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Patient-Specific Analysis of Neural Activation
During Spinal Cord Stimulation for Pain
Scott F. Lempka, PhD*†‡§¶ ; Hans J. Zander, BBmE‡¶; Carlos J. Anaya, BS‡¶;
Alexandria Wyant, BA*; John G. Ozinga IV PA-C***;
Andre G. Machado, MD, PhD***

Objective: Despite the widespread use of spinal cord stimulation (SCS) for chronic pain management, its neuromodulatory
effects remain poorly understood. Computational models provide a valuable tool to study SCS and its effects on axonal path-
ways within the spinal cord. However, these models must include sufficient detail to correlate model predictions with clinical
effects, including patient-specific data. Therefore, the goal of this study was to investigate axonal activation at clinically rele-
vant SCS parameters using a computer model that incorporated patient-specific anatomy and electrode locations.

Methods: We developed a patient-specific computer model for a patient undergoing SCS to treat chronic pain. This computer
model consisted of two main components: 1) finite element model of the extracellular voltages generated by SCS and 2)
multicompartment cable models of axons in the spinal cord. To determine the potential significance of a patient-specific
approach, we also performed simulations with standard canonical models of SCS. We used the computer models to estimate
axonal activation at clinically measured sensory, comfort, and discomfort thresholds.

Results: The patient-specific and canonical models predicted significantly different axonal activation. Relative to the canonical
models, the patient-specific model predicted sensory threshold estimates that were more consistent with the corresponding
clinical measurements. These results suggest that it is important to account for sources of interpatient variability
(e.g., anatomy, electrode locations) in model-based analysis of SCS.

Conclusions: This study demonstrates the potential for patient-specific computer models to quantitatively describe the axonal
response to SCS and to address scientific questions related to clinical SCS.

Keywords: Chronic pain, computer simulation, failed back surgery syndrome, spinal cord stimulation

Conflict of Interest: Scott F. Lempka holds stock options with Presidio Medical, Inc. and serves on the scientific advisory board. Andre
G. Machado has distribution rights to Cardionomic, Inc. and Enspire DBS, Inc. and is a paid consultant of St. JudeMedical. Hans J. Zander,
Carlos J. Anaya, AlexandriaWyant, and John G. Ozinga declare no competing interests.

INTRODUCTION

Spinal cord stimulation (SCS) is a common neurostimulation
therapy for neuropathic pain conditions (e.g., failed back surgery
syndrome, complex regional pain syndrome) that are refractory to

conventional treatments (1–3). Although SCS has been a widely
used clinical therapy for decades, it still has limited success (~50%
of patients receive ≥50% reduction in pain) (3).
To improve clinical outcomes of SCS, we need to better under-

stand the electric fields generated by SCS and their direct effects
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on the nervous system (4). While experimental and/or clinical
studies are useful in studying the mechanisms of action of neuro-
stimulation therapies (4–8), these studies include shortcomings
related to interspecifies differences and difficulties in assessing
stimulation quality and perception in animal models. In the past,
several groups have used computational models to study the bio-
electric effects of SCS. These studies have helped improve lead
design, stimulation configurations, waveform parameters, and
programming procedures (9–13). Computational models have also
provided insight into the direct neural response to SCS and its
potential mechanisms of action (14–17).
Although these computational studies have been productive, they

utilized canonical models with geometric parameters based on aver-
age anatomical measurements with the goal of investigating techni-
cal and scientific principles that could be generalized to the target
patient population. Typically, these generalized models do not
account for the interpatient variability in anatomy and electrode
locations that has been previously reported (18,19). Clinical experi-
ence indicates significant variability in the therapeutic stimulation
parameters (e.g., amplitude, pulse width, and stimulation configura-
tion), lead placement, and the degree of efficacy across patients that
may limit the utility or accuracy of canonical SCS models in
predicting the neural response within individual patients (19–24). To
successfully correlate model-based predictions with patient-specific
clinical effects, it may be necessary for computer models of SCS to
incorporate three-dimensional (3D) patient-specific anatomy and
electrode locations. 3D patient-specific computational models have
shown tremendous success in defining optimal stimulation parame-
ters and describing potential mechanisms of action in other neuro-
stimulation therapies, such as deep brain stimulation (25–28), but
they have not been applied to SCS.
Therefore, the goal of this study was to develop a 3D patient-

specific computer model of SCS. We defined the patient-specific
model from preoperative and postoperative imaging and elec-
trode impedance measurements for a patient undergoing SCS to
treat neuropathic pain. We performed clinical measurements to
assess the subject’s sensory, comfort, and discomfort thresholds
(DTs) across several sets of stimulation parameters (e.g., pulse
width and stimulation configuration). We also compared the
results derived from the patient-specific computer model to
results predicted by canonical models of SCS.

METHODS
Patient Demographics
This study was reviewed and approved by the institutional

review board at the Cleveland Clinic (Cleveland, OH, USA). We rec-
ruited one patient who was being treated with SCS as part of his
standard clinical care and who provided informed consent to par-
ticipate in the study. The patient was a 37-year-old male, who had
been diagnosed with postlaminectomy syndrome with chronic
pain in his left leg. Approximately 2 weeks prior to enrollment, a
three-column paddle lead array (Medtronic Model 39,565
Specify™ 5–6-5 Surgical Lead, Medtronic, Inc., Minneapolis, MN,
USA) had been implanted at the T8-T9 spinal levels and con-
nected to a rechargeable voltage-regulated implantable pulse
generator (IPG) (RestoreSensor™ Model 37,714, Medtronic, Inc.).

Clinical Testing
We performed all clinical testing procedures at a single visit

approximately 6 weeks after SCS implantation to allow time for

encapsulation of the implanted electrode array (29). To localize
the electrode array relative to the spine, we obtained a postopera-
tive computed tomography (CT) scan of the lower thoracic spinal
levels (see “Model Analysis”). We measured the sensory threshold
(ST), comfort threshold (CT), and DT for several sets of stimulation
parameters. To determine these thresholds, we followed 5 steps:
1) we increased the amplitude until the participant experienced
stimulation-induced paresthesias; 2) we reduced the amplitude
until the participant no longer reported paresthesias; 3) we
increased the amplitude in 0.1 V increments until the participant
experienced paresthesias (defined as the ST); 4) we increased the
amplitude until the stimulation became uncomfortable (defined
as the DT); and 5) we decreased the amplitude until the
stimulation-induced paresthesias were at a maximum intensity
that was comfortable to the participant (defined as the CT).
To consider the effects of stimulation parameters on axonal

recruitment, we varied the pulse width and the stimulation con-
figuration (10,12). For each set of stimulation parameters, we used
a standard pulse frequency of 50 Hz (30). We tested the following
pulse widths: 60, 210, 300, 450, and 1000 μs. We tested the fol-
lowing stimulation configurations: bipole, longitudinal guarded
cathode, transverse guarded cathode, and pseudo-monopole. We
used a single cathode, which had provided the participant with
significant pain relief (see the Supplemental Methods, Supporting
Information for further details). To help ensure that the spinal
cord was in a similar position relative to the spine during both
imaging procedures and clinical testing, we performed the testing
procedures while the participant was supine on an exam bed.
Because the participant’s commercial SCS system utilized

voltage-controlled stimulation, we also considered the effects of
electrode impedance on stimulation thresholds. At the end of the
research testing, we measured the bipolar electrode impedances
across the entire array. The average electrode impedance was
695 � 34.7 Ω.

Model Analysis
Step 1: Calculate the Extracellular Voltages Generated by SCS
The first step in our model analysis was to estimate the extra-

cellular voltages generated in the spinal cord during SCS. We
developed a finite element model (FEM) of the lower thoracic spi-
nal cord and surrounding anatomy based on the patient-specific
anatomy and electrode locations. We used preoperative magnetic
resonance imaging (MRI) to segment the participant’s spinal cord,
cerebrospinal fluid (CSF), epidural fat, and spine (Fig. 1). We used
the postoperative CT scan to localize the SCS electrodes and seg-
ment the participant’s spine. We then coregistered the seg-
mented 3D surfaces from the preoperative and postoperative
images and defined a patient-specific FEM. This patient-specific
FEM included a spinal cord domain scaled to match the
anteroposterior and mediolateral dimensions of the participant’s
spinal cord anatomy at the T9 spinal level and included an explicit
representation of the electrode array. The FEM also included a
domain to represent the electrode encapsulation that occurs with
chronic SCS implants (29). To assess whether or not there is an
advantage to the patient-specific approach compared to
previously-used canonical models, we also performed simulations
with two versions of a canonical FEM. In the first canonical FEM,
the same SCS array was placed on the dural surface along the spi-
nal cord midline to resemble previous canonical models of SCS
(16,20,31–33). The second canonical FEM was an “impedance-
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matched” model that, like the patient-specific FEM, included an
additional domain to represent the electrode encapsulation.
We assigned electrical conductivities to each domain using

experimental data available in the literature (12,14,34). For the
patient-specific and the impedance-matched FEMs, we adjusted
the encapsulation layer conductivity until each FEM produced
average electrode impedances that matched the clinical imped-
ance measurements. We applied 1 V and 0 V boundary conditions
at the cathode and anode(s), respectively, set the outer tissue
boundary of the FEM to be perfectly insulating and solved Lap-
lace’s equation. The corresponding spatially-dependent FEM volt-
age solutions were then scaled by the time-dependent output of
the IPG to determine the spatiotemporal extracellular voltages
generated by SCS (35,36).

Step 2: Define Axon Models in the Spinal Cord
The next step was to define computer models of spinal cord

axons. With regards to SCS, studies have shown that the two axon
types most likely affected by SCS are the large-diameter

myelinated dorsal root (DR) fibers and Aβ fibers within the dorsal
columns (DCs) (14,37). Therefore, we included computer models
of both DR and DC fibers in our analysis (Fig. 2). We used a previ-
ously published compartmental model of a mammalian axon (38)
to represent these axons. For both patient-specific and canonical
models, we generated axon populations within the white matter
boundaries of the spinal cord that covered a range of diameters
(i.e., 5.7–11.5 μm) to match the axon diameters and densities
measured in the DC of the human spinal cord (37,39). We also
defined DR fibers that had a 3D axon trajectory in which they
entered the spinal cord at a 45-degree angle (31). We placed DR
fibers in 1-mm intervals along the rostrocaudal axis. Near the dor-
sal horn, the DR fiber branched into a daughter fiber that traveled
within the DC along the rostrocaudal trajectory of the spinal cord.

Step 3: Assess the Axonal Response to SCS
The final step was to assess the axonal response to SCS under

each set of conditions in our patient-specific and canonical
models. We applied the extracellular voltages defined by the FEM
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Figure 1. Patient-specific FEM. a. We used preoperative MRI scans to define the participant’s anatomy (e.g., spinal cord, CSF, and spine) and a postoperative CT
scan to define the 3D electrode locations. b. We coregistered the 3D objects segmented from the preoperative and postoperative images to define a patient-
specific FEM. The figure on the top right shows outlines of the 3D FEM objects in the preoperative MRI. The figure on the bottom right shows the voltages gener-
ated on the surface of the spinal cord for a -1 V bipolar stimulus. (Note: In this figure, the electrode array and spinal cord are not drawn on the same scale.) [Color
figure can be viewed at wileyonlinelibrary.com]
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(Step 1) to the axon models (Step 2) (Fig. 3). We then calculated the
activation thresholds and a model-predicted ST for each parameter
set and compared these model estimates to the corresponding clini-
cal measurements.
Activation Threshold. We defined the activation threshold as
the minimum pulse amplitude required to generate an action
potential for each stimulus pulse in a particular axon.
Model ST. To compare our model predictions to our clinical mea-
surements, we defined a model ST as the pulse amplitude required
to activate ≥10% of the DC axons (11).
Pulse Width. We calculated the model ST for each pulse width
that we tested clinically: 60, 210, 300, 450, and 1000 μs.
Stimulation Configuration. We calculated the activation thresh-
olds and model ST for each stimulation configuration that we tested
clinically: bipole, longitudinal guarded cathode, transverse guarded
cathode, pseudo-monopole.
For a complete description of the model development and

analysis, see the Supplemental Methods.

RESULTS
Fiber Size
Extracellular electrical stimulation can excite myelinated

axons by generating action potentials at the nodes of Ranvier.
For myelinated axons, the activation threshold is largely deter-
mined by the spacing between adjacent nodes of Ranvier (40).

This internodal spacing increases as a function of axon diame-
ter, and therefore large diameter fibers have a lower threshold
than smaller fibers. Previous studies suggest that conventional
SCS functions through direct activation of large-diameter mye-
linated axons within the DC (14). Therefore, fiber diameter is
an important variable to consider because the DC in the
human spinal cord consists of axons with a wide range of
diameters (average axon diameter ~5.0 μm and a maximum
diameter of 16.0 μm at lower thoracic levels) (37). Therefore,
we calculated the activation thresholds for axon populations
with a range of axon diameters (i.e., 5.7, 7.3, 8.7, 10.0, and
11.5 μm) and densities based on histological data from the
human spinal cord (Fig. 4). For these simulations, we used a
bipolar stimulation configuration, pulse width of 300 μs, and a
pulse frequency of 50 Hz. The results displayed the expected
trend of large-diameter fibers having the lowest activation
thresholds.
In general, both canonical models exhibited significantly lower

activation thresholds relative to the patient-specific model.
According to these canonical models, a significant number of
small diameter 5.7 μm axons were activated within the clinically-
measured therapeutic range and even below the clinically-
measured ST (Fig. 4). The patient-specific model predictions were
more representative of the clinical findings and only predicted
activation of these smaller diameter fibers at amplitudes above
the clinically measured ST.

575

NaNafKs Lk

G
m

C
m

G
i

C
i

V
rest

G
p

G
a

non-nodal 
compartments

nodal 
compartments

axon
periaxonal 

space
myelin

node of 
Ranvier

C
m

Rostral

Caudal

Dorsal Column (DC) 

Fibers

Dorsal Root (DR) 

Fibers

Daughter DC 

Fiber

5.7 μm 7.3 μm 8.7 μm 10.0 μm 11.5 μm

1 mm

1 mm

a

b

Figure 2. Axon models. a. In our analysis, we included multicompartment cable models of myelinated axons (38) running through the white matter of the spinal
cord. We also included DR fibers that consisted of a mother fiber and a bifurcated daughter fiber running along the DCs. b. We generated axon populations that
covered a range of diameters (i.e., 5.7–11.5 μm) to match the axon diameters and densities measured in the human spinal cord (37). For computational simplicity,
we only used 1% of the true anatomical densities. (Note: In this figure, the axon diameters are not drawn to scale.) [Color figure can be viewed at
wileyonlinelibrary.com]

Neuromodulation 2020; 23: 572–581© 2019 International Neuromodulation Societywww.neuromodulationjournal.com

PATIENT-SPECIFIC ANALYSIS OF SCS

http://wileyonlinelibrary.com


Pulse Width
For extracellular stimulation, increasing the pulse width leads to an

exponential decrease in axonal activation thresholds (12). Clinical stud-
ies have demonstrated that increasing the pulse width can increase
total paresthesia coverage, pain relief, and comfort (23,32). Therefore,
we used the patient-specific and canonical models to estimate the ST
as a function of pulse width. We defined the model-based ST as the
minimum amplitude that produced activation of ≥10% of DC axons
(11). We then compared the model-based ST to the clinically mea-
sured ST (Table 1). Both of the models and the clinical data exhibited
an exponential decrease in ST with increasing pulse width (Fig. 5). The
clinical ST was 6.6, 3.3, 2.7, 2.5, and 1.9 V for pulse widths of 60, 210,
300, 450, and 1000 μs, respectively. The patient-specific model ST was
7.5, 3.1, 2.6, 2.3, and 2.1 V with a mean absolute percentage error of
8.9% relative to the clinical ST. The canonical model ST was 3.9, 1.6,
1.4, 1.3, and 1.2 V with a mean absolute percentage error of 44.9% rel-
ative to the clinical ST. The impedance-matched canonical model ST
was 5.8, 2.4, 2.0, 1.7, and 1.6 V with a mean absolute percentage error
of 22.0% relative to the clinical ST.
We also calculated the minimum amplitudes required to acti-

vate DR fibers as a function of pulse width. In the patient-specific
model, DR fiber activation started at 3.0, 1.4, 1.3, 1.2, and 1.1 V for
pulse widths of 60, 210, 300, 450, and 1000 μs, respectively. In the
canonical model, DR fiber activation started at 2.0, 1.0, 0.93, 0.85,
and 0.85 V. In the impedance-matched canonical model, DR fiber
activation started at 2.9, 1.4, 1.3, 1.1, and 1.1 V.

Stimulation Configuration
During SCS programming procedures, an extensive amount of time

is dedicated to finding the combination of cathodes and anodes, also
known as the stimulation configuration, that maximizes pain relief
and minimizes side effects. Clinicians will select a variety of electrode
combinations to “steer” the stimulation to generate an optimal pain-

paresthesia overlap. Therefore, we also considered the effects of
changing the stimulation configuration on the clinical ST, CT, and DT
and on model-predicted activation (Table 1). We tested the following
stimulation configurations: bipole, longitudinal guarded tripole, trans-
verse guarded tripole, and pseudo-monopole (Fig. 6). For the tested
stimulation configurations, the clinical ST was 2.7, 2.2, 3.3, and 2.9 V,
respectively. The patient-specific model ST was 2.6, 2.0, 2.4, and 3.1 V
with a mean absolute percentage error of 12.1% relative to the clini-
cal ST. The canonical model ST was 1.4, 1.0, 1.2, and 1.7 V with a mean
absolute percentage error of 51.1% relative to the clinical ST. The
impedance-matched canonical model ST was 2.0, 1.5, 1.8, and 2.4 V
with a mean absolute percentage error of 30.8% relative to the
clinical ST.
We also examined the extent of axonal activation predicted by

the patient-specific model at the clinical CT and DT. The clinical CT
was 4.1, 3.2, 5.0, and 4.3 V. The clinical DT was 5.9, 4.8, 6.4, and 5.8 V.
At the clinical CT, the patient-specific model predicted extensive axo-
nal activation within the DC, but activation of only 3.2, 3.1, 3.4, and
3.6% of axons within the dorsal lateral funiculi. At the clinical DT, the
patient-specific model predicted considerable activation in the dorsal
lateral funiculi of 10.6, 11.8, 7.2, and 11.1% of axons.
Furthermore, we calculated the minimum amplitudes required

to activate DR fibers for each stimulation configuration. In the
patient-specific model, DR fiber activation started at 1.3, 1.0, 1.3,
and 1.2 V for each stimulation configuration. In the canonical
model, DR fiber activation started at 0.93, 0.73, 0.93, and 0.95 V. In
the impedance-matched canonical model, DR fiber activation
started at 1.3, 1.0, 1.3, and 1.2 V.

DISCUSSION

The fundamental goal of this study was to develop a computer
model that accounted for 3D patient-specific anatomy and
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Table 1. Clinical and Model-Based STs.

Clinical ST Patient-specific model ST Canonical model ST Impedance-matched canonical ST

Pulse width 60 6.6 7.5 3.9 5.8
210 3.3 3.1 1.6 2.4
300 2.7 2.6 1.4 2.0
450 2.5 2.3 1.3 1.7
1000 1.9 2.1 1.2 1.6
MAPE 8.9% 44.9% 22.0%

Stimulation configuration Bipole 2.7 2.6 1.4 2.0
Longitudinal tripole 2.2 2.0 1.0 1.5
Transverse tripole 3.3 2.4 1.2 1.8
Pseudo-monopole 2.9 3.1 1.7 2.4
MAPE 12.1% 51.1% 30.8%

ST, sensory threshold; MAPE, mean absolute percentage error.
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electrode locations to investigate the direct neuromodulatory
effects of SCS. To examine the significance of this patient-specific
approach, we performed identical simulations with standard
canonical models of SCS. Our results demonstrated considerable
differences in axonal activation predicted with the patient-specific
model relative to two canonical models. The canonical models
predicted markedly lower thresholds for axonal activation
(Figs. 4–6). The patient-specific model produced estimates of ST
that were closer to the clinical ST measurements (Figs. 5 and 6).
These results suggest that it is beneficial to consider sources of

interpatient variability (e.g., anatomy and electrode locations) in
computational analysis of SCS.
We also considered the axonal activation predicted at clinical CT

and DT. At CT, the patient-specific model predicted extensive activa-
tion of DC axons for several different stimulation configurations with
little dorsolateral activation. However, at DT, the patient-specific
model predicted that activation had spread to the dorsal lateral
funiculi. Therefore, axons in the DR entry zone and Lissauer’s tract,
dorsal spinocerebellar tract, and lateral corticospinal tract may be
activated at these stimulation amplitudes, contributing to patient
discomfort.
The goal of this type of computational approach is to character-

ize the direct effects of SCS on different axonal pathways in the
spinal cord. Canonical models based on averaged experimental
and clinical measurements will continue to be an invaluable tool
to improve our scientific understanding of SCS for pain and to
improve lead design, stimulation configuration, and waveform
parameters (9,10,12). However, the results of our study suggest
that, under various conditions (e.g. patient anatomy, lead place-
ment), patient-specific models may produce predictions of axonal
activation within the spinal cord that are more consistent with clini-
cal observations from individual patients. This study also suggests
that patient-specific models capture the details necessary to quanti-
tatively describe the axonal response to SCS. Therefore, these
patient-specific models could help address scientific questions, such
as therapeutic mechanisms of action, related to clinical SCS.
To better understand the mechanisms of action of SCS, it is critical

that future research move toward patient-specific approaches to per-
form systematic studies of SCS in human subjects. One potential
approach would be to couple patient-specific computational models
with standard clinical outcome measures as well as objective mea-
surements characterizing the physiological effects of SCS
(e.g., quantitative sensory testing, functional neuroimaging) (4). This
approach would help explain potential differences in the physiologi-
cal effects of various SCS paradigms (e.g., tonic, burst, and kilohertz-
frequency SCS). By accounting for additional sources of interpatient
variability, patient-specific models would further highlight the poten-
tial advantages and disadvantages of various lead designs, lead
placements, and stimulation configurations. These patient-specific
models could also be used to investigate changes in neural activity
associated with spinal cord movement (e.g., due to body position,
respiration, and cough) that are being considered in a novel closed-
loop SCS system (39,41,42). We believe that this type of patient-
specific approach will further elucidate the physiological and techni-
cal factors relevant to SCS to improve implementation of current sys-
tems as well as innovate novel technologies to significantly improve
the clinical outcomes associated with SCS.
Although the results of this study exhibited excellent agree-

ment between the patient-specific model and clinical measure-
ments, this study had several limitations. This study was a proof-
of-concept study performed in a single patient. The true validity
and utility of this type of approach needs to be validated by
extending this approach to multiple patients and testing a wider
range of waveform parameters and stimulation configurations. To
help make this patient-specific approach feasible, a cohort study
would account for multiple sources of interpatient variability and
allow for a parameter sensitivity analysis to determine the mini-
mal model complexity necessary to produce accurate model-
based predictions. We also assumed that model-based ST
corresponded to activation of ≥10% of the DC axons. While this
approach has been used in previous SCS modeling studies
(11,15), other modeling studies have suggested that ST
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Figure 5. ST as a function of pulse width. We measured the clinical ST as a
function of pulse width. We also estimated the model ST (i.e., minimum pulse
amplitude to activate ≥10% of the DC axons) for the patient-specific and both
canonical models. We calculated the ST for bipolar stimulation with a pulse
frequency of 50 Hz. [Color figure can be viewed at wileyonlinelibrary.com]
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corresponds to the activation of only a single large-diameter DC
fiber (14). Therefore, in future studies, it will be critical to examine
what degree of model-based activation best correlates with clinical
measurements in a large cohort. Furthermore, we only performed
clinical measurements for acute SCS and did not correlate model
predictions of axonal activation with clinical outcomes (i.e. pain relief
over time). We also tested several sets of stimulation parameters
within a single research visit; therefore, it is possible that carryover
effects could have influenced the thresholds for individual sets of
stimulation parameters. Due to the limited resolution of the clinical
MRI scan, we were unable to define patient-specific gray- and white-
matter boundaries in the spinal cord and we had to define these
boundaries from a cadaver sample (43) that was scaled to match the
outer dimensions of the patient’s spinal cord. However, it is possible
that future improvements in diffusion tensor imaging and fiber
tractography could help address this limitation. Another potential
limitation was that our axon distributions were based on a study that
only considered the superficial (~300 μm) aspect of the DC
(37). Other white matter areas may have different fiber size distribu-
tions and therefore different activation thresholds. However, previous
studies have shown that the large-diameter myelinated axons in the
superficial DC have the lowest thresholds to SCS (13,14,16). In our
models, we represented the electrical properties of the tissue as
purely resistive. The capacitive properties of biological tissues could
affect the spatiotemporal voltages generated during SCS and the
corresponding neural response, especially at higher stimulation fre-
quencies. However, previous studies suggest that tissue capacitance
has a negligible filtering effect with conventional SCS parameters,
especially during voltage-controlled stimulation (44–46).
One of the main limitations was estimating DR fiber activation. DR

fiber activation can generate uncomfortable paresthesias and/or acti-
vation of motor reflex nerves before sufficient activation of DC fibers.
One goal of SCS modeling is to guide the selection of stimulation con-
figurations and waveform parameters that selectively activate DC
fibers over DR fibers. In our models, DR fiber activation occurred at
amplitudes below the clinical ST. DR thresholds were lowest for fibers
that entered the spinal cord near the cathode and the thresholds rap-
idly increased for fibers a few millimeters above or below the cathode
(data not shown). For the bipole configuration, there was also a
decrease in activation threshold for DR fibers entering the spinal cord
near the anode. We believe that the low thresholds for DR fiber activa-
tion were partly attributed to the FEM design. To reduce computa-
tional demands, the anatomy of the rootlets is typically not
represented in the FEM mesh (Figs. 1 and 3) (14). However, the root-
lets have a lower electrical conductivity relative to the surrounding
CSF. Therefore, our model, along with the models used in several
other studies, may overestimate the excitability of DR fibers for a given
fiber size. Future studies should consider explicitly representing the
spinal cord rootlets within the FEM (47). With regards to neural activa-
tion at DT, future studies should also consider the range of diameters,
number of fibers, as well as functional groups (e.g. proprioceptive,
touch) of DR fibers that are activated at stimulation settings that pro-
duce unwanted side effects.
To improve the accuracy of the model-based estimations of the

voltage distributions generated in the spinal cord, we developed
a circuit model of the output of the clinical neurostimulator uti-
lized in this study that we coupled to each FEM (see Supplemen-
tal Methods) (36). We used this approach to account for
differences in the tissue voltages generated by standard clinical
neurostimulators as a function of pulse width and pulse frequency.
In the patient-specific and impedance-matched canonical models,
we adjusted the electrical conductivity of the encapsulation layer

domain so that the model impedances matched the average imped-
ances measured by the clinical programming device. In this study,
matching the model impedance to the clinical impedance was
important because the relevant commercial SCS system utilized
voltage-controlled stimulation. Electrode impedance variability can
produce large differences in the tissue voltages generated during
voltage-controlled stimulation (48). In this study, we only considered
a single encapsulation layer domain that would not be able to
account for potential electrical heterogeneities in the tissue sur-
rounding individual electrodes. In a previous SCS modeling study,
these potential heterogeneities were shown to affect the 3D voltage
distributions and corresponding activation within the spinal cord
(29). While our current methodology only permitted us to account
for the average electrode impedance, it would be possible to include
local encapsulation layer domains at and around each individual
electrode (29). This approach would provide a means to consider
electrical heterogeneities and to adjust the model parameters so
that each model impedance matched the corresponding clinical
impedance for each individual electrode. It should also be noted that
while the commercial SCS system considered in this study utilized
voltage-controlled stimulation, many SCS systems utilize current-
controlled stimulation that would reduce the potential effects of the
electrode encapsulation and heterogeneities on the corresponding
voltage distributions generated within the spinal cord (48–50).

CONCLUSIONS

In this study, we implemented a patient-specific computer model-
ing approach of SCS. By accounting for patient-specific anatomy,
electrode locations, and impedances, theoretical estimates of SCS-
induced neuromodulation closely matched the corresponding clini-
cal measurements with far greater accuracy than predictions from
standard canonical models. These results suggest that patient-
specific models can provide quantitative descriptions of the neural
response to SCS and serve as a tool to address scientific questions
related to clinical SCS as well as inform the development of tools
that may guide SCS implantation and programming.
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SUPPORTING INFORMATION

Additional supporting information may be found online in the
supporting information tab for this article.

COMMENT

This work shows what is now becoming evident, that patient-
specific anatomy can substantially influence the therapeutic out-
comes of Neuromodulation therapies. Only computer models like
the one proposed here can help understanding if the current
approach of a one-fit-all technology is still valuable.

Marco Capogrosso, PhD
Pittsburgh, PA USA
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