
High-Resolution Spinal Motor Mapping Using
Thoracic Spinal Cord Stimulation in Patients With
Chronic Pain

BACKGROUND: High-resolution spinal cord stimulation (HR-SCS) paddle can stimulatemedial-
dorsal columns and extend stimulation coverage to the laterally positioned spinal targets.
OBJECTIVE: To investigate the medio-lateral selectivity of an HR-SCS paddle in patients
with chronic pain.
METHODS: During standard-of-care spinal cord stimulation (SCS) placement, epidurally
evoked electromyography and antidromic dorsal column–evoked potentials were
recorded in 12 subjects using an HR-SCS paddle with 8 medio-lateral sites spanning the
full epidural width at thoracic T9-12 and a commercial paddle consecutively.
RESULTS: Recruitment maps were aligned with respect to physiological midline which
was overlapping with anatomic midline in 10 of 11 cases. Overlapping contacts between
the HR-SCS and commercial paddles exhibited similar patterns while HR-SCS demon-
strated higher precision targeting of certain dermatomes. Spinal motor maps showed that
the lateral contacts triggered stronger responses in medial gastrocnemius, adductor
magnus, and tibialis anterior while the medial contacts triggered stronger responses in
gluteus maximus and adductor hallucis. The time-locked popliteal fossa responses in-
dicated ipsilateral activation by HR-SCS at the lateral contacts and bilateral activation at
the medial contacts with stronger ipsilateral responses.
CONCLUSION: This study is the first to perform high-resolution medio-lateral SCS
mapping in patients with chronic pain. These results show promise that HR-SCS may
provide additional ipsilateral recruitment within the extremities which improve targeting
of focal pain in the lower extremities. Furthermore, this study supports the functional use
of intraoperative neuromonitoring as a decision tool to determine physiological midline in
thoracic SCS surgeries and provides a full methodological framework.
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Spinal cord stimulation (SCS) has successfully
treated chronic extremity pain for many
years.1-4 However, current SCS methods

have a limited impact on isolated foot, knee, chest
wall, groin, and axial low back pain.5-7 Recent lines
of clinical evidence suggest that, in addition to
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ABBREVIATIONS: ADD, adductor magnus; AH, adductor hallucis; BF, bicep femoris; CRPS, complex regional pain
syndrome; Cv5, cervical level 5; DC, dorsal column; DH, dorsal horn; DR, dorsal root; EMG, electromyography;
GLUT, gluteus maximus; HR-SCS, high-resolution spinal cord stimulation; IONM, intraoperative neuromonitoring;
LAH, left adductor hallucis; LMG, left medial gastrocnemius; LPF, left popliteal fossa;MG,medial gastrocnemius; PF,
popliteal fossa; RAH, right adductor hallucis; RMG, right medial gastrocnemius; RMS, root mean square; RPF, right
popliteal fossa; SCS, spinal cord stimulation; QUAD, quadriceps; TA, tibialis anterior.
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dorsal column (DC) stimulation, lateral spinal cord structures may
provide a newmechanism of action and a more selective opportunity
to treat focal pain.6,8-11 Therapies which mechanistically target the
dorsal horn have been noted to provide superior benefit for the
treatment of axial low back pain, an affliction far more common than
isolated extremity pain.12-14 Inhibitory interneurons in the dorsal
horn appear to mediate subperception therapy while dorsal root
(DR) ganglia stimulation improves focal pain treatment of chronic
postsurgical pain and complex regional pain syndrome.11,15

However, accessing the DR ganglia and lateral spinal cord fibers
with conventional SCS hardware is fraught with technical and

procedural complications. Conventional paddles provide coverage for
approximately 60% of the spinal cord because of thickness and width
constraints,16 and it is not possible to extend therapy to lateral targets,
multivertebral levels, or improve selectivity without additional surgical
workflow or risks. The physical rigidity of existing technologies often
either precludes lateral placement because of compression of the nerve
roots or lacks the ability to concurrently stimulate the medial targets.
To capture greater neuronal recruitment, using high intensity beyond
the threshold is not an option without inducing discomfort and side
effects because of the diameter of DC fibers and their distance to the
stimulation contacts and structure’s electrical properties.14,17,18

To overcome these limitations, we have developed a HR-SCS
surgical paddle spanning a 14.5-mm width of the epidural space.
The paddle is 60% thinner on the edges to enable safe positioning
near the lateral spinal cord structures. Here, based on the methods
in our previous studies,19-23 we performed this feasibility study
using intraoperative neurophysiological monitoring (IONM) and
investigated the epidurally evoked electromyography (EMG) and
antidromic DC–evoked potentials by HR-SCS at thoracic levels
of T9-12 in patients with chronic pain.

METHODS

Subjects
Twelve patients who were offered standard-of-care SCS for their chronic

back and/or leg pain (with/without previous back surgery) were invited to
participate in this Institutional Review Board–approved study. Eleven
subjects underwent trial thoracic SCS with percutaneous electrodes while 1
subject with paddle electrode. On successful trial (≥50% pain relief based
on the Numeric Rating Scale), patients underwent a laminectomy for
permanent SCS paddle placement with IONM and participated in this
study with written informed consent. The patient demographics and
clinical characteristics are presented in Table 1 (Table, Supplemental

TABLE 1. Patient Demographics and Clinical Characteristics

Sex (female/male) 7/5
Age (mean ± SD in years) 52.75 ± 14.75
Diagnosisa

Neuropathic pain 12
Failed back surgery syndrome 5
Complex regional pain syndrome 2

BMI (mean ± SD) 32.73 ± 5.39
Duration of illness (mean ± SD in years) 7.42 ± 4.32
Level of active contacta

T9 3
T10 8
T11 1

Anterior-posterior diameter (mean ± SD in mm) 15.71 ± 2.74
Interpedicular distance (mean ± SD in mm) 19.55 ± 2.10
Dorsal CSF thickness (mean ± SD in mm) 4.39 ± 1.08
Numerical Rating Scale (mean ± SD) 7 ± 2.13
McGill Pain Questionnaire (mean ± SD) 5.58 ± 2.84
Oswestry Disability Index (mean ± SD) 57.90 ± 18.25
Pain Catastrophizing Scale (mean ± SD) 23.08 ± 13.92
Beck Depression Index (mean ± SD) 18.08 ± 12.21

BMI, body mass index; CSF, cerebrospinal fluid; T, thoracic.
aIndicating the number of patients.

TABLE 2. Implant Specifications

Patients Trial type SCS system Column × rowa Electrode model Battery model

P1 Percutaneous Nevro 2 × 8 Surpass Omnia NIPG2500
P2 Percutaneous Medtronic 3 × 5-6-5 Specify Intellis
P3 Percutaneous Boston scientific 4 × 8 CoverEdge 32 Wavewriter
P4 Percutaneous Nevro 2 × 8 Surpass Omnia NIPG2500
P5 Percutaneous Nevro 2 × 8 Surpass Omnia NIPG2500
P6 Percutaneous Medtronic 3 × 5-6-5 Specify Intellis
P7 Percutaneous Medtronic 3 × 5-6-5 Specify Intellis
P8 Unknownb Abbott 5 × 4 Penta Proclaim
P9 Percutaneous Boston scientific 4 × 8 CoverEdge 32 Wavewriter
P10 Percutaneous Nevro 2 × 8 Surpass Omnia NIPG2500
P11 Paddle Nevro 2 × 8 Surpass Omnia NIPG2500
P12 Percutaneous Boston scientific 4 × 8 CoverEdge 32 Wavewriter

SCS, spinal cord stimulation.
aThe number of columns and rows of the commercial paddles.
bTrial was conducted out of Albany Medical center. Trial information is not available. Five patients were implanted with Surpass surgical paddles (Nevro Corp), 3 patients with
Specify 5-6-5 (Medtronic Inc), 3 patients with CoverEdge 32 (Boston Scientific), and 1 patient was implanted with Penta paddle (Abbott).
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Digital Content 1, http://links.lww.com/NEU/D211, for further details).
The implant specifications are presented in Table 2.

HR-SCS Paddle Design
A HR-SCS paddle with 8 columns (Micro-Leads Inc) used in this

study was designed for investigational purposes. It was designed based
on simulation optimizations and the neural activation model of

Holsheimer.13,19,24,25 The model was used to compute the DC fiber
and DR recruitment profiles using a variety of bipolar, tripolar, and
multipolar configurations. The construction used a novel fusion-bond
electrode technology to enable thin electrodes with tighter contact
spacing. The electrodes were manufactured from platinum-iridium,
medical-grade silicone, and nano fibers.19 Figure 1 presents the design
diagram (Table, Supplemental Digital Content 2, http://links.lww.
com/NEU/D212).

FIGURE 1. HR-SCS paddle design diagram. A, Side view on the left and section view from anterior on the right
demonstrating the thickness of the paddle. B, Front view demonstrating the other dimensions of the 8-column HR-SCS
paddle. There were 24 active (3 rows × 8 columns) electrodes used for longitudinal tripolar stimulation (guarded cathode).
The rest of the electrodes were inactive and were not used for stimulation.C, Isometric view. Our clinical work and premise
were built on modeling with our system showing selective targeting of dorsal columns and lateral fibers. The HR-SCS paddle
used in this study was geometrically thin which enabled the full width of the epidural space to be stimulated. HR-SCS, high-
resolution spinal cord stimulation; L, paddle length; LC, contact length; PX, lateral pitch; PY, longitudinal pitch; TM,
medial thickness; TL, lateral thickness; W, paddle width; WC, contact width.

NEUROSURGERY VOLUME 91 | NUMBER 3 | SEPTEMBER 2022 | 461

© Congress of Neurological Surgeons 2022. Unauthorized reproduction of this article is prohibited.

HIGH-RESOLUTION SPINAL MOTOR MAPPING

D
ow

nloaded from
 http://journals.lw

w
.com

/neurosurgery by B
hD

M
f5eP

H
K

av1zE
oum

1tQ
fN

4a+
kJLhE

Z
gbsIH

o4X
M

i0h
C

yw
C

X
1A

W
nY

Q
p/IlQ

rH
D

3i3D
0O

dR
yi7T

vS
F

l4C
f3V

C
4/O

A
V

pD
D

a8K
K

G
K

V
0Y

m
y+

78=
 on 06/27/2023

http://links.lww.com/NEU/D211
http://links.lww.com/NEU/D212
http://links.lww.com/NEU/D212


Surgical Placement and Neuromonitoring
A standard-of-care SCS laminectomy was performed under total in-

travenous anesthesia as previously described (see Additional Methods,
Supplemental Digital Content 3, http://links.lww.com/NEU/D213,
for surgical technique).20,22 Using serial fluoroscopic imaging, active
contacts of HR-SCS paddle were centered over the “sweet spot.”17 Once
the compound muscle action potentials confirmed intact neurological
status, HR-SCS paddle was connected to Cascade-Pro IONM systems
(Cadwell Inc) for spinal motor mapping.20,23 For mapping, as shown
in Figure 2A, the following muscle groups were investigated: upper
and lower rectus abdominis (upper abdominals, UAB; lower ab-
dominals, LAB), vastus lateralis referenced to vastus medialis
(quadriceps, QUAD), adductor magnus (ADD), tibialis anterior
(TA), adductor hallucis (AH), gluteus maximus (GLUT), bicep
femoris, and medial gastrocnemius (MG).20,26 The rostral 3 rows of
the HR-SCS paddle were stimulated in a vertical tripole configuration
(anode-cathode-anode)17,27 at 60 Hz/300 µs between 0 and 10 mA
(Figure 2B).

Ascending sensory responses (Figure 2C) were monitored in the
standard electroencephalography positions (Fpz, Cz, C3, and C4) and
cervical level 5 while descending responses were captured at the bi-
lateral popliteal fossa (PF). The same active contacts were used at
4.73 Hz with stimulation amplitudes up to 85% of the EMG

FIGURE 2. Intraoperative neuromonitoring setup. A, Muscle groups (9 per
side) used for spinal motor mapping. Disposable stainless steel subdermal
electrodes (13 mm, Rhythmlink) were placed in upper and lower rectus ab-
dominis, vastus lateralis referenced to vastus medialis (quadriceps), adductor
magnus, tibialis anterior, adductor hallucis, gluteus maximus, bicep femoris,
and medial gastrocnemius muscles. R-/L- indicating right and left side. For
cortical sensory testing, needle electrodes were placed in standard 10-20 elec-
troencephalography positions including Fpz, Cz, C3, C4, and cervical level 5.
The antidromic dorsal column–evoked potentials were recorded off the tibial
nerve at the popliteal fossa. The clear circles representing the sensory channels
over the scalp and popliteal fossa channels in the legs. LPF/RPF: left and right
popliteal fossa, respectively. B, Representation of ipsilateral EMG responses
triggered by HR-SCS. Biphasic pulses were delivered at 60 Hz frequency and
300 µs pulse width while motor responses, and thresholds were recorded using
intraoperative neuromonitoring. Each vertical tripole column was tested by
stepping up the current from 0 mA with 0.5 mA step size. Stimulation am-
plitudes varied between 0 and 10 mA. Triggered EMG responses were in-
traoperatively assessed and recorded for both HR-SCS and commercial paddles.
C, Representation of SSEPs and popliteal fossa responses triggered by HR-SCS.
The same tripolar electrode configuration was used with a stimulation frequency
of 4.73Hz and 300 µs pulse width using selected amplitudes. Cv5, cervical level
5; EMG, electromyography; HR-SCS, high-resolution spinal cord stimulation;
LADD, left adductor magnus; LAH, left adductor hallucis; LBF, left bicep
femoris; LGLUT, left gluteus maximus; LLAB, left lower rectus abdominis;
LMG, left medial gastrocnemius; LPF, left popliteal fossa; LQUAD, left
quadriceps LTA, left tibialis anterior; LUAB, left upper rectus abdominis;
RAH, right adductor hallucis; RADD, right adductor magnus; RBF, right bicep
femoris; RGLUT, right gluteus maximus; RLAB, right lower rectus abdominis;
RMG, right medial gastrocnemius; RPF, right popliteal fossa; RQUAD, right
quadriceps; RTA, right tibialis anterior; RUAB, right upper rectus abdominis.
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threshold. Time-locked stimulus averages were performed over 100
trials.28 Owing to time limitation, sensory mapping was performed
only for selected columns including most medial and lateral columns
on both sides of the anatomic midline.

Once the HR-SCS mapping was complete, based on the final fluo-
roscopic image of the HR-SCS paddle, commercial paddle was placed at
the clinically indicated position and connected to its pulse generator for
motor mapping. In 8 cases, the stimulated contacts in both paddles
overlapped. In cases where 2 paddles did not align, IONM data were
obtained using the most rostral contacts of the commercial paddles.
Fluoroscopy was used to determine the anatomic midline position for
both paddles (Supplemental Figure 4, Part A, http://links.lww.com/
NEU/D214, part B, http://links.lww.com/NEU/D215, part C, http://
links.lww.com/NEU/D216). The surgery was completed in a standard
fashion.20,22

Signal Processing
All signals were processed offline in MATLAB (MathWorks) as

previously described23 (Figure 3). The EMG signals were denoised
using an in-house developed algorithm.23 Signal’s root mean square
(RMS) was computed at each amplitude and normalized to baseline
(stimulation-OFF). Sensory signals averaged during IONM were an-
alyzed offline without further preprocessing. Previous studies have
shown that 80% to 90% of the ionic current flows between active
electrodes through the cerebrospinal fluid (CSF) during epidural
stimulation.29,30 Based on these and our previous work31 showing a
relationship between postoperative energy requirements, we hypoth-
esized that the size of the canal and the CSF thickness may have a role in
recording amplitudes. Therefore, peak-to-peak amplitudes of the re-
sponse latency were calculated31,32 and analyzed against patient’s spinal
column and CSF measurements (see Additional Methods, Supple-
mental Digital Content 3, http://links.lww.com/NEU/D213, for
anatomic measurements).

Due to anatomic constraints that limited relative paddle positioning in
some cases, contact positions were aligned offline based on fluoroscopy

and IONM. Because a single contact of HR-SCS paddle was 1 mm in
width, the same distance was used for electrode clustering (Supplemental
Figure 5, http://links.lww.com/NEU/D217). Specifically, a column
positioned at the anatomic midline was labeled as “0.” The left-sided
columns were labeled negative, and right-sided columns were labeled
positive. Both paddles were aligned in the same fashion. In 1 case,
physiological midline differed from anatomic midline and the alignment
of midline was modified slightly based on these data.

Statistical Analysis
Statistical analyses were performed in IBM SPSS Statistics (version-

22). To assess the left-to-right symmetry, ipsilateral evoked EMGs were
compared using the two-tailed Mann-Whitney U test. A Kruskal-Wallis
test was then used to compare the laterality and selectivity of motor and
sensory responses. To determine the correlation between the HR-SCS
and commercial paddle, the Pearson χ2 test of independence was con-
ducted. Multiple comparisons were adjusted using Bonferroni correction.
Association between PF responses andMRI-based features were evaluated
using Spearman rank correlation coefficient. The weighted categorical
distributions of PFs were compared across contacts by using the Pearson
χ2 test. An α < 0.05 was considered for statistical significance.

RESULTS

Our cohort included patients with neuropathic pain (n = 12)
with average diagnosis of 7.42 ± 4.32 years. The demographics
and clinical characteristics are presented in Table 1. The com-
mercial implant specifications per subject are presented in Table 2.
Due to failure to save an intraoperative image of the HR-SCS
paddle in 1 case, it was not possible to align the tested contacts
during the offline analysis. Therefore, the patient was excluded
from further analysis.

Motor Mapping
The spatial coverage and stimulation selectivity of the HR-SCS

paddle was compared with commercial paddles by quantifying the
changes in motor responses. Figure 4A and 4B shows motor
activity maps in a representative patient. Individual heatmaps
provide rapid visualization of laterality in the responses. Stimu-
lation of column-1 induced stronger lower extremity responses,
left adductor hallucis (LAH), left tibialis anterior (LTA), and left
medial gastrocnemius (LMG) while column-8 induced strong
ipsilateral responses in right adductor hallucis (RAH), right tibialis
anterior (RTA), right medial gastrocnemius (RMG), and right
upper rectus abdominis (RUAB).
Figure 5A and 5B illustrates the recruitment plots for bilateral

AH and MG at all tested amplitudes. Ipsilateral muscles in both
cases showed stronger physiological responses. When the re-
sponses above the decision threshold were averaged to obtain a
single outcome metric, a similar selectivity pattern was noted
(Figure 5C and 5D). Particularly, LAH indicated a gradual in-
crease toward midline and RAH responses in columns 5 and 8
were comparable. The maximum LMG and RMG activities were
noted in columns 3 and 6.

FIGURE 3. Flowchart of the intraoperative recordings and offline signal
processing. EMG, electromyography; HR-SCS, high-resolution spinal cord
stimulation; IONM, intraoperative neuromonitoring; SCS, spinal cord stim-
ulation.
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FIGURE 4. SCS-triggered activity maps. Heatmaps representing normalized RMS values of
triggered EMGs when stimulation was delivered from A, column-1, left lateral, and B,
column-8, right lateral. The stimulation amplitude is 6 mA. Color bar indicating the
stimulation-induced changes with respect to baseline in percentage (%). EMG, electromy-
ography; LADD, left adductor magnus; LAH, left adductor hallucis; LGLUT, left gluteus
maximus; LLAB, left lower rectus abdominis; LMG, Left medial gastrocnemius; LPF, left
popliteal fossa; LQUAD, left quadriceps; LTA, left tibialis anterior; LUAB, left upper rectus
abdominis; RADD, right adductor magnus; RAH, right adductor hallucis; RGLUT, right
gluteus maximus; RLAB, right lower rectus abdominis; RMG, right medial gastrocnemius;
RMS, root mean square; RPF, right popliteal fossa; RQUAD, right quadriceps; RTA, right
tibialis anterior; RUAB, right upper rectus abdominis; SCS, spinal cord stimulation.

464 | VOLUME 91 | NUMBER 3 | SEPTEMBER 2022 neurosurgery-online.com

© Congress of Neurological Surgeons 2022. Unauthorized reproduction of this article is prohibited.

TELKES ET AL

D
ow

nloaded from
 http://journals.lw

w
.com

/neurosurgery by B
hD

M
f5eP

H
K

av1zE
oum

1tQ
fN

4a+
kJLhE

Z
gbsIH

o4X
M

i0h
C

yw
C

X
1A

W
nY

Q
p/IlQ

rH
D

3i3D
0O

dR
yi7T

vS
F

l4C
f3V

C
4/O

A
V

pD
D

a8K
K

G
K

V
0Y

m
y+

78=
 on 06/27/2023

http://www.neurosurgery-online.com


The ipsilateral EMGs captured by left-sided and right-sided
columns located the same distance away from physiological
midline did not show a significant difference (P > .05); thus, the
columns with the same distance to the midline were combined for
further analysis. The recruitment maps showed similar patterns
between HR-SCS and commercial paddles over the overlapped
columns while the distal columns of the HR-SCS paddle exhibited
distinct responses because of its higher spatial resolution. Figure 6
shows the response distribution of both paddles. Lateral HR-SCS
triggered stronger responses in ADD, MG, TA, and QUAD while
medial HR-SCS triggered higher activation in GLUT and AH.
Despite the lower spatial resolution in commercial paddles, the
overlapping contacts with the HR-SCS paddle showed similar
mediolateral trends in ADD, QUAD, GLUT, and AH. Statistical
analysis showed significant differences in MG (H(4) = 9.93, P =
.041) and marginal differences in TA (H(4) = 8.57, P = .072).
Despite the trends between lateral and medial columns, the
adjusted pairwise comparisons did not show a significant dif-
ference (P > .005). Laterality was not observed in the abdominal
muscles (upper and lower rectus abdominis) in either condition
(see Supplemental Figure 6, http://links.lww.com/NEU/D218

and Supplemental Figure 7, http://links.lww.com/NEU/D219,
for details of stimulation amplitudes).

Sensory Mapping
Figure 7A and 7B shows ipsilateral and contralateral PF responses

obtained in a representative patient. Left lateral column triggered
stronger left PF while both medial columns evoked strong ipsilateral
PFs. The categorical comparison of PFs (Figure 7C, Figure, Sup-
plemental Digital Content 8, http://links.lww.com/NEU/D220)
showed that medial columns triggered more responses (left: 8/10 and
right: 7/10). Stimulation of the lateral columns induced only ipsilateral
responses. Statistical analysis indicated a significant association between
location and PFs (left:X2[7,N = 48] = 16.59,P = .020; right:X2[7,N =
48] = 20.21, P = .005). However, significance did not hold following
the Bonferroni correction (corrected P = .003). Comparison between
combined columns also showed a significant association with PFs (left:
X2[4, N = 48] = 12.89, P = .012; right: X2[4, N = 48] = 18.71, P =
.001); however, Bonferroni correction showed no significance (cor-
rectedP = .005). Spearmen correlation analysis did not show significant
correlation between the MRI-based features and PFs (Supplemental

FIGURE 5. EMG recruitment plots. Distribution of the normalized root mean square values of spinal cord stimulation–triggered EMGs at all tested amplitudes in a
representative subject across all columns in A, AH and B, MG. Tested columns are shown from the left lateral to medial to the right lateral. Gray circles: left side responses (LAH
and LMG). Black diamonds: right side responses (RAH and RMG). Black dashed lines indicating decision threshold at 50% change with respect to baseline. Laterality was
defined in our intraoperative neuromonitoring protocol for identification of the physiological midline when the ipsilateral EMG was two times larger than the EMG responses on
the contralateral side. The anatomic midline was used to assess laterality offline and grouped the columns as left vs right with respect to the midline accordingly. Average
physiological responses (values above the decision threshold) in C, AH andD, MG muscles per column. Anatomic midline is shown with a dashed line. Gray bars: left side. Black
bars: right side. AH, adductor hallucis; EMG, electromyography; HR-SCS, high-resolution spinal cord stimulation; LAH, left adductor hallucis; LMG, left medial gastrocnemius;
MG, medial gastrocnemius; RAH, right adductor hallucis; RMG, right medial gastrocnemius.
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Figure 9A, http://links.lww.com/NEU/D221, http://links.lww.com/
NEU/D222, 9B, 9C, http://links.lww.com/NEU/D223).

DISCUSSION

In this National Institutes of Health-Helping to End Addiction
Long-term (NIH-HEAL) initiative study, we tested the feasibility
of using a HR-SCS paddle for spinal motor mapping. We in-
vestigated the activation of medial and lateral thoracic targets
using IONM in patients with chronic pain and compared the
spatial coverage of the HR-SCS paddle with commercially
available paddles. We were able to show patterns of mediolateral
recruitment of the leg, foot, and buttock muscles in addition to
antidromic DC sensory–evoked potentials. This study is unique
in the sense of mapping intraoperative motor and antidromic
sensory activity using various locations over T9-12 of spinal cord
in humans and comparing recruitment maps of HR-SCS paddles
with commercial paddles in the same subjects.

To cover the low back pain, stimulation is delivered to reach the
DC fibers located deep in the area by avoiding from stimulating
DR fibers.33 Because the T9-10 also have fibers representing the
buttock and anterior legs, stimulation of DC produces more
widespread paresthesia unlike DR stimulation where paresthesia is
usually induced at a single dermatome.12,34 Therefore, accurate
placement of SCS electrode is important to avoid from inducing
stimulation-induced side effects. Although spinal cord mapping
has been widely investigated in animals, human mapping has been
limited. Recently, Hofstoetter et al35 constructed longitudinal
(top-down) mapping between the anatomic stimulated site and
the activated spinal segments. The correlation between the an-
atomic stimulation site and the activated medial-to-lateral DC has
yet to be investigated. This study is the first study in the literature
to perform medial-to-lateral mapping at T9-12 in patients with
chronic pain, where the stimulation pattern was in accordance
with the spatial organization of DC fibers.18

The activity maps demonstrated higher spatial recruitment by
HR-SCS. Both paddles showed the same level of response in

FIGURE 6. Group distribution of the evoked EMGs across the aligned columns in HR-SCS and commercial paddles. Boxplots indicating the mediolateral changes in RMS values
of triggered EMGs. Owing to lack of significant difference between the ipsilateral EMG responses, all contacts were aligned with respect to midline and labeled as ±4, ±3, ±2,
±1, and 0 (midline) from lateral to medial, respectively. Black boxes: HR-SCS paddle. Red boxes: Commercial paddles. + and * indicating outliers in HR-SCS and commercial
paddles, respectively. ADD, adductor magnus; AH, adductor hallucis; BF, bicep femoris; EMG, electromyography; GLUT, gluteus maximus; HR-SCS, high-resolution spinal
cord stimulation; LAB, lower abdominals; MG, medial gastrocnemius; RMS, root mean square; QUAD, quadriceps; TA, tibialis anterior; UAB, upper abdominals.
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upper leg (ADD, BF) and lower extremity muscles (AH and MG)
with medial stimulation; however, only HR-SCS through lateral
stimulation induced physiological responses in these muscles.
Considering that the HR-SCS paddle is 5- to 7-mm wider than
the 2-to-5-column commercial paddles, it is reasonable to expect
wider lateral recruitment. Although similar activation patterns
were observed in overlapping contacts between the paddles, ad-
ditional lateral contacts in the HR-SCS paddle targeted extremity
muscles selectively. It is possible that the additional ipsilateral
control within the extremities of the HR-SCS may lead to im-
proved targeting of focal pain in the lower (and possibly upper)
extremities.11,15

The commercial paddles with fewer, coarsely spaced columns
provide some buffer to overcome discrepancies between anatomic
and physiological midline up to 2 mm. However, if the subject
had unilateral or focal pain, the commercial paddle would be less
likely to cover the painful area. Higher amplitudes may reach these

targets; however, they would result in off-target discomfort and
carry the risk of draining the battery sooner. Therefore, as our
group demonstrated previously,31 determining the physiological
midline properly during the surgery using IONM might provide
an optimal lead placement for greatest efficacy and a priori
knowledge on postoperative programming.
This pilot study demonstrates the feasibility of using HR-SCS

paddles in human subjects to provide selective stimulation and to
treat a wider area of the spinal cord and the associated dermatomes.
HR-SCS provides 50% wider stimulation area including DC,
rootlets, and DR. By providing comprehensive coverage of the spinal
cord, the need for intraoperative/awake-patient testing to identify
proper placement might be eliminated, because the full epidural
width is treatable by a single electrode array. Furthermore, the span of
the paddle provides a new ability to selectively stimulate discrete DR
fibers for more selective treatment of focal pain including complex
regional pain syndrome, postherniorrhaphy, and knee pain.11,15

FIGURE 7. Laterality assessment based on the PF responses. A, Schematic shows the tested columns in the high-resolution spinal cord stimulation paddle. B, Bilateral PF
responses triggered by each column in a representative subject. Purple: LPF responses. Green: RPF responses. Dashed lines indicating the decision thresholds at ± 50% of root mean
square. Column 8 is excluded from the analysis because of misaveraged trials. C, Categorical distribution of LPF (purple) and RPF (green) before and after combining the left-
sided and right-sided columns located the same distance away from the physiological midline. Because no significant difference was found between the ipsilateral PF responses, all
contacts were aligned with respect to midline and labeled as ±4, ±3, ±2, ±1, and 0 (midline) from lateral to medial, respectively. Light color bars: Total number of cases tested for
PF. Dark color bars: Total number of cases showing physiological PF response. LPF, left popliteal fossa; PF, popliteal fossa; RPF, right popliteal fossa.
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We demonstrated that selective recruitment could be accom-
plished in many subjects which could not be performed using
conventional paddles. The programming of HR-SCS paddles would
be performed using a semiautomated algorithm which localizes
stimulation to a larger area and then with patient feedback focuses
the stimulation to a narrower range of dermatomes. Our ultimate
goal is to test HR-SCS in awake patients who can report localization
of paresthesia and quality of pain therapy in a particular dermatome.
These long-term studies would help determine whether the HR-
SCS paddles may one day replace conventional paddles.

Limitations of the Study
We acknowledge several limitations of this feasibility study. First,

our sample size was limited to 11 patients with complete data.
Second, this study was limited to 25-minute monitoring under
general anesthesia; thus, data collection was limited to certain de-
cisions. Third, recruitment of PFs from the commercial paddles was
not possible because of lack of a commercially available adaptor to
connect to the IONM system. Finally, both ourHR-SCS paddle and
commercial paddles were not placed at the exact same location in all
cases.Wemitigated this limitation by aligning all stimulation contact
sets to the anatomic midline based on intraoperative x-ray images.

CONCLUSION

Our results showed that HR-SCS was able to evoke distinct
motor responses at thoracic levels and exhibited unique patterns in
the lower extremities. Although there is no postoperative pares-
thesia mapping in this study, we speculate that wider spatial
coverage of HR-SCS paddle might simultaneously target lower
back and distal extremity pain and be an alternative to more
challenging surgeries. Furthermore, our study supports the
functional use of IONM in SCS surgery and provides a robust
methodological framework.
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Supplemental Digital Content 2. Table. Specifications of high-resolution spinal
cord stimulation paddle.
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Supplemental Digital Content 4. Figure. Intraoperative X-ray images of the
high-resolution spinal cord stimulation (HR-SCS) paddles overlaid with com-
mercial paddles in 3 representative subjects. Overlay with a 2-column commercial
paddle A, a 4-column commercial paddle B, and a 3-column commercial paddle.
C, The tripolar contacts tested for mapping demonstrate a good overlap in cases A
andBwhile it is suboptimal in caseC. Here, the most caudal contacts were used for
mapping. All paddles were placed over thoracic T9-10.
Supplemental Digital Content 5. Figure. Electrode clustering. As shown in the
intraoperative x-ray image of a representative subject, anatomic midline was de-
termined, and the columns (tripolar contact sets) positioned at this midline was
relabeled as “0.” The columns on the left with respect to midline were relabeled
as�1,�2,�3, and�4, frommedial to lateral, respectively. Similarly, the columns

on the right with respect to midline were relabeled as +1, +2, +3, and +4, from
medial to lateral, respectively.
Supplemental Digital Content 6. Figure. Distribution of the high-resolution
spinal cord stimulation (HR-SCS) amplitudes used in motor mapping. Color bar
indicates the maximum current levels used for mapping in all subjects across the
columns. *representing the anatomic midline. Owing to failure in capturing the
intraoperative x-ray image of the study electrode, no midline is marked in Subject
10. Mapping started at 0 mA, and the stimulus amplitude was increased in 0.5 mA
steps until neuromonitoring identified an activation threshold. The maximum
amplitude was limited to 10 mA similar to the clinical standard of care. Heatmap
demonstrates the maximum pulse amplitudes used in each column across subjects.
In 4 subjects, the maximum amplitudes reached to 10 mA in all mediolateral
locations, while in 2 subjects, the test was stopped at maximum 3 mA and 7 mA,
respectively, where a motor threshold was reached. In other subjects, the maximum
levels varied between 6 and 10mA.When the recruitment maps were examined for
the amplitudes triggered an initial physiological response, trends showed that lateral
targets in comparison with medial targets required higher amplitudes to evoke
response in adductor hallucis (AH) (mean ± SD = 7 ± 3.16 mA vs 3.08 ± 2.62 mA)
and gluteus maximus (GLUT) (6.75 ± 4.27 mA vs 4 ± 0 mA) while the medial
targets required higher amplitudes to evoke response in adductor magnus (ADD)
(8.5 ± 0.71 mA vs 5 ± 5.66 mA) and tibialis anterior (TA) (7.5 ± 2.12 mA vs 5 ±
3.56 mA) in comparison with lateral targets. However, statistical analyses did not
show significant difference in any of the muscles (P > .05).
Supplemental Digital Content 7. Figure. Distribution of the stimulation am-
plitudes triggered physiological response in high-resolution spinal cord stimulation
(HR-SCS). Boxplots indicating stimulation amplitudes that correspond to the first
value exceeding the decision threshold (50% change). Columns labeled as ±4, ±3,
±2, ±1, and 0 are from lateral to medial, respectively. Black lines with circles
indicating the group mean and the + indicating outliers. ADD, adductor magnus;
AH, adductor hallucis; BF, bicep femoris; GLUT, gluteus maximus; LAB, lower
rectus abdominis; MG, medial gastrocnemius; QUAD, quadriceps; TA, tibialis
anterior; UAB, upper rectus abdominis.
Supplemental Digital Content 8. Figure. Left popliteal fossa (LPF) responses
with respect to stimulation at different amplitudes (1-5.5 mA) and locations
(columns 1, 3, 5, and 8). For categorical comparison of popliteal fossa (PF) re-
sponses over the mediolateral columns, the following decision criteria applied: (i) a
threshold was set to ± 50% of the signal’s root mean square (RMS) and (ii) any peak
appearing >10 ms later than stimulation onset and passing the threshold was
considered as physiological PF response. An initial visual assessment was conducted
to exclude the corrupted signals (eg, high deviation, contaminated trials). Black
dashed lines indicating the decision thresholds at ±50% of RMS. Dashed lines in
magenta indicating the 10-milisecond time point after stimulation onset.
Supplemental Digital Content 9. Figure. Correlation between MRI-based fea-
tures and peak latency of ipsilateral PF responses. A, Peak latency in millisecond vs
anterior-posterior diameter of dorsal column inmm.B, Peak latency inmillisecond vs
interpedicular distance in mm.C, Peak latency in millisecond vs dorsal cerebrospinal
fluid (CSF) thickness in mm. Columns labeled as �4, �3, and �1 are from left
lateral tomedial, respectively. Columns labeled as +4, +3, and +1 are from right lateral
to medial, respectively. Column labeled as 0 is the midline. Spearmen correlation
analysis did not show significant correlation between features.
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