
neural populations in the subthalamic region, was used to evaluate the two leads.
We compared ring mode and steering mode stimulation with the HD lead to single
contact stimulation with the CC lead. These stimulation modes were tested for
the lead: (1) positioned in the centroid of the STN, (2) shifted 1 mm towards the
internal capsule (IC), and (3) shifted 2 mm towards the IC. Under these conditions,
we quantified the number of STN neurons that were activated without activating IC
fibers, which are known to cause side effects.

Results: The modeling results show that the HD lead is able to mimic the
stimulation effect of the CC lead. Additionally, in steering mode stimulation there
was a significant increase of activated STN neurons compared to the CC mode.

Conclusion: From the model simulations we conclude that the HD lead in steering
mode with optimized stimulation parameter selection can stimulate more STN
cells. Next, the clinical impact of the increased number of activated STN cells
should be tested and balanced across the increased complexity of identifying the
optimized stimulation parameter settings for the HD lead.
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Introduction

Deep brain stimulation(DBS) for Parkinson's disease (PD) patients may reduce considerably
their symptoms including tremor, rigidity, and akinesia!®'* The clinical procedure
involves the implantation of a DBS lead, consisting of multiple electrode contacts,
through which continuous high frequency electric pulses (typically with a frequency of
130 Hz and pulse duration of 60 - 90 us) are delivered in a specific brain area’*® In the
case of PD, the preferred targeted brain area is the subthalamic nucleus (STN) 1196197 This
nucleus is a small biconvex shaped structure located deep in the brain and is surrounded
by several bundles of myelinated fibers such as the lenticular fasciculus, and internal
capsule (IC).*® The clinical outcome of the therapy is rather sensitive to the precise
location of the DBS lead within the STN. Unfortunately, despite careful stereotactic
planning with high-tech 3D MRI imaging techniques, placement errors within a range
from 1 to 3 mm still may occur.*®2%° Also, a DBS lead which initially was placed correctly
post-surgery may become displaced over time due to several reasons.”°% In case of a
displaced lead, the injected stimulation current will spread out to unwanted brain regions
and, for instance, may evoke activation in the easily excitable myelinated fibers passing
nearby.2°! Activation of some of these myelinated fiber tracts may have a positive clinical
effect, as is the case for the efferent globus pallidus internus (GPi) fibers in the lenticular
fasciculus®®?, or the motor cortex axons of the hyperdirect pathway2*® However, both
activation of fibers in the IC as well as neurons in the non-sensorimotor part of the STN
may cause undesirable side effects including ocular deviation, speech difficulties, facial
contractions, a decline in cognitive functioning, and mood changes.#419204-207 Gjven
these side effects, it is crucial to prevent unwanted current spread and ultimately to be
able to compensate for a displacement without the need to reposition the DBS lead.

To compensate for positioning errors, the stimulating electric field can be adjusted
by selecting the appropriate electrode contact(s) on the lead. In this manner, the
conventional lead, consisting of four cylindrical contacts (CC), is able to compensate
for a displacement primarily in the dorsoventral direction. New lead designs are
currently in development, which additionally enable steering of the stimulating field
in the lateromedial and anteroposterior directions through a high-density (HD) array of
contacts.?2% An example of this type is the HD lead in development at Sapiens Steering
Brain Stimulation BV (Eindhoven, NL), which is currently in a clinical test phase!®® The
latest design of this HD lead, will consist of ten rows along the lead and each row
containing four individual oval shaped electrode contacts, facing different directions
(figure 2). With this design, the spatial steering of the stimulation field is achieved by
activation of an appropriate combination of the 40 available contacts. Unfortunately,
the high amount of possible combinations of contacts will increasingly complicate
selecting optimal stimulation parameters. Therefore, more insight is needed into the
spatial steering modes of HD leads and new tools need to be developed to find these
optimal steering parameters.
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Computational models can be used to evaluate and visualize steering modes DBS
effects in the brain28292%° For example, Martens et al?® evaluated a prototype design of
a HD lead using a computational model. In their model, they showed that the HD lead
is able to spatially steer the electric field in a homogeneous isotropic volume conductor
and shift the center of the volume of activated tissue. This result suggests that indeed
it is possible to compensate for lead displacement using an HD lead. However, as they
also noted in their discussion, calculations were performed under the assumption that
the brain acts as a homogenous isotropic volume conductor. In general, the state-of-
the-art electric field models with heterogeneous anisotropic volume conduction show
significant differences in the shape of their reconstructed electric fields compared to the
homogeneous isotropic models.2°'21°-212 To evaluate the possibility to compensate for a
lead displacement, the effect of the steered field on the various neural populations in the
subthalamic region needs to be estimated. The activation effect is often estimated by the
volume of tissue activated, i.e., the tissue enclosed within an iso-surface of the activation
function’>?®* However, a more realistic approach, with respect to the surrounding axon
fiber bundles, is to evaluate the stimulation effect in more detailed multi-compartment
neuron models of different neural populations in the subthalamic region 2

In this study, we used computational models to investigate the stimulation effect
of a HD lead and its ability to compensate for a lead displacement. The model
system, based on a previous study by Chaturvedi et al?, included a heterogeneous
anisotropic volume conductor with multi-compartment neuron and axon models of
three important neural populations in the subthalamic region.2* Two populations, i.e.,
the STN projections cells and the efferent GPi fibers in lenticular fasciculus, represent
therapeutic DBS targets while a third population, i.e., the IC fibers, represents a neural
population that will cause side effects when stimulated. In the current model we
have compared the stimulation effect of the conventional CC lead with that of a HD
lead, which has 40 contacts. The aim of the computer simulation was to initiate an
action potential in a maximum percentage of STN cells without activating IC fibers.
Simulations were performed with the DBS leads positioned at three different locations
within the STN, using multiple stimulation modes.
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Figure 1. The anatomical model of the subthalamic region viewed from anterolateral direction. Two relevant
nuclei are shown: the STN (green volume), and the globus pallidus (purple volume). The three neural
populations are shown: the efferent GPi fibers (orange), the IC fibers (blue) and the STN projection neurons
(green).

Materials and methods

The subthalamic region

In the current study, the computational model of the subthalamic region was based on
previous work of Chaturvedi et al?* In summary, their model system consists of two
parts: the electric field model, and the neuron model. The electric field modelis a finite
element method (FEM) model with the geometry and volume conduction properties
of the subthalamic region based on a human brain atlas, which consists of a T1 MRI
and a diffusion tensor imaging (DTI) dataset.?#2®® The DTl dataset was used to estimate
the anisotropy and heterogeneity of the tissue conductivity in the brain.2'® The model
incorporated a 0.5 mm tissue encapsulation layer around the electrode to account for
the chronic electrode impedance of around 1 ka for the CC lead. A multiresolution finite
element mesh was used with over 4.2 million nodes. In this FEM model the Poisson
equation was solved in three-dimensions to determine the potential field generated
by current stimulation and was carried out in SCIRun v3.0.2 (University of Utah, Salt
Lake City, US). The computed potential field formed the input into the neuron model,
which is a multi-compartment neuron model programmed in NEURON 6.2 (Yale
university, New Haven, US)2¥ The model consists of three neural populations in the
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subthalamic region, which are most likely activated by DBS. These neural populations
are the STN projections cells, the efferent GPi fibers in the lenticular fasciculus, and
the IC fibers. The STN and GPi axon trajectories were based on non-human primate
cell tracings?®2, and the IC fiber trajectories were based on streamline tractography
using the DTI dataset accompanying the brain atlas. Because of limited morphologic
data of the axons of the neural populations, the variability between different axon
models, and to enable consistent comparison between stimulation induced activation
of the different neural populations, every axon was implemented with the same model
parameters (5.7 pm axon diameter model).22° Finally, SCIRun v3.0.2 was used for
visualization of the complete model (figure 1).
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Figure 2. Representation of CC lead (left) and the HD lead with its schematic overview of the 40 contacts
(right). Examples of the diam(ond) configuration in anterolateral direction, star configuration in posteromedial
direction, and circ(ular)-mode (RO - R2) of the HD lead are indicated in different gray scales.
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DBS lead geometry

Either a CC lead or an HD lead (figure 2) was incorporated within the FEM model. The
CC lead was based on the Medtronic 3389 electrode (Medtronic Inc., Minneapolis,
US), which has a body diameter of 127 mm and carries four CC (CO - C3). These
contacts each have a length of 1.5 mm, a 6.0 mm? contact surface area, and an inter-
electrode spacing of 0.5 mm. The HD lead was based on the Sapiens Steering Brain
Stimulation lead design, which also has a diameter of 127 mm and carries 40 oval
shaped electrode contacts. The 40 contacts are divided into ten rows (RO - R9) of four
contacts, and each row is rotated by 45° from each other. Each oval shaped contact
has a 0.42 mm?2 contact surface area, and contact center-to-center distances of 1 and
0.75 mm in the horizontal and vertical directions, respectively.

STN

IC fiber v

Figure 3. Representation of the DBS lead locations. The STN volume is shown in green, one IC fiber is
shown in blue, and the three lead trajectories are shown by black lines. Trajectory 1 is the center location,
trajectory 2 is the 1 mm off-center location, and trajectory 3 is the 2 mm off-center location. The top two
views (left coronal, right sagittal) of the STN show the trajectory arc and collar angles of 20" and 100",
respectively, in an AC - PC based coordinate system. The main (sagittal) view of the STN shows the shifts
of the lead trajectory in the direction of the IC.
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DBS lead location

For each simulation only one of the DBS leads was positioned in the STN. This DBS
lead was positioned either at the center location, at a 1 mm off-center location, or at
a 2 mm off-center location (figure 3). For the center location, the lead targeted the
centroid of the STN: the second electrode contact from the tip (C1) of the CC lead was
positioned in the center, the fourth row of electrode contacts from the tip (R3) of the
HD lead was positioned in the center. At the off-center locations, the lead was linearly
shifted 1 or 2 mm towards the IC, on the line between the centroid of the STN and the
point given by the average location of the nearest axon segments of each IC fiber in
the model. This resulted in a shift 0.46 mm posteriorly, 0.59 mm medially, and 0.66
mm ventrally with respect to the center location, per 1 mm displacement. For all three
locations, the lead approached the target in an AC — PC based coordinate system with
a typical lead arc and collar angles of 20" and 1007, respectively (figure 3).

Stimulation protocols

Monopolar stimulation protocols were tested for different contact configurations
and stimulation amplitudes. The stimulation signal was a biphasic charge-balanced
stimulation pulse, i.e., a 100 s rectangular waveform, with amplitudes ranging from
-1to -5 mA with a 0.5 mA step size, followed by a 5 ms period of low amplitude
anodic stimulation. The outer boundary of the FEM model was used as reference
for the return current. The stimulation signal was used for single source stimulation
by evenly spreading the injected current over the selected electrode contact(s).
The possible contact configurations varied per lead. For the CC lead, one of the four
electrode contacts, CO - C3 (6.0 mm? activated electrode surface), was selected
to simulate circular mode stimulation (figure 2). For the HD lead, we distinguish two
types of circular mode stimulation and two types of steering mode stimulations, i.e.,
HD circular ‘'mimic’, HD circular ‘free’, HD star, and HD diamond (figure 2). For both
HD circular modes, three adjacent rows, each with four electrode contacts, (5.0 mm?
activated electrode surface) were selected for stimulation. In HD circular ‘'mimic’ mode,
we used the same stimulation pulse amplitude and similar vertical contacts height as
the optimal CC configuration, i.e., RO - R2 for CO, R2 - R4 for C1, R5 - R7 for C2 and
R7 - R9 for C3. In HD circular ‘free’ mode, there were no constraints in the stimulation
pulse amplitude and selection of the vertical contact height. In HD steering mode, the
electrode contacts were selected in either a star or diamond configuration. In the star
configuration, five adjacent electrode contacts were selected in either medial, lateral,
posterior, anterior, or any of the intermediate directions (2.1 mm? activated electrode
surface). In the diamond configuration, four adjacent electrode contacts were
selected in the medial, lateral, posterior, anterior, or any of the intermediate directions
(17 mm? activated electrode surface). Stimulation in diamond configuration with -5
mA stimulation amplitude results in the maximum charge density of 29 uC cm3,
which is below the often-recommended charge density limit of 30 uC cm=—. For each
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stimulation mode, all possible directions and vertical positions of the configurations
were simulated to find the optimal settings.

Activation of neural populations

The effect of the evoked potential field by each stimulation protocol (each amplitude
and each contact configuration) was evaluated in the neuron part of the computational
model. To quantify the differences between stimulation protocols we aimed to
maximize the amount of activated STN cells without activating the IC fibers, but with
allowing activation of efferent GPi fibers. A cell or axon is counted as activated when
the stimulation pulse evoked at least one action potential that propagated to the end
segment of the axon. The optimal stimulation protocolwas defined as the configuration
that activated the highest percentage of STN cells, without activating any IC fiber.

Statistical analysis

Fifteen datasets were created to compare the different stimulation configurations
statistically. Five datasets were created with the leads at the center location and
five datasets for each of the two off-center locations. For each dataset, the STN
cell bodies were randomly distributed inside the STN, the GPi fibers were randomly
distributed within a given boundary box dorsal to the STN, and the IC fibers were kept
constant.? Differences were analyzed statistically, using a repeated measures ANOVA
test with significance level of 0.05. When necessary, six Bonferroni corrected paired
sample t-tests were performed, i.e, the CC configuration with each of the four HD
configurations, the two HD circular modes (free and mimic) with each other, and the
two HD steering modes (star and diamond) with each other.
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Figure 4. The performance of the five stimulation modes, i.e.. the CC, HD circ(ular) mimic, HD circ(ular)
free, HD star and HD diam(ond). Bars denote mean values with standard deviations of the percentage of
activated STN cells after stimulation for the 5 datasets per lead location each with random distributions
of the cells/fibers in the neural populations. Significant differences after Bonferroni correction for multiple
comparisons (n = 6) are indicated with one asterisk (p < 0.05) or two asterisks (p < 0.01).
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Results

In the model system, a population of 99 STN cells, a bundle of 99 GPi fibers, and a
bundle of 199 IC fibers were placed in the subthalamic region. Each neuron with a cell
segment located at the position of the DBS lead was removed from the model. For the
15 datasets, this resulted in neuron models including 182.3 + 13.11C fibers, 99 GPi fibers,
and 79.8 £ 43 STN cells.

Comparison of the CC and HD leads in circular modes

We compared the circular mode stimulation of the CC lead with the circular mode
stimulations of the HD lead, both with and without the mimicking constraints (‘mimic’
and ‘free’, respectively) (figure 4). The CC lead, with its optimal stimulation settings,
was able to activate 56.6 + 4.8% STN cells at center location, 314 + 1.4% of STN cells
at the 1 mm off-center location, and 6.4 = 4.4% of STN cells at the 2 mm off-center
location. The HD lead in circular ‘'mimic’ mode was able to activate 53.0 + 4.2% of STN
cells at center location, 315 + 3.0% cells at the 1 mm off-center location, and 6.2 +
4.2% cells at the 2 mm off-center location. For all locations, there were no significant
differences between the percentage of activation with the CC lead and with the HD
lead in circular ‘mimic’ mode.

Ignoring the mimicking constraints, i.e,, the circular ‘free’ model, resulted in a maximum
activation of 58.5 + 3.7% STN cells at center location, 31.9 + 2.4% cells at the 1 mm off-
center location, and 7.2 + 4.3% cells at the 2 mm off-center location. In all cases, there
were no significant differences between the CC lead and the HD lead, with regard
to the number/percentage of activated STN cells and the overall currents that were
used. The corresponding optimal stimulation pulse amplitudes for each lead location
are presented in table 1.

Table 1. Stimulation effect of the CC lead and HD lead

Center 1 mm off-center 2 mm off-center
STN (%) Amp (mA)  STN (%) Amp (mA)  STN (%) Amp (mA)
cc 56.6 + 4.8 45+ 0 314+14 23+045 6.4+44 04+022
HD circular 'mimic’ 53042 45+ 0 315+30 23:045 6242 04+0.22
HD circular ‘free’ 585+ 37 39:+09 319:24 24022 7243 05:0
HD star 73059 45+0 557 +32 36+082 16039 10:+0
HD diamond 69129 500 577 +3.3 39+022 171+ 31 150

Mean # standard deviation of the percentage of activated STN cells with the corresponding stimulation
amplitudes.
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Comparison of the CC and HD leads in steering modes

Next, we compared the circular mode stimulation of the CC lead with the HD lead
in steering mode (star and diamond configurations) (figure 4). The star configuration
was able to activate 73.0 + 59% of STN cells at the center location, 55.7 + 3.2% cells
at the 1 mm off-center location, and 16.0 = 3.9% cells at the 2 off-center location.
The percentage of activated STN cells by the HD lead in star steering mode was
significantly larger at the center location (p < 0.05/6) as well as at the off-center
locations (p < 0.01/6). The diamond configuration was able to activate 69.1 + 2.9%
of STN cells at the center location, 57.7 + 3.3% cells at the 1 mm off-center location,
and 17.1 £ 3.1% cells at the 2 mm off-center location. The percentage of activated STN
cells by the HD lead in diamond steering mode was significantly larger at both off-
center locations (p < 0.01/6 (1 mm) and p < 0.05/6 (2 mm)). There was no significant
difference between the percentages of activated STN cells between the two types
of steering configurations. The corresponding stimulation pulse amplitudes for each
lead location are also included in table 1.

Finally, each stimulation mode individually activated significantly fewer STN cells at
the 1 mm off-center location compared to the activation at center location (p < 0.05).
However, there was no significant difference between the stimulation of the CC lead
at center location and the HD lead stimulation in steering mode at the 1 mm off-
center location. In other words, while the displacement significantly decreased the
percentage of STN cell activation of both leads according to our predefined criterion,
the HD lead with the 1 mm displacement error was still able to activate a similar
amount of STN cells as the CC lead located in the center of the STN (figure 5).



Figure 5. An example of the activation of STN cells illustrating the ability to compensate for a lead
displacement error using the HD lead. The panels show the GPi efferent fibers in orange, STN cells in
green, IC fibers in blue, and the STN cells in green. Cells and fibers that were activated by the stimulation
pulse are displayed in white. (A) The optimal configuration of the CC lead at center location (4.5 mA, 53%
stimulated STN cells). (B) The optimal configuration for the CC lead at the 1 mm off-center location (2.5 mA,
31% stimulated STN cells). (C) The optimal star steering configuration for the HD lead at the 1 mm off-center
location (3 mA, 57% stimulated STN cells). (D) The optimal diamond steering configuration for the HD lead
at off-center location (3,5 mA, 56% stimulated STN cells).
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Discussion

In the current study, we used a computational model approach to investigate the
stimulation effects of a new HD DBS lead design. The primary advantage of this HD
lead is the ability to steer the stimulation field towards target areas and/or away from
areas that cause side effects. However, the HD lead should also be able to mimic
the conventional circular mode stimulation. This requirement is important to ensure
backwards compatibility with the currently used systems.2®¢ By stimulating with the
HD lead at the same location and amplitude as the CC lead, the HD lead is able to
activate a similar percentage of STN cells. Furthermore, the HD lead has more optional
configurations than the CC lead. We studied all possible ‘monopolar’ circular mode
stimulation configurations with twelve electrode contacts in three adjacent rows. This
resulted in eight different vertical positions with 0.75 mm resolution for the HD lead,
against four heights with 1.5 mm resolution for the CC lead. Interestingly, the increased
resolution in vertical position did not result in a significantly better performance of
the HD lead in circular ‘free’ mode. A potential reason for this might be due to the
use of three rows of smaller contacts in HD circular mode, when added together, this
covers a slightly larger volume along the vertical direction as compared to a single
CC contact. This reduces some specificity of the HD lead. Additionally, the stimulating
field in dorsoventral direction was only bound by the IC ventrally to the STN. Therefore,
by adopting the criterion that IC fibers were not allowed to be activated, the shape
of the electric field dorsal of the STN was less critical, and therefore the increased
vertical spatial resolution of the HD lead had a minor influence.

When looking at the steering mode stimulation, the results from the model clearly
showed an increased activation by the HD lead compared to the stimulation with
the CC lead. The most notable improvement was in the case where the lead was
displaced 1 mm towards the IC. While the CC lead was on average only able to
activate 31% of the STN cells, the HD lead activated on average 57% STN cells. This
amount of activation for the HD lead was similar to the activation with the CC lead at
center location. This suggests that the HD lead in steering mode, when displaced 1
mm towards the IC, is still able to generate the same neuron activation effect as the CC
lead that is placed at the center of the STN. For the larger displacement of 2 mm, the
HD lead in steering mode stimulation was still able to activate significantly more STN
cells than the CC lead. However, the percentages of activated STN cells were very low
for all of the stimulation configurations at this location. By having the lead this close to
the IC field steering cannot fully compensate for the lead displacement compared to
the stimulation effects of the lead at center location.

We should note, however, that we only studied two types of steering mode
stimulation: star and diamond configuration. Other types of contact configurations as
well as multipolar stimulation may further increase the performance of the HD lead
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in specific scenarios. Of course, the same applies for the CC lead. Chaturvedi et al®**
showed in a similar computational model that the CC lead in bipolar configuration with
two independent sources performs significantly better than the lead in monopolar
stimulation. However, allowing additional types of configurations for the HD lead will
make it extremely complicated to manually find the optimal DBS settings. Therefore,
we limited the configurations to two simple types of steering modes. Both types used
adjacent electrode contacts centered on certain heights and directions of the lead.
The results showed no significant differences between the two configuration types.
However, at center location there was no significant difference between the diamond
configuration and the CC lead, while there was a significantly larger percentage of
STN cells stimulated with the star steering configuration. Therefore, we prefer the
star configuration for steering mode stimulation. Also, the star configuration uses five
instead of four electrode contacts, which results in a larger contact surface area, and
therefore a lower current density per contact.#6

To quantify the stimulation effect, we adopted the criterion that a maximum amount of
activated STN cells is desired with DBS. Therefore, we searched, for each stimulation
mode, for the highest percentage of activated STN cells and allowed activation of the
GPi efferent fibers. Several studies show that patients with the best clinical outcome
tend to have direct activation of axonal tissue dorsal to the STN compared to those
who have stimulation confined within the STN.1842126292 |t has been suggested that
adverse DBS effects are caused by the fact that the STN contains three functional
modalities: motor, limbic and associative functions. Consequently, stimulation of the
areas that are not concerned with motor function may result in adverse effects. 422!
Additionally, instead of maximizing the activation of motor STN cells it actually might
be better to focus on the activation of passing GPi fibers?8, subpopulations of fibers
within the 1C???, passing fibers of the substantia nigra®®, or cortical afferents to the
STN.2% Given all these uncertainties, we decided only to focus on maximization of the
amount of the activated STN cells, which is conventionally considered as the main
target for STN-DBS. In principle it can be regarded as an example to show the steering
effect of the HD lead on a plausible target.

We decided to focus on maximizing the activation effect, and not on minimizing
energy consumption. The DBS battery is implanted under the skin below the clavicle
and surgery is needed to replace it once it is depleted. Therefore, battery life is an
important aspect in DBS therapy. Shaping the stimulation field to compensate
for a lead displacement did demand higher stimulation amplitudes in our model
simulations. However, because of the uncertainties with regard to the selection of
target areas for optimal clinical effects, and inaccurate or lack of data on the resistivity
of the contacts of the HD lead, a comparison of stimulation power for the different
leads and configurations is at this point beyond the scope of our study.
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Our model representation of the HD lead was included in a state-of-the-art
computational model of the subthalamic region that included many important
and realistic details. The technical limitations of this computational model are well
described in previous studies.”>2%221 The limitations will have effect on the quantified
percentage of activated STN cells. For example, all axons in this model have the same
diameter of 5.7 um and therefore the same dynamic properties and excitability.2° In
the human nervous system, long-distance connections typically tend to have larger
axon diameters. Given this, the IC fibers probably have relatively large axon diameters,
while the STN axon diameters are known to be smaller than 5.7 pm.2 In this study, the
size of the IC fibers was more important for the results, because the selection of the
steering mode stimulation parameters was based on avoiding activation of these IC
fibers. In general, larger diameter axons are more easily excitable than smaller diameter
ones. Therefore, when using IC pathway activation as a proxy to avoid side effects,
it seemed logical to describe the IC axons more accurately with a larger diameter
model. Finally, since our results focus on a comparison between the CC and HD leads
in the same model, the limitations will influence both leads and therefore will have
little impact on the comparison. The model already proved to be an adequate tool to
study new stimulation paradigms for the CC lead.?* In this study, we also showed that
the model enables to explore new lead designs and prove the concepts of steering
mode stimulation.

In conclusion, we found that the concepts of steering the stimulation field with
a HD lead design used in this study may be beneficial, and it allows to correct for
lead displacement errors. We have demonstrated that even a simple steering mode
outperforms current state of the art systems. However, more research is needed on
the stimulation of other therapeutic targets and side effect regions. In the future this
information can be incorporated into a patient specific model, based on the one used
in this study, to help select the contact configuration with the best therapeutic window
for each patient individually.
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Objective: Novel deep brain stimulation (DBS) lead designs are currently entering
the market, which are hypothesized to provide a way to steer the stimulation field
away from neural populations responsible for side effects and towards populations
responsible for beneficial effects. The objective of this study is to assess the
performances of a new eight channel steering DBS lead and compare this with a
conventional cylindrical contact (CC) lead.

Methods: The two leads were evaluated in a finite element electric field model
combined with multicompartment neuron and axon models, representing the
internal capsule (IC) fibers and subthalamic nucleus (STN) cells. We defined
the optimal stimulation setting as the configuration that activated the highest
percentage of STN cells, without activating any IC fibers. With this criterion, we
compared monopolar stimulation using a single contact of the steering DBS lead
and CC lead, on three locations and four orientations of the lead. In addition, we
performed a current steering test case by dividing the current over two contacts
with the steering DBS lead in its worst-case orientation.

Results: In most cases, the steering DBS lead is able to stimulate a significantly
higher percentage of STN cells compared to the CC lead using single contact
stimulation or using a two-contact current steering protocol when there is
approximately a 1 mm displacement of the CC lead. The results also show that
correct placement and orientation of the lead in the target remains an important
aspect in achieving the optimal stimulation outcome.

Conclusion: Currently, clinical trials are set up in Europe with a similar design as
the steering DBS lead. Our results illustrate the importance of the orientation of
the new steering DBS lead in avoiding side effects induced by stimulation of IC
fibers. Therefore, in clinical trials sufficient attention should be paid to implanting
the steering DBS lead in the most effective orientation.
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Introduction

With FDA approval for almost 15 years, deep brain stimulation (DBS) of the subthalamic
nucleus (STN) has become an established treatment for patients with Parkinson's
disease (PD).2'® PD is a neurological movement disorder, and the symptoms of the
disease are closely related to pathological neural activity within the basal ganglia
network.®® Because the STN is part of the basal ganglia network, STN-DBS directly
modulates the pathological neural activity in the network by use of electric stimulation.
Conventionally, this electric stimulation, a continuous train of electric pulses (typically
with frequencies between 120 and 180 Hz, 1 - 5 mA amplitude, and 60 - 200 ps pulse
width)!*3, is delivered in the STN through a lead containing four cylindrical contacts
(CC)and is powered by a single source from a surgical implanted pulse generator. Until
now the technology for DBS has not changed tremendously over the years. #4224 | ately
however, technological developments have been reported in terms of new stimulation
paradigms®'225, closed loop DBS®?%%, independent current source stimulators??’, and
directional steering DBS with high density and eight channel lead designs.?62°22¢ Most
of the new technologies are still in an early development phase, although some of the
technologies are already used in clinic.

Steering DBS is a method to overcome a big hurdle in DBS, that is, the stimulation
of structures of fibers that cause side effects due to a small misplacement and/or
displacement of the lead. The clinical outcome of the therapy is rather sensitive to the
precise location of the lead with respect to the target.71% Unfortunately, displacement
of 1 - 3 mm can occur during surgery or post-surgery due to several reasons, such as
a post-surgery brain shift and inaccuracy of the stereotactic frame and limitations of
imaging methods.”080199290 |n case of displacement of the lead, the stimulating electric
field will influence the neurons and axons outside the intended target region. The
target, the STN, is a small biconvex shaped structure surrounded by several bundles
of myelinated axons such as the internal capsule (IC).#* The large diameter, myelinated
axons of the IC are easily stimulated which will induce unwanted side effects, such as
dysarthria, muscle contractions, and gaze paresis.2°®

To compensate for lead displacement, the stimulating electric field can be adjusted
by selecting the appropriate electrode contact(s) on the lead. In this manner, with
the conventional CC lead it is possible to compensate for a displacement along the
direction of the lead. Eight channel lead designs, which started with a lead specifically
designed for a study by Pollo et al. by Aleva Neurotherapeutics SA (Lausanne, CH)?°,
followed by Boston Scientific (Marlborough, MA, USA) and St. Jude Medical (St. Paul,
MN, USA), are also able to steer the electric field in the direction perpendicular to the
lead. These leads have eight electrode contacts divided over four heights along the
lead. For example, the lead by Boston Scientific contains a cylindrical shaped contact
including the tip of the lead as the bottom electrode contact, followed by two cylinders
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which are split into three individual electrode contacts for directional steering DBS,
and the top electrode is a cylindrical shaped contact (figure 1). In addition, this eight-
electrode contact lead design can be connected to a matching pulse generator with
eight independent current courses. To assess the benefits of this particular steering
DBS system, clinical trials are currently set up in a number of clinics.??°

To aid clinicians in clinical trials, computational models can be used to give more
insightin how steering DBS is able to shape the electric field and affect the surrounding
axons and neurons. Patient specific models which are used to visualize the potential
field2%° and the volume of tissue activated (VTA), which is based on the spatial second
order derivative of the potential field’®, can be a helpful tool for customized DBS
programming in patients. Multiple modeling studies have been performed to get a
more accurate representation/estimation of the potential field and VTA by adding
biological details in the model such as heterogeneous tissue conductivity, anisotropic
conductivity, encapsulation layers, and tissue capacitive behavior.20t210-222 Next
to the visualization, these more realistic models can also be used to automatically
select stimulation parameters®®, to study new lead designs®2°2312%2 and new
stimulation paradigms such as coordinated reset?*®* Previous studies on directional
DBS electrodes have emphasized the potential improvement of the clinical effect by
avoiding anatomical structures responsible for side effects22° |In a previous study
by the authors, a high density (HD) directional DBS lead containing 40 contacts,
developed at Sapiens Steering Brain Stimulation BV, currently Medtronic Eindhoven
Design center (Eindhoven, NL), was assessed in a computational model.?** Instead of
looking at the potential field and VTA volume to avoid certain anatomical structures,
this model included multicompartment neuron and axon models of two important
neural populations in the subthalamic region, thatis, the STN neurons, which represent
the cells for positive clinical effect, and the IC fibers that will cause side effects when
stimulated. Having the two neural populations in the model enabled adjustment of
the contact configurations and stimulation amplitudes until the maximum number of
activated STN cells was found without stimulating any of the axon fibers of the IC.
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Figure 1. Representation of the CC lead (left) and the steering-DBS lead with a schematic overview of the
four orientations (right). Contact C1/C4 is pointing to medial (orientation 1), anterior (orientation 2), lateral
(orientation 3), or posterior (orientation 4) direction.

In this current study, we will use computational modelling procedures to assess
the performance of a steering DBS lead based on the eight-electrode contacts
lead design. The model includes a heterogeneous anisotropic volume conductor
model to compute the evoked potential field in the subthalamic region and uses
multicompartment neuron and axon models to investigate the stimulation effect of
STN cells and the ability to avoid activation of IC fibers. We will compare this stimulation
effect of the steering DBS lead with the CC lead. The effect of one millimeter and 2
mm displacement is investigated, and as the new steering DBS lead is not cylindrical
symmetric, we will also study the effect of four different orientations of the lead.
Finally, we will test for this steering DBS lead on each location and orientation the
performance of monopolar stimulation vs. a current steering stimulation paradigm
using two adjacent electrode contacts.
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Materials and methods

The computational model

The modelsystem of the DBS target region, the implanted DBS lead, and the stimulation
effect on nearby neurons and axons, is based on previous work by Chaturvedi et al.22
The model system consists of two consecutive parts. In the first part, the static electric
field generated by current controlled stimulation®®, was computed in a finite element
method (FEM) model of an adult brain. The geometry and conductivity of the brain is
based on a human brain atlas consisting of a T1 MRI and a diffusion tensor imaging
(DTN dataset, with dimensions of 178 mm by 159 mm by 120 mm.?®* The DTI dataset
was used to estimate the anisotropy and heterogeneity of the tissue conductivity. A
linear transformation (0.8 S/mm? scaling factor) was used to convert the diffusions
tensors into conductivity tensors.2® The FEM model contains the DBS lead with a 0.5
mm tissue encapsulation layer (0.18 S/m) around the lead to account for the chronic
electrode impedance of around 1 ka for the CC lead (mean impedance of 1005 Q + 6.8
Q standard deviation for the CC lead contacts in the model). The complete geometry
was divided into 4.1 million tetrahedral elements. The outer boundary was set to O V
and Dirichlet boundary conditions were used. With this FEM model, the potential field
generated by the stimulation was calculated by solving the Poisson equation in three
dimensions in SCIRun v3.0.2 (University of Utah, Salt Lake City, USA).

Figure 2. The visualization of the anatomical model of the subthalamic region with the steering-DBS lead at the
center of the STN. Two relevant nuclei are shown: the STN (green volume in center), and the globus pallidus
(purple volume in the background). The green STN cells originate from the STN volume and project to the globus
pallidus. The red IC fibers are passing by underneath the STN. D = dorsal; V = ventral; P = posterior; A = anterior.
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In the second part, the effect of the electric field on nearby cells was computed in
a multicompartment neuron model programmed in NEURON 6.2 (Yale university,
New Haven, USA).2Y Two neural populations are included in the model, that is, the
STN projection cells and the IC fibers. The anatomical geometry of the IC fibers was
defined through streamline tractography within SCIRun using the DTl dataset. With
this, 200 fibers were tract from a seed box (5 by 1 by 2 mm) located ventrolateral to
the STN. Three types of STN cells were placed in the model, each type projecting
to the globus pallidus with a slightly different axon trajectory.?42®® The somas of the
STN cells were placed randomly within the atlas-defined border of the STN volume.
Every axon is implemented with the same model parameters (5.7 um axon diameter
model)?2°. This cable model includes detailed representations of the nodes of
Ranvier, paranodal, and intermodal sections of the axons. For visualization purposes,
the output from the second part of the model system was again imported in SCIRun
v3.0.2 (figure 2).

DBS lead geometry

Either a CC lead or a steering DBS lead (figure 1) was incorporated within the FEM model.
The CC lead was based on the Medtronic 3389 electrode (Medtronic Inc., Minneapolis,
US), which has a body diameter of 1.27 mm and carries four cylindrical contacts (CO -
C3). These contacts each have a length of 1.5 mm, a 6.0 mm? contact surface area, and
an interelectrode spacing of 0.5 mm. The steering DBS lead was based on the design
now commercially available by Boston Scientific (Marlborough, MA, USA), which has a
body diameter of 1.3 mm and carries eight contacts (CO - C7). CO is the contact at the
tip of the lead with a length of 1.5 mm and 6 mm? contact surface area. Contacts C1 - C6
form two rings, each of three steering DBS contacts with a length of 1.5 mm and 1.6 mm?
contact surface area. Contact C7 has the same shape as a standard CC lead contact. The
interelectrode spacing along the lead is 0.5 mm and the interelectrode circumferential
spacing between the steering DBS electrode contacts (C1 - C6) is 0.34 mm.

DBS lead location and orientation

Three locations of the lead were assessed in the model, that is, the center location, a
1 mm off-center location, and a 2 mm off-center location. For the center location, The
CC lead lies inside the STN with the center of contact C1 at the centroid of the STN.
In case of the steering DBS lead the combined center of C1 - C3 was located at the
centroid of the STN. For the 1 mm and 2 mm off-center location the lead was shifted
on a line between the centroid of the STN and the middle position of the nearest
axon segments for each IC fiber in the model. This resulted in our datasets in a shift of
0.46, 059, and 0.66 mm in posterior, medial, and ventral directionally shift per 1 mm
displacement. Unlike the CC lead, the steering DBS lead is not fully symmetric with
respect to the axis of the lead. Therefore, we included four different orientations of the
six steering electrode contacts (figure 1). The trajectory of the lead was kept constant
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in all cases, whereas the lead approached the target in an AC - PC based coordinate
system with a typical lead arc and collar angle of 20° and 100°, respectively.

Stimulation protocols

For the CC lead, each of the four electrode contacts were selected consecutively for
stimulation with increasing stimulation amplitude up to a value at which IC fibers were
activated. For the steering DBS lead, we tested two types of stimulation protocols.
First, a single contact stimulation protocol was used, where stimulation on each of
the individual single contacts was simulated (figure 3) with increasing stimulation
amplitudes up to a value at which IC fibers were activated. Second, a current steering
stimulation protocol was used, where the current was simultaneously injected through
two adjacent contacts with specified percentages (20/80%, 40/60%, 60/40%,
80/20%) of the total current divided over both contacts, again with increasing
stimulation amplitudes up to a value at which IC fibers were activated.

The stimulation signal was a monopolar biphasic charge-balanced current pulse, that
is, a 100 ps rectangular waveform, with the total injected current ranging from -1 to
-5 mA with a 0.5 mA step size, followed by a 5 ms period of low amplitude charge
balanced anodic stimulation.

Activation of neural populations

The effect of the deep brain stimulation was evaluated in the neuron part of the
computational model system: 15 datasets were created, five for each location of the
lead. The STN cell bodies were randomly distributed inside the STN and the location
of IC fibers was fixed. Each neuron or axon with a segment located at the position
of the DBS lead was removed from the model. For the 15 datasets, this resulted in
neuron models including 182.3 + 13.1IC fibers and 79.8 + 4.3 STN cells. A cell or axon is
counted as activated when the stimulation pulse evoked at least one action potential
that propagated to the end segment of the axon.
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Orientation 1 Orientation 2 Orientation 3 Orientation 4

1 mm off-center Center

2 mm off-center

Figure 3. Top view of the STN (green volume) with the IC fibers running underneath the STN looking along
the axis of the DBS-lead (black circle). On each of the lead locations and orientations, three iso-contours
(0.1 V) of the potential field are shown in red, blue, and black, corresponding to monopolar stimulation (1
mA) through contact C4-C5-C6 heading in the direction of the color matched arrow. L = lateral; M = medial;
P = posterior; A = anterior.

Statistical analysis

To quantify the differences between stimulation protocols, we defined the optimal
stimulation protocol as the configuration that activated the highest percentage of
STN cells, without activating any of the IC fibers. A repeated measure ANOVA with
significance level of 0.05 was performed, followed by a Bonferroni corrected multiple
comparison procedure to statistically test the individual optimal stimulation effect
in each situation. In each of the three lead locations, we compared each of the four
lead orientations: optimal single contact stimulation vs. optimal current steering
stimulation; optimal single contact stimulation vs. the optimal stimulation effect of the
CC lead; finally, optimal current steering stimulation vs. the optimal stimulation effect
of the CC lead.

143



144

CHAPTER 8

Results

We found for each lead location, orientation, and stimulation protocol the optimal
stimulation settings. Figure 4 shows the percentage of STN cells which were activated,
and which denotes all significant differences between the different orientations (see
figure 1 for the orientations) and the two stimulation protocols.

Single contact stimulation protocol

At center location, the steering DBS lead using single contact stimulation was able to
activate 60.3 £ 4.8% STN cells in the first orientation, 751+ 5.9% STN cells in the second
orientation, 72.3 + 3.9% STN cells in the third orientation, and 53.7 =+ 25% STN cells
in the fourth orientation. In the first orientation, the optimal stimulation was applied
through the bottom medial contact (3 of 5 datasets) or the top posterolateral contact (2
of 5 datasets) with an amplitude of 4.1 + 0.82 mA. In the fourth orientation, the optimal
stimulation was through the bottom or top posterior contact with an amplitude of 4.3 +
0.76 mA. In both the second and third orientation, the optimal stimulation was through
the bottom posteromedial contact with an amplitude of 5.0 + 0.0 mA or 45 £ 0.0 mA,
respectively.

At 1 mm off-center location, the steering DBS lead was able to activate 35.8 + 3.5% STN
cells in the first orientation, 56.3 + 5.4% STN cells in the second orientation, 59.8 + 3.6%
STN cells in the third orientation, and 44.3 £ 2.9% STN cells in the fourth orientation. The
optimal stimulation settings used the top medial contact (2.0 + 0.0 mA) and the top
posterior contact (2.5 + 0.0 mA) for the first and fourth orientation. In the second and third
orientation, the optimal stimulation settings used the top posteromedial contact (3.5 +
0.0 mA and 4.0 £ 0.0 mA, respectively). Figure 5 shows the activated STN cells for the
optimal stimulation setting in each of the four orientations.

At 2 mm off-center location, in each orientation, the steering DBS lead was able to
activate 6.4 + 4.4% STN cells, while stimulating through the cylindrical contact C7 with
an amplitude of 0.4 £ 0.22 mA.

Current steering stimulation protocol

For most of the orientations and datasets, our current steering protocol prefers to
steer the current into the posteromedial quadrant, only at the center location in the
second orientation four datasets had the optimal stimulation toward the posterolateral
direction, applying most of the total stimulation current in posterior direction.
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Performance of the CC lead and steering DBS lead
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Figure 4. The performance of the five stimulation modes, that is, the CC and the four orientations of the
steering-DBS lead. Bars denote mean values with standard deviations of the percentage of activated STN
cells after stimulation for the 5 datasets per lead location each with random distributions of the STN cells.
The non-hatched bars represent the results for single contact stimulation and the hatched bars represent
the results for current steering stimulation. Significant differences are indicated with one asterisk (p < 0.05)
or two asterisks (p < 0.01).

At center location with the steering DBS lead in its first orientation, it was able to
activate 63.7 £ 52% STN cells by dividing the total current (3.8 + 0.7 mA) over the
medial contact and posterolateral contact (80/20% in four datasets and 60/40% in 1
dataset). In the second orientation, 58.7 + 2.0% STN cells were activated by dividing the
total current (4.4 £ 0.8 mA) over the posteromedial and posterolateral contact (80/20%
in 1 dataset, 20/80% in 2 datasets, 40/60% in two datasets). In the third orientation,
625 + 5.6% STN cells were activated by dividing the total current (3.80 + 0.7 mA) over
the posteromedial and anteromedial contact (80/20% in 5 datasets). In the fourth
orientation, 60.4%+2.9% STN cells were activated by dividing the total current (4.1 + 1.0
mA) over the posterior and anteromedial contact (80/20% in 2 datasets and 60/40%
in 3 datasets). Comparing the stimulation effect of our current steering stimulation
protocol to single contact stimulation, we found a significant decrease of activated
STN cells in the second orientation (p < 0.01) and in the third orientation (p < 0.05).
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At 1 mm off-center location, the steering DBS lead was able to activate 47.2 + 1.5% STN
cells in the first orientation by dividing the total current (2.5 + 0.0 mA) over the medial
contact and posterolateral contact (80/20% in 2 datasets and 60%/40% in 3 dataset).
In the second orientation, 43.9 + 0.7% STN cells were activated by dividing the total
current (2.5 + 0.0 mA) over the posteromedial and posterolateral contact (80/20% in
5 dataset). In the third orientation, 46.8 + 4.4% STN cells were activated by dividing the
total current (2.5 £ 0.0 mA) over the posteromedial and anteromedial contact (80/20%
in 5 datasets). In the fourth orientation, 52.9 + 3.4% STN cells were activated by dividing
the total current (3.0 + 0.0 mA) over the posterior and anteromedial contact (80/20%
in 5 datasets). Comparing the stimulation effect of our current steering stimulation
protocol to single contact stimulation, we found a significant decrease of activated
STN cells in the second (p < 0.01) and third orientation (p < 0.01) and a significant
increase in the first (p < 0.01) and fourth orientation (p < 0.05).

At 2 mm off-center location, the steering DBS lead using the current steering protocol
was not able to activate any STN cells without activating one or more IC fibers.

Comparison of the CC lead and the steering DBS lead

Finally, we statically compared the stimulation effect of the steering DBS lead with the
stimulation effect of the CC lead (figure 4). The CC lead, with its optimal stimulation
settings, was able to activate 56.6 + 4.8% STN cells at center location, 314 + 1.4% of
STN cells at 1 mm off-center location, and 6.4 + 4.4% of STN cells at 2 mm off-center
location.?** At center location, the steering DBS lead using single contact stimulation
was able to activate significantly more STN cells in the second and third orientation
(p < 0.01). Interestingly, in none of the four orientations the steering DBS lead using
current steering stimulation was able to activate significantly more STN cells than the
CC lead.

At 1 mm off-center location, a significant increase was found for all the orientations
when using the current steering stimulation (p < 0.01), while using single contact
stimulation a significant increase was found at the second, third, and fourth orientation
(p < 0.01). At 2 mm off-center location there were no significant differences found.



Orientation 1 Orientation 2

Figure 5. An example of the activation of STN cells illustrating the variability in the four orientations while
using a monopolar stimulation protocol. The panels show a medial perspective of the STN (green volume),
the globus pallidus (purple volume), IC fibers in red, and the STN cells in green and white. STN cells that
were activated by the stimulation pulse are displayed in white. The stimulation pulse activated 35%, 55%,
61%, and 49% of the STN cells in orientation 1 - 4, respectively.

Discussion

In this computational modeling study, we investigated a new steering DBS lead design.
The steering DBS lead is able to shape the stimulation field by selecting appropriate
electrode contacts for stimulation. In this manner, it is possible to stimulate target
areas while not stimulating areas that cause side effects. Our results show that under
the right circumstances, even using only single contact stimulation, the steering
DBS lead is indeed able to stimulate a significantly higher percentage of STN cells
without activating any of the IC fibers compared to the CC lead. Especially in the case
of a 1 mm displacement and the lead in optimal orientation, the steering DBS lead
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outperforms the conventional lead. The current steering stimulation protocol shows
that in case of a 1 mm displacement of the lead, where the single contact stimulation
is performing weakly, dividing the stimulation current over two contacts opposing
the IC can increase the percentage of activated STN cells. However, the results also
show that correct placement and orientation of the lead within the target remains an
important aspect for optimal stimulation outcome.

Using single contact stimulation at center and 1 mm off-center location, we found
significantly different results in STN activation for the four orientations. The steering
DBS lead in its second and third orientation, which had an electrode contact in the
opposite direction of the IC, the posteromedial direction, was able to activate a
significantly higher percentage of STN cells compared to the CC lead. The two other
orientations did not have a steering electrode contact in opposite direction of the
IC, which resulted in a less effective performance. Nevertheless, even in these two
orientations the performances of the steering DBS lead were never significantly worse
than the CC lead and even at 1 mm off-center location the steering DBS performed
significantly better than the CC lead while stimulating through the posterior contact
(orientation 4).

The varied results that were obtained for the different orientations, illustrates a new
challenge in correctly implanting the lead in the target. The lead contains a marker to
verify the orientation of the lead by x-ray imaging. However, in order to make use of the
full potential of the steering DBS lead, the clinical effect of different orientations should
be tested first during clinical trials. For this, computational models such as described
in this study, can be a useful tool to gain more insight in the effect of the different
orientations and finding the correct orientation. Finally, future studies should assess
besides lead displacements also the rotation of the lead over time and find ways to
guarantee a fixed orientation of the lead.

One way to compensate for the orientation dependency of the steering DBS lead is
current steering stimulation. We showed that by balancing current across the medial
and posterolateral contact it is possible to increase the percentage of activated STN
cells. This suggests that current steering enables stimulation in intermediate direction
to a certain level. Unfortunately, stimulation through two contacts increases the active
contact surface surrounding the lead, with which the selectivity of directional steering
is reduced. This might explain why the current steering protocol is not performing
better than stimulation through a cylindrical contact placed in the center of the STN.
It should be noted that we presented the current steering separately from the single
contact stimulation. In the clinic, the current steering protocol will be an addition to
the single contact stimulation protocol. This means a clinician will not use the current
steering protocol in case single contact stimulation is already the optimal stimulation
protocol, such as in second and third orientation. Second, only current steering through
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the two adjacent contacts on the same row was tested to show the potential of an
easy to interpret current steering protocol. More advanced current steering patterns
with multiple contacts might enable more selective stimulation, such that similar
percentages of STN cells are activated as those achieved by using a single contact in
posteromedial direction. Third, it should be noted, more advantaged current steering
patterns can also be performed with the CC lead. A previous modeling study, using
similar methods, showed that the CC lead at the center of STN was able to activate
8% more STN cells using current steering with two independent sources than with
monopolar stimulation.?* This will level out the performances of the leads, especially
at center location. However, with a 1 mm displacement the decrease in performance of
the CC lead is considerably larger than the decrease in performance of the directional
lead. This indicates that the directional lead, within the 1 mm window, is less sensitive
to the displacement away from the optimal center location.

At the 2 mm off-center location, we found no difference between de CC lead and the
steering DBS lead. This was due to the fact that the optimal electrode contact for both
leads were the same top cylindrical contact, C3 and C7. The steering DBS lead has
only two rows of electrode contacts along the lead which can be used for steered
stimulation (C1 - C6). In the 2 mm displacement scenario, the two rows of steering
electrode contacts were shifted 1.32 mm ventrally and ended up too close to the
ventrally located axon segments of the IC fibers. This scenario illustrates that with the
limited amount of rows of steering electrode contacts it remains important to position
the lead at the correct depth. In addition, the possible advantage of this steering DBS
lead is vulnerable to a displacement along the trajectory of the lead.

We decided to include the model representation of the steering DBS lead in a well-
described model of the subthalamic region that included many important and realistic
details. The technical limitations of this computational model are comprehensively
described in previous studies, such as the large voxel size of the DTl dataset, and
ignoring the capacitive behavior at the electrode-tissue interface.’®?°221 |n this
specific study, the large voxel size of the DTl dataset had an effect on two aspects
of the model. First, the conductivity of the tissue in model was based on the DTI
and this resulted in a low spatial resolution. Therefore, the anisotropy of small fiber
bundles in the brain were not included in the model. Second, because of the low
spatial resolution of the DTI dataset we were only able to trace the IC fibers and not
the STN axons projecting to the pallidum. With respect to the capacitive behavior,
in case of voltage-controlled stimulation, the capacitive behavior of the electrode-
tissue interface is important, especially for small contact surfaces area, because of its
reduced electrode capacitance. However, while using current-controlled stimulation,
similar to the one used in our current study, the electrode capacitance had negligible
effects on the corresponding tissue voltage.?? A previous study on a segmented lead
with similar contact surface areas as the one in our model also showed that including
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this capacitive behavior in their model did not significantly change their results2®
Finally, since our results focus on a comparison between the CC and HD leads in
the same model, the limitations will influence both leads and therefore will have little
impact on the comparison.

We should note that, in order to quantify the stimulation effect, we adopted the
criterion that with DBS a maximum percentage of activated STN cells is needed while
not stimulating the IC. Clinical research is needed to find more realistic and more
detailed criterions. Therefore, our criterion should only be regarded as an example
to show the steering effect on a plausible target while steering away from a region
causing side effects. Using this criterion also meant we did not pay attention to power
consumption. We believed maximizing the effect of DBS is of greater importance than
battery lifetime, especially now that rechargeable implantable pulse generators have
become available.z62¥7

Because we used the same modelling procedure, we are able to compare the current
results of the steering DBS lead with a previously described 40-contact lead.?* This
shows that at center and 1 mm off-center location the steering DBS lead with the
option to steer the stimulation field in posteromedial direction performed very similar
as the 40-contact lead. However, at 2 mm off-center location the HD lead was able
to perform significantly better (10 - 11% more STN cells activated) than the CC lead,
which was due to the fact that the dorsally located electrode contact of the 40-contact
lead also can be used for steering. The previous study did not investigate different
orientations of the 40-contact lead; however, this lead is always able to stimulate in
posteromedial direction, and is, therefore, probably less sensitive to rotations of the
lead.

Having only eight electrode contacts is a great advantage in programming the
stimulation settings when monopolar stimulation is used. For a HD lead with a large
number of electrode contacts programming the stimulation settings with a trial-
and-error approach will not suffice in clinical practice??® For a 32-contact HD lead,
which was used in a proof-of-concept study the test stimulation was limited to four
standard steering directions, because of time constraints.’?® The eight-channel lead
has the advantage that it can be combined with a novel internal pulse generator,
which includes eight independent current sources??” We used just a simple
current steering stimulation protocol with two contacts, which already showed an
improvement of the stimulation effect in certain cases. By selecting the appropriate
current strength on each contact, the steering properties of DBS can be improved
even more?*, however, finding the correct current for each of the eight contacts will
highly increase the complexity of programming the stimulation parameters. Thus,
unless new technological tools will be developed to aid clinicians in selecting the
optimal stimulation settings, the theoretical advantage of having many contacts or
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many current sources might not be fully utilized in practice. Creating patient specific
models, by using the patients MRI/DTI dataset and using the same methodology as
the current study, can be one of these tools. Patient specific models effectively have
been used before to select stimulation settings, which maximize neural activation in a
certain area.?°* Additionally, using the patient specific IC in the model can be used to
warn the clinician to avoid certain settings.

Besides running through all possible settings in an electric field model, more advanced
techniques based on machine learning®! and particles swarm optimization2* can be
the next step in finding the optimal settings in a time efficient way.

Conclusion

In conclusion, we found that the concepts of steering the stimulation field with a steering
DBS lead with only eight channels may be beneficial compared to the conventional
lead, and it allows to correct for lead displacement errors of approximately 1 mm when
it has the correct orientation or using current steering. While using single contact
stimulation, which has the advantage of being easy to use in the clinic, our results
illustrate the importance of the orientation of this lead. Therefore, sufficient attention
should be paid to implanting the steering DBS lead in the most effective orientation,
and to keep this orientation of the lead over time.
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Deep brain stimulation (DBS) is an effective surgical treatment for advanced Parkinson's
Disease (PD). Continuous electrical stimulation within the subthalamic nucleus (STN),
one of the basal ganglia, can successfully alleviate PD motor symptoms. However, the
success of STN-DBS can be limited by side effects which can occur when unwanted
neuronal areas or connections are stimulated. Therefore, it is important that the
stimulation is targeted at the right location as specifically as possible.

In this thesis we have studied several aspects of STN-DBS and how they contribute
to optimal localization and stimulation of the preferred target area. We have used
conventional imaging and electrode technology to study how the target area can be
optimally located. Additionally, we have studied developments in imaging techniques
and electrode design to investigate how future technology can be used to further
optimize both localization and stimulation of the most effective target area.

Active contact location

In chapter 4 we showed that, together with the preoperative response to levodopa,
the location of the active contact of the DBS electrode was the main predictor for
postoperative motor improvement. A more lateral active contact location was a large
positive predictor for motor improvement. In a sub-analysis, a more anterior location
was a negative predictor for improvement. This result was also found in other studies
using MRI, and can be explained by the anatomical location of the sensorimotor
projections in the dorsolateral STN. Using the data from chapter 4, and the STN
model based on microelectrode recordings (MER), a theoretical hotspot for the active
contact location could be defined at 1.9 mm lateral, 0.9 mm anterior, and 2.6 mm
dorsal to the geometric center of the MER-based STN, within its boundaries. It should
be noted here that there are DBS groups that target more dorsal and more posterior,
to deliberately stimulate fiber tracts outside of STN boundaries. However, this thesis
focusses on stimulation inside the boundaries of the STN as this is the aim of our
group and most DBS groups worldwide.

Intraoperative and postoperative adjustments of location

Even though the (dorsollateral STN is targeted preoperatively, we showed that several
electrodes still end up in the central, or even the medial parts of the STN. This can
be caused by inaccuracies of the DBS procedure, for example the small remaining
inaccuracy of the stereotactic frame?! Intraoperative test stimulation might also play
a role in the final position of the electrode.®° During test stimulation, the therapeutic
window of different stimulation sites is compared. The therapeutic window compares the
amplitude thresholds for therapeutic benefit and side effects of stimulation. The preferred
stimulation site would have a large therapeutic window. However, the introduction of
the electrode in the subthalamic area can induce a ‘stunning effect’ where the motor
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symptoms of PD are alleviated for longer time, possibly because of microlesions.
Because of this stunning effect, the thresholds for therapeutic benefit become difficult to
verify during surgery. This can lead to a situation where the final position of the electrode
is mainly guided by side effects and less by the therapeutic benefit. The most prominent
side effects result from stimulation of the internal capsule which runs anterolateral and
ventral to the STN and contains the corticospinal motor tract. Therefore, searching high
thresholds for side effects can lead the final electrode position away from the lateral part
of the STN and into the central or even the medial STN.

After surgery, the stimulation with sub-optimally placed electrodes is mostly
finetuned by choosing an alternative contact on the electrode. In conventional DBS
electrodes with four or more in-line cylindrical contacts, clinicians only have the
possibility to choose another cylindrical contact on the electrode, or to combine
cylindrical contacts in double monopolar and bipolar stimulation patterns. When the
final electrode ends up too medial, an alternative contact is chosen to obtain a better
therapeutic effect, and possibly to move away from side effects of the associative and
limbic projections in the medial STN. When the final electrode ends up too lateral, an
alternative contact is chosen to move away from side effects caused by stimulation
of the internal capsule. In both cases, often a more dorsal contact on the electrode is
selected. However, because of the oblique orientation of the electrode, a more dorsal
contact does not only move the stimulation more dorsal, but also more lateral, and
largely more anterior.

In conclusion, when intraoperative placement is sub-optimal, a conventional
cylindrical electrode has limited options for successful postoperative finetuning of the
stimulation. Therefore, although chapter 4 suggests that more lateral targeting might
be beneficial, it should be approached with caution when using conventional cylindrical
electrodes. Targeting more lateral, closer to the theoretical hotspot, but also closer to
the internal capsule, will lead to lower thresholds for side effects. With conventional
cylindrical electrodes, these thresholds can be difficult to increase postoperatively
without also increasing the thresholds for therapeutic effect, thus resulting in an
insufficient therapeutic window. However, a new design of DBS electrode can make
more postoperative adjustments possible.

Steering DBS electrodes

In chapters 5 to 8, two different designs of steering DBS electrodes were studied. Both
electrodes offer more freedom in finetuning the stimulation postoperatively with the
final electrode in place. Besides changing the stimulation field along the trajectory of
the electrode, mostly in the dorsoventral direction, they can effectively shape the field
in the anteroposterior and the mediolateral directions as well. In chapter 5 we showed
how a 32-contact type of steering electrode could increase the thresholds for side
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effects and thereby increase the therapeutic window. The thresholds for side effects
of the internal capsule were elevated in 9 out of 13 cases by redirecting the field of
stimulation medial, away for the responsible anatomical structure. The thresholds
for therapeutic effect remained unaltered and were sometimes even reduced. This
indicates that patients with sub-optimally placed electrodes, suffering from a low
threshold for side effects, might benefit from steering technology.

Because the treatment with steering DBS electrodes is likely to be more complex, its
benefit must be evaluated carefully. A survey amongst specialists from five different
DBS centers, evaluating 293 electrodes implanted in the STN, reports that steering
technology was considered usefulin 8 5% of STN electrodes (12.8% of patients).2*° This
number seems relatively low, but this survey focused only on lowering the thresholds
for side effects, not on lowering the thresholds for therapeutic effect. Thresholds
for therapeutic effect could be lowered by steering current towards the preferred
target cells. However, another perhaps more effective way to lower the thresholds for
therapeutic effect is to actively aim for a final position of the electrode that is closer
to the most effective target area, i.e, more lateral within the sensorimotor STN. Of
course, this cannot be done postoperatively, but it should already be considered in the
preoperative planning of the target. In other words, this survey studied the potential
benefit of steering electrodes, that would be placed like conventional electrodes, or
that would be placed too lateral by accident. However, it does not account for the
potential benefit that can be achieved when DBS targeting would be optimized with
specifically the steering DBS electrode in mind.

In chapters 7 and 8 we studied the stimulation of the subthalamic area in a
computational model and showed how two different types of steering electrodes
could potentially provide a benefit over the conventional cylindrical electrode. In this
model, different final positions of the electrode were studied, i.e, a central position in
the STN, a position 1 mm lateral from central and 2 mm lateral from central. In chapter
7 we modelled the stimulation with a 40-contact multidirectional steering electrode,
similar to the electrode from chapter 5, but with two additional dorsal rows of four
contacts each. In all three positions, this electrode was able to activate more of the
STN than the cylindrical electrode, without activating internal capsule fibers (table 1).

It is challenging to appreciate the differences in the percentages in table 1. A limitation
of this study is that it optimized STN cell activation over the complete nucleus, not
just the target area in the dorsolateral sensorimotor STN. It was designed in this way
to theoretically support how a steering electrode could compensate accidental
lateral displacement, towards to the internal capsule. With respect to the goal of this
modelling study, we have showed that this steering electrode can compensate for an
accidental displacement of 1 mm lateral. The steering electrode in the 1 mm lateral
position reaches the same percentage of STN cell activation as the conventional
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electrode in the central position (57.7% and 56.6% respectively). The same is true for
the 8-contact steering electrode studied in chapter 8 which has two segmented
levels consisting of three separate multidirectional steering contacts, enclosed by a
cylindrical dorsal and ventral contact (59.8 % of STN cell activation).

However, because of the displacement towards lateral, itis very likely that the activated
STN cells are located more lateral in the STN, closer to the hotspot for therapeutic
effect described in chapter 4. These findings lead to the suggestion that a steering
electrode can not only compensate for accidental displacement towards lateral
but, when it is placed more lateral, it can actually be more effective than a centrally
placed conventional electrode. In other words, when steering electrodes are used, it
could be beneficial to deliberately target more lateral compared to the targeting for
conventional cylindrical electrodes.

Moreover, to achieve this percentage of activation, both steering electrodes use smaller
stimulation amplitudes (3.9 mAand 4.0 mA) than the conventionalelectrode (4.5 mA). This
may not only improve battery life of the DBS implanted pulse generator (IPG) lowering
the need for surgical replacement, but it also has implications for the effectiveness of
current steering. Other modelling studies have shown that the shaping of the field of
neuronal cell activation, which a steering electrode tries to achieve, is more effective with
lower stimulation amplitudes.2® With high amplitudes, the field of activation becomes
more spherical again, even in current steering configurations. This is an additional reason
to deliberately target more lateral when using steering electrodes. In the central STN,
further from the hotspot for therapeutic effect, the stimulation amplitudes will likely be
higher and current steering will therefore be less effective compared to stimulation with
lower amplitudes in the lateral STN. Stimulation here might be closer to the internal
capsule, but also closer to the hotspot for therapeutic effect. In other words, for steering
DBS electrodes a therapeutic window in the low amplitudes is preferred over an equally
large therapeutic window in the high amplitudes.

Table 1. Modelled stimulation effect of three different DBS electrode designs

Final electrode Mean percentage of activated STN cells without internal
position capsule activation (and mean amplitude used), after
optimization of all tested possibilities
Conventional 40-contact steering 8-contact steering
cylindrical electrode electrode (chapter 7) electrode (chapter 8)
Centralin the STN 56.6 % (4.5 mA) 73.0 % (5.9 mA) 751% (5.0 mA)
1 mm lateralto center STN 314 % (2.3 mA) 57.7 % (3.9 mA) 59.8 % (4.0 mA)
2 mm lateralto center STN 6.4 % (0.4 mA) 171 % (15 mA) 6.4 % (0.4 mA)
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The percentages of STN cell activation in table 1 could even suggest that the 2 mm more
lateral position also has a certain benefit. Here, the 40-contact steering electrode can
activate almost three times the amount of STN cells (171 %) compared to the conventional
cylindrical electrode (6.4 %). Although the percentage of activated cells seems low, in this
position, the largest part of activated cells is likely to be in the dorsolateral sensorimotor
STN, thus close to the hotspot for therapeutic effect. Since these modelling studies were
not designed to answer this question, no clear conclusions can be formulated. It does
however suggest an interesting topic for future studies.

In future studies, new designs for steering electrodes should also be taken into
consideration as both electrodes studied here have their own limitations. The 40-contact
electrode from chapter 7 offers a high degree of freedom in steering the current at all
dorsoventral levels. However, its complicated design makes it very costly to produce
and it is currently not commercially available. Moreover, the design has a single current
source which makes the actual current distribution over different contacts, and thus the
efficacy of steering, very dependent on the individualimpedances of these contacts. The
8-contact electrode from chapter 8 does not have this limitation because all contacts
are stimulated with independent current sources, and it is commercially available.
However, it offers a lower degree of freedom for effective current steering, because
of the limited number of contacts but especially because the most ventral and dorsal
contacts remain cylindrical. This is especially reflected in the STN activation percentage
at the 2 mm lateral position in table 1. Here, the 40-contact steering electrode can still
activate substantially more STN cells than the conventional cylindrical electrode, but
the 8-contact steering electrode cannot. This is because in this position the optimal
stimulation configuration uses the most dorsal contacts on all three types of electrodes.
In the 8-contact steering electrode, the most dorsal contact is not segmented and
identical to the most dorsal contact on the conventional cylindrical electrode. Therefore,
the results are also identical. These results indicate that if more lateral targeting would
be pursued to optimize the performance of steering DBS electrodes, an electrode with
steering possibilities at more dorsoventral levels would leave more room for placement
inaccuracies or would potentially be more effective.

Future perspectives on DBS targeting

Together, the results from chapters 4, 5, 7, and 8 indicate that steering DBS electrodes
can compensate for accidental misplacement where conventional cylindrical electrodes
might not. The current clinical need for this solution seems limited in STN-DBS for PD,
which could be the result of how the STN is currently targeted. Our results suggest that
the full potential of the steering DBS electrode might be unleashed when it is combined
with more lateral targeting, closer to the hot spot in the sensorimotor STN from chapter
4, and closer to the internal capsule.
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Chapter 5 already suggests that steering electrodes might enable the formation of new
treatments by stimulating small neuronal areas that are currently inaccessible because
of induction of side effects. Areas suggested in this chapter are for example small
subnuclei in the hypothalamus, the fornix, the upper brainstem, or even the medulla
oblongata and spinal cord. Perhaps the hot spot for STN-DBS within the dorsolateral
STN could also be counted among these small inaccessible areas. To reach this hot
spot, more lateral targeting might be required. This is supported by studies that have
found most of the connections between the STN and cortical motor areas to lie in the
dorsolateral STN.2242 |n recent work from our group we were able to show that these
connections lie indeed more lateral than our current target (unpublished data). With
conventional electrodes, this area might be inaccessible because of the induction of
side effects, but with steering electrodes it might be possible to specifically target this
more lateral part of the STN.

In conclusion, adapting the targeting specifically to steering DBS electrodes, could
result in a higher number of patients benefitting from this technology. Although
promising, this suggestion needs careful review, first in neuronal modelling studies
that build on and improve the model from chapters 7 and 8, and later in prospective
clinical trials. In these future studies current and new designs for steering electrodes
should be carefully evaluated.

Future perspectives on preoperative and intraoperative imaging

Targeting more lateral, closer to the internal capsule, also means there will be
less room for placement inaccuracies. Technological development in CT and MRI
applications can help to minimize these inaccuracies, both by optimizing preoperative
STN identification and by improving intraoperative verification of the electrode
position. Chapter 2 has shown that especially the dorsal and lateral borders of the
STN can be hard to identify on T2 MRI. The lateral STN border identified on 7.0 Tesla
T2 MRI corresponds better with the MER-based STN borders compared to the lateral
border identified with lower field strength T2 MRI. These findings suggest that using
high-resolution 7.0 Tesla MRI imaging might be beneficial in minimizing inaccuracies,
especially when a more lateral part of the STN is targeted. Ongoing work of our group
does indeed show this2* Even better would be to advance to real individualized
targeting based on the identification of the individual patient's connections between
the individual patient's STN and different cortical motor areas?* using for example 70 T
MRI tractography. Additionally, intraoperative verification of the electrode position with
high-resolution MRI or CT applications in the OR was recently shown by our group to
take away more of the remaining placement inaccuracies.?*
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Future perspectives on intraoperative measurements and test
stimulation

Intraoperative measurement of neuronal spiking with MER is traditionally used to verify
electrode placement within the STN. Especially in DBS surgery where multiple parallel
MER trajectories around the planned target are studied, neuronal spiking can be used
to select the optimal trajectory. This is generally the trajectory where neuronal spiking
typical for the STN can be measured on a large amount of dorsoventral locations. With
the MER-based STN model that we have created and used in chapters 2, 3, and 4 we
have tried to make most out of the available MER measurements in terms of identifying
the STN as a whole and thereby also identifying the dorsolateral target area.

Using a MER-based STN model to determine the electrode position in relation to the
STN has the advantage of using real-time intraoperative physiological data from the
patient, compared to the indirect preoperative imaging data that MRI uses which can
be subject to distortion. Because of this, MER measurements have served as the gold
standard for STN location on which many further developments have been based. In
our studies, we have analyzed the positions only retrospectively, but with sufficiently
fast computing, electrode position relative to the MER-based STN can be assessed
directly during surgery. Then, one could intraoperatively assess the mismatch
between MER-based STN and MRI-based STN to determine if adjustment of targeting
is necessary. This could be done in a safe way. The symptomatic bleeding rate with a
MER-driven approach was only 0.8% in our center.

However, with the advancement of preoperative imaging and the availability of accurate
intraoperative verification of electrode position with high-resolution CT or MRI, the
need for additional verification with multiple MER trajectories is becoming obsolete.
The reduction of the amount of parallel MER trajectories makes our STN modelling
approach less accurate. Therefore, MER modelling of the STN and its dorsolateral
sensorineural part seems to have no place in the future of STN-DBS. Measurement
of STN activity in a single trajectory, either intraoperatively, postoperatively, or both,
might still provide confirmation of the dorsal and ventral borders of the target nucleus
and thereby improve DBS therapy. In addition, local pathological activity can be
studied by analyzing neuronal oscillations inside the STN.

One way to gain insight into local STN oscillations is described in chapter 3 where
we attempted to optimally analyze the neuronal activity in the STN with only minor
changes in the standard surgical procedure. By combining the LFP and the spiking
activity measured with MER electrodes, and by analyzing both power and coherence
in the beta and gamma frequencies, we were able to distinguish the sensorimotor
STN at a group level. However, this method remained vulnerable to inaccuracies and it
was not discriminative enough at a patient level. Therefore, it is not a suitable method
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for intraoperative identification of the sensorimotor STN. Moreover, with the reduced
use of MER, identification of the STN target based only the oscillations in the LFP
measured with only macroelectrodes becomes even more important.

With the developments in electrode design, especially steering DBS electrodes now
have more and smaller contacts, possibly even facing different directions, together
forming an array of macroelectrodes. LFP measurement with these small contacts
of the final DBS electrode seems to be the future of intraoperative verification of STN
activity. In chapter 6 we confirmed that the 32-contact steering electrode can identify
STN activity, i.e., beta band oscillations in the LFP, with enough spatial resolution (0.6
mm) because of the small size of the contacts and the small distance between the
contacts. Moreover, the steering contacts measuring oscillations in different directions,
could provide insight into the anteroposterior and mediolateral location of the hotspot
of pathological activity. Chapter 6 shows that this can be measured intraoperatively,
but in the newest generation of steering electrodes, postoperative measurement will
also be possible. Conventional DBS electrodes would not be able to identify these
oscillations with a similar spatial resolution.

Even if the preferred target could be identified based on only the LFP oscillations
measured with the final electrode, it remains important to verify whether steering the
stimulation is effective enough at the desired lateral placement. This could possibly
be investigated by steering test stimulation with the final electrode, as is described in
chapter 5. Although the limitations of test stimulation with regards to the stunning effect
remain, it could be used to determine whether steering can increase the threshold for
side effects without moving the electrode. However, with the rising application of DBS
surgery under general anesthesia, it is questionable if this form of test stimulation
remains possible in the future as the side effects could then not be properly evaluated.

Important considerations

Adapting STN-DBS targeting specifically to steering electrodes seems promising, but
it needs careful review. More lateral targeting also comes with risks. Targeting closer to
the internal capsule leaves less room for error and even with very accurate procedures,
steering stimulation might not be able to increase the threshold for side effects of
the internal capsule sufficiently for all patients. The risks are higher with DBS surgery
under general anesthesia where steering test stimulation cannot be performed. It is
possible, with an electrode that is very close to the internal capsule, that side effects
are evoked at very low amplitude, even with optimal current steering away from the
internal capsule. This means that these patients will have to be stimulated with lower
amplitude, possibly leading to less satisfactory motor improvement. In a worst-case
scenario, a patient might have to undergo a second surgery to correct electrode
placement. When DBS surgery is performed under general anesthesia, although the
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risk of needing a second surgery might be higher, the burden of this consequence
would be smaller, compared to awake DBS surgery.

The challenge is to carefully study how many patients would benefit from more lateral
targeting in combination with steering electrodes, and whether the additional risks
would outweigh the expected benefits of targeting this way. A safe first step in studying
this would be to use improved versions of the computational models discussed in
chapters 7 and 8, with a more detailed segmentation of the sensorimotor projections
and a more accurate modelling of the internal capsule fibers. In these models, several
varieties of more lateral placement could be studied. If these models would suggest
a positive result, this would have to be verified in clinical trials.

This thesis has focused on technological advancements in the DBS procedure and
how the application of new techniques could potentially provide a way forward to
improve DBS efficacy. We have studied this potential based on motor improvement
and side effects. In terms of motor improvement, we have focused only on the
motor symptoms that are generally improved by DBS. Axials motor symptoms,
which generally do not improve after DBS also require future study. In terms of side
effects, we have focused mainly on side effects of the internal capsule, as these are
evoked closest to the hotspot for motor improvement. In a chronic setting, steering
stimulation could also be used to reduce other side effects, such as cognitive decline
or behavioral disturbances, which are not the result of internal capsule stimulation.
Although these side effects are more difficult to assess, they have great influence on
the burden experienced by PD patients and they also require careful study to improve
the quality of life of these patients.

Conclusion

In this thesis, we have studied optimization of the identification of the target for
STN-DBS, using MRI imaging of different field strengths, combined with MER and
LFP measurements. Additionally, we have investigated the potential of steering DBS
electrodes in both the identification and the stimulation of the target with increased
accuracy.

We argue that the full potential of the steering DBS electrode might be unleashed
when it is combined with deliberately targeting a more lateral part of the STN, closer
to the sensorimotor projections and thus the hotspot for motor improvement, but also
closer to the side effects inducing corticospinal tract. Whether DBS electrodes are
still able to increase the threshold for side effects at this more lateral position seems
plausible, but this needs more careful review in future studies. A possible adaptation
of STN-DBS targeting especially for steering electrodes should be accompanied with
improved implantation accuracy, by preoperative identification of the lateral STN with



General discussion

high field strength T2 MRI, and by intraoperative verification of the electrode position
with high-resolution MRI or CT. Intraoperative and postoperative LFP measurement
with the final steering electrode can verify the STN borders and provide insight into
the local STN oscillations which could guide one towards the neurophysiological
location of the hotspot for motor improvement achieved by DBS.
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Subthalamic deep brain stimulation for advanced Parkinson's disease

Optimizing localization and stimulation of the target area

Parkinson's disease is a neurodegenerative disorder of the central nervous system,
caused by degeneration of dopamine-producing cells in the deep nuclei of the brain.
It is characterized mainly by motor symptoms bradykinesia, rigidity, and tremor. In
a later stage, disturbances of gait and non-motor symptoms like cognitive decline
and autonomic dysfunction also occur. When first-line treatment with dopaminergic
medication becomes less effective as the disease progresses, patients often develop
medication-induced motor response fluctuations, an on-off pattern, and additional
dyskinesias. When changes in medication can no longer sufficiently improve these
fluctuations, deep brain stimulation (DBS) is a possible surgical treatment. In DBS,
electrodes are permanently implanted in the basal ganglia, the deep nuclei of the
brain. These electrodes continuously stimulate a selected target, which can alleviate
the motor symptoms of Parkinson's disease.

Chapter 1 provides an introduction of this thesis, where the DBS techniques used in
our center and the preferred target for stimulation are described. Although different
target areas for stimulation can be chosen, previous research in our center showed that
DBS of the subthalamic nucleus (STN) provides superior symptomatic improvement
in the off-phase. Therefore, this thesis focuses on stimulation within the STN. It further
describes the aims of this thesis, of which the first part focuses on the identification of
the STN, before and during DBS surgery with conventionally used surgical techniques.
The second part describes how the identification and stimulation of the STN might
be further finetuned using a technological development in electrode design, i.e., the
steering DBS electrode.

During preoperative planning of the surgical procedure, the STN can be identified using
T2-weighted MRl images. Intraoperatively, the nucleus can be identified by the spiking
activity of local neurons measured with microelectrode recordings (MER). However,
the electrophysiological STN, measured with MER, does not always correspond with
the STN seen on MRI images and different MRI field strengths might show the STN
differently. In chapter 2, we compared the STN borders seen on T2-MRI images of
different field strengths with those estimated by MER. For this, we developed a method
that automatically generates a detailed estimation of STN shape and size based on
multiple-channel MER measurements. We found that the dorsal border of the STN was
identified more dorsally on MRI than it was by MER. The lateral border was identified
more medial on 1.5 Tesla and 3.0 Tesla MRI compared to MER. In 7.0 Tesla MRI we found
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a better correspondence with the MER-based STN at the lateral border. Although 7.0
Tesla MRI does not provide additional benefit compared to 3.0 Tesla MRl in identification
of the dorsal STN border, it could improve identification of the lateral border of the STN
and thereby improve DBS targeting.

Within the STN, the dorsolateral part is the preferred target because of its sensorimotor
connections. In chapter 3 we investigated how intraoperative measurements can help
identify this area. Through simultaneous recordings of local field potentials (LFP) and
MER, we studied the temporal relationship between local neuronal spiking and more
global beta oscillations (12 - 35 Hz) in the LFP. Due to volume conduction of the LFP,
localization of the sensorimotor STN with only LFP recordings is difficult. However,
calculating beta power specifically at the frequencies of the LFP spectrum which are
coherent with MER, showed to be beneficial in discriminating the sensorimotor part
of the STN. This method could be helpful in analyzing the neuronal activity at the
preferred target with only minor changes in the standard surgical procedure. However,
it remains vulnerable to inaccuracies. Although differences on a group level could be
found, the method was not discriminative enough at a patient level, and is therefore
not suitable for intraoperative identification of the sensorimotor STN.

Chapter 4 narrows down on the preferred target in a more detailed way. Even within
the sensorimotor part of the STN a more specific target may be defined. Therefore,
we studied the relation between the location of the active contact and motor
improvement one year after surgery. The contact location was identified with CT and
expressed relative to the MER-based STN, described in chapter 2. This way, we found a
significant relation between active contact location and motor improvement, in which
the mediolateral location of the active contact was the greatest predictor of motor
improvement. A more laterally placed electrode predicted more motor improvement
one year after surgery. From these results, a theoretical hotspot for STN-DBS could
be defined at 1.9 mm lateral, 0.9 mm anterior, and 2.6 mm dorsal to the center of the
MER-based STN.

In the second part of this thesis, we investigated how identification and stimulation
of the target might be further finetuned with the permanent DBS electrode in place.
Chapter 5 describes how a novel steering DBS electrode with 32 multidirectional
contacts could modulate the thresholds for beneficial and side effects of stimulation,
thereby increasing the therapeutic window with up to 1.5 mA. We found that directional
steering of current could increase the threshold for side effects compared to spherical
stimulation in almost all cases, potentially improving the effectiveness of DBS.
Moreover, measurement of LFP with this novel electrode was found to provide insight
into the local oscillatory activity within the STN.
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Chapter 6 further explores the potential of multidirectional LFP recordings with this
novel steering electrode and investigates the effect of directional stimulation on the
LFP oscillations. With simultaneous recordings at different depths, we found that an
increase in beta oscillations at the dorsal border of the STN could be measured with
the electrode in place. The power of pathological beta oscillations was found to differ
when measuring in different directions. The direction with greatest (high) beta (185 -
30 Hz) power corresponded with the direction in which stimulation caused greatest
motor improvement, where this could be measured. Both beta and gamma LFP
oscillations reacted differently to stimulations in different directions. This indicates that
multidirectional LFP recordings have the potential to improve the efficiency of DBS by
providing confirmation of adequate electrode placement and directional information
on physiological and pathological oscillations within the STN.

In chapter 7 and 8, we used a computational modelling approach to compare the
effectiveness of cylindrical and steering electrodes. We compared how, with
optimized stimulation parameters, they could maximize STN activation without
activating fibers of the internal capsule which can potentially cause side effects. We
modelled electrodes placed in the center of the STN and in two more lateral positions
(Imm and 2 mm). In chapter 7, we studied a steering electrode similar to the one used
in chapter 5 and 6, with 40 multidirectional contacts. In all positions, by directional
stimulation, this electrode was able to activate more of the STN, compared to the
cylindrical electrode. At the more lateral positions, the difference in STN activation
between the two electrode types increased in favor of the steering electrode. This
indicates that the use of a steering electrode might be favorable compared to the
cylindrical electrode, especially in the more lateral positions.

In chapter 8 the same modeling approach was applied to another steering electrode
design, which has less degrees of freedom, ie., eight contacts of which six are
multidirectional, but which is commercially available and can be used in clinical
practice. This design has two segmented levels consisting of three separate contacts,
enclosed by a cylindrical dorsal and ventral contact. Comparing this electrode with
the fully cylindrical electrode, we found similar benefits of directional stimulation in
the central and the 1 mm more lateral position. However, the amount of benefit was
dependent on the rotation of the steering electrode around its longitudinal axis. In
the 2 mm more lateral position, this steering electrode showed no benefit over to the
cylindrical electrode. When rotation could be prevented or controlled, this steering
electrode type could be beneficial, especially in a 1 mm more lateral position. In a
position 2 mm lateral from central, this electrode seems less beneficial than the
theoretical 40-contact steering electrode of chapter 7.

Chapter 9 provides a general discussion where the variable topics of this thesis are
connected and evaluated. We conclude that a continuous effort should be made to
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critically review DBS targeting considering the evolving clinical and technological
possibilities. We argue that targeting and steering stimulation are inseparable in
optimizing DBS results. When targeting is inaccurate, steering stimulation might
compensate for some of the lost potential benefit. However, the current preoperative
planning with high field MRI and verification by intraoperative measurements and
imaging make the targeting so accurate that it could perhaps be adapted specifically
to the steering electrode. This thesis suggests that the full potential of steering
electrodes could possibly be unleashed by targeting more specifically aimed at the
dorsolateral motor segment of the STN.
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Subthalamische diepe hersenstimulatie voor gevorderde
Ziekte van Parkinson

Optimalisatie van lokalisatie en stimulatie van het doelgebied

De ziekte van Parkinson is een neurodegeneratieve aandoening van het centrale
zenuwstelsel, veroorzaakt door degeneratie van dopamine-producerende cellen in de
diepe hersenkernen. Het wordt voornamelijk gekenmerkt door motorische symptomen,
bradykinesie, rigiditeit en tremor. In een later stadium treden ook loopstoornissen en
niet-motorische symptomen op, zoals cognitieve achteruitgang en autonome disfunctie.
Wanneer eerstelijnsbehandeling met dopaminerge medicatie minder effectief wordt
naarmate de ziekte vordert, ontwikkelen patiénten vaak door medicatie geinduceerde
motorische responsfluctuaties, een on-off patroon, en bijkomende dyskinesieén.
Wanneer veranderingen in medicatie deze fluctuaties niet meer voldoende kunnen
verbeteren, is diepe hersenstimulatie (DBS) een mogelijke chirurgische behandeling.
Bij DBS worden elektroden permanent geimplanteerd in de basale ganglia, de diepe
hersenkernen. Deze elektroden stimuleren continu een geselecteerd doelwit, wat de
motorische symptomen van de ziekte van Parkinson kan verlichten.

Hoofdstuk 1 geeft eeninleiding op dit proefschrift, waarin de DBS-technieken diein ons
centrum worden gebruikt en het voorkeursdoelwit voor stimulatie worden beschreven.
Hoewel verschillende doelgebieden voor stimulatie kunnen worden gekozen, toonde
eerder onderzoek in ons centrum aan dat DBS van de subthalamische nucleus
(STN) superieure symptomatische verbetering biedt in de off-fase. Daarom richt dit
proefschrift zich op stimulatie binnen de STN. Het beschrijft verder de doelstellingen
van dit proefschrift, waarvan het eerste deel zich richt op de identificatie van de STN,
voor en tijdens DBS-chirurgie met conventioneel gebruikte chirurgische technieken.
Het tweede deel beschrijft hoe de identificatie en stimulatie van de STN verder kan
worden verfijind met behulp van een technologische ontwikkeling in elektrodeontwerp,
dw.z. de sturende DBS-elektrode.

Tijdens de preoperatieve planning van de chirurgische ingreep kan de STN worden
geidentificeerd met behulp van T2-gewogen MRI-beelden. Intraoperatief kan de
nucleus worden geidentificeerd door de spiking-activiteit van lokale neuronen gemeten
met micro-elektrode opnames (MER). De elektrofysiologische STN, gemeten met
MER, komt echter niet altijd overeen met de STN die wordt gezien op MRI-beelden
en verschillende MRI-veldsterkten kunnen de STN anders weergeven. In hoofdstuk 2
vergeleken we de STN-grenzen die te zien zijn op T2-MRI-beelden van verschillende
veldsterkten met de grenzen geschat door MER. Hiervoor hebben we een methode
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ontwikkeld die automatisch een gedetailleerde schatting van STN-vorm en -grootte
genereert op basis van meerkanaals MER-metingen. We ontdekten dat de dorsale grens
van de STN meer dorsaal werd geidentificeerd op MRI dan door MER. De laterale grens
werd meer mediaal geidentificeerd op 1,5 Tesla en 3,0 Tesla MRI in vergeliking met
MER. In 7,0 Tesla MRI vonden we een betere overeenkomst met de op MER gebaseerde
STN aan de laterale grens. Hoewel MRI van 70 Tesla geen extra voordeel biedt in
vergelijking met MRI van 3,0 Tesla bij de identificatie van de dorsale STN-grens, zou het
de identificatie van de laterale grens van de STN kunnen verbeteren en daardoor de
DBS-targeting kunnen verbeteren.

Binnen de STN is het dorsolaterale deel het voorkeursdoelwit vanwege zijn
sensomotorische verbindingen. In hoofdstuk 3 hebben we onderzocht hoe
intraoperatieve metingen kunnen helpen bij het identificeren van dit gebied. Door
geliktijdige opnames van lokale veldpotentialen (LFP) en MER, hebben we de
temporele relatie tussen lokale neuronale spiking-activiteit en meer globale béta-
oscillaties (12 - 35 Hz) in de LFP bestudeerd. Vanwege volumegeleiding van de
LFP is lokalisatie van de sensomotorische STN met alleen LFP-opnames moeilijk.
Het berekenen van béta power specifiek in de frequenties van het LFP-spectrum
die coherent zijn met MER, bleek echter behulpzaam te zijn bij het onderscheiden
van het sensomotorische deel van de STN. Deze methode kan nuttig zijn bij het
analyseren van de neuronale activiteit op het gewenste doelwit met slechts kleine
veranderingen in de standaard chirurgische procedure. Het blijfft echter kwetsbaar
voor onnauwkeurigheden. Hoewel er verschillen op groepsniveau konden worden
gevonden, was de methode niet discriminerend genoeg op patiéntniveau en daarom
niet geschikt voor intraoperatieve identificatie van de sensomotorische STN.

Hoofdstuk 4 concentreert zich op een meer gedetailleerde manier tot het
voorkeursdoelwit. Zelfs binnen het sensomotorische deel van de STN kan een
specifieker doelwit worden gedefinieerd. Daarom hebben we de relatie tussen de
locatie van het actieve contactpunt en de motorische verbetering een jaar na de
operatie onderzocht. De contactpuntlocatie werd geidentificeerd met CT en uitgedrukt
ten opzichte van de op MER gebaseerde STN, beschreven in hoofdstuk 2. Op deze
manier vonden we een significante relatie tussen actieve contactpuntlocatie en
motorische verbetering, waarbij de mediolaterale locatie van het actieve contactpunt
de grootste voorspeller van motorische verbetering was. Een meer lateraal geplaatste
elektrode voorspelde meer motorische verbetering een jaar na de operatie. Op basis
van deze resultaten kon een theoretische hotspot voor STN-DBS worden gedefinieerd
op 1,9 mm lateraal, 0,9 mm anterieur en 2,6 mm dorsaal ten opzichte van het midden
van de op MER gebaseerde STN.

In het tweede deel van dit proefschrift hebben we onderzocht hoe identificatie en
stimulatie van het doelwit verder kan worden verfind met de permanente DBS-
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elektrode op zijn plaats. Hoofdstuk 5 beschrijfft hoe een nieuwe sturende DBS-
elektrode met 32 multidirectionele contactpunten de drempels voor verbeteringen
en bijwerkingen van stimulatie zou kunnen moduleren, waardoor het therapeutische
venster met tot 1,5 mA kan worden vergroot. We ontdekten dat directionele sturing van
stroom de drempel voor bijwerkingen in bijna alle gevallen zou kunnen verhogen in
vergelijking met sferische stimulatie, wat mogelijk de effectiviteit van DBS zou kunnen
verbeteren. Bovendien bleek het meten van LFP met deze nieuwe elektrode inzicht te
geven in de lokale oscillerende activiteit binnen de STN.

Hoofdstuk 6 kijkt verder naar het potentieel van multidirectionele LFP-opnames met
deze nieuwe sturende elektrode en onderzoekt het effect van directionele stimulatie
op de LFP-oscillaties. Met gelijktijdige opnames op verschillende diepten, ontdekten
we dat een toename van beta-oscillaties aan de dorsale grens van de STN kon
worden gemeten met de elektrode op zijn plaats. De power van pathologische béta-
oscillaties bleek te verschillen bij metingen in verschillende richtingen. De richting met
de grootste (hoge) béta power (18,5 - 30 Hz) kwam overeen met de richting waarin
stimulatie de grootste motorische verbetering veroorzaakte, waar dit kon worden
gemeten. Zowel beta- als gamma-LFP-oscillaties reageerden anders op stimulaties in
verschillende richtingen. Dit geeft aan dat multidirectionele LFP-opnames de potentie
hebben om de efficiéntie van DBS te verbeteren door bevestiging van adequate
elektrodeplaatsing en directionele informatie over fysiologische en pathologische
oscillaties binnen de STN.

In hoofdstuk 7 en 8 hebben we een computationele modelleringsbenadering
gebruikt om de effectiviteit van cilindrische en sturende elektroden te vergelijken.
We vergeleken hoe ze, met geoptimaliseerde stimulatieparameters, STN-activering
konden maximaliseren zonder vezels van de capsula interna te activeren die mogelijk
bijwerkingen kunnen veroorzaken. We hebben elektroden gemodelleerd die in het
midden van de STN zijn geplaatst en in twee meer laterale posities (1 mm en 2 mm).
In hoofdstuk 7 hebben we een sturende elektrode bestudeerd, vergelijkbaar met die
gebruikt in hoofdstuk 5 en 6, met 40 multidirectionele contactpunten. In alle posities
kon deze elektrode door sturende stimulatie meervan de STN activeren in vergelijking
met de cilindrische elektrode. Op de meer laterale posities nam het verschil in STN-
activering tussen de twee elektrodetypen toe in het voordeel van de sturende
elektrode. Dit geeft aan dat het gebruik van een sturende elektrode gunstig kan zijn in
vergelijking met de cilindrische elektrode, vooral in de meer laterale posities.

In Hoofdstuk 8 werd dezelfde modelleringsbenadering toegepast op een ander
ontwerp van de sturende elektrode, dat minder vrijheidsgraden heeft, dw.z. acht
contactpunten waarvan zes multidirectioneel, maar die commercieel verkrijgbaar is en
in de klinische praktijk kan worden gebruikt. Dit ontwerp heeft twee gesegmenteerde
niveaus bestaande uit drie afzonderlijke contactpunten, omsloten door een cilindrisch
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dorsaal en ventraal contactpunt. Door deze elektrode te vergelijken met de volledig
cilindrische elektrode, vonden we vergelijkbare voordelen van directionele stimulatie
in de centrale en de 1 mm meer laterale positie. De hoeveelheid voordeel was echter
afhankelijk van de rotatie van de sturende elektrode rond zijn lengteas. Inde 2 mm meer
laterale positie vertoonde deze sturende elektrode geen voordeel ten opzichte van de
cilindrische elektrode. Wanneer rotatie kan worden voorkomen of gecontroleerd, kan
dit type sturende elektrode gunstig zijn, vooral in een 1 mm meer laterale positie. In
een positie 2 mm lateraal van het midden lijkt deze elektrode minder gunstig dan de
theoretische sturende elektrode met 40 contactpunten van hoofdstuk 7.

Hoofdstuk 9 geeft een algemene discussie waarin de variabele onderwerpen van
dit proefschrift met elkaar verbonden en geévalueerd worden. We concluderen dat
er een voortdurende inspanning moet worden geleverd om DBS-targeting kritisch
te beoordelen, rekening houdend met de evoluerende klinische en technologische
mogelijkheden. We stellen dat targeting en sturende stimulatie onlosmakelijk met
elkaar verbonden zijn bij het optimaliseren van DBS-resultaten. Wanneer targeting
onnauwkeurig is, kan sturende stimulatie een deelvan het verloren potentiéle voordeel
compenseren. De huidige preoperatieve planning met MRI met hoge veldsterkte en
verificatie door intraoperatieve metingen en beeldvorming maken de targeting echter
zo nauwkeurig dat deze misschien specifiek op de sturende elektrode kan worden
aangepast. Dit proefschrift suggereert dat het volledige potentieel van sturende
elektroden mogelijk zou kunnen worden ontketend door specifiek meer te targetten
op het dorsolaterale motorsegment van de STN.
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Imaging - travel grant
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Dit proefschrift had niet tot stand kunnen komen zonder de bijdrage van veel
verschillende mensen. Hier wil ik graag iedereen die heeft bijgedragen, in welke vorm
dan ook, bedanken voor hun steun en samenwerking. In het bijzonder wil ik stilstaan
bij de volgende mensen.

Allereerst gaat mijn dankbaarheid uit naar alle patiénten die vrijwillig mee hebben
gedaan aan de onderzoeken die in dit proefschrift beschreven worden. Tijdens
deze promotie heb ik gemerkt dat de Parkinsonpatiént in dit opzicht werkelijk
een uitzonderlijke patiént is. Keer op keer werd mij duidelijk hoe welwillend de
Parkinsonpatiént is om mee te werken aan wetenschappelijk onderzoek, zelfs
wanneer hiervoor geen kleine offers gevraagd werden, zoals het (langer) stoppen van
medicatiegebruik en het (langer) wakker zijn tijdens de operatie. Dit moet een niet
te onderschatten weerslag hebben op de patiént. Toch zijn zij vrijwel allemaal zeer
gemotiveerd om een bijdrage te leveren aan de wetenschap, ondanks dat zij weten
dat ze het niet voor henzelf doen, maar voor hun toekomstige lotgenoten. Daar heb ik
bijzonder veel respect voor en ik ben hen zeer dankbaar.

Daarnaast wil ik mijn promotores bedanken, prof. dr. Rick Schuurman en prof. dr. Ivo
van Schaik.

Ivo, van een afstandje hield je mijn planning in de gaten en deelde je jouw kritische
blik waar nodig. Hoewel ik me niet altijd netjes aan die planning hield, heb ik je inbreng
en je pragmatische begeleiding wel zeer gewaardeerd.

Rick, tegen de tijd dat jij echt mijn promotor en begeleider werd, was ik al bijna weg
uit het AMC. Dat heeft het vast niet gemakkelijk gemaakt om mijn begeleider te zijn,
zeker op de momenten dat ik druk was met mijn dagelijkse werk. Toch vind ik dat
onze samenwerking heel goed is geweest. Bedankt dat je altijd geduldig was en het
begreep als mijn prioriteiten soms even elders lagen. Daarmee maakte je de laatste
lootjes net iets minder zwaar. Toch wist je op de juiste momenten subtiele druk op
me uit te oefenen waardoor het proefschrift nu wel af is. Zonder jou was dat (nog) niet
gelukt. Pas het laatste jaar merkte ik echt goed hoe vaak we hetzelfde over dingen
denken. Ik zou willen dat ik al eerder tijdens mijn promotie in deze intensieve mate
met je had samengewerkt.

Ook wil ik mijn copromotores bedanken, dr. ir. Lo Bour en dr. ir. Ciska Heida. Ook prof.
dr. ir. Peter Veltink mag hierbij niet ontbreken.
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Ciska en Peter, ik wil jullie beide hartelijk bedanken voor de samenwerking met jullie
vakgroep aan de Universiteit Twente. Het was bijzonder fijn en leerzaam om tijdens dit
project echt op het grensvlak van de medische praktijk en de techniekontwikkeling
te werken en bovendien mooi dat mijn eigen link met de Universiteit Twente hierdoor
behouden kon blijven. Ook ben ik dankbaar voor jullie kritische blik op de manuscripten
enjullie bijzonder goede contacten met de stichting TWIN en buitenlandse vakgroepen
zoals die van professor Mclintyre aan Case Western Reserve University in Cleveland.
Deze samenwerking heeft een mooie extra dimensie aan het project gegeven.

Lo, jou wil ik in het bijzonder bedanken. Jij was tenslotte tot je welverdiende
pensioen (en daarna ook nog) mijn dagelijkse begeleider. Ik ben blij dat je ondanks
je pensionering bij deze promotie in de functie van copromotor betrokken kan zijn.
De eerste jaren heb je me geinspireerd met je ongetemperde enthousiasme en je
visie voor de toekomst van DBS. Daarnaast wil ik je bedanken voor je contacten met
de Universiteit Twente en met de technologische bedrijven zoals Sapiens Steering
Brain Stimulation, die deze promotie vormgegeven hebben. Maar met name wil ik je
bedanken voor jouw opstelling ten opzichte van mij (en de andere promovendi die je
begeleidde). Bedankt dat jij op de juiste momenten de ‘bad cop’ wilde zijn, zodat ik de
‘good cop' kon zijn. Die instelling heeft veel indruk op me gemaakt en de dag dat je dat
70 letterlijk tegen me zei, zal ik niet snel vergeten. Ik heb er bijzonder veel respect voor
dat jij je op een dergelijke manier in dienst kon stellen van je promovendi.

Mijn dank gaat ook uit naar de stichting TWIN voor het mogelijk maken van deze
promotie. Zonder adequate financiering is er geen wetenschappelijk onderzoek. Ik
wil graag de bestuursleden van de stichting TWIN bedanken voor de werving en
het beheer van de financién en daarnaast wil ik alle mensen bedanken die via deze
stichting de door hen verworven middelen belangeloos inzetten om wetenschappelijk
onderzoek mogelijk te maken.

Dit onderzoek heeft met name zijn vorm gekregen door het uitwisselen van ideeén en
ervaringen met de verschillende betrokken clinici. Naast de mensen die al genoemd
zijn, wilik vooral mijn dank uitspreken naar Fiorella Contarino, Pepijn van den Munckhof,
Rob de Bie, Vincent Odekerken, Maarten Bot, Miranda Postma, Marije Scholten en alle
anderen bij wie ik voor vragen of inspiratie terecht kon.

Ook de technische bedrijven, met name Sapiens Steering Brain Stimulation, ben
ik dankbaar voor de samenwerking en het brainstormen over de ontwikkeling en
toepassing van nieuwe DBS technologie. Mijn dank gaat daarbij vooral uit naar Hubert
Martens, Gijs van Elswijk, Wim Pollet en Rutger Nijlunsing.

Kees van Dijk, mijn ‘mede-promovendus’ aan de kant van de Universiteit Twente wil
ik hartelijk bedanken voor de mooie samenwerking, met name het delen van kennis
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over de soms zo verschillende onderwerpen. Ik denk dat we elkaar op een hele goede
manier aanvulden, zowel in ons project als tijdens de tripjes die we samen maakten
naar Cleveland en San Diego.

Ik ben er erg gelukkig mee dat de afdeling Klinische Neurofysiologie (KNF) mijn
uitvalbasis was tijdens deze promotie. Ik wil dan ook de 'KNF-familie’ (0.a. Fleur, Camiel,
Jose, Edwin, Stéfanie, Hannah, Marijke, Rosanne, Thijs, Wouter en Dwar) bedanken
voor de geweldige sfeer op deze afdeling. Met name dank aan KNF-familieleden Hans
Koelman, Janny Ree en Erik Mans voor het creéren van een dergelijk werkklimaat.
Door jullie manier van leiding geven was de KNF werkelijk een veilige haven binnen
het soms roerige AMC.

Dan dat ene kamertje op de KNF waar alles gebeurde, D2-136, en de mensen
waarmee ik daar elke dag zat. Bas, Joost, Sarvi, Yasmine en Arthur, kamergenoten,
collega's en vrienden, zonder jullie was deze promotie waarschijnlijk al jaren geleden
klaar geweest, maar ik had het toch voor geen goud willen missen. Het was soms
behoorlijk lastig om geconcentreerd te werken, maar we hebben wel echt heel veel
gelachen. Vaak was dat op ons kamertje, maar ook op borrels, feestjes, congressen
en bijoehorende tripjes naar allerlei plekken in de wereld, of gewoon op vrijdag in Het
Oude Gasthuis of De Twee Zwaantjes in Amsterdam.

Bas, op de KNF konden we het al snel goed met elkaar vinden, maar ook daarbuiten zijn
we goede vrienden geworden. In de kroeg, in ons hockeyteam, tijdens reisjes, maar ook
als het persoonlijk even wat minder goed gaat, kunnen we bij elkaar terecht. Bedankt dat
Jje me een beetje wegwijs hebt gemaakt in Amsterdam en bedankt dat je accepteert dat
ik toch altijd een Brabander zal blijven. Ik ben blij dat je mijn paranimf wilt zijn en ik weet
zeker dat jouw weloverwegen analyserend en geruststellend vermogen me op de dag
van de verdediging zal helpen.

Joost, jij en ik waren altijd de niet-dokters van onze groep en juist daarom misschien
wat nuchterder ingesteld dan de anderen. Het klikte direct goed tussen ons en ook
buiten het ziekenhuis kan ik je nuchtere en toch avontuurlijke instelling nog steeds
heel erg waarderen. Laten we snel samen weer gaan surfen, een zeiltochtje maken, of
iets anders geks doen. Ik ben blij dat je mijn paranimf wilt zijn, en weet zeker dat jouw
uitgesproken no-nonsense mentaliteit me op de dag van de verdediging zal helpen.

Sarvi, we kenden elkaar natuurlijk al uit Twente, dus ik was heel blij jouw bekende
gezicht te zien op mijn eerste dag in het AMC. Meteen konden we het goed vinden
en dat is alleen maar beter geworden over de jaren. We dachten direct over zo veel
dingen hetzelfde, onder andere over hoe leuk Matlab is, wat echt een verademing
was. Ondanks dat jouw humor soms echt niet te volgen is, hebben we toch heel veel
gelachen samen en ik hoop dat we dat in de toekomst ook nog heel veel zullen doen.
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Yasmine, het was misschien wel even wennen toen we elkaar net leerden kennen. |k
denk dat we op veel punten tegenpolen zijn, maar juist daarom ben ik je heel snel gaan
waarderen en is dat over de jaren heen alleen maar meer geworden. Ik ben blij dat we
elkaar buiten het AMC nog steeds zien en je nog altijd probeert de Amsterdammer in
me naar boven te halen. Misschien lukt dat ooit nog. Laten we in elk geval doorgaan
met onze tripjes en samen biertjes drinken in De Twee Zwaantjes, zodat je het kunt
blijven proberen.

Arthur, ik ken niemand die zo ambitieus, gedreven en ondernemend kan zijn als jij en
tegelijkertijd zo van de hak op de tak en altijd in voor een geintje. Ik heb veel respect
voor hoe jij je volledig ergens op kunt storten en toch heel relaxt kunt blijven. Dat
heeft me geinspireerd in onze tijd op de KNF, en ik hoop dat we elkaar ook na deze
promotietijd kunnen blijven zien.

Uiteraard wil ik ook mijn familie bedanken voor alle steun en vertrouwen die zij mij
gegeven hebben tijdens deze promotie en op de weg die daaraan voorafging.

Tim, Anita, Hannah en Daan, onze band is vaak onuitgesproken maar daarom zeker
niet minder sterk. Ik weet dat ik altijd op jullie kan rekenen en jullie op mij. Ik ben heel
dankbaar om jullie in mijn familie en in mijn leven te hebben.

Papa en Mama, jullie voortdurende steun heeft me gemaakt tot wie ik nu ben.
Wetende dat ik altijd op jullie kan rekenen en als het nodig is op jullie terug kan vallen,
heeft me in staat gesteld om me te ontwikkelen zoals ik gewild heb en om nu vol
zelfvertrouwen vrij zorgeloos in het leven te kunnen staan. Ik weet dat dit voor jullie
vanzelfsprekend is, maar wat voor jullie vanzelfsprekend mag zijn, is mij zo veel waard
en ik ben jullie er levenslang dankbaar voor.

Lieve Aniek, als laatst wil ik jou bedanken voor al je steun en geduld in de afgelopen
twee jaar. Bedankt dat je me de tijd gaf om in de weekenden aan deze promotie te
werken en dat je me af en toe subtiel onder druk zette wanneer ik moeite had om
mezelf ertoe te zetten. Zonder jou was dit proefschrift zeker nog niet af geweest. Ik zal
heel blij zijn als we de weekenden weer voor onszelf hebben en ik kijk ernaar uit de
wereld verder met jou te ontdekken.
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Abbreviations

3D Three-dimensional

AC - PC Anterior commissure - posterior commissure
AD Analog-to-digital

AMC Academisch Medisch Centrum

ANOVA Analysis of variance

BROK Basiscursus regelgeving en organisatie voor klinisch onderzoekers
CC-lead Cylindrical contact lead

Cl Confidence interval

CMRR Common mode rejection ratio

CSF Cerebrospinal fluid

CT Computed tomography

DBS Deep brain stimulation

DC Direct current

DICOM Digital imaging and communications in medicine
DTI Diffusion tensor imaging

FDA Food and drug administration

FEM Finite element method

GPi Globus pallidus interna

HD-lead High density lead

IC Internal capsule

IPG Implanted pulse generator

ISO International Organization for Standardisation
LFP Local field potential

M Mean

MCP Midcommissural point

MDS Movement Disorder Society

MER Microelectrode recording

MRI Magnetic resonance imaging

MU-ST Multiple unit spike train

NFU Nederlandse Federatie van Universitair Medische Centra
NSTAPS Netherlands subthalamic and pallidal stimulation
PD Parkinson's disease

PSD Power spectral density

RMS Root mean square

sD Standard deviation

SMPI Sensorimotor powerindex

STN Subthalamic nucleus

TE Echo time

TR Repetition time

TSE Turbo spin-echo

UMCG Universitair Medisch Centrum Groningen

UPDRS Unified Parkinson's disease rating scale

UVA Universiteit van Amsterdam

VTA Volume of tissue activated

WMO Wet medisch-wetenschappelijk onderzoek met mensen
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