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Patient MRI from DBS implantations in the subthalamic nucleus (STN) were reviewed and it was found that
around 10% had Virchow-Robin spaces (VRS). Patient-specific models were developed to evaluate changes in the
electric field (EF) around DBS leads. The patients (n = 7) were implanted bilaterally either with the standard
voltage-controlled lead 3389 or with the directional current-controlled lead 6180. The EF distribution was
evaluated by comparing simulations using patient-specific models with homogeneous models without VRS. The
EF, depicted with an isocontour of 0.2 V/mm, showed a deformation in the presence of the VRS around the DBS
lead. For patient-specific models, the radial extension of the EF isocontours was enlarged regardless of the
operating mode or the DBS lead used. The location of the VRS in relation to the active contact and the stimulation
amplitude, determined the changes in the shape and extension of the EF. It is concluded that it is important to
take the patients’ brain anatomy into account as the high conductivity in VRS will alter the electric field if close
to the DBS lead. This can be a cause of unexpected side effects.

1. Introduction

Virchow-Robin spaces (VRS) are small cavities or cysts which were
initially reported as autopsy findings in the globus pallidus and putamen
by Dechambre already in 1838 [1]. Previous investigations by Laitinen
et al., in 1990 using 1 Tesla MRI have shown the appearance of VRS in
the basal ganglia and their relationship with parkinsonian symptoms
[2]. With the advent of more advanced MR scanners and protocols, VRS
have also been identified as small areas with similar intensity signal to
that of the cerebrospinal fluid (CSF) in T1 or T2-weighted images [3].
The presence of VRS within the subthalamic nucleus (STN) is however
scarcely reported [4-6].

Assuming a correct selection of the patient, the success of DBS sur-
gery is highly dependent on placing the stimulating electrode at the
optimal location, and the fine tuning of the stimulation parameters.
While the location of the electrode can be confirmed with a post-
operative computer tomography scan (CT), the effect of the stimulation
parameters can only be estimated and visualized with the aid of com-
puter models or indirectly through the patient response.

Computer models based on the finite element method (FEM) can
calculate the bioelectric fields generated during the stimulation and
estimate the amount of neural activation around the electrodes.
Different methodologies have been used to estimate and visualize the
stimulation field, either including neuronal models [7,8] or inferring the
neural activation based on specific electric field isolevel [9-12]. The
present study uses the latter method to evaluate the influence of changes
in the surrounding medium on the electric field distribution. The interest
relies particularly in the presence of VRS found in the subthalamic nu-
cleus of parkinsonian patients.

The effect of VRS using FEM models was studied by our group more
than ten years ago [13], where the VRS were modelled as spheres with
high electrical conductivity, corresponding to that of the CSF sur-
rounded by homogeneous grey matter. Simulations showed that the
electric field around the deep brain stimulation electrodes is affected
due to the presence of VRS.

The aim of this study was to investigate the influence of these highly
conductive regions in the STN using patient-specific 3D models. The
electric field was visualized with a fixed isolevel to enable comparisons
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of the electric field between models with and without VRS.

2. Materials and methods
2.1. Patient data

Pre-operative MR images from 69 patients with Parkinson’s disease
operated between 2007 and 2017 at the Department of Neurosurgery,
Linkoping University Hospital were examined to identify the presence of
VRS in the STN. From this set, images from seven patients (six male and
one female, aged between 59 and 70, mean 64.5 years) implanted in the
STN that presented VRS were selected and used to create patient-specific
FEM models. Informed written consent was received from the patients
and the study was approved by the local ethics committee in Linkoping
(2012/434-31). A 3 Tesla Phillips Ingenia (Phillips Medical Systems,
Eindhoven, The Netherlands) T2-weighted MRI with 2 mm contiguous
axial slices (2 x 0.5 x 0.5) mm® were taken preoperatively from six
patients while one of the patients was imaged with a 1.5 T Phillips
Achieva dStream scanner. The location of the leads was confirmed
postoperatively through a computer tomography (CT) the day after
surgery co-registered with the preoperative MRI. From this merged
batch, the surgeon noted the Leksell coordinates from artefacts of the
most distal electrode and from another one higher up, at the anterior
commissure-posterior commissure plane. These were used for the
placement of the leads in the brain model.

2.2. FEM model

The finite element model consists of the DBS leads surrounded by the
conductive medium, i.e. the brain tissue. The leads were modelled ac-
cording to the geometry specified by the manufacturing company [11]
(Fig. 1) and located according to the coordinates noted by the surgeon.
The patient-specific brain tissue was modelled with an in-house MatLab
developed software ELMA [10,14], using the preoperative T2-weighted
images from each one of the seven patients.

In ELMA [15], the preoperative MRI batch is first reduced to several
slices at the level of interest (typically 40 slices, 2 mm thick) and then
cropped to a region of interest (ROI) around the target, resulting in a
specific cuboid model for each patient brain. Within that ROI, relevant
tissue types are segmented according to the image intensity values and
assigned with the corresponding electrical conductivity: grey
(6 = 0.123 S/m), white matter (6 = 0.0754 S/m), cerebrospinal fluid
(6 = 2 S/m) and blood (6 = 0.7 S/m). The VRS were classified as CSF
due to their brightness. The electrical conductivity was assigned from
tabulated data [16] and weighted with the spectral content of the pulse
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Fig. 1. Schematic description of the lead models. Contacts named according to
the manufacturing company indicating the implantation site. The eight channel
lead 6180 segmented contacts are sub indexed, e.g. C10, .
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shape [17]. An interpolation function was used to assign the conduc-
tivity values to each voxel to consider the effect of partial volumes. Thus,
voxels with intensity levels between e.g. grey and white matter, receive
an electrical conductivity in between. The resulting interpolation matrix
with the conductivity values was subsequently used as the material
property matrix in the FEM models, having the same resolution as the
preoperative MRI data set. For more details regarding the use of ELMA
please see [10,14].

The 3D finite element models were built using the commercial soft-
ware Comsol Multiphysics v5.4 (Comsol AB, Stockholm, Sweden). The
Leksell coordinates provided by the surgeon were transformed to Car-
tesian coordinates and used to place the leads within the brain model.

The electric field was calculated by the equation for steady currents:

VeJ=-V-(6VV)=0 (A/m3) )
where J is the current density (A/mz), V the electrical potential (V) and ¢
is the electrical conductivity (S/m) that corresponds to the interpolation
matrix extracted by ELMA. The boundary conditions correspond to a
cathodic monopolar configuration, except for patient 6 and 7 (Table 1).
Thus, for patients 1-5, the active contacts were set to either voltage or
current controlled source and the outer boundaries of the cuboid were
set to ground (V = 0). The inactive contacts were set to floating potential
( f —n-6VVdS =0 (A); r x (—VV) =0 (V/m)) and the non-conductive
surfaces were set to electric insulation (z-VV = 0 (V/m)) where n is the
surface normal vector.

The mesh applied was determined by the physics having a denser
mesh where higher gradients occur, i.e. close to the active contacts. The
models were solved with the iterative Comsol built-in conjugate gradi-
ents solver. The models consisted in ~3 million degrees of freedom.

Three of the seven patients were implanted with the directional lead
8 CH Infinity model 6180 (Abbot Inc. Saint Paul, MN, USA). The lead
was set in ring mode by activating all contacts from the same level
(Table 1). The rest of the patients were implanted with the conventional
lead 3389 (Medtronic Inc. Minneapolis, MN, USA), Fig. 1.

2.3. Simulations

2.3.1. Clinically set parameters

Simulations (n = 14) were run using the stimulation parameters
clinically set 4-6 weeks after implantation (Table 1). The electric field
obtained with the homogeneous (H) and patient-specific (PS) models
was investigated.

2.3.2. Steering function

A hypothetical scenario was designed to evaluate the potential
benefit of directional leads to steer the stimulation field. For this pur-
pose, the model for patient 1 and the lead at the right side were used.

Table 1
Parameters clinically set and used for the patient-specific stimulations.
Patient  Lead Stimulation amplitude Pulse Ground
Left Right width (hs)
1 6180  C2p. Cl10,p3.3mA 90 IPG Case
0.5 mA
2 3389 Cl: 2.0V C9: 2.0V 60 IPG Case
3 6180  C2,p.c Cl10,p:3.3mA 60 IPG Case
3.3mA
4 6180  C2.pc C10 ,p:2.8 MA 60 IPG Case
3.55mA
5 3389 C2:3.1V C9:3.1V 60 IPG Case
6 3389 C2&C3: C9&C10:0.7 V 60 IPG Case
2.3V
7 3389 Cl:3.7V C8, C9&C10: 120 C2&C3 /
1.8V IPG Case

C stands for contact followed by its number, and the subscripts a, b, c refer to
each face of the split contact of the directional lead 6180.
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First, two faces of the split contact C10 (c, b) were activated and then
only one (b) of the faces was active. The active contacts were chosen to
be at the opposite side of the VRS. The stimulation amplitude was set
from 0.5 to 4.5 mA in steps of 0.2 mA. The same procedure was applied
for the homogeneous model to investigate the effect of the VRS.

2.4. Data analysis

The number of VRS were counted in both hemispheres of all patients.
The electric field magnitude was visualized with a 0.2 V/mm isolevel
and superimposed on the corresponding preoperative MRI for both, the
patient-specific and the homogeneous models. The EF isocontours were
displayed on the orthogonal anatomical planes placed at the target co-
ordinates (Fig. 2). The extension of this isolevel and the volume within
the isosurface were compared between the patient-specific and the ho-
mogeneous grey matter models. The EF extension (mm) was measured
from the center of active contact i.e. from the target coordinates (x;, yt,
z¢) to the furthest point of the isocontour (0.2 V/mm). The measure-
ments were performed over the corresponding anatomical planes: axial,
sagittal and coronal (Fig. 2).

The EF volume (mm?®) within the isosurface was calculated with a
built-in integration function in Comsol.

Relative differences were calculated for the electric field extension
and volume between the patient-specific (EFps) and the homogeneous
(EFy) models, considering the EF obtained from the homogeneous
model as the reference:

L EFps — EFy
Relative dif. = 7EFH 2)

For the cases where VRS were present at the target level, the distance
from the border of the VRS to the surface of the electrode was measured
in Comsol Multiphysics.

3. Results

All patients presented VRS in the STN. A total of 24 with 16% more
VRS (14) at the left hemisphere than the right hemisphere (10). The
number of VRS per patient were 2 in average (1-4) at the left side and
1.4 (1-2) at the right.

3.1. Clinically set parameters

Simulations showed that the electric field distribution is affected by
the VRS. The higher electrical conductivity of these regions in the vi-
cinity of the electrode redistributes the electric field pushing it away
from the VRS. The same effect occurs regardless of the operating mode

Coronal

POSTERIOR

Sagittal
(left lead)

Sagittal
(right lead)

Fig. 2. Cut planes used to visualize the electric field isocontour and measure its
extension. Planes crossing at the target coordinates for each lead.
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or the lead design if the directional lead is configured in ring mode. A
summary of the EF volumes within the 0.2 V/mm isosurface is presented
in Table 2 and the corresponding graph in Fig. 3.

VRS at the level of the targets were present in 6 of the 7 patients.
Table 3 presents the location of the VRS and the maximum extension of
the EF for homogeneous and patient-specific models. Distances were
measured between the surface of the active contact and the border of the
VRS. All the measurements were performed at the axial plane at the
target level except for patient 6, who presented the VRS below the target
thus the distance to the VRS was measured at the sagittal plane. For
patient 6, the maximum extension registered was also at the sagittal
plane (SFig. 4D).

For patient 1, VRS were present in both hemispheres but only those
at the right side affected the electric field. The VRS at the right side is
visible from the target level to 2 mm below it, as shown in Fig. 4A. The
effect of the VRS was clearly visible at the axial and sagittal view. The
VRS at the left side is outside the EF isocontour showing no effect on its
shape or extension.

3.2. Steering function

The activation of two electrodes at the opposite direction to the VRS
was capable to steer the field and avoid the VRS up to a certain stimu-
lation amplitude. For higher stimulation amplitudes the field started to
surround the electrode losing directionality. Fig. 5 shows the EF iso-
contours at the axial plane for both models at different stimulation
amplitudes. The electric field generated by only one face of the split
electrode is presented in the video (Fig. 6), displayed at the axial view at
the target level. The EF isocontour for the homogeneous model corre-
sponds to 3.1 mA while for the patient-specific model the EF is shown for
an increasing stimulation amplitude.

4. Discussion

Finite element models based on patient-specific images have been
developed to evaluate the effect of Virchow-Robin spaces in the electric
field distribution around DBS electrodes. The simulations showed a
deformation of the electric field depending on the VRS location in
relation to the active contacts and the stimulation amplitude. VRS that
are in contact with the active electrode modify the spatial distribution of
the electric field by extending it in the direction of the VRS. The higher
electrical conductivity of the VRS avoids a drop of potential in those
regions redistributing the electric field around them. This was also
shown in the modelling approach by Astrom et al. [13]. For the cases
where the VRS are not within the radial extension of the electric field or
the stimulation amplitude is not high enough for the EF to reach the
VRS, then there is no visible effect on the specific isolevel used. This was
observed using the clinically set stimulation parameters for the left lead
of patient 1 and the right lead of patient 6 (Fig. 4 and SFig 4,
respectively).

The comparison of the EF volumes within the isosurfaces between
the homogeneous and patient-specific simulations did not indicate the
presence of VRS by its own. The EF volume obtained from the patient-
specific models was larger than that from the homogeneous. This re-
sponds to the difference in the electrical conductivity of the electrode’s
surrounding indicating a lower electrical conductivity for the patient-
specific models compared with the homogeneous grey matter. The ef-
fect of the VRS, nevertheless, was clear for patient 1 where the “holes”
created by the VRS resulted in a smaller EF volume.

The EF volume can also be influenced by the encapsulation layer
surrounding the electrode. Previous studies [11,18] have included an
encapsulation layer around the entire lead to mimic the electrode-brain
interface at different time points after the lead is implanted. It was
shown that the EF for chronic conditions (assumed to have low electrical
conductivity) is attenuated. For acute conditions (high electrical con-
ductivity) a shunting effect occurs. The models for this study did not
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Table 2
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Electric field volume within the 0.2 V/mm isosurface for each clinical case, for homogeneous (EFy) and patient-specific (EFps) simulations.

Patient Lead Stimulation amplitude Left volume (mm®) Right volume (mm?®) Difference (%)

Left Right EFy EFpg EFy EFpg Left Right
1 6180 0.5mA 3.3mA 7.0 10.0 138.0 129.0 37.7 - 6.5
2 3389 2V 2V 90.0 94.5 90.0 84.1 4.7 -7.0
3 6180 3.3mA 3.3mA 137.6 230.8 137.7 200.9 71.9 38.7
4 6180 3.55 mA 2.8mA 146.5 208.1 105.7 126.1 43.7 28.3
5 3389 31V 31V 151.2 194.6 151.5 180.1 28.4 17.5
6 3389 2.3V 0.7V 203.4 214.1 24.5 28.1 5.3 14.7
7 3389' 3.7V 1.8V 175.2 283.2 162.0 181.5 61.6 12.0

1 Bipolar stimulation with contacts C1 & C2 grounded (Table 1).
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Fig. 3. Relative difference between the volumes within the EFps and EFy iso-
surfaces for all patients at the left (A) and right (B) hemisphere.

Table 3
Location of Virchow Robin spaces and maximum extension of the electric field at
the target level, for homogeneous (EFy) and patient-specific (EFpg) simulations.

Patient Stimulation amplitude Side VRS distance (mm) Maximum
extension
(mm)
EFy  EFpg
1 3.3mA Right 0.2 3.3 5.6
2 2V Left 3.6 2.7 3.1
3 - No VRS - - -
4 3.55mA Left 0.7 3 4.3
5 31V Right 2.5 3.3 3.8
6 2.3V Left 0.4 3.7 5.7
7 1.8V Right 0-3 mm 3 6.5

consider this interface due to the uncertainty of the effect of the VRS
touching the electrode. This might overestimate the extension of the EF
but made it possible to isolate the effect of the VRS on the EF
distribution.

The extension of the electric field isocontour was larger at all planes
for all patients. The shape of the EF was enlarged towards the VRS,
surrounding it in some cases (patients 1, 6 and 7). This effect may result
in the stimulation of regions that are far from the target reducing the
therapeutic window and increasing the possibility of the presence of side
effects, especially if the deformation occurs laterally, e.g. towards the
internal capsule [19]. The present study does not include postoperative
symptoms assessment because none of the patients presented side ef-
fects. The VRS for the patients studied were located either anterior,
posterior or medially in relation to the lead, thus even large de-
formations of the electric field such as in patient 1 (Fig. 4) did not result
in side effects for the patient.

The extension of the EF isocontour roughly corresponds to the
stimulation amplitude applied, i.e. the EF isocontour extends ~3 mm for
3 mA (slightly larger for voltage) as shown in Table 3. Similar stimula-
tion radiuses have been reported [20] or estimated [21]. Thus, if the VRS
is located within the radius of stimulation, it is very likely that the EF
shape and extension will be affected.

The representation of the stimulation field using a fixed EF isolevel
for bipolar configuration might not be an optimal estimator since the
actual stimulation of neurons passing close to the anodic pole is not
considered [22]; the effect of the VRS however, was clearly captured
with the simulations for patient 7. In fact, the effect of VRS may be
disregarded with other visualization approaches such as potential iso-
surfaces [23].

4.1. Steering function

The steering function of the directional lead was evaluated through
hypothetic scenarios where either one or two electrodes from the split
ring were activated. Clinical studies [24,25] have shown that directional
leads, when compared with conventional leads, are capable to increase
the therapeutic window. Our results showed that turning off the elec-
trode that is close to the VRS may avoid the stimulation of areas beyond
that region, potentially reducing the possibility of a side effect. How-
ever, according to our results and previous studies [11,26], the steering
capability is dependent on the stimulation amplitude used. The electric
field isocontours for both, homogeneous and patient-specific models,
lost directionality around 2 mA as shown in Fig. 5, SFig 6 and the video
(Fig. 6). The presence of VRS in preoperative images becomes important
not only to for postoperative programming but also at the planning stage
to reconsider the lead trajectory to avoid the VRS or to consider the use
of directional leads.

Determining if the side effects are due to the presence of VRS around
the electrode is very difficult and in clinical practice is not yet possible to
determine with high accuracy the position of the split electrodes. Some
studies [27,28] however, have shown the possibility to determine the
orientation of the electrodes based on the artefacts shown in
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Fig. 4. Patient 1 with lead 6180 in ring mode. A. Preoperative MRI axial slices at different levels. B. 3D view of the electric field and the corresponding volume
(mm?) within the isosurface obtained for each model (mm?®). C. Sagittal view showing the EF deformation. D-F. EF isocontours superimposed to the patient MRI at
different levels. Distance between the EFy and EFpg isocontours shown in blue (mm). The VRS at the left side does not affect the EF from that lead.

Homogeneous O Patient-specific

Fig. 5. Patient 1 with lead 6180 in steering mode. Electric field isocontours at the axial plane located at the target level with an increasing stimulation amplitude.
Activation of electrodes a and b from the first row of split contacts in Abbot directional lead. The active contacts, shown in orange at the lower panel, are opposite to
the VRS. As the stimulation amplitude increases the EF tends to surround the lead.

postoperative CT scans. Regardless the lack of certainty of the position of 5. Conclusion

each electrode, the hypothetic scenarios designed help to understand

how the activation of single electrodes may avoid the stimulation at the The presence of Virchow- Robin spaces in PD patients affects the EF
opposite site of it. distribution during STN DBS. Their location and the stimulation

amplitude determine how the EF is spread. VRS close to the active
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contact can result in the stimulation of regions beyond the targeted area.
Directional leads can help to avoid VRS using low stimulation ampli-
tudes. The use of patient-specific models has shown the importance of
considering nuances of the patients’ anatomy, which is not possible with
homogeneous models. This information can be used to determine the
stimulation parameters and to support the analysis of side effects
induced by DBS. In the future, with better understanding of how the
segmented contacts are situated it will be easier to predict the effects of
the stimulation, and confirm the potential advantage of directional leads
assessed by including the patient-specific data in the models.
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