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Background: Without meaningful, intuitive sensory feedback, even the most
advanced myoelectric devices require significant cognitive demand to control.
The dermal sensory regenerative peripheral nerve interface (DS-RPNI) is a bio-
logical interface designed to establish high-fidelity sensory feedback from pros-
thetic limbs.

Methods: DS-RPNIs were constructed in rats by securing fascicles of residual
sensory peripheral nerves into autologous dermal grafts, with the objectives of
confirming regeneration of sensory afferents within DS-RPNIs and establishing
the reliability of afferent neural response generation with either mechanical or
electrical stimulation.

Results: Two months after implantation, DS-RPNIs were healthy and displayed
well-vascularized dermis with organized axonal collaterals throughout and no
evidence of neuroma. Electrophysiologic signals were recorded proximal from
DS-RPNI’s sural nerve in response to both mechanical and electrical stimuli
and compared with (1) full-thickness skin, (2) deepithelialized skin, and (3)
transected sural nerves without DS-RPNI. Mechanical indentation of DS-RPNIs
evoked compound sensory nerve action potentials (CSNAPs) that were like those
evoked during indentation of full-thickness skin. CSNAP firing rates and wave-
form amplitudes increased in a graded fashion with increased mechanical inden-
tation. Electrical stimuli delivered to DS-RPNIs reliably elicited CSNAPs at low
current thresholds, and CSNAPs gradually increased in amplitude with increasing
stimulation current.

Conclusions: These findings suggest that afferent nerve fibers successfully rein-
nervate DS-RPNIs, and that graded stimuli applied to DS-RPNIs produce proxi-
mal sensory afferent responses similar to those evoked from normal skin. This
confirmation of graded afferent signal transduction through DS-RPNI neural
interfaces validate DS-RPNI’s potential role of facilitating sensation in human-
machine interfacing.  (Plast. Reconstr. Surg. 151: 804e, 2023.)

Clinical Relevance Statement: The DS-RPNI is a novel biotic-abiotic neural
interface that allows for transduction of sensory stimuli into neural signals. It is
expected to advance the restoration of natural sensation and development of
sensorimotor control in prosthetics.
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ersons with amputations cannot currently

feel what they touch with their prostheses.

For individuals with upper extremity ampu-
tation, sensory feedback is critical to providing
more naturalistic control of prosthetic devices.'”
Recentadvances in myoelectric prosthetic technol-
ogy”™ bring us closer to providing sensory function
to prostheses. However, current neural interfaces
cannot reliably convey sensor-derived informa-
tion into meaningful, intuitive sensory feedback.
The ideal sensory interface should limit damage
to afferent nerves, demonstrate biological stabil-
ity over time, offer natural perceptions of sensa-
tion, be modality matched, and be somatotopically
matched (perceived in the same location as on the
missing limb). Unfortunately, current interfaces
lack one or more of these essential qualities.'"*

To date, the most promising techniques for
restoring sensory feedback for persons with ampu-
tations use the peripheral nervous system. Recent
work focused on a variety of peripheral nerve inter-
faces developed to bridge the gap between bioelec-
tric and mechanical signals.”"* These techniques
use both noninvasive and invasive techniques and
include extraneural cuff electrodes,'> " flexible
nerve plates,'® intrafascicular electrodes,'" and
penetrating electrodes.” However, these inter-
face techniques have limitations regarding nerve
specificity, tissue injury, axonal degeneration, scar
formation, and lack of long-term stability.

Targeted sensoryreinnervation (TSR) is an inter-
face method in which residual mixed nerves in the
upper extremity are surgically rerouted to the chest
or transhumeral residual limb and coapted to either
(1) mixed nerves with subsequent reinnervation of
the skin overlying the reinnervated muscle,” or
(2) sensory nerves in the chest or proximal upper
extremity.”*”’ Touching the reinnervated skin evokes
sensations perceived as originating from the missing
limb. However, TSR is limited by nerve coaptation
size mismatch, lack of selectivity, instability, and vari-
able somatotopic representation.®*’

To overcome these limitations of current neu-
ral interfaces, we developed the dermal sensory
regenerative peripheral nerve interface (DS-RPNI).
The DS-RPNI is a modification of our regenerative
peripheral nerve interface (RPNI), which consists of
a free muscle graft secured around the distal end of
transected nerves.'>* Here, RPNI muscle grafts are
reinnervated by regenerating axons from the tran-
sected nerve, and are capable of amplifying inde-
pendent efferent motor action potentials to allow
real-time prosthetic finger control.""* The DS-RPNI
consists of small deepithelialized skin grafts secured
around fascicles of residual sensory nerves. They are

placed subcutaneously and are quickly reinnervated
by the residual nerve sensory afferents. Different sen-
sory nerves can be attached to independent deepi-
thelialized skin grafts to create a series of DS-RPNISs,
allowing sensory feedback from many distinct and
spatially segregated locations.

We envision human DS-RPNIs being con-
structed (1) within the surface skin for stimulation
through surface electrodes or (2) deep for stimula-
tion through implanted electrodes. We deepitheli-
alize the skin to avoid the formation of keratin cysts
while in a subcutaneous location and because the
epithelium would potentially be a barrier to rapid
DS-RPNI revascularization. We hypothesized that
(1) DS-RPNIs would become revascularized over
time; (2) sensory afferents would regenerate and
reinnervate the dermal grafts; (3) graded mechani-
cal stimuli applied to DS-RPNIs would evoke com-
pound sensory nerve action potentials (CSNAPs),
similar to normally innervated skin; and (4) pulsed
electrical stimuli applied to DS-RPNIs would elicit
graded CSNAP output with waveform amplitudes
that are comparable to those evoked when graded
mechanical stimuli are applied to normal skin.

MATERIALS AND METHODS

Study Design

Forty male 3-month-old F344 rats (Harlan
Laboratories, Inc., Haslett, MI) were assigned to
receive either endpoint mechanical or electrical
stimulation. [See Figure, Supplemental Digital
Content 1, which shows study design, example
images, and testing equipment diagrams. (Above)
Study design: 40 hindlimbs were assigned to
mechanical stimulation, and then randomized
to one of four experimental groups: control full-
thickness skin (CFS), control deepithelialized skin
(CDS), control transected nerve (CN), or dermal
skin interface (DSI). (Center, left) Right foot posi-
tioned in the testing mold with ceramic indenting
tip (3 mm) positioned over sural nerve—innervated
glabrous skin. (Below, left) Lateral view of right foot
showing full-thickness skin. (Below, center) Lateral
view of right foot showing control deepithelialized
skin. (Center, right) Mechanical indenter (d, sural
nerve; ¢, tibial nerve; f, accelerometer; A, ground
electrode). Scale bar = 0.5 cm, http://links.lwuw.
com/PRS/F772. See Figure, Supplemental Digital
Content 2, which shows (above) study design: 40
hindlimbs were assigned to electrical stimulation,
and then randomized to one of four experimen-
tal groups: control full-thickness skin (CFS), con-
trol deepithelialized skin (CDS), control transected
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nerve (CN), or dermal skin interface (DSI). (Below,
left) Left skin flap isolated in a silicone-lined dish
with stimulating electrodes positioned deep and
superficial on a glabrous skin flap (same for con-
trol full-thickness skin and control deepithelialized
skin). (Below, center) View of dissected left sural
nerve with stimulating electrodes place deep and
superficial (same for control nerve and dermal
sensory interface). (Below, right) a, b, positive and
negative stimulating electrodes; ¢, pulse generator;
d, silicone dish/mold; ¢, control full-thickness, con-
trol deepithelialized skin, control nerve, or dermal
sensory interface; f, sural nerve; g, tibial nerve; h,
J» k, positive and negative recording electrodes; i,
ground electrode; [, amplifier. Scale bar = 0.5 cm,
http://links.lww.com/PRS/F773.] The hindlimbs
were then randomized to one of four experimental
groups: (1) control full-thickness skin (CFS); (2)
control deepithelialized skin (CDS); (3) control
nerve with no dermal skin interface (CN); and (4)
DS-RPNI. Ten additional rats were included for tis-
sue donation. All procedures were approved by the
Institutional Animal Care and Use Committee and
were conducted in accordance with the Guide for the
Care and Use of Laboratory Animals.” For all surgical
and endpoint procedures, rats were deeply anes-
thetized. Rats received subcutaneous carprofen for
analgesia before anesthesia with isoflurane.

Survival Operations

Glabrous skin on the hind feet of 10 anes-
thetized donor rats was deepithelialized until
pinpoint, dermal bleeding was observed using a
rotary dermabrasion tool (Dremel, Racine, WI).
Skin grafts measuring 0.5 x 1.0 cm were harvested
from each foot, defatted, and kept moist for later
implantation. An incision was made on the dor-
sal aspect of the lower hindlimb and the gastroc-
nemius muscle was separated longitudinally. The
sural nerve was carefully dissected free. For each
CN hindlimb, the sural nerve was traced to the
lateral malleolus, where it was cauterized and
segmentally excised, creating an approximately
8-mm nerve gap. Single DS-RPNIs were surgi-
cally constructed in designated DS-RPNI recipi-
ent hindlimbs. (See Figure, Supplemental Digital
Content 3, which shows DS-RPNI fabrication in a
rat. (Left) Deepithelialized glabrous skin graft is
positioned under the transected end of the sural
nerve. (Right) The graft is folded cephalically to
enclose the sural nerve and is secured with suture,
http://links.lww.com/PRS/F774.) The sural nerve
was first transected midway between the knee and
ankle. A deepithelialized skin graft was placed
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deep to the sural nerve with the deep layer of the
dermis in contact with the residual end of the tran-
sected sural nerve. A 1.0-mm segment of sural epi-
neurium was removed, and fascicles were splayed
across the center of the skin graft. The distal por-
tion of the graft was folded cephalically to enclose
the splayed end of the nerve. The skin graft was
then secured to itself and to the epineurium.

Endpoint Testing

CFS and CDS Group Preparations

In vivo endpoint testing was performed at
5 months. Rats were anesthetized; left and right
hindlimbs were evaluated sequentially. Sural nerve
was carefully exposed through a skin incision,
and a bipolar cuff electrode with 30-gauge plati-
num leads (Grass Technologies, Warwick, RI) was
connected to a differential amplifier and electro-
physiologic recording system (RZ2; Tucker-Davis
Technologies, Alachua, FL). This recording elec-
trode was placed on the sural nerve approximately
3.2 cm proximal to the stimulation site and distal to
the sciatic nerve bifurcation. The recording elec-
trode and its positioning were the same for both
mechanical and electrical stimulation protocols.

Sites undergoing mechanical stimulation were
positioned in a custom mold and secured with
hydrocolloid to maintain normal tension. The
entire hindfoot was stabilized for CFS and CDS
glabrous skin mechanical stimulation. To accom-
modate CN and DS-RPNI mechanical stimulation,
the residual sural nerve or the DS-RPNI was dis-
sected free and rotated away from the hindlimb
before stabilization in a mold. A mechanical
indenter then applied graded compression. (See
Document, Supplemental Digital Content 4,
which shows the mechanical stimulation protocol,
http://links.lww.com/PRS/F775.)

For hindlimb sites undergoing electrical
stimulation, neurocutaneous flaps (CFS and CDS
groups) were elevated to electrically isolate the
sural nerve receptive field and avoid electromyo-
graphic signal interference. A stimulating pad
electrode (E363-76H-1-SPL; Plastics One, Inc.,
Roanoke, VA) was secured to the external surface
of the flap and a reference electrode was placed
deep to the flap. Electrical stimulations were
delivered and recordings were evaluated using a
custom multichannel acquisitions system (TDT
RZ2; Tucker-Davis). Signals were analyzed offline
in MATLAB (The MathWorks, Inc., Natick,
MA). Three dependent variables were recorded:
(1) absolute threshold, (2) discrimination sen-
sitivity, and (3) repeatability. (See Document,
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Supplemental Digital Content 5, which shows the
electrical stimulation protocol, http://links.lww.
com/PRS/F776.)

Once endpoint testing was complete, tissues
were harvested and evaluated for angiogenesis,
tissue viability, scar tissue formation, nerve regen-
eration, construct reinnervation, and neuroma
formation. Rats were euthanized.

Histologic Analysis

At the conclusion of endpoint evaluations,
experimental tissues were harvested and pre-
served in 10% formalin. Tissues were stained with
hematoxylin and eosin and Masson trichrome to
evaluate dermal integrity, presence of inflamma-
tion, and revascularization. Antibodies against
neurofilament were used to assess axonal regen-
eration and nerve fiber distribution within dermal
tissues.

Statistical Analysis

Data were analyzed separately for experimen-
tal groups evaluated by the mechanical stimula-
tion modality and for those evaluated by the
electrical stimulation modality. The central ten-
dency of data for each dependent variable was
statistically compared across experimental groups
using a one-way analysis of variance. When the
analysis of variance indicated a significant differ-
ence existed for the main effect, multiple com-
parison tests were performed using a Bonferroni
correction. Calculations were performed using
IBM SPSS Version 21.0 (IBM Corp., Armonk,
NY), with a value of P < 0.05 considered statisti-
cally significant.

RESULTS

Histologic Analysis

At endpoint evaluations, all DS-RPNIs demon-
strated robust revascularization with minimal scar
encapsulation and no keratin cyst formations.
In each CN hindlimb, small terminal neuromas
developed at the residual end of each sural nerve.
Tissues were well perfused, with capillary ingrowth
extending to the central portion of DS-RPNIs.
Neuromas were not observed in DS-RPNIs. [See
Figure, Supplemental Digital Content 6, which
shows the DS-RPNI. (Lefi, above) Illustration of a
dermal sensory interface (DS-RPNI) consisting of
deepithelialized skin grafts reinnervated by sen-
sory (sural) nerve. (Left, below) DS-RPNI in vivo
2 months after fabrication showing revascular-
ization and minimal scar tissue. (Second from left)

Terminal sural nerve neuroma that developed
in a control animal 2 months after the nerve was
transected. (Second from right, above and below)
Hematoxylin and eosin and trichrome immuno-
histochemistry show angiogenesis throughout the
DS-RPNI with multiple capillaries (arrowheads)
interspersed among healthy connective tissue.
(Right) Neurofilament staining (7ed) demon-
strates regenerated sural nerve axons (arrows) in
the superficial DS-RPNI dermis. Magnification
in immunohistochemical stains, 40x, http://links.
lww.com/PRS/F777.]

Mechanical Stimulation

Mechanical stimuli applied to experimental
tissues evoked CSNAPs that were recorded from
the proximal sural nerve. Supplemental Digital
Content 7 depicts representative raw sural nerve
potential and instantaneous CSNAP firing rates
in response to the three levels of indentation on
native full-thickness glabrous skin. CSNAP ampli-
tude and firing rates increased with increasing
depth of skin indentation. Peak CSNAP ampli-
tude and instantaneous firing rate were approxi-
mately 60 uV and 800 Hz, respectively, when skin
was displaced to a depth of 3 mm. Compared with
periods of static pressure, stimulus (hold phase),
amplitudes, and firing rates were higher during
periods of moving stimulus (ramp phase) for each
level of displacement. [See Figure, Supplemental
Digital Content 7, which shows sural nerve
response to indentation on full-thickness skin.
Example recordings made during mechanical
displacements of 1 mm (left), 2 mm (center), and
3 mm (right) at constant velocity into native full-
thickness glabrous skin. Tracings of recorded
potential at proximal sural nerve are shown (above)
over a 6-second duration. Green bars indicate peri-
ods of moving stimulus (ramp phase), and red
bars indicate periods of static pressure stimulus
(hold phase). (Below) Tracings are instantaneous
CSNAP firing rates during mechanical displace-
ment, http://links.lww.com/PRS/F778.]

CSNAP amplitude and firing rates are
quantified in Supplemental Digital Content
8. Experimental group CSNAP data are sum-
marized for three levels of displacement dur-
ing the ramp and hold phases of indentation.
Mean CSNAP amplitudes and firing rates were
significantly higher for the ramp phase when
compared with the hold phase within each
group (P < 0.05). At 2 mm of tissue displace-
ment, CSNAP firing rates were significantly
higher for DS-RPNIs compared with CFS, CDS,
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Fig. 1. Electrically evoked CSNAPs from a DS-RPNI. Time-synced CSNAP traces were recorded at
the proximal sural nerve during electrical stimulation of a DS-RPNI. Colored lines are example sural
nerve recordings as stimulation pulse amplitude was varied from 0 to 0.8 mA during delivery of
200 individual pulses. Recording data are shown starting at 0.15 msec to eliminate stimulus arti-
fact. Violet indicates subthreshold stimulation amplitude during which no CSNAPs were elicited,
and red indicates elicitation of CSNAPs as pulse amplitude was increased above threshold current
(light blue, 0.34 mA). As pulse amplitude increased above threshold, CSNAPs were elicited with

increased waveform amplitude.

and CN groups (P < 0.05). During both phases
of indentation, CSNAP amplitudes and firing
rates directly increased in a graded fashion for
each group. [See Figure, Supplemental Digital
Content 8, which shows mechanically evoked
CSNAP amplitudes of control and experimen-
tal tissues. Mean (above) CSNAP amplitude and
(below) firing rates are shown for (left) ramp and
(right) hold phases of indentation at three dis-
placement depths into full-thickness glabrous
skin, deepithelialized glabrous skin, control tran-
sected nerve, and DS-RPNIs. For each group,
CSNAP amplitudes and firing rates are greater
during the ramp phase compared with the hold
phase for each level of displacement. Note that
DS-RPNIs show a similar increase in firing rate
for increased depths of displacement compared
with native skin. Error bars = SEM. Horizontal bars
indicate statistical significance, which was set at P
< 0.05, http://links.lww.com/PRS/F779.]

Electrical Stimulation

Stimulation Current at Absolute Threshold

Independent evoked CSNAP waveforms
were reliably detected above a threshold stimu-
lation current. Figure 1 depicts representative

808e

time-synced sural nerve potentials recorded from
the proximal sural nerve as stimulation pulse
amplitude was varied from 0 to 0.8 mA. CSNAP
waveforms were detected at threshold stimulation
current, with amplitudes increasing thereafter
with increases in current. Stimulation currents at
absolute threshold are compared between experi-
mental groups in Figure 2. Thresholds were sig-
nificantly lower for the CN group when compared
with DS-RPNI and control skin groups (P < 0.05).

Current Response Curve

CSNAP amplitude increased in a similar lin-
ear fashion in response to increases in stimula-
tion current for DS-RPNI and control skin groups
but not for the CTN group (Fig. 3). Compared
with DS-RPNI and control conditions, CSNAP
amplitude was more sensitive to changes in cur-
rent when stimuli were applied directly to control
nerve (P<0.05);in other words, each incremental
increase in stimulation current generated greater
CSNAP amplitude. Application of electrical stim-
uli produced CSNAP amplitudes similar to those
evoked during mechanical stimulation experi-
ments. CSNAP amplitudes (15 to 40 pV) evoked
during indentation into native full-thickness skin
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Fig. 2. Stimulation currents for eliciting CSNAPs at absolute
threshold. Comparison of threshold stimulation current needed
to elicit CSNAPs for full-thickness glabrous skin, deepithelial-
ized glabrous skin, control transected sural nerve (CTN), and
DS-RPNIs. Box plots indicate first, second (median), and third
quartiles, and minimum and maximum values. *Significance
compared with control full-thickness skin. Statistical signifi-
cance was set at P < 0.001.

are depicted in Figure 3. These amplitudes were
evoked over a narrower range of electrical stim-
ulation currents for the CTN group (0.012 mA)
compared with the DS-RPNI group (0.1 mA).

Repeatability of Elicited Response

The percentage CSNAP elicitation and mean
CSNAP amplitude during delivery of pulses to
experimental group tissues at 10, 20, 50, and 100
Hz are presented in Table 1. At frequencies less
than or equal to 100 Hz, electrical stimuli applied
on DS-RPNIs reliably evoked CSNAPs over 96%
of the time. Pulses delivered at 100 Hz evoked
CSNAPs with lower amplitudes than those deliv-
ered at lower frequencies, although this differ-
ence did not reach statistical significance.

DISCUSSION

Myoelectric prosthetic users rate sensory feed-
back as one of the most important priorities, and
lack of sensory feedback is one of the leading
causes of prostheses abandonment."**=** Sensory

220 -
2001 -e-cFs
S.. 180 A -3 CDS &
= 160{ ©CTN ?
Q -A-DSI &
5 140 -
E. 120 -
< 100 { ©
Z
% 80 T
O 60 4 * I ,O+ _*
c T e B
| % o ,,-.;-—-
S 40 el L rars o4
2 204 i st ST
& Syt
0 T T T T
Threshold (T) T+0.5mA T +0.1mA T+0.15mA T+0.2mA

Stimulation Current

Fig. 3. Electrically evoked CSNAP amplitude for native and experimental tissue. Mean
CSNAP amplitude recorded at the proximal sural nerve with differential increase in stimula-
tion current for full-thickness glabrous skin, deepithelialized glabrous skin, control tran-
sected nerve, and DS-RPNIs. Stimulation current was incremented at 0.05 mA. CSNAPs
were normalized to threshold (T) for each trial. In response to increased stimulation current,
CSNAP amplitude increases in a similar linear fashion for DS-RPNI and control skin groups
but not for the CTN group. CSNAP amplitudes evoked during indention on full-thickness
skin are depicted by the shaded box. Similar amplitudes were evoked during delivery of
pulsed electrical stimulation to DS-RPNIs over a range of 0.1 mA. Error bars = SEM.
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Table 1. Summary Data by Experimental Group for CSNAP and Peak-to-Peak Voltage Recorded from Sural
Nerve during Stimulus Delivery at Different Frequencies®

Stimulation CFS CDS CTN OSI
Frequency (Hz) % Elicitation Vpp (uV) % Elicitation Vpp (pV) % Elicitation Vpp (pV) % Elicitation Vpp (pV)
10 98.6 + 3.8 32.7+274 99.4+1.3 38.6 +26.1 99.8 +0.6 160.0 £ 92.2 99.6 + 0.8 31.0 £14.8
20 98.6 £ 3.1 32.8+29.3 100+ 0 42.3£30.7 1000 1454 +71.4 99.4+1.3 33.6 + 26.5
50 98.4 + 3.7 28.5+20.7 98.6 +4.4 35.6 +£23.6 99.7+0.9 162.3 £99.9 96.8+5.5 30.6 £19.1
100 97.2+3.9 36.7+20.6 98.0 £3.0 30.3+16.2 100+0 150.2 £97.3 97.0 +5.6 242 +16.9

Vpp, peak-to-peak voltage.

*Stimulation delivery was 100 pulses with constant pulse amplitude of threshold 0.1 mV. Values are CSNAP elicitation percentage +SD and
CSNAP waveform mean + SD. Results show that the Vpp values for the DS-RPNI group were not significantly different from either the CFS or

CDS group on statistical analysis.

feedback is important for improved control of the
prosthetic limb,**** sense of embodiment,” and
reduction of phantom limb pain.*** Although
marked advancements in the mechanical and
sensing capabilities of the modern prosthetic
have been made, restoration of sensory function
remains a challenge, largely in part because of the
lack of a reliable sensory interface between the
prosthetic device and the user.” The ideal neural
interface should be stable, maintain natural sen-
sation, and support somatotopic- and modality-
matched sensory feedback. Here, we show that
DS-RPNIs can successfully provide graded sensory
feedback by demonstrating that: (1) sensory axons
successfully regenerate and reinnervate DS-RPNI
dermal grafts without evidence of neuroma forma-
tion; (2) patterned electrical stimuli evoke highly
reproducible and graded sensory nerve action
potentials, comparable to those evoked during
mechanical indentation of normal skin; and (3)
graded mechanical compression of DS-RPNIs
evokes highly reproducible and graded sensory
nerve action potentials similar to normal skin.
Many different epineural’** and intraneu-
ral**=*! electrode configurations have been used
to facilitate prosthetic control, with several stud-
ies demonstrating improved sensorimotor control
and the ability to elicit a range of sensory quali-
ties."™71012 However, a major disadvantage of
interfacing directly with the nerve, particularly
with epineural and intraneural designs, are the
associated unnatural percepts that are attribut-
able to the inadvertent widespread activation of
neighboring bundles of different types of sensory
afferents,™"7* resulting in sensory feedback that
is unnatural and not somatotopically/modality
matched.” Furthermore, interfacing directly with
nerves may injure delicate neural tissue and lead
to demyelination, axonal degeneration, and scar
tissue formation.*~* Several studies have reported
that this gradual biofouling of electrodes occurs
over time, which leads to an increasing need for
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higher amplitude electrical stimulation to elicit a
perceivable sensation.”*”*! Although advances in
material properties have improved biocompatibil-
ity of chronically implanted electrodes,*** elec-
trode-induced neural injury may limit the ability
of these intraneural interfaces to elicit tactile sen-
sations long term."’

Previously, our group developed the RPNI to
create an interface with greater signal specificity
and long-term signal stability.'**® The muscle graft
is reinnervated by the implanted nerve and reli-
ably amplifies independent efferent motor action
potentials from the transected motor nerve, which
allows upper limb amputees real-time prosthetic
finger control."** Furthermore, RPNIs prevent
and treat neuroma pain and phantom limb pain
in patients with limb loss.””" Sensory nerves can
innervate muscle as evidenced by histologic and
functional confirmation of Golgi apparatus and
muscle spindle reinnervation by sensory nerves in
the “babysitter” technique for sensory nerve pro-
tection of denervated skeletal muscle.”””* However,
a more optimal target for a sensory afferent would
be dermal sensory organs. The dermal graft of
the DS-RPNI provides a barrier between periph-
eral afferents and stimulating electrodes, which
prevents direct neural injury caused by traumatic
electrode implantation, foreign body response,
or chronic micromotion. We have demonstrated
that the free dermal flap becomes revascularized
and remains viable 2 months after fabrication.
In addition, we show that axons regenerate into
the dermis without evidence of neuroma forma-
tion (see Figure, Supplemental Digital Content 6,
http://links.lww.com/PRS/F777).

The DS-RPNI exploits the advantages of pro-
viding sensory feedback using reinnervated skin,
but also addresses the limitations that hamper
other interfaces. A single DS-RPNI can be cre-
ated for each sensory nerve, allowing for sensory
feedback from as many anatomical locations
as desired. Implantation of transected sensory
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nerves into DS-RPNIs amplifies the number of
independent sites of sensory input, because each
DS-RPNI encases only a small sensory nerve or
group of sensory fascicles. In addition, as sensory
axons reinnervate different territories of the der-
mal grafts of the DS-RPNI, selective activation of
fibers may be possible by delivering electrical stim-
uli to different locations on the interface using
multichannel electrodes. With this approach, it is
possible to provide greater specificity of elicited
sensations, improved spatial resolution, and more
natural sensation by activating different sensory
afferents in different areas of the DS-RPNI, thus
offering a somatotopically organized interface.
This is in contrast to the TSR technique. Although
TSR also avoids direct contact with nerves and has
been shown to evoke sensation with stimulation
of reinnervated skin, the nature of how TSR is
constructed results in lack of functional selectiv-
ity and variable somatotopic representation. The
recipient skin decides both the spatial resolution
and how the skin ends up being reinnervated by
rerouted nerves, which is inconsistent between
patients. In addition, touching adjacent patches
on the chest/upper arm does not necessarily cor-
respond to sensations on adjacent parts of the
amputated limb, and touching a singular patch
may result in the perception of sensations on mul-
tiple parts of the amputated limb.%#*#27.54

In the current study, threshold currents to elicit
sensory responses were significantly lower for con-
trol nerves compared with DS-RPNIs and native
skin. Using longitudinal intrafascicular electrodes
to directly activate peripheral afferents, Dhillon et
al. showed that tactile sensations are evoked at low
current thresholds.” However, as stimulus current
increases, subjects experienced strong shock-like
sensations. We found that incremental increases in
CSNAP amplitude were evoked over a broader range
of stimulation currents when electrical stimuli were
applied to DS-RPNIs as compared with when nerves
were directly stimulated. This suggests that by adjust-
ing the stimulation current applied to DS-RPNIs,
gradations in sensory feedback may be more pre-
cisely modulated than with direct nerve stimulation.

Although sensory recovery of denervated gla-
brous skin has been described in the clinical set-
ting,”*’ to our knowledge, this is the first study to
demonstrate that mechanical stimulation of neu-
rotized, deepithelialized, glabrous skin grafts elic-
its graded sensory nerve responses. Results showed
that CSNAP responses were unique during ramp
and hold phases of mechanical indentation for both
normal skin and DS-RPNIs. This suggests that sen-
sory afferents, which have reinnervated DS-RPNISs,

are capable of sensing mechanical stimuli and retain
their ability to produce differential responses to
moving and static stimuli, respectively. This in turn
implies that the different mechanoreceptors remain
intact within the dermal graft and are likely to be
reinnervated by their unique afferent A fibers.
Meissner and Pacinian corpuscles are rapidly adapt-
ing and respond to onset/offset of tactile stimuli
(corresponding to ramp phase), and Merkel cells
and Ruffini endings respond to sustained tactile
loads (corresponding to hold phase).””® It is pos-
sible that implantable actuators in DS-RPNIs could
deliver compression forces of differential intensities
to evoke graded sensations in patients with limb loss.
We acknowledge certain limitations with our
study. First, we have yet to elucidate the mecha-
nisms responsible for the maintenance of nerve
health within DS-RPNIs. Although low-threshold
mechanoreceptors within dermis are known targets
for nerve regeneration,’”" these sensory organelles
may be compromised during deepithelialization
and skin graft thinning, which are essential surgical
techniques to ensure graft survival and minimize
the chances of epidermal inclusion cyst formation
in the DS-RPNIs. Instead, dermal-derived Schwann
cells may play a critical role orchestrating nerve
regeneration and providing continued trophic sup-
port to regenerated axons within DS-RPNIs.”=%
Future studies aim to characterize the distribution
of specific sensory axons within DS-RPNIs and iden-
tify potential targets for reinnervation. There is evi-
dence that afferents may be clustered in the nerve
based on their submodality,”*" and thus, we would
predict each DS-RPNI to be modality specific.®*"

SUMMARY

Both mechanical and electrical graded sen-
sory stimulation applied to DS-RPNIs reproduc-
ibly evoked graded CSNAPs at low thresholds
of pressure and current. The attributes of the
DS-RPNI—including anatomical specificity of
sensation, lack of competition for skin area,
avoidance of neuroma formation, conservation of
residual nerve tissue, and ability to provide mul-
tiple independent sites for sensory input—merit
further consideration of the DS-RPNI for provid-
ing sensory feedback from prosthetic devices for
patients with limb loss.
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