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Sensory feedback restoration in leg amputees
improves walking speed, metabolic cost and

phantom pain
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Conventional leg prostheses do not convey sensory informa-
tion about motion or interaction with the ground to above-
knee amputees, thereby reducing confidence and walking
speed in the users that is associated with high mental and
physical fatigue*. The lack of physiological feedback from
the remaining extremity to the brain also contributes to the
generation of phantom limb pain from the missing leg®*.
To determine whether neural sensory feedback restoration
addresses these issues, we conducted a study with two trans-
femoral amputees, implanted with four intraneural stimula-
tion electrodes’ in the remaining tibial nerve (ClinicalTrials.
gov identifier NCT03350061). Participants were evaluated
while using a neuroprosthetic device consisting of a prosthetic
leg equipped with foot and knee sensors. These sensors drive
neural stimulation, which elicits sensations of knee motion
and the sole of the foot touching the ground. We found that
walking speed and self-reported confidence increased while
mental and physical fatigue decreased for both participants
during neural sensory feedback compared to the no stimula-
tion trials. Furthermore, participants exhibited reduced phan-
tom limb pain with neural sensory feedback. The results from
these proof-of-concept cases provide the rationale for larger
population studies investigating the clinical utility of neuro-
prostheses that restore sensory feedback.

Despite advances in the development of lower-limb prosthet-
ics®, the potential benefits of restoring sensory feedback from such
devices to transfemoral (above-knee) or transtibial (below-knee)
amputees has not been investigated. Most surgery techniques’ and
noninvasive methods'*'? to restore sensory feedback have been
tested only in transtibial amputations, which produce a less dis-
abling clinical condition than transfemoral amputation'’. Direct
neural stimulation through transversal intrafascicular multichannel
electrodes (TIMEs)” has enabled upper-limb amputees to feel touch
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sensations from the missing hand and to exploit them for long-term
prosthesis control'*'*. Only a few trials'>'® with direct nerve stimula-
tion that did not show clear benefits for the leg amputees have been
conducted. Restoring sensory feedback from the phantom hand of
upper-limb amputees through neural stimulation has been shown
to decrease phantom limb pain (PLP)'>'"'*. However, the efficacy of
low-frequency nerve stimulation' has never been investigated for
treating PLP in leg amputees.

In this study, we recruited two volunteers with transfemoral
amputation as a consequence of traumatic events (Supplementary
Table 1). These volunteers were implanted with four TIMEs’ in the
nearest portion of the residual tibial nerve to the amputation for
more than 90d each (top right in Fig. 1 and Extended Data Fig. 1).

We characterized the responses of the volunteers to nerve
stimulation during the first month of the study. Short pulse trains
of electrical current varying in intensity, duration and frequency
were injected into each active site. The volunteers described the
sensation in terms of type, location, extent and intensity.
Physiologically plausible sensations, that is, reported by the volun-
teers similarly to the ones perceived with the nonamputated leg, of
touch, pressure, vibration and muscle activation were elicited over
the phantom foot sole and lower leg (Extended Data Fig. 2a-c).
Other less physiologically plausible percepts such as tingling, pulsa-
tion and electricity were evoked, similarly to previous reports with
the same technology"’, which were not used for the neuroprosthesis
and pain tests. The extent of the sensations was localized and did
not change (or changed only slightly) when the injected charge in
the tibial nerve was varied (Extended Data Fig. 2d). The intensity
of the perceived sensations was proportional to the injected charge
(Extended Data Fig. 2e). We used the map of sensations to calibrate
the neuroprosthesis (Fig. 1), which consisted of the intraneural elec-
trodes, a stimulator, an external controller and a sensorized insole,
located under a custom-made transfemoral prosthesis (composed
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Fig. 1| Neuroprosthesis. Participant wearing the whole system composed of a sensorized insole placed under the foot (1), with the electronics fastened
to the ankle, a custom-made lower-limb prosthesis (composed of commercially available prosthetic components) in which the microprocessor-controlled
knee has an integrated knee encoder (1), an external controller and an external stimulator. The participant walks over an outdoor terrain making a figure
of eight. Data from both insoles (participants wore a sensorized insole also on the healthy leg in every task) and the knee encoder are transmitted in real-
time via Bluetooth to the external controller (2). The acquired signals are converted into neural stimulation by means of an encoding algorithm according
to sensation mapping and perceived intensity modulation (3). The resulting neural stimulation (4) is injected through the neural implants (5) evoking
somatotopic and homologous sensations in the phantom foot and leg during walking in real time.

of commercially available prosthetic components: RHEO KNEE of activation of the phantom calf (interpreted as knee flexion),
XC, PRO-FLEX XC foot and transfemoral flexible brim socket for each participant (Fig. 1). The perceptions of foot contact and
fitted to an Iceross Seal-In X5 TF silicon liner, Ossur hf, Iceland). knee motion elicited through direct nerve stimulation were inte-
The microprocessor-controlled knee has an integrated knee grated, without prior training, by the users while walking with the
encoder. The readouts of three of the insole pressure sensors and  prosthesis (Supplementary Video 1). To verify whether the use
the knee encoder were used as control inputs for the intraneural of the neuroprosthesis could provide participants with clinical
stimulation of four active sites (Fig. 1). Three active sites elicited a  benefits, we challenged them with walking tasks. Trials with sensory
sensation of touch, pressure or vibration in the central metatarsus, feedback were compared against those without sensory feedback
lateral metatarsus and heel, and one active site elicited a sensation  (no feedback).
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The speed and confidence of participants were assessed while
they walked outdoors over a path traced in the sand (Fig. 1 and
Supplementary Video 2). Confidence in the prosthesis was assessed
by participants using a number from 0 to 10. In the test sessions, par-
ticipants’ speeds were significantly higher when sensory feedback
was provided (Fig. 2a). During the last session, participant 1 walked
at a higher speed with an improvement of 3.56+1.45mmin™!
(mean +s.d., P<0.05), while participant 2 showed an improve-
ment of 5.68+0.44mmin~' (mean+s.d., P<0.05). The reported
confidence level (Fig. 2b) improved from 4.85+0.69 to 7.71 +0.48
(mean=+s.d., P<0.05) for participant 1, and from 2.7+1.09 to
5.55+0.8 (mean=+s.d., P<0.05), for participant 2. To assess the
amount of mental effort expended during the use of the prosthe-
sis while walking, participants were involved in a dual-task para-
digm, as suggested by Wickens et al.”” and many follow-up studies
(see Methods). Specifically, participants were required to walk
(primary task) and silently count target tones that were delivered
through headphones (secondary task), while ignoring all nontar-
get tones’ (see Methods). Paying attention to the target tones was
expected to elicit a distinguishable and higher P300 event-related
potential (ERP) component>* amplitude, than the one elicited by
the nontarget tones. Higher P300 amplitude would show more men-
tal resources available for the secondary task, indicating that par-
ticipants did not allocate their attention solely to the primary task
(that is, prosthesis use). The 2X2 analysis of variance (ANOVA;
(sensory feedback versus no feedbackXtarget versus nontarget
tone) revealed that the P300 amplitude differed depending on the
tone for both participants (P<0.05, Fig. 2c-e). In addition, we
obtained the main effect of the interaction condition X tone for both
participants (P<0.05, Fig. 2c—e). The post hoc analysis revealed
that the cortical response for both participants was significantly
higher for the target than for the nontarget tones (Fig. 2c—e), for
the sensory feedback condition (P<0.01) but not for the no feed-
back condition (P>0.05). This suggests that in the no feedback
walking conditions, participants could not direct attention to the
dual task, indicating a higher mental effort than when walking with
sensory feedback.

To determine the effect of the neuroprosthesis on physical
fatigue, participants were asked to walk outdoors and indoors
while their metabolic consumption (that is, the volume of oxygen
(VO,)) was measured. Indoors, participants were asked to walk
on a treadmill while the speed was increased by 0.5kmh™ every
minute. Outdoor walking was performed on grass and participants
had to ambulate at a self-selected speed. Indoors, both participants
reached a 0.5 kmh" higher speed on the treadmill when stimulation
was provided (Fig. 3a), since they did not feel confident enough to
achieve the same speed without sensory feedback. Also, both par-
ticipants had a lower mean rate of oxygen uptake during the sensory
feedback trials: significant differences between two corresponding
speeds were found at most speeds (P < 0.05; Fig. 3a).

Outdoors, participant 1 had lower O, consumption and main-
tained walking pace, while participant 2 maintained O, consumption
but achieved a faster pace (Supplementary Table 2) when sensory
feedback was provided. These results are indicative of an improve-
ment in overall gait efficiency measured as net VO, (Methods):
0.261+0.027 versus 0.215+0.026mlkg"'m™"  (mean=+s.d,
P<0.01), no feedback and sensory feedback, respectively for
participant 1, and 0.199+0.024 versus 0.175+0.022mlkg™'m™!
(mean=+s.d., P<0.01) for participant 2 (Fig. 3b).

To verify whether low-frequency neural stimulation'® was effec-
tive in reducing PLP, participants received two types of pain treat-
ment: frequency-invariant and frequency-variant stimulation,
where frequency of stimulation was fixed and variable, respec-
tively. Both frequency-invariant and frequency-variant stimula-
tions target the area of pain through localized and physiologically
plausible sensations. Given that frequency-variant emulates the
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Poisson distribution occurrence of afferent fiber firings*, we
hypothesized that it would elicit more pleasant and physiologi-
cally plausible sensations that would thus be more effective in
terms of pain relief***. Ten-minute trains of stimulation were
delivered and controlled with sessions of no stimulation at all. PLP
evolution was measured through the Neuropathic Pain Symptom
Inventory (NPSI, from 0 to 100)” and visual analog scale (VAS,
from 0 to 40)* questionnaires, which were provided before and
after the 10-min stimulation sessions. The pain level decreased
significantly after the frequency-invariant and frequency-variant
10-min stimulation sessions for participant 1 (P<0.05; Fig. 4a,b
and Extended Data Fig. 3a,b) and participant 2 (P <0.05; Fig. 4e,f
and Extended Data Fig. 3e,f). Before and after the single control
sessions, no difference in pain level was reported and the effect
of these sessions was negligible compared to frequency-invariant
and frequency-variant stimulation (Fig. 4b,f and Extended Data
Fig. 3b,f). A decrease from the first to the last treatment session
was recorded through the NPSI (50 versus 0 for participant 1 and
32 versus 12 for participant 2; Fig. 4a,c,e,g) and VAS (20 versus 0
for participant 1 and 18 versus 9 for participant 2; Extended Data
Fig. 3a,c,e,g).

Commercial microprocessor-controlled knees improve par-
ticipants’ self-selected walking speed by about 8% compared to
mechanically passive devices”. In this study, we show that the
speed of participants in outdoor tasks while using a microproces-
sor-controlled knee (RHEO KNEE XC) was improved even more
by sensory feedback (>10%). We hypothesize that the partici-
pants managed to increment their walking speed, when provided
with sensory feedback, by exerting more force with both limbs
on the ground (Extended Data Fig. 4). In fact, unilateral lower-
limb amputees produce an increment in walking speed by push-
ing stronger with both legs on the ground, the healthy extremity
being the one with the highest force increment™; we observed a
similar behavior (Extended Data Fig. 4). Further detailed analy-
ses are necessary to unveil the codes (if present) explaining what
microscopic kinematic parameter is directly correlated with sen-
sory feedback and the change in speed. We found that when using
the sensory feedback prostheses outdoors, participants reported
an increased sense of confidence in the device and experienced
a reduced mental effort. We believe these are promising findings,
since they may represent a solution to the high abandonment rate
in prostheses use, which is possibly connected to a lack of confi-
dence and low comfort®. They also suggest that restoration of the
physiologically plausible sensory feedback was intuitively inte-
grated by the participants’ central nervous system. These electro-
encephalography (EEG) results are highly significant because they
are derived from recordings executed in naturalistic environment
(that is, not in the controlled conditions of the laboratory where
there are no noises or distractions, and planned movements are
less complex).

Traumatic above-knee amputation is associated with an
increased cardiovascular morbidity or mortality rate in the long
term®, with a relative risk of death by cardiac causes 2.2 times
greater compared to healthy controls*. Improving the economy
of walking through a decrease in O, cost decreases the cardiore-
spiratory loading and could be very important for counteracting
these issues.

A study™ comparing two microprocessor-controlled knees
(C-Leg and RHEO KNEE) and a mechanically passive one
(Mauch SNS hydraulic) showed that when using the RHEO KNEE
to walk over ground at a self-selected speed, the metabolic rate
decreased by 5% compared with the Mauch SNS and by 3% (no
statistical relevance) compared with the C-Leg. In this study, we
found that when restoring sensory feedback to participants using
RHEO KNEE XC overground, metabolic costs were lowered
even further (gait efficiency of 12% and 17.6% for participants
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Fig. 2 | Walking speed, confidence and mental effort assessment. a, Speed when sensory feedback is restored and when it is not during two 6-min
outdoor sessions (walking on a sandy terrain) for participants 1and 2. The dots show the data distribution (n=6 1-min trials per sensory feedback and no
feedback conditions and per session). A Kruskal-Wallis test was performed. For participant 1, the result of the test was d.f.=1 (between-groups), F=8.4,
P=0.0038 for session 1. The result was d.f.=1, F=4.88, P=0.027 for session 2. For participant 2, the result was d.f. =1, F=8.5, P=0.0035 for session 1
and d.f.=1, F=5.49, P=0.019 for session 2. b, Confidence in prosthesis reported by participants after each experimental session (n=12 reports from 2
sessions of experiments per no feedback and sensory feedback conditions). A Kruskal-Wallis test was performed. For participant 1, the result of the test
was d.f.=1, F=80, P<0.00007; for participant 2, it was d.f.=1, F=22.1, P=0.0015. ¢, Topographical representation of voltage distribution over the scalp
in the P300 window (for the two different participants, a different highest peak latency was obtained) in response to the target tones, for both stimulation
conditions. d, ERPs elicited during walking with and without sensory feedback and comparison between the target (orange) and nontarget (red) trials. The
shaded areas represent the time window for the P300 computation (between 450 and 600 ms after acoustic stimulus presentation). e, Distribution of the
data in the shaded areas in (d). A 2x2 ANOVA (condition: sensory feedback versus no feedback x tone target versus nontarget) with post hoc analysis
(paired sample t-test) was performed in d,e. The test revealed that the P300 amplitude differed depending on the tone (for participant 1. d.f.=1, F=5.41,
P=0.026; for participant 2: d.f.=1, F=10.26, P=0.003). In addition, we obtained the main effect of the interaction condition x tone (for participant 1:
d.f.=1, F=4.90, P=0.034; for participant 2: d.f.=1, F=5.63, P=0.023). The post hoc analysis revealed that the cortical response for both participants
was significantly higher for the target tones than for the nontarget tones, for the sensory feedback participant 1: d.f.=1, t=7.95, P< 0.007; for participant
2:d.f.=1,t=2.94, P=0.006) but not for the no feedback condition (for participant 1: d.f. =1, t=0.094, P=0.93; for participant 2: d.f.=1, t=1.22, P=0.21).
For participant 1, n=34 for each stimulation condition (no feedback and sensory feedback), while for participant 2, n=38. n is the number of included
epochs from which the average is calculated. See the Methods for the exact procedure to include the epochs. *P<0.05. **P < 0.01. In each box plot, the
thick horizontal line denotes the median, whereas the lower and upper hinges correspond to the first and third quartiles, the whiskers extend from the
hinge to the most extreme value no further than 1.5x interquartile range from the hinge and the dots beyond the whiskers are outliers.
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Fig. 3 | Metabolic consumption assessment. a, Oxygen consumption
normalized on individual body mass (VO,) on a treadmill when intraneural
stimulation is provided (sensory feedback, light blue) and when it is not
(no feedback, orange). VO, consumption on the treadmill was recorded

in 5-s increments (n=12 values per minute per stimulation condition)

and averaged for each walking speed. b, Net VO, in the two feedback
conditions when participants were walking on the ground. Each VO, value
is averaged over n=36 (that is, 3min of data sampled at 5-s increments
per stimulation condition). In each box plot, the thick horizontal line
denotes the median, whereas the lower and upper hinges correspond to
the first and third quartiles, the whiskers extend from the hinge to the most
extreme value no further than 1.5x interquartile range from the hinge and
the dots beyond the whiskers are outliers. In a,b, an ANOVA statistical test
was performed. For the indoor task, the P values for the tested velocities
(ascending order) for participant 1 were (0.0131, 0.4296, 0.0009, 0.0023,
0.0776, 0.0036, 0.0682, 0.0072, 0.0001, <0.0001), d.f.=1, F=(7.28,
0.65,14.69,11.92, 3.43,10.63, 3.67, 8.76, 23.80, 35.25) and for participant
2 (0.0069, 0.27,0.75, 0.021, 0.29, 0.18, 0.02, 0.004, 0.004, 0.009, 0.007,
0.06, 0.06), d.f.=1, F=(8.89,1.23,0.1, 6.18, 1.19, 1.94, 0.07,10.35, 9.88,
8.02, 8.57,3.97,3.96). For participant 1, the result of the tests for the
outdoor data was d.f.=1, F=55.56, P<0.0007; for participant 2, the result
was d.f.=1, F=18.73, P<0.0001. *P< 0.05, **P< 0.01.

2 and 1, respectively). Past studies™ have shown that transfemo-
ral amputees decrease VO, by 6.6% when walking with the C-Leg
on a treadmill compared to nonmicroprocessor-based prosthetic
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knees. These studies were performed at a controlled walking
speed of about 3kmh~'. On the other hand, our treadmill trials
clearly indicate that in the majority of acceptable velocities for the
participants, restoration of sensory feedback leads to a reduction
in mean oxygen uptake rate. Therefore, we found that sensory
feedback lowers even further the oxygen consumption of trans-
femoral amputees using microprocessor-based knees (as it is with
the RHEO KNEE XC). We hypothesize that the decrease of meta-
bolic costs when sensory feedback is provided is due to restored
symmetry of walking between the two legs (Extended Data
Fig. 4) and an incremented self-selected walking speed (Fig. 2
and Supplementary Table 2). Indeed, by walking more symmetri-
cally, participants walk more similarly to healthy counterparts.
Healthy walking has a reduced energy consumption compared
to amputee walking®. Also, since there is an increment in the
self-selected walking speed (Fig. 2 and Supplementary Table 2),
the metabolic costs decrease. In fact, Detrembleur et al.”” have
shown that there is an inverse correlation between walking energy
and self-selected speed in amputees: the smaller the speed, the
higher the metabolic consumption since the efficiency of the
pendulum-like mechanism is decreased. Interestingly, the results
were achieved with two proficient prosthetic users, for whom one
might expect limited room for improvement to exist in prosthe-
sis use. Thus, we hypothesize that such a system could be even
more useful with participants with a lower walking ability or
during rehabilitation.

A 30% reduction in pain on the numeric rating scale (between
0 and 10) has been suggested as a clinically significant out-
come®. The improvements found in this study were >80%, and
significant pain suppression was achieved before the electrodes
were explanted. The acute (that is, transient) reduction of pain
(after every session of stimulation) could be explained by the
gate theory (that is, the inhibition exerted by large afferents on
the nociceptive spinothalamic pathways®). The gradual reduc-
tion of pain until complete disappearance, may be due to sensory
feedback, which triggered beneficial neuroplastic changes in the
brain®‘. Since participant 1 did not report any pain after the first
month of this pilot study, and participant 2 reported it only spo-
radically, we could not investigate the impact of the use of the
prosthesis on pain levels. We believe this will be interesting for a
future study. Frequency-variant stimulation did not produce bet-
ter results than frequency-invariant stimulation in relieving pain,
hence there is no indication of whether one should be used rather
than the other. In other words, these results suggest that the para-
digm of stimulation does not impact the outcome of pain therapy.
However, in this study only two paradigms of stimulation were
compared (both eliciting physiologically plausible localized sen-
sations). Further investigations with more paradigms of stimula-
tion should be conducted to determine the parameter of neural
stimulation that impacts pain reduction.

This work presents a proof-of-concept trial aimed at providing
preliminary evidence of the benefits that sensory feedback restored
through intraneural stimulation gives to leg amputees.

More investigations and tests are necessary to prove whether a
more proximal implant (higher amputation level) could provide sim-
ilar stimulation selectivity. The use of cadaveric trials, computational
modeling and computer simulations could help optimize this tech-
nology and the surgical procedure for different amputation levels®.
An investigation longer than 3 months, with a larger cohort of par-
ticipants, and with in-home assessments, should be executed to
provide more robust data to draw clinically significant conclusions
about an improvement in the health and quality of life of patients.
Fully implantable devices (without transcutaneous cables) need to
be developed to allow such investigation. Overall, this work paves
the way for the development of a clinical tool that will significantly
improve amputees’ health and quality of life.
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Fig. 4 | Pain treatments: NPSI measurement. a-h, NPS| score during the sessions with frequency-invariant and frequency-variant stimulation treatments;

the controls for participants 1(a) and 2 (e) are shown. Comparison between NPSI scores before and after the different treatments is shown for participants
1(b) and 2 (f). The NPSI evolution over the weeks is shown for participants 1 (c) and 2 (g). A comparison of pain treatments for participants 1(d) and 2 (h) is
also shown. In each box plot, the thick horizontal line denotes the median, the lower and upper hinges correspond to the first and third quartiles, the whiskers
extend from the hinge to the most extreme value no further than 1.5x interquartile range from the hinge and the dots beyond the whiskers are outliers.
Statistical evaluations were performed using a Kruskal-Wallis test with Tukey-Kramer correction for multigroup comparison. For participant 1, the average
reduction in NPSI from before to after treatments was significant for frequency-invariant stimulation (n=7 stimulation sessions, d.f.=1, P=0.03, y*=4.24)
and for frequency-variant stimulation (n=7 stimulation sessions, d.f.=1, P=0.03, y?=7.41) as was the case for participant 2 (n=10 stimulation sessions

for frequency-invariant stimulation, d.f.=1, P=0.008, y*=7.03; n=10 stimulation sessions for frequency-variant stimulation, d.f.=1, P=0.02, y*=4.83).
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Methods
Study design. All participants were assigned to the same intervention (provision
of sensory feedback restored by nerve stimulation delivered through implanted
nerve interfaces), which was controlled (no provision of sensory feedback
through nerve stimulation). Intervention and control conditions were presented
in a random order.

The random sequence was created through the randperm function in
MATLAB vR2016b (MathWorks). Control and intervention conditions
were balanced. The random sequence was determined before each task
by the experimenter.

Participants. Participants provided signed informed consent before inclusion in
the study. The study was approved by the ethical committee of the Clinic Center

of Serbia and the national competent authorities. Three individuals with unilateral
transfemoral amputation were recruited according to the following inclusion
criteria: (1) K4 users of prostheses (Supplementary Material); (2) affected by drug-
resistant PLP before the study. Three participants underwent surgery; however, due
to work occupancy, one participant decided not to participate in the experiments,
but took part in a limited number of other procedures. The first participant, a
49-year-old male, had undergone amputation 3 years before enrollment in the
study because of a work accident. The second participant, a 35-year-old male,

had undergone amputation 12 years previously because of a car accident. The
demographic characteristics of the participants are shown in Supplementary Table 1.
All participants read and signed the informed consent. They were also informed
about the research nature of the procedure where the outcome would be uncertain.
The trial was registered with ClinicalTrials.gov (NCT03350061). All participants
were proficient users of a prosthesis (3R80; Ottobock).

Procedures. Surgery. The implantation of the electrodes was performed under
general anesthesia. The incision for electrode insertion was made over the sulcus,
between the biceps femoris and semitendinosus muscles, in the middle of the
posterior aspect of the thigh, starting approximately 4.5 cm proximally to the end
of the amputation stump. To identify the sciatic nerve, the semitendinosus muscle
was moved medially and the biceps femoris was moved laterally. Participants were
implanted with five TIME-4H electrodes, four in the tibial branch of the sciatic
nerve (the target) and one in the peroneal branch, following the same insertion
procedure (Extended Data Fig. 1). This was done to avoid the (remote) possibility
of anatomical variant where the tibial nerve was switched with the peroneal nerve.
First, a small window was made in the epineurium, which was used by the surgeon
to transversally cross the various visible fascicles. Thus, the electrode was pulled
through the nerve and its active (stimulating) sites were placed in contact with the
nerve fascicles. When the electrode had been positioned, it was fastened to the
epineurium with a suture through its specific fixation tabs. Once all the electrodes
had been implanted, a flap was raised by cutting a patch of fascia and wrapping

it around the electrode cables. The flap was then sutured to the underlying tissue.
Finally, the cables were tunneled through the thigh and pulled out of the leg
through small incisions (for each cable, a small skin incision was cut) made on

the anterolateral aspect, just a few centimeters below the iliac crest. This enabled
transcutaneous connection with an external neurostimulator. The stimulator
embedded the impedance check feature used during the surgery and entire
experimentation. After every implantation, a contact (electrodes’ active sites) check
took place to verify that the impedance of the active sites was <100 kOhm, meaning
potential functionality (capability of injecting charge in the nerve). Surgeries lasted
around 4h. At end of the study, both participants had the electrodes removed.

Sensation characterization. Two days after implantation, the participants’ responses
to the stimulation were characterized (mapped). During each mapping session,
up to 4 electrodes (14 active sites each) were connected to the neural stimulator
(STIMEP; Axonic and Inria, University of Montpellier). STIMEP delivered

trains of biphasic balanced cathodic-first pulses of electrical currents with a
variable intensity, duration and frequency, between the electrode active site(s)
and the electrode ground. An operator managed the device using custom-made
software. The intensity of the pulses ranged from 10 to 980 uA with a resolution
of a minimum of 10 uA, while pulse length was fixed in a range from 10 to 120 ps,
depending on the active site and frequency (50 Hz, as in our previous study'');

1-s pulse trains were delivered. The interval between trains was 2 s. Participants
described the sensations elicited by the intraneural stimulation, reporting their
type, extent, intensity and location. A graphical user interface was purposely
developed for use in this trial. Through this software, the reports of participants
were recorded as well as the parameters of the stimulation injected into the neural
electrodes. For the sensation types, participants could choose from a list of items
(similar to the one of Kim et al."") but also propose new descriptions if needed, to
avoid the risk of forcing them to associate a sensation with the requirements of
the test. Location and extent could be drawn on an illustration of the foot and leg.
Intensity was reported on a scale from 0 to 10 (as in Petrini et al.”?). Participants
could also freely make a description of the elicited sensation, if needed.

Neuroprosthesis. After the first month, users were fitted with the prosthesis,
provided by Ossur. Accommodation time and instructions were adequately

NATURE MEDICINE

provided within a day. In fact, the functions of a newly fitted prosthetic component
can be intuitively used after a few hours of adaptation time if the motion patterns
required are similar to those of the previous fitting"’. The neuroprosthesis
consisted of the intraneural electrodes IMTEK), the stimulator (Inria), an external
controller and a sensorized insole (SensArs Neuroprosthetics), located under

a custom made transfemoral prosthesis (composed of commerecially available
prosthetic components: RHEO KNEE XC, PRO-FLEX XC foot and transfemoral
flexible brim socket fitted to an Iceross Seal-In X5 TF silicon liner, Ossur hf,
Iceland). The microprocessor-controlled knee has an integrated knee encoder
and the knee angle could be communicated with 1° resolution via Bluetooth. The
insole had a substrate of fabric on which seven pressure sensors were distributed.
The resolution of the sensors was 0.05kg and the maximum measurable weight
was 100kg for each of them. The sampling frequency of the acquisition and
amplification system of the sensorized sole was 75 Hz. The system also had a
Bluetooth module. The external controller was implemented on a Raspberry Pi 3
(Raspberry Pi Foundation). This communicated through a serial peripheral
interface (wired link) with the stimulator that embedded the firmware* (low-level
safety procedures, stimulus generation, real-time modulation and impedance
measurements), and via Bluetooth with the sensorized sole and knee encoder.
The portable microprocessor controlled the recording and acquisition of sensor
readouts and transduced them into stimulation parameters through sensory
encoding algorithms. The process of acquisition, recording and encoding lasted
50 ms. The neurostimulator and external controller were placed in a small
backpack carried by each participant. The results from the mapping procedure
were used to couple the sensors with the active sites, thereby eliciting a sensation
in the phantom area corresponding to the position of the sensors themselves. The
readouts of three of the insole pressure sensors and the knee encoder were used
as control inputs for the intraneural stimulation of four active sites. An active site
eliciting a sensation in the central metatarsus, one in the lateral metatarsus, one in
the heel and one eliciting a sensation in the calf (interpreted as knee flexion) were
used for each participant (Fig. 1). The amplitude of the stimulation pulses injected
into a set of four targeted active sites was controlled independently in real-time
according to a linear relationship. The same setup was used for each participant.
The amplitude of biphasic, symmetric, cathodic-first and rectangular charge-
balanced pulses was modulated according to the following linear relationship:

¢ = (Cmax — Cmin)*(S = 50)/(Smax — 50) + Cmin ~ When 8o <s<smay
c=0 when s <sg
€ = Cmax when s > s

where c is the amplitude of the stimulation train, s is the sensor readout, s, and s
represent the minimum and maximum pressure applied during walking by the
individual in the case of the sensorized sole and 10 and 55 degrees for the encoder;
Coin @0d ¢, are the stimulation amplitudes that evoked the minimum (that is,
perceptual threshold) and maximum (that is, below pain threshold) sensations,
respectively, as reported by each participant according to the mapping procedure.
The frequency was fixed at 50 Hz'".

The types of sensations used in the neuroprosthesis for the foot were touch,
pressure and vibration; for the knee, it was an activation of the phantom calf.

‘max

Outcomes. Walking speed, confidence, metabolic consumption and mental effort
were tested starting from one month after the electrodes were implanted, while
pain treatment was administered during the first month after implantation.

Metabolic consumption evaluation. A mobile spirometry system (Oxycon Mobile;
Erich Jaeger, VIASYS Healthcare), equipped with wireless telemetry to a computer,
was used to measure oxygen consumption. The rate of oxygen uptake (VO,) was
then calculated by dividing oxygen consumption by the mass of each participant.

All parameters were recorded in 5-s increments and processed using personal
computer software (JLAB 5.72; CareFusion 234 GmbH). Device calibration
was performed before each recording, according to the standard procedures
recommended by the manufacturer’s manual, using the automatic ambient, volume
and gas calibration functions. The gas analyzer was calibrated using a standard gas
mixture at 180 kPa: O,=16.25%; CO,=4.13%; rest N,.

Tests were performed both indoors and outdoors. All testing protocols were
conducted with and without sensory feedback in random order. Rests between
trials were taken as needed. Laboratory testing was performed on a motorized
treadmill (T170; COSMED). After 15 min of familiarization with walking on the
treadmill and a 10-min rest, each participant started the test by standing on a
treadmill for 3 min while the cardiorespiratory parameters were recorded. Then,
without a vertical gradient, the treadmill speed was increased by 0.5kmh™" every
minute for as long as the participants could maintain normal walking kinematics
or refused to proceed because of feelings of exhaustion or fear of falling. The VO,
per speed was obtained by averaging the recordings during the minute of walking
at that speed.

Outdoor walking was performed on grass. After 3 min of collecting baseline
resting gas exchange data, participants started the test by walking at a self-selected
speed. To reach and maintain a steady state, this phase lasted 6 min and data
from the last 3 min were averaged to calculate the cardiorespiratory response. We
measured gait efficiency through gross and net VO,. Gross VO, was calculated as
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steady state VO, normalized with regard to speed, while net VO, was calculated
as the difference between steady state and resting VO, scaled to the speed
(mlO,kg'm™).

Walking speed and confidence assessment. During the outdoor experiments,
participants were asked to walk on a sandy terrain. Experiments were configured
in sessions of 1 min per condition. A rectangle (4.60 X 4.20m) was traced on

the ground and participants had to walk forming a figure of eight outside the
rectangular area (Fig. 1). Tests were run randomly with and without sensory
feedback. Both participants performed a total of 6 min X 2 sessions of tests per
condition. The number of meters traveled during each trial was measured, as in
other trials with prosthetic legs*. At the end of each repetition, participants were
also asked to assess their own confidence while walking, using a number from 0 to
10. We adopted one item of the standard subjective rating confidence assessment
scales available for clinical uses>*.

Mental effort assessment. To assess the participants’ mental effort while walking
with and without sensory feedback, we employed a dual-task paradigm, consisting
of a walking task on sand (primary task) and a three-tone auditory oddball task*'
(secondary task) performed simultaneously. The walking task was the same we
described in the walking speed and confidence assessment section. The oddball task
consisted of standard, target and deviant tones presented through headphones in
arandom order. The task consisted of a standard tone (900 Hz, appearing 80% of
the time) and two deviant tones (600 Hz and 1,200 Hz, each appearing 10% of the
time) lasting 80 ms with a mean interstimulus interval of 1,000 ms. The tones were
presented to each participant in a random order and played binaurally through
headphones. To prevent participants from getting used to the task, we added a jitter
timing of +200 ms to the interstimulus interval. Participants had to silently count the
target tones and ignore the standard and deviant tones, while walking over sand with
or without the intraneural sensory feedback. Participants’ attention to an attended
(target) tone was expected to elicit distinguishably higher P300 amplitude versus
the nonattended (deviant and standard) tones. Participants received a balanced
number of tones in every condition; thus, the task lasted the same time in every
condition. The traveled distance in both conditions was similar for both participants
(208 m with and without intraneural feedback for participant 1, and 249.6 m with
intraneural feedback versus 228.8 m without feedback for participant 2).

The Presentation Mobile app (Neurobehavioral Systems) was used for
stimulus presentation and synchronization with the EEG data. The software
sends the time stamps of the auditory tones with millisecond precision to the
EEG acquisition software (SMARTING Android app) through an open source
lab streaming layer protocol (https://github.com/sccn/labstreaminglayer), so that
EEG and auditory tones data can be fully synchronized and recorded in XDF file
format. The software was run on an Android smartphone (Sony Xperia Z1) to
which the headphones were attached. The SMARTING mobile EEG amplifier was
streaming the acquired data wirelessly to the same Android phone via a Bluetooth
connection. EEG data acquisition was performed using the SMARTING wireless
EEG system (mBrainTrain), with a sampling frequency of 500 Hz and 24-bit data
resolution. Data were streamed in real-time to the SMARTING android app and
recorded in a file. The small and lightweight EEG amplifier was tightly connected
to a 24-channel electrode cap (EASYCAP) at the occipital site of the participants’
head, using an elastic band. The design of the cap-amplifier unit ensured minimal
isolated movement of individual electrodes, cables or amplifier; this strongly
reduced movement artifacts. Furthermore, the small dimensions of the recording
system provided full mobility and comfort to the participants. The electrode cap
contained sintered Ag/AgCl electrodes that were placed based on the international
10-20 system: Fp1, Fp2, Fz, F7, F8, FC1, FC2, Cz, C3, C4, T7, T8, CPz, CP1, CP2,
CP5, CP6, TP9, TP10, Pz, P3, P4, O1 and O2. The electrodes were referenced to
the FCz and the ground electrode was AFz. Before the experiments started, the
procedure chosen required that electrode impedances must be below 5kQ; this was
confirmed by the device acquisition software.

The participants’ attention to the target tones was expected to elicit a
distinguishable P300 ERP component*” higher than the ones due to deviant and
standard tones. The hypothesis*' was that the more mental power consumed by
walking, the lower the evoked P300 amplitude during the auditory oddball task,
indicating a reduced availability of mental resources. A higher P300 amplitude
corresponds to the ability of an individual to allocate enough mental resources
to process the information of the stimuli during dual-task performance®. (The
auditory oddball task represents the secondary task, while walking is the primary
task.) In this particular experiment, the higher P300 amplitude obtained on
the target tones (compared to the P300 amplitude on the deviant ones) should
correspond to lower mental effort of the primary task (walking), meaning that
the P300 amplitude is inversely correlated with the easiness to walk—the higher
the P300 component on the target tones (and significantly different from the
P300 component on the deviant ones), the easier the walking. The oddball
paradigm (both auditory or visual) has already been used to assess secondary
task performance, for example, assessing distraction while driving*®, measuring
workload for display workers?, investigating the ability of pilots to pay attention
to the auditory alarms in the cabin during landing* and quantify the mental
workload of prosthesis control during human-machine interaction®.
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EEG signal processing was analyzed offline using EEGLAB v14 and MATLAB
v2016b (MathWorks). As the preprocessing step, EEG data were bandpass-
filtered in the 1-30 Hz range, followed by an artifact subspace reconstruction
algorithm to remove artifacts that mostly originated from walking®'. Further,
signals were re-referenced to the average of the mastoid channels (Tp9 and
Tp10). To semiautomatically remove nonphysiological artifacts such as eye blinks
and eye motion, an extended infomax independent component analysis was
executed™. After data preprocessing, ERP epochs were extracted from —200 to
800 ms with regard to the time stamp values of the auditory stimuli indicated by
the Presentation Mobile app. Baseline values were corrected by subtracting the
mean values for the period from —200 to 0 ms from the stimuli. Finally, ERPs
with extreme amplitude values (+100 uV) were rejected from further analyses.
The electrode site of interest for the ERP analysis was the Pz electrode, since the
P300 component is the most prominent over the parietocentral scalp location®.
Depending on the experiment, the ‘target’ and ‘deviant’ stimuli were either the
600 or 1,200 Hz tones. The grand average ERPs across participants were computed
for both target and nontarget conditions. Furthermore, the P300 amplitude
was calculated for both target and deviant (nontarget) conditions and for each
experimental condition, using mean amplitude measures™ in the time window
from 450 to 650 ms, with regard to the time stamps of the stimuli. Finally, statistical
analysis of the results was carried out.

Pain treatment. Pain treatment was conducted during the first month of tests after
the electrode implantation to avoid interference with prosthesis use.

Both participants received two different types of pain treatment: frequency-
invariant and frequency-variant stimulation. During frequency-invariant
stimulation, a 10-min train of stimulation with fixed frequency (50 Hz), amplitude
and pulse-width (depending on the intensity of the sensation perceived) was
delivered, eliciting a medium-intensity percept (3 or 4 on a scale of 0-10) spatially
close to the painful area in the phantom foot. In the case of frequency-variant
stimulation, the 10-min stimulation trains had fixed amplitude and pulse-width
(depending on the intensity of the sensation perceived), but variable frequency,
again eliciting a medium-intensity percept spatially close to the painful area in
the phantom foot. The pulse frequency followed a Poisson distribution envelope
(Extended Data Fig. 5). In both conditions, trains consisted of 2's of stimulation
and a 2-s pause, delivered while the prosthetic leg was detached. The frequency-
invariant and frequency-variant paradigms were selected to reproduce the
constant frequency stimulation pattern of commercial stimulators' for pain relief
(the former) and the variable firing rate of human skin mechanoreceptors™ (the
latter). The modalities of the sensations were physiologically plausible ones (touch,
pressure and vibration; Extended Data Fig. 2) and not electro-paresthesia, which
is the modality commonly elicited by commercial stimulators' for pain relief.
Participant 1 received 7 sessions per stimulation type (after which no further
pain was reported), while participant 2 received 10 sessions per stimulation.

Each session was tested in a different day (from day 4 to 25 postimplantation for
participant 1 and from day 3 to 27 postimplantation for participant 2). Frequency-
invariant and frequency-variant conditions were controlled with 10-min sessions
of no stimulation (Fig. 4d,h and Extended Data Fig. 3d,h): participant 1 had 7
control sessions, while participant 2 only 5 because (1) he was frustrated with
reporting no pain rating change when filling the questionnaire and (2) the 7
control sessions of participant 1 did not show any change in the reported pain
level. The NPSI*” and VAS* questionnaires used to assess pain were presented at
three months, one and a half months, two weeks before electrode implantation,
the day of implantation, before and after every therapeutic condition (frequency-
invariant, frequency-variant and control), right before and after electrode
explantation and up to three months after explantation (Fig. 4c,g and Extended
Data Fig. 3¢,g). The VAS consisted of a 4-item questionnaire; items represented
pain (rated between 0 and 10) in the foot, calf, knee and thigh. The cumulative
VAS was calculated by summing the score for each item (between 0 and 40);

the NPSI ranged from 0 to 100.

Statistical analysis. No statistical methods were used to predetermine the

size of the population of recruited participants because this study was designed

as an initial proof-of-concept study to provide preliminary evidence of the
benefits afforded to leg amputees by sensory feedback restored though direct
nerve stimulation. The number of repetitions for each of the tests was determined
as follows:

walking outdoor was designed on a standard 6-Minute Walk Test*’;

the mental effort assessment was designed by reproducing the dual task
proposed by Zink et al.?';

Outdoor metabolic consumption was based on Waters et al.” and Steffen et al.”;

Indoor metabolic consumption was inspired by Traballesi et al.*;

Pain therapy was designed after the protocol of Soin et al.””: we planned the
measurements before implanting the electrodes, provided treatment therapies
when participants reported uncomfortable pain (up to ten repetitions X two
conditions plus controls until one month after electrode implantation) and
arranged follow-up.

The number of experiments with @=0.05 guaranteed a statistical power for
the two participants of 99% on average (with Cohen’s d=0.83) for the outdoor
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metabolic consumption evaluation, 86% with an effect size of 0.83 (d=0.57) for the
indoor metabolic consumption evaluation, 93% (d=0.96) for the outdoor walking
speed test, 100% (d=0.91) for the outdoor walking confidence test, 71% (d=0.26)
for the mental effort assessment, 88% (d=0.65) for the NPSI pain assessment and
87% (d=0.64) for the cumulative VAS pain assessment.

All data were analyzed offline in MATLAB vR2016b. Data are shown as mean
values +s.d. or as the median and interquartile range (unless otherwise indicated).
The normality of data distributions was determined with the Kolmogorov-
Smirnov test. Statistical evaluations of sensation characterization, walking speed,
walking confidence, metabolic cost and pain were performed on the basis of the
Kolmogorov-Smirnov test results, using a one-way ANOVA or Kruskal-Wallis test.
The specific statistical tests applied to the different experiments are shown in the
figure legends. The Tukey-Kramer correction was applied in the case of multiple
groups of data.

For the EEG signals, a 22 ANOVA (sensory feedback/no feedback x target/
nontarget tones) was computed, along with a post hoc test (paired t-test) to compare
multiple groups.

The significance level for all statistical tests was set at 0.05, unless otherwise
stated in the figures.

Reporting Summary. Further information on research design is available in the
Nature Research Reporting Summary linked to this article.

Data availability

Data that support the findings and software routines developed for the analysis are
available from the corresponding author. Data can be made available to qualified
individuals for collaboration provided that a written agreement is signed in
advance between the included consortium and the requester’s affiliated institution.
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Surgical procedure: insertion of implants into the tibial nerve and their stabilisation

First implant insertion start Half—way

Flap preparation

L

5cm
Transcutaneous cables Transcutaneous cables Implants after 90 days
fixation after 90 days

Extended Data Fig. 1| Surgical implantation of the neural interfaces. After the nerve dissection from the surrounding tissues, a small window is opened
on the nerve epineurium, exposing different fascicles, which can be visualized. The implants are placed by carefully pulling the guiding needle, which is
connected to the electrodes. The implants are positioned to cross the majority of fascicles in a very close (longitudinal) space. Cables are fixed by flap
preparation from the fascia tissue. The electrode cables are tunneled through the thigh and pulled out of the leg through small incisions (for each cable,
a small skin incision is made) just a few centimeters below the iliac crest, to enable transcutaneous connection with the neurostimulator. Electrode
positioning is shown in the X-ray pictures taken before explantation (bottom right).
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SENSATION TYPES

SUBJ 1

0
0 Warm Tingling Pulsation Pressure Electricity Vibration Proprio- Touch Muscular

ception contraction
SUBJ 2
Subj 2
R?=0.88 :
p<0.00001
b
pw= 80 us
freq= 50 Hz

300 320 340 360 380 400 420 440 460 480 500 520 540 560 580 600 620 640 660 680 700
Stimulation amplitude (pA)

Extended Data Fig. 2 | Sensation characterization. The sensation characterization process is implemented to determine the response of the individual to
the stimulation. a, Distribution of tactile sensations over the foot elicited by the stimulation of the four electrodes (color-coded). The number of electrode
sites evoking a sensation in the foot is reported. b, Distribution of sensations over the lower leg (A, gastrocnemius caput medialis; B, gastrocnemius caput
lateralis; C, soleus; D, posterior ankle). The number of active sites eliciting sensations is also reported. ¢, The percentage of sensation types reported
during the trial for each participant is shown. d, The evoked sensation extension according to the minimum and maximum perceived intensity is displayed.
Data are reported for three different days and two active sites in both participants. e, The proportional relationship between the amplitude of the injected
pulses and the normalized perceived sensation intensity for participant 2 is shown. Pulse width and stimulation frequency are displayed. The points
indicate the mean ratings (n=6 ramps of stimulation amplitudes); the error bars denote the s.d.; the faded line is the line of best fit. The coefficient of
determination R? and P=5.7 x 10~7 obtained from the Pearson correlation coefficient calculation (to test if the corresponding correlation R is considered

significant) are reported.
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Extended Data Fig. 3 | see figure caption on next page.
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Extended Data Fig. 3 | Pain treatments: cumulative VAS measurement. a-h, A pain treatment session consisted of 10 min of stimulation. Before and
after the session, participants completed the cumulative VAS questionnaire. The cumulative VAS was also recorded over time before and after the
implant/explant. The VAS score during the sessions with frequency-invariant and frequency-variant stimulation treatments, and the control are shown
for participants 1 (a) and 2 (e). A comparison between the cumulative VAS score before and after the different treatments is shown for participants
1(b) and 2 (f). The cumulative VAS evolution over the weeks is shown in participants 1 (¢), and 2 (g). A comparison of pain treatments for participants
1(d) and 2 (h) is shown. In each box plot, the thick horizontal line denotes the median, the lower and upper hinges correspond to the first and third
quartiles, the whiskers extend from the hinge to the most extreme value no further than 1.5 X interquartile range from the hinge and the dots beyond

the whiskers are outliers. Statistical evaluations were performed using the Kruskal-Wallis test with Tukey-Kramer correction for multigroup comparison.
*P < 0.05. For participant 1, the average reduction of VAS from before to after the treatments was significant for frequency-invariant stimulation

(VAS: n=7 stimulation sessions, d.f.=1, P=0.03, y*=4.52) and frequency-variant stimulation (n=7 stimulation sessions, d.f.=1, P=0.04, y*=4.22) as
was the case for participant 2 (for frequency-invariant stimulation, n=10, d.f.=1, P=0.0002, »?=13.82; for frequency-variant stimulation, n=10, d.f. =1,
P=0.009, 2= 6.7). 1n d, Peqpensymion reasencs-oront = 0-89, Prasency o corvor = 0-001, Prqpenyainicontn = 00067, 4. = 2, 21y s reasenyvarini= 89,
}(Zfrequency—mvanant—contro\ :18-76:szrequency—vanant—contro\ =1733;inh, Pfrequency—\nvar\’am—frequency—var\ant: 0.41, Pfrequency—\nvanantrcontro\ =0.000085, Pfrequency—var\ant—contro\ =0.0098,
df.=2, )(Zfrequency-invariam-frequency-variam =137, )(zfrequency-invariam-comrol =24.81, )(zfrequency-variam-comrol =20.01.
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Extended Data Fig. 4 | Gait analysis during the outdoor sand task. a, Vertical ground reaction force (vGRF) mean value (n=43 steps) for the healthy

leg for participant 1 (left), and vGRF mean value (n=47 steps) for participant 2 (right). The integrals of vGRF (as function of time; figure insets) are
statistically different (ANOVA, P< 0.05), showing that higher work is applied on the ground when the feedback (sensory feedback) is provided with
regard to the no feedback condition. b, vGRF mean value for the prosthetic leg for participants 1 (left) (n=62 steps) and 2 (right) (n=42 steps).The
integrals of vGRF are not statistically different. n.u., normalized units with respect to the maximum force applied by both feet. In each box plot, the thick
horizontal line denotes the median, the lower and upper hinges correspond to the first and third quartiles, the whiskers extend from the hinge to the most
extreme value no further than 1.5x interquartile range from the hinge and the dots beyond the whiskers are outliers. Statistical evaluations were performed
using ANOVA. *P< 0.0001. Healthy leg, participant 1, d.f.=1, P=2.89 x 10-8, F=37.44. Prosthetic leg, participant 1: d.f.=1, P=0.98, F=0. Healthy leg,
participant 2, d.f.=1, P=2.87 x10-%, F=451.93. Prosthetic leg, participant 2, d.f. =1, P=0.07, F=3.34. ¢, Limb Symmetry Index' between healthy leg and
prosthesis calculated using the mean values of the integrals of vGRF (a,b). When artificial sensory feedback is provided, the Limb Symmetry Index is
closer to O than during the no feedback condition. That means that participants are walking more symmetrically, that is, more similarly to how healthy
individuals walk.
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Extended Data Fig. 5 | Pain treatment: frequency-invariant and frequency-variant stimulation. The stimulation strategies used to treat phantom limb
pain are reported. Frequency-invariant stimulation consists of 10-min neural stimulation characterized by constant pulse width, amplitude and frequency
(50 Hz). Frequency-variant stimulation is generated using a Poisson noise added at the carrier frequency (50 Hz). The effect is a 10-min pulse train where

the inter-pulse interval varies.
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Sample size No statistical methods were used to predetermine sample size (in terms of number of patients), because this was a proof of concept trial. We
determined sample size for the specific tests, relying on previous literature.
The numerosity of the repetitions for each of the tests was determined as follows:
¢ Walking outdoor was designed on standard test 6-minute tests (Steffen et al. 2002)
e Mental effort assessment was designed reproducing the dual task proposed by Zink et al. 2016
e Qutdoor metabolic consumption was based on Waters et al. 1976 and Steffen et al. 2002
e Indoor metabolic consumption was inspired by Traballesi et al. 2008
e Pain therapy was designed after the protocol of Soin and colleagues (2015): we planned measurements before the implant of electrodes,
provision of therapies when the subjects reported an uncomfortable pain (up to 10 repetitions x 2 conditions plus controls, until 1 month
after the electrode implant), and follow-up.

Data exclusions  Three subjects underwent the surgeries, but, due to work occupancy, one subject decided not to participate in these experiments, but took
part just in a limited number of other procedures. All the data from the other subjects were not excluded.

Replication All the experiments were repeated several times (numerosity indicated in the manuscript) in different days guaranteeing the reliability of
results. All attempts at replication were successful.

Randomization  The subjects run all the same tests in all the same conditions. We compared the subjects using or not the sensory feedback restoration
neuroprosthesis.

Blinding The investigators were not blinded to allocation during experiments and outcome assessment. Given the invasive nature of the system, the

participants are usually aware of small changes to the system, preventing us from making changes without their knowledge. In all of the
experiments, the validity of the results are not biased by the participants' knowledge.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies X[ ] chip-seq
Eukaryotic cell lines & |:| Flow cytometry
Palaeontology |Z| |:| MRI-based neuroimaging
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Clinical data

Human research participants

Policy information about studies involving human research participants

Population characteristics Transfemoral (thigh-level) amputees proficient in the use of commercial prosthesis and affected by phantom pain. Subject 1 was
a 49 years old male, while Subject 2 was a 35 years old male.

Recruitment The subjects were recruited among the population of transfemoral amputees that executed rehabilitation at the prosthetic
center of Belgrade. The subjects were interviewed by doctors to assess eventual mental impairment and eventual other
exclusion criteria (see protocol).

Ethics oversight The Ethical Committee of the Clinic Center of Serbia in Belgrade and the Medicines and Medical Devices Agency of Serbia
(ALIMS).

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Clinical data

Policy information about clinical studies

All manuscripts should comply with the ICMJE guidelines for publication of clinical research and a completed CONSORT checklist must be included with all submissions.

Clinical trial registration
Study protocol

Data collection

Outcomes

NCT03350061
Attached as supplementary material

The protocol is divided into different phases that are (in chronological order):

¢ Baseline(T0);

e Implant(T1);

e Intervention period(T2);
e Explant(T3);

e Follow-up(T4).

Baseline (TO)

During this phase, the phantom limb pain will be recorded.

Details on the methods that will be used to perform these procedures are provided in the paragraph ”Intervention method,
Program 2”.

Implant (T1)
This phase will last one week. Apart the implant of intraneural electrodes, during this phase the phantom limb pain, and the
mood of the patients will be recorded.

Intervention period (T2)

Few days after the surgery — after inspection and disinfection of the surgical wounds — the subjects will start daily sessions of
nerve stimulation. Programs of stimulation (Pr) will be performed every day (except on weekends) for up to 6 hours per day
according to the daily experiment aims and the compliance of the patient.

The trial will be divided into two different phase:

1. intensive (from 1st to 6th week); during this period the experiments will be carried out every day, from Monday to Friday;

2. semi-intensive (from 7th to 12th week); during this period the experiments will be carried out only three days per week, that
patient would prefer;

The stimulation protocol will be composed of different programs, each one with a different aim. The different parts of the
experiment will be not necessarily separated from one another; for example two different Programs could be performed on the
same day, according to the daily experiment aims.

Explant (T3)

The explant procedure will be executed 3 months after the implant, according to the desire of the patient, or if the
malfunctioning of the system is observed. This phase will last one week (surgery and hospital stay). In the operating room, under
a general anesthesia, the patient will be placed in the same position as during the course of the implant operation. After the
removal of the anchor suture point of the connection cable to the skin, the surgeon will reopen the previous incision and will
expose the tibial nerve. The connection cable and the electrodes will be dissected from scar tissue using microsurgical technique,
the stitches inserted during the implant procedure will be removed and the electrodes and connection cables carefully pulled
out. At the end of this procedure the surgeon will go on to close the wound with non-absorbable sutures 3-0. The part of neural
tissue, of the amputated nerve, distal to electrodes and in electrode section will be dissected, avoiding complications or
neuroma formation to the patient. These will be also sent for the future histological analysis, prior the patient’s acceptance in
the informed consent. In case of an unlikely infection the electrodes and connection cables will have to be removed at the end of
the trial or before planned if antibiotics treatment will be not able to treat the pathology. The system will be also removed in
case of other important adverse event related to the implanted system (as bleeding or nerve damage) not treatable
conservatively.

Follow-up (T4)
During the follow-up phase, pain measures will be executed right after the explant, and up to the three months after the explant.
Also the MRI measurements will be performed.

Primary outcomes were the change in mobility, and metabolic consumption. Secondary outcomes were the change in
confidence, cognitive burden and phantom pain level.

o]
Q
==
=
=
(D
=
(9]
wn
D
Q
=
@)
o
=
(D
°
©)
3
2
Q
wn
C
Q
=
S

8107 120120




	Sensory feedback restoration in leg amputees improves walking speed, metabolic cost and phantom pain

	Online content

	Acknowledgements

	Fig. 1 Neuroprosthesis.
	Fig. 2 Walking speed, confidence and mental effort assessment.
	Fig. 3 Metabolic consumption assessment.
	Fig. 4 Pain treatments: NPSI measurement.
	Extended Data Fig. 1 Surgical implantation of the neural interfaces.
	Extended Data Fig. 2 Sensation characterization.
	Extended Data Fig. 3 Pain treatments: cumulative VAS measurement.
	Extended Data Fig. 4 Gait analysis during the outdoor sand task.
	Extended Data Fig. 5 Pain treatment: frequency-invariant and frequency-variant stimulation.




