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ABSTRACT

Objective: Using computer simulation, we investigated the effect of electrode polarity on neural
activation in spinal cord stimulation (SCS) and propose a new strategy to maximize the activating
area in the dorsal column (DC) and, thus, paresthesia coverage in clinical practice.

Materials and Methods: A new 3D spinal cord model at the T10 vertebral level was developed to
simulate neural activation induced by the electric field distribution produced by different typical
four-contact electrode polarities in single- and dual-lead stimulation. Our approach consisted of
the combination of a finite element model of the spinal cord developed in COMSOL Multiphysics
and a nerve fiber model implemented in MATLAB. Five evaluation parameters were evaluated,
namely, the recruitment ratio, the perception and discomfort thresholds, and the activating area
and depth. The results were compared quantitatively.

Results: The dual-guarded cathode presents the maximum activating area and depth in single- and
dual-lead stimulation. However, the lowest value of the ratio between the perception threshold in
DC and the perception threshold in the dorsal root (DR) is achieved when the guarded cathode is
programmed. Although the two versions of bipolar polarity (namely bipolar 1 and bipolar 2)
produce higher activating area and depth than the guarded cathode, they are suitable for
producing DR stimulation. Similarly, dual-lead stimulation is likely to activate DR fibers because the
electrodes are closer to these fibers.

Conclusions: The results suggest that the activating area in the DC is maximized by using the dual-
guarded cathode both in single- and dual-lead stimulation modes. However, DC nerve fibers are
preferentially stimulated when the guarded cathode is used. According to these results, the new
electrode programming strategy that we propose for clinical practice first uses the dual-guarded

cathode, but, if the DR nerve fibers are activated, it then uses guarded cathode polarity.
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INTRODUCTION

Spinal cord stimulation (SCS) is a well-established clinical technique for the treatment of various
chronic pain—associated syndromes (1-6). This technique involves the delivery of electric current
to the spinal cord via electrodes placed in the dorsal epidural space. Connected to a pulse
generator, the electrodes can be programmed as either anodes (positive potential) or cathodes

(negative potential) to generate an electric field that stimulates neural elements (7).

The neurophysiological mechanisms involved in SCS were first described by Melzack and Wall
through the gate control theory of pain (8). These authors postulated that by selectively activating
AB fibers by electrical stimulation, the “gate” could be electively closed, thus reducing painful
inputs toward the brain and eliciting a tingling sensation (paresthesia) in pain dermatomes (9-11).
Other subsequently proposed mechanisms of action maintain the same necessary condition of AB

fiber stimulation to overlap the sensation of paresthesia on the perceived areas of pain (12).

Large AR nerve fibers are located in the dorsal column (DC) and dorsal root (DR). Although pain
relief may be elicited by AB nerve fiber stimulation in both structures, DR stimulation can only
induce paresthesia in a few dermatomes, whereas DC stimulation can induce it in many
dermatomes (13). And, the induction of paresthesia in many dermatomes is a necessary condition

for the success of SCS in complex pain syndromes.

For decades, computational models of SCS have been fundamental to the understanding of clinical
observations and the design of therapies with optimal results (14). Computational models use the

finite element method (FEM) to find only an approximate solution to the problem. The advantage



of the FEM is that the solution region is considered to be built up of many small, interconnected
sub-regions (finite elements), thus enabling the problem to be replaced by a simpler one when
attempting to find a solution (15). Therefore, the best known FEM model of SCS was developed by
Holsheimer (16), whose main studies were related to the neural structures involved in inducing
paresthesia and the effect of electrode configuration on their activation (11,17-20). However,
next-generation computational models were more sophisticated, and studies were focused on the
effect of the stimulation parameters on neural stimulation (14). The four basic parameters which
need to be programmed in SCS are amplitude, pulse width, frequency, and polarity, whose
combination satisfies an individual’s pain coverage needs (21). As for polarity, Holsheimer and
Wesselink suggested that guarded cathode polarity produced the deepest and widest paresthesia
coverage, although no quantitative parameters were evaluated (22). Furthermore, since
percutaneous electrodes have from four to eight poles, a huge number of combinations can be
used. For instance, 6,558 combinations can be used when using two four-contact stimulation
electrodes. Thus, in clinical practice, polarity is determined by eliciting the patient’s oral responses
to the trial and error—based application of stimulation, which may be time-consuming. For these
reasons, the goals of the present study were to quantitatively investigate the effect of electrode
polarity on neural activation using a new 3D spinal cord model developed by our group and to
propose a new strategy to maximize paresthesia coverage in clinical practice.

MATERIALS AND METHODS

Volume conductor model of the spinal cord

We created a 3D volume conductor model of the spinal cord at the T10 level using real geometric
parameters from a magnetic resonance imaging (MRI) study of the human spinal cords of 15
volunteers aged 20-40 years (23). The measurements considered were the following: the

anteroposterior diameter of the white matter (BAP), the transverse diameter of the white matter



(@T), and the distance between the dura mater and spinal cord in the anterior (A), posterior (P),
right (R), and left (L) directions (see Figure 1(a) and (b)). All measurements were taken in the prone
position. A FEM model was created in COMSOL Multiphysics (version 5.3) and included the
following tissues: cerebrospinal fluid (CSF), grey and white matter, dura mater, fat, DRs, and bone
(see Figure 1(a) and (b)). In our model, dura mater has a thickness of 0.3 mm (24), fat tissue 4 mm
(25), and bone 10 mm. The electrical tissue conductivities considered were obtained from (6,9,26—
29) (see Table 1). The volume conductor model measured 45 (x) mm x 42 (y) mm x 44 (z) mm (see

Figure 1(d)).

We included a 3D representation of the DR, based on the DR model of Sankarasubramanian (30).
To be more realistic, we included 80 DRs spaced 1 mm apart throughout the longitudinal axis of
the volume conductor model (see Figure 1(c)). The purpose of this overpopulation of DR fibers was
to ensure that the lowest DR stimulation threshold could be determined and to minimize the

effect of the relative position of the cathode with respect to the DR in the longitudinal axis.

We used a tetrahedral adaptive mesh to avoid incorrect solutions in the narrow and edge zones of
the model. The element size ranged from 0.067 to 1.57 mm. The model used approximately
2,000,000 nodes. However, the number of mesh elements varied according to the number of
electrodes used in the model. Thus, the model had 1,536,452 elements with one lead and

1,660,187 elements with two leads. All mesh properties are shown in Table 2.

With the aim of preventing possible edge effects, we imposed the Dirichlet boundary condition
(electric insulation) on the most external surfaces of the model. We also imposed an electric
potential boundary on the surfaces of the active contacts of the electrode. Table 2 shows the

boundary conditions applied to the model.



The FEM was used for the calculation of the electrical potential distribution as an approximate
solution of the Laplace equation (V2V = 0). The current density (J(x,y,z)) was obtained from the

generalized version of Ohm’s Law (Equations (1) and (2)):

J=o+E (1

E= -V, ()

where V, is the electrical potential of a specific point of the volume conductor model, E is the
electric field, J is the current density, and o is the electrical conductivity tensor. The electric field,
the electric potential, and the electric current were calculated using the conjugate gradient

iterative method solver (31). All simulations were run as static models.

Percutaneous lead model

We modeled multipole percutaneous leads, including the electrode contacts, the insulation, and
the electrode-tissue interface. Usually, percutaneous leads have eight contacts, but we only
included four contacts in the model because, in our clinical practice, no more than four
consecutive contacts are programmed. Despite the availability of different percutaneous lead
sizes, we only used one lead size because we wished to see the effect of polarity and not the effect
of lead geometry on neural activation. The geometry we used can be seen in (32). The electrodes
were then modeled as cylinders measuring 24 mm in length and 1.3 mm in diameter. The contacts
(conducting domains) had a length of 3 mm and were spaced 4 mm apart with the application of
an insulating polymer (non-conductive domains). The insulator at the extremes of the electrodes
had a length of 1.5 mm (see Figure 3(c)). Moreover, we included the electrode-tissue interface as a
hollow cylinder with a 0.1-mm thickness, which covered the active contacts. To date, this structure

has only been considered in a deep brain stimulation model developed by Butson et al. (33,34).



Finally, the percutaneous lead model was positioned in the midline of the transversal plane of the
model in single-lead stimulation or 1.25 mm from the midline to the axis of the electrode in dual-

lead stimulation. In both cases, the electrodes were 0.1 mm from the dura mater.

Myelinated nerve fiber model

In order to determine nerve fiber activation (in the DC or DR), we used the Mclntyre, Richardson,
and Grill (MRG) myelinated nerve fiber model (35). The model was implemented using MATLAB
R2017a. We used model B because its conduction velocity (61 ms™?) was within the experimental
range for a 10-um fiber (47-63 ms™) (34). The model incorporates a finite impedance single-cable
myelin sheath. This is important, because representation of myelin is a significant factor in axon
excitability and conduction (34). The electrical representation for both the myelin and nodes of
Ranvier are shown in Figure 2(a). The MRG model allows for the calculation of the membrane
potential in each node of Ranvier (V},), taking into account V, values obtained from Equation (2), by

solving the following equation:

1
¥ = [_Iion,n + Gaxial(vn—l - 2‘/;1 + Vn+1 + Ve,n—l - 2Ve,n + Ve,n+1)]l (3)
dt  Cpmn

where n is the corresponding node of Ranvier, C,, is the membrane capacity (LF), I;,5 is the total
sum of the ionic currents (mA), and Ggyiq is the conductance between the centers of two
adjacent compartments (mS). For more details about MRG model equations, see Richardson et al.
(35), and for details of the geometric parameters, see Mclntyre et al. (36). All the parameters used
in the model are also shown in Table S1-S4 of the Supporting Information section. When Equation
(3) is solved for each node of Ranvier, we obtain the temporal evolution of the membrane
potential, which is known as the action potential. Thus, if a nerve fiber measuring 12.8 um in

diameter is stimulated by a square stimulus pulse of 300 ps of duration and 2 V of amplitude, a



specific action potential is produced, as shown in Figure 2(b) (dark line). However, for a
subthreshold stimulus (1.9V of amplitude), no action potential is produced (see Figure 2(b) (light

line)), and the fiber is not activated.

Based on a previous study by Holsheimer (6), we considered two nerve fiber sizes. On the DC
surface, 12.8-um nerve fibers are the largest that can be activated. However, the DR nerve fibers
can have a diameter of 15 um. As the geometric parameters of 12.8- and 15-um nerve fibers have

been published (36), we used these fiber sizes in our simulations.

Histological data demonstrate that there are several nerve fiber sizes distributed in the DC (10,37).
However, to simplify the simulation procedure, we only considered the 12.8-um nerve fiber size.
Therefore, in our model, the fiber distribution consisted of a set of 30 rows of 100 nerve fibers (a
total of 3,000 fibers) spaced 50 um apart and running from the DC surface to a depth of 2.25 mm

(see blue zones in Figure 5 and Figure 6).

Simulation procedure

First, we determined electrode polarity by assigning contacts as cathodes or anodes. For this
study, we considered common polarities used in single-lead stimulation: bipolar 1 (B1) (in which
an anode is followed by a cathode), bipolar 2 (B2) (in which an anode and a cathode are separated
by two inactive poles), guarded cathode (GC) (in which one cathode is programmed between
anodes), and dual-guarded cathode (DGC) (in which two cathodes are programmed between

anodes). In dual-lead stimulation, we used B1, GC, and DGC (see Figure 3).

Second, electric field distribution was simulated by solving the equations of the FEM model. We
then exported a grid of points from COMSOL to MATLAB with the spatial position and the electric
potential values of the nodes of Ranvier and solved the MRG model equations to obtain the first

activated nerve fiber on the DC surface. If an action potential was obtained, the perception



threshold (PT) was achieved. If not, we increased the stimulation voltage by increments of 0.1V,
starting from zero, until the PT was achieved. The stimulation pulse applied consisted of a square-
wave voltage pulse with a 300-us duration. The stimulation threshold of the DR nerve fibers was

also calculated.

The therapeutic range of stimulation between the PT and the level which causes the discomfort
threshold (DT) is termed the usage range (UR) (22,38), which will generally not exceed 2PT (22). In
clinical practice, a typical UR value ranges from 1.4 to 1.7 (7). Because the DC fibers in our
simulations always had the lowest stimulation threshold, we used the PT from the DCs (PTnc) to
simulate neural activation at different DTs (1.2PTpc, 1.4PTpc, and 1.8PTpc). We then used the MRG

model to determine which nerve fibers in the DCs were activated.

Finally, the parameters listed below were calculated to compare the use of the different electrode

polarities.

Evaluation parameters

To quantitatively compare the effect of different stimulation patterns on neural activation, we
calculated several model output parameters defined as follows:

PToc (V): the lowest voltage needed to activate the first DC nerve fiber with a 12.8-um diameter in
our model. This value corresponds to the electrode potential that is expressed relative to a remote
reference, that is, a stimulation threshold of 1 V in our model corresponds to a stimulation
threshold of 2 V in our clinical practice.

PTor (V): the lowest voltage needed to activate the first DR nerve fiber with a 15-um diameter in
our model. This value corresponds to the electrode potential that is expressed relative to a remote
reference, that is, a stimulation threshold of 1 V in our model corresponds to a stimulation

threshold of 2 V in our clinical practice.



Activating area (mm?): the maximum transversal area of the DCs within which DC nerve fibers are
activated at 1.4PTpc.

Activating depth (um): the maximum cross-sectional depth of the DCs within which DC nerve
fibers are activated at 1.4PTpc. Depth is measured at the center of the recruitment contour.

Recruitment ratio (Roc/or): the ratio between PTpc and PTog.

RESULTS

We analyzed and compared the effect of electrode polarity in single- and dual-lead stimulation. In
Figure S1 of the Supporting Information section, the norm of the electric field at the surface of the
white matter is represented for all previously described polarities. We also studied the effect of
having different DTs in all polarities considered for both the activating area and depth in the spinal

cord.

Model behavior

We reproduced two previous studies and compared our results with those from other research

groups.

The first study consisted in analyzing the evolution of PTpc versus dorsal CSF (dCSF) thickness.
Holsheimer et al. (39) obtained PTpc considering a nerve fiber measuring 12 um in diameter. As
displayed in Figure 4(a), our results showed that a higher dCSF thickness required a higher PTpc
(solid line), as also shown by Holsheimer et al. (dotted line). The absolute values of PTpc were
similar to Holsheimer’s. The main difference was how fast PTpc grew with dCSF thickness. Thus, for
example, in our results, at maximum dCSF thickness (4.8 mm), PTpc was 725% greater than at
minimum dCSF thickness (0.8 mm) (5.8 V versus 0.8 V, respectively). However, Holsheimer et al.

obtained an increase of 1,166% of PTpc (7 V versus 0.6 V, respectively).
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We also analyzed the effect of fiber diameter on PTpc. The results are shown in Figure 4(b).
Consistent with Holsheimer et al. (6) (dotted line), we found that the larger the nerve fiber
diameter is, the lower the PTpc required (solid line). Holsheimer et al. observed that their data
points were best fitted by power function and showed the equation and the square correlation.
We also verified that the best fit of our data points was by power function. We obtained the
maximum difference of PTpc (200% greater than the Holsheimer group results [9.8 V versus 4.88 V,

respectively]) when a fiber measuring 5.7 um in diameter is stimulated.

The differences observed in Figure 4(b) could arise from the differences between the models. On
the one hand, Holsheimer’s group used a T11 vertebral level, whereas we used a T10 vertebral
level model. Each vertebral level has a different dCSF thickness, which is greater in the case of T10.
On the other hand, we used an MRG nerve fiber model while Holsheimer’s group used a Wesselink
nerve fiber model in both studies. The main difference between the two models is that the myelin
in the MRG model undergoes current losses because it is modeled as an imperfect insulator. Since
these two differences could affect the excitability of the nerve fibers, they could explain the
differences observed. Despite these distinctions, the behaviour of the model is very similar to that

reported by Holsheimer’s group, since both behave as a power function.

Single-lead stimulation

In this study, the electrode was positioned in the midline of the spinal cord at 0.1 mm from the
dura mater. The dCSF was 4 mm thick, and four polarities were considered, namely, B1, B2, GC,

and DGC (see Figure 3(a)).

First, we simulated the activating area and depth at three DT values (1.2PTpc, 1.4 PTpc, and 1.8

PToc) (see Figure 5). Figure 5 reveals that, regardless of the polarity considered, as DT increases,
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both activating area and depth also increase. In addition, DGC and B2 are the polarities within

which it is possible to obtain higher activating area and depth.

On the other hand, evaluation parameters were calculated at a DT of 1.4 PTpc to quantitatively
compare the effect of using different polarities. As we can see in Table 3, GC is the polarity with a
better DC stimulation preference versus DR stimulation, with a Rpc/pr of 0.38, although it produces
the lowest activating area and depth values (1.5 mm? and 350 pum, respectively). Nevertheless, B1
and B2 present higher activating area and depth with the disadvantage that Rpc/or increases to
79% (0.68) and 110% (0.80), respectively, whereas the results show that DGC provides double the
activating area and depth of GC with a reduction of 12.5% (1.4 V) in PTpc. However, compared with

GC, DGC polarity increases Rpc/or by 36% (0.52).

Dual-lead stimulation

Dual-lead stimulation is mainly used in complex pain patients, so we also modeled the use of
different polarities (B1, GC, and DGC) (see Figure 3(b)) with dual leads positioned symmetrically
0.1 mm from the dura mater and with an axis-to-axis electrode separation of 2.5 mm, which is a

commonly used distance between electrodes. The dCSF had a thickness of 4 mm.

The results show that dual-lead stimulation produces a higher lateral activation of the DC nerve
fibers because neural activation is produced mainly under the cathode(s) (see Figure 6). However,
this effect is reduced when DGC is used. As in a single-lead stimulation, it can be seen that, as DT
increases (from 1.2PTpc to 1.8PTpc), the activating area and depth also increase in all polarities

considered.

Next, we calculated the evaluation parameters at a DT of 1.4PTpc (see Table 3). In terms of DR
stimulation, GC is the polarity which most probably activates the DC nerve fibers, with a Rpc/pr Of

0.43. As a disadvantage, the activating area and depth are the lowest (1.24 mm? and 350 pm,
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respectively). However, although B1 polarity increases the activating area by 21% (1.5 mm?) and
the activating depth by 14% (400 um) as a result of increasing the PToc by 4% (2.4 V), the Rocor is
65% higher (0.71); therefore, the probability of activating DR nerve fibers is higher than it is for GC.
Finally, compared to GC, the results show that DGC provides an increase of 113% for the activating
area (2.64 mm?) and of 57% for the activating depth (550 um) with a reduction of 40% of PTpc (1.4

V). The disadvantage is that the Rpc/or parameter is 42% higher (0.61).

Single vs. dual-lead stimulation

Figure 7 shows the evolution of the activating area and depth when the UR ratio increases for both
single- and dual-lead stimulation. In general, single-lead stimulation produces a higher activating
area in all polarities and in all usage range ratios than dual-lead stimulation. In addition, this
difference is more evident as usage range ratio increase. For example, at a usage range of 1.2, the
activating area of GC in dual-lead stimulation is 0.56 mm?, while in single-lead stimulation it is 0.62
mm? (i.e. 10.7% higher). However, when usage range ratio increases to 1.8, the activating area in
dual-lead stimulation is 3 mm? while in single-lead stimulation it is 4.65 mm? (i.e. 55% higher). The
same effect has been observed with the activating depth when using single-lead stimulation,
although this effect is not as evident for all polarities. For instance, GC presents the same
activating area and depth in all usage range ratios, in both single- and dual-lead stimulation.
Instead, DGC presents an activating depth of 250 um in dual-lead stimulation at a usage range of
1.2, which increases to 300 um (50 um deeper) in single-lead stimulation. Furthermore, in this
case it is also seen that when usage range ratio increases, this effect is more evident. Therefore, at
a usage range of 1.8, the activating depth in dual-lead stimulation is 1000 um, which increases to

1100 um (100 um deeper) in single-lead stimulation.



13

The effect of using asymmetrical polarities produces a lateral activation on DC, as seen in Figure 6.
Consequently, as the neural activation is produced under the active electrode, the activating area
is reduced compared with single-lead stimulation, due to the lateral position of the electrodes.
The activation depth, however, is also lower, but the decrease is not as evident as the decrease in

the activating area.

Despite the differences observed between single- and dual-lead stimulation, in both cases, it is
shown that DGC maximizes the activating area and depth in comparison with the other polarities.
Moreover, the difference is higher as the usage range ratio increases. Nevertheless, the effect of
stimulation using two leads instead of one appears not to produce, theoretically, higher activating

area or depth.

DISCUSSION

The modeling study we present quantitatively compares the effect of electrode polarity (in single-
and dual-lead stimulation) on neural activation in SCS therapy and determines which one
maximizes the activation area and depth in DC. To the best of our knowledge, there are some
works that also studied the effect of polarity in SCS (11,13,22,30) and even the effect of using a
multiple current versus single current source stimulation (40,41). However, this is the first study
that considers and compares the effect of the most known and used electrode polarities in single-
and dual-lead stimulation (B1, B2 and GC) including, in addition, DGC polarity, which has never

been compared to the previous polarities in SCS therapy.

We developed a new 3D spinal cord model that includes the following novel aspects. First, the
geometry of the model is based on measurements of all spinal cord levels from high-resolution in

vivo T2*-weighted magnetic resonance images acquired at 3T (24). Therefore, as in a real spinal
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cord, the white matter is not centered within the spinal canal in our spinal cord model. This is an
important contribution, since it enables us to see that, owing to the midline offset of the white
matter modeled, even in single-lead stimulation, the activating area is not central, but lateral.
However, previous models, besides not including the midline offset of the white matter, used
anatomical data taken from the rat spinal cord atlas (42), postmortem measurements of human
spinal cord (26), or in vivo human measurements at some vertebral levels (C4-C6, T5-T6 and T11-
T12) from low-resolution in vivo T2*-weighted magnetic resonance images acquired at 1.5T
(11,13,23). The second novel aspect is that our model is the first to include the electrode-tissue
interface around the active contacts of the electrode in a spinal cord model. It is important to
consider this element, because it affects the stimulation threshold values of the nerve fibers and,

therefore, the remaining evaluating parameters.

In this computer modelling study, we compared four polarities (B1, B2, GC, and DGC) in single-lead
stimulation and three polarities in dual-lead stimulation (B1, GC and DGC). To date, the most
commonly analyzed polarities have been B1, B2, and GC (43,44). Thus, several studies from
Holsheimer’s group proved that GC produced the greatest recruitment of DC fibers and the widest
paresthesia coverage (13,22,43,44). However, the effect of DGC polarity has never been compared
with that of the other polarities in SCS. This effect has only been evaluated in a peripheral nerve
field stimulation study from Frahm et al. (45), where DGC presented a larger activating area than
GC, and in a cathodal field steering study from Manola et al. (11), where DGC showed extended
recruitment of DC fibers as compared with dual cathode (two consecutive cathodes without
anodes). Therefore, given the lack of studies on the effect of electrode polarity in SCS and the
wider paresthesia coverage obtained empirically using DGC in our clinical practice, we included
DGC polarity in this study. In addition, in the case of dual-lead stimulation, we considered

asymmetrical polarities, since, based on our clinical experience, it is difficult to produce the same
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intensity of tingling sensation on both sides of the patient’s body when symmetrical polarities are
used. This is because perception thresholds are usually different on both sides of the body, since
they depend on the position of the electrodes and the geometry of the spinal cord, i.e., the
midline offset of the white matter. However, asymmetrical polarities enable us to adapt the
stimulation parameters for each side of the body and produce better paresthesia coverage. Thus,
in this study we were interested in comparing the effect of using the most used and known
polarities in single-lead stimulation versus the most used asymmetrical polarities in our clinical

practice in dual-lead stimulation.

Therefore, we compared four polarities (B1, B2, GC, and DGC) in single-lead stimulation. In terms
of activating area and depth, the results showed that DGC performed the best. B1 and B2
polarities also achieved high activating area and depth, but DR stimulation was more easily
produced. This effect was previously found by Barolat et al. (45), who observed that narrower
spacing between bipolar contacts increased DC fiber selectivity. In dual-lead stimulation, we
compared three polarities (B1, GC, and DGC) and observed the same effect: DGC produced the

highest activating area and depth.

However, in terms of Rpc/pr in single and dual-lead stimulation, the best performing polarity was
GC, since it presented the lowest value, meaning that it is less likely to activate DR nerve fibers, as
predicted in previous studies (7,13,22,46). In addition, B2 (in single-lead stimulation) and B1 (in
dual-lead stimulation) presented the highest Rpc/or Value; therefore, these polarities were likely to
stimulate DR nerve fibers, reducing paresthesia coverage to only two dermatomes and producing

a stimulation which would not be sufficient to cover all pain dermatomes.

We also compared the use of single- and dual-lead stimulation. The results show that dual-lead

stimulation produces higher lateral activation with less depth than that of a single-lead, as
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Holsheimer suggested (47). Furthermore, PTpr is reduced because electrodes are more laterally
placed and the distance between DR and the electrodes is shorter. Thus, the recruitment ratio is
higher than that obtained in single-lead stimulation, which is in agreement with Struijk et al. (17)
and Holsheimer et al. (39). However, according to a clinical study by Al6 et al. (48), the advantage

of dual-lead stimulation is that it could optimize long-term SCS paresthesia overlap.

Therefore, the comparison of the effect of the electrode polarity used in this study is the first to
prove that, compared to B1, B2 and GC, DGC could achieve the maximum activating area and
depth in both single- and dual-lead stimulation, and thus, the widest paresthesia coverage in SCS

therapy.

In our clinical practice, polarity is established by trial and error and asking the patient about the
location of the tingling sensation. In addition, polarity is the first parameter to be programmed,
because it determines the electric field, and therefore, the location of the nerve fibers that will be
activated. By selecting this location, we select the dermatomes we wish to activate. Then,
according to our results, a new strategy is proposed to establish polarity. The strategy consists first
in using DGC, in single- and dual-lead stimulation, with the aim of maximizing the activating area
and depth. However, in cases where DR activation is produced first, the results point to GC. This
strategy would enable more effective stimulation, since paresthesia coverage would also be

maximized.

Model limitations

One of the main limitations of SCS research is the lack of available clinical data. Clinical studies are
complicated to perform owing to the highly subjective and sensitive nature of the data obtained
from the patient’s sensations. Thus, to date, it has been not possible to clinically validate the

model presented in this article. Further research would require clinical data from a specific group
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of patients (with a specific age, sex, disease, electrode geometry, and position in the vertebral
level) to clinically validate the computational model. This would provide more accurate and
realistic SCS models because computer modeling helps us to understand SCS effects, improve

stimulating parameters, and know how to design better electrodes and devices (49).

Second, lead position in the computational model is unrealistic, in the sense that it is perfectly
situated in the midline of the spinal cord (in single-lead stimulation) or symmetric (in dual-lead
stimulation). These positions are complicated to reproduce in a real patient, because it is not

possible to know the exact location of the physiologic midline of the spinal cord in each patient.

Moreover, nerve fiber distribution within the DC is a complex feature, which requires further
research. In current mathematical models, some studies use several nerve fiber sizes (13,50),
whereas others maintain a fixed nerve fiber size distribution (11,26). This uncertainty of how fiber

size changes with depth affects both activating area and depth.

Finally, the nerve fiber model used does not consider any connectivity between nerve fibers. It is
possible that the activation of one nerve fiber contributes to the activation of other nerve fibers
positioned around it. If this assumption is proven to be true, the results reported may be affected,
because the stimulation threshold values (PToc and PTpr) would probably be reduced, and the
remaining parameters (Rpc/pr, activating area and depth) that depend on these values would be
different. Therefore, in order to have a more realistic model of the spinal cord, nerve fiber
connectivity would have to be considered in further studies. However, the inclusion of this new

feature in the model would not affect the main conclusions of the present study.
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CONCLUSIONS

Broad knowledge of the effect of electrode polarity on neural activation in SCS could help
clinicians to perform more efficient stimulations in chronic pain treatment. This study is the first to
guantitatively compare the effect of the most known and used electrode polarities (B1, B2 and GC)
on neural activation in single- and dual-lead stimulation in SCS, including DGC polarity, which has

never been compared to the previous polarities.

The results obtained from our 3D spinal cord model suggest that DGC polarity could maximize
neural activation, both in single- and dual-lead stimulation. Therefore, based on the results
obtained, we propose a new strategy to maximize the activating area and, thus, paresthesia
coverage in clinical practice. This strategy would consist of initially using DGC polarity in single- and
dual-lead stimulation to obtain the maximum activating area in the DC. However, if the DR was
activated, then paresthesia coverage would be reduced to only one or two dermatomes. This
could result in inefficient stimulation for the patient in terms of paresthesia coverage. Therefore,
in these cases, the appropriate following step would be to use GC polarity to ensure DC nerve fiber

activation, owing to its low recruitment ratio.
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SUPPORTING INFORMATION

Table S1 shows the geometric parameters used in the MRG model of the nerve fibers considered

in DC and DR structures.

Table S2 presents the electrical parameters of the ion channels, the myelin and the node of

Ranvier used in the MRG model.

In Table S3, the equations of the membrane currents and the electric potential of the MRG model

are given.

Table S4 shows the equations of the gate probabilities and coefficients. The dynamics of the MRG
model are defined at 20°C. The adequate Q;y scaling factors are also indicated for each of the

activation and inactivation parameters.

Figure S1 shows the norm of the electric field in the surface of the white mater for B1, B2, GC and
DGC polarities in single-lead stimulation; and for B1, GC and DGC polarities in dual-lead
stimulation. It demonstrates that asymmetric polarities in dual-lead stimulation can move the
electric field to the lateral of the spinal cord. Moreover, this effect is more evident when an anode

is programmed in front of a cathode, as it can be seen in the DGC polarity.
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Figure 1. a) Geometric parameters of the T10 vertebral level of the spinal cord model (R: 2.4

mm, L: 3 mm, @T: 8.4 mm) obtained from (23) and spinal cord tissues considered in the FEM

model (grey matter, white matter, bone and electrode). b) Geometric parameters of the T10

vertebral level of the spinal cord (P: 4 mm, A: 1.8 mm, JAP: 6.6 mm) obtained from (23) and
spinal cord tissues considered in FEM model (dura mater, CSF, fat and electrode-tissue
interface). c) DR modeling. d) Model dimensions: x: 45mm, y: 42 mm and z: 44 mm. JAP

indicates anteroposterior diameter; @T, transverse diameter; A, anterior; P, posterior; R, right; L,
left; CSF, cerebrospinal fluid.
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Figure 2. a) Schematic diagram of myelinated nerve fiber and equivalent electric circuit. b)
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subthreshold stimulus (light line).
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Figure 4. a) Threshold stimulation as a function of dCSF thickness. Solid line: results obtained
using our model. Dotted line: results from Holsheimer’s group (39). b) Threshold stimulation as a
function of nerve fiber diameter. Solid line: results obtained using our model. Dotted line:
results from Holsheimer’s group (6).
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different DTs (1.2PToc, 1.4PToc, and 1.8PTyc). Blue zones ([Jl]) represent the nerve fibers that are
not activated and red zones ([Jll) represent the activated nerve fibers.
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Figure S1. Electric field norm (V/m) produced on the surface of the white mater in different

single- and dual-lead polarities. In the electrodes, anodes are represented in red color and

cathodes are represented in blue color. The electric field norm is obtained at 1 V (1 V in the
anodes and -1V in the cathodes).



