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Objective: Hand amputation is a highly disabling event, which significantly affects quality of life. An effective hand
replacement can be achieved if the user, in addition to motor functions, is provided with the sensations that are natu-
rally perceived while grasping and moving. Intraneural peripheral electrodes have shown promising results toward the
restoration of the sense of touch. However, the long-term usability and clinical relevance of intraneural sensory feed-
back have not yet been clearly demonstrated.

Methods: To this aim, we performed a é6-month clinical study with 3 transradial amputees who received implants of
transverse intrafascicular multichannel electrodes (TIMEs) in their median and ulnar nerves. After calibration, electrical
stimulation was delivered through the TIMEs connected to artificial sensors in the digits of a prosthesis to generate
sensory feedback, which was then used by the subjects while performing different grasping tasks.

Results: All subjects, notwithstanding their important clinical differences, reported stimulation-induced sensations
from the phantom hand for the whole duration of the trial. They also successfully integrated the sensory feedback
into their motor control strategies while performing experimental tests simulating tasks of real life (with and without
the support of vision). Finally, they reported a decrement of their phantom limb pain and a general improvement in
mood state.

Interpretation: The promising results achieved with all subjects show the feasibility of the use of intraneural stimulation
in clinical settings.
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he loss of a hand affects a person’s quality of life."

From the first manufactured prostheses,” more effective
clinical solutions have been provided; commercially avail-
able hands have been developed,3 enabling users to control
the movement of up to six degrees of freedom. In parallel,
a major effort has been conducted in research to provide
more dexterous artificial devices,” along with decoding
methods allowing their control,/”5 and, as requested by the
final users,®” to re-establish the sensory flow of information
between the hand prosthesis and the central nervous sys-
tem, through noninvasive and invasive approaches.g_21

Efforts have been dedicated to the use of implantable
peripheral interfaces to elicit sensations."*?° After the pio-
neering studies with longitudinal intrafascicular electrodes
(LIFE)', 3 interfaces have been used with human subjects:
epineural (cuff>" and flat interface nerve electrode
(FINE)!>16), penetrating (Utah array18’19), and intraneural
(transverse intrafascicular multichannel electrode [TIME]*°
and LIFE?) electrodes.

Tyler’s group showed that FINEs could be implanted
for >48 months'>'® in 2 upper-limb amputees allowing
them to pull the stem from a cherry."”” Notwithstanding
preliminary encouraging results,”* there is still no evidence
that FINE-induced stimulation can be used to modulate
some levels of the prosthesis grasping force, a priority for
amputees, and one of the reasons such devices are aban-
doned.®”** Moreover, the quality of the elicited sensations
was little differentiated (mostly paresthesia was reported'”).

Utah arrays'®'” have been shown to evoke percepts
of more varied quality (tingle, vibration, pressure) in
upper-limb amputees but with poor reproducibility in
time. About 80% of the sensations evoked in 2 subjects
changed location or type over a period of 5 weeks.

Finally, TIMEs** were transversally implanted into
the residual nerves of an amputee for a period limited to
30 days by EU medical device regulations. During this
experiment, TIMEs have been used to restore several fea-
tures of the sense of touch including sophisticated ones
such as the ability to control grasping force and to discrimi-
nate different textures, along with object compliance and
shape.?>%

To date, TIMEs may represent an interesting tradeoff’
between the other 2 solutions, reducing their specific limi-
tations in terms of sensation quality (FINEs) and stability
(Utah arrays), and allowing the restoration of features such
as prosthesis grasping force control. However, the sole
study investigating it in humans was conducted on a single
subject for only a month and with no detailed characteriza-
tion of all the evoked sensations. Moreover, it is not yet

26

clear™ to what extent sensory feedback elicited by all these

interfaces (not only TIMEs) can improve motor control

performance in simulated ecological conditions®” (eg, han-
dling fragile objects when users can exploit both visual and
tactile feedback). Finally, although it has been anecdotally
reported that direct nerve stimulation induces phantom
limb pain relief,'>*' a more systematic characterization of
the phenomenon has never been conducted.

To address these 3 issues, we conducted a 6-month
clinical study with 3 transradial amputees implanted with
4 TIMEs in the residual median and ulnar nerves. We
intentionally recruited subjects with different clinical con-
ditions (long or short time since the amputation, affected
or not by phantom pain) to investigate the exploitability of
our approach for a variegated population of transradial
amputees.

After characterizing the subjects’ response to the
intraneural stimulation, we investigated the effects of sen-
sory feedback on the performance of the subjects during
different reaching and grasping tasks accomplished with
the support of vision (in ecological conditions) and with-
out it. Finally, we assessed the effect of intraneural stimu-
lation on phantom limb pain as well as on mood states

during the period of study.

Patients and Methods

Patient Recruitment

Three left transradial amputees were included in the study
(Table 1). The first subject (FNG) was a 37-year-old
male, left-handed, who had a traumatic transradial ampu-
tation of the distal two-thirds of the left forearm 2 years
before the enrollment in the trial. At the time of the trial
he was affected by strong phantom limb pain and very fre-
quent nonpainful phantom sensations. Other than the
amputation and the consequent phantom limb syndrome,
the clinical condition of the patient was unremarkable.

The second subject (ALM) was a 48-year-old female,
right-handed, with a traumatic transradial amputation of
the distal one-third of the left forearm, which occurred
23 years before the study. She was free of phantom pain
and experienced very mild and infrequent spontaneous
nonpainful phantom sensations.

The third subject (LRP) was a right-handed,
53-year-old female transradial (distal two-thirds of the left
forearm) amputee. The amputation occurred in December
2015, following a traumatic accident at work. She was
affected by phantom pain.

Ethical approval was obtained from the institutional
ethics committees of Policlinic A. Gemelli-Istituto di
Ricovero e Cura a Carattere Scientifico (IRCCS) at the
Catholic University, Rome, Italy, where the surgery was
performed. The protocol was also approved by the Italian
Ministry of Health, Division for Experimental Devices.
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Control Experience

Myoelectric

Handedness

Frequency
of Use

Own
Prosthesis

Phantom
Limb Pain Gender

Time Since
Amputation, yr

Age,
y

Cosmetic Daily Left-handed None

M

Strong

37

None None None Right-handed ~ None

23

48

Right-handed ~ None

Daily

Cosmetic

F

Medium/
strong

1.5

53

Clinical features of the volunteers enrolled in the trial are reported, including age, sex, cause of the amputation, used prosthesis, and frequency of its exploitation.
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All subjects signed the informed consent. During the
entire duration of our study, all experiments were con-

ducted in accordance with EU guidelines and regulations.

Surgical Procedures

Four TIMEs (14 active sites each) were implanted in the
median and ulnar nerves of FNG on November 14, 2015;
of ALM on June 24, 2016; and of LRP on June 24, 2017
(Fig 1A and Supplementary Video 1). The explant of the
electrodes was executed on June 11, 2016, on December
17, 2016, and on December 16, 2017, for FNG, ALM,
and LRP, respectively.

The surgical approach used to implant TIMEs has
been extensively reported elsewhere.*® Briefly, during general
anesthesia, through a 15 cm-long skin incision on the left
arm, the median and ulnar nerves were exposed to implant a
proximal and a distal TIME in each nerve (see Fig 1A). The
microelectrodes and a segment of their cables were drawn
through 4 small skin incisions into proximity with the
exposed nerve, 2 laterally and 2 medially to the center of the
main surgical cut. The cable segments were located in subcu-
taneous pockets, externalized (and secured with sutures and
subcutaneous strain release loops) to be available for the
transcutaneous connection with a neural stimulator. Then,
using an operating microscope (Pentero; Carl Zeiss, Oberko-
chen, Germany), the single microelectrode was implanted
transversally within the nerve fascicles. Appropriate microsu-
tures secured the nerve implant. This implantation procedure
lasted 11 hours for FNG, 8 hours for ALM, and 11 hours
for LRP. The impedance of the electrode active sites was
monitored intraoperatively, to verify the integrity and func-
tionality of the implant. After 180 days, the microelectrodes
were removed under an operating microscope in accordance
with the protocol and the obtained permissions.

A clinical and electrophysiological follow-up was exe-
cuted at 4 months for ALM, 10 months for FNG, and
3 months for LRP.

Perceived Sensations Characterization

Regarding the subjects’ response to the intraneural stim-
ulation (sensation characterization or mapping proce-
dure), the prosthesis was not worn, and the patient was
connected only to the neurostimulator using the transcu-
taneous cables of the implanted TIMEs. The stimulation
was triggered by the experimenter using custom-made
software (MATLAB, R2016b; MathWorks, Natick,
MA). The patient was blind to the stimulation configura-
tion delivered. We injected trains of biphasic charge-
balanced cathodic-first current-controlled pulses of
increasing amplitude from 10 pA to 980 pA (steps of
10 pA), and fixed pulse width (chosen in the range of
10-120 microseconds depending on the active site) and
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frequency (50 Hz as in our previous study®). Pulse
trains of 2-second duration were delivered with an inter-
val between trains of 2 seconds. The same set of stimula-
tion parameters was delivered 3 times per active site.
Hence, for example, per each active site the sensory
threshold was determined as the average of the 3 mini-
mum values of charge (1 per repetition, ie, 2-second
train of current pulses) at which the subject reported a

In each of these trains of increasing amplitude,
patients had to press a button to stop the stimulation
ramp when and if they perceived a sensation. Then, they
had to report using a custom-made graphical user interface
(MATLAB, R2016b) the sensation properties (location,
type, quality, and intensity). The patients could select a
word from a list (similar to the one prepared by Kim and
colleagues®®) to describe the evoked sensation, but they
could also add a new word if needed.
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FIGURE 1: (legend on next page)
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At the end of this procedure, a map of the sensation
type, location, extent, and intensity (including the sensory
threshold) referring to the correspondent active sites was
obtained and used for the calibration of the sensory feed-
back restoration system.

The sensation characterization was performed once
per week or every 2 weeks, according to the availability of
the subjects (depending on whether they were spending
the whole week at the clinical site for performing the tests
or only part of it). Specifically, FNG and ALM did it
weekly, whereas LRP did it every 2 weeks.

Finally, we assessed the stability of the elicited sen-
sations on the phantom hand over time as change of loca-
tion. Specifically, we considered 9 location clusters on the
phantom hand (5 fingers and 4 palm areas). A sensation
was considered stable when, from one week to another,
an elicited sensation was perceived in the same cluster.
We did not consider stump percepts in this analysis,
because their stability was not of interest for the study.
Conversely, we studied the occurrence of stump sensa-

tions over time.

Electrode Characterization

For the characterization of the electrode—nerve impedance
we delivered trains of cathodic-first, biphasic, symmetric
square-shaped, current-controlled stimulation pulses of
variable intensity, duration, and frequency through dedi-
cated software controlling the external electrical neural
stimulator. The impedance was computed as the ratio of
the potential difference between the selected active site
and the ground of the electrode (both grounds of the elec-
trodes were tested) at the end of the cathodic pulse phase.
The potential resulted from the average of 5 pulses with
an amplitude of 20 pA and a width of 300 microseconds,

Petrini et al.: Hand Prosthesis

repeated at a frequency of 1 Hz. Electrodes were consid-

ered still working if their impedance was <100k€.

Prosthesis Movement Control

The subjects controlled a research hand prosthesis (IH2
Azzurra; Prensilia, Pontedera, Italy) using the muscle activity
of their forearm residuum. In total, 2 pairs of disposable sur-
face electrodes (Ag/AgCl, 24 mm diameter, 20 mm interelec-
trode distance) were placed on the digit flexor and the
extensor extrinsic muscles. The signals were sampled at
2 kHz and digjtally filtered using a 4th order pass-band
(15-375 Hz) Butterworth IIR filter and a notch filter to
remove the 50 Hz power line interference (through a Grape-
vine system; Ripple Neuro, Salt Lake City, UT). A robust
3-state (open = —1, close = 1, rest = 0) k-Nearest Neighbor
(kNN, k = 3) classifier with a decision-based velocity ramp®’
was used to control the hand. The classifier was fed with the
waveform length (WL) of each electromyographic (EMG)
channel, computed over a window of 100 milliseconds, and
allowed a gated-ramp control®® of the speed of the robotic
hand movements, as in the following relation:

Viand < Viand + AX Claﬁoutpuﬁ when Clﬂ“output =-11
(1)

Viana < 0; when Class yupu =05 (2)
where A is a proportional factor that can be controlled by the
experimenter, Class ., is the output of the classifier, and
Viyana is @ number in the range between 0 and 511, which
controls the velocity of the motors of the robotic hand. When
Viyana = 1, the angular velocity of the robotic hand is 0.297°/
s; when V),,,» = 511, the angular velocity of the robotic hand
is 511 X 0.297°/s = 151.76°/s.

FIGURE 1: Intraneural stimulation stabilized over time. (A) The subjects, after the implantation of 4 transverse intrafascicular
multichannel electrodes in the median and ulnar nerves, periodically received sessions of stimulation in combination with or
without the prosthesis. For the bidirectional control, sensor readout was used to drive intraneural stimulation. The relationship
between these parameters was linear. The robotic hand was controlled through the electromyographic signal from the forearm
residual muscles. The stimulation, when delivered without the prosthesis, was driven by custom-made software, through which
the parameters of current were set, and the subjects’ reports were recorded. (B) The results of the characterization shown in A
as 75th percentile of the phantom sensation locations evoked during the 6-month clinical trial. AS = active site; EL1 = electrode
#1 implanted in the proximal part of the median nerve; EL2 = electrode #2 implanted in the distal part of the median nerve;
EL3 = electrode #3 implanted in the proximal part of the ulnar nerve; EL4 = electrode #4 implanted in the distal part of the ulnar
nerve. (C, D) The number of sensations reported by subjects ALM and LRP on the stump (the same value from subject FNG is
negligible) over time is plotted (C), along with the stability of the sensations elicited from the phantom hand (and not the stump)
of FNG, ALM, and LRP (D). The stability was evaluated in terms of the location of the percept. The characterization results were
used to calibrate the sensory feedback restoration system of the bidirectional prosthesis, whose motion was instead controlled
by means of the electrical activity of the residual muscles of the amputated limb. (E) The types of sensation reported during the
whole trial. (F-H) The minimum charge needed to evoke a sensation in FNG, ALM, and LRP. The boxplots are computed from the
sensory thresholds of 3, 3, and 4 electrodes, respectively, for FNG, ALM, and LRP. The averages are obtained from the sensory
thresholds of the active sites, which were < 120nC. Per each active site the threshold was determined as the average of
3 repetitions. The fitting performance (R? and p) of the saturating exponential function (dashed lines) is reported. The function is
defined as —D + C/ (B + exp[—x/A]). B, C and D determine the saturation value (C/B - D), while A is the characteristic charge for
the saturation process. Two-tailed Friedman test with Tukey-Kramer correction for multiple groups of data was performed.
[Color figure can be viewed at wileyonlinelibrary.com]
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The classifier required a training session every time
the surface EMG electrodes were newly placed. During
the training the user was asked to relax (one time for 2 sec-
onds), then open (one time for 2 seconds), and finally
close (one time for 2 seconds) the phantom hand. The
resulting EMG activity was recorded and manually sepa-
rated into 3 classes basing on the WL.

Prosthesis Sensory Feedback

Two force sensors embedded in the little and index fingers
of the prosthesis were used as control inputs for the intra-
neural stimulation of 2 active sites in the sensory innerva-
tion territories of the median and ulnar nerves.
Specifically, the amplitude of biphasic, symmetric,
cathodic-first, and rectangular charge-balanced pulses was
modulated according to the following linear relationship:

c= (fmzzx_cmin) X (5_515)/(j75 _515) + Comins

when 515 <5< 5753

(3)

c=0, when s <153 (4)

€= Conae> when s> s;5; (5)
where ¢ is the amplitude of stimulation current, s is the
sensor readout, and s;5 and 575 represent 15% and 75%,
respectively, of the maximum range of the sensor readout,
which characterize, respectively, the contact threshold of
the robotic hand and a value tuned to exploit the full
range of sensations for all objects. c¢,,, and ¢, are the
stimulation current amplitudes that elicited, respectively,
the minimum and maximum (ie, below pain threshold)
touch sensations as reported by the subject according to
the last sensation characterization procedure. The fre-
quency of the stimulation is 50 Hz.*® The overall control
scheme is provided in Fig 1A.

We used 2 active sites for the development of the
bidirectional prosthesis, one in the sensory innervation ter-
ritories of the median nerve and one in those of the ulnar
nerve, eliciting sensations respectively in an area of the
phantom hand that was the closest to the prosthesis index
finger and in an area closest to the little finger. This was
chosen to maximize the somatotopy of the phantom sen-
sations during prosthesis exploitation.

Neurostimulators
Three neural stimulators were used to inject currents into
the nerves of the 3 subjects by means of TIME electrodes:
STIMEP, EARNEST, and the Grapevine Neural Interface
System.

STIMEP (University of Montpellier, Montpellier,
France and Axonic, Vallauris, France) is a wearable neural

stimulator based on a generic neural stimulation

architecture.’’*? It allows the control of 64 poles of
implanted electrodes, divided into 4 ports of 16 poles
each. Therefore, up to 4 TIME electrodes can be driven
in real time (pulse width, intensity, frequency). Each port
addressing each TIME electrode includes 14 capacitively
coupled active outputs (channels) and 2 noncapacitively
coupled references. STIMEP further embeds safety proce-
dures (charge limit) and impedance measurements. This
stimulator was used for all the tests on FNG.

EARNEST (University of Cagliari, Cagliari, Italy) is
a prototypical, wearable, complete embedded platform for
neural prosthetic applications.*® It allows simultaneously
control and use of up to 4 implantable multisite (16 chan-
nels) electrodes, placed on the same subject, for a total of
64 stimulation/recording channels. The device allows
recording of neural signals and, at the same time, provides
electrical stimulation fully programmable in terms of
amplitude, duration, shape, and frequency. It embeds also
a recording module for EMG signals from 4 differential
surface electrodes. This stimulator was used on ALM for
Sensation Characterization, Force Control Test (FCT),
and Blindfolded Sensory Blocks Test (BSBT).

The Grapevine Neural Interface System (Ripple
Neuro) is a commercial device that can be used for the
recording of neurophysiological data and for delivering
current-controlled stimulation through up to 32 high-
impedance microelectrodes. This system was used on
ALM for the Sensation Characterization, FCT, and Vir-
tual Eggs Test (VET), and for the whole trial with LRP.

Validation Tasks

To verify whether sensory feedback could allow subjects
to improve performance in the prosthesis movement con-
trol, 3 functional tasks were used: VET,>* BSBT,'? and
FCT.*

First, to assess whether intraneural stimulation in
addition to vision could improve motor control, we asked
the subjects to perform a test resembling the realistic task
of transferring fragile objects (such as eggs), namely the
VET. The VET is a recently proposed test for sensorimo-
tor assessment.>® In brief, it is a modification of the well-
known box and blocks test® except that fragile/breakable
blocks (resembling virtual eggs) are used instead of the
standard wooden ones. During the VET, the subjects,
wearing the prosthesis, are instructed to transfer the fragile
blocks presented in front of them from one side to the
other over a 15 cm-tall wall as fast as possible and without
breaking them. The performance is measured as the per-
centage of the number of transferred blocks out of the
total number of blocks (transferred plus broken) during
1-minute trials, similar to the standard box and blocks
test. In this work, the virtual eggs (40 X 40 X 40 mm°
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blocks, ~80 g) exploited a magnetic fuse mechanism,
which would collapse/break when grasped with a grip
force larger than a specified threshold. The latter was cali-
brated at a force value that was roughly 50% larger than
the grip force required by the artificial hand to lift it
(1.23 £ 0.02 N). This value was validated during the tests
with FNG (4 trials feedback-on and 4 trials feedback-off).
The test is schematized in Fig 2A and shown in Supple-
mentary Video 2. The VET was performed by FNG at
month 4 after the surgery, by ALM at months 2 and
3, and by LRP at months 2 and 3.

Once we assessed the benefit of intraneural sensory
feedback in addition to vision during tasks requiring sensibil-
ity, we further tested the efficacy of our approach during
2 additional experiments, in which the volunteers were blind-
folded and acoustically isolated: the BSBT and the FCT.

In the BSBT, subjects wearing the prosthesis trans-
unbreakable  blocks,

240-second sessions, from one side of a table to the other

ferred wooden and during
(see Fig 2D and Supplementary Video 2). In particular,
an operator presented or did not present objects to the
prosthesis, and the subjects had to decide whether he/she
had successfully grasped them, and then had to transfer
them to the other side of the table. If the participant felt
that no object was gripped, he/she was instructed to
reopen the hand for the next repetition. The performance
was rated through a score; 1 point was attributed for every
successfully transferred block or when the subjects cor-
rectly identified that there was not an object in their
robotic hand; in any other condition, no points were
assigned, and errors were counted. Because the same score
was given to the recognition of a grasped object and of a
missing object, the number of transfers (hence, the overall
score) depended on the time the subjects spent to make a
decision about a grasp. The number of object presentation
events was balanced with the case in which no object was
placed in the prosthesis. This design was put in place to
avoid performance discrepancies between trials due to
object seeking. The BSBT was performed by ENG at
months 2 and 3 after the surgery, by ALM at month
2, and by LRP at month 2.

In the FCT (Fig 3A), as in Raspopovic et al.,”" the
subjects were acoustically shielded and blindfolded and
asked to apply 3 levels of grasping force (low, medium, and
high) on a dynamometer, using (but not wearing) the
robotic hand. The prosthesis and the dynamometer were
constrained by 2 presses at a constant position, to guarantee
the repeatability of the grasps. The participants were
instructed to rely on the sensory information to judge how
much force they were applying and to stop when they con-
sidered they had reached the desired level (low, medium, or
high). They had to decide the amount of force required to
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apply its minimum, medium, and maximum level. The

patients performed a short familiarization session
(-5 minutes), during which they could squeeze the dyna-
mometer with the bidirectional prosthesis exploring the
sensory feedback. Then, the experiment was performed.
The experimenter requested the various force levels by
touching the patients’ shoulder once (low), twice
(medium), or 3 times (high). Patents reproduced the
desired force level, maintaining the level for 2 seconds, and
then they returned to the initial hand position (fully open
hand), ready for the next level. The velocity of the hand
movement execution was randomly modified (3 velocities,
by setting A = 1, A = 2, A = 3 as in Equation 1) without
informing the participants, to prevent them from relying
on learned closing times to execute the task. The FCT was
performed by FNG at months 2 and 5 after the surgery, by

ALM at months 2 and 5, and by LRP at months 2 and 5.

Phantom Limb Pain and Mood States
Assessment

FNG and LRP were asked to fill out Neuropathic Pain
Symptom Inventory (NPSI),>®  visual analogue scale
(VAS),>”*8 and Profile of Mood States™” questionnaires
during the 6 weeks before the implant and each day they
received the intraneural stimulation (ie, every week).
ALM, not having any phantom limb syndrome, did not
fill out the questionnaires.

Statistical Analysis
All data were extracted and processed in MATLAB
(R2016b). The normality of the data was first checked
(1-sample Kolmogorov—Smirnov test). Because none of the
data was normally distributed, for the analyses in the paper
a 2-tailed Friedman test was used to analyze data and, when
needed, a Tukey—Kramer correction for multigroup com-
parison was applied. For performance comparisons over
time only, that is, first and last session of VET (see Fig 2),
BSBT (see Fig 2), and FCT (see Fig 3), a Fisher exact test
was computed. For the comparison of different levels of
intensity of sensations, a Kruskal-Wallis test was executed.

Additionally, for the analysis of the force levels (see
Fig 3), for each trial, the duration was normalized, and an
average force value was computed over a fixed interval
(interval from 60% to 90% of trial completion). To com-
pute the “performance” score (given as a percentage of cor-
rect trials), we first obtained the average force value for each
force level, using the method outlined above. Then, we
assigned each repetition to the nearest force level. Finally,
we computed the performance score as the percentage of
repetitions correctly assigned to the right force level.

The number of repetitions per session and the num-

ber of sessions per test are reported in the figure captions.
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FIGURE 2: The Virtual Egg Test (VET) and Blindfolded Sensory Blocks Test (BSBT). (A) During the VET, the subjects are instructed
to transfer the fragile blocks presented in front of them from one side to the other over a 15 cm-tall wall as fast as possible
without breaking them. (B) Performance for subjects FNG (n = 4 x 2 repetitions), ALM (n = 27 x 2 repetitions), and LRP (n =5 x 2
repetitions). The percentage of transferred blocks out of the total number of blocks (transferred plus broken) with and without
sensory feedback is indicated on the left. On the right, the total number of transferred blocks is displayed. Data are shown as
mean values =+ standard deviation (SD). Statistical evaluations results in B were obtained using the Friedman test. (C) Performance
and total number of transferred blocks over time. The data related to the first and the last sessions, with and without sensory
feedback for both subjects, are reported. Statistical evaluation results were obtained using Fisher exact test. (D) Schematic of the
BSBT experiments. (E) The performance on the BSBT for FNG (n = 9), ALM (n = 3), and LRP (n = 3) is shown. The score and errors
are indicated, and the data are reported as mean values + SD. Statistical evaluations results in E were obtained using the 2-tailed
Friedman test. (F) BSBT performance over time is shown. The data related to the first and the last sessions for both subjects are
shown. Statistical evaluation results were obtained using Fisher exact test. [Color figure can be viewed at wileyonlinelibrary.com]

Results nerves secondary to surgical injury, infection, bleeding, or
Surgical Results relocation of the electrodes were not observed in FNG
No side effect related to the surgical procedures was and LRP during the tria. ALM had an infection from
observed. Complications related to the median and ulnar 3 of the implants (Smphylococcus aureus, confirmed by
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wound swab culture) 2 weeks after the surgery. During
this period, 1 electrode fell out (after 7 weeks) while the
patient was sleeping. The infection was treated and eradi-
cated with 6 weeks of combined antibiotic therapy. Nev-
ertheless, also in the case of ALM, there were no
complications related to the median and ulnar nerve
injury at the end of the trial. The follow-up excluded
long-term complications or loss of function compared to
presurgery conditions. The results presented in the rest of
the article take into consideration 3 electrodes for FNG
and ALM, and 4 for LRP. As mentioned, ALM lost an
electrode after 7 weeks, and for FNG the external connec-
tor of one implant completely broke at week 20.

Month 2018

Perceived Sensation
Throughout the whole trial, all subjects reported sensa-
tions elicited by intraneural stimulation on the phantom
hand (see Fig 1). In terms of location, FNG reported sen-
sations in all his phantom digits, whereas ALM felt phan-
tom sensations more on the palm and LRP more on the
ulnar territories of innervation of the hand. Interestingly,
at the beginning of the trial, ALM and LRP reported sen-
sations mainly localized at the residuum, whereas over
time most of these perceptions progressively moved to the
phantom hand.

Along with the trial, the perceptions became very
stable; almost 100% of the active sites for ALM, FNG,
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FIGURE 4: Perceived sensation levels and locations. (A-C) The ranges of injected charge for each pressure level perceived by subjects
FNG (A), ALM (B), and LRP (C) related to 4 active sites per subject used for the implementation of the bidirectional prosthesis are
reported. Data in the figure are represented as median and 25th-75th percentiles. Two-tailed Kruskal-Wallis test with Tukey-Kramer
correction for multiple groups of data was performed. *p < 0.05. Sensation locations for maximum and minimum intensities reported
by each patient during the modulation of charge of the stimulation train are reported (top). In the maps of hand sensations, each
shaded area indicates the 75th percentile of the phantom sensation evoked at 4 active sites for each patient (2 on the median and
2 on the ulnar nerve). As = active site; El. = electrode. (D) The number of statistically different pressure levels perceived by the
subjects, shown as mean =+ standard deviation. [Color figure can be viewed at wileyonlinelibrary.com]

and LRP elicited a sensation that maintained the exact A wide range of sensation types (11 different ones) was
same phantom hand location (see Fig 1D). ALM and elicited by the intraneural stimulation (see Fig 1E); as a note,
LRP very soon reached this level of stability, whereas FNG and LRP experienced a feeling of electricity in the
ENG, who reached about 80% stability at the 4th month, phantom hand less than about 10% of the times, whereas in
needed the entire study period. ALM such a percept was reported in 3 of 4 cases.
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Analogously to the location of the elicited sensations,
also the minimum charge (threshold) required to elicit a
percept reached a plateau at around 20nC for FNG,
40nC for ALM, and 60nC for LRP (see Fig 1). It is inter-
esting that whereas for the first 2 subjects, the plateau was
reached after a period of adaptation (4 and 7 weeks for
ENG and ALM, respectively, p < 0.05), for LRP the
threshold recorded during the first week of experiments
remained the same until the explant. All these thresholds
were far below the tolerated maximum safe charge injec-
tion capacity of the TIMEs, determined to be 120nC.**

Finally, all subjects reported a direct proportional cor-
relation between the charge of the current injected in the
electrode active sites and the intensity of the evoked sensa-
tions (Fig 4). Conversely, raising the injected charge, even if
producing a very limited increase of the extent of the area of
the elicited sensations, did not affect their location cluster

(intended as defined before).

Electrode Characterization

The impedance of the active sites was stable for FNG and
LRP at 80kS2 and 70k, respectively, since the beginning of
the study, whereas for ALM it changed after the implant in
the residual nerves, to stabilize after 3 weeks around a plateau
of 40kQ (p > 0.05; Fig 5). Equally important, we noticed a
reduction of around 45% of usable channels (impedance
>100kQ) from the 3 studied electrodes toward the end of
the study for FNG and ALM. Further investigation, how-
ever, of the explanted electrodes allowed us to relate this
event exclusively to a loss of electrical continuity between the
extracorporeal connectors and the transcutaneous cables due
to repeated mechanical stress during connection and discon-
nection of the TIMEs from the stimulator. Neither the active
sites nor the 2 segmented counter electrodes per TIME
showed signs of corrosion due to electrical stimulation or
delamination from the substrate and the insulation. No alter-
ations of the assembling structures of the ceramic carrier with
the thin-film structure, the precision mechanics cables, or the
cables themselves were observed during optical inspection.
Wire breakage at the connector site was the only failure
mode that occurred.

To avoid this breakdown, the portion of the elec-
trode cables for LRP that was affected by the continuous
connection and disconnection with the external stimulator
was reinforced with an additional layer of silicon. Thanks
to this expedient, the 4 electrodes for LRP had about
90% of active sites functioning until the end of the study
(see Fig 5C, bottom).

Validation Tasks

In the VET, all subjects transferred a significantly larger
number of unbroken virtual eggs when the intraneural
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feedback was provided compared to the no-feedback con-
dition (57% vs 72% for FNG, 18% vs 28% for ALM,
45% vs 70% for LRP, p < 0.05; see Fig 2B). Interestingly,
all the patients increased the percentage of unbroken and
transferred blocks (manual accuracy) when using the sen-
sory feedback condition, maintaining the number of trans-
ferred blocks in total (gross manual dexterity).

No significant improvement over time in the num-
ber of transferred virtual eggs (overall number or success-
fully displaced items) was observed (see Fig 2C).

The BSBT was successfully executed by FNG,
ALM, and LRP. The objects displacement score for all of
them was higher than the error count (12 vs 4, 24 vs
0, and 13 vs 1 for FNG, ALM, and LRP, respectively,
2 < 0.05; see Fig 2E). For ALM, remarkably, we did not
observe any mistaken trial. As in the VET, even if a posi-
tive trend in score was observed over the course of the
study, this was not statistically significant (see Fig 2F).

Finally, during the FCT, the subjects were able to
modulate their grip force at the 3 different levels at the
end of the study (p < 0.05 for FNG and p < 0.01 for
ALM and LRP; see Fig 3). ALM and LRP managed from
the beginning to complete the task with a performance of
about 83% and 88%, respectively, which was maintained
until the last session of tests (22nd week for ALM and
13th week for LRP, p > 0.05). ENG instead began with a
score just above chance level (41%) but improved by
>50%, achieving a score of about 65% in the last trial
(23rd week for FNG, p < 0.05).

Phantom Limb Pain and Mood States
Assessment

Remarkably, during the whole period of provision of the
intraneural stimulation, both FNG and LRP experienced a
reduction of pain, according to all the rating scales that were
provided to them. FNG reported a significant decrease of
36% on the NPSI and 57% on the VAS (p < 0.01; Fig 6).
Similarly, the NPSI for LRP decreased from 18 to
5 (p < 0.05), and her VAS from 6 to 3.2 (p < 0.01). Finally,
we observed that the mood states of the subjects benefited
from the use of the bidirectional prosthesis (eg, the subjects
felt less nervous or miserable at the end of the study).

Discussion

Long-Term Usability of Intraneural Electrodes
We have proved for the first time that intraneural inter-
faces are stable (in terms of elicited sensations and from a
materials science viewpoint) and functional during chronic
implantation in humans to deliver tactile sensory feed-
back. After the clinical trial, the location and the mini-
mum charge needed to elicit a sensation were stable as

well as the impedance of the working active sites,
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reached a plateau for both subject FNG and subject ALM (respectively, A, B, top). (C) For subject LRP, the impedances were
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loss of active sites (impedance >100 kQ) is due to the mechanical stress related to the connection and disconnection of the
electrode cables with the external stimulator. (D, E) Microscopic inspection indicates damage only at the extracorporeal
transition between cables and plugs and not at the implanted transition between cables, ceramic portion, and polymer thin-film
structure. The deposited thin-film electrodes adhered well on the polymer substrate and showed no signs of corrosion or
deterioration. SiC = silicon carbide; SIROF = sputtered iridium oxide film. [Color figure can be viewed at wileyonlinelibrary.com]

confirming our previous results with animal models.* stimulation was provided. These (above all the stability of
During the whole study period, all subjects reported sensa- the location of the sensations) are the most important
tions from the phantom hand when intraneural requirements to guarantee the clinical exploitation of the
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FIGURE 6: Phantom limb pain (PLP) evaluation. The Neuropathic Pain Symptom Inventory (NPSI), visual analogue scale (VAS), and

short form of the Profile of Mood States (POMS-SF) were

recorded before the implant and during each session of neural

stimulation before the explant. (A, B) The VAS scores evolution throughout the weeks is displayed for subjects FNG (A) and LRP
(B). (C, D) The NPSI scores are displayed for FNG (C) and LRP (D). The data are reported as mean values + standard deviation.
Statistical evaluations were performed between first and last session using the 2-tailed Friedman test. (E, F) The POMS-SF results
related to the first (left) and the last (right) session are shown for FNG (E) and LRP (F). * Reduction from the first to the last

session. [Color figure can be viewed at wileyonlinelibrary.com]

intraneural sensory feedback restoration device. A slight
oscillation in the number of active sites with impedance
<100k was observed from week to week in FNG, ALM,
and LRP, probably due to the impedance measuring
setup. Also, for subject LRP we observed an increase in
the number of active sites with a sensation threshold
<120nC. This was possibly due to a minor increase over
time of the sensitivity of the subject to stimulation.
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A great variety of sensation qualities have been elicited
both within and between subjects. Many of these sensations
(~60%, ~15%, ~50% for FNG, ALM, LRP, respectively; see
Fig 1E) can be associated with those that can be perceived
with the healthy limb when interacting with objects (eg, pres-
sure or vibration, which we consider “natural” in this article,
ie, similar to those that are perceived with the intact limb). It
is worth mentioning that in FNG and LRP we also
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FIGURE 7: Subject FNG spontaneous phantom sensations and subject LRP median and ulnar nerves. (A) On the left, the
localization of FNG’s nonpainful spontaneous phantom sensations is depicted. On the right, respectively from top to bottom, are
responses on impact to life and frequency of occurrence evaluation questionnaires of phantom sensations filled out by FNG.
(B) The picture, taken from the intraoperative microscope, shows the small size and the altered aspect of the median nerve
(in comparison with the adjacent ulnar nerve) in LRP. [Color figure can be viewed at wileyonlinelibrary.com]

demonstrated that the intraneural stimuli were able to elicit
brain responses in the sensory areas (somatosensory evoked
potentials) with a shape similar to those evoked when stimu-
lating sensory fibers in intact nerves.”' Similar sensation qual-
ities were reported in studies on amputees implanted with
penetrating electrodes; however, the stability of the percepts

obtained with them were low compared to our results.'®"?

14

Mostly unnatural percepts (paresthesia) were instead reported
with epineural electrodes.”> This observation leads us to
hypothesize that the quality of elicited sensations is primarily
coded by the types of nerve fibers recruited through neural
stimulation. This suggests that electrodes able to target a cir-
cumscribed population of fibers (likely of similar type®>®)
may be more suitable to elicit natural sensations; the
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simultaneous activation of fibers of different types is not
physiologic, as they have their own specific firing rates.**

We also need to note that some of the sensations
reported by the 3 subjects were unnatural (eg, electricity).
We believe that new encoding strategies must be identified
in the future to elicit more natural sensory feedback. We
think that, since sensory feedback is one of the require-
ments of amputees for future prostheses and one of the
reasons for abandonment of presently available ones,” the
quality of the restored sensations will play an important
role in device acceptance.”*® Neural stimulation should
elicit sensory feedback that is at the same time efficient (ie,
usable to increase motor control performance) and highly
natural, as the naturalness of the feedback plays a pivotal
role in prostheses acceptance.22 More investigations are
necessary to test whether more natural sensory feedback
could improve not only acceptance but other factors such
as prosthesis control, dexterity, and embodiment in
amputees.

An interesting phenomenon was reported by subjects
ALM and LRP during the study. In their case, many sen-
sations moved from the residuum to the phantom hand
throughout the weeks. We hypothesize that both subjects
had a deeply reorganized connectivity between the central
nervous system and the peripheral nerves of the stump,
compared to FNG. In LRP, the nerve ultrasound, per-
formed before the electrodes were implanted, showed a
reduced cross-sectional area (between 4 and 5Smm?) of the
median nerve in the tract between the elbow and the
proximal third of the arm compared to the physiological
values for median®” and ulnar nerves.*® The surgery con-
firmed the reduced size of the median nerve compared to
the ulnar one (Fig 7B). In ALM, the long interval between
the amputation and enrollment in the study (>20 years)
may have induced great and stabilized plastic changes in
the paths between the brain and the peripheral nerves.*’
It is known® that in such conditions the deafferented
areas of the brain can be “invaded” by the adjacent ones
(the forearm and the face, in the case of hand amputees),
and that the passive electrical activation of fibers originally
directed to the lost body part can generate a sensory per-
ception in these areas and not in the phantom.” The
6-month stimulation of these fibers, combined with the
use of a prosthetic hand, may have induced a partial
regression of the abovementioned plastic changes. Another
possibility (not excluding the previous one) is that the
continuous stimulation of peripheral nerves (generating a
peculiar pattern of sensation) combined with the intensive
use of the prosthetic hand may have promoted a process
of embodiment of the device (taking advantage of brain
plasticity), with a progressive association of the peculiar
pattern of sensations with the prosthetic hand itself.”
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Because the clinical features of ALM and LRP were
very different, we hypothesize that this phenomenon
could affect a larger population of amputees, with no
restriction. Further studies on this matter are needed.

Also, this phenomenon could be exploited in the
future to develop novel therapies of neurorehabilitation,
which could involve the combination of neurostimulation
with other techniques such as virtual reality.”””!

As a side but important note, the results from FNG
and ALM clearly confirm that the use of a transcutaneous
device makes the overall approach more fragile and prone
to stress-induced mechanical failures while connecting and
disconnecting electrodes and stimulators. These sites of
the connectors have undergone redesign on LRP to
increase strength and deliver higher strain relief during
everyday handling. This solution provided a great step
toward immunity to active site failure until the end of the
study. For future clinical practices, however, the solution
may be represented by a fully implantable system, which
will avoid any daily connection and disconnection
between the electrodes cables and the neural stimulator.

Intraneural Stimulation Improves Prosthesis
Control Performance and Mood States, and
Reduces Phantom Limb Pain

Results from the BSBT strengthen the evidence regarding
the benefit of using sensory feedback to complete func-
tional tasks, without any visual or acoustic clue, that was
previously shown in trials with 2 subjects implanted with
FINE electrodes.”®>? In the very same trials, the outcome
of the clinical tests executed by the 2 amputees seemed to
indicate that very low or no improvement is obtained
when sensory feedback is provided when vision is also
available.

In this work, notably, with the VET, we demon-
strated that the control of the prosthesis in ecological con-
ditions is improved by the sensory feedback. Finally, with
the FCT, we reinforced previous findings*® of the capabil-
ity, given by intraneural stimulation, to modulate the
grasping force exerted through the prosthesis, which is one
of the main users’ requirements. The ability of the sub-
jects to modulate the prosthesis grasping force comes
probably from the combination of (1) the proportional
relation between the charge of the intraneural stimulation
and the intensity of the elicited sensation and (2) the inde-
pendency of the cluster location of the evoked perception
on the charge of the intraneural stimulation. These prop-
erties come probably from the unique selectivity of intra-
fascicular electrodes, which allow fiber recruitment in a
confined area of a fascicle.”” To date, the capability of
controlling several different levels of prosthesis force
through the sensory feedback induced by intraneural
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stimulation has not been shown with other implantable
electrodes. As expected, after the results of the sensation
characterization proving the stability of intraneural stimu-
lation over time, the subjects were able to execute the dif-
ferent functional tasks throughout the whole study.

Also, we demonstrated that combining sensory feed-
back to the control of a myoelectric prosthesis results in
significant decrease of phantom limb pain and ameliora-
tion of the user’s mood. This is a great advantage for
users, because it would allow them to avoid undergoing
additional therapies for pain treatment.

Intraneural Stimulation Is Usable with Patients
with Different Clinical Conditions

The participants involved in the study presented very dif-
ferent clinical conditions. In more detail, FNG had a
phantom limb syndrome, which moderately affected his
daily activities. He had painful and painless phantom sen-
sations (see Figs 6A, C, E and 7A).

Only painful phantom sensations were reported by
LRP, but these did not affect her activities of daily living.
Both LRP and FNG underwent amputation <3 years
before enrollment in the study. ALM did not report any
phantom pain and lost the hand >20 years before the start
of the pilot trial.

The clinical differences between FNG, ALM, and
LRP could justify some discrepancies in terms of elicited
sensations and task performance. FNG reported difficulty
in clearly identifying percepts evoked by intraneural stim-
ulation because of the continuous presence of spontaneous
sensations from the phantom hand. This could explain
the reduced performance of FNG compared to ALM and
LRP on the FCT.

Conversely, intraneural stimulation evoked in FNG
and LRP sensations that could be associated with those
perceived by the healthy hand, mostly located over the fin-
gers, whereas in ALM they evoked mostly perceptions of
electricity, which rarely extended to the digits. In this case,
the long interval from the amputation and the consequent
plastic changes in the central nervous system pathways
and relays connected to the stump nerves could have been
the reason for the less natural quality of the sensations and
their location perceived by ALM. In the case of LRP, even
at the end of the study, the stimulation of the median
nerve evoked no sensations on the hand. We hypothesize
that the Wallerian degeneration of a consistent contingent
of fibers innervating the hand (see Fig 7B) after the ampu-
tation was to a point that did not allow eliciting sensations
from corresponding areas of the phantom limb (ie, the
phantom fingers).

Encouragingly, independently of the peculiarities of
each subject, FNG, ALM, and LRP felt sensations on the
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phantom hand induced by intraneural stimulation for the
whole duration of the trial and exploited these sensations
to improve the control of the prosthesis. This suggests that
bidirectional prostheses can be used by subjects of very
different clinical conditions, which would allow medical
doctors to adopt loose inclusion criteria for the selection
of users.

Conclusions

We believe that our findings support the hypothesis that
intraneural stimulation represents a valuable clinical solu-
tion to provide sensory feedback to transradial amputees
and that this approach is ready to be tested with a larger
cohort of patients during long-term clinical trials outside
the controlled hospital environment, after a transcutane-
ous solution is replaced by a fully implantable one. We
showed that intraneural stimulation represents a solution
that meets amputees’ requirements for future prostheses,
such as control of grip force; improves control of myoelec-
tric prostheses for the completion of tasks executed with
or without the assistance of vision; reduces phantom limb

pain; and ameliorates patients’ mood state.
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