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The Conformal, High-Density SpineWrap Microelectrode
Array for Focal Stimulation and Selective Muscle

Recruitment

Samantha M. Russman, Rhea Montgomery-Walsh, Ritwik Vatsyayan, Hoi Sang U,
Luis D. Diaz-Aguilar, Eric Y. Chang, Qingbo Tang, Keundong Lee, Tony L. Yaksh,

Sharona Ben-Haim, Joseph Ciacci, and Shadi A. Dayeh*

Epidural electrical stimulation (EES) of the spinal cord is widely applied for
pain management and as a possible route to functional restoration after spinal
cord injury. Currently, EES employs bulky, nonconformal paddle arrays with
low channel counts. This limits stimulation effectiveness by requiring high
stimulation currents, reduces selectivity of muscle recruitment, and requires
subject-specific designs to accommodate varied neuroanatomy across the
patient population. Here, on a thin-film, high-channel count microelectrode
array, termed SpineWrap is reported, which wraps around the dorsolateral
aspect of the rat spinal cord. SpineWrap delivers focal stimulation to
selectively activate muscles due to its thin substrate, high conformability, high
channel count, on-device ground, and the material properties of its platinum
nanorod contacts. Through computational and in vivo studies, the SpineWrap
can selectively recruit muscles in the rat lower limb and identify stimulation
hotspots at a submillimeter resolution, maximizing muscle recruitment
selectivity. The effect of channel count and density on muscle recruitment
selectivity is also investigated and show that rat spinal cord arrays require
submillimeter pitches to achieve maximal selectivity. SpineWrap represents an
advancement in EES technology and, when adapted to be used chronically, has
the potential to improve SCI treatment by providing more refined stimulation.

1. Introduction

injury (SCI). Epidural electrical stimula-
tion (EES) is currently delivered with clin-
ical paddle arrays, which were originally
developed to target the dorsal columns
for management of chronic pain.'?] More
recently, EES has emerged as a promis-
ing treatment strategy and has been ap-
plied to restore motor function in ani-
mals and humans with SCLB How-
ever, there are several technical limitations
of EES applied with paddle arrays. First,
paddle arrays in clinical use are made of
~2 mm thick silicone, making these de-
vices non-conformal to the spinal cord.
This lack of conformality leads to charge
spreading in the space between the pad-
dle array and the epidural surface, reduc-
ing stimulation focality.'*'2] Second, pad-
dle arrays have low channel counts, mak-
ing it difficult to deliver stimulation at di-
mensions that will target small populations
of sensory afferents. The electrode contacts
themselves are currently made of mate-
rials with relatively high impedance and
low charge injection capacity (CIC), such
as platinum.[>P] CIC is the charge per

Understanding and controlling spinal cord stimulation is neces-
sary for effective therapies for pain management and spinal cord

unit area that can be delivered from a given contact before the
onset of irreversible electrochemical reactions at the electrode-
tissue interface that can damage the contacts and surrounding
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tissue.'! Therefore, scaling these electrode contacts to smaller
contact areas would significantly limit their CIC and intro-
duce additional challenges due to the voltage compliance
limits of the back-end electronics used for stimulation. Fi-
nally, the resulting low contact density of paddle arrays ne-
cessitates patient-specific designs to accommodate the var-
ied neuroanatomy across subjects,'”!®] limiting the effec-
tiveness and the suitability of this technology for broader
populations.

Previous studies have focused largely on reducing the rigid-
ity and thickness of EES arrays to minimize foreign body re-
sponse and spinal cord compression that occurs during implan-
tation of thick and rigid arrays.['>2°] Other studies have also
developed new microelectrode arrays that are fabricated on ei-
ther thin polymer substrates, such as polyimide or parylene-
C,21-8] or elastomer substrates, such as polydimethylsiloxane
(PDMS).12*%7] Although reducing substrate thickness and rigid-
ity coincides with increased conformality, these arrays mostly
possess channel counts on par with clinical grids and the ad-
vantages of such arrays for delivering stimulation are not clearly
illustrated.

The question remains whether the efficacy of EES in selec-
tively recruiting target muscles can be further improved with
more focal stimulation. The proximity of neurons to the current
source makes them more susceptible to activation at lower stimu-
lation current intensities. Therefore, we hypothesized that bipo-
lar stimulation using a high-density, conformal microelectrode
array would more selectively target afferents in a small volume
directly under the stimulating electrode contact pair and identify
submillimeter hotspots for optimal stimulation. Thus, such an
array would allow for more precise and more complex stimula-
tion patterns.

Here we introduce SpineWrap, a 6.6 um thin film, 156-channel
high-density microelectrode array for targeted EES. The thin-
ness and unique design features of the parylene-C substrate al-
low SpineWrap to “wrap” around the spinal cord curvature, re-
sulting in high conformality over a large area while ensuring
each electrode contact is uniformly touching the dural surface
(Figure 1a,b). The high density and small size of SpineWrap
contacts is possible because of the material properties of the
platinum nanorod (PtNR) contacts (Figure 1c). We demonstrate
that SpineWrap can deliver focal EES to the rat lumbar spinal
cord resulting in highly selective recruitment of 6 lower limb
muscles and locate stimulation hotspots for highest selectiv-
ity. We quantify the focality of SpineWrap stimulation using
a computational model of the lumbar spinal cord recreated
from MRI scans and show that stimulation with SpineWrap
can activate tissue at depth without compromising the focal-
ity of stimulation. Finally, we evaluate the impact of channel
count on muscle recruitment selectivity with post hoc chan-
nel subsampling analysis and in vivo validation studies. We
show that, in rats, high-density arrays require submillimeter
pitches (median = 570 um, IQR 461-799 pm) so as not to re-
duce maximum achievable selectivity during bipolar stimulation
across all muscles measured in this study. In its current form,
SpineWrap constitutes a new, valuable research tool for prob-
ing spinal cord networks. In the future, SpineWrap has poten-
tial to improve the efficacy of EES stimulation for treatment
of SCI by delivering more focal stimulation compared to clini-
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cal paddle arrays and previously developed EES microelectrode
arrays.

2. Results

2.1. SpineWrap Design

The high contact density and small diameter of SpineWrap are
enabled by the PtNR contact material. PtNRs have a very low
impedance;?®! at 1 kHz the impedance of a 100 um PtNR con-
tact is 17 times lower than that of a planar platinum contact
(Figure 1c). PtNRs also have high CIC; in saline, a 100 um PtNR
contact can inject up to 6 mA of current at 100 ps pulse width,
which is 32 times greater than the 190 pA that can be safely in-
jected by a planar platinum contact without causing water elec-
trolysis (Figure 1c). In vivo, our 100 pm PtNR contacts permit
the delivery of current levels up to ~300 pA, which is enough
to elicit strong muscle activation. The difference between the
saline and in vivo maximum currents is a result of the differ-
ent conductivities and current spreading effects between the 2
media.[??! PtNRs have been used previously for neural stimula-
tion and recording in animals and patients in acute and chronic
settings.[?$30-32] SpineWrap PtNR contacts were stable through-
out the acute stimulation experiments performed in this study.
The median impedance of the SpineWrap contacts was 5.12 kQ
when measured in saline. When measured on the spinal cord be-
fore stimulation, the median impedance increased to 16.3 kQ and
did not change significantly when measured again after the con-
clusion of the experiment, with a median impedance of 15.6 kQ
(p = 0.29, two-sided Mann Whitney U test, Figure S1, Support-
ing Information). Scanning electron microscopy (SEM) imaging
of contacts before and after stimulation showed no morphologi-
cal changes to the PtNRs (Figure S1, Supporting Information).
SpineWrap contact distribution can be customized and is de-
signed here to target the dorsolateral L3-LS spinal segments of
the rat spinal cord. To design SpineWrap, we dissected the lum-
bar rat spinal cord to determine the average lengths of the lum-
bar dorsal root entry zones (DREZs, n = 5, Figure 1d; Table S1,
Supporting Information). Based on these measurements, we de-
termined the optimal electrode array dimensions to be 9 X 3 mm
to provide adequate longitudinal and lateral coverage to the L3-L5
DREZs and account for small deviations in segmental length and
electrode placement (Figure S2, Supporting Information). When
determining the channel number and density of the array, we
used COMSOL Multiphysics computational modeling based on
an MRI reconstruction of the rat lumbar spinal cord (Figure 1d)
to identify pitch ranges that resulted in focal and deep stimula-
tion. We also considered the practical time constraint of acute
studies, with each contact and current level requiring > 10 s of
stimulation time. We optimized the contact layout with respect
to these constraints and designed an electrode of 26 rows X 3
columns (78 contacts) on each side of the midline to arrive at
a total of 156 contacts for the entire array. The horizontal (cir-
cumferential) pitch between the stimulating contacts was 500 um
and the vertical (axial) pitch was 360 um. This array configuration
allowed for complete longitudinal coverage of the L3-L5 DREZs
while also extending laterally enough to cover the center points
of the mediolaterally located DREZs along the circumference of
the cord (Figure S2, Supporting Information), without so much
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Figure 1. The SpineWrap microelectrode array for delivers focal spinal cord stimulation. a) SpineWrap design features including the 156 channel PtNR
contact array with 100 um contact diameter and 6.6 pm thick PxC substrate. b) Left: Close-up view of the microelectrode array. Stimulation was delivered
in a bipolar configuration between neighboring contacts in each column. Ground lines limited current spreading. Middle: Flaps and teeth allowed for
conformal placement over curved rat lumbar spinal cord. Right: Image of SpineWrap on spinal cord. c) Low impedance and high CIC of PtNRs allowed
for micro-scale contact size to deliver high stimulation amplitudes. d) Dissections (n = 5) and MRI (n = 2) was used to identify the dimensions of
the DREZs and guide SpineWrap design. e) SpineWrap coverage of the rat lumbar spinal cord and corresponding muscle innervation levels based on
previous work.[*] f) Muscles recorded during the experiment and example trial-averaged high-amplitude EMG responses (n = 6, gray line represents +
1 standard deviation).

lateral coverage as to compromise the conformality and uniform  line, which was sufficient to provide optimal stimulation to each
contact of the electrode on the entire surface of the cord. Assum-  DREZ based on our own modeling results presented below and
ing perfect placement, the L3 DREZ was covered by 66 contacts,  previous literature.’!

the L4 DREZ was covered by 48 contacts and the L5 DREZ was To limit current spreading through highly conductive cere-
covered by 42 contacts (Figure S2, Supporting Information). The  brospinal fluid (CSF) that fills the space between the dura and the
lateral coverage of SpineWrap spanned 1250 um from the mid-  spinal cord surface, we delivered stimulation in a bipolar manner
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along the spinal cord surface between contacts in each column
of SpineWrap, with the cathode position superior to the anode
(Figure 1b). In this configuration, current flowed between the ad-
jacent electrodes, which facilitated spatially selective stimulation.
Bipolar stimulation is commonly used in the clinic setting,!*’!
however for clinical grids the anode is set to ground. In our de-
sign, setting each anode to ground constituted a technical chal-
lenge and was impractical given the large number of contacts.
Instead, the anode delivered the reverse polarity current to the
cathode, thus driving current flow, and an on-device ground was
placed separately on the array to sink any residual charge that is
not extracted by the bipolar contacts.

In earlier studies the ground was not incorporated in the elec-
trode design but placed separately in the paraspinal muscles
(Figure S3, Supporting Information). Practical imperfection of
charge balance in bipolar stimulation and the inability to fully
extract injected charge led to current spreading resulting in the
undesired direct activation of motoneurons, likely through the
ventral nerve roots. Furthermore, while the bipolar stimulating
contact can partially limit the spread of current along the axis of
the spine, the lateral spread of current along the circumference of
the spine is less controllable with a purely bipolar design. Direct
motoneuron activation was identified by analysis of electromyo-
graphy (EMG) latency (Figure S4, Supporting Information), with
EMG responses appearing much sooner after stimulus in the
case of direct motoneuron activation. In one of these earlier stud-
ies (Figure S3 (Supporting Information), layout 3), bipolar stimu-
lation resulted in early latency EMG responses in some muscles,
such as the vastus lateralis (median onset time 2.45 ms after stim-
ulus, Figure S4, Supporting Information), indicating direct mo-
toneuron activation. Since the EMG activation occurred primarily
at the bottom of the electrode array at the L5 spinal level, we hy-
pothesized that current spread to the L3 ventral nerve root, which
was in a lateral position at the L5 spinal level and innervates the
vastus lateralis. We confirmed that current spread was significant
in the earlier designs by shifting the position of the ground nee-
dle in tissue (Figure S5, Supporting Information). Depending on
the location of the ground needle, we observed a change in the
contacts eliciting muscle activation.

We modeled the spread of current using COMSOL simula-
tions for a reconstructed model of the rat spinal cord. To de-
termine the L3-L5 nerve root organization and overlap and to
preserve their in situ trajectory, we imaged the intrathecal lum-
bar and sacral nerve root organization using MRI (Figure 1d;
Figure S6, Supporting Information). We then reconstructed a 3D
anatomical model to serve as the basis for our finite element mod-
eling to calculate field-distributions and imported the model into
COMSOL. In COMSOL, we gave each tissue an electric conduc-
tivity based on previously reported values**! (Table S2, Sup-
porting Information). We modeled stimulation with and without
charge mismatch to illustrate the advantage of electrode arrays
with and without an on-device ground (Figure S7, Supporting
Information). We found that charge mismatch significantly re-
duced stimulation focality without on-device ground.

These results led us to redesign the electrodes to incorporate
the ground adjacent to the stimulating electrode contacts to cre-
ate an on-device ground. An on-device ground was critical for the
focal stimulation and selective activation of DREZs. This was in-
cluded in the form of ground lines between columns of contacts
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(Figure 1b, middle). In subsequent experiments, the electrode
with on-device ground lines did not show any current spreading,
with significantly higher latency EMG responses recorded even at
the highest current levels (median onset time 4.85 ms after stim-
ulus, p < 0.05, two-sided Mann Whitney U test; Figure S4, Sup-
porting Information). This indicates indirect motoneuron activa-
tion through sensory afferents. Thus, with its on-device ground,
SpineWrap provides focal stimulation without current spread.

In designing the on-device ground, we explored both a con-
centric ground ring around each contact and in-plane ground-
lines in between rows of contacts. The concentric ground design
was previously proposed as a method to deliver highly focal cor-
tical stimulation.*®! In our experiments, concentric ground did
not result in EMG response amplitudes that were as high as for
ground lines (Figure S8, Supporting Information). We concluded
that the distance between the stimulating contact and surround-
ing ground was too small for even high stimulation currents to
reach sufficient depths to recruit enough afferent fibers to pro-
duce large EMG responses. This resulted in a tradeoff between
cathode-to-ground pitch and contact density. Therefore, we opted
for vertical ground lines on SpineWrap to not compromise the
high density we aimed to achieve.

For focal stimulation, it was critical that SpineWrap wraps con-
formally onto the spinal cord surface to ensure uniform contact
of all electrode contacts and ground lines on the array and there-
fore generate consistent stimulation across all contacts. Uniform
conformality across all contacts was a challenge since the array
needed to capture enough longitudinal and lateral coverage of
the DREZs while also allowing for longitudinal bending along
the axial curvature present in rats at the L3-L5 spinal segments.
We tested many iterations of the electrode array design to achieve
a conformal device (Figure S3, Supporting Information). We ul-
timately opted for a device design that had 2 flaps in the up-
per and lower regions (Figure 1b, middle). These flaps allowed
the electrode to latch onto the L3-L5 spinal levels while omitting
the T13-L1 vertebral bone junction, which was left intact to not
damage to the nerve roots exiting at this location. Between the
flaps, teeth were etched into the lateral edge of the array to relieve
buckling of the flat parylene C film. Ultimately, this design al-
lowed for consistently conformal placement of SpineWrap across
animals (Figure 1b, right). During stimulation, we additionally
placed gel foam onto the electrode surface and the surround-
ing tissues. This has kept the epidural surface moist and the
electrode in place. We compared the placement of the electrode
before and after the stimulation to confirm the electrode place-
ment did not shift during stimulation (Figure S9, Supporting
Information).

2.2. Stimulation Focality of SpineWrap

We used SpineWrap to recruit lower limb muscles in anes-
thetized intact rats. Stimulation was delivered via the Intan
RHS Stim/Recording System and a custom-designed PCB with
a BGA clamshell socket (Figure S10, Supporting Information).
The SpineWrap connector region was aligned to the BGA under
an optical microscope. Once SpineWrap was well aligned in the
socket, the clamshell socket lid was closed, making contact be-
tween the SpineWrap connector area and the BGA. The use of
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the clamshell socket eliminated the necessity of using epoxy to
bond the connector region to the PCB, reducing risk of shorts
due to epoxy spreading.

We stimulated at 0.5 Hz in a semi-random order and recorded
muscle activity with bipolar EMG needles in 6 muscle groups in-
nervated by the L3-L5 spinal segments:I? biceps femoris (BIC),
vastus lateralis (VAS), tibialis anterior (TIB), gastrocnemius
medialis (GAS), semitendinosus (SEM) and gluteus maximus
(GLU) (Figure 1e,f). We computed the peak-to-peak (PTP) EMG
amplitudes of the recorded response waveforms. PTP amplitudes
were normalized (PTP,,,..) by dividing them by the maximum
peak-to-peak amplitude (PTP, ) across current levels (see Meth-
ods) to perform inter-muscular and inter-animal analysis. We
performed stimulation on both left and right sides of the spinal
cord in 2 rats (referred to as datasets Rat 1r/l and Rat 2r/l) and on
the right side only in 2 rats (referred to as datasets Rat 3r and Rat
4r). Since in this study we investigated general trends in muscle
segmental activation and selectivity without emphasis on precise
mediolateral contact position, we grouped the left and the right
datasets from different animals in our analysis to arrive at total
of 6 datasets for this study.

We varied stimulation currents between 15-300 pA and mea-
sured the EMG responses. At low current levels, only a few pairs
of bipolar contacts showed muscle activity at the corresponding
spinal cord segmental level (Figure 2a—c,e,f). Increasing the stim-
ulation current increased the number of bipolar pairs of contacts
generating significant muscle response. As the current ampli-
tude was increased, nearest neighboring bipolar contact pairs to
those initially selective to specific muscles at lower amplitudes
began to also elicit muscle responses, with highest current levels
generating responses across many bipolar contact pairs and mul-
tiple segmental levels. We defined the current amplitude thresh-
olds necessary to generate a significant muscle response as those
resulting in an EMG response with > 0.1 PTP,,. and identi-
fied the median current threshold to be 35-50 pA across muscles
(Figure 2d).

We hypothesized that at low current levels there are few con-
tacts eliciting muscle activation because the stimulation is very
focal and only targets the sensory afferents directly under the
bipolar contact pair. Increasing the stimulation current ampli-
tude activates afferents further from the bipolar contact pair, thus
many multiple pairs can activate the same afferents, resulting in
widespread muscle activation. We used finite element modeling
in COMSOL Multiphysics to illustrate this effect by increasing
stimulation from a pair of contacts and the plotting resulting po-
tential (Figure 2g). To do this, we imported a 3D construction of
the MRI imaged rat lumbar spinal cord into Blender, and individ-
ual spinal elements were then converted into.stl files and used
in COMSOL Multiphysics (See Methods, Computational Mod-
eling). Even at 250 pA current levels, there was no appreciable
potential within the spinal cord white matter that would cause
activation, with significant potential gradients only in the CSF.

2.3. Muscle Recruitment Selectivity
To assess the impact of SpineWrap’s focal stimulation on se-

lective muscle recruitment, we computed the selectivity index
(SI) for each muscle and each contact using previously pub-
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lished equations for selectivity,’”] where SI is the difference be-
tween PTP, ., for each current level, contact, and muscle and the
mean PTP,_  of the remaining muscles (see Methods). Across
datasets, we found that the SI distribution generally agreed with
spinal innervation (Figure 3a; Figure S11, Supporting Informa-
tion). The SI distribution per muscle skewed toward zero for
most muscles and most datasets, with few channels per electrode
eliciting high selectivity (Figure 3b; Figure S12, Supporting In-
formation). Additionally, in some locations on the array, SI val-
ues varied significantly between neighboring contacts, indicating
that stimulation from neighboring contacts activated distinct sets
of muscles (Figure 3c).

We extracted the maximum SI (SI,..) per channel for each
muscle and each dataset and overlaid the channel locations of
SI,... (Figure 3d; Figure S12, Supporting Information). The loca-
tions of SI, were closely distributed and corresponded to the
expected muscle innervation. Exceptions were Rat 2r, where the
SEM and GLU SI__. were positioned in the upper part of the ar-
ray and Rat 41, where the GAS SI,, was positioned in the upper
part of the array (Figure S13, Supporting Information). To deter-
mine the average SI__ . achievable with the SpineWrap array, we
compared SI ., values across the datasets. We found that the av-
erage SI . was > 0.5 for all muscles (Figure 3e), indicating that
the SpineWrap array could achieve moderate to high selectivity
across all 6 muscle groups recorded in this study.

A motivator for this study was the hypothesis that the high-
channel count of SpineWrap would result in more options for
channel selection and point to hotspots of maximal selectivity,
thus optimizing the stimulation locations compared to conven-
tional, low-channel count paddle arrays. The SI distributions in
Figure 3b indicate that SpineWrap can identify hotspots with very
high selectivity. To further evaluate this hypothesis, we investi-
gated how selective the SI . channels were compared to the
remaining SIs. Across datasets and for each muscle, we identi-
fied contacts with comparable SI value to SI, .. by calculating the
number of contacts per dataset that had an SI > 90% of SI__..
We found that the median number of bipolar contact pairs with
a comparable SI value across datasets was between 1-3 per mus-
cle (Figure 3f). Thus, we conclude that SpineWrap’s high-density
coverage can pinpoint to a few hotspot locations for highest mus-
cle recruitment selectivity.

norm

2.4. Effect of Array Channel Count and Resolution on
Recruitment Selectivity

Improving stimulation focality by increasing channel count and
resolution has been a topic of interest in the neuromodulation
community. However, to the best of our knowledge, this effect has
never been quantified for spinal cord stimulation. Though our SI
values indicate selective muscle recruitment, SI values are diffi-
cult to directly compare to previous studies using lower density
arrays due to differences in experimental design and recorded
muscle groups. We explored an alternative method for quantify-
ing the impact of both channel count and resolution on stimula-
tion selectivity.

We subsampled the SpineWrap array using Poisson Disk sam-
pling and computed subsamples of 4-36 bipolar contact pairs
(n = 1000). The resultant range of pitches between the bipolar
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Figure 2. SpineWrap delivers focal spinal cord stimulation. a) Placement of SpineWrap on spinal cord for Rat 3r and approximate locations of innervations
for muscles tibialis anterior (green) and vastus lateralis (blue). b) Increasing current amplitude results in widespread activation of TIB. c) Close-up view
of the black box in (b) with plotted trial-averaged EMG waveforms. Black arrows indicate stimulation time. d) The stimulation current threshold necessary
to produce a significant EMG response (>0.1 PTP,,,, n = 6) for each muscle. Each boxplot shows the distribution of the current threshold for a given
dataset and muscle. The horizontal center lines and boxes indicate the median and the 25th/75th percentile and the vertical solid lines represent the full
range of the distribution. €) Increasing current amplitude results in widespread activation of VAS. f) Close-up view of the black box in (e) with plotted trial-
averaged EMG waveforms. Black arrows indicate stimulation time. g) Modeling results from COMSOL quantifying the focality of stimulation delivered
by a pair of electrodes on the L4 DREZ at increasing current levels.

contact pairs (termed inter-cathode pitch) was 624.5-1873 um
(see Methods). We then evaluated the SI . of these subsam-
pled datasets (Figure 4a). Reducing the number of bipolar con-
tact pairs available for stimulation reduces the median SI,,, of
the subsamples (Figure 4b; Figure S14, Supporting Informa-
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tion). We fit a 4th degree polynomial to the median SI for each
pitch and each muscle and extrapolated the minimum inter-
cathode pitch necessary to achieve > 90% SI, . of the original
array. The minimum pitch to not reduce SI,,, of the subsam-
ple was 570 pm, which is the median minimum pitch required

© 2025 Wiley-VCH GmbH
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Figure 3. SpineWrap produces selective lower limb muscle activation. a) Example Sl distribution across electrode arrays for all muscles for Rat 3r.
b) The distribution of selectivity indices for Rat 3r. c) Selectivity can vary on the scale of individual channels, with neighboring channels recruiting
different muscles more selectively. For example, the dominant muscle shifts from TIB at channels 126 and 127 to BIC and GLU at channel 128. Similarly,
the dominant muscle shifts from VAS for channel 96 to TIB and BIC for channel 97. At channel 98, no muscle is highly selective. d) Comparison of
cathode locations of bipolar contact pairs that produced Sl,,,, for each muscle across all datasets. e) Sl ,,, values for each muscle across all datasets
(n=6). The open black circles are the mean Sl for each muscle, and the black line connects the mean Sl ., from the different muscles. f) The number
of bipolar contact pairs that have Sl values close to Sl,,,,. Each boxplot shows the distribution of the number of pairs with Sl values >90% of Sl .., for
each dataset (n = 6 datasets) and muscle. The horizontal center lines and boxes indicate the median and the 25th/75th percentile and the vertical solid
lines represent the full range of the distribution.

for SEM (Figure 4c, IQR 461-799 pm). Unlike previously de-  diameter from 100 to 500 pm to match the contact area more
veloped low-density rat EES arrays,[?2%8] SpineWrap possesses  closely in previously developed low-density rat EES arrays.[?238]
a pitch smaller than this minimum pitch. Therefore, we con-  The array coverage, shape, thickness and ground lines design
clude that the electrode design does not contribute to reduction ~ were the same as those of SpineWrap to limit variability in re-
of SI. sults due to conformality, placement, and grounding (Figure S15,
Supporting Information).
We performed additional stimulation with the low-density ar-
2.5. Validation of High-Channel Count Array Benefits with In Vivo  ray in Rats 2r/l and 4r. Current levels up to 1 mA were used
Experiments while staying within the charge injection limit of the larger di-
ameter. For analysis, we aligned the electrodes based on blood
We validated the subsampling results with an in vivo study. We  vessel patterns on the spinal cord surface (Figure 5a). We com-
fabricated a similar array to the SpineWrap array, but we in-  pared the SI value range of the 2 arrays and found that the distri-
creased the horizontal and vertical pitch of the contacts from  bution was narrower for the low-density array across all muscles
500 and 360 um to 1000 and 800 um, respectively. The resulting  (Figure 5b), highlighting that SpineWrap can identify stimulation
channel count of this array was reduced from 156 contacts to 40  hotspots to maximize SI. SI_, was larger for the high-density
contacts and the resulting density dropped from 5.6 to 1.42 con-  array compared to the low-density array, as indicated by the ra-
tacts mm~2. The mean pitch (see Methods) increased from 424.3  tio between the low-density and high-density values (Figure 5c,
to 837.9 um, falling well outside of the 570 um minimum pitch  see Methods). Notably, this empirical data shows a larger impact
identified in the subsampling analysis. We increased the contact  of channel count on selectivity than the subsampling analysis
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Figure 4. Muscle recruitment is more selective with high-spatial resolution and high-channel count spinal cord coverage. a) Example subsamples of the
array at various cathodic pitches (n = 1000 subsamples obtained using Poisson Disk sampling). b) Median maximal recruitment selectivity, measured
as the ratio of the subsample Sl to the Sl of the full array, increased with smaller decreasing inter-cathode pitch. The horizontal center lines and
boxes indicate the median and the 25th/75th percentile and the vertical solid lines represent the full range of the distribution. Note that at the smallest
pitch there is only one datapoint, which is the Sl ., of the full array. Sub-sampling results are from Rat 2r. c) The minimum inter-cathode pitch required
to not reduce the median Sl,,, of subsamples across all muscles was 570 um (minimum pitch for SEM). Dashed line represents the pitch of SpineWrap.

predicted, albeit for a particular choice of design parameters. At
an inter-cathode pitch of 838 pum, the subsampling analysis pre-
dicted SI,,, ratios > 0.7 for all muscles whereas the in vivo data
produced ratios less than that for most muscles. This may in part
stem from non-linear effects of inter-cathode pitches on selectiv-
ity that are not captured in the post hoc subsampling analysis and
in part from the larger contact diameter, resulting in stimulation
delivered over a larger surface area. Moreover, the subsampling
analysis did not account for changes in pitch between the cathode
and anode (termed cathode-anode pitch) of each bipolar contact
pair as the inter-cathode pitch increased; instead, the cathode-
anode pitch remained 360 pm, whereas the cathode-anode pitch
of the low-density array increased to 1000 um. In conclusion, the
in vivo results confirm that higher-channel count and higher-
density electrode arrays improve muscle recruitment and selec-
tivity and reduce the necessary current amplitudes for stimula-
tion.

2.6. Modeling the Effect of Contact Diameter and Spacing on
Potential Gradients
Each design parameter for the electrode, including the contact-

to-contact pitch (both circumferentially and axially) and the spac-
ing between contact and ground lines, has a significant impact
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on the measured focality of stimulation. Practically, it is impossi-
ble to cycle through all possible design choices in vivo. There-
fore, to predict the impact of the electrode design parameters
on focality, we compared the spread of potentials and the width
and the depth of afferent axon recruitment to various contact ar-
rangements using computational modeling in COMSOL. First,
we computed the potential profiles consistent with the stimu-
lation paradigms that we employed in vivo (Figure 5d). We ob-
served that with larger diameter contacts, the potential spreads
more laterally, which effectively reduces the selectivity of stimula-
tion, consistent with the experimentally observed results. Larger
contacts have the capability of injecting significantly higher cur-
rents, but the selectivity of stimulation is greatly reduced at the
same charge density (318.3 pC cm™2). This highlights the bene-
fit of using smaller diameter low-impedance materials for focal
stimulation.

We evaluated the relationship between stimulation depth ver-
sus width. We used a previously published approximation of axon
activation to unipolar stimulation to identify a threshold poten-
tial for afferent activation. This method relies only on the extra-
cellular potentials of the node under the stimulating cathode and
the neighboring nodes.[*”! The threshold potential was found to
be 28 mV for a 10 um diameter axon with internodal distance
of 900 um (Figure S16 (Supporting Information), see Methods).
This axon diameter and internodal distance correspond to the

© 2025 Wiley-VCH GmbH
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Figure 5. In vivo validation of high-channel count effect on muscle recruitment selectivity. a) Placement of SpineWrap and the low-channel count array
for Rat 2. Arrays were aligned in post-processing based on vasculature on the spinal cord surface highlighted with black arrows. b) Sl range for both arrays
for Rat 2r. c) Comparison of Sl ratio between SpineWrap and the low-channel count array. Low-channel count array Sl values are divided by SpineWrap
Sl values. The open black circles are the mean Sl ratio for each muscle, and the black line connects the mean values from the different muscles.
d) Computational modeling of equal current and equal charge density delivered from 100 and 500 um diameter bipolar contact pairs. e) Stimulation

depth versus stimulation width for 100 and 200 um diameter bipolar contact pairs.

size of the group I fibers in the rat spinal cord, which travel
through the dorsal roots and DREZs.** This threshold potential
was used to evaluate stimulation depth versus width of 100 and
200 pm bipolar contact pair arrangements (Table S3, Supporting
Information). Although changing the dimensions of the contacts
and the contact spacing will the affect potential gradient, which
in turn affects the threshold potential, we chose 28 mV as the
threshold across all bipolar contact pairs and currents tested as
a reference for measuring stimulation depth and width consis-
tently between different contact sizes without introducing addi-
tional dependent variables. Our results show that smaller diam-
eter contacts with on-device ground lines stimulate deeper with
lower lateral spread than larger diameter contacts (Figure 5Se).

3. Discussion

SpineWrap is, to the best of our knowledge, the highest channel-
count and highest density spinal cord microelectrode array for
EES to date. SpineWrap was able to deliver focal stimulation to
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selectively activate muscles due to its unique design features,
including its thin substrate, conformability, channel count, on-
device ground, and the material properties of its PtNR con-
tacts. We quantified the focality of the delivered stimulation
through computational modeling. In vivo recordings in rat spinal
cord stimulations further supported these results. We showed
that SpineWrap selectively recruited all 6 lower limb muscles
recorded in this study, with median SIs > 0.5. We showed that
SpineWrap can elucidate hotspots for optimal stimulation at sub-
millimeter resolution, on the scale of individual 100 um contacts.
Finally, we performed post hoc analysis and additional in vivo
studies to determine that high-channel count improves selectiv-
ity.

In our subsampling analysis, the minimum inter-cathode
pitch before significant loss in selectivity (SI < 90% SI, ) was
observed was 570 pm. Given that the L3-L5 DREZ lengths range
from 3.28 + 0.67 mm for L3 to 2.40 + 0.40 mm for L5, this in-
dicates that at minimum 5-7 contacts must cover each DREZ
longitudinally to achieve the same SI results. One limitation in

© 2025 Wiley-VCH GmbH
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this analysis is that the inter-cathode pitch did not reflect the
cathode-anode pitch as these were determined physically by the
electrode design. As a result, the delivered stimulation was more
focal than would be the case with a lower channel count ar-
ray and larger cathode-anode pitch than the subsampling anal-
ysis predicted. We accounted for this limitation in the in vivo
validation studies. We confirmed selectivity is reduced in lower
channel count arrays with in vivo studies, where we compared
SpineWrap stimulation capabilities to a lower density array with
only ~3 contacts in the longitudinal direction per DREZ. We
showed that the high-density SpineWrap indeed outperformed
the low-density array in stimulation focality and selective muscle
recruitment.

The results we report here on contact density and selectiv-
ity are proof-of-concept and should not be generalized. In par-
ticular, the low-density array we used to compare to the high-
density SpineWrap was thin film, thus it likely delivered stim-
ulation in a different manner than thicker paddle arrays. Fur-
ther studies investigating the impact of contact density on se-
lectivity will be performed to fully explore this relationship. Ad-
ditionally, since the low- and high-density arrays could not be
placed simultaneously on the spinal cord, the stimulation de-
livered from the low-density and high-density arrays could not
be randomized. Therefore, there could be unaccounted for ef-
fects of time on the results we report here. However, across stud-
ies, we did not observe an effect of time on EMG amplitude,
therefore we expect this effect to be minimal. Additionally, for
the width versus depth analysis, we used a threshold of 28 mV.
The threshold for activation is dependent on the spatial distribu-
tion of the potential field, therefore this value is not the de facto
threshold and is used only to standardize the potential gradient
analysis.

To translate SpineWrap for SCS in the chronic setting, meth-
ods of integration of SpineWrap with implantable pulse genera-
tors (IPGs) need to be developed. In our study, we first focused
on demonstrating unequivocally the benefits of using microelec-
trode arrays in focal stimulation. Armed with these results, we
will next focus on the long-term application of these arrays for
long-term implants. In this study, we used a complex benchtop
stimulation setup that relied on the Intan RHS Stim/Recording
System, which is limited to 128 stimulation channels, and a large
PCB to interface with the electrode (Figure S10, Supporting Infor-
mation). Since our electrode contained more than 128 channels,
we only stimulated one half of the array at a time. In its current
format, this setup could not be used in awake animal and human
subjects. Commercially available implantable IPGs that enable
continuous stimulation in awake animal and human subjects can
only stimulate up to 16 channels. Consequently, to fully utilize
SpineWrap’s high-channel count in a clinical context, further de-
velopment of more advanced IPGs is essential, and SpineWrap
is currently an EES research tool rather than a therapeutic
one.

Our mechanistic study of stimulation focality and contact den-
sity effects on muscle recruitment selectivity was performed in
anesthetized animals. Future work will use SpineWrap in awake
animals. Literature has shown that the co-activation of muscles
can differ between anesthetized and awake animals and this co-
activation can also be affected by SCL***] Thus, some results in
our study, such as the specific SI values, may not directly trans-
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late to awake animals and human subjects with SCI. Although
in this study we did not validate the functionality of SpineWrap
chronically, previous studies have successfully deployed thin film
parylene-C electrode arrays in the spinal cord with minimal
spinal compression and foreign body response, and the arrays re-
mained functional after many weeks.!?223] Therefore, we believe
SpineWrap will be stable long-term and lead to minimal damage
to the spinal cord.

Another future direction is to tailor SpineWrap’s form factor
to larger animal models and humans. Modifications to shape
and contact arrangement will be necessary to ensure enough
coverage while maintaining high conformality and muscle se-
lectivity. However, PtNR arrays with hundreds and thousands
of contacts have been previously used for brain and spinal cord
recordings.!?223] Therefore, creating a larger coverage array with
similar density for human use should be possible. The impli-
cations of high-channel count microelectrodes for EES in hu-
mans need to be additionally explored in future studies since
the contact density in humans can be even greater than in
rats given that the human spinal cord is much larger in cross-
sectional area and the DREZs are larger as well.l*”] The axon
diameters of human afferents are also larger,!*)! and the hu-
man dura is thicker,*#*’] which may affect the minimum con-
tact pitch required to maximize muscle recruitment selectivity in
humans.

In this study, we did not investigate the effect of stimulating
multiple channels in spatial or temporal configurations. Prior
work has shown that spatial and temporal summation of neu-
ral recruitment due to stimulation is nonlinear,[**-5! thus there
could be beneficial, compounding effects of highly focal EES.
Spatiotemporal stimulation with paddle arrays mimicking nat-
ural spinal cord activation patterns during locomotion has re-
sulted in functional restoration of movement in animals and
patients with SCL.B*®) The use of a high-channel count micro-
electrode array such as SpineWrap could provide a more so-
phisticated recording of intact spatiotemporal spinal cord ac-
tivity. Higher density grids could also reproduce these sophis-
ticated patterns with fine-tuned stimulation to produce more
refined movements. In this study, the time to perform stim-
ulation and data analysis was limited due to the acute nature
of the experimental setup. This prevented the exploration of
multichannel stimulation effects. Additionally, the benefits of
spatiotemporal stimulation paradigms are most pronounced in
awake subjects who can volitionally produce movements,!**>!]
therefore its benefits would not have been clear in our stud-
ies in anesthetized rats. Future studies will investigate the po-
tential compounding effects of multichannel, spatiotemporal
stimulation in awake rats with SCI. However, even with sin-
gle channel stimulation, the improvement in stimulation focal-
ity and muscle recruitment selectivity with high-channel count
and high-density microelectrode arrays was still apparent in our
results.

In summary, our findings indicate that SpineWrap greatly im-
proves stimulation focality and muscle recruitment selectivity
compared to the conventional clinical paddle arrays currently em-
ployed to deliver EES for treatment of SCI. Consequently, the
adoption of SpineWrap in EES treatment has the potential to
push the boundaries of current EES technology and offer more
efficient therapies.

© 2025 Wiley-VCH GmbH
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4. Experimental Section

Vertebrate Animal Subjects:  Adult (> 5 months old, weight range 500—
650 g) male Sprague-Dawley rats (Charles River Laboratories) were used
as vertebrate animal subjects in this study. All animal experiments were
approved by the UC San Diego Institution Animal Care & Use Committee
(protocol S16020).

Fabrication of SpineWrap: SpineWraps were fabricated in small
batches on a 7” x 7" x 0.06” photomask-grade soda lime glass plate
(Nanofilm), which were cleaned via O, plasma at 200 W for 5 min. The
plate was coated with 3.7-um-thick-parylene C using a parylene deposition
system (Specialty Coating Systems 2010 Labcoater). Next, 2 layers of gold
traces (10 nm Cr, 150 nm Au) were deposited onto the plate using stan-
dard lithography techniques and AZ5214E-IR photoresist (MicroChemi-
cals). This double layer of leads was found to improve device yield by re-
ducing chance of disconnects due to particles during the photolithography
process.

PtNR contact formation on parylene-C was done using a technique pre-
viously developed and described in our previous publications.[>%31 Briefly,
the metal traces and PtAg alloyed contacts were encapsulated in a second
3.1 um parylene layer. After deposition of a Ti hard mask, the PtAg contacts
and connector pads were exposed by dry etching the Ti layer in the exposed
regions with SFg/Ar gas, followed by oxygen dry etching of the parylene C.
The entirety of the Ti layer etching as well as the sample release from the
substrate was achieved with dip in 6:1 buffered oxide etchant (BOE) and
the PtAg was dealloyed in 60 °C heated nitric acid for 2 min, thereby form-
ing the PtNRs with Pt/Ag composition of ~95%/5%.

Evaluation of Electrochemical Properties of SpineWrap: Impedance
magnitude and phase at 1kHz was measured in saline and in tissue before
and after stimulation using the RHS Stim/Recording System (Intan Tech-
nologies). The EIS spectrum and CIC of the PtNR contacts was measured
in 3-point configuration with a Pt counter and Ag/AgCl reference using the
Reference 620 potentiostat (Gamry Instruments).

Scanning Electron Microscopy Imaging: The Apreo HiVac SEM was
used to image the PtNRs on the electrode surface before and after stim-
ulation in vivo. Samples were sputtered coated with iridium before imag-
ing. Images were taken at X10000 magnification, a working distance of
10.5 mm, and an accelerating voltage of 3 kV.

Spinal Cord Dissections: Male Sprague-Dawley rat spinal cords (n=5),
including the T11-L6 vertebral segments, were extracted after euthanasia
and placed in 4% phosphate buffered paraformaldehyde (PFA). After one
week of fixation, spinal cords were dissected to identify spinal segments
and DREZ locations. The vertebral bone was removed to reveal the entire
dorsal aspect of the spinal cord and access nerve roots at their exit point
from the vertebral column. The dura mater was cut along the rostrocaudal
axis to access the nerve roots. Nerve roots were identified by their exit
point from the vertebral canal and traced rostrally to the entrance into
their spinal segment. DREZs and vertebral segments were labeled by color,
measured along their rostrocaudal length, and optically imaged.

MRI Reconstruction: A male Sprague-Dawley rat weighing 650 g was
perfused transcardially with phosphate buffered saline (PBS) followed by
4% phosphate buffered paraformaldehyde (PFA) to achieve tissue fixation.
The spinal cord, from the T12 to ST vertebral segment, was extracted and
placed in 4% PFA for one week and subsequently transferred to PBS. The
MRI scan was performed using a Bruker 3 Tesla scanner with a 40 mm vol-
ume coil and an axial resolution of at least 0.08x0.08x0.3 mm. Nerve roots
were identified in 3D Slicer at their exit point from the vertebral canal and
traced rostrally to their entry point into the spinal cord. 3D reconstructions
of intrathecal nerve root trajectories were built using MRI segmentation
tools in 3D Slicer.

Computational Modeling: The 3-D reconstruction of the rat lumbar
spinal cord was imported into Blender and individual spinal elements
were converted into.stl files to be imported into COMSOL Multiphysics.
To manage the complexity of simulations, only the T13-L1 section of the
spinal cord was simulated. The electrode contact material was assigned to
be platinum, and the electrode-tissue interface was not modeled. For con-
sistency, the stimulating electrode injecting the cathodic-first current was
always in the same longitudinal and lateral location on the spine. The stim-
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ulating contacts and the ground lines were assumed to be in direct contact
with the dura mater. Time domain current analyses were performed using
the Electric Currents (ec) physics module. The simulation results were ex-
ported into MATLAB for post-processing and visualization.

Determining Activation Threshold for Potential Gradient Analysis: The
width and depth of the stimulation area was calculated by thresholding
the resulting potential gradients by 28 mV. Axon activation was estimated
using the second spatial difference A2V, (n) approximation at node n from
Peterson et al.[*] as follows:

A2V, () =V,(n=T1) =2V, (n) +V, (n+1) o)

where V,(n — 1), V,(n), and V, (n + 1) are the extracellular potentials at 3
neighboring nodes n—1, n, and n+1.

An exponential decay curve was fitted to the 10 um diameter data from
Peterson et al. to identify the threshold relationship between the extracel-
lular potential and the second spatial difference (Figure S15b, Supporting
Information). Next, the potential gradients from 100 pA unipolar, cathodic
stimulation were computed at 3 node locations: in the x,y plane of the
electrode contact (the center node was located below the electrode), and
900 um in either z-direction, where the closest neighboring nodes were
located. The internode distance for a group | sensory rat afferent has pre-
viously been estimated to be 900 um.[3#] In this analysis, we assumed the
center node was directly below the electrode contact, which should have
limited effect on the activation threshold since previous analysis showed
that significant errors in threshold occurred only at large alignment off-
sets. The resulting distribution of extracellular potentials and correspond-
ing second spatial differences were plotted and 2nd degree polynomial was
fit to the data. The intersection point between the threshold curve and the
2nd degree polynomial was regarded as the threshold potential (Figure
S15f, Supporting Information).

Surgical Procedures:  Rats were sedated with 4% isoflurane and fixed in
a stereotaxic frame (Kopf Instruments). Once stable, anesthesia was re-
duced to 1.5%-2.5% during the surgery. A laminectomy was performed
on the T12-L2 vertebral segments, exposing the dorsolateral surface of
the spinal cord without breaching the dura. The SpineWrap array was im-
planted over the T13-L1 vertebral segments, corresponding to the L3-L5
spinal segments. Gel foam was used to cover the microelectrode array
and the surrounding tissues to secure it in place and maintain moisture
on the cord. Bipolar needle EMGs were placed in both left and right muscle
groups of the lower limbs.

Once the surgery was completed, rats were transitioned from isoflu-
rane to ketamine/xylazine (90 and 10 mg kg™', respectively; MWI1) and re-
dosed 20-30 min for the duration of the experiment. Heart rate, body tem-
perature, and blood oxygenation were continuously monitored throughout
the experiment. A heating pad maintained body temperature between 34—
36 °C throughout the experiment. At the end of the study, animals were
deeply euthanized with 120 mg kg™' sodium pentobarbital (MWI). Spinal
cords were extracted from the T12 through L6 vertebral segments and
placed in 4% PFA at 4 °C overnight. Spinal cords were then stored in saline
at4 °C.

Data Collection: ~ Stimulation with the microelectrode array was per-
formed using the RHS Stim/Recording controller (Intan Technologies).
EMG recording was performed with the RHD Recording controller (Intan
Technologies). For each experiment, stimulation was delivered to pairs of
contacts in a semi-random order at a single current level. Each stimulation
train consisted of 5 trials delivered at 0.5 Hz. The order of current levels
was randomized. Data was captured on the RHS and RHD controllers at a
sampling rate of 30 kHz/s and 20 kHz s, respectively. During recording,
data was bandpass filtered 0.09 Hz to 7.6 kHz.

Data Processing: EMG recordings were first notch filtered at 60 Hz,
then bandpass filtered 10-1000 Hz using a 2nd order Butterworth filter.
After filtering, data was segmented into trials (30 ms window of data) and
trial averaged. Peak-to-peak amplitudes were calculated from the maxi-
mum and minimum potentials within 1.5-15 ms after stimulus as follows:

PTPM (amp) = PTP (amp) /PTPM (amp € Amps) (2)

norm max

© 2025 Wiley-VCH GmbH
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where PTP,,,, is the normalized peak-to-peak amplitude of the EMG re-
sponse for a given muscle M, a given electrode contact, and a given current
level amp, PTP is the peak-to-peak amplitude of the EMG response for a
given muscle M, a given electrode contact, and a given current level amp,
and PTPM_is the maximum peak-to-peak amplitude for muscle M across
all stimulation contacts and all current levels Amps.

Selectivity Index Calculation: Selectivity indices were calculated based
on previously published literature.[3”] For a given muscle M and a given
set of current amplitudes amps in range Amps, the selectivity index for a
given electrode contact was calculated as follows:

1 7
Sl = MOX gy €Amps {PTP,",/('W (amp) — N z PTP,’qV('”m (amp)} (3)
M M #M

where Sl is the selectivity of a given muscle and a given electrode contact,
PTPM (amp) is the normalized peak-to-peak amplitude of the EMG re-
sponse for muscle M and current amplitude amp, and N, is the number
of muscles recorded.

Inter-Cathode Pitch Calculation from Poisson Disk Sampling:  The resul-
tant inter-cathode pitch from each subsample in the Poisson Disk sam-

pling was calculated as follows:

x Xy

pitch = (4)

where x and y are the length and width of the SpineWrap array and n is
the number of bipolar contact pairs in the subsample. Note that the pitch
between the cathode and anode in each pair remained constant at 360 um.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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Figure S1. PtNRs were stable during the acute stimulation study. Left: SpineWrap average
impedances measured at three timepoints during experiment: in saline before implantation, in
vivo before stimulation, and in vivo after experiment completion. Right: SEM images before and
after stimulation showed no morphological changes to PtNR structure.
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Figure S2. SpineWrap dimensions are tailored to the L3-L5 DREZs. Longitudinal coverage:
Dissection of L1 through L6 DRs and their DREZs allowed for determination of optimal
longitudinal contact pitch and electrode length. The mean T13-L1 vertebral and L3-L5 spinal
segment lengths are shown (n = 5). Gray vertical bars indicate +/- 1 standard deviation. Lateral

coverage: Cross-sectional MRI scans identified the lateral spread of the DREZs and allowed for
determination of optimal lateral contact pitch and electrode width.



Layout 1 Layout 2 Layout 3 Layout 4 Layout 5

Figure S3. Electrode design iterations. Each of the five electrode iterations are shown. Top:
Electrode layout in AutoCAD. Metal leads are in yellow and vias for PtNR contacts and for
perfusion (only left most) are in green. Bottom: Images of the corresponding electrodes on the
spinal cord.
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Figure S4. On-device ground limits current spread during stimulation. (a) Left: Electrode design
without on-device ground and example peak-to-peak amplitude response heatmap for 150 pA
stimulation current. Right: An example response and the median response latency. The boxplot
shows the distribution of the current threshold for a given dataset and muscle. The horizontal
center lines and boxes indicate the median and the 25"/75" percentile and the vertical solid lines
represent the full range of the distribution. (b) Left: Electrode design with on-device ground and
example peak-to-peak amplitude response heatmap for 150 pA stimulation current. Right: An
example response and the median response latency. The boxplot shows the distribution of the
current threshold for a given dataset and muscle. The horizontal center lines and boxes indicate
the median and the 25"/75" percentile and the vertical solid lines represent the full range of the
distribution.
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Figure S5. Shift in stimulation hotspots with ground placement in electrode without on-device
ground in a single electrode placement on one rat’s spinal cord. When ground needle was moved

from position 1 to position 2, the locations where stimulation resulted in muscle activity shifted
towards position 2.
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Figure S6. 3D reconstruction of nerve roots in the lumbosacral rat spinal cord. The spinal cord
and nerve roots were reconstructed between the T13 - L4 vertebral segments using coronal views
of the lumbar enlargement. The resulting reconstruction was used for electrode layout
considerations and computational modeling.
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Figure S7. Modeling stimulation focality during charge mismatch. Top: The resulting potential
gradients during 250 pA bipolar stimulation were evaluated for electrode arrays with and without
on-device ground. Potential gradients were computed for a bipolar stimulation that is perfectly
matched (left) and with 20% charge mismatch (right). Bottom: Impact of % mismatch on width
and depth of stimulation at 250 pA for the electrode arrays with and without on-device ground.
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Figure S8. Comparison of on-device ground lines versus concentric ground. a Left: An example
electrode with on-device ground lines. Middle: Microscope image of contacts and ground lines.
Right: Heatmap of PTP amplitudes of the VAS muscle at 250 pA stimulation. b Left: An
example electrode with on-device concentric ground. Middle: Microscope image of contacts and
ground rings. Right: Heatmap of PTP amplitudes of the VAS muscle at 250 pA stimulation. ¢
Comparison of PTP amplitudes to 250 pA stimulation for both ground configurations. The
electrode with ground lines produced consistently higher muscle responses across all muscles
measured.
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Figure S9. Electrode placement remained consistent during stimulation. Black arrows highlight
vasculature used to determine relative placement before and after stimulation.
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Figure S10. SpineWrap stimulation setup. (a) Stimulation was delivered via the Intan RHS
Stim/Recording System and a custom-designed PCB. (b) The PCB was equipped with a BGA
socket and clamshell lid. (c) The SpineWrap connector region was aligned face-down to BGA
socket under a microscope. The electrode tip containing the electrode array contacts came off the
bottom of the PCB to interface with the spinal cord. The BGA socket was designed for versatile
use and contained 1024 recording-only, 256 stimulation/recording positions, and
ground/reference positions. The recording-only positions were not used in this study.
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Figure S11. Selectivity index distribution across all datasets. The segmental locations of highly
selective channels were consistent across animals with a few exceptions, such as the BIC in Rat
21 and the SEM and GLU in rat 2r, which were selective in the upper part of the array.
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Figure S12. Selectivity index distribution per dataset. The SI distribution per muscle skewed
towards low SI values.
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Figure S13. Locations of most selective channels by muscle for each dataset.
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Figure S14. Maximum selectivity for subsamples across datasets. The maximum selectivity
increases with decreasing pitch (increasing density) of the array. The horizontal center lines and
boxes indicate the median and the 25%/75" percentile and the vertical solid lines represent the
full range of the distribution. Note that at 100% there is only one datapoint, which is the SImax of
the full array.
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Figure S15. Comparison of design of high-density SpineWrap array and the low-density array.
The horizontal and vertical pitch of the contacts increased from 500 um and 360 um to 1000 um
and 800 pm, respectively. The resulting channel count of the low-density array was reduced
from 156 contacts to 40 contacts and the resulting density dropped from 5.6 contacts/mm? to
1.42 contacts/mm?.
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Figure S16. Determination of activation threshold. a The axon model used by Peterson et al. for
evaluating the effect of the extracellular potential field on neural activation. b The single node
approximation evaluated by Peterson et al. [1] The green points are taken from Petersen et al. and
represent the threshold data. The black line is an exponential fit to the data. V. is the extracellular
potential at the node below the electrode and A%V, is the second spatial difference of the
extracellular potential. ¢ The potential gradient during 100 pA unipolar, cathodic epidural
stimulation with a 100 pm diameter contact. d The central node was assumed to be in the X,y
plane of the stimulation electrode. The neighboring nodes were located -900 pm and +900 pm
from the central node in the z-direction. e The extracellular potential and the second spatial
difference of the extracellular potential due to the stimulation. Node n is the node below the
electrode. f Determination of the threshold potential V.™". The blue points are all the
extracellular potentials in the x,y plane and the resulting A?V.. The red line is the 2" degree
polynomial fit. The threshold was calculated as the intersection point between the threshold
curve and the polynomial fit.



Table S1. Vertebral and spinal segment lengths determined through dissection.

Segment Name Mean (X) Standard Deviation (s)
T13 6.60mm 0.57mm
Vertebral Segment

Length

L1 7.30mm 0.14mm

L3 3.28mm 0.67mm

Spinal Segment L4 2.73mm 0.44mm
Length

L5 2.40mm 0.40mm




Table S2. Volume conductor model parameters. Conductivity values were taken from
Capogrosso et al.

Tissue Conductivity (S/m)
White matter 0.6 longitudinal, 0.083 axial
Gray matter 0.23
Epidural fat 0.04
CSF 1.7
Saline 2




Table S3. Parameters for width versus depth analysis.

Radius (um) Cathode-anode pitch | Cathode-ground pitch | Current amplitude
(um) (um) (LA)
10 x Radius 5 x Radius
50 500 250 50
50 500 250 60
50 500 250 70
50 500 250 80
50 500 250 90
50 500 250 100
50 500 250 125
50 500 250 150
100 1000 500 30
100 1000 500 50
100 1000 500 60
100 1000 500 70
100 1000 500 80
100 1000 500 90
100 1000 500 100




