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Abstract The integration of sensory inputs in the motor cortex is crucial for dexterous movement.
We recently demonstrated that a closed-loop control based on the feedback provided through intra-
neural multichannel electrodes implanted in the median and ulnar nerves of a participant with
upper limb amputation improved manipulation skills and increased prosthesis embodiment. Here
we assessed, in the same participant, whether and how selective intraneural sensory stimulation also
elicits a measurable cortical activation and affects sensorimotor cortical circuits. After estimating
the activation of the primary somatosensory cortex evoked by intraneural stimulation, sensori-
motor integration was investigated by testing the inhibition of primary motor cortex (M1) output
to transcranial magnetic stimulation, after both intraneural and perineural stimulation. Selective
sensory intraneural stimulation evoked a low-amplitude, 16ms-latency, parietal response in the same
area of the earliest component evoked by whole-nerve stimulation, compatible with fast-conducting
afferent fibre activation. For the first time, we show that the same intraneural stimulation was also
capable of decreasing M1 output, at the same time range of the short-latency afferent inhibition
effect of whole-nerve superficial stimulation. The inhibition generated by the stimulation of channels
activating only sensory fibres was stronger than that due to intraneural or perineural stimulation
of channels activating mixed fibres. We demonstrate in a human subject that the cortical sensori-
motor integration inhibiting M1 output previously described after the experimental whole-nerve
stimulation is present also with a more ecological selective sensory fibre stimulation.
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Abstract figure legendDouble-sided filament electrodes (ds-FILE), bearing 16 active sites, and perineural Cuff electro-
des were implanted in the median and ulnar nerve of the arm in a hand amputee (upper left panel, single nerve
represented). Selectivity of stimulation (1), evoked activity in the somatosensory cortex (2) and sensorimotor integration
(3) were investigated. TMS: transcranial magnetic stimulation. [Image created with BioRender.com.]

Key points
� Cortical integration of sensory inputs is crucial for dexterous movement.
� Short-latency somatosensory afferent inhibition of motor cortical output is typically produced by
peripheral whole-nerve stimulation.

� We exploited intraneural multichannel electrodes used to provide sensory feedback for prosthesis
control to assess whether and how selective intraneural sensory stimulation affects sensorimotor
cortical circuits in humans.

� Activation of the primary somatosensory cortex (S1) was explored by recording scalp
somatosensory evoked potentials. Sensorimotor integration was tested by measuring the
inhibitory effect of the afferent stimulation on the output of the primary motor cortex (M1)
generated by transcranial magnetic stimulation.

� We demonstrate in humans that selective intraneural sensory stimulation elicits a measurable
activation of S1 and that it inhibits the output of M1 at the same time range of whole-nerve super-
ficial stimulation.

Introduction

Sensory afferent modulation of the output of the motor
cortex focuses muscle activation in dexterous and fine
movement and is part of sensorimotor integration:

the exploitation of multimodal sensory information to
produce voluntary goal-directed movements.
In recent years, several studies have investigated how to

provide somatic sensory feedback from hand prostheses
by means of interfaces with the peripheral nerve
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(Dhillon et al. 2004; Rossini et al. 2010; Ortiz-Catalan
et al. 2014; Raspopovic et al. 2014; Tan et al. 2014;
Oddo et al. 2016; Valle et al. 2018; D’Anna et al. 2019;
Petrini et al. 2019; Zollo et al. 2019; Mastinu et al. 2020).

Encouraging, yet preliminary, results have shown
improvement of manipulation skills due to sensory feed-
back (Raspopovic et al. 2014; Valle et al. 2018; Zollo
et al. 2019), and amelioration of amputation-induced
maladaptive plasticity (Rossini et al. 2010; Di Pino et al.
2012, 2020; Ferreri et al. 2014). However, intraneural
afferent stimulation is not sufficiently mature to produce
a physiological perception of touch. Among neural inter-
faces, intraneural stimulating electrodes allow higher
stimulation selectivity compared to perineural electro-
des (Navarro et al. 2005). For this reason, despite some
limitations related to limited long-lasting stability (Lotti
et al. 2017; Gori et al. 2021) and other issues affecting their
performance (Ciancio et al. 2016; Cutrone&Micera, 2019;
Strauss et al. 2019), these electrodes may be suitable to
provide near-physiological sensations.

Recently, we exploited the potential of intraneural
electrodes having active stimulating sites on both faces
of the polyimide body (double-sided filament electrodes:
ds-FILE) embedded in a closed-loop control algorithm
providing an afferent feedback: we demonstrated
improved grasping capabilities and slippage control
of a myoelectric hand prosthesis (Zollo et al. 2019), and
increased prosthesis embodiment (Di Pino et al. 2020).
Of note, the improvement of motor skill associated with
the training with afferent feedback was paralleled by a
reduction of sensorimotor-driven inhibitory plasticity
within the primary motor cortex (M1) (Zollo et al. 2019).
How the afferent information delivered through intra-
neural stimulation was integrated with the motor output
at the cortical level remained to be defined.

Anatomical, behavioural and physiological studies
provide consistent evidence that motor and sensory
cortices have a compensatory but equally important
role in motor control. Indeed, besides sensory to motor
cortex interactions mediated by cortico-cortical and
thalamo-cortical connections (Hooks, 2017), and
cortico-striatal networks (Robbe, 2018; Dubbioso
et al. 2019), animal studies have shown the existence
of descending projections arising from S1 and higher
order somatosensory areas and reaching lower motor
stations, which can directly generate movement (Rathelot
& Strick, 2006; Matyas et al. 2010; Rathelot et al. 2017).

The set of experiments presented in this paper,
conducted in the hand amputee described in Zollo et al.
(2019), aims to shed light on the physiological bases of
the selective sensory feedback provided by intraneural
stimulation, by determining whether it produces a reliable
cortical activation and affects sensorimotor cortical
circuits (i.e. if it generates sensorimotor integration). The
demonstration of a reliable activation of sensorimotor

cortical circuits would support the hypothesis that the
observed improvement of prosthesis control relates to the
activation of specific afferent fibres. Thus, we investigated
the cortical activation and the sensorimotor integration
after selective peripheral nerve fibre stimulation delivered
by both intraneural and perineural electrodes.
Activation of the primary somatosensory cortex

(S1) was explored by recording somatosensory evoked
potentials (SEPs) using surface scalp electrodes.
Sensorimotor integration was tested by measuring the

inhibitory effect of the afferent stimulation on the output
of M1 generated by transcranial magnetic stimulation
(TMS), namely the short-latency afferent inhibition (SAI)
(Tokimura et al. 2000). The course of this inhibition
is time-locked with the short-latency negative SEP
component recorded from parietal regions, and generated
by the early activation of S1, probably by multiple cell
depolarization (Eisen, 1982; Peterson et al. 1995).
When it is induced by superficial stimulation of the

whole nerve at the wrist it is commonly recorded with a
latency of about 20 ms, and hence it is known as N20.
The SAI phenomenon relies on inhibition of corticospinal
output mediated by the activation of central cholinergic
(Di Lazzaro et al. 2000) and possibly GABAergic circuits
(Di Lazzaro et al. 2007). Functionally, it could be
considered as a long loop reflex, the cortical counterpart
of the spinal stretch reflex (Bertolasi et al. 1998).
By means of the SAI protocol, we tested fast connection

pathways of thalamic afferents to M1 corticospinal
circuits. For the first time, we observed in humans that
selective nerve fascicle stimulation through intraneural
electrodes is capable of both depolarizing S1 neurons and
producing strong and selective inhibition of M1 output at
short inter-stimulus intervals.

Methods

Ethical approval

The study was conducted in accordance with the
Declaration of Helsinki and following amendments, except
for registration in a database, and it was approved by
the Ethics Committee of Campus Bio-Medico University
(Approval ref.: 15/16 PAR ComEt CBM, 29/03/2016)
and by the Italian Ministry of Health (Approval ref.:
0003992-19/01/2017-DGDMF-MDS-P). The participant
provided written informed consent.

Participant

Tests were performed on a female subject (age: 40 years)
who suffered traumatic amputation at the middle third of
the left forearm (forearm stump length:∼10 cm) at the age
of 8 years. The subject was implanted with perineural and
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intraneural electrodes in the arm nerves (see below), and
she participated in a set of experiments to test the efficacy
of invasive peripheral nerve stimulation for the feedback
control of a robotic hand prosthesis (Zollo et al. 2019).

Experimental design

Motor responses and perceived sensations evoked by
perineural and intraneural stimulation of median and
ulnar nerves of the arm were preliminarily mapped, to
obtain information on the selectivity of both techniques
of invasive nerve stimulation.
Cortical activation was then assessed by recording scalp

SEPs with a 32-channel EEG system.
Finally, sensorimotor integration was investigated by

testing the inhibitory effect of peripheral afferent stimuli
on motor cortical excitability, as assessed through the
SAI protocol (Tokimura et al. 2000). Specifically, we
evaluated the changes of the motor evoked potential
(MEP) amplitude induced by preconditioning the cortex
with afferent stimulation.
Data obtainedwith invasive stimulationwere compared

with those of transcutaneous nerve stimulation.

Neural electrodes

Six invasive neural electrodes were implanted through
a microsurgery intervention accessing the medial aspect
of the middle third of the left arm following the medial
edge of the biceps muscle and exposing the ulnar and

the medial nerves for about 5 cm along their course (Di
Pino et al. 2014). Three electrodes were implanted in
each nerve. In detail, from distal to proximal, two intra-
neural ds-FILEs and one perineural Cuff electrode were
inserted equally spaced at ∼10–15 cm above the elbow.
The cables connected to the electrodes passed the skin
through four different holes andwere anchored to the skin
on the anterior aspect of the arm.
ds-FILEs are custom-made multichannel electrodes

(Fraunhofer Institute for Biomedical Engineering, St.
Ingbert, Germany)with 16 active and two ground contacts
arranged on both sides of a polyimide filament inserted
within the nerve trunk (Poppendieck et al. 2015). Peri-
neural Cuff electrodes (Ardiem Medical, East Indiana,
PA, USA) are epineural multichannel electrodes with 14
active and two ground contacts, distributed on four rings
wrapping the nerve trunk. A schematic representation of
implants and arrangement of ds-FILE and Cuff contacts is
given in Fig. 1.

Transcutaneous and invasive nerve stimulation

For transcutaneous stimulation, electrical pulses (constant
current squarewave pulses; duration, 200μs) were applied
through a bipolar electrode to the ulnar nerve above
the elbow, by means of a Digitimer DS7A stimulator
(Digitimer Ltd, Welwyn Garden City, UK). Anode
and cathode were placed in the intermuscular sulcus,
respectively 3 and 6 cm proximally from the centre of the
line connecting the olecranon and the medial epicondyle.

Figure 1. Schematic representation of ds-FILE and Cuff electrodes and their placement in the nerve trunk
Electrodes were implanted in the middle third of the left arm (left panel: a single nerve is represented). A Cuff
electrode wraps the nerve trunk at a proximal site. Two ds-FILEs are inserted into the nerve trunk with an angle of
approximately 45°. Active sites of the electrodes are represented in the right panels. The ds-FILE active area has a
thickness of 360 μm and a total length of 3 mm and it bears 16 contacts (area: 150 × 50 μm2), arranged on both
sides of the electrode. [Image created with BioRender.com.] [Colour figure can be viewed at wileyonlinelibrary.com]

© 2021 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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For invasive stimulation, electrical pulses were biphasic
square-wave pulses, applied through the monopolar
contacts of Cuff electrodes placed in the ulnar (CU) and
median (CM) nerves and of an intraneural proximal
ds-FILE placed in the median nerve (IM), by means
of a STG4008 stimulator (Multi Channel Systems,
Reutlingen, Germany). A dedicated stimulator was
chosen to enable multichannel stimulation with low
current intensity (output range: −16 to +16 mA) and
with a high output resolution (intensity: 2000 nA; time:
20 μs), freely programmable in shape, intensity and
duration. Stimulation parameters were chosen to inject
a total charge below the safety limit for electrode and
nerve damage, based on available data with similar
electrodes (Dhillon et al. 2004; Dhillon, 2005; Rossini
et al. 2010; Ortiz-Catalan et al. 2014; Tan et al. 2014).
These parameters are within the range commonly
used to stimulate peripheral nerves during micro-
neurography investigations (Schady et al. 1983; Nannini
& Horch, 1991). Attention was also paid to stimulate at a
non-painful intensity in order to limit the recruitment of
slow-conducting nociceptive afferent fibres.

Characterization of responses evoked by invasive
nerve stimulation

To characterize the population of nerve fascicles activated
by intraneural and perineural stimulation, we pre-
liminarily mapped the motor responses and the perceived
sensations by systematically recording sensory thresholds
and compoundmuscle action potentials (CMAPs) evoked
by stimulation through IM and CM contacts (Table 1).
This was the only nerve with both perineural and intra-
neural electrodes available at the time of experiments.

As detailed in the Results section, all IM contacts
(IM1–16) evoked somato-sensations referred to the area
of the first three digits of the phantom hand, while
only three distal IM contacts (IM14–16) also evoked
recordable CMAPs. CM contacts were less selective and
evoked both sensory perceptions and liminal CMAPs at
sensory threshold or slightly higher intensities (Table 1).
This preliminary mapping guided the choice of intra-
neural contacts used to deliver selective sensory afferent
stimulation (IM10 and IM12) in the following SEP and
SAI recordings.

SEP recordings

The participant lay on a bed, and shewas instructed to stay
awake with her eyes closed.

SEPs were recorded with a 32-channel BrainAmp
amplifier (Brain Products, Gliching, Germany), using
Ag/AgCl electrodes fixed to an elastic cap in the Inter-
national 10−20 system locations. Scalp electrodes were

Table 1. Sensory and motor thresholds for stimulation of
individual contacts (indicated by numbers, as reported in Fig. 1)
of the proximal median nerve intraneural electrode (IM) and
median nerve Cuff electrode (CM)

IM
contact

Sens.
thr.
(μA)

Motor
thr. (μA)

CM
contact

Sens. thr.
(μA)

Motor
thr. (μA)

IM1 120 – CM1 150 150
IM2 350 – CM2 200 300
IM3 300 – CM3 300 400
IM4 300 – CM4 150 250
IM5 200 – CM5 200 250
IM6 – – CM6 150 250
IM7 350 – CM7 200 250
IM8 300 – CM8 250 250
IM9 80 – CM9 – –
IM10 100 – CM10 – –
IM11 50 – CM11 200 250
IM12 100 – CM12 250 250
IM13 300 – CM13 300 250
IM14 160 200 CM14 200 250
IM15 150 200
IM16 80 150

Note that stimulation charge differs between IM and CM, since
stimulus duration was 160 μs with IM contacts and 400 μs with
CM contacts (total duration of biphasic square wave pulse).

referred to earlobe ipsilateral to the side of nerve
stimulation. Signal was sampled at 5 kHz (bandpass:
0.5–2500 Hz; notch filter: 50 Hz) and digitized for offline
analysis.
Peripheral stimulation was performed as trans-

cutaneous electrical stimulation of the ulnar nerve of both
sides and as intraneural stimulation of the left median
nerve, as described above. Transcutaneous stimulation
was delivered at just above the motor threshold intensity,
so as to induce a small muscular twitch of the forearm
muscle, at a frequency of 3.3 Hz. Intraneural stimulation
was delivered by simultaneous activation of contacts 10
and 12 of the IM electrode, at an intensity of 2.0× the
sensory threshold (200 μA; stimulus duration: 160 μs)
and at a frequency of 3.3 Hz. These two IM contacts
did not evoke motor responses in the tested stimulation
intensity range (Table 1).
EEG signal processing was performed with the freely

available EEGLab and Brainstorm Toolboxes software
(Delorme & Makeig, 2004; Tadel et al. 2011). Pre-
processing included: (a) removal of stimulation artefacts
(cut stimulation artefacts) between−5 and 5ms and inter-
polation of the signal; (b) band-pass filters between 0.3 and
300 Hz, 50 Hz notch filter; (c) independent component
analysis-based removal of eye movements and muscular
artefacts (Makeig et al. 2004); (d) extraction of EEG
epochs; (e) direct current correction; (f) visual rejection

© 2021 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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of epochs with remaining artefacts; (g) averaging of EEG
epochs.
Source localization was performed taking into

consideration the individual anatomical magnetic
resonance imaging (MRI). To this aim a T1-weighted
image was acquired. MRI segmentation and cortical
reconstruction were performed with the Freesurfer
toolbox (Dale et al. 1999). MRI data were imported into
brainstorm where EEG data and MRI were co-registered,
considering standard EEG electrode coordinates (10–20
system). A dipole fitting technique (ECD, equivalent
current dipole) was applied, by using a single sphere
forward model and assuming a brain conductivity value
of 0.33 S/m for the brain (Bagić et al. 2011; Pellegrino
et al. 2016a,b, 2018).
Over 2000 sweeps of whole-nerve stimulation and 7000

sweeps of intraneural stimulation were averaged for SEP
analysis.

Transcranial magnetic stimulation (TMS)

TMS was performed with a Magstim 2002 stimulator
(MagstimCompany Ltd,Whitland,UK). A figure-of-eight
coil, with external loop diameters of 9 cm, was held
over the motor cortex at the optimum scalp position
to elicit MEPs in the contralateral target muscle. The
coil was held tangentially to the scalp with the handle
pointing backwards at an angle of approximately 45° to
the mid-sagittal line, to generate an induced current with
a posterior-to-anterior direction across the central sulcus.
MEPs were recorded from the following muscle targets

of the upper limbs: biceps brachii (BB); ulnar-innervated
forearm muscles (UFM), including flexor carpi ulnaris
and flexor digitorum profundus; median-innervated
forearm muscles (MFM), including pronator teres and
flexor carpi radialis; and opponens pollicis (OP) of the
intact side. Due to anatomical rearrangement of forearm
stump muscles, muscular targets in the forearm were
aided by surface EMG recordings of CMAPs generated by
electrical stimulation of the ulnar and median nerves.
Resting motor threshold (RMT) was defined as the

minimum stimulus intensity that produced a liminalMEP
(>50 μV in at least 5 of 10 trials) at rest.
MEPs were recorded via two 9 mm diameter Ag-AgCl

surface electrodes with the active electrode over the
muscle belly and the reference electrode, respectively, on
the muscle tendon at the elbow for the BB, on the ulnar
bone for the forearm muscles (UFM and MFM) and on
the interphalangeal joint of the 1st finger for the OP.
The EMG was amplified and filtered (bandwidth

3 Hz–3 kHz) by a Digitimer D360 amplifier (Digitimer).
Data were stored on a computer with a sampling rate of
5 kHz per channel using a CED 1401 analogue-to-digital
converter (Cambridge Electronic Design Ltd, Cambridge,
UK).

Traces contaminated by muscle activation were
discarded during acquisition. A few traces containing
electrical artefacts or EMG activity due to voluntary
muscle contraction were discarded after acquisition (six
out of 450 acquired traces: <2%).

Test of short-latency afferent inhibition (SAI)

We refer to short-latency afferent inhibition with the
acronym SAI consistently with the TMS literature, and we
alert the reader that in the present study SAI does not refer
to slowly adapting type I afferent fibres.
SAI was studied using the paradigm described for

transcutaneous nerve stimulation (Tokimura et al. 2000)
and expressed as the ratio of the amplitude of MEPs
conditioned by peripheral afferent stimulation and
the amplitude of unconditioned MEPs. In the present
experiments, conditioning electrical pulses were applied
through implanted neural electrodes or bipolar skin
electrodes (see section above).
Invasive stimulation was performed 30 days after

the implantation of neural electrodes. Afferent stimuli
were delivered through intraneural contacts IM12 and
IM16 and perineural contacts CM5, CM14, CU5 and
CU14 (Fig. 1). IM12 stimulation evoked a purely
sensory perception, without evoked EMG activity, while
IM16 stimulation was able to produce a recordable
muscle activation together with tactile and proprioceptive
perception, as in the case ofCuff contacts (Fig. 2A, detailed
in the Results). The intensity of nerve stimulation was
set at 2.0× the sensory threshold (stimulus duration:
160μs). The intensity of the TMS test pulse over themotor
cortex was adjusted to evoke an unconditioned MEP of
∼1.0 mV peak-to-peak amplitude in the relaxed target
muscle. TMS target muscles were UFM for median nerve
afferent stimulation and MFM for ulnar nerve afferent
stimulation. We followed the principle of using target
muscles innervated by a different nerve from the one used
for afferent stimulation, since evoked responses in the
agonist muscles are reported to have less SAI (Bertolasi
et al. 1998).
In the case of transcutaneous mixed (sensory and

motor) nerve stimulation, SAI was studied bilaterally.
Recordings were performed 9 days after explantation of
neural electrodes, when the bandage was removed from
the left arm. Afferent stimuli were delivered to the ulnar
nerve of both sides above the elbow, as described in the
section above. The intensity of nerve stimulation was
set at a level sufficient for evoking a just visible muscle
contraction. TMS was targeted to the MFM hotspot
on the scalp. MEPs were recorded simultaneously from
relaxed BB, MFM and OP, to limit experimental time and
test–retest variability. This approach is limited by the sub-
optimal activation of cortical areas out of the hotspot or
by cortico-cortical influences, although mitigated by the

© 2021 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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overlapping of cortical representation maps of adjacent
muscles (Krings et al. 1998; Raffin et al. 2015; DeJong et al.
2021) and by the presence of a within-test control intrinsic
to the SAI measurement (i.e. the ratio of conditioned
and unconditioned MEPs). RMTs, TMS intensity and test
MEP amplitudes for both invasive and transcutaneous SAI
protocols are reported in Table 2.

The peripheral conditioning stimulus preceded the
TMS test pulse by inter-stimulus intervals (ISIs) that were
related to the latency of the N20 component of the SEP by
surface nerve stimulation; N20 peak latency was ∼17 ms.
For transcutaneous stimulation, ISIs of N20+2, +3 and
+4 ms (i.e. 19, 20 and 21 ms) were tested (10 randomized
trials for each condition, 20 trials for the test condition).

In the case of invasive nerve stimulation, since no
clear short-latency SEP was detectable with standard
online analysis, ISIs were determined from the estimated
peripheral-to-cortical conduction time based on
stimulating electrode location. Specifically, the location
of the stimulating electrode was ∼15 cm above the elbow
in the case of invasive nerve stimulation (both intra-
neural and perineural), and 6 cm above the elbow in the
case of the cathode used for transcutaneous stimulation.
Given this different stimulating electrode location, the
time needed for intraneural stimuli to reach the primary
somatosensory cortex was estimated to be about 2 ms
shorter than the N20 latency (i.e. 17 − 2 = 15 ms)
recorded after transcutaneous stimulation. Therefore, ISIs

Figure 2. Recruitment of motor fibres
with median nerve ds-FILE and Cuff
electrode contacts
A, example of recruitment of compound
muscle action potentials (CMAPs) after
stimulation with IM16 and IM12 contacts
at increasing intensities. At increasing
stimulation intensities, IM16 elicits CMAPs
of increasing amplitude (left panels);
stimulation with IM12 does not evoke EMG
responses in forearm muscles (right panels)
while it evokes somatosensory perceptions
and hence it is considered to be selective
for sensory afferents. Each EMG trace (top
panels) is the average of three trials. CMAP
amplitude (bottom panels) is measured as
peak-to-peak amplitude of the EMG signal.
B, thick lines represent the average
stimulus–response curves for tested
contacts of ds-FILE (left curve, dark red)
and Cuff (right curve, light blue) electrodes.
Thin dashed lines represent the ±1 SD
limits of the average curve. Circles
represent the actual CMAPs (average of
three stimuli). Curves are derived from
actual and interpolated CMAPs obtained
from contacts 14, 15 and 16 of the ds-FILE
and from contacts 1–8 and 11–14 of the
Cuff electrode, in the range of tested
stimulation intensities. Contacts that did
not evoke muscle responses are not
represented. Stimulation was delivered as a
biphasic square wave pulse, with a total
duration of 160 μs for the ds-FILE and of
400 μs for the Cuff electrode contacts.
Stimulation charge (nC) is calculated as
stimulus intensity (μA) × duration (ms).
Note the different charge scale for ds-FILE
and Cuff. [Colour figure can be viewed at
wileyonlinelibrary.com]

© 2021 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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Table 2. Resting motor threshold (RMT), TMS intensity and test
MEP amplitude for targeted upper limbmuscles in invasive and
transcutaneous SAI protocols

Afferent stim.
site

Target
muscle

RMT (%
MSO)

TMS
intensity
(% MSO)

Test
MEP
(mV)

IM12 UFM.L 56 75 1.250
IM16 UFM.L 1.686
CM5 UFM.L 0.974
CM5+14 UFM.L 1.349
CU5 MFM.L 56 75 0.532
CU5+14 MFM.L 0.576
Ulnar
(whole
nerve)∗

BB.L 60 84 0.682
MFM.L 60 84 1.063
BB.R 56 74 0.602
MFM.R 56 74 1.388
OP.R n.a. 74 0.802

Abbreviations: MSO, maximum stimulator output; UFM,
ulnar-innervated forearm muscles; MFM, median-innervated
forearm muscles; BB, biceps brachii; OP, opponens pollicis; L/R,
left/right side. See Methods and Fig. 1 for contact labelling
details. RMT is measured by positioning the stimulating coil at
the hotspot of each tested muscle.
∗In the case of ulnar whole-nerve afferent stimulation, MEPs are
co-recorded on each side after TMS at the MFM hotspot.

of 15–21 ms were tested (six randomized trials for each
condition, 12 trials for the test condition). SAI ismeasured
as the ratio of conditioned and unconditioned MEP
amplitudes (i.e. an SAI value <1.0 indicates inhibition).
Measurements at ISIs of 19–21 ms (transcutaneous

stimulation) and at ISIs of 15–16, 17–19 and 20–21 ms
(invasive stimulation) were grouped for statistical
analyses.

Statistical analysis

Statistical tests were applied to compare SAI values
and other variables of interest between different
experimental conditions. Since data distributions
violated the assumptions of normality and/or homo-
geneity of groups, non-parametric statistics was applied.
Boxplots of the distribution of collected data for different
stimulation sites and ISIs are reported in the Results
section. Between-group variance was tested by means
of a Kruskal–Wallis test; when between-group analyses
reported significant results, post hoc pairwise comparisons
were performed by means of a Mann–Whitney test. P
values of <0.05 were considered statistically significant.
Since this is a single-case study with an exploratory
nature and group differences were preliminarily
assessed, pairwise tests were not corrected for multiple
comparisons. Data were analysed using the software JASP
for Windows v0.11.1 (The JASP Team, 2019).

Results

Characterization of responses evoked by invasive
nerve stimulation

Following IM stimulation, at intensities between 50
and 400 μA (stimulus duration: 160 μs), all available
electrode contacts (IM1–16) evoked somato-sensations
(tactile/proprioceptive) referred to the area of the first
three digits of the phantom hand. With stimulation
intensities above sensory threshold, the more distal
contacts (IM14–16) evoked also motor responses,
recorded as CMAPs (Table 1; Fig. 2A).
Perineural stimulation through CM contacts, at

intensities between 150 and 500 μA (stimulus duration:
400 μs), was less selective and evoked both sensory
perceptions and liminal CMAPs at sensory threshold or
slightly higher intensities with all available contacts (at
the time of recordings, contacts IM6 and CM9 and 10
did not produce any sensory/motor response at the tested
stimulation intensity range) (Table 1).
As expected, comparison of sensory thresholds between

intraneural (n = 15) and perineural stimulation sites
(n = 12) confirmed that thresholds were significantly
lower with intraneural stimulation (U = 180.000,
P < 0.0001) (Fig. 3). Concerning the activation of motor

Figure 3. Comparison of sensory perception thresholds
between median nerve ds-FILE and Cuff electrode contacts
Sensory thresholds for individual active sites evoking sensory
perceptions within the tested stimulation range are represented.
Threshold values are measured as stimulation charge, i.e. stimulation
intensity (μA) × stimulus duration (ms). Boxplots summarize the
lower quartile, median and upper quartile of the sample distribution
for both electrodes. Thresholds with ds-FILE stimulation (n = 15) are
significantly lower than with Cuff stimulation (n = 12) (P < 0.0001;
Mann–Whitney test). [Colour figure can be viewed at
wileyonlinelibrary.com]
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fibres, stimulus–response curves show that stimulation
with Cuff electrodes (n = 12), compared with intraneural
stimulation (n = 3), requires higher intensities to elicit
the same CMAP amplitude (Fig. 2B).

CU contacts were not systematically mapped by CMAP
recording as several contacts (CU7–11) as well as the
intraneural ulnar electrodes were not available at the
time of experiments. However, all available CU contacts
produced motor responses (detected as muscle twitches)
at sensory threshold or higher stimulation intensity.

Somatosensory evoked potentials

Figure 4A–C shows the SEPs from transcutaneous left
ulnar nerve stimulation, i.e. the amputated side. Figure 4A
shows the time course of all EEG channels (‘butterfly
plot’). The first cortical response is at ∼17 ms and has
a typical bipolar topographical distribution (Fig. 4B).
Source localization performed with the dipole fitting
technique (Fig. 4C) localized a dipole at the bottom of the
right central sulcus, next to the hand area representation

Figure 4. Somatosensory evoked potentials from transcutaneous left ulnar nerve stimulation (A–C) and
from left intraneural median nerve stimulation (D)
See Results for details. [Colour figure can be viewed at wileyonlinelibrary.com]
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Figure 5. SAI values obtained by delivering the conditioning afferent pulse with different electrodes
and contacts, at different inter-stimulus intervals (ISIs)
Boxplots represent MEP amplitudes by single pulse TMS (test condition, n = 12) and by paired pulse TMS,
normalized to the average test MEP amplitude (n= 6 for each ISI). All stimulation sites of ds-FILE and Cuff electrodes
are associated with a reduction of the test MEP amplitude in the target muscle across tested ISIs from 15 to 21 ms
(i.e. SAI < 1.0). SAI was analysed by grouping ISIs of 15–16 ms (white boxes), 17–19 ms (light grey) and 20–21 ms
(dark grey). The ISI of 8 ms (n = 14) was used as a control condition that is not expected to generate SAI. Boxplots
represent the lower quartile, median and upper quartile of the sample distribution; whiskers extend up to 1.5 times
the interquartile range; circles indicate outliers; and black diamonds indicate the mean of the sample. Significant
P values of comparisons between conditioned and test MEPs (Mann–Whitney tests) are reported. [Colour figure
can be viewed at wileyonlinelibrary.com]
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(hand knob). Overall, transcutaneous SEP generated a
clear and well-reproducible first cortical response, which
localized in the right central region. Right ulnar nerve
stimulation (i.e. the intact side) evoked cortical responses
with the same latency of SEP recorded after left side
stimulation.

Figure 4D shows the SEPs obtained with intraneural
mediannerve stimulation,with a time course until 300ms.
The first cortical response is recognizable at ∼16 ms. The
amplitude of this response is about six times smaller than
that of the compound SEP from whole-nerve stimulation.
The signal to noise ratio is low so that no reliable
source localization could be performed. The later latencies
show the typical SEP pattern, with a high-amplitude
response, and multiple polarity inversions over time (see
topographical distribution).

Afferent inhibition by invasive nerve stimulation

Conditioning afferent stimuli were delivered through
intraneural contacts IM12 and IM16 and perineural
contacts CM5, CM14, CU5 and CU14. IM12 stimulation
evoked a purely sensory perception, without evoked EMG
activity, while IM16 stimulation produced a recordable
muscle activation together with tactile and proprioceptive
perception (Fig. 2A).

As a first step, we performed an exploratory analysis
across tested ISIs and stimulation sites. Figure 5 shows
that all stimulation sites of perineural and intraneural
electrodes were associated with a reduction of the
test MEP amplitude in the target muscle across tested
ISIs from 15 to 21 ms (i.e. SAI < 1.0), and pooled
analysis comparing conditioned (n = 246) and test MEP
amplitudes (n = 72) revealed significant inhibition of
conditioned responses [median: 0.71, interquartile range
(IQR): 0.53,U= 12282.500, P< 0.0001]. Moreover, IM12
was the site that produced the largest and significant
inhibition of ∼50% of the average test MEP throughout
the tested ISI range of 15–21 ms, while other sites
resulted in a variable amount of inhibition, predominantly
at shorter ISIs (Fig. 5). A control trial with IM12
conditioning at the ISI of 8 ms produced no MEP
inhibition (median: 1.14, IQR: 0.81, N = 26, U = 70.000,
P = 0.494) (Fig. 5).
SAI was significantly affected by the site of afferent

stimulation (N = 246; six levels: IM12, IM16, CM5,
CM5+14, CU5 and CU5+14; Kruskal–Wallis test:
H5 = 32.362, P < 0.0001), indicating that a different
amount of inhibition is produced by different stimulation
sites (Fig. 6A). Pairwise comparisons show that SAI
produced by IM12 conditioning (i.e. selective sensory
afferent fibre stimulation) (n = 42) was significantly

Figure 6. Effect of stimulation site and ISI on SAI
A, effect of stimulation site on SAI. Boxplots represent SAI values obtained by delivering the conditioning afferent
pulse with different electrodes and contacts, by grouping ISIs of 15–21 ms. P values indicate significant differences
for each site compared with IM12 (Mann–Whitney tests; individual P values reported in the Results). B, effect of
ISI on SAI. Boxplots represent SAI values obtained by delivering the conditioning afferent pulse at different ISIs, by
grouping all contacts indicated in A. P values indicate significant differences for each ISI compared with the ISI of
15–16ms (Mann–Whitney tests; individual P values reported in the Results). SAI values below 1.0 indicate inhibition
of the test MEP. Boxplots represent the lower quartile, median and upper quartile of the sample distribution;
whiskers extend up to 1.5 times the interquartile range; circles indicate outliers; and black diamonds indicate the
mean of the sample.
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larger than SAI produced by non-selective stimulation
(SAIIM16: n = 40, U = 491.000, P = 0.0010; SAICM5:
n = 39, U = 1276.000, P < 0.0001; SAICM5+14: n = 42,
U= 1257.000, P= 0.0007; SAICU5: n= 41,U= 1326.000,
P< 0.0001; SAICU5+14: n= 42,U= 1476.000, P< 0.0001)
(Fig. 6A).
SAI was also affected by the ISI (N = 246; three levels:

ISI15–16, ISI17–19 and ISI20–21; Kruskal–Wallis test:
H2 = 6.574, P = 0.0374). Pairwise comparisons show that
pooled SAI from all stimulation sites at ISI15–16 (n = 69)
was significantly larger than SAI at ISI17–19 (n = 108,
U = 2933.000, P = 0.0171) and at ISI20–21 (n = 69,
U = 1888.000, P = 0.0362) (Fig. 6B).

Afferent inhibition by transcutaneous nerve
stimulation

Surface stimulation of the left (amputated side) and of
the right ulnar nerve at the elbow inhibited MEPs from
the contralateral motor cortices, at ISIs from 19 to 21 ms
(i.e. N20+2, +3 and +4 ms). The inhibition of the test
response is evident in all tested muscles: BB and MFM of
both sides and right OP (Fig. 7).
SAI in the left MFM (n = 30) was comparable to that

obtained in the same muscle and at the same relative
ISIs after invasive stimulation of the ulnar nerve with the

Figure 7. Boxplots of SAI values obtained in different muscles
of the right (intact) and left (amputated) side after
conditioning by transcutaneous ulnar nerve stimulation at
the elbow
Values below 1.0 indicate inhibition of the test MEP. SAI was
analysed by grouping ISIs of 19–21 ms. SAI is significantly lower for
muscles of the amputated side (Mann–Whitney tests). Boxplots
represent the lower quartile, median and upper quartile of the
sample distribution; whiskers extend up to 1.5 times the interquartile
range; circles indicate outliers; and black diamonds indicate the
mean of the sample.

Cuff electrode (median: 0.69 vs. 0.73 with CU5, n = 41,
P = 0.591, and 0.68 with CU5+14, n = 42, P = 0.620).
Kruskal–Wallis tests showed that SAI was significantly

affected by the side of afferent stimulation (N = 120; two
levels: right, left; H1 = 40.067, P < 0.0001), but not by
the muscle being tested (N = 120; two levels: BB, MFM;
H1 = 0.834, P = 0.361). At post hoc comparisons, SAI was
significantly more pronounced on the right (intact) side
for both BB (N = 60,U = 682.000, P = 0.0005) andMFM
(N = 60, U = 807.000, P < 0.0001).
Moreover, SAI was measured in the OP muscle of the

intact side: SAI was not significantly different between
hand (OP, median: 0.45), forearm (MFM, median: 0.39)
and arm (BB, median: 0.48) muscles of the intact side
(N = 90, H2: 5.011, P = 0.0816) (Fig. 7).

Discussion

In the present experiments, we exploited intraneural and
perineural electrodes implanted for prosthesis control to
investigate the physiological mechanisms of interaction
of selective somatosensory afferents with sensorimotor
cortical circuits. Afferent somatosensory input mediates
tactile, proprioceptive and haptic perception and, for
this reason, it is crucial for the correct execution of
purposeful goal-directed movements. In this context,
afferent inhibition of motor output might represent a long
reflex mechanism contributing to the precise tuning of
muscle activation/suppression during fine motor tasks.
Peripheral feedback through different sensory moda-

lities, using both non-invasive and invasive stimulation
methods, has been used to improve manipulation skills of
hand prostheses.
Moreover, techniques that exploit sensorimotor

integration, with approaches based on ‘task-intrinsic’ or
‘augmented feedback’, have been proposed to potentiate
impaired afferent pathways and to foster the recovery of
motor function in the rehabilitation of different neuro-
logical conditions involving the central (Molier et al. 2010;
Abbruzzese et al. 2014; Hayward et al. 2014; Edwards et al.
2019) or the peripheral nervous system (Gordt et al. 2018;
Oddsson et al. 2020).
As a first step, we examined selectivity of stimulation

through neural interfaces bymapping sensory perceptions
and motor responses. Median nerve stimulation through
intraneural contacts evoked tactile/proprioceptive
perceptions referred to the area of the first three digits
at all stimulating sites, while only three contacts of the
electrode evoked motor responses within the tested
stimulation intensity range. Median nerve stimulation
through perineural contacts was less selective: all contacts
evoked both sensory perceptions and muscle responses at
intensities of stimulation near sensory threshold (Table 1;
Fig. 2), probably because of the location of active sites over
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the epineurium. In the present experiments, a limiting
factor in the determination of selectivity of intraneural
stimulation on sensory afferents relates to the fact that we
did not discriminate between skin andmuscle afferents by
means of microneurographic recordings. However, it can
be hypothesized that both components were activated by
afferent stimulation at 2.0× sensory threshold intensity
used in SEP and SAI recordings, also based on the subject’s
perceived sensations.

SEP recording allowed us to detect cortical areas
activated by transcutaneous and intraneural stimulation.
Transcutaneous stimulation of the ulnar nerve just above
the elbow evoked cortical responses in the parietal area
with a peak latency of about 17 ms, that is within a
normal range, confirming the physiological recruitment
and integrity of somatosensory afferent pathways. These
data are in line with previous reports of preserved
responsiveness of S1 after long-term deafferentation
in arm amputees, albeit with diminished amplitude
(Mackert et al. 2003). Intraneural stimulation evoked a
less reproducible cortical activation in the parietal area
that was clearly detectable by averaging a large number
of trials (>7000), with a peak latency of the earliest SEP
component of about 16 ms; this latency is compatible
with the activation of fast-conducting afferent fibres at the
stimulation site located in the middle third of the arm.
The amplitude of this early cortical response to intra-
neural stimulationwas about six times smaller than that of
the compound SEP from whole-nerve stimulation. These
data confirm that intraneural stimulation was effective in
activating S1. However, the stimulation intensity of 2.0×
the sensory threshold probably produced a submaximal
activation of large-diameter somatic afferent fibres that
might account for the reduced amplitude of cortical
responses compared with compound nerve stimulation,
in agreement with findings of previous microstimulation
experiments (Kunesh et al. 1995). It should also be
noted that it is unclear whether the short-latency parietal
SEP component reflects the activity of a single cortical
generator, since the thalamic relay is distributed to several
post-central areas (3b, 1 and 2) within S1 (Allison 1982;
Eisen 1982). While this interpretation is compatible with
findings of initial reports on SEPs evoked by stimulation
modalities with different fibre selectivity in healthy sub-
jects (Pratt et al. 1979; Cohen et al. 1985), it is not
sufficiently supported by data of previous reports that
documented parietal cortical activation following intra-
neural stimulation in trans-radial amputees. In the latter
case, a higher intensity of stimulation, eliciting the
strongest non-painful sensation, evoked low-amplitude
cortical responses (Granata et al. 2018) and stimulation
delivered throughmultiple contacts did not facilitate SEPs
(Strauss et al. 2019). An alternative explanation is that
reduced SEP amplitude/persistence is due to functional
reorganization of cortical circuitry in chronic amputation

(Mackert et al. 2003; Di Pino et al. 2009, 2021). Non-
etheless, these data strongly suggest that the specific
perception of the artificial sensory stimuli elicited by peri-
pheral nerve stimulation and reported by the subjects in
their phantom of the hand involves the activation of the
S1 hand area.
Testing the MEP afferent inhibition allowed us to

investigate the integration of sensory afferents with motor
cortical efferent circuits. The phenomenon of SAI has
been extensively explored using surface mixed nerve
stimulation and it exhibits inhibition of M1 output at
short ISIs of N20 latency + 0–8 ms, it being more
pronounced at ISIs of N20 latency + 0–4 ms (Tokimura
et al. 2000). In our participant, transcutaneous nerve
stimulation produced an SAI effect on M1 coherent with
data reported in the literature. It is worth noting that we
observed a reduced inhibition of M1 output to stump
muscles compared with the contralateral M1 (Fig. 7). This
finding could account for increased excitability of cortical
areas controlling proximal muscles of the amputated limb
(Cohen et al. 1991; Pascual-Leone et al. 1996; Röricht et al.
1999). However, in our subject we did not observe an
overt imbalance ofmotor thresholds supporting increased
corticospinal excitability in the amputated side; therefore,
an alternative explanation is that, since the amount of SAI
has been shown to correlate with that of S1 activation
(Bailey et al. 2016), reduced inhibition of the affected side
might depend on reduced activation of deafferented S1
(Marckert et al. 2003). Moreover, when comparing SAI
from the amputated and intact side, it must be taken
into account that, in our subject, the prolonged period
of sensorimotor training with prosthesis might have
influenced the level of sensorimotor cortical excitability,
and hence the amount of MEP inhibition in stump
muscles (Zollo et al. 2019).
In our study, we tested for the first time the SAI

effect produced by conditioning stimuli delivered through
invasive neural interfaces. After stimulation with both
perineural and intraneural electrodes, we demonstrated
suppression of M1 response to TMS at ISIs compatible
with a cortical effect of afferent stimuli. As shown in
Figs 5 and 6, the ISIs generating suppression ofMEPs with
intraneural/perineural stimulation (tested in the range
from N20 + 0–6 ms) are in the same range of those
generating suppression of MEPs with surface stimulation
(tested in the range from N20 + 2–4 ms, Fig. 7).
The interval-specific effect of intraneural stimulation is
confirmed by the absence of inhibition at an ISI of 8 ms,
which is shorter than the time needed for the afferent
stimulus to reach S1 (Fig. 5). Moreover, we observed a
significantly stronger SAI by delivering afferent stimuli
through one intraneural contact (IM12) that was selective
for sensory fibres (Fig. 6), as this contact did not activate
motor fibres at intensities of stimulation tested up to
∼3.0× the sensory threshold (Fig. 2A). This finding is
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in agreement with the interpretation that tactile sensory
fibres activating thalamo-cortical afferents are specifically
involved in the origin of suppression of M1 excitability.
Indeed, intraneural or perineural contacts that were not
selective for sensory fibres, and hence are likely to have
activated a reduced pool of tactile afferent fibres, produced
a weaker conditioning of M1 (Fig. 6). This interpretation
would agree with findings of Bailey et al. (2016), who
reported that the amount of SAI depends on the volume
of the sensory afferent volley to S1 and that it ceases
to increase once all afferent fibres within the nerve are
recruited. It remains to be interpreted why the stimulation
delivered by activating simultaneously two Cuff contacts
on either median or ulnar nerve, which should recruit
a larger pool of fibres, was not more efficacious in
producing SAI (Fig. 6). This might be explained by pre-
vious findings showing that afferent inputs from larger
cutaneous receptive fields produce less SAI (Tamburin
et al. 2005), possibly due to centre-surround inhibition
mechanisms (Dubbioso et al. 2017). This finding also
agrees with the lack of SEP facilitation by stimulation
from multiple intraneural contacts (Strauss et al. 2019).
A possible explanation is also that sensory afferents with
a different somatotopic distribution within the nerve
trunk might have a different functional role in movement
shaping, and hence be differentially involved in the SAI
effect. Additionally, interference with the SAI effect due
to recruitment of a larger pool of muscle afferents cannot
be ruled out, since some data support the hypothesis of
a predominant contribution of cutaneous afferents to SAI
(Pilurzi et al. 2020).
Which cortical circuit is primarily responsible for

the origin of SAI is still a matter of debate: the main
hypotheses are that SAI is generated by cortico-cortical
connections from S1 to M1 or by suppression of
facilitatory thalamic afferents to M1 (Tokimura et al.
2000). Moreover, pharmacological studies indicate that
the phenomenon of SAI requires the physiological
activity of central cholinergic projections (Di Lazzaro
et al. 2000), possibly to cortical GABAergic interneurons
(Xiang et al. 1998; Di Lazzaro et al. 2007; Kruglikov &
Rudy, 2008).
With both intraneural and perineural conditioning

stimulation, we observed the strongest SAI at ISIs of
15–16 ms (Fig. 6B), which correspond to the shortest
latency of parietal cortical activation after peripheral
nerve stimulation documented by SEP recordings
(Fig. 4D). This very short latency effect is in agreement
with previous findings of afferent inhibition at ISIs
corresponding to the time of the N20 peak latency
(Bertolasi et al. 1998; Benussi et al. 2020) and could be
interpreted as an inhibitory mechanism at the level of
direct thalamic projections toM1.However, SAI at shorter
ISIs is still compatible with sensorimotor cortico-cortical
interactions, if we take into account two physiological

mechanisms: (1) the reference of the N20 peak latency
probably represents a later phase of S1 activation, onset
of which might be 1—2 ms earlier, as also demonstrated
by high-frequency oscillations of the cortical SEP (Ozaki
& Hashimoto 2011) – this is compatible with a sensory
conduction time shorter than the earliest ISI producing
M1 inhibition; and (2) SAI depends on suppression of the
later components of the corticospinal descending volley
generated by focal TMS of M1 (Tokimura et al. 2000) that
are delayed ∼3 ms or more relative to direct activation of
corticospinal cells (Di Lazzaro et al. 2012).
Since the present results come from a case study, we

must point out that extension beyond our subject of some
of our findings should be done with caution. Indeed, the
main finding is that selective sensory fascicle stimulation
is able to evoke a detectable activity in S1 and to produce
an SAI effect in M1, and this could be employed as a
physiological basis for further developments of intra-
neural stimulation and prosthesis control strategies.
However, the more specific results related to the
different amount of SAI due to the location of implanted
active sites and to the timing of afferent stimulation,
as well as SEP morphology, might be individual
characteristics and might not be confirmed in the general
population.

Conclusions

(1) We confirm that multichannel intraneural electrodes
of the ds-FILE type are effective in producing selective
sensory and motor nerve fascicle stimulation.

(2) Cortical activity in S1 can be evoked by selective
stimulation of sensory fibres in humans. The reduced
amplitude of SEPs evoked by this type of stimulation
compared with SEPs evoked by surface mixed nerve
stimulation might reflect submaximal activation of
large-diameter afferent fibres and de-synchronized
activation of cortical cell populations. This opens
up the intriguing hypothesis that the activation of
S1 we are typically accustomed to see in SEP may
be an artefactual signal due to the synchronous
hyperactivation of the whole nerve, which does
not occur during the physiological somatosensory
stimulation of the hand in the everyday interaction
with objects. Rearrangement of afferent pathways or
cortical circuitry related to chronic amputation could
also have influenced SEP amplitude and persistence.

(3) For the first time, we demonstrate the possibility of
generating inhibition ofmotor cortical output by peri-
neural and intraneural conditioning stimulation at
short ISIs, more prominently by selective stimulation
of somatosensory afferent fibres: this supports the
existence of a fast sensorimotor integration process,
probably mediated by thalamo-cortical afferents.
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