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Compensation) (Farina et al., 2014). The algorithm’s job
is to “decompose” the raw sEMG signal to identify
motor unit spike waveforms and their firing rates (Fig.
4a, bottom). Decomposing an sEMG signal is like listen-
ing to the recording of a symphony orchestra and then
determining the exact musical notes being played by
each instrument.

Once the raw EMG signal is decomposed, the firing
rate of the different motor units can be associated with
the voltages sensed by the surface electrodes to estimate
where each motor unit is located. The authors found
that many of the motor unit action potentials (MUAPs)
were comparable between the TMR amputees and the
able-bodied control groups, including similar firing rates
and amplitudes around 150–200 μV. The key differences
were that MUAPs from the TMR group were about 33%
shorter, and the mean normalized area of motor unit
territories was less than half that of the able-bodied
group. Spatially, the motor units of TMR muscles were
smaller and more likely to be overlapping with each

other rather than being spread out with unique spatial
territories.

Many of the authors from this TMR study (including
Kapelner) were involved in follow-up studies, such as
Farina and colleague’s Nature BME paper the following
year (Farina et al., 2017). The authors demonstrated how
motor unit decomposition of sEMG from TMR ampu-
tees can be used for accurate control of a prosthetic
arm. The MUAP estimations led to better signal classifi-
cation than using just the electrode voltage amplitudes,
which makes sense given that multiple MUs can be de-
tected within the same electrode territory. At least 10
distinct MUs could be detected from all the TMR sub-
jects, and there did not appear to be a direct correlation
between the number of detected MUs and the classifica-
tion accuracy. Other reports have also shown that
MUAP decomposition of reinnervated muscle signals
can be used for accurate signal classification and im-
proved force estimation for prosthesis control (Sartori
et al., 2019; Zheng & Hu, 2019). Most of these results,

Fig. 4 Reinnervated Muscle Interfaces. a The most common signal used for controlling myoelectric prostheses is sEMG. These voltages are
detected from the skin through removable electrode contacts (top). The most accurate signal interpretation is through motor unit
decomposition. An sEMG signal is broken down by an algorithm into the individual firing rates of unique motor units (bottom). This algorithm
requires high-density surface electrode arrays (Farina et al., 2017). b Implanted electrodes can be used to record eEMG signals for prosthesis
control. Currently, the best method for doing this in human subjects is to connect the electrodes with an osseointegrated implant that interfaces
with the external prosthesis, a.k.a. the e-OPRA (top). These implants require that there be a permanent opening in the skin. The e-OPRA presents
an opportunity for developing stable bi-directional interfaces. eEMG signals can control the robotics, and nerve cuff electrodes implanted in the
residual limb can be used to provide stimulation based on signals from artificial touch sensors that are within the prosthesis (bottom) (Mastinu
et al., 2020). c RPNI muscle grafts have been shown to be useful for prosthesis control. The only published human trials so far recorded iEMG
signals using temporary bipolar electrodes that were implanted percutaneously in the RPNI muscles of 2 upper-limb amputees (top). Simple
amplitude-based classification algorithms could be used to reliably operate a prosthetic hand through a series of complex gestures by using the
iEMG signals recorded from multiple RPNIs (bottom) (Vu et al., 2020)
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including those from Farina et al., were obtained during
off-line classification. This means that the sEMG signals
were recorded from a human subject, and then they
were analyzed and classified sometime later on a com-
puter. Amplitude-based EMG classification appears to
be less accurate than MUAP decomposition, but at least
it can be used to operate a prosthetic limb in real-time.
The primary reason that the amplitude of an sEMG sig-
nal is the most common signal feature used by classifica-
tion algorithms is that it is an easy feature to calculate.
MUAP decomposition has a computational lag time, and
so far, the most reliable way to reduce the lag time is to
eliminate the computation all together. Directly sensing
MUAPs instead of having to estimate them from sEMG
signals requires that the EMG electrode interface be very
small, sensitive, and very close to the muscle fibers – i.e.,
it requires implantable microelectrodes.

There are a few people today who have had amputa-
tions above the elbow, later had TMR surgery within the
residual limb, and also had EMG electrodes implanted at
the surface (also known as the epimysium) of the rein-
nervated muscle (Ortiz-Catalan et al., 2020) (Fig. 4b,
top). These folks also have an osseointegrated rod im-
planted at the end of their residual limbs. This implant,
more specifically known as the e-OPRA implant, crosses
through the skin to offer a wired connection straight to
the reinnervated muscle (Ortiz-Catalan et al., 2020; van
der Kaaden, 2018). Myoelectric prosthetic arms can be
directly plugged into this metal rod, so the epimysial
EMG (eEMG) signals travel directly into a control pro-
cessor that is outside the body. Moreover, the interface
can be made bidirectional by adding stimulatory cuff
electrodes around the sensorimotor nerve within the re-
sidual limb. The e-OPRA has shown promising clinical
outcomes in its ability to operate a robotic hand for
opening, closing, and pinching motions as well as to pro-
vide some level of sensory feedback to indicate the
amount of force being applied by the prosthesis during
grasping motions (Mastinu et al., 2019; Mastinu et al.,
2020) (Fig. 4b, bottom).

The electrodes of the e-OPRA are single-channel bipo-
lar electrodes, usually with one electrode attached to
each muscle. One study by Mastinu and colleagues
followed 2 human amputees who had each received their
implants and TMR in a single surgery (Mastinu et al.,
2018). Each subject had 4 electrodes, 1 electrode on each
of the 2 different reinnervated muscles (radial and ulnar
nerves), and 1 electrode each on the intact heads of the
bicep and triceps. Over the course of 48 weeks post-
operation, the eEMG signal-to-noise ratio (SNR, a
metric for signal strength) of the two reinnervated mus-
cles in both subjects increased from 0 dB to 20–30 dB,
while the SNR was constant for the bicep and triceps
muscles. Due to there being only one channel recorded

per reinnervated muscle, there is no spatial information
available regarding the electrophysiology of these
subjects.

While there is not yet any spatial EMG data from im-
planted human subjects, there have been multichannel
electrodes implanted into rodents after TMR surgery
(Bergmeister et al., 2019; Muceli et al., 2018). These
studies found that in a forelimb TMR model, the rein-
nervation of the bicep muscles by the ulnar nerve re-
sulted in a “hyper-innervation.” More motor units could
be detected after reinnervation compared to the control
bicep muscle, both histologically and through electro-
physiology. Spatially, the motor units were found to
cover overlapping territories, with the strongest signals
coming from the regions immediately next to the nerve-
muscle interface. The NMJs were clumped around this
area, but the reinnervated MUAPs were not found to be
different from control MUAPs in amplitude or conduc-
tion velocity.

TMR has been well studied in human amputees be-
cause it has been a reliable form of amplifying the bio-
electrical signals of the nervous system. Despite the
technique’s popularity, TMR is not an easy surgery to
perform because it requires the suturing of two nerve
endings with very different diameters (Garg et al., 2018).
This is certainly a situation that could benefit from
implanting some kind of regenerative interface device,
similar to a sieve electrode, that could guide the nerves
toward their new effector tissue. Rather than focusing on
this nerve-to-nerve connection, though, other surgeons
have found success with the autologous muscle graft so-
lution. Rather than trying to solder two wire endings to-
gether, turn the cut wire ending into a new plug. That is
more or less the goal of the RPNI and the VDMT
muscle grafts (Tuffaha et al., 2020; Urbanchek et al.,
2016).

In 2016, the Cederna group at the University of Mich-
igan reported the effects of RPNI surgery on neuroma
treatment in adult amputees (Woo et al., 2016). The ma-
jority of subjects (77%) reported a decrease in their neur-
oma pain after the surgery. Four years later, the Cederna
group in collaboration with Chestek’s engineering la-
boratory demonstrated that these small muscle grafts,
years after the original RPNI surgery, produced EMG
signals reliable enough to accurately control a robotic
hand prosthesis (Vu et al., 2020). Both of the volunteer
subjects had amputations at the wrist performed many
years prior to receiving RPNI surgery. One subject had 2
RPNIs that were used for recording, and the other sub-
ject had 3. Both participants had one bipolar electrode
temporarily implanted into each RPNI, and the intra-
muscular EMG (iEMG) signals were used to control the
prosthetic hand (Fig. 4c). What was remarkable about
this study was the accuracy with which the subjects
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