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PERSPECTIVES

Selective stimulation with
intraneural electrodes for bionic
limb prostheses can contribute
to shed light on human touch
sensorimotor integration
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Stimulus delivery is a major challenge
in the investigation of sensory physio-
logy and physiopathology, with trans-
lational implications while targeting bionic
substitution of impaired sensorimotor
functions by means of neuroprostheses.
The complexity represented by stimulus
administration is generally valid for all
senses, and particularly for touch among
physical senses because of the distributed
positioning of receptors throughout the
large area of the whole skin and the
intrinsically interactive characteristics of
somatosensation.

In touch studies, the experimental
protocols typically involve the delivery
of mechanothermal or electrical stimuli
and the collection and analysis of
stimulus-induced responses, either at
perceptual level by means of psychophysical
methods or by investigating peripheral or
central bioelectronic activity in humans or
animals via techniques such as micro-
neurography  and  microstimulation,
patch clamp, electrode arrays, functional
magnetic resonance imaging, or electro-
encephalography.

When the stimulus is  delivered
mechanically directly to the epidermis
of intact subjects, such as with vibrotactile
probes, extended textures or shapes,
the spatiotemporal interaction with the
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skin should be carefully controlled over
multiple sessions, for example by using
custom biorobotic tools. Such automatic
mechatronic platforms should be developed
to allow gathering of repeatable responses
of the somatosensory pathways in order
to enable modelling attempts based on
brain imaging or electrophysiological
recordings at higher stages with respect to
the cutaneous haptic stimulation site.

Another suitable approach
accessing directly the nervous system in
order to release electrical pulses to the
afferent pathways. The electrical delivery
of the stimuli is extremely challenging
because of the complexity of guaranteeing
mechanical, electrical and biological
stability of the electrode-nerve interface,
the high number of stimulation sites, and
selectivity, both spatially and temporally.
Among the possible methods for releasing
electrical patterns to the nervous system,
microstimulation with needle electrodes
is a technique used by trained neuro-
physiologists for eliciting action potentials
with excellent axonal selectivity within a
microneurographic session (Vallbo, 2018).
While being minimally invasive, and thus
applicable in trials involving either intact or
amputee humans, microstimulation has the
inherent constraint of single-site electrode
placement and stability limited to short
term protocols in acute subjects. However,
progress with neurotechnologies and
neurosurgical techniques has enabled over
the past decade a series of studies that are
demonstrating the feasibility of chronically
implanting electrodes in the peripheral
nerves of human subjects for neuro-
prosthetic applications, such as perineural
cuffs or intraneural filament electrodes
that are being applied in pilot clinical trials
with limb amputees to partially restore
sensorimotor functions (Farina et al. 2021).
The study coordinated by Di Pino,
published in this issue of The Journal
of Physiology, builds on these recent
technological and medical advancements
(Ranieri et al. 2022). The paper reports
a case study involving a 40-year-old
transradial amputee surgically implanted
with perineural cuffs and intraneural
double-sided filament electrodes (ds-FILE)
in the median and ulnar nerves. The
implemented  experimental  protocol
consisted of administering electrical
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pulses via the implanted perineural and
intraneural interfaces, as well as by means
of control transcutaneous stimulation,
to evaluate the inhibitory effect of
somatosensory stimulation on contra-
lateral motor cortex excitability. As initial
finding, the specificity of the delivered
stimulation was assessed by recording a
very large dataset of scalp somatosensory
evoked potentials (SEPs); the resulting
data challenge current thinking with
respect to SEP amplitude in response
to nerve stimulation, which in the pre-
sent study with intraneural interfaces
(Ranieri et al. 2022) was much lower when
compared to previous reports involving
less selective electrodes. The core of the
experimental protocol, enabled by the
chronically implanted electrodes, was very
elegant and included carefully designed
controls: transcranial magnetic stimulation
(TMS) was administered on the motor
cortex to induce motor evoked potentials
(MEPs) revealed via electromyographic
(EMG) recordings in contralateral muscles,
whereas somatosensory electrical stimuli
were delivered via all available inter-
faces (intraneural, perineural, and trans-
cutaneous) with variable stimulation
properties such as active electrode location
and latency with respect to TMS. The
main finding is the demonstration of
short-latency afferent inhibition (Tokimura
et al. 2000) on motor cortex induced by
intraneural stimulation only under specific
combinations of active sites and timing.
This finding was claimed to be the first
reported case of selective low-latency
inhibition of motor cortical output by
means of intraneural interfaces, which pre-
sumably acts via thalamo-cortical pathways
for sensorimotor integration. Though the
experimental protocol involved a single
subject and therefore the findings should
be replicated in future trials to assess
their generalizability, methodologically the
study reported by Ranieri and colleagues
consolidates evidence of the prospective
role of neuroprosthetic research not only
for its clinical potential but also as a
discovery engine to investigate and model
the sense of touch (Oddo et al. 2016).
Although the long-term stability of neural
implants is still an open issue to be further
evaluated after the recent first-in-human
trials (Farina et al. 2021), the improved
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selectivity, number of stimulation sites and
long-term stability guaranteed by present
neurotechnologies offer a chronic access
to the nervous system. This possibility
can enable unprecedented experimental
protocols complementing other electro-
physiological and imaging techniques to
advance the fundamental knowledge of
physiology and physiopathology of the
human sensorimotor system.
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