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Abstract

An electromagnetic simulation was performed to assess the volume of tissue activated on deep brain stimulation for two patients

randomly selected. The finite element method is used to calculate the electric field distribution that predicts the volume of tissue

activated. High-resolution magnetic resonance images are utilized to create patient-specific anatomical models of the subthalamic

nucleus and the internal pallidum. The results confirmed the influence of brain anatomy leading to different shape and volume of

tissue activated despite similar technical features. Thus, a patient-specific model and an adequate choice of stimulation parameters

are crucial on deep brain stimulation outcomes.
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Introduction

Deep Brain Stimulation (DBS) is a well-known established
therapy [1] for the treatment of various neurological diseases,
cognitive disorders [2] and effective in the treatment of psychiatric
disorders as well. The basis of this therapy is well-established
on the precise implantation of an internal neuronal stimulation
within the target area, specific for each neurological disorder.

Despite the general effectiveness of DBS, many relevant factors can

influence the clinical response to the surgery, such as: the patient-
specific anatomy, the anatomical target selected and the choice of
both electrode geometry and stimulation parameters. Thus, many
questions remain about possible benefits and difficulties observed
on some patients, which allow in some of them, a significant
reduction of medication, whereas others patients require
additional medical treatment or even a new surgery. A previous

quantitative assessment of the volume and shape of the VTA, might
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guide a specific stimulation type and parameters (magnitude,
frequency, pulse width) for each patient. So, the stimulation would
be guaranteed only in the desired target avoiding side effects that

may derive in future adverse consequences.

Electromagneticsimulationshave becomeanimportantresearch
field in recent years as an adequate support for the presurgical
consideration of the stimulation parameters by the neurologist.
In particular, the finite element technique has extensively used to
predict either the voltage [3,4] or the electric field distribution [5-
7]. Regarding to DBS stimulation, the most popular computational
model for predicting the effects in stimulation is the volume of
tissue activated for immediate translation to clinical applications.
The integration of a realistic 3D MRI head model within finite
element models are crucial to a quantitative understanding of the
neural response of the patient. In addition, other factors influence
the response to DBS such are: electrode geometry, anatomical
target selected for stimulation, optimal anatomical location of the
electrodes within the target or technical stimulation parameters.
The goal of a DBS simulation model would be to perform an
integrated analysis of these multiple data collection from
neuroimaging, neuroanatomy and neurostimulation to predict the
VTA during DBS on a patient-specific basis. Several studies in the
literature have predicted the effects of DBS by using simulation
models, with a relevant contribution to shed light on the foundation
on the importance of these crucial factors of stimulation. For
instance, the usefulness of a patient-specific head model to predict
and visualize the VTA on specific DBS targets as the subthalamic
nucleus (STN) or the internal pallidum (IP) has been extensively
probed [3,8]. For instance, some studies considered a 3D MRI
head model to evaluate the VTA [9-11], and others analyzed
possible effects by changes on stimulation parameters [12-14]
such are: alternative waveforms [15,16], the amplitude level, the
stimulation frequency [17] or the pulse wide [18]. These previous
studies outline aspects, that can lead to a better efficiency of DBS,
regarding the technical features of DBS stimulation. Furthermore,
the impedance tissue specific for each patient or technical features
of the electrodes such are: the geometry [19], the orientation [20-
25], the polarization or the impedance [26], are also achieved to

improving efficiency in DBS therapy.
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In this study, our challenge is a validation of a computational
modeling to compare the effect of DBS on two different patients
so that the lead location and stimulation parameters interact in
a complex way leading to a specific stimulation profile for each
patient. Although computational modeling has already been proved
as a useful tool for estimating the effects of stimulation on an
individual patient basis, to the best of our knowledge, no study has
performed an interleaving simulation to analyze the effects of the
relevant factors involved on DBS simultaneously. Thus, we propose
an electromagnetic simulation that enables the integration of a 3D
head model and the complete stimulation parameters. To address
this task, we have calculated the volume and shape of the VTA on
two of the main DBS targets: the subthalamic nucleus (STN) and the
internal part of the pallidum (IP) for two patient-specific 3D MNI
models, denoted as patient A (the male patient) and patient B (the
female patient) from here on out. The advantage of our approach
is twofold: firstly, it may provide a description of VTA showing a
new relevant parameter: the maximal radial distance and secondly,
it accommodates the choice of the technical features involved on
DBS systems applicable to any target or any patient. Moreover, the
different factors involved on DBS such are: electrode geometry and
location, target, technical parameters and the 3D MRI head model,
jointly influence the final response, often with opposite effects.
From this perspective, our study proposes a holistic approach. The
aim is to obtain a 3D model for a stimulation system that allows the
modelling of the system as a whole, capable of providing realistic
predictions about the impact of any parameter of the system on the
tissue activated, but considering its interaction with all the other
parameters. Thus, this approach may aim to answer the different
outcomes of this therapy with similar stimulation parameters
and may complement previous contributions in early untreated

Parkinson’s diseases [27].

Methods
3D MNI head model

Two human brains were randomly selected, a male and a female
[10]. Data used in the preparation of this work were obtained
from the Human Connectome Project (HCP) database. The HCP
project (Principal Investigators: Bruce Rosen, M.D., Ph.D., Martinos
Center at Massachusetts General Hospital; Arthur W. Toga, Ph.D,,
University of Southern California, Van ]. Weeden, MD, Martinos

Center at Massachusetts General Hospital) is supported by the
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National Institute of Dental and Craniofacial Research (NIDCR),
the National Institute of Mental Health (NIMH) and the National
Institute of Neurological Disorders and Stroke (NINDS). HCP is the
result of efforts of co-investigators from the University of Southern
California, Martinos Center for Biomedical Imagingat Massachusetts
General Hospital (MGH), Washington University, and the University
of Minnesota. The images set consists of a high resolution MPRAGE
T1 sequence and a T2 (Tr/Te = 2530/1.15 ms; TI = 1100 ms; Flip
Angle = 7.0deg; FOV = 256X256 mm; 1mm isotropic voxels; BW =
651 Hz/Px; iPAT = 2; and complete acquisition time of 6 minutes).
MNI fiducial points were manually identified in the T1 image and
the volume was transformed into MNI space. Both images were
automatically co-registered and segmented with the well-known
Free Surfer [28] “recon-all --all” pipeline. Raw Free Surfer volume
surfaces, defined through a set of triangles (with vertices and
faces) were manually edited, both to solve singularities in them like
triangle intersections or isolated vertices, and importantly to join
surfaces from different hemispheres. Final head model consisted of
a set of 5 self-enclosing volume surfaces: scalp, skull, gray matter,
white matter and ventricles (both lateral and third and fourth
ventricles), segmentations are a set of high-definition surfaces.

Segmentation results can be seen in figure 1.

Figure 1: Segmentation results and the 3D Brain model for both

patients studied.

Electrode models

We focused on the volume and shape of VTA using two different
electrode geometries: the standard bipolar and a segmented one.
On one hand we chose the 3389 quadripolar DBS lead, Medtronic,
Inc. Itis a platinum-iridium electrode with four cylindrical contacts
of height 1,5 mm and a spacing of 0,5mm between each contact.

The electrode lead and contacts have a diameter of 1,27 mm. In
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this study bipolar and unipolar stimulation were considered. For
bipolar electrode stimulation, the first electrode contact (labeled
as 1) was grounded and the second one (2) was set to stimulation.
Likewise, for unipolar electrode configuration, the second one
keeps as active on stimulation, whereas a plain circle at the outer

of the brain model was set as ground.

Furthermore, we chose as the directional electrode, the
8-contact directional DBS Lead ™ from Boston Scientific. It is
a platinum-iridium electrode with rows of contacts that are
segmented circumferentially to provide both axial and rotational
stimulation selectivity with an axial spacing of 0,5mm between
contacts. The outer diameter of each directional lead is 1,3 mm.
For this segmented electrode model, we have chosen the contacts
labeled as 4, 7 and 6, to simulate respectively unilateral and bilateral
stimulation. The contact 4 was grounded for both configurations,
whereas the contacts (6 and 7) are set to active stimulation. The
segmented contact surface area is of 1,5 mm? and an overall length

of 40 cm. Both electrode geometries are shown in figure 2.

Figure 2: Electrode models considered in the study:

a) Medtronic, lead n2 3389 model, 1 and 2 denote the
right-electrode contacts used for bipolar and unipolar
stimulation respectively. and b) Directional 8-contact segmented
lead (Boston Scientific’s Vercise Cartesia) with the contacts (4,
7 and 6) labeled, used for unilateral and bilateral stimulation

respectively.

These systems were located at the MNI coordinates for our
targets: the STN and IP [25]. In particular, the position of the
stimulation electrode in the patient was just medial to the target
selected, STN or GPI, as defined by the 3D Brain atlas. Thus, the
coordinates were (-21,8, -10,5, -3,5) [mm] for GPI and (-9,3, -17,
-1) [mm] for STN [29].
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Electromagnetic simulation

We have performed an electromagnetic simulation based on the
finite element technique. For this purpose, we solve the Maxwell's
equations in our model. The equations derived for electric potential
with its boundary conditions were solved using the AC/DC module
available in commercial Comsol Multiphysics® software package
(Comsol Inc., Burlington, MA, USA). The time-dependent equation
of potential was solved using the Electric Current Interface and the
Pardiso Solver. Based on the resulting potential field, we calculated
the electric field and the current density in the different media
of the model, these quantities are crucial to assess the volume of

tissue activated.

The final 3D head models were imported into Comsol
Multiphysics as “stl” files. The electrode systems were designed
in Comsol and were considered as terminals, voltage or current
according to the stimulation considered, and the outward of the
head model was set as a normal current density condition. The
boundary conditions applied to the electrode surfaces were perfect

conductors and insulating for contacts and lead respectively.

We created a customized mesh for our model. In order to
generate a precise description of the electric field distribution along
the model, each tetrahedron must occupy a region that is small
enough for the electric field value to be adequately interpolated
from the nodal values. Therefore, there is a compromise between
the size of the finite element mesh, the level of accuracy and
computing resources. Due to the fact that the dimensions involved
in the different parts of the brain are different, an adaptative mesh
was created so that the size of the basic tetrahedron is varied for
the different regions. Therefore, in order to obtain an accurate
result for the electric field within the white and grey matter, the
number of tetrahedra in these regions had to be considerably
higher (500000) than the corresponding number for the region
occupied by scalp (12000).

In this study both electrode models were simulated to operate
in voltage and current mode. First of all, we consider the typical
stimulation by using a train of impulses of 130 Hz, 60 ms, and a
voltage of 3.5V. Recent studies [21] demonstrated that directional
DBS emerged to increase the therapeutic window and may guide

postoperative programming. Furthermore, both systems have also
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operated with a current source at an intensity of 50 pA, a value
selected to be therapeutic but below the threshold intensity for
contralateral forepaw dyskinesia [30]. The current stimulation
presents as advantage that the total current is independent from
the variations in brain tissue impedance. Thus, it may be interesting
to compare the influence of brain’s anatomy on both voltage and

current stimulation.

These technical features are in good agreement with previous
studies [15,31,32] that reviewed and compared technical features
of different DBS systems. So, lower amplitudes and smaller pulse
widths or even other alternative waveforms may lead to more
effective outcomes. Thus, we include for comparison a lower
amplitude value of 1 V and a train of impulses of 40 ms and 100
ms [33].

sinusoidal and sawtooth were considered.

In addition, three alternative waveforms, triangular,

To solve the time-dependent equations we need the electrical
properties of the different media of the model. At low frequency, as
typically used in DBS, the different head tissues may be considered
as purely resistive. Thus, the main contribution to the current
density through the different brain layersis the tissue’s conductivity
whereas the contribution of the dielectric permittivity is negligible.
First, we performed a simulation isotropic and therefore each
tissue was characterized by a constant value of conductivity that
represents the mean value for each tissue reported in the literature
for simple brain models [34]| and the conductive material for the

electrodes. Table 1 shows the conductivity values considered.

Tissue Conductivity (S/m)
Electrode contacts 8.9x10°
Electrode lead 1x10°12

Grey Matter 0.4

Scalp 0.44

Skull 0.006

Vents 1.79

White Matter 0.18

Table 1: Values of conductivity considered in the simulation.

The region close to the electrodes behaves as an inhomogeneous
conductor that accounts for the tissue healing specific for each

patient and the effects of the electrode impedances. Butson., et
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al. [35] studied the effect that the electrical properties of the
3D tissue surrounding the electrodes have on the VTA. So, they
concluded that a 500 mm thick encapsulation layer characterized
by a conductivity value of 0,07 S/m, may account for these effects.
So, in this study we considered a cylinder of a radius of 0,5 mm

surrounding the electrodes with a conductivity value of 0.07S/m.

Despite isotropic simulations may provide qualitative response
for the effects on the VTA shape, the effects of tissue heterogeneity
and anisotropy are crucial on the electric field distribution and
therefore on the VTA. In this study we focused on the anisotropy of
the skull and the white matter. Thus, grey matter and cerebrospinal
fluid are assumed to be homogeneous and isotropic so an average
value frequency independent is often reported. For example, for
the grey matter, Logothetis., et al. [36] reported an average value of
0,404 S/m which is essentially frequency independent in the range
from 1 Hz to 10 kHz. Previous studies reported measurements
of the CSF conductivity with a constant and mean value about
1,7S/m [37], [38], we have chosen a constant value of 1.79 S/m in
this study. However, white matter is much more anisotropic and
less homogeneous than gray matter. Its longitudinal conductivity
may be from 5 to 10 times greater than its transverse conductivity.
Thus, a separate value for longitudinal and transverse conductivity
is often reported. For example, Nicholson [39] reported average
transverse and longitudinal conductivity values of 0.13 S/m and
1.13 S/m.

Despite the heterogeneous nature of the scalp, a typical value
of 0.44 S/m [34] is often considered. Finally, the skull presents a
conductivity not uniform due not only to the different layers but
also to the variation of its thickness with a crucial role of the brain
to skull conductivity value. In our isotropic model we consider a
conductivity ratio value of 50:1 as typically reported [40]. However,
lower values of brain to skull conductivity ratio are considered in
this study so recently new studies [41] indicated that this value
may lie in the range between 20:1 and 50:1. We analyze the effect
of changes of the ratio values in the range from 20:1 to 50:1 on the

VTA due mainly to changes on the brain conductivity.

Results

We determined the effect of both electrode geometry and

stimulation parameters on the VTA for both patients during voltage
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and current controlled DBS. Previous studies [42] determined the
threshold activation value for voltage and current stimulation,
fixed at 26.67 V/cm? and 54.3 pA/cm? respectively. These threshold
values were used to create isosurfaces to predict the shape and
volume of the VTA generated for a value one percent higher than
the threshold values for voltage and current. Figure 3 shows, as
example for patient A, a vertical cross section of the 3D head model,
with the VTA distribution at STN for the three electrode geometries.

Figure 3: Vertical cross section of the 3D head model generated
at STN for subject A.

The results confirmed a VTA shape axially symmetrical
around the activated contacts for bipolar stimulation. However,
both directional electrodes formed an elliptical profile along the
length of the lead. Nonetheless the bilateral stimulation divides
the VTA between both sides of the electrodes while the unilateral
stimulation keeps all volume only at one side but both revealed the

loss of the axial symmetry around contacts.

As mentioned, two subjects (A and B) were studied, each in
two different brain regions (IP and STN). Three different types
of electrodes were used (bipolar and segmented with unilateral
and bilateral stimulation). The signal was configured with a train
of pulses, with the following parameters: 130 Hz, 60ys, a voltage
of 3.5V, and a rectangular shape. Subsequently, the following

simulations were performed, obtaining following results.

Variation of the voltage of the train pulse used and current

stimulation

With all parameters set to the values just mentioned, three
different voltages (1V, 2V, and 3.5V) were used. As can be seen in

the Figure 4, the results confirmed similar VTA shapes for both
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subjects, the VTA value decreases as the voltage decreases, for
all three types of electrodes (with the exception of subject A in
the STN region), and in both studied regions. Higher values were
obtained for subject B with bipolar stimulation at both targets
whereas unilateral and bilateral stimulation led to higher values
for subject. The subject B exhibits significant differences between
both electrode geometries. The results for the subject A also
confirmed differences between the different stimulations but are
less significant. It should also be emphasized that the differences
between both targets under unilateral and bilateral stimulation

were hardly noticeable for both patients.

As mentioned before, a current stimulation was also performed.
The results showed for subject A, higher VTA values about ten
times in comparison to voltage simulation for bipolar configuration
at both targets. However, the unilateral configuration led to lower
values of VTA. The values obtained for subject B were always
significant lower for both configurations and leading to more

significant differences between the three electrode models studied.

In our study, we focused on a new parameter, the radial distance
from the contacts. The calculus of the radial distance from contacts
may be of great importance to assure the spread of stimulation
area. Thus, its overlap with specific brain regions may be seen. The
most significant differences were obtained for subject A for both
voltage and current stimulation and targets. The values were also

higher for current stimulation

21

Figure 4: Above: Variation of VTA for different voltage
stimulation and for each type of electrode used. In both subjects
(A and B) and in both regions (IP and STN). Right: Example of
VTA obtained under a voltage of 3.5 V.

Down-Left: Variation of Radial distance (mm) for different

voltage stimulation and for each type of electrode used.
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Variation of the pulse width introduced

Now, as in the previous section, with all initial parameters set to
the mentioned values, the pulse width used was varied from 40 ps
to 100 ps (in 5 ps steps). No relevant variations were observed in
the obtained VTA values.

Variation of the input frequency

In this case, for the same described parameters, simulations
were performed with two different input frequency values: 100 Hz

and 130 Hz. The following results were obtained (see Figure 5).

Figure 5: Above: Variation of VTA and Below: Variation of Radial
distance as a function of the two introduced frequencies (100 Hz
and 130 Hz).
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As can be seen in both cases, the VTA for the bipolar electrode
increases as the frequency decreases. However, for the other
two electrodes (unilateral and bilateral), in subject A, the VTA
decreases as the frequency decreases, and in subject B, the VTA
remains constant with the decrease in frequency. Significant
differences were obtained for subject B for the radial distance at

highest frequency at both targets.

Variation of the waveform of the introduced signal

Here, with all initial parameters mentioned, simulations were
performed for three different signal shapes: sinusoidal, triangle,
and sawtooth. The following results were obtained for the VTA (see
Figure 6).

Figure 6: VTA variation for three different signal shapes
(sinusoidal, triangle and sawtooth) for each type of electrode
used (bipolar, unilateral and bilateral). In both subjects (A and
B) and in both regions (IP and STN).

As the Figure shows, the highest VTA value was obtained for
the “triangle” signal shape. In subject A, this was higher for the
bilateral electrode, and in subject B, it was clearly higher for the

bipolar electrode.

Variation of the conductivity ratio between brain and skull

This simulation was also carried out with the same initial

parameters, but we only found differences for subject A and in the
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IP region. The conductivity ratio was varied in the range from 20:1
to 50:1 by changing the brain conductivity. The results obtained
showed higher VTA values as the conductivity ratio increases, with
differences of about a 30% between the lowest and the highest

value of the ratio considered.

Discussion and Conclusion

Despite the potential major impact of DBS on neuroscience
research, the modulation of the specific tissue activated for each
patient, optimizing the totality of the stimulation parameters, has
rarely been studied. Previous studies assessed the volume of tissue
activated for different electrode geometries or changes of the main
technical features. In the present study, we confirm that the patient’
anatomy has a crucial role in modulating the tissue activated for

similar technical features.

In the present study it is investigated the effects of different
parameters on the volume of tissue activated (VTA) using three
types of electrodes (bipolar and segmented with unilateral and
bilateral stimulation) and a pulse train signal with fixed parameters
(130 Hz, 60ps, 3.5V, rectangular). Two subjects (A and B) were
studied in two different brain regions (IP and STN), and simulations
were performed using the commercial software Comsol. The first
simulation examined the relationship between voltage and VTA,
and the possible effect that voltage variation can produces on the
VTA. Three different voltages (1V, 2V, and 3.5V) were applied to the
electrodes. The results showed that decreasing the voltage led to a
decrease in the VTA for all electrode types except for subject A in the
STN region. This effect was observed in both regions studied. These
results are in line with what has been observed in previous studies
[43,44], in which it is stated that an increase in voltage leads to an
increase in VTA. The results also confirmed the influence of brain
anatomy to assess the differences between voltage and current
stimulation. In addition, the new parameter considered in this
study, the radial distance, allowed to distinguish similar volumes

but with different shapes.

The next simulation investigated the effect of pulse width on the
VTA, with pulse widths ranging from 40ps to 100us. No significant
changes in the VTA were observed with varying pulse widths. Thus,
we did not find evidence about the possible influence that the
width of the pulse used may have on the size of the VTA. It seems

that it is not a relevant parameter in said volume.
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The third simulation examined the effect of frequency on the
VTA, with two different frequencies (100 Hz and 130 Hz) applied
to the electrodes. The results showed that the VTA increased with
decreasing frequency for the bipolar electrode in both subjects,
while for the other two electrodes (unilateral and bilateral),
the VTA decreased with decreasing frequency in subject A and
remained constant in subject B. One of the most relevant factors
of the stimulation is the frequency. This study shows that a low

frequency stimulation may have opposite effects.

Also, we investigated the effect of signal waveform on the VTA,
with three different waveforms (sinusoidal, triangle, and sawtooth)
applied to the electrodes. Although there are some studies [45]
indicating that the VTA was significantly larger with sinusoidal wave
stimulation compared to triangular or sawtooth wave stimulation.
Here, our results showed that the triangle waveform produced the
highest VTA values, with the bilateral electrode producing higher
VTA values in patient A and the bipolar electrode producing higher
VTA values in patient B. From our point of view, this demonstrates
that it is necessary to carry out more studies in this regard, which
allow elucidating whether the waveform used has an effect on the

VTA or not, and if so, determine exactly what it is.

Finally, the effect of the conductivity ratio between the brain
and skull was investigated in subject A in the IP region. The results
showed that increasing the conductivity ratio led to an increase
in the VTA. These results are in agreement with works such as
those by [8,46], who suggested that the brain-skull conductivity
ratio may influence the size and shape of the VTA in deep brain
stimulation. They indicated that a higher brain-skull conductivity

ratio is related to a larger VTA on DBS.

All these simulations demonstrate that various parameters,

including voltage, frequency, waveform, and conductivity
ratio, can significantly impact the VTA in different electrode
configurations and brain regions. These findings could have
important implications for the design and optimization of deep
brain stimulation protocols for clinical applications. Combination
of patient-specific anatomy and stimulation parameters shows
to be a valid approach to predict the volume and shape of VTA.
Despite our investigation is only limited to two patients, the
observed variations confirmed that may be helpful to replicate

our research in datasets including a large number of patients. This

Citation: S Mufioz, et al. “An Electromagnetic Study of the Impact of Brain Anatomy on Deep Brain Stimulation". Acta Scientific Medical Sciences 7.7

(2023): 16-25.



An Electromagnetic Study of the Impact of Brain Anatomy on Deep Brain Stimulation

approach might lay the foundation for technological challenges and
future developments in neurostimulation complementing previous

contributions in this issue [47].
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