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Abstract

Deep brain stimulation (DBS) has steadily evolved into an established surgical therapy for
numerous neurological disorders, most notably Parkinson’s disease (PD). Traditional DBS
technology relies on voltage-controlled stimulation with a single source; however, recent
engineering advances are providing current-controlled devices with multiple independent sources.
These new stimulators deliver constant current to the brain tissue, irrespective of impedance
changes that occur around the electrode, and enable more specific steering of current towards
targeted regions of interest. In this study, we examined the impact of current steering between
multiple electrode contacts to directly activate three distinct neural populations in the subthalamic
region commonly stimulated for the treatment of PD: projection neurons of the subthalamic
nucleus (STN), globus pallidus internus (GPi) fibers of the lenticular fasiculus, and internal
capsule (IC) fibers of passage. We used three-dimensional finite element electric field models,
along with detailed multi-compartment cable models of the three neural populations to determine
their activations using a wide range of stimulation parameter settings. Our results indicate that
selective activation of neural populations largely depends on the location of the active
electrode(s). Greater activation of the GPi and STN populations (without activating any side-effect
related IC fibers) was achieved by current steering with multiple independent sources, compared
to a single current source. Despite this potential advantage, it remains to be seen if these
theoretical predictions result in a measurable clinical effect that outweighs the added complexity
of the expanded stimulation parameter search space generated by the more flexible technology.
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Introduction

Deep brain stimulation (DBS) of the subthalamic region is an established therapy for
medically intractable Parkinson’s disease (1, 2). The basic goal is to stimulate targeted brain
regions (eliciting a therapeutic response) while minimizing stimulation of non-target brain
regions (responsible for side effects). Stimulation is delivered by an implanted pulse
generator (IPG) through electrodes implanted in subcortical structures. However, direct
stimulation of the targeted brain tissue can be hindered by inaccurate electrode placement or
by limitations in the IPG/electrode to generate the necessary electric field for optimal
therapeutic benefit (3, 4).

DBS surgeries require precise targeting of the electrode in the brain; however, even with the
most advanced surgical techniques, spatial deviations of electrode placement can occur.
Subcortical structures can shift by an average 2 mm (4 mm in rare occasions) over the
course of a DBS surgery (5-8). During bilateral implantation, insertion of the initial lead can
affect the location of the contralateral lead by up to 2.5 mm (9). While small, these
deviations in electrode placement may limit the ability of the stimulators to selectively
activate the target brain region.

Historically, clinical DBS IPGs have been developed as voltage-controlled devices with a
single stimulation source. However, DBS technology is rapidly evolving into current-
controlled devices with multiple independent current sources. This transition to current-
controlled stimulation will allow stimulators to create a more consistent voltage distribution
within brain tissue (10), regardless of encapsulation changes around the electrode or changes
in electrode impedance (11). Independent current sources will enable devices to use a wider
array of cathode/anode stimulation combinations while varying the stimulation amplitudes
across active contacts, essentially steering the electric fields (4). This could represent a
potential advantage for patients with less than optimal electrode placements, as generally,
patients who undergo DBS surgery do not have their electrodes removed and repositioned,
unless stimulation through every contact is ineffective. Additionally, patients with less than
optimal electrode placement are often forced to undergo extensive programming sessions
months or years after surgery in attempts to adjust their clinical stimulation settings to
provide maximal therapeutic benefit.

The underlying hypothesis of this study is that current-controlled devices with independent
current sources should increase the ability of clinicians to better tailor stimulation to an
individual patient. We propose that a more detailed understanding of the neural response to
multipolar DBS may guide the development of this technology and potentially increase its
clinical benefit. In this study, we explore the ability of current steering to activate three
distinct neural populations in the subthalamic region: 1) projection neurons of the
subthalamic nucleus (STN), 2) globus pallidus internus (GPi) fibers of passage in the
lenticular fasciculus, and 3) internal capsule (IC) fibers of passage. While numerous
additional neural populations exist within the subthalamic region, we have selected these
three as logical candidates representing therapeutic targets (STN and GPi) and a side effect
region (IC).

Materials and methods

Predictions of neural activation in response to DBS were performed using a detailed
computational model of STN DBS that included three major components: 1) 3D
representation of the DBS electrode within the subthalamic nucleus, 2) 3D reconstructions
of STN, GPi, and IC populations, and 3) finite element models of the electric fields
generated by a wide range of stimulation settings. The numbers of active cathodic and/or

Brain Stimul. Author manuscript; available in PMC 2013 July 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Chaturvedi et al.

Page 3

anodic contacts, as well as the current stimulus amplitude delivered through each contact,
were varied, and the relative percentages of neural activation across the three populations
were compared.

Anatomical model and electrode position

The anatomical model was defined by magnetic resonance imaging (MRI) human data, as
described in our previous work (12). All modeling results were generated within the context
of an atlas brain, which consisted of a T1 MRI and a diffusion tensor imaging (DTI) dataset
(13). The DTI was used to estimate 3D tissue anisotropy and inhomogeneity in the region of
interest surrounding the STN (12, 14, 15). Three-dimensional representations of relevant
anatomical nuclei (STN, GPi, and thalamus) provided a visual frame of reference for the
figures.

A virtual electrode was created based on the dimensions of a Medtronic 3389 DBS lead
(Medtronic Inc., Minneapolis MN). Contact 1 of the model electrode was located at the
centroid of the STN, and the arc and collar angles of its trajectory were 20° and 100°,
respectively, in an AC/PC-based coordinate system (Fig. 1B). The anatomical nuclei, DTI
dataset, and virtual electrode position were loaded into a common 3D visualization and
simulation environment for analysis (SCIRun/BioPSE, Scientific Computing and Imaging
Institute, University of Utah, Salt Lake City, UT).

Neuron models

This study focused on the activation response of three different neural populations: 1) STN
projection neurons, 2) GPi fibers of passage, and 3) IC fibers of passage. Three subtypes of
the STN projection neuron geometry was implemented, each with an identical soma-
dendritic architecture, but with three different axon trajectories projecting to the globus
pallidus (16, 17) (Fig. 1G). The somas of the STN projection neurons were placed randomly
within the atlas-defined borders of the subthalamic nucleus, with the constraint that their
axons terminated in the globus pallidus (Fig. 1H). This process produced a total of 80 STN
projection neurons once we removed any neurons with processes passing through the
electrode. Due to their close proximity to the active DBS electrode contacts, these projection
neurons required explicit modeling of their soma-dendritic architecture within the STN. The
dendritic geometry and axonal trajectories were based on microscopic tracing studies in non-
human primates (17).

The trajectories of the GPi fibers of passage were based on detailed anatomical
reconstructions of individual pallidal neurons (18). The basic GPi axonal trajectory
originated in the GPi, traversed dorsal to the STN, and ultimately projected to the thalamus
(Fig. 1E). The population of 100 GPi fibers corresponded to the general trajectory of the
lenticular fasciculus (Fig. 1F).

The anatomical geometry of the IC fibers was defined via streamline tractography within
SCIRun/BioPSE (19) using the DTI dataset accompanying our atlas brain (13). Two
hundred fibers were defined from a rectangular seed region, approximately 5 x 1 x 2 mm in
size, positioned lateral to the STN to generate a dense population within the IC (Fig. 1C-D)
(20). It should be noted that a similar streamline tractography process was also attempted to
define the lenticular fasiculus, but was deemed unreliable due to the large number of
crossing fibers within the region of interest.

We created populations of multi-compartment cable models representing STN projection
neurons, GPi fibers of passage, and IC fibers of passage (Figure 1). These populations were
distributed randomly within anatomically realistic regions relative to the brain atlas. Active
membrane dynamics were incorporated into the axon of each neuron model. Since

Brain Stimul. Author manuscript; available in PMC 2013 July 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Chaturvedi et al.

Page 4

morphological data on these axons are limited, 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 wm outer diameter of the myelin) (21).

STN neurons are tonically active, making the extracellular activation threshold time
dependent (i.e. relative to the ongoing intrinsic activity). Therefore, to quantify stimulation
threshold for the purposes of this study, the soma-dendritic compartments of the STN
models were simplified to have passive membrane properties only (i.e. leakage conductance
in parallel with membrane capacitance). This simplification resulted in a stable rest potential
for the STN neuron and is justified because action potential initiation during extracellular
stimulation of projection neurons occurs in the axon (16, 22—24). This simplification
enabled us to consistently compare activation thresholds of the different neural populations,
as they all had the same axon membrane dynamics. Furthermore, we previously
demonstrated similar activation thresholds for STN neurons with and without active
membrane dynamics in the soma-dendritic compartments (25).

Electric field model

The voltage distribution generated in the brain during DBS, in response to over 400 different
stimulation settings, was simulated using a finite element model (FEM) (12, 15, 20). A
multi-resolution finite element mesh of the DBS electrode and surrounding tissue medium
was constructed using FEMLAB 3.1 (Comsol Inc., Burlington, MA), which consisted of
over 4.2 million nodes. The FEM mesh was imported into SClrun/BioPSE and co-registered
with the anatomical model and DTI atlas brain (12). Conductivity tensors were estimated
from each voxel of the DTI (14) and interpolated onto the FEM mesh. The Poisson equation
was solved in 3D to determine the electric field generated by multiple electrode contacts
during current-controlled stimulation (4). The virtual DBS electrode generated a biphasic,
charge-balanced, 100 ps pulse-width rectangular waveform, representative of the Boston
Scientific Precision IPG (Boston Scientific, Natick, MA).

Activation of the neural populations

Our primary goal was to investigate the impact of steering current (between electrode
contacts) on the threshold for action potential generation in each of the three neural
populations. Voltage solutions from each stimulation setting were linearly interpolated from
the FEM onto the center of every subcellular compartment within each neuron model.
Simulations of the neural response to the applied electric field were performed in NEURON
6.2 (26). Activation for each of the 380 model neurons to a single stimulus pulse was
defined as the generation of a stimulation-induced propagating action potential along the
entire length of the axon.

Finally, we redistributed all neuron trajectories four additional times for all three neural
population groups (GPi, STN, and IC) using the same methodologies described above, to
account for anatomic variability in neuron locations. The addition of multiple sets of neural
populations also allowed us to perform a paired #test to assess statistical significance in
differences between activation when comparing independent current sources with single-
source stimulation. To simplify data presentation, all the figures presented describe results
using the original set of neuron trajectories; whereas, Table 1 summarizes the results from
all five sets of neuron locations. The maximum average selective activation of both
therapeutic targets is reported in Table 1. The combined results describe the stimulation
setting at which the percentages of activated neurons are maximal when averaged together.
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This study was undertaken with the basic assumption that optimal therapeutic benefit from
DBS is achieved when activation of target neural populations is maximized, and the
activation of side-effect neural populations is minimized. Within the context of this
theoretical study, our target neural population was composed of STN projection neurons and
GPi fibers of passage. The IC fibers of passage were defined as the deleterious side-effect
neural population. Our results outline the impact of searching through the complex
parameter space of a DBS device with current steering capabilities.

Monopolar stimulation

Numerous clinical reports have concluded that the best therapeutic benefits from DBS for
PD are achieved with electrode contacts located at or near the dorsal border of the STN.
Therefore, we designated contact 2 as the principal therapeutic contact of interest given our
electrode location within the anatomy (Fig. 1). Monopolar stimulation with contact 2 was
able to activate neurons from each of the three neural populations. Figure 2 provides an
illustrative example of neural activation from a single set of neuron locations generated by a
cathodic —6 mA stimulus delivered through contact 2, activating 43% of the STN neurons,
62% of the GPi fibers of passage, and 5% of the IC axons.

Our primary interest was to identify techniques that maximized activation of target neural
populations without activating side-effect populations. The model predicted the maximum
amplitude sub-threshold for IC fiber activation to be approximately -5 mA with monopolar
stimulation through contact 2. This stimulation setting activated on average 47% STN
projection neurons and 39% GPi fibers of passage when considering all five sets of neuron
locations (Table 1). We defined this monopolar activation profile as the “gold-standard” and
compared it to a range of single-source bipolar and multi-source current steering stimulation
strategies.

Bipolar stimulation

A single source DBS device enables the possibility of setting two or more contacts to the
same amplitude (i.e. double monopolar) or setting one contact to be an anode and others to
be a cathode. The most common clinical implementation of this concept is bipolar
stimulation with an adjacent anode and cathode. However, given the placement of our model
DBS electrode in the atlas brain, the use of multiple cathodes represented a more effective
strategy for stimulating the target neural populations (Table 1). Stimulation with contacts 2
and 3 both set to —3 mA activated on average just over half of the STN and nearly 45% of
the GPi axons before spreading stimulation into the IC. This was considered a more
favorable setting than the “monopolar gold-standard” since there was slightly increased
activation of the targeted neural populations, and no IC activation. Further efficacy was
achieved using current steering with independent current sources (contact 2 at -4 mA and
contact 3 at -2 mA), increasing STN activation to 55% and GPi activation to 51%, with no
IC activation (Table 1). After performing a #test, using a p-value of 0.05, and comparing
results from 5 different neuron distributions, we found there was a statistically significant
difference in therapeutic activation when using current steering instead of a single-source
monopolar or two-cathode configuration.

Activation maps for both therapeutic neural populations during current steering between two
adjacent contacts are displayed in Figure 3. There was no IC activation when using
stimulation settings inside the dashed lines. We stimulated each active contact pair with
amplitudes ranging from a maximal cathodic current of =5 mA to a maximal anodic current
+5 mA (1 mA resolution). In situations where the different electrode contacts had an
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imbalance between anodic and cathodic current, the boundary conditions of the model
accounted for the presence of the IPG as an additional return electrode. These results
demonstrate the greater stimulation potency of cathodic stimulation, relative to anodic
stimulation. However, as noted in previous theoretical studies anodic stimulation can be an
effective strategy for recruiting local projection neurons with extracellular electrodes (27).

Additional current steering permutations

A wide range of activation percentages for different neural populations could be achieved
via independent current steering between adjacent electrode contacts (Fig. 3). However,
future technology will also enable independent activation of three (or more) electrode
contacts. Figure 4 shows an example of transitioning current between contacts 1, 2, and 3.
These results illustrate that tripolar configurations were able to generate some degree of
selective activation of targeted neural populations. However, tripolar configurations were no
more effective than bipolar configurations for the electrode location and target neural
populations examined in this study.

Electrode placement sensitivity

Based on our previous experience developing computational models for DBS applications,
we believe that defining the precise implanted electrode position in the brain represents one
of the largest sources of error. Therefore, we investigated how changes in the electrode
location affected selective stimulation of the neural populations during current steering
(Figure 5). First, starting from the default electrode location, we perturbed the electrode + 2
mm in 0.5 mm increments within the transverse (axial) xy-plane. At each electrode location,
contacts 2 and 3 were set to = 5 mA (1 mA increments). Next, we determined the maximum
average activation of our therapeutic targets (percent GPi axons and STN neurons) with no
IC activation at each lead location (Figure 5). Not surprisingly, as the electrode was placed
farther away from the IC fibers of passage (i.e. more medial and/or posterior), we observed a
higher therapeutic selectivity, up to a maximum average of 81%. Interestingly, current
steering can achieve a similar therapeutic activation at many different electrode locations.
For example, the maximum average therapeutic activation is similar when the electrode lead
was placed 1.5 mm medial or 1.5 mm posterior from the default location (Figure 5).

Discussion

The goal of this study was to evaluate the ability of current steering technology to improve
DBS activation selectivity in targeted neural populations. We used a highly detailed electric
field model coupled to 3D neuron models with anatomically realistic geometries and
membrane dynamics. We focused on activation of three different neural populations (STN
projection neurons, GPi fibers of the lenticular fasciculus, and IC fibers of passage), and
quantified their activation by performing a comprehensive search through various
stimulation parameter options. Our results show that current steering can be an effective
technique to bias activation toward specific neural populations. However, introduction of
current steering technology into DBS practice broadens the search for an optimal stimulation
setting in each patient.

Current steering

Our computational model demonstrates the ability of current steering to activate different
proportions of three distinct neural populations, without changing the implanted electrode
position. Once explicit neural targets are defined, current steering may represent a strategy
to overcome small errors in surgical placement of the electrode. Alternatively, implantation
of electrodes with a large number of small surface area contacts could also help focus
stimulation on a target area. However, the use of small electrode contacts may introduce
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limitations in the spatial extent of stimulus spread due to limitations on safe charge injection
limits (32). Therefore, current steering between traditionally sized contacts provides
additional flexibility to choose alternate stimulation parameters that may inject less total
current into the tissue.

While current steering has the potential advantage of finer control over the volumes of tissue
activated, it comes at the cost of an expanded search space, potentially increasing the
difficulty of patient programming. The current state-of-the-art methodology for clinical DBS
programming is performed without much visual or computational guidance, and relies
primarily on clinical intuition. This traditional approach often requires multiple
programming sessions with the patient, and still requires an experienced DBS clinician to
achieve an optimal result (33). We have proposed that visualization software could help
guide clinicians with patient-specific computational models of activation during
programming sessions (34). Recently we demonstrated that computational assistance might
simplify the clinical DBS programming process and improve therapeutic outcomes (3).
Given the expanded parameter search space of DBS devices with current steering
capabilities, we propose that patient-specific computer models may be necessary to exploit
the full potential of current steering technology.

Study limitations

The technical limitations of the DBS computational models used in this study are well
documented in our previous work (12, 16, 20). Principal limitations specific to this study
relate to the representation of the specific neural populations. Among the three different
neural populations that were studied, only one (IC axons) could be reconstructed directly
from streamline tractography. However, DTI tractography only provides a rough estimate of
individual axon trajectories. The other two populations were reconstructed based on non-
human primate staining studies of individual neurons. Therefore, subtle differences in the
activation percentages for all of the different neural populations could result from the
nuances within our specific trajectories. Despite these caveats, our implementation
combined use of detailed anatomical and electrical models to directly stimulate these neural
populations, and determine which ones were active for a given stimulation parameter
setting. This population based analysis allowed us to account for subtle geometrical
differences in the position/orientation of neurons relative to the DBS electrode. It should
also be noted that this theoretical study was performed as a proof-of-concept and not
intended to be specific to any individual patient.

Another limitation of this study was that much of the analysis was performed at a single
electrode location. Many different electrode positions/orientations are encountered in
clinical practice, which would affect the selectivity for each neural population. However,
this study does show that current steering can selectively activate different proportions of
target neural populations when the electrode is implanted in a clinically relevant region.

For the purposes of standardization across the different neural populations, we used a
common axon diameter for each neuron type. In reality, each neuron type has a range of
axon diameters associated with it, and the distribution of diameters differs between the
neuron types. Unfortunately, histological documentation of these measurements is limited.
However, it is likely that on a relative scale between our three populations, the 1C would be
associated with larger diameter fibers, while the STN and GPi would be associated with
smaller diameter fibers. This would bias stimulation thresholds toward the 1C and should be
noted when interpreting our results.

Another caveat of this study was the definition of the entire STN population as a therapeutic
target. The STN is known to consist of limbic, associative, and sensorimotor regions, and
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therapeutic stimulation is commonly associated only with the latter. However, given the
uncertainty of defining borders between these different regions, we elected to evaluate the
STN as a single entity for simplicity in this proof-of-concept study. Still, we focused our
analysis on electrode locations in the dorsal STN, which is the general region associated
with the sensorimotor area.

While typical clinical practice with traditional DBS technology tends to focus on monopolar
stimulation, we found that DBS devices capable of current steering between contacts opens
up additional opportunities to achieve an improved balance between activation of target and
side-effect neural populations. This study demonstrated that increased selective activation
was possible by using a current-controlled device with independent sources. Future studies
are needed to explicitly define the therapeutic target(s) for stimulation, as well as to
investigate other lead trajectories and electrode contact designs that may provide greater
selectivity between those targets.
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Fig 1.

Anatomical model. (A) MRI brain atlas with a typical electrode position for STN-targeted
DBS, along with relevant nuclei (thalamus — yellow volume; STN — green volume; GP -
blue volume). (B) Zoomed-in version of the nuclei and electrode position. (C) A single IC
axon defined via tractography. (D) 200 unique I1C axon trajectories reconstructed from a
seed region just lateral to the STN. (E) A single GPi axon passing through the lenticular
fasciculus. (F) The initial axon trajectory was randomly copied within a predetermined
region of interest to create a GPi bundle consisting of 80 fibers. (G) Three different STN
neurons (including dendrites, soma, and axon). (H) These three initial neurons were
replicated within the STN nuclei boundaries to create 100 total STN projection neurons.

Brain Stimul. Author manuscript; available in PMC 2013 July 01.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Chaturvedi et al. Page 12

Neural populations Voltage distribution Activated neurons

020mV  -015mV  -010mV  005mV  omV
— o e—

Fig 2.

Neural activation during typical monopolar stimulation. (A) Contact 2 was an active cathode
at —6 mA. (B) Extracellular voltage distribution for all three neural populations during
stimulation. (C) After running neural simulations, we observed that 62% of the GPi axons,
43% of the STN projection neurons, and 5% of the IC axons were activated.
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Fig 3.

Neural population recruitment during bipolar current steering. Spatial activation is shown
for each of the two therapeutic neural populations in response to all combinations of
adjacent bipolar contact configurations. Stimulation settings within the dashed lines describe
no internal capsule activation. The stimulation amplitudes ranged from maximum anodic
(-5 mA) to maximum cathodic (+5 mA), with an amplitude resolution of 1 mA. The white
dot in the center of the image describes no stimulation.
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Fig 4.

Neural activation during current steering using a tripolar configuration of contacts 1-3.
Associated neural activation profiles are shown while each contact was varied individually
between the cathodic -5 mA and the anodic +5 mA stimulation amplitudes.
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Fig 5.

Contour map depicting the maximum average selective activation of both therapeutic neural
populations (STN projection neurons and GPi axons) with no internal capsule activation,
using =5 mA (1 mA increments) bipolar stimulation settings steered between contacts 2 and
3. This metric was defined as the combined maximum average of the percent of STN
neurons and GPi axons groups individually activated. We perturbated the DBS electrode + 2
mm (0.5 mm increments) in the mediolateral (x-axis) and anteroposterior (y-axis) directions.
The black dot in the center of the image depicts the default electrode location.
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Table 1

Maximizing the average selective activation of the neural populations below IC threshold. There were no
stimulation settings that exclusively activated GPi. The combined columns depict the maximal total activation
of both GPi and STN concurrently. Each average activation percentage is followed by the standard error of the
mean. The individual stimulation settings that achieved those activations are listed within brackets.

Neural populations activated (%) [stimulation setting] (mA)

Combined
Stimulation type STN only GPi STN
One contact (single source) 10.0+1.2[0,0,0, -2] 39.2+3.910,0,-4,0] 46.8+4.8
Two contacts (single source) 252+3.0[0,-1,-1,0] 447%+40]0,0,-3,-3] 508%4.2

Two contacts (two independent sources) 33.5+3.1[0, -2, 4, 0] 50.7+3.1[0,0,-4,-2] 55.1+44
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