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Abstract

Objectives: Spinal cord stimulation (SCS) for pain is typically implemented in an open-loop
manner using parameters that remain largely unchanged. To improve the overall efficacy and
consistency of SCS, one closed-loop approach proposes to use evoked compound action
potentials (ECAPs) recorded from the SCS lead(s) as a feedback control signal to guide
parameter selection. The goal of this study was to use a computational modeling approach to
investigate the source of these ECAP recordings and technical and physiological factors that

affect their composition.
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Methods: We developed a computational model that coupled a finite element model of lower
thoracic SCS with multicompartment models of sensory axons within the spinal cord. We used a

reciprocity-based approach to calculate SCS-induced ECAPs recorded from the SCS lead.

Results: Our model ECAPs contained a triphasic, P1, N1, P2 morphology. The model P2-N1
amplitudes and conduction velocities agreed with previous experimental data from human
subjects. Model results suggested that the ECAPs are dominated by the activation of axons with
diameters 8.7-10.0 um located in the dorsal aspect of the spinal cord. We also observed
changes in the ECAP amplitude and shape due to the electrode location relative to the

vertebrae and spinal cord.

Conclusion: Our modeling results suggest that clinically-effective SCS relies on the activation of
a large number of axons within a narrow fiber diameter range and that several factors affect the
composition of the ECAP recordings. These results can improve how we interpret and

implement these recordings in a potential closed-loop approach to SCS.

Keywords: Chronic pain, Spinal cord stimulation, Computer simulation, Spinal cord, Evoked

potentials

1. Introduction

Spinal cord stimulation (SCS) is a common neuromodulation therapy for chronic pain

conditions (e.g. failed back surgery syndrome) that are often refractory to conventional
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treatments. The goal of conventional SCS is to deliver electrical stimulation to the large-
diameter afferent axons located within the dorsal columns (DCs) of the spinal cord in an attempt
to create analgesia via “gating” mechanisms of pain modulation (1,2). However, even after
decades of clinical use and dramatic technological improvements, SCS has shown only limited
success rates (approximately 58% of patients receive = 50% reduction in pain) (3).

To potentially improve clinical outcomes, a novel closed-loop SCS paradigm has been
proposed that utilizes evoked compound action potentials (ECAPS) in the spinal cord as a
feedback control signal for stimulation (4,5). This approach uses inactive electrodes in the
implanted SCS arrays to record ECAPs generated during SCS. These ECAPs reflect the
summation of individual action potentials generated by an SCS pulse and provide a quantitative
measure of neural recruitment in the spinal cord. The ECAP amplitude serves as a control
signal to continuously define stimulation parameters that provide pain relief while minimizing
discomfort. While the therapeutic potential of this approach was demonstrated in a recent open-
label uncontrolled clinical study (5), the physiological factors influencing these recordings has
not been thoroughly investigated. This knowledge gap may limit our ability to use this type of
closed-loop approach to optimize SCS-induced analgesia.

Experimental recordings of spinal cord ECAPs in humans report a triphasic morphology
— an initial positive wave (P1), followed by a sharp negative peak (N1), and ending with a
second positive wave (P2) — and conduction velocities that vary from 37 m/s and up to 82 m/s
depending on the study (6,7,8). A study by Parker et al. demonstrated that it was possible to
record these ECAPs during clinical SCS by using the inactive electrodes on the implanted SCS

trial lead (9). The authors reported that the ECAP amplitude was correlated with the degree of
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SCS-induced paresthesia coverage over the painful area. The ECAP recordings demonstrated
conduction velocities in the range of 49-65 m/s, suggesting that SCS activated axons with
diameters between 8.1-10.8 ym (9).

Several factors may affect neural recruitment during SCS and the corresponding spinal
ECAP. For example, SCS-induced ECAPs recorded in a sheep model showed that the ECAP
amplitude was attenuated when stimulation and recording was performed on electrodes located
beneath the vertebral lamina (10). The spinal cord also moves due to changes in body position
(e.g. standing, sitting, prone) as well as respiration and heartbeat (11). This movement alters
the distance between the spinal cord and the stimulating electrodes and can lead to
overstimulation or understimulation for a given set of stimulation parameters. A closed-loop SCS
system using ECAPs as a control signal may improve outcomes by accounting for these
potential changes in the distance between the spinal cord and the stimulating electrodes. The
feasibility of this type of closed-loop approach was demonstrated in a preliminary clinical study
in which = 80% of patients experienced a = 50% reduction in their pain (5). However, there is
still a lack of understanding behind the origin of these ECAPs and the various technical and
physiological factors that affect the composition of these recordings. Addressing this knowledge
gap could help optimize the clinical efficacy of this type of closed-loop approach in SCS.

Computational modeling has been used to investigate the physiological and technical
factors that affect the direct neural response to SCS (12,13,14,15,16,17,18). The aim of this
study was to use computational modelling to characterize the composition of ECAP recordings
during SCS. We developed a computational model that coupled a finite element model of lower-

thoracic SCS with multicompartment models of sensory axons to calculate ECAP signals
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recorded from the spinal cord during stimulation. We hypothesized that the specific fiber-size
distribution within the DC of the spinal cord would be responsible for the characteristics of SCS-
induced ECAPs. Additionally, we assessed the potential effects of electrode location and dorsal
CSF thickness on the amplitude and morphology of SCS-induced ECAP recordings. We
hypothesized that ECAP amplitude and shape would be affected by electrode position relative
to the vertebrae, electrode position relative to the spinal midline, and dorsal CSF-layer

thickness.

2. Materials and Methods

We used a computational model of SCS to calculate ECAPs recorded via inactive
electrodes in the implanted lead. The computational model consisted of two main components:
(1) a finite element model (FEM) of an SCS lead implanted in the dorsal epidural space of the
spinal cord, and (2) multicompartment cable models of spinal cord DC axons. We calculated
ECAPs during SCS using the following procedure: (1) we used the FEM to calculate the
extracellular voltages generated in the spinal cord and surrounding tissues during SCS; (2) we
populated the spinal cord white matter with multicompartment cable models of sensory axons;
(3) we assessed the direct axonal response to SCS by applying the extracellular voltages to the
sensory axon models to obtain transmembrane currents in response to stimulation; and (4) we
calculated the SCS-induced ECAP by using a reciprocal FEM solution to determine the voltage

generated at each recording electrode.

2.1 Finite element model (FEM) of SCS
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First, we developed a three-dimensional FEM of lower thoracic SCS to calculate the
extracellular voltages generated during stimulation (Figure 1A). The model consisted of the gray
and white matter of the spinal cord and dorsal rootlets, surrounded by CSF, dura matter, as well
as epidural fat filling the extradural space and a three-dimensional anatomical representation of
the vertebral column including intervertebral discs (19). The dimensions of the spinal cord and
the gray and white matter boundaries were defined by human cadaver samples of the lower
thoracic spinal cord (20). We placed five dorsal rootlets with diameters of 0.25 mm at each
spinal level (21). Unless specified otherwise, we set the dorsal CSF-layer thickness to 3.2 mm
(22) and the dura thickness to 300 um with the dorsal surface flattened for computational
simplicity (13,17). We stacked seven identical and anatomically-accurate T9 vertebrae in the
rostrocaudal direction to make the vertebral column with intervertebral discs based on a
previously-published model (19). We included an explicit representation of an eight-electrode
percutaneous lead implanted in the epidural tissue. The SCS lead dimensions mimicked the
electrodes used in previously-reported experimental recordings (9), with 1.3 mm lead diameter,
30 cm lead length, 3 mm contact length, and 4 mm edge-to-edge contact spacing. To mimic
scar tissue formation around the implanted SCS lead, we included a 300 um-thick encapsulation
layer domain surrounding the lead (23). We placed the spinal column inside a general thorax
domain mimicking the anatomy observed in healthy humans (24,25). We used the 3-Matic
Module within the Mimics Innovation Suite (Materialise, Belgium) to define and mesh the model
geometry. We specified higher mesh densities at the electrode array and encapsulation layer as

well as within a 64-mm long region of interest surrounding the electrodes.
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We imported the FEM into the finite element analysis software, COMSOL Multiphysics
5.3a (COMSOL, INC., USA). We modeled each tissue using purely resistive properties, and we
assigned electrical conductivity values using values available in the literature (16,17,23) (Table
1). We set the encapsulation layer conductivity to 0.11 S/m (23) so that the average model
monopolar electrode impedances (359 Q) matched average clinical values (13). We used the
most caudal electrode (C7) as the stimulating electrode. To simulate current-controlled
monopolar stimulation, we applied a unit current source at the stimulating electrode (i.e. 1A) and
set the outer-most boundaries of the general thorax domain to ground (i.e. 0V). We modeled the
SCS lead shaft as a perfect insulator and we modeled inactive electrodes as equipotential
across each of their respective surfaces (Robin boundary condition). We solved the Poisson

equation and calculated the resulting voltages at each point in the FEM.

2.2 Multicompartment cable model of SCS

Second, we developed computer models of sensory axons within the DC of the spinal
cord. Our multicompartment cable models of DC sensory axons were based on a previously-
published model of a mammalian sensory axon for specific fiber diameters that was
parametrized to accurately reproduce conduction velocities, action potential shape, and
strength-duration relationships for sensory axons (26,27,28,29) (Figure 1B). For this study, we
considered axon diameters of 5.7-16.0 uym with densities based on histological data of the
human spinal cord (30). We first divided the histological data describing axon number as a
function of diameter into the discrete axon diameters that were available for the given axon

model (i.e. 5.7, 7.3, 8.7, 10.0, 11.5, 12.8, 14.0, 15.0, 16.0 ym) (26,29). Second, we normalized
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this data to determine the percentage of axons within each specified diameter range. Third, to
calculate the density of axons for a given diameter, we multiplied the percentage of axons by
the total density of axons per area (i.e. 22.92 axons/1000 um?) (30). Finally, to determine the
total number of axons for a given diameter, we then multiplied the individual axon density by the
cross-sectional area of our model white matter (i.e. 23.62 mm?). The spinal cord DC is densely
populated by small diameter axons and contains fewer, more dispersed large diameter axons
(30). To ease computational demand while properly modeling the density of each individual fiber
diameter, we selectively used a fraction of the true anatomical densities for each fiber diameter:
1% for diameters < 11.5 ym, 10% for diameters of 12.7 and 14.0 ym, and 100% for diameters =
15.0 ym (Figure 1C). When calculating the model ECAP, we scaled the relative signal
contribution from each fiber size by the appropriate scale factor to achieve 100% of the true
anatomical density. We distributed each fiber diameter group evenly within the white matter

boundaries using Lloyd’s algorithm (31) (Figure 1C).

2.3 Assessment of the direct axonal response to SCS

We assessed the direct axonal response to SCS by applying the extracellular voltages
calculated in our FEM to each compartment of our sensory axon cable models. We performed
simulations for stimulation amplitudes between 1-10 mA, in 1 mA steps, using a cathodic,
monophasic stimulus waveform with a frequency of 50 Hz and a pulse width of 210 ys. We
performed all axon simulations with the software package, NEURON, within the Python
programming environment using a supercomputer cluster (32,33). We calculated model

solutions using backward Euler implicit integration with a time step of 0.002 ms.
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2.4 Calculation of ECAP recordings

To simulate ECAP recordings, we used the theorem of reciprocity to calculate the time-
dependent voltages generated at each electrode by the axonal response to SCS
(34,35,36,37,38). We applied a unit current source (i.e. 1 A) at the individual recording
electrode, grounded the outer-most boundaries of the general thorax (i.e. 0 V), applied Robin
boundary conditions at the other electrodes, and solved the Poisson equation to obtain the
resulting model tissue voltages. We interpolated the resulting voltages onto each axonal
compartment, interpreting this voltage as the voltage impressed onto the recording electrode by
a unit (i.e. 1 A) current source placed at the spatial location of each compartment. We
calculated the ECAP by superimposing the voltages generated at the recording electrode from
the scaled transmembrane currents of each independent compartment. We repeated this
process for each recording electrode and obtained bipolar differential recordings using the most
rostral electrode (i.e. CO) as a reference signal, subtracting it from each recording electrode. To
mimic the processing done experimentally, we low-pass filtered each signal at 7.5 kHz using a

two-pole low-pass Butterworth filter (9).

2.5 Evaluation of model ECAP recordings

To characterize our model ECAP recordings, we defined a model sensory threshold (ST)
and discomfort threshold (DT). The ST was defined as the stimulus amplitude that resulted in
activation of = 10% of the DC fibers in the spinal cord, and the DT was defined as 1.4*ST

(13,15,16,39). We defined the ECAP amplitude as the difference between the P2 and N1 peak
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amplitudes, ECAP spread as the full width of the signal at half the N1 peak maximum value
(FWHM), and ECAP conduction velocity as the time difference between the N1 peaks recorded
at adjacent contacts divided by the center-to-center distance between adjacent electrodes (i.e. 7
mm) (6,7,8,9,18).

We explored the effects of electrode position relative to the vertebrae, lead lateral shift,
and dorsal CSF-layer thickness on SCS-induced ECAP recording waveform shape and
amplitude. In our base model, we placed the lead so that the middle electrode (C3) was
centered between adjacent vertebral laminae (Figure 2A). We then shifted the lead along the
rostrocaudal axis by 11.8 mm to center electrode C3 beneath the vertebral lamina to account for
any effects of electrode location relative to the vertebrae. Additionally, we characterized the
effects of lead lateral displacement by shifting the lead 2.0-mm lateral from the spinal cord
midline. Lastly, the amount of CSF between the dura and the spinal cord varies significantly as
a function of spinal level, varies between patients, and changes with movement, heartbeat, and
respiration (22). To account for these changes, we shifted the spinal cord along the dorsoventral
axis to vary the dorsal CSF-layer thickness between 2.0, 3.2, and 4.4 mm to observe the effects
of CSF-layer thickness on the recordings. We calculated each model’'s ST and DT and
compared each model’s C3-CO bipolar ECAP recording at DT. To avoid potential confounds due
to differences in stimulation-induced axonal response between models, we also calculated each
model ECAP using the same neural response generated with the base model conditions (C3
electrode centered between adjacent vertebral laminae, the lead placed at the spinal cord

midline, and a dorsal CSF-layer thickness of 3.2 mm).

This article is protected by copyright. All rights reserved.



12

3. Results
3.1 Model-based ECAP recordings

We calculated model ECAP recordings induced by SCS, with a lead placed in the dorsal
epidural space at lower thoracic spinal levels. In our model, we estimated a ST of 6 mA (i.e. =
10% of DC fiber activation) (15,16) and a corresponding DT of 8 mA (i.e. 1.4*ST) (13,39) for
monopolar stimulation applied at electrode, C7 (frequency = 50 Hz, pulse width = 210 us)
(Figure 2A). Therefore, we assumed a model-based therapeutic window of 6-8 mA. The model
ECAP exhibited a triphasic shape, starting with a positive P1 peak, followed by a sharp negative
N1 peak, and ending with a second positive P2 peak for both monopolar and bipolar ECAP
recordings (Figure 2B). The signals recorded on electrodes far from the stimulating electrode
are smaller in size and more spread out as the signals in each fiber-size group propagate at
different velocities. A small stimulus artifact precedes the model ECAP recording due to the
response to the electrical stimulus of the membrane capacitance at the nodes (37). We
compared our model ECAP at the DT with a clinical ECAP recording performed on an electrode
28-mm away from the stimulating electrode (9) (Figure 2C). Both the clinical and model
recordings contain the N1 and P2 peaks of the triphasic spinal ECAP morphology, with a similar
N1 peak latency, and a P2-N1 amplitude of 200 pV and 216 pV for the clinical and model
ECAPs, respectively. The clinical ECAP recording contains a large stimulus artifact from the
recording electrodes being in close proximity to the stimulating electrodes (9). This large
stimulus artifact affects the detection of the P1 peak observed in the model ECAP recording for

electrodes near the stimulating electrode.
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3.2 ECAP properties — stimulation amplitude

We calculated ECAPs for stimulus amplitudes over the range of 1-10 mA (Figure 3A).
The P2-N1 amplitude increased linearly over this range of stimulus amplitudes (Figure 3B). As
the stimulus amplitude was increased, the ECAP P2-N1 amplitude increased, but the latency of
the N1 peak stayed relatively constant. At lower stimulus amplitudes (i.e. 3 mA), the ECAP
conduction velocity was higher (~78 m/s) (Figure 3C). At higher stimulus amplitudes (i.e. = 4
mA), smaller diameter fibers were activated and the ECAP conduction velocity decreased to an
average value of 53.5 m/s. The FWHM is the width of the N1 waveform at half its peak value
and can provide information about the range of fiber diameters captured by the ECAP N1 wave.
The FWHM increased linearly at lower stimulation amplitudes but plateaued before reaching the
therapeutic window (Figure 3D), and it shows that the relative proportion of fiber diameters
recruited and captured in the N1 peak, stays relatively constant with any further increase in

stimulation amplitude.

3.3 ECAP composition — axon size

We measured the percentage of each fiber-diameter group recruited at each stimulation
amplitude (Figure 4A). We observed fiber activation starting at a minimum stimulus amplitude of
2 mA, which recruited only fibers > 12.0 um. Within the model-based therapeutic window, the
largest percentages of activated fibers had diameters of 7.3, 8.7, and 10.0 um. To determine the
corresponding relative contribution of each fiber diameter to the measured ECAP at each
stimulation amplitude, we calculated the individual signal for each fiber diameter group

alongside the overall model ECAP (Figure 4B). We quantified the contribution of each fiber
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diameter group to the total ECAP amplitude by removing each individual group from the overall
ECAP (Figure 4C). For 7.3 pum fibers, the percent difference in ECAP amplitude after removing
these fibers from the ECAP was -11.0 and -13.1% measured at ST and DT, respectively. For
8.7 um fibers, the percent difference was -35.0 and -39.4% measured at ST and DT,
respectively. For 10.0 um fibers, the percent difference was -30.6 and -27.4% measured at ST
and DT, respectively. For 11.5 um fibers, the percent difference was -8.3 and -7.2% for ST and
DT, respectively. For all fibers with diameter 2 12.8 um, the percent difference was -4.5 and -
3.2% for ST and DT, respectively. Only a small number of fibers with a diameter of 5.7 um were
recruited within the therapeutic window (i.e. < 2.5%) and removing these fibers only produced a
percent difference of 0.0 and -0.4% for ST and DT, respectively. These results demonstrate that
the 8.7 and 10.0um fibers had the greatest contributions to the overall ECAP amplitude (i.e. P2-

N1).

3.4 ECAP size and shape - anatomical considerations

We considered three conditions that could potentially affect stimulation thresholds and
the corresponding ECAP recording during clinical SCS: 1) electrode position relative to the
vertebrae, 2) lead lateral shift, and 3) thickness of the dorsal CSF-layer (Figure 5). To test the
effects of electrode location relative to the vertebral column on ECAP recordings, we shifted the
position of the recording electrode, C3, so that it was centered beneath the vertebral lamina
(Figure 5A). When the electrode is centered beneath the vertebral lamina, there was a minimal
increase in the number of fibers recruited by stimulation. This shift in electrode position

increased the P2-N1 amplitude but had virtually no effect on the waveform morphology (Figure
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5A). Although a lateral shift in lead location activated fibers at different spatial locations within
the DC, it produced a minimal difference in the overall number of recruited fibers and minimal
differences in the corresponding ECAP shape and amplitude (Figure 5B). Lastly, increasing the
thickness of the dorsal CSF-layer increased the stimulus amplitude required to reach ST (ST=4,
6, and 9 mA for 2.0, 3.2, and 4.4 mm thickness, respectively). The P2-N1 amplitude decreased
and the increase in distance between the electrode and the spinal cord exerted a low-pass
filtering effect on the waveform shape, apparent in the P2 peak morphology (Figure 5C). We
also compared model ECAP recordings calculated using the same underlying neural activity
(i.e. neural activation produced in the base model conditions with C3 centered between lamina,
the lead placed at the spinal cord midline, and a dorsal CSF thickness of 3.2 mm) for each set
of model conditions with different lead or spinal cord positions. Even with the same underlying
neural activity, we observed similar effects on ECAP size and shape for each condition (data not
shown). Therefore, the trends observed under the different model conditions were largely
attributed to changes in the lead and/or spinal cord position and not due to corresponding

differences in neural recruitment.

4. Discussion

We developed a computational model of SCS to characterize ECAP signals recorded
from the spinal cord. We coupled a FEM and multicompartment models of spinal cord axons to
calculate ECAPs recorded from inactive electrodes. We calculated ECAPs over a range of
stimulus amplitudes and defined a model-based therapeutic window. We then examined the

effects of the lead location relative to the spine and spinal cord on the ECAP size and shape.
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4.1 SCS-induced ECAPs and fiber recruitment during clinical SCS

At the model-based DT, our model ECAPs resembled clinical recordings taken at the
patient’s comfort limit, i.e. triphasic morphology, similar N1 peak latency, and a similar P2-N1
amplitude (Figure 2C) (9). Within the therapeutic window, we observed a linear relationship
between the measured P2-N1 amplitude and stimulus amplitude (Figure 3B). This trend was
also observed experimentally in humans and a sheep model of SCS-induced ECAPs (9,10). For
stimulation amplitudes within the therapeutic window, our model ECAP conduction velocities
remained relatively constant with a range of 47-59 m/s. This trend was similar to clinical
observations in which the conduction velocities remained relatively constant irrespective of the
stimulation amplitude with a range of 49-65 m/s (9).

To examine the range of fiber sizes recruited by clinical SCS, we designed our model to
include physiological fiber sizes and densities within the spinal cord (30). We then considered
the relative contribution of different fiber sizes to the SCS-induced ECAP by examining how
removing individual fiber-size groups affected the overall ECAP. Removing fiber diameters of
8.7 and 10.0 um from the ECAP produced the largest percent decrease in the measured ECAP
amplitude (i.e. -35 and -31% at ST, respectively) (Figure 4C). This result can also help us
understand the type of fibers that are recruited in clinically-effective SCS. In a previous clinical
study, Parker et al. demonstrated a correlation between the ECAP amplitude and the degree of
paresthesia overlap with the painful area (9). Because conventional SCS may require pain-
paresthesia overlap (4), DC fibers with diameters = 8.7 um are most likely activated during

clinically-effective stimulation.
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4.2 Anatomical considerations in SCS-induced ECAP recordings

In this study, we used our model to investigate a number of anatomical factors relevant
to SCS that might affect the size and/or shape of the ECAP recordings. Our FEM included a
realistic anatomical representation of the spine, which allowed us to investigate how electrode
location relative to the vertebrae affects ECAP recordings. Parker et al. observed differences in
the P2-N1 amplitude that were potentially related to electrode location relative to structures of
the sheep vertebral column (10). Similarly, we observed an increase in the ECAP amplitude for
electrodes located beneath the vertebral lamina relative to electrodes located between two
adjacent laminae (Figure 5A). These results were similar when the two model conditions were
compared using the same underlying neural activity (data not shown). Therefore, our results
suggest that electrodes may have different recording amplitudes based on their relative position
along the vertebral column.

Lead migration is common in SCS, especially with percutaneous leads (40), and could
result in changes in the ECAP recordings. Our results showed that a 2-mm lateral shift in lead
position relative to the spinal cord midline produced no appreciable change in the ECAP
amplitude and shape (Figure 5B). Our model results are similar to spinal potential recordings
performed in human volunteers, where the position of an intrathecal recoding microelectrode
along the mediolateral axis did not affect the magnitude and shape of the recorded signal (7).
These results suggest that the mediolateral location of the recording electrodes will minimally

affect the size and shape of the ECAP recording.
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The clinical efficacy of a given set of SCS parameters can vary with movement of the
spinal cord that occurs due to postural changes, heartbeat, and respiration (11). It is estimated
that the spinal cord can move ~2-3 mm in the anterior-posterior direction at the lower thoracic
spinal levels and can increase or decrease the distance between the spinal cord and the SCS
electrodes. Therefore, this movement can lead to overstimulation or understimulation and a
corresponding change in the ECAP amplitude (9). To investigate the effects of spinal cord
movement on the corresponding ECAP, we varied the thickness of the dorsal CSF-layer within
our model (Figure 5C). As the dorsal CSF-layer thickness was increased, the model-based ST
increased and the ECAP amplitude decreased. Additionally, the increase in distance between
the spinal cord and recording electrode affected the shape of the P2 component, smoothing the
morphology of the signal. To isolate the effects of electrode-to-cord distance, we also
investigated these changes while using the same underlying neural activity in our simulations.
With an increase in dorsal CSF-layer thickness and the same underlying neural activity, we
observed a similar decrease in ECAP amplitude and a low-pass filtering effect that smoothed
the morphology of the waveform (data not shown). Changes in the electrode-to-cord distance
can lead to significant changes in the ECAP amplitude and these trends occur even for the
same underlying neural activity. In closed-loop SCS, stimulation amplitude is controlled to
maintain ECAP amplitude within a specific range in an attempt to maintain more consistent
levels of activation within the spinal cord (5). To optimize this approach, closed-loop SCS
algorithms should consider possible changes in ECAP amplitude that may occur solely due to

differences in the electrode-to-cord distance.
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4.3 Study limitations and future work

In this study, we utilized multicompartment models of sensory axons in the white matter
of the spinal cord as the electrical source in our ECAP recordings. These sensory axon models
have previously been shown to accurately model the behavior of sensory axons for discrete
fiber diameters within the range of diameters used in this study (26,27,29). Since only discrete
fiber sizes were used, differences in conduction velocities in the propagating action potentials of
different fiber-size groups led to differences in the P2 peak morphology of our model ECAPs
when compared to the clinical ECAP recordings (Figure 2C). Additional neuron models, such as
dorsal horn neurons, were excluded from our analysis. Even though only a small percent of
current (<10%) is believed to enter the spinal cord during SCS (12), it may be possible to excite
dorsal horn neurons at high stimulus amplitudes and somatic action potentials from these
neurons have been hypothesized to produce a late potential in the ECAP following the initial
triphasic wave (7). However, in humans, these late potentials were only observed at stimulation
amplitudes well above a patient’s comfort limit (9). Future work should investigate the extent to
which activity in the dorsal horn affects recordings beyond the therapeutic window, as it might
provide insights into the nature of the discomfort caused by overstimulation.

Currently, no clear relationship has been established between clinical measurements of
ST or DT and the corresponding degrees of DC neural activation. In this study, we defined a
model-based ST as 210% activation of DC fibers and DT as 1.4*ST to compare the trends
observed in our model ECAPs with previously-published clinical ECAP recordings (9). These
assumptions are a potential limitation of our study; however, other recent SCS modeling studies

have used a similar percentage of DC activation to estimate ST and motor thresholds that
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produced results that matched well with clinical and preclinical measurements (15,16,41).
Furthermore, the DT has previously been defined as 1.4*ST based on clinical observations and
has also been used in previous modeling studies as a close approximation for DT in SCS
patients (12,13,39).

In this study, we utilized a canonical model of SCS that incorporated anatomical details
based on average values in the literature. This canonical model did not account for the inter-
patient variability in anatomy and SCS lead placement that has been reflected in interpatient
variability in clinical ECAP recording with regards to both amplitude and shape (9,22). However,
in this study, our goal was to use a canonical model to gain insights into the underlying origin of
SCS-induced ECAPs as well as the various physiological and technical factors that affect these
recordings. Future studies should consider sources of inter-patient variability and examine their

effects on the ECAP recordings.

5. Conclusion

ECAPs during SCS can be used to investigate neural activation and the corresponding
mechanisms of action of clinical SCS. These ECAPs also have the potential to serve as control
signals to optimize SCS parameters during closed-loop SCS on a patient-specific basis.
However, to successfully interpret these signals, we must understand their origin. In this study,
we used a computational model to investigate various technical and physiological factors that
affect the composition of these ECAP recordings. Our computational modeling results
reproduced several trends observed in clinical data. Our modeling results suggested that

clinically-effective SCS relies on the activation of a large number of axons within a narrow fiber
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diameter range (i.e. 8.7-10.0 um). Model results also suggested that the ECAP amplitude and

shape is affected by electrode position relative to the vertebrae as well as the amount of CSF

between the recording electrodes and the spinal cord.
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Tables

Table 1. Electrical conductivities assigned to the spinal cord and surrounding tissues.

Tissue Electrical conductivity (S/m)

White matter (longitudinal) | 0.600
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White matter (transverse) | 0.083
Gray matter 0.230
Cerebrospinal fluid 1.700
Dura matter 0.600
Extradural space 0.250
Vertebral bone 0.020
Intervertebral disc 0.650
General thorax 0.250
Electrode encapsulation 0.110

Figure legends
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Figure 1. Computational model of spinal cord stimulation (SCS). A. Finite element model of the

lower thoracic spinal cord with surrounding anatomy and an eight-electrode SCS lead implanted

in the extradural space. Isometric and axial views of the model are shown on the left and

middle, respectively. B. Sensory axon model of DC fibers. Figure was adapted from (29). C.

Distribution of sensory axons in the spinal cord for each discrete fiber diameter. We determined

the density of each fiber size using previous-published histological data from the human spinal

cord (30). For computational simplicity, we populated our model with only a relative percentage

of the total physiological densities and scaled the results accordingly.

Figure 2. Model-based recordings of evoked compound action potentials (ECAP) induced by

SCS. A. Sagittal cross section view of the spinal cord, SCS lead, and surrounding vertebral
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bone and discs. In the traces overlapping the spinal cord, we show an example of the
transmembrane currents generated in a single axon in response to a monophasic stimulus
pulse. In the traces on the right, we show the stimulus pulse as well as bipolar recordings of the
summated response of all axons in our model. The dashed lines represent the time of stimulus
onset. B. ECAP recordings at each contact for monopolar and bipolar (referenced to CO0)
configurations. C. A bipolar (C3-C0) model ECAP recording compared to a previously-reported
clinical ECAP recording (see Figure 5B in (9)). The model and clinical ECAP recordings were
obtained at stimulation amplitudes near the model-based discomfort threshold and the patient

comfort threshold, respectively.

Figure 3. SCS-induced ECAP recordings as a function of stimulus amplitude. A. Bipolar ECAP
recordings from electrodes, C3-CO0, as function of stimulus amplitude. B. P2-N1 amplitude as a
function of stimulus amplitude. C. ECAP conduction velocities as a function of stimulus
amplitude, measured using the N1 latency difference between neighboring electrodes. D. ECAP
full width at half max (FWHM) as a function of stimulus amplitude. In B and D, the model-based
therapeutic range is highlighted by dashed lines at the sensory threshold (ST) and discomfort

threshold (DT).

Figure 4. Contribution of fiber size to the overall ECAP waveform. A. Relative contributions of
each fiber size to the total number of fibers activated at a given stimulus amplitude. Dashed
lines indicate an axis break to 100%. The model-based therapeutic range is highlighted by

dashed lines at the sensory threshold (ST) and discomfort threshold (DT). B. Overall ECAP
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waveform along with the individual ECAPs generated by each fiber-diameter group at a stimulus
amplitude of 8 mA. C. Percent decrease in P2-N1 amplitude when an individual fiber-diameter

group was removed from the ECAP recording at the model-based ST and DT.

Figure 5. Effect of electrode and spinal cord position on ECAP recordings. A. To examine the
effect of electrode position relative to the spine, we considered the ECAP with the recording
electrode (C3) centered between two vertebral laminae and with the recording electrode
centered directly beneath the vertebral lamina (see inset on right). B. To examine the effect of a
lateral lead placement, we obtained model-based ECAP recordings with the lead centered at
the spinal cord midline and the lead shifted 2 mm lateral (see inset on right). C. To examine the
effect of spinal cord position, we moved the spinal cord in the anterior-posterior direction and
calculated model-based ECAPs for dorsal CSF thicknesses of 2.0, 3.2, and 4.4 mm (see inset
on right). Plots in the left column show the ECAP recordings at each model determined
discomfort threshold, while the plots in the right column show the corresponding ECAP

amplitude as a function of stimulus amplitude.
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