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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 responsi-

ble 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.

Approach: 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 ori-

entations 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.

Main 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.

Significance: 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) (1,2). PD is a neu-
rological movement disorder and the symptoms of the disease are
closely related to pathological neural activity within the basal ganglia
network (3). 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 fre-
quencies between 120 and 180 HZ, 1–5 mA amplitude, and 60–200
msec pulse width (2)], is delivered in the STN through a lead contain-
ing 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 (4,5). Lately
however, technological developments have been reported in terms
of new stimulation paradigms (6,7), closed-loop DBS (8–10), indepen-
dent current source stimulators (11), and directional steering-DBS
with high density and eight channel lead designs (12–14). 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 clini-
cal outcome of the therapy is rather sensitive to the precise location
of the lead with respect to the target (15,16). Unfortunately, dis-
placement of 1–3 mm can occur during surgery or postsurgery due
to several reasons, such as a postsurgery brain shift and inaccuracy
of the stereotactic frame and limitations of imaging methods
(17–20). In case of displacement of the lead, the stimulating electric
field will influence the neurons and axons outside the intended
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target region. The target, the STN, is a small biconvex shaped struc-
ture surrounded by several bundles of myelinated axons such as the
internal capsule (IC) (21). 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 (22).

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) (14), 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 cylin-

drical shaped contact including the tip of the lead as the bottom
electrode contact, followed by two cylinders which are split into
three individual electrode contacts for directional steering-DBS, and

the top electrode is a cylindrical shaped contact (Fig. 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 (23).

To aid clinicians in clinical trials, computational models can be
used to give more insight in 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 field (24)

and the volume of tissue activated (VTA), which is based on the spa-

tial second order derivative of the potential field (25), can be a help-

ful 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 con-

ductivity, anisotropic conductivity, encapsulation layers, and tissue

capacitive behavior (26–29). Next to the visualization, these more

realistic models can also be used to automatically select stimulation

parameters (30), to study new lead designs (12,14,31,32), and new

stimulation paradigms such as coordinated reset (33). Previous stud-

ies on directional DBS electrodes have emphasized the potential

improvement of the clinical effect by avoiding anatomical structures

responsible for side effects (12,14). In a previous study by the

authors, a high density (HD) directional DBS-lead containing 40 con-

tacts, developed at Sapiens Steering Brain Stimulation BV, currently

Medtronic Eindhoven Design center (Eindhoven, NL), was assessed

in a computational model (34). 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, that is, 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 maxi-

mum number of activated STN cells was found without stimulating

any of the axon fibers of the IC.
In this current study, we will use computational modelling proce-

dures to assess the performance of a steering-DBS lead based on

the eight-electrode contacts lead design. The model includes a het-

erogeneous anisotropic volume conductor model to compute the

evoked potential field in the subthalmic region, and uses multicom-

partment 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 elec-

trode contacts.

MATERIALS AND METHODS
The Computational Model

The model system 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. (26,35). The model sys-

tem consists of two consecutive parts. In the first part, the static

electric field generated by current controlled stimulation (36), 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

(DTI) dataset, with dimensions of 178 mm by 159 mm by 120 mm

(37). The DTI dataset was used to estimate the anisotropy and het-

erogeneity of the tissue conductivity. A linear transformation (0.8 S/

mm2 scaling factor) was used to convert the diffusions tensors into

conductivity tensors (38). The FEM model contains the DBS lead

C1

C2

C0

C3

C1

C0

C7

C2

C3

CC lead

Steering-DBS lead

1.5 mm

1.5 mm

0.5 mm

1.27 mm 1.30 mm

0.34 mm

C4 C5

C6

Orientation 1

Orientation 2

Orientation 3

Orientation 4

A

P

ML

Figure 1. Representation of 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 pos-
terior (orientation 4) direction.
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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 kX for

the CC lead (mean impedance of 1005 X 6 6.8 X 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 0 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).
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) (39). 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

were defined through streamline tractography within SCIRun using

the DTI dataset. With this, 200 fibers were tract from a seedbox (5 by

1 by 2 mm) located ventral-lateral 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 (35,40). 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 mm axon diameter model (41)]. 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 (Fig. 2).

DBS Lead Geometry
Either a CC lead or a steering-DBS lead (Fig. 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 (C0-C3).

These contacts each have a length of 1.5 mm, a 6 mm2 contact sur-

face 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 (C0–C7). C0 is the

contact at the tip of the lead with a length of 1.5 mm and 6 mm2

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 mm2 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 and 2 mm2 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, 0.59, 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 con-

tacts (Fig. 1). The trajectory of the lead was kept constant in all cases,

whereas the lead approached the target in an AC/PC-based coordi-

nate system with a typical lead arc and collar angle of 208 and 1008,

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 (Fig. 3) with increas-

ing stimulation amplitudes up to a value at which IC fibers were acti-

vated. Second, a current steering stimulation protocol was used,

where the current was simultaneously injected through two adja-

cent 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 msec rectangular waveform, with the

total injected current ranging from 21 to 25 mA with a 0.5 mA

step size, followed by a 5 msec period of low amplitude charge bal-

anced anodic stimulation.

Activation of Neural Populations
The effect of the deep brain stimulation was evaluated in the neu-

ron part of the computational model system: 15 datasets were cre-

ated, 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 posi-

tion of the DBS lead was removed from the model. For the 15 data-

sets, this resulted in neuron models including 182.3 6 13.1 IC fibers

and 79.8 6 4.3 STN cells. A cell or axon is counted as activated when

the stimulation pulse evoked at least one action potential that prop-

agated to the end segment of the axon.

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 vol-
ume and project to the globus pallidus. The red IC fibers are passing by under-
neath the STN. D, dorsal; V, ventral; P, posterior; A, anterior. [Color figure can be
viewed at wileyonlinelibrary.com]
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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 mul-

tiple comparison procedure to statistically test the individual opti-

mal 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.

RESULTS

We found for each lead location, orientation, and stimulation pro-

tocol the optimal stimulation settings. Figure 4 shows the percent-

age of STN cells which were activated and which denotes all

significant differences between the different orientations (see Fig. 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 6 4.8% STN cells in the first ori-

entation, 75.1 6 5.9% STN cells in the second orientation,

72.3 6 3.9% STN cells in the third orientation, and 53.7 6 2.5% 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 posterior-lateral contact (2 of 5 datasets) with

an amplitude of 4.1 6 0.82 mA. In the fourth orientation, the optimal
stimulation was through the bottom or top posterior contact with
an amplitude of 4.3 6 0.76 mA. In both the second and third orienta-

tion, the optimal stimulation was through the bottom posterior-
medial contact with an amplitude of 5.0 6 0.0 mA or 4.5 6 0.0 mA,
respectively.

At 1 mm off-center location, the steering-DBS lead was able to

activate 35.8 6 3.5% STN cells in the first orientation, 56.3 6 5.4%
STN cells in the second orientation, 59.8 6 3.6% STN cells in the third

orientation, and 44.3 6 2.9% STN cells in the fourth orientation. The
optimal stimulation settings used the top medial contact (2.0 6

0.0 mA) and the top posterior contact (2.5 6 0.0 mA) for the first and

fourth orientation. In the second and third orientation, the optimal
stimulation settings used the top posterior-medial contact (3.5 6

0.0 mA and 4.0 6 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 6 4.4% STN cells, while stimulating
through the cylindrical contact C7 with an amplitude of 0.4 6

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 posterior-medial

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 con-
tact C4-C5-C6 heading in the direction of the color matched arrow. L, lateral; M, medial; P, posterior; A, anterior. [Color figure can be viewed at wileyonlinelibrary.com]
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quadrant, only at the center location in the second orientation four
datasets had the optimal stimulation toward the posterior-lateral
direction, applying most of the total stimulation current in posterior
direction.

At center location with the steering-DBS lead in its first orienta-
tion, it was able to activate 63.7 6 5.2% STN cells by dividing the
total current (3.8 6 0.7 mA) over the medial contact and post-lateral
contact (80/20% in four datasets and 60/40% in 1 dataset). In the
second orientation, 58.7 6 2.0% STN cells were activated by dividing
the total current (4.4 6 0.8 mA) over the postmedial and postlateral
contact (80/20% in 1 dataset, 20/80% in 2 datasets, 40/60% in two
datasets). In the third orientation, 62.5 6 5.6% STN cells were acti-
vated by dividing the total current (3.80 6 0.7 mA) over the postme-
dial and antero-medial contact (80/20% in 5 datasets). In the fourth
orientation, 60.4%62.9% STN cells were activated by dividing the
total current (4.1 6 1.0 mA) over the posterior and antero-medial
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 acti-
vated STN cells in the second orientation (p< 0.01) and in the third
orientation (p< 0.05).

At 1 mm off-center location, the steering-DBS lead was able to
activate 47.2 6 1.5% STN cells in the first orientation by dividing the
total current (2.5 6 0.0 mA) over the medial contact and postlateral
contact (80/20% in 2 datasets and 60%/40% in 3 dataset). In the sec-
ond orientation, 43.9 6 0.7% STN cells were activated by dividing
the total current (2.5 6 0.0 mA) over the postero-medial and
postero-lateral contact (80/20% in 5 dataset). In the third orientation,
46.8 6 4.4% STN cells were activated by dividing the total current

(2.5 6 0.0 mA) over the postero-medial and antero-medial contact
(80/20% in 5 datasets). In the fourth orientation, 52.9 6 3.4% STN
cells were activated by dividing the total current (3.0 6 0.0 mA) over
the posterior and antero-medial 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 ori-
entation (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 cur-
rent 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 (Fig. 4).
The CC lead, with its optimal stimulation settings, was able to acti-
vate 56.6 6 4.8% STN cells at center location, 31.4 6 1.4% of STN
cells at 1 mm off-center location, and 6.4 6 4.4% of STN cells at
2 mm off-center location (34). At center location, the steering-DBS
lead using single contact stimulation was able to activate signifi-
cantly 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

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 stan-
dard 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
nonhatched bars represent the results for single contact stimulation and the hatched bars represent the results for current steering stimulation. Significant differ-
ences are indicated with one asterisks (p< 0.05) or two asterisks (p< 0.01).

EIGHT CHANNEL STEERING-DBS LEAD

www.neuromodulationjournal.com VC 2017 International Neuromodulation Society Neuromodulation 2017; ••: ••–••

5



(p< 0.01). At 2 mm off-center location there were no significant dif-

ferences found.

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 sig-

nificantly 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 outperforms the conventional lead. The current

steering stimulation protocol shows that in case of a 1 mm displace-

ment 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 stim-
ulation 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 direc-
tion of the IC, the posterior-medial 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 effec-
tive 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 orienta-
tions, 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 ori-
entations should be tested first during clinical trials. For this, compu-
tational models such as described in this study, can be a useful tool

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. [Color
figure can be viewed at wileyonlinelibrary.com]
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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 posterior-lateral 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 con-
tact stimulation protocol. This means a clinician will not use the cur-
rent steering protocol in case single contact stimulation is already
the optimal stimulation protocol, such as in second and third orien-
tation. Second, only current-steering through the two adjacent con-
tacts on the same row was tested to show the potential of an easy
to interpret current steering protocol. More advanced current steer-
ing 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 posterior-medial
direction. Third, it should be noted, more advantaged current steer-
ing 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 cur-
rent steering with two independent sources than with monopolar
stimulation (35). 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 indi-
cates that the directional lead, within the 1 mm window, is less sen-
sitive 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 ven-
trally and ended up too close to the ventrally located axon seg-
ments 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 previ-
ous studies, such as the large voxel size of the DTI dataset, and ignor-
ing the capacitive behavior at the electrode-tissue interface (26,42,43).
In this specific study, the large voxel size of the DTI 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 reso-
lution. 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, espe-
cially for small contact surfaces area, because of its reduced electrode
capacitance. However, while using current-controlled stimulation, sim-
ilar to the one used in our current study, the electrode capacitance
had negligible effects on the corresponding tissue voltage (28). A pre-
vious study on a segmented lead with similar contact surface areas as
the one in our model also showed that including this capacitive
behavior in their model did not significantly change their results (31).
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 criteri-
ons. 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 maxi-
mizing the effect of DBS is of greater importance than battery life-
time, especially now that rechargeable implantable pulse generators
have become available (44,45).

Because we used the same modelling procedure, we are able to
compare the current results of the steering-DBS lead with a previ-
ously described 40 contact lead (34). This shows that at center and
1 mm off-center location the steering-DBS lead with the option to
steer the stimulation field in posterior-medial 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 inves-
tigate different orientations of the 40-contact lead, however this
lead is always able to stimulate in posterior-medial direction, and is,
therefore, probably less sensitive to rotations of the lead.

Having only eight electrode contacts is a great advantage in pro-
gramming the stimulation settings when monopolar stimulation is
used. For a HD lead with a large number of electrode contacts pro-
gramming the stimulation settings with a trial-and-error approach will
not suffice in clinical practice (13). For a 32 HD lead, which was used in
a proof of concept study the test stimulation was limited to four stan-
dard steering directions, because of time constraints (46). The eight-
channel lead has the advantage that it can be combined with a novel
internal pulse generator, which includes eight independent current
sources (11). We used just a simple current steering stimulation proto-
col 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 (35), however, finding the correct current for
each of the eight contacts will highly increase the complexity of pro-
gramming the stimulation parameters. Thus, unless new technological
tools will be developed to aid clinicians in selecting the optimal stimu-
lation settings, the theoretical advantage of having many contacts or
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 (30). Additionally, using the patient specific IC in the
model can be used to warn the clinician to avoid certain settings.
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Besides running through all possible settings in an electric field model,

more advanced techniques based on machine learning (31) and par-

ticles swarm optimization (47) can be the next step in finding the opti-

mal settings in a time efficient way.

CONCLUSION

In conclusion, we found that the concepts of steering the stimula-

tion field with a steering-DBS lead with only eight channels may be

beneficial compared to the conventional lead, and it allows to cor-

rect for lead displacement errors of approximately 1 mm when it

has the correct orientation or using current steering. While using sin-

gle contact stimulation, which has the advantage of being easy to

use in the clinic, our results illustrate the importance of the orienta-

tion 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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