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ABSTRACT

Objectives: The effect of lead placement and programming strategies on spinal cord stimulation (SCS)
therapy has been widely studied; however, there is a need to optimize these parameters to favor dorsal
column (DC) over dorsal root (DR) stimulation in complex pain treatment. This study aimed to determine
the optimal lateral distance between two leads and the effect of transverse stimulation using a
mathematical model.

Materials and Methods: A three-dimensional computational SCS and a nerve fiber model were used to
determine the effect of the lateral distance between two leads at the same vertebral level T8 and the
effect of the addition of anodes with two parallel leads at T8 and three different lateral distances on the
model-based results (perception thresholds, activated DC fiber area and depth, and position of the first
stimulated fiber).

Results: With two parallel leads programmed with symmetrical polarities, the maximal DC fiber area
stimulated was found for a lateral distance of 5 mm. The results also show a higher preference for DR
stimulation as the lateral distance increased. The addition of positive contacts at the same level of active
contacts in the second lead produces a displacement of the first stimulated fiber laterally.

Conclusions: A lateral distance of 5 mm shows a DC stimulated fiber area greater than when leads are
placed contiguously. The addition of anodes creates an effect whereby the area of paresthesia is not
displaced to the midline, but in the opposite direction. This may be useful when the leads are too close and
stimulation of one of the sides is compromised.

Keywords: Computational model, dorsal column stimulation, dorsal root stimulation, polarity, spinal
cord stimulation

INTRODUCTION

Spinal cord stimulation (SCS) has been used to treat chronic severe pain based on the delivery of a
current through electrodes placed on the epidural space. The first SCS implant was performed by Shealy et



altin 1967, based on the mechanism of action pro-posed by Melzack and Wall? in 1965, known as the gate
control theory. This theory postulates that the activation of A fibers in the dorsal column (DC) inhibits the
C fibers responsible for pain transmission and produces a sensation of paresthesia in the stimulated Ap
fibers. According to this mechanism, the paresthesia (and consequently the stimulation of the
corresponding dermatomes) must entirely cover the patient’s painful area®=. Although in some patients,
paresthesia coverage does not assure pain relief ®7, most computational studies investigating the effect of
tonic SCS (ie, whose mechanism of action is based on the creation of action potential in large axons,
contrary to subthreshold modes of stimulation) are aimed at finding programming strategies maximizing
the activated DC fibers’ area. 811

The analysis of lead location in the function of the area of paresthesia desired from a population of
patients treated with neurostimulation therapy can be found in several studies,'>"14 as well as the effect
of the programmable parameters of the electrical

pulse.’ In addition to clinical observations, mathematical models of SCS have been used to
determine optimal lead position, polarity programming, and parameters of stimulation, among
others. The first study showing the use of numerical methods, like the finite element method (FEM)
to solve differential equations governing the behavior of the electric field in electrical stimulation
of the spinal cord, was performed by Coburn et al.}”*® Holsheimer,® Struijk et al,° and Manola and
Holsheimer?! developed their own FEM program for the analysis of the effect of lead geometry,
polarity, and pulse parameters. Other groups developed similar simulation models based on the
FEM, with an increasing number of elements and subsequently less computing error as computer
hardware capabilities increased.®*??72° Recently, some personal-ized models based on the magnetic
resonance imaging (MRI) of a patient have been developed.?’*

To optimize the effect of paresthesia-based SCS, it is important to maximize the area of DC fibers
stimulated (Apc, in mm?)® to assure coverage of all the dermatomes affected. The effective area and
location of the stimulated DC fibers depend on many parameters, such as device choice (number
and geometry of the leadsimplanted), the position of the leads in the epidural space, the
programming parameters of the electrical pulses (amplitude, polarity, and pulse width, among
others), and the anatomy of the patient. The effect of some of these parameters has been investi-
gated by computational modeling.®*°

In this study, we focused on two clinical-related aspects of the therapy: the optimal lateral distance
between two parallel leads to maximize the paresthesia area and the effect of the transverse
stimulation (addition of anodes in the parallel lead) in the position of this area. For this research, we
assume the best polarities for the SCS in complex pain deduced in our previous article,” ie, guarded
cathode (GC [consists of one positive contact followed by a negative contact and a positive
contact in the same lead +-+]) and dual guarded cathode (DGC [consists of one positive contact
followed by two negative contacts and a positive contact in the same lead +--+]). To the best our
knowledge, there are no previous works analyzing these important factors. To compare the effect of
these parameters, we studied their influence on the Apc, the threshold amplitude to stimulate
fibers in the DCs and DRs, and the position of the first stimulated fiber (FSF). The primary goal was the
paresthesia coverage of the pain area, even if it means a sensation of paresthesia in non-pain
areas, and consequently, our first parameter of optimization was the Apc. When increasing the
amplitude once the first fiber is stimulated at the threshold amplitude, the fibers around this first
fiber are recruited, as well as fiber with lower diameter. Therefore, we considered the position of the



FSF important for the optimal coverage and focus of the paresthesia. The research was then
focused on the tonic stimulation for complex pain using two parallel leads implanted at the same
vertebral level, T8.

MATERIALS AND METHODS

Our simulation model has been previously presented,® and it is based on two other submodels.
One is a three-dimensional (3D) model of the spinal cord, called the volume conductor model,
which incorporates the main anatomic structures of the spine (bone, epidural fat, dura mater,
cerebrospinal fluid, dorsal roots [DRs], and white and gray matter) as well as two octopolar leads
with two different geometries (intercontact distance [ICD], in mm) and positions (lateral distance
between both), as shown in Figure 1a,b. It uses realistic dimensions obtained from MRI images of
15 healthy adult volunteers?® and includes the tissue electrical properties published by different
authors,*°>? as shown in Table 1. A computer numerical software program (COMSOL Multiphysics
version 5.3, COMSOL Inc, Burlington, MA) based on the FEM solves the differential equations providing
the electric field in the volume. The volume conductor model uses an adaptative mesh of
tetrahedral quadratic elements with approximately two million nodes and around 1.6 million
elements with size from 0.067 to 1.57 mm.

The FEM is used for the calculation of the electrical distribution as an approximate solution of
the Laplace equation:

V2V =0

The current density J (X, y, z) is obtained from the generalized version of Ohm’s law:
J=0oxE

E=-VV.

where Ve is the electrical potential of a specific point of the volume conductor model; E, the electric
field; J, the current density; and o, the electrical conductivity tensor. Ve, E, and J are calculated using
the conjugate gradient iterative method solver considering a quasi- static problem.?* The boundary
conditions of the problem are the zero current in the limits of the volume conductor and the user-
defined voltage in the lead’s contacts. Because the impedance is constant (it only changes during the
first weeks after the implant and then remains constant®!), there is no difference between talking
about current or voltage because they are lineally linked by Ohm’s law.

The electric potential in the points of interest was used to study the action potential behavior in the
fibers, using a self-developed program® based on the Richardson, Mcintyre, and Grill fiber model*®
and implemented with MATLAB R2018a (MathWorks, Natick, MA). This model solves the
following equation of the membrane potential in each Ranvier node V,, considering the value of the
electrical potential Ve previously obtained from Equation (3), using the modeling of the axon shown in
Figure 1c:



5 = [_Iion,n + Gaxial(vn—l - 2Vn + Vn+1 + Ve,n—l - 2Ve,n + Ve,n+1)]

where n is the Ranvier node number, Cn is the membrane capacitance, lion is the sum of ionic
currents crossing the membrane at the node n, and Gayial is the conductance between the center of
two adjacent compartments. This model determines whether a fiber, under the external electric
field previously calculated, creates an action potential. The distance between Ranvier nodes was set to
100 times the outer fiber diameter.3°

According to Feirabend et al,®’ the largest nerve fiber near the DC midline of the spinal cord is
12.8 um in diameter. Despite the low density of the 12.8-um diameter fibers in the DC, we assumed
that this fiber is first recruited in SCS, because larger fibers present a lower stimulation threshold than
smaller ones.>® Because experimental geometric parameters are available for the 12.8-um

diameter axons, we included 4000 of these fibers in the DC area to reduce the effect of the fibers’
position, even though we knew that this density is not real. In a strict sense, we should refer to the
area where a fiber with a 12.8-um diameter or more is stimulated, rather than the Apc. This
unrealistic fiber’s distribution is adopted to find results applicable in a general point of view while
being conscient that they could present differences with individual patients, mainly in the
perception threshold in DC fibers and the position of the fibers stimulated.

Within this study, we computed the evolution of key parameters from the results of our
mathematical model, such as the perception threshold in DCs (PToc), the lowest voltage needed to
activate the first DC nerve fiber with a 12.8-um diameter; the perception threshold in DRs (PTog),
the lowest voltage needed to activate the first DR nerve fiber with a 15-um diameter in our
model*®3°; the recruitment ratio, the ratio between both (Roc/or = PToc:PTor), where lower ratios
suppose a bigger preference for DC stimulation with respect to DR stimulation; the maximum
transversal area (in mm?2) of the DCs within which DC nerve fibers are activated at the simulation
amplitude (Apc); and the position of the FSF in the DC relative to the anatomic midline, by definition
of the perception threshold, at PTpc amplitude. All the simulations were performed at T8 level. A more
detailed description of each parameter and how each is calculated can be found in our previous
article.” The stimulation pulse consisted of a monophasic perfect rectangular wave with a 300-ps
duration. The pulses were monophasic, defining the cathode as the negative electrode and the anode
as the positive one. The stimulation was produced close to the cathode because the anodic
stimulation needs an amplitude five to eight times higher than the cathodic stimulation.”® We
selected the 300-us pulse duration because it was the default pulse duration in some commercial
devices and it was used in our previous research works.>? It is critical to maintain the pulse width
for all the con- figurations studied because the parameters calculated depend on this value.® The
amplitude of the simulation for calculating Apc was

1.4 times the lower PTpc or PTpg, assuming the hypothesis of the discomfort threshold (maximal
amplitude the patient can perceive without making the paresthesia painful) by Barolat* or Howell
et al.*! The relation between the discomfort and the perception threshold (1.4) cannot be calculated
by the mathematical model, so we selected the value most used by many authors, based on
clinical observation 104243



Lateral Distance

The parameters provided by the model were evaluated for different lateral distances between
leads, from 2 to 10 mm center to center (Fig. 1b), with increments of 1 mm, to determine the
lateral distance that shows the maximal stimulated DC fibers. GC and DGC polarities (Fig. 2) were
analyzed in two types of lead: one with 4 mm of ICD and another with 1 mm of ICD (Fig. 1b), with 3
mm of contact length and 1.3 mm of contact diameter.

In this study, we used two programs (number 1 and number 2) in the sense of Al6 et al** or the
channels by North et al,** as different pulse generators delivering electric waves at same amplitudes
and symmetric polarities with respect to the midline, simultaneously or sequentially. Based on our
clinical practice, each program has the

cathodes defined in only one lead to control the paresthesia in each side, as shown in Figure 3
(program number 1 stimulates from the left lead, and program number 2 stimulates from the right
lead). Because the leads are placed perfectly at the same lateral distance to the midline, the
amplitude of the simulation was the same for both programs.

Transverse Stimulation

The term transverse stimulation is usually used when three contacts at the same rostrocaudal
level are used,**’ but this configuration requires three percutaneous leads or a surgical paddle,
whereas the use of two percutaneous parallel leads is the most common setting in our practice.
Therefore, the concept of transverse stimulation is also used with two leads implanted, when
different polarity contacts are used in each lead, creating an electric field going from one lead to the
other. The effect of the addition of anodes at the same vertebral level was analyzed because it is one
of the tools used to move the stimulation area laterally after the implant once the leads are fixed.
We studied the effect of the transverse stimulation in all the parameters evaluated in the model,
including the position of the FSF. A new parameter was introduced, the second derivative of the
potential field in the direction of the DC fibers (A?V/AZ?). This last parameter represents the area
of preferred stimulation because it is close to the activation function described by Rattay*® and is
used to determine the fibers stimulated.”> From our experience, this parameter provides valuable
qualitative information but does not negate the need for a fiber model to determine whether a
fiber is stimulated. The FSF is at the maximum parameter A2V/AZ?, showing how this position is not
intuitive and needs a mathematical calculus to be determined. Two polarities were considered: the
DGC, adding one to four anodes at the same level of the contacts, which provides five different
polarities in total (Fig. 2a), and the GC, adding one to three anodes, resulting in four different
polarities (Fig. 2b). These combinations were studied for lateral distances (center to center) of 2, 4,
and 6 mm at the T8 level, with 4-mm ICD leads. In total, nine polarities were considered at three
different distances, resulting in 27 simulations.

RESULTS

Lateral Distance

The effect of the lateral distance between two parallel leads, from 2 to 10 mm (center to center)
with 1-mm increments, was studied on the stimulation characteristics. Because these configurations
are most used in our clinical practice for complex pain (when few dermatomes are affected, such as



in failed back surgery syndrome), we studied the results for the 4-mm and 1-mm ICD leads, and our
most used polarities, DGC (Fig. 3a) and GC (Fig. 3b). The sum of the DC fiber area stimulated is only
valid when using two symmetric and simultaneous programs (program number 1 and program
number 2), with the cathodes in each lead, as shown in Figure 3.

The Apc created by one lead and two leads and the overlapping area, as shown in Figure 4, varied with
the lateral distance between the leads, with an ICD of 4 mm (DGC, Fig. 5a; GC, Fig. 5b) and with an ICD of
1 mm (DGC, Fig. 5¢; GC, Fig. 5d). As shown in Figure 5, the Apc created by one lead decreased when each
lead became more lateral, except for that at 1 mm of ICD and GC polarity (Fig. 5d). The overlapping area
follows the same tendency. Because the total stimulated area is the sum of the areas created by each
lead (twice the area of one lead) minus the overlapping area, the effect of the distance between the
leads on the stimulated area presents a maximum value for 5 mm between leads, for all ICD and
polarities studied. It is also noted that DGC polarity stimulates a higher area

than GC polarity, as shown in Figure 5a,c (DGC polarity) compared

with Figure 5b,d (GC polarity). DR stimulation is a limiting factor when the stimulation of many
dermatomes is searched (such as in failed back surgery syndrome pathology) because the discomfort
threshold could be reached with the stimulation of only one or a few dermatomes corresponding to
the DR fibers, avoiding the coverage of all the desired areas of pain.*>*>%° This is why, even if the
DGC produces the largest Apc, as shown in Figure 5a,c compared with Figure 5b,d, GC polarity
could be a good choice if DR stimulation is prematurely reached.’ Under these circumstances of DR
stimulation with DGC polarity, the choice of GC stimulation could be indicated.

To explain the effect of the overlapping area, we selected two configurations: the last distance
analyzed presenting an over- lapping area (8 mm, Fig. 4a) and the leads very close (2 mm, Fig. 4c).
The area of overlap for 8 mm of lateral distance was very small (0.4 mm?) (Fig. 4a), and the sum of the
areas (3.0 mm?) was approximately double each (1.7 mm?), resulting in a total Apc of 2.8 mmZ. In
contrast, for a lateral distance of 2 mm, the area stimulated by each lead was higher (2.7 mm?), but
the overlapping area was also high (2.4 mm?), causing a total Apc of 3.1 mm? (Fig. 4c). Combining
these opposite effects of the lateral distance, the maximum total area created by both leads was
a compromise found for a lateral distance of 5 mm (Fig. 4b). For this separation, the area created by
each lead was 2.2 mm?, less than the area created by each lead with 2 mm of separation, but the
overlapping area was 1.1 mm?, and the total area was 3.3 mm?, the maximum determined for the
separations studied. A similar effect can be seen for the GC polarity.

Although the parameter of optimization chosen in our analysis is

the total Ao, there are other factors concerning the shape of the DC fibers stimulated. It seems
convenient to ensure a band of stimulated fibers along the shallowest layer of the DC at the level of
the cathodes, to be able to stimulate the wider DC area and reach the paresthesia objective. To
evaluate this characteristic, which is difficult to quantify, we defined the minimum depth of the DC
area stimulated as the lower depth of the DC fibers stimulated, ie, the distance between the deepest
fiber stimulated and the pia mater. A minimum depth of zero means that there is an area of DC fibers
in the shallowest layer where no DC fibers are stimulated (Fig. 3b). The area of no stimulation shown
in Figure 3b appears when the overlapping area is zero.

When studying the effect of the lateral distance on PToc, PTog, and the recruitment ratio Roc/og, the
model shows that the values of PTpc remained constant when the distance between the leads
increases for all configurations (Fig. 6a—d), ie, for both ICD and polarities studied. However, in



general, PTpr decreased when the distance between the leads increased; therefore, Rpc/pr also
increased. PTpr showed a maximum value of 9.4 V for a 3-mm lateral distance (GC and 4-mm ICD,
Fig. 6b), and this value decreased dramatically when the distance increased until a value of

3.8 V for a lateral distance of 10 mm, showing the preference for DR stimulation increases when the
leads are separated. In addition, the results indicate that GC polarity showed superiority in terms of
avoiding DR stimulation for lateral distances between leads >6 mm (Fig. 6b,d), but with lower DC fiber
area stimulated (Fig. 5b,d). In contrast, for greater distances between the leads (approximately 10 mm),
Roc/or showed greater preference for DR stimulation with GC polarity than with DGC polarity (Fig. 5b,d
compared with Fig. 53,c),

because of a significant decrease in PTpr When the distance augments. For the 1-mm ICD, we
obtained from the model a significantly higher value for PTpg for all distances and consequently a
lower Roc/or, demonstrating a lower preference for DR stimulation for the 1-mm ICD leads than with
the 4-mm ICD, at the cost of a lower DC fiber area stimulated (Figs. 6d and 5d).

Transverse Stimulation

The effect of the addition of anodes, in a lead parallel to the stimulation lead and at the same
vertebral level, was studied. The different polarities of the stimulation electrodes are shown in
Figure 2a,b. The addition of a cathode contralateral to the anodes (ie, in a parallel lead at the same
rostrocaudal level as shown in Fig. 2) is called transverse stimulation, although this denomination is
used more frequently when using three parallel leads, creating a guarded tripole in the lateral
direction.”’° To add anodes is a strategy when the area of paresthesia must be moved laterally.

For this study, two 4-mm ICD leads (parallel and laterally separated by 2, 4, and 6 mm center to
center) were considered. For each of these three distances, DGC polarity and GC polarity were used,
first without any added anode and subsequently with anodes in the other lead added (up to four or
three configurations for the DGC and GC cases, respectively). We abbreviated the polarities as DGC +
number of added anodes or GC + number of added anodes, as shown in Figure 2.

There was similar behavior for all configurations, even if some polarities showed particularities in
the results of the calculated parameters. These parameters were, as in previous cases, PToc, PTor,
Roc/or, Apc, and a new parameter, the position of the FSF in the DC. We also calculated the area and
distribution of the stimulated DC fibers for the case of the largest displacement of the FSF. It is
possible to conclude from the computed values that the effects of the addition of anodes in the
studied parameters (displacement of the FSF, thresholds, and DC area stimulated) were higher when
the leads were closer. Therefore, the maximum effect was determined at 2 mm of lateral separation
between the leads. In Figure 7a, an explanation of the concept of the displacement of the FSF is
shown. The addition of anodes induced a displacement of the FSF from its position (Fig. 7b,c). The
parameter shown is the distance between the FSF with added anodes, compared with the position
with all the contacts in only one lead (GC and DGC polarities, Fig. 2). A positive value depicts a
displacement in the direction of the lead with the anodes added, ie, moving the FSF laterally,
whereas a negative value means a displacement to the

midline (Fig. 7a).

In 25 of the 27 cases, we noted an increase in the distance between the midline and the position
of the FSF as the anodes were added (positive displacement), and we surmised that the FSF was



displaced from the midline through the position of additional anodes (Fig. 7b,c). This effect was
maximal with anodes contralateral to cathodes (DGC + 2 and GC + 1) and at the minimum lateral
distance (2 mm). The maximal displacement obtained (0.87 mm) corresponded to DGC + 2 polarity
with leads separated by 2 mm. For the GC starting polarity, the maximum was found with GC + 1
polarity (0.58 mm), also at 2 mm. Considering the size of the spine, this displacement of the FSF may
be enough to change the stimulated dermatomes when increasing the amplitude.

In terms of PTpc and PTpg, the variation was similar for DGC and GC polarities (Fig. 7d—g). The
perception thresholds (PToc and PTpg) increased when one additional anode was used and decreased
when two, three, or four additional anodes were used. The addition of anodes induced a decrease in
the area compared with the polarity with all the contacts in one lead only (DGC and GC)

(Fig. 7h,i). For DGC polarity, the minimum area resulted when two anodes were added, except in
the case of 2 mm of lateral distance, where the minimum area was, with one added anode, 1.99 to
1.28 mm?,2.29to0 1.51 mm?, and 2.71 to 2.17 mm? for 6, 4, and 2 mm of lateral separation,
respectively (Fig. 7h). The behavior of the stimulated area after adding the anodes for GC polarities
was similar, but with marginal differences, and a minimum for one added anode: 1.04 to 0.91 mm?,
1.34t01.11 mm?, and 1.37 to 1.24 mm?for 6, 4, and 2 mm of lateral separation, respectively (Fig. 7i).
As noted, the Apc values were higher when the leads were closer.

We analyzed the variations of the area of stimulation for trans- verse polarity at the configurations
with larger displacement of the FSF, for DGC + 2 and GC + 1 (Fig. 2) at the three distances studied, as
shown in Figures 8 and 9, respectively. These figures show the position of the FSF and the distribution
of the Apc (left and right) for each lateral separation (2, 4, and 6 mm) with DGC polarity (first row of
boxes, Fig. 8), GC polarity (first row of boxes, Fig. 9), the same calculated parameters for DGC + 2
polarity (second row of boxes, Fig. 8), GC + 1 polarity (second row of boxes, Fig. 9), and the previously
described second derivative of the potential field in the direction of the DC fibers (A?V/AZ?) for DGC + 2
polarity (third row of boxes, Fig. 8) and GC + 1 polarity (third row of boxes, Fig. 9) for each lateral
separation. As already explained, the DC area decreased in the three cases, and not only was the
FSF displaced, but also the distribution of the DC fibers stimulated in each side varied noticeably. With
leads separated by 2 mm, and DGC polarity, the distribution between the ipsilateral and
contralateral areas varied from 59% to 41% to 79% to 21%, respectively (Fig. 8). For 4 and 6 mm, the
contralateral area almost disappeared when adding the anodes (we consider ipsilateral/contralateral
the same/opposite side to the active lead, the lead with the cathodes). For GC polarity, the effect of
the addition of one anode contralateral to the cathode (GC + 1, Fig. 2b) was similar, changing from a
58% to 42% distribution in the ipsilateral/contralateral side, respectively, to 77% to 23% for a lateral
distance of 2 mm, and almost disappearing with the contralateral DC fibers stimulated for a lateral
distance of 4 and 6 mm (Fig. 9).

DISCUSSION

Our results suggest that the optimal lateral distance between the leads is 5 mm and that the
addition of anodes in the second lead creates an effect contrary to what might be assumed intuitively
and was published®?; the area of paresthesia is not displaced to the midline, but in the opposite
direction.

Our simulations are based on the use of two leads at the same rostrocaudal level, parallel to the



midline and programmed with symmetric independent programs controlling each side
independently, as performed in our clinical practice. There is no generally accepted guideline
regarding the use of cathodes in only one of the leads (when two parallel leads are used) or both,
leaving this decision to the criterion of the programmer. Our choice is to separate the paresthesia field for
each side, programming only cathodes in one lead per program, to facilitate amplitude control of each side
by the patient with their patient programmer, as previously explained.

Lateral Distance

One consideration while implanting two lead electrodes is that the lateral distance affects the position
of the stimulated DC fibers in the epidural space. The rostrocaudal level of the lead is defined by the
dermatomes to be stimulated during the intraoperative test, but the lateral position must be
determined, as should the lateral distance between the leads when two leads are used. There is no
criterion for this distance; some physicians place their lead contiguously®>** and others more
distantly. To the best of our knowledge, there is no study determining the best lateral distance
between parallel leads. The results of our simulations are valid for the same configurations used by
our group for treating complex bilateral pain (like back and leg pain). This configuration implies
placing the leads at the same vertebral level (not staggered), parallel to the midline and symmetric
with respect to it (as close as possible to this desired placement because the lead position
depends on anatomic characteristics on each patient), and programming two symmetric programs,
each with the cathodes in only one lead, as per other studies.>*>> We do not use cathodes in both
leads in the same program because we prefer to control the paresthesia in each side separately by
means of two simultaneous programs, each preferably controlling only one side.

The maximum lateral distance between leads is usually limited by the DR stimulation because if
the leads are placed too lateral, the preference of DR stimulation increases, as we can see with the
variation of Roc/or With the laterality of the lead. In contrast, if both leads are closer to the midline, the
possibility of DR stimulation is remote, but the total area of stimulation is not optimal. Further-
more, the difficulty to distinguish each side stimulated by each lead could be high, resulting in the
possibility of stimulating the same side with both leads, because the anatomic and physiologic
midline do not have to coincide.

According to our results, a lateral distance of 5 mm between leads (center to center) is a safe
distance regarding DR stimulation and to maximize the Apc, both for 1- and 4-mm ICD. The
differences of DC fiber area stimulated are not dramatic from 2- to 5-mm lateral distance with DGC
polarity (from 3.1 mm? with contiguous leads to 3.3 mm? for 5-mm lateral distance with the 4-mm
ICD lead). With GC polarity, this difference is higher (1.0 mm? for 2-mm distance to 1.6 mm? for 5-mm
distance with the 1-mm ICD lead). In terms of DC fiber stimulated area, our results suggest that there
is no reason to place the leads with >5 mm of separation center to center, as the area decreases and
the possibility of DR stimulation increases.

Transverse Stimulation: Lateral Displacement of the FSF

We analyzed the possibility of lateral displacement of the DC fiber stimulation area once the
leads are fixed (for example in successive programming sessions) and, consequently, the area of
paresthesia from one side of the body to the other one. It isimportant to modify the area of



paresthesia after implantation when needed because it is impossible to move the leads to
improve coverage of the paresthesia. As explained, there is a widespread idea that adding
positive poles in the second lead (while the anodes are in the first lead) moves the stimulated fiber
in the DC to this lead, ie, to the midline,”* because it seems intuitive that the area of DC fiber
stimulation depends on the shape of the electric field. There are studies analyzing the superiority of
the transverse tripole in SCS.°%°° This configuration requires that three parallel leads are implanted,
or asurgical paddle lead is used. We expect that the position of the FSF (the first fiber stimulated at
the perception threshold amplitude) could be a good indicator of the area of paresthesia raising
the amplitude to the discomfort threshold. The effect of the addition of anodes in the second lead
is to displace the FSF in the opposite direction to the second lead. This effect is attributable to the
fact that the area of preferred stimulation is not defined by the electric field (which moves to the
midline adding anodes), but by the second difference of the electric potential field in the
rostrocaudal direction (represented in the volume conductor model by the second axial derivative of
the electrical potential*®°7°8),

Even if the addition of anodes in the second lead (also known as transversal stimulation) creates
a nonintuitive opposite effect, moving the Apc further lateral could be an effective tool in some
situations. The displacement of the DC stimulated area in a lateral direction is an objective in many
cases when programing a neurostimulator once the leads are placed and cannot be moved. There
is no map of DC fibers to determine where to move the stimulated DC fiber area according to the
desired paresthesia area, and the final polarity is based on the patient response to different
configurations. The effect of this addition of anodes is more significant as the leads are closer.
Feirabend et al,®’ based on the study by Smith and Deacon,* have proposed a distribution of the DC
fibers associated with each dermatome at T10-T11 level, and Holsheimer®* has considered this to
show the importance of moving the Apc laterally. In fact, these studies show the need for a
somatosensory atlas of paresthesia areas at DC level for more precise placement of the leads,
based nowadays on clinical observation.®

Model Limitations

The use of simulations based on mathematical models implies a simplification that must be
considered. This simplification affects the geometry of the spine because it is built from an average
of many patients*® and can show important discrepancies for individual cases. Besides, the volume
conductor model is built from a spine slide (different for each vertebra) and does not consider
anatomic particularities as stenosis.

Another important point is the unrealistic position of the leads, parallel to the midline, and the
fact that the anatomic midline matches the physiologic midline. It is important to note that this
ideal lead placement is a choice of our group, because otherimplanters prefer a non—
midline-parallel orientation of the leads.”>*

Finally, another important limitation of the mathematical models is the lack of clinical
validation. In the case of the parameters studied in this research (lateral distance between
leads and polarity options), there are no clinical data using these parameters as variables. Further
clinical research in this field would be desirable.

CONCLUSIONS



The use of computational models is a time- and cost-saving tool for the optimization of
technical parameters.®* For dual lead placement at the same rostrocaudal level implants, a lateral
separation of 5 mm between the leads showed the maximal DC fiber area stimulated according to
our model. Because the difference between 2 and 5 mm of lateral separation was low, and for >5
mm, the possibility of stimulating DR increases, this range from 2 to 5 mm seems to be a good
election for the placement of the leads. The addition of anodes contralateral to the cathodes
when using two parallel leads could be a good strategy to move the area of stimulation laterally,
but the effect is the nonintuitive opposite: The FSF is displaced laterally far of the midline, instead
of to the midline. This effect could be useful when two leads are used in proximity and stimulating
one side is a problem: Programming anodes contralateral to the cathodes moves the
stimulation area to the side and promotes DR stimulation in some cases. Our modeling study
provides guidance for improving outcome in the programming strategies for patients, but clinical
testing should be necessary to extrapolate our laboratory results.
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Figure 1. a. 3D volume conductor model. b. ICD and lateral distance between the leads.
Fiber model. CSF, cerebrospinal fluid.
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Table 1. Conductivities Considered in the Volume Conductor Model.

Material

Gray matter

White matter transversal

White matter longitudinal
Cerebrospinal fluid

Dura mater

Fat

Bone

Lead’s contact (platinum-iridium alloy)
Lead's insulation

Electrode-tissue interface

Electrical conductivity (S/m)

0.230
0.083
0.600
1.700
0.030
0.040
0.020
528 x 10°
0.002
0.150




