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Abstract

Upper limb loss results in significant physical and psychological impairment and is a major financial burden for both
patients and healthcare services. Current myoelectric prostheses rely on electromyographic (EMG) signals
captured using surface electrodes placed directly over antagonistic muscles in the residual stump to drive a single
degree of freedom in the prosthetic limb (e.g., hand open and close). In the absence of the appropriate muscle
groups, patients rely on activation of biceps/triceps muscles alone (together with a mode switch) to control all
degrees of freedom of the prosthesis. This is a non-physiological method of control since it is non-intuitive and
contributes poorly to daily function. This leads to the high rate of prosthetic abandonment. Targeted muscle
reinnervation (TMR) reroutes the ends of nerves in the amputation stump to nerves innervating “spare” muscles in
the amputation stump or chest wall. These then become proxies for the missing muscles in the amputated limb.
TMR has revolutionised prosthetic control, especially for high-level amputees (e.g., after shoulder disarticulation),
resulting in more intuitive, fluid control of the prosthesis. TMR can also reduce the intensity of symptoms such as
neuroma and phantom limb pain. Regenerative peripheral nerve interface (RPNI) is another technique for
increasing the number of control signals without the limitations of finding suitable target muscles imposed by TMR.
This involves wrapping a block of muscle around the free nerve ending, providing the regenerating axons with a
target organ for reinnervation. These RPNIs act as signal amplifiers of the previously severed nerves and their EMG
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signals can be used to control prosthetic limbs. RPNI can also reduce neuroma and phantom limb pain. In this
review article, we discuss the surgical technique of TMR and RPNI and present outcomes from our experience with
TMR.

Keywords: Targeted muscle reinnervation, regenerative peripheral nerve interface, myoelectric prosthetic control,
neuroma pain, phantom limb pain, amputation

INTRODUCTION

Upper limb amputations result in significant functional impairment and psychological morbidity. They are
a major financial burden for both patients and health services. There are an estimated 94,000 (major) upper
limb amputees in the general population in Europe!’ and 41,000 in the United States'”, with an estimated 1
million upper limb amputees globally.

Allograft reconstruction can restore the loss of an entire upper limb. However, allograft upper limb
transplantation surgery is complex, expensive, and requires a high degree of surgical expertise, and finding
suitable donors is very difficult. Moreover, not every amputee is a candidate for an allograft. The need for
life-long immunosuppression and the poor functional recovery of transplanted upper limbs (especially for
amputations above the elbow) are additional major obstacles that are likely to prevent the widespread
adoption of this solution for the foreseeable future. Prostheses are therefore likely to be the mainstay of
upper limb loss reconstruction after amputation for the foreseeable future.

PROSTHETIC CONTROL

Conventional, body-powered prosthetics are controlled using straps and cables attached to the shoulder
girdle. They rely on “trick” movements (such as shrugging of the shoulders) to operate a hook on the end of
the prosthesis. Although the setup is simple, reliable, and low cost, the movements are non-intuitive, and
the cables and straps are unsightly and difficult to don and doff - especially for women. Myoelectric
prosthetics address some of these issues. They are controlled by detecting the millivolt electromyographic
(EMG) signals generated by contracting muscles in the residual limb. These signals are captured using skin-
surface electrodes placed directly over the muscles. The EMG signals are then used to drive a single degree
of freedom (DoF) in the prosthetic limb (e.g., hand open and close)". While myoelectric control systems
can improve the fidelity of control compared to body-powered systems, there are a significant number of
problems. Most myoelectric prosthetics must rely on only two myoelectric activation points to control the
different DoF of the prosthesis. For example, for a transhumeral amputee, EMG signals from biceps/triceps
can be used to control elbow movement. For all other movements such as opening/closing the hand and
wrist rotation, the patient must rely on the same muscles pairs, and has to access these functions via a mode
switch, which the user selects using a trick movement (e.g., co-contraction of the biceps and triceps or
double contraction) or by pressing a button on the prosthesis with their normal hand®.. This then changes
the prosthesis mode from elbow to hand movement. The disadvantage of this setup is clear: it is non-
intuitive, and actions can only be performed in series, not simultaneously. As a result, the cognitive burden
of training to use these devices is significant. Many patients are simply unable to manage the complex
learning needed to use these devices, contributing to the high rate of prosthesis abandonment'*'°.

The normal human hand has 22 DoF controlled by 38 muscles"". Using an upper limb prosthesis to
completely replace these lost functions would require 38 individual actuators, each with a separate activating
signal, to fully mirror hand motion. Therefore, to restore control to normal, we need to greatly increase the
number of control signals under full voluntary control compared with what is achievable with current
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technology. Furthermore, the prosthesis needs to restore the sensory feedback of a normal hand.

TARGETED MUSCLE REINNERVATION

Kuiken and Dumanian developed the technique of targeted muscle reinnervation (TMR) more than 15
years ago, with the specific goal of increasing the number of myoelectric control channels available for
patients with amputations proximal to the elbow, to strive for more intuitive control of a prosthesis**". In
this technique, the stumps of the peripheral nerves that are no longer supplying their intended upper limb
muscles are rerouted to nerves innervating redundant muscles in the upper limb or pectoral girdle. For
example, the pectoralis muscles in the chest wall are no longer useful for a patient who has suffered a
through-shoulder amputation. Following the successful transfer of the nerve stumps to their new targets,
the newly innervated muscles are able to act as proxies for the missing parts of the amputated limb. EMG
signals captured using skin-surface electrodes can then be used to control a prosthesis in a fully intuitive
manner which was not previously possible.

There are two typical scenarios for TMR in the upper limb:
e The first is a patient with a transhumeral amputation.

e The second is a patient who has sustained a more proximal, glenohumeral amputation or high
transhumeral amputation.

PATIENTS WITH A SHOULDER DISARTICULATION

TMR surgery at the glenohumeral/high transhumeral level can be technically demanding because of the
presence of heavy scarring around the nerves. Clear identification and careful separation of the nerve
stumps from any encasing scar tissue is a necessary pre-requisite for a successful outcome. Once this has
been done, our preferred approach is to divide the pectoralis major muscle into three distinct neurovascular
territories. This is done by physically splitting the muscle into three separate neuromuscular units: an upper
clavicular part and two lower sternal parts [Figure 1], creating three separate muscle targets, each with their
own nerve and vascular supply pectoralis minor is often used as another muscle target, but it then needs to
be detached from its insertion into the coracoid process and mobilised laterally into a subcutaneous
(axillary) position for easier identification with skin-surface electrodes (at a later stage) and to reduce
potential crosstalk with the pectoralis major targets. Other potential muscle targets for nerve transfers on
the chest wall include the serratus anterior and latissimus dorsi muscles. However, the latter can sometimes
take a long time to reinnervate due to the length of its motor branch.

TRANSHUMERAL AMPUTATION

TMR surgery for transhumeral amputees is often easier since the proximal parts of the nerve stumps are
(often) not so badly injured. These can then be followed from proximal to distal, making identification of
the individual nerve stumps much easier. Moreover, the EMG signals needed to activate elbow movement
in a myoelectric prosthesis are preserved by simply leaving the normal motor innervation intact to both the
long head of biceps (via the musculocutaneous nerve) and the short or medial head of triceps (via the radial
nerve). EMG signals that allow for ‘hand close or open’ are then created by transferring the distal stump of
the radial nerve to the motor branch of the lateral head of the triceps and by transferring the stump of the
median nerve to the motor branch of the medial head of the biceps"'* [Figures 2 and 3]. Once
reinnervation is complete, when the patient wants to close the hand of their prosthesis, nerve signals
transmitted down the median nerve result in contraction of the medial head of biceps. The EMG signals
generated by the reinnervated medial head of biceps are easily distinguished from those generated by the
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Figure 1. Typical nerve transfers performed in a patient with a shoulder®? disarticulation/high transhumeral amputation. A: Pre-
operative identification of the stumps of the median, ulnar, radial, and musculocutaneous nerves based on the patients’ reports of
paraesthesiae in the expected nerve territories - on palpation of their neuromas. B: Nerve transfers performed during the TMR
procedure. Division of the pectoralis major muscle into three neuromuscular units which are used as targets for the musculocutaneous,
ulnar, and median nerves.
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Figure 2. Typical nerve transfers performed in patients with a transhumeral™®” amputation. A: Pre-operative identification of the stumps

of the radial, median and ulnar nerves based on the patients’ reports of paraesthesiae in the expected nerve territories - on palpation of
their neuromas. B: Nerve transfers performed during the TMR procedure. From a neuromuscular perspective, when present, the
brachialis can be separated into two parts (medial and lateral), providing two additional targets for a nerve transfer.

lateral head and result in activation of the appropriate actuator in the prosthesis. The same is true on the
extensor side of the residual limb in relation to the reinnervated lateral head of biceps. This creates the
opportunity for more intuitive control than before the TMR surgery. If the brachialis muscle is still present,
then it can also be pressed into service as a target for the ulnar nerve stump, providing more myoelectric
activation points in the residual limb. Interestingly, brachialis itself can often be separated into two distinct
muscle territories, each with its own nerve supply (in a similar way to pectoralis major). This creates the
opportunity for even more targets, if suitable donor nerves become available during the initial exploration.
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Figure 3. Example of TMR to a left transhumeral amputee. A: Dissection of the short [bic (s)] and long [bic (1)] heads of biceps, brach:
brachialis. Vessel loop around motor branch to medial head of brachialis. B: TMR transfers as follows: Radial nerve to lateral head of
brachialis, ulnar nerve to medial head of brachialis (ulnar nerve hidden behind fat), median nerve reflected back and co-apted proximally
to motor branch to medial head of biceps. Triceps left intact.

SURGICAL PEARLS AND PITFALLS

TMR should be considered in any patient who has suffered from a major upper limb amputation and
wishes to improve their ability to achieve better control over a myoelectric prosthesis. However, another
important primary indication for TMR surgery is to control symptoms related to neuroma (NP) and/or
phantom limb pain (PLP) (see relevant section below). Pre-operatively, patients must be carefully assessed.
There are several important parts to the assessment:

(1) The level of the amputation. This will determine the (likely) muscle targets in the residual limb and the
number of nerve stumps that will act as donors for those targets [Figures 1-4].

(2) The nature of the original injury. Brachial plexus traction/avulsion injuries often result in a dense, flail
upper limb for which the standard treatment is an amputation at either the transhumeral level or
(occasionally) at a more proximal level. Unfortunately, these patients often have few or no suitable donor
nerves and few or no suitable targets for a TMR procedure. In contrast, guillotine type injuries leave all the
proximal structures intact, making a TMR procedure a more realistic possibility, although this is only likely
when the amputation is carried out as a truly elective procedure (e.g., for cancer). More often, the injury is
mixed with some degree of traction (at the time of the initial injury), which is then revised by a trauma
surgeon on admission to create a guillotine amputation. In such cases, there may be few suitable target
muscles in the residual limb, even if the donor nerves may be present more proximally. These nerves may
also exhibit a Sunderland-6 type of injury with intervening segments of scar mixed together with healthy
axons. These donor nerves regenerate poorly but can still work usefully in the context of TMR surgery. In
such cases, with few suitable muscle targets, a free vascularized muscle transfer can be employed to import
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Figure 4. Example of TMR to a left glenohumeral amputee. A: Dissection of the terminal branches of brachial plexus with identification of
ulnar, median, radial and musculocutaneous nerves. B: Pectoralis major muscle (P) is split into three neurovascular territories. Pectoralis
minor (P) can be seen. C and D: TMR transfers indicated with arrows; radial nerve to pectoralis minor and musculocutaneous nerve to
upper third of pectoralis major. The median and ulnar nerves were subsequently transferred to the lower and middle pectoralis major
muscles, respectively.

fresh muscle targets into the residual limb. For example, the serratus anterior muscle has a segmental motor
innervation, and each muscle slip can be reinnervated with a separate donor nerve. Similarly, the gracilis
and rectus abdominis muscles may also be used as these muscles also have a segmental motor nerve supply

15-17]

which allows multiple donor nerve stumps to be used to reinnervate different parts of each muscle"*"”.

(3) The aims and goals of the patient. Most patients who undergo TMR surgery will not continue with a
complex multiaxial prosthesis with myoelectric control. There are many reasons for this, including
problems with funding for such devices, lack of suitable training and the heavy mechanical and engineering
support needed to make these devices a useful addition to daily life. For the majority of upper limb
amputees, being pain-free is a major goal. In such a situation, concerns about crosstalk from adjacent
neuromuscular territories become irrelevant and the need to carry out complicated maneuvers to move
muscle units into areas where the prosthetists can detect the EMG signals also becomes irrelevant. This
makes some aspects of the surgery much simpler.

As with all nerve transfer surgery, the donor nerves should be co-apted as close as possible to the hilum of
the target motor nerve so that the reinnervation distances are as short as possible. We make extensive use of
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intraoperative nerve stimulation and try to avoid the use of local anesthetics in the area around the muscle
targets. We also try to avoid using tourniquets since hypoxia can quickly lead to muscle fatigue, making
interpretation of nerve stimulator results difficult. When there is an intention to use a multiaxial prosthesis
after surgery, special attention should be paid to placing the muscle units in such a way (under the skin) to
reduce electrical crosstalk (signal contamination from adjacent muscles). This can be done by interposing
adipofascial flaps between the muscle units to help isolate the different EMG signals"®. The overlying skin
should also be thinned to reduce conduction distance between the skin surface and the underlying muscles
in order to better detect surface EMG signals and increase the signal-to-noise ratio.

One intriguing observation made in TMR patients relates to the recovery of sensation from the missing
hand in the skin overlying the reinnervated muscles"”. The mechanism for this phenomenon is unclear
since it seems unlikely that the sensory parts of the (mixed) donor nerves can physically grow through the
target muscle and up into the overlying skin to make connections with the sensory end-organs.
Nevertheless, this observation has led to the development of a technique called targeted sensory
reinnervation (TSR)"™. For TSR, a cutaneous branch supplying sensation to the skin of the chest wall is co-
apted in an end-to-side fashion with either the median or ulnar nerve. As with TMR, the recovery of
sensation is not completely normal, with touch often perceived more as paraesthesiae arising in parts of the
absent limb. However, the degree of sensory recovery is more intense than in patients who undergo TMR
alone. Despite this, functional MRI studies have shown that sensory cortical remapping does occur
following TSR surgery™. Therefore, this observation creates the very real possibility that true sensory
feedback from the prosthetic limb may become possible in the future - with the development of the
necessary hardware.

The main limitations of TMR include:

(a) The (often) limited availability of suitable target muscles or donor nerves in the residual limb (especially
after brachial plexus injuries). As a result, it is sometimes difficult to create more than two or three
additional myoelectric EMG sites for control of a prosthetic limb. This is a long way from the 38 muscles
and 22 DoF present in a normal hand.

(b) The nature of the soft tissues overlying the intended target muscles. Heavily scarred tissue makes any
dissection more difficult, but this is not an absolute contraindication to TMR surgery.

POSTOPERATIVE REHABILITATION

Once TMR surgery has been performed, return of voluntary control over the reinnervated muscles may be
evident as quickly as 8 weeks later but can take up to 6 months or more to be complete, depending on the
reinnervation distances”'. Although training of the reinnervated muscles is helpful from the perspective of
strengthening the muscles to generate EMG signals for prosthetic control, one of the benefits of TMR is that
the reinnervation process occurs regardless of any specific training. Therefore, patients who undergo TMR
can often learn to use a multiaxial prosthetic limb (especially a limb equipped with a pattern-recognition
control system) within minutes, even without any specific training’.

To make full use of the new sources of EMG signals, patients who have undergone TMR surgery are fitted
with an array of surface electrodes which are then used by their prosthetists to “map out” the muscle areas
which are responsible for specific upper limb functions. Equipped with such a map, a prosthetist is then able
to adjust the end-device to respond in a way that allows the patient to regain intuitive and simultaneous
elbow and hand control">?*! (see Supplementary Video of TMR patient with prosthetist). Amputees who
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do not have TMR surgery are limited to a prosthesis with perhaps 6 degrees of freedom using just 1 or 2
myoelectric activation sites. Such control cannot be intuitive and individual movements must occur
sequentially. TMR surgery provides upwards of 6-9 inputs, all under intuitive and simultaneous control.

PHANTOM LIMB AND NEUROMA PAIN

Symptomatic neuromas and phantom limb pain (PLP) affect up to 80% and 85% of extremity amputations,
respectively. Although these symptoms may only become disabling in about 30% of amputees, they can have
a major negative impact on quality of life and prosthetic use®. The traditional surgical treatment of
neuroma pain relies on excision of the neuroma followed by burying of the resulting nerve stump within
muscle or bone. Alternatively, the two ends of the nerve are co-apted together [Figure 5]. Although this
surgery usually provides immediate relief from the symptoms of NP, recurrence rates can be as high as
60% .

Fundamentally, these techniques do not prevent the recurrence of a neuroma, and they simply provide
additional cushioning for the nerve stump and the new neuroma that forms at the end of the nerve stump,
thereby reducing fewer symptoms. A more physiological approach is to supply nerves with a target organ -
ideally by repairing the nerve and joining it to its original intended target. This provides neurotrophic
feedback to the free axons, which helps to decrease the sensitivity of the nerve ends and down-regulates
regrowth”. This is what is believed to happen with TMR surgery, where the nerves are given “somewhere
to go and something to do” rather than simply allowing them to re-form a new and symptomatic neuroma.
Although the exact mechanism for the reduction in symptoms is not fully understood, the reduction in PLP
after TMR surgery is particularly thought to arise because the target muscles provide feedback from an “end

organ” to parts of the cortex which still perceive the amputated part®’.

We agree strongly with the observations made by Dumanian et al. who have noted significant
improvements in nerve-related pain amongst the upper limb amputees they treated with TMR surgery.
Most patients report an improvement in their NP and PLP after TMR surgery””*. In our experience of 10
consecutive patients undergoing TMR primarily for NP and PLP after upper limb amputation, all patients
experienced complete relief from their NP at 12 months after surgery. With regards to PLP, all patients also
experienced a slight increase in PLP at 3 months but then noted significant reductions by 12 months after
their surgery™. This contrasts with our experience of TMR surgery in lower limb patients, who experience a
gradual reduction in PLP over time but without the same dramatic reductions in symptoms of both NP and
PLP. We have speculated on the reasons for this difference which may be due to the more complete loss of
feedback to the central nervous system after upper limb amputation and the more extensive nature of the
nerve transfers we performed during upper limb TMR surgery. Interestingly, the temporary worsening of
PLP after TMR surgery in the upper limb is consistent with the experiences described by Dumanian
et al.". Importantly, our results confirm the outcomes of previous studies suggesting that TMR surgery is
an effective technique for providing durable, reproducible and predictable relief from NP and PLP after
upper limb amputation®”***),

Regenerative peripheral nerve interface

One of the limitations of TMR surgery is the (sometimes complete) absence of suitable muscle targets.
Therefore, Cederna has taken a different approach to Dumanian. Instead of relying on the use of innervated
and fully vascularised muscles as a target for any transected nerves, he places the nerve stumps into the
centre of a devascularised block of muscle. The muscle grafts are carefully wrapped around the end of the
nerve after the neuroma has been excised [Figure 6]. Since these muscle grafts are small, they survive
through the same process by which any graft survives in the body - initially by serum imbibition, then by
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Figure 6. Schematic of RPNI: a nerve end with a neuroma is treated by excision of the neuroma and wrapping the free end with skeletal

muscle™.

revascularisation from the surrounding tissue bed and the vasa nervorum of the nerve itself*>*!. These
muscle grafts then provide the regenerating axons with a target organ for reinnervation in exactly the same
way that TMR does. Therefore, both TMR and RPNI share a common principle of using muscle as a target,
and both muscles need to be completely “disconnected” (i.e., denervated) from their native nerve supply for
the donor axons to regenerate, as they are unable to “outcompete” muscles with an existing innervation"”.
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As with Dumanian, Cederna initially developed RPNI with the primary purpose of increasing the number
of control signals available for improved upper limb prosthetic control. The long-term intention of his
research in this area is to place a biocompatible myoelectrode into the muscle-nerve units that have been
fashioned to allow later detection of EMG signals. The composite of donor nerve, muscle graft and electrode
then provides the EMG signals that can be used to control an artificial limb.

Used in this way, Regenerative peripheral nerve interface (RPNI) technology has the potential to massively
increase the number of EMG signals available to control a prosthetic limb. Instead of using a single (named)
donor nerve attached to just one (named) target muscle (e.g., median nerve stump co-apted to motor nerve
of medial head of biceps), the donor nerve can be split into multiple fascicles. Each fascicle can then be
buried into a muscle graft to create a single RPNI unit, each generating its own unique EMG signal. The
data generated by each RPNI unit can be extracted from the residual limb using the implanted muscle
electrodes and these signals can then be transmitted directly to a prosthesis using a wireless or hard-wired
system. Because the number of potential signals is limited only by the number of fascicles that can be
dissected free from the donor nerve, this approach has the potential to provide a (potentially) infinite
number of EMG signals. It is definitely possible for RPNI to create the large number of signals required to
reproduce and control fine hand and wrist movements - something that is currently very difficult to achieve
after TMR surgery - even using pattern recognition systems. However, even if this approach becomes
technically possible, current forms of prosthetic engineering do not have the means for processing so many
EMG signals and transforming them into the fine movements we attribute to a normal upper limb.

Currently, in vivo studies in animals have demonstrated long-term EMG signal reliability and selectivity of
RPNI units and their associated muscle electrodes***. Cederna’s group has successfully implanted RPNI-
electrode systems in four human subjects with upper limb loss for intuitive prosthetic control. The signals
have been shown to be stable over a three-year period, despite the signals being transmitted via
transcutaneous wires, and subjects were able to use these signals to reliably and intuitively control their
prosthetic limbs®”. The main challenge remains how to transmit these EMG signals across the skin barrier
in a stable and durable manner using wireless telemetry, and to date, no fully implantable system exists with
wireless signal transmission.

The RPNI concept has also been extended to provide a solution for sensory feedback. Termed sensory
RPNI, a sensory nerve can be used to neurotise a muscle unit in the same manner as for motor RPNI. An
electrode is placed onto the surface of the muscle, and this is used to stimulate contraction of the muscle.
This in turn causes depolarization of the afferent nerve to provide sensory feedback. Electrophysiological
testing at 3 months in a rat model has confirmed that sensory RPNI produced reliable signals with minimal
cellular inflammatory responses on histological analysis™.

RPNI has also been successfully used to treat NP in patients with digital neuromas"” and has been used
prophylactically to prevent postamputation pain™’. Data has also supported its use for PLP, although
patient numbers remain small*’ and it is not as well studied as TMR. In our own unit, we use RPNI
routinely for the treatment of NP in patients who do not havesuitable TMR target muscles [Figure 7].

RPNI is less invasive, easier to perform and easier to revise. If the data on the control of NP and PLP
become available in the future, it may well become more widely applicable than TMR.

CONCLUSION
Both TMR and RPNI are new surgical techniques that (although they differ significantly in their surgical
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Figure 7. Examples of the use of RPNI both to prevent and treat neuroma-related pain. Upper images of patient undergoing elective
amputation of his right index finger. A: Dorsal and volar digital nerve stumps. B: Muscle grafts from remnants of intrinsic muscles used to
create RPNI units, which are buried deep in the adjacent intrinsic muscles. At 3 years postoperatively, the patient had no painful
neuromas. Lower images of patient with painful neuroma of the middle finger. C: neuroma (indicated by arrow) prior to excision. D:
Excised neuroma prior to RPNI of the free end of the nerve. The patient had no further neuroma-related symptoms at 12 months follow-

up.

execution) share significant common ground in terms of their fundamental mode of action and their
intended function. Both have been shown to significantly reduce the incidence of nerve-related pain
associated with amputations. Both have shown great promise in terms of the way in which they will allow
amputees to control and/or sense their prosthetic limbs in the future. We anticipate that both procedures
will become a routine part of amputee reconstruction in the future.
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