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Abstract

Purpose The goal of this review is to discuss the surgical

technique of Targeted Muscle Reinnervation (TMR) in the

oncologic population. The technique not only improves

myoelectric prosthetic control, but is a method to relieve

post-amputation chronic residual and phantom limb pain.

Recent Findings TMR is a surgical procedure that effec-

tively amplifies neural control signals on surface muscu-

lature. Fortuitously, TMR has also been shown to also

reduce chronic residual and phantom limb pain when per-

formed in a delayed or immediate manner. While most data

exists in traumatic or orthopedic amputees, TMR is an

emerging technique in the oncologic population. Although

important for prosthetic control, it is arguably most bene-

ficial for the oncologic population due to the ability to

reduce pain without opioids.

Summary TMR improves myoelectric prosthesis control

and early results demonstrate marked improvement in post-

amputation chronic pain and quality of life within the

oncologic population.

Keywords Nerve � Amputation � Phantom Pain � Chronic
Pain � Reinnervation

Introduction

In the USA alone, an estimated 3 million people are

expected to be living with limb loss by the year 2050 [1].

After amputation, many patients unfortunately experience

both functional and sensory disability. Functional disability

results from loss of the distal extremity and restoration

requires a well-healed residual limb (stump) and rehabili-

tation with assistive devices or prosthetics. Sensory dis-

ability results from chronic residual and phantom limb

pain, which is difficult to treat and occurs in up to 50% and

80% of amputees, respectively [2–4]. Chronic residual

limb pain occurs from the formation of neuromas, which

occur when nerve injury causes inflammation and aberrant

axonal sprouting that creates painful bulbs of disorganized

regenerative tissue [5]. Phantom limb awareness and pain

are disturbing sensations perceived in the missing limb

after amputation. Phantom limb pain is thought to originate

from a complex interplay of peripheral nerve injury, central

nervous system changes, and psychologic factors [6–8].

Patients frequently experience a compounded, cyclical

dysfunction if either disability is inadequately treated. For

example, functional disability is amplified when chronic

pain prevents prosthetic donning [9]. Moreover, if chronic

pain is inadequately treated, many patients become

dependent on pain medicine to control their symptoms and

profound psychosocial disability results. In the oncologic

population, many patients experience chronic pain in the

affected limb prior to amputation due to tumor burden and

neoadjuvant chemoradiation. These patients are ‘‘pre-sen-

sitized’’ to pain in the extremity and are extremely vul-

nerable to post-operative pain [8]. In light of the current

opioid epidemic, non-narcotic treatment of pain is

paramount.
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While physical rehabilitation is arduous, it is achievable

with advanced therapy. With advanced prostheses, many

patients are able to achieve near-normal levels of physical

activity. In contrast, chronic residual limb and phantom

limb pain are debilitating consequences of amputation

because they are often refractory to treatment. A multitude

of surgical techniques have been published in the last

century to address painful residual limb neuromas,

including traction neurectomy, proximal nerve crush, sili-

cone capping, and transposition with muscle implantation,

among others [5, 10, 11]. Previous attempts to treat phan-

tom limb pain have included masking medications such as

neuromodulators and desensitization via mirror therapy.

Unfortunately, none of these techniques have been shown

to be highly effective which speaks to the recalcitrant

nature of neuropathic pain. Together, residual and phantom

limb pain appear to cause a synchronous exacerbation of

overall pain, with hypersensitized peripheral nerves con-

ducting high-intensity afferent noxious input to the central

nervous system, that in turn sensitizes the central pain

perception [7, 12–14].

Targeted muscle reinnervation (TMR) is a surgical

technique originally developed for improved control of

myoelectric prosthesis. Serendipitously, during TMR

prosthetic trials, patients demonstrated markedly improved

chronic pain. Since that time, TMR has been studied not

only as a method of improved prosthetic control, but as

well as a treatment for post amputation residual and

chronic limb pain control. For oncologic amputees, TMR is

a valuable technique for improving prosthetic options.

However, for sensitized oncologic patients, it may be most

beneficial for its pain reduction and improved quality of

life.

TMR Surgical Technique

TMR was originally designed to amplify electromyo-

graphic (EMG) signals through surface musculature. TMR

coapts mixed major nerves of a proximal amputation stump

to motor nerves of redundant muscle nearby [15–17].

Reinnervation of the surface muscle by the amputated

nerve demonstrates conduction activity specific to the

nerve’s original cortical assignment [15, 16]. By redirect-

ing severed nerves to a new end ‘‘receiver,’’ TMR enables

myoelectric prosthetics to access to previously unavailable,

innate neural control information. Pioneered by the work of

Dumanian and Kuiken, human and animal models have

demonstrated that the trophic stimulus from cut, denervated

target muscle induces regeneration across the nerve coap-

tation [18, 19].

Dumanian describes the TMR technique as giving the

amputated nerve ‘‘somewhere to go and something to do.’’

For example, in an above knee amputation, the sciatic

nerve is split into the common peroneal and tibial bundles

that are then coapted to motor nerve branches of the biceps

femoris or semimembranosus muscles (Fig. 1). These tar-

get muscles are considered redundant in the stump, since

they are no longer functional due to the amputation of the

tendinous insertion over the distal joint. Stimulated by

trophic signals from the denervated posterior thigh muscle,

conducted across the nerve coaptation, the sciatic nerve has

a directed physiologic target in which to heal.

TMR is also effective as a pain reduction technique.

Previous techniques to treat residual and phantom limb

pain have focused on an indirect approach to the pathology,

in which the offending neuroma is buried within the sur-

rounding soft tissue, in hopes that it will be shielded from

noxious stimuli. These techniques focus on desensitizing or

‘‘masking’’ the injury, rather than reestablishing afferent-

Fig. 1 a The sciatic nerve is split into the common peroneal and tibial

nerve bundles by direct palpation. Motor nerves to the semimembra-

nosus and biceps femoris are identified (yellow arrows). b The

common peroneal and tibial nerve are coapted to the motor nerves

with 6–0 Nylon epineurial sutures. The coaptations can be wrapped, if

preferred, by muscle grafts or nerve conduits
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efferent congruency. As surgeons, it is well accepted that

restoring an anatomic defect to its original purpose pro-

vides the best aesthetic and functional result. Analogously,

functional nerve restoration should decrease the aberrancy

of axonal healing. TMR reestablishes physiologic con-

nections within severed nerves and allows directed regen-

eration. This decreases neuroma formation and breaks the

cycle of abnormal afferent-efferent conduction. In his

studies of TMR as a pain control technique, Valerio has

described this procedure as ‘‘analogous to grounding a live

wire.’’

Previous Studies

Developed for prostheses, early studies of TMR examined

the ability to transfer large mixed nerves to spare muscles

on the chest and the feasibility of rendering distinct EMG

signals. Using a rat skeletal muscle model, Kuiken et al.

demonstrated that large nerves containing motor neurons

could be transferred on to a small amount of muscle and

would ‘‘hyper-reinnervate’’ the designated muscle [20].

The hyper-reinnervation improved muscle recovery and

independent myoelectric signals in the designated area

were detectable through the surface. In 2004, Kuiken and

Dumanian successfully performed TMR from the brachial

plexus to the anterior chest in a bilateral shoulder disar-

ticulation amputee [21]. Voluntary neural control of indi-

vidually reinnervated muscles was achieved between 3 and

5 months with distinct EMG signals on the skin surface.

This sentinel study demonstrated that muscle could be used

as a biologic amplifier of peripheral nerve activity to obtain

independent EMG control signals for a multifunction

prosthesis. In comparison with traditional prosthesis that

could only control a single joint with a cumbersome

locking mechanism, their patient demonstrated control of

an advanced myoelectric prosthesis at multiple joint levels

simultaneously.

In the following years, the authors continued their

experience with TMR for prosthetic control in the upper

extremity [22–28]. They designated the defined reinner-

vated muscle the ‘‘myoneurosome’’ and demonstrated

specific transfers that could result in simultaneous ‘‘hand

close-hand open,’’ ‘‘wrist supination-pronation,’’ and ‘‘el-

bow flexion-elbow extension’’ that allowed for increased

speed and accuracy of prosthetic use. Patients no longer

had to retrain their cortical signals, but used their innate,

intuitive neural commands to send peripheral signals to

surface EMG electrodes. Effectively, previously lost cor-

tical commands were harnessed and available for use. In

2011, TMR was used in a muscle free flap for a severe burn

patient that needed an upper extremity prosthetic, demon-

strating extended feasibility in target muscle units [29].

Agnew and others later proposed TMR transfer patterns in

the lower extremity [18, 19, 30–32].

During their experience with TMR for prosthetic con-

trol, Dumanian and colleagues noted that many amputees

that previously complained of painful stump neuromas did

not demonstrate painful neuromas at the site of nerve

coaptation. In 2012, using a rabbit model, the authors

demonstrated that TMR not only created skeletal muscle

units for EMG detection, but also favorably altered the

histomorphometric characteristics of the coapted distal

nerve, including increased size of myelinated fibers and

decreased number from cessation of aberrant sprouting

[16]. TMR for pain control was explored in subsequent

studies, including in both immediate and delayed fashion

[15, 17, 31, 32]. In particular, mixed major and pure sen-

sory nerves were transferred to motor nerve targets. Souza

et al. performed a retrospective review of their experience

and found that none of the 26 patients who underwent

TMR demonstrated evidence of new neuroma pain after the

procedure, and all but one of the 15 patients who presented

with preoperative neuroma pain experienced complete

resolution of pain in the distribution of the transferred

nerves [17].

In 2019, Dumanian and colleagues published their

results of a prospective, randomized, multicenter clinical

trial examining pre- and postoperative pain scores in

patients treated with delayed TMR using mixed major and

sensory nerves. Patients who underwent TMR, as opposed

to the control group of standard neuroma excision and

burying, showed significantly improved phantom limb pain

and a trend towards improved residual limb pain [33]. The

trial was closed early due to inability to recruit sufficient

numbers to the control arm, as many patients heard of the

overwhelming success of the treatment and refused to be

randomized. Due the striking results of the study, addi-

tional studies have not attempted randomization. Subse-

quently, Valerio and colleagues published their results of a

multi-institutional cohort study examining immediate TMR

for improved pain control. Their study found that patients

who underwent TMR had less phantom limb pain and less

residual limb pain compared with untreated amputee his-

toric controls, across all subgroups and by all measures

[34].

TMR in the Oncologic Population

In both the oncologic and traumatic population, the most

common type of amputation occurs in the lower extremity

[1]. Due to the weight and size of the batteries required for

current myoelectric prostheses, most lower extremity

amputees cannot utilize these advanced prosthetics at this

time. Additionally, many patients have trouble with
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insurance coverage of these newer devices. However, there

is hope that as the technology progresses, that subsequent

models will become available suitable to the lower

extremity and at lower cost. For this reason, TMR should

be performed with both prosthetic and pain control objec-

tives in mind, regardless of the current availability. In

particular, the pediatric population deserves special atten-

tion in this regard, as their long-term survival will likely

coincide with technologic advances.

In the oncologic population, post-cancer quality of life

depends not only on the control of the offending cancer,

but the ability to live without persistent debility. Due to

advances in limb salvage and multimodal cancer therapy,

oncologic amputation is rare except at high-volume cancer

centers. However, this population could significantly ben-

efit from TMR, especially in regard to its pain control

benefits.

In contrast to the traumatic amputee populations, many

cancer patients have chronic pain of the extremity prior to

amputation. Oncologic patients frequently present with

peripheral nervous system dysfunction due to previous

limb salvage operations, neurotoxic chemoradiation, and

tumor burden. Many patients have an elevated pain base-

line and have standing pain medication use. In a previous

study by Jensen and colleagues, it was noted that patients

who had existing preamputation pain had significantly

more phantom pain after amputation [8]. Some authors

have suggested that phantom pain could be due to estab-

lishment of a nociceptive engram in cerebral structures

[6, 35]. Given the presence of multimodal pain, oncologic

amputation necessitates reduced chronic and phantom limb

pain to improve quality of life. The ability to live without

persistent debility is the foundation of a successful ampu-

tation. In the oncologic amputee, if pain is controlled and

potentially eliminated, amputation will no longer be con-

sidered a palliative procedure.

Although previous studies have included subsets of

oncologic patients within their cohorts, very few have

examined oncologic patients alone. The largest study to

date is by Valerio and colleagues and includes 31 patients

treated with concurrent TMR at the time of their oncologic

amputation [36]. Of 27 patients with available data, com-

pared to historic controls, the patients who underwent TMR

had significantly less neuroma symptoms, phantom limb

pain, and residual limb pain. Furthermore, opioid use

dropped from 56% preoperatively to 22% at 1 year post-

operatively. Additional studies are currently underway at

different institutions. Most importantly, this ongoing

research will give insight into specific patient characteris-

tics and tumor treatment modalities that alter pain man-

agement. In particular, patients with existing

chemotherapy-induced neuropathy, peripheral nerve sheath

tumors, and radiation neuritis may benefit despite previous

neural insult.

At the author’s institution, we are currently conducting

an IRB-approved TMR protocol to examine chronic pain

control in our population. In particular, as a tertiary cancer

center, we are investigating expanding indications for TMR

in extremely high-level amputations, such as forequarter

and hemipelvectomy, as well as in cases in which massive

soft tissue and bony defects require fillet of limb free flaps

for coverage. As Souza and Dumanian discussed, ‘‘any

motor branch can serve as a nerve transfer recipient after

neuroma excision, provided there is acceptable morbidity

associated with sacrifice of the recipient motor branch.’’ In

cases of microsurgical free flaps, the muscle transferred is a

donor specimen full of potential motor branches for

coaptation. In the author’s experience, fillet of limb flaps

are a veritable ‘‘goldmine’’ of spare motor targets. In fillet

of lower limb flaps for hemipelvectomy, we have used the

motor branches to the gastrocnemius and soleus to coapt

the proximal sciatic nerve or lumbosacral trunks with

excellent early results. TMR is also advantageous in free

fillet of limb flaps used to lengthen a stump, such a free en

bloc tibia for very high AKA (Fig. 2).

Risks and Alternatives of TMR

Fortunately, no studies to date have documented delayed or

immediate TMR causing new neuroma pain. Some delayed

TMR patients may have ‘‘unmasking’’ of neuromas at

different sites outside the area of operation that occurs once

the primary source of pain is controlled [17]. Certain

patients have also experienced neuroma formation at pure

sensory nerves that were not transferred at the time of

initial TMR and required reoperation to provide additional

transfers [36]. One important discussion that must be held

with any delayed TMR patient is regarding potential acute

exacerbation of pain. Patients must be warned that they

may experience an initial increase in pain for 4–6 weeks

due to surgical manipulation of the area that resolves in the

coming months. Additionally, in both delayed and imme-

diate TMR, it is critical to explain to the patient that any

new nerve coaptation will take 3–6 months to heal. Based

on data from previous studies, most patients require this

time period to experience substantial improvement in their

phantom and residual limb pain [17, 33, 34]. For this rea-

son, it is paramount that patients receive multimodal post-

amputation therapy, including acute pain control, physical

and occupational therapy, and psychosocial support. No

previous studies have withheld or recommended discon-

tinuation of these adjunctive treatments.

As an alternative to the technique of TMR, Cederna and

colleagues have published their work regarding
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Regenerative Peripheral Nerve Interfaces (RPNIs) which

also capitalize on trophic stimulus from cut muscle to

induce nerve healing [37–39]. In this technique, a

0.5 9 3 9 1 cm autologous muscle graft is wrapped

around a cut nerve and provides distal physiologic targets

for regenerating axons to make new neuromuscular junc-

tions. While also developed originally as an EMG signal

amplifier for myoelectric prostheses, RPNIs have been

Fig. 2 a A 57yo male experienced massive recurrence of anterior

thigh sarcoma after previous limb salvage. b The patient was

converted from a hip disarticulation to an above knee amputation by

lengthening the remaining femur with a free en bloc tibia. c At the

time of amputation and free tibia, the sciatic nerve was divided into

the common peroneal and tibia bundles and coapted to the sural motor

branches of both heads of the gastrocnemius. d Completed functional

stump lengthening via free en bloc tibia with TMR for pain control
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demonstrated to help with phantom and residual limb pain

as well [38, 40].

Developed in parallel, each technique has important

advantages and disadvantages. One of the major critiques

of TMR is the frequent nerve size mismatch between donor

and the recipient. Without exact fascicle alignment, some

argue the amputated nerve will have axonal escape outside

of the coaptation and continue to form problematic neu-

romas or neuromas-in-continuity [17, 36]. In comparison,

RPNI is lacking some physiologic potential that the TMR

technique possesses. A critique of the RPNI technique is

that it lacks a direct motor nerve coaptation and this may

limit the functional benefits of an innervated muscle

complex. For example, TMR has the potential to also

reinnervate intramuscular sensory organelles such as Golgi

tendon organs and stretch receptors, both important in

biofeedback [40]. It is the author’s opinion that these

techniques are likely complimentary. Wrapping the TMR

nerve coaptation may insulate against aberrant axonal

escape in large size mismatches, although no data currently

exists. We are currently investigating a combined approach

at our institution.

Future Directions and Applications
in the Oncologic Population

As a method of improved prosthetic control and pain

reduction, TMR is likely to become an essential part of the

amputation paradigm. As technology advances, bone-an-

chored prosthetics with lighter electronic systems will

enable EMG controlled systems that replicate the innate

signals of the brain. With improved pain control, prosthetic

donning will increase and compliance with physical ther-

apy and psychosocial adaptations will improve. Quality of

life after oncologic amputation will increase from a more

functional recovery.

It is the author’s opinion that TMR will also become an

essential part of oncologic limb salvage. For example,

during internal hemipelvectomy, there is frequent ligation

of branches of the lumbosacral trunk. These ligated nerves

may undergo TMR to local tissue motor nerves and reduce

the pain experience. Further studies are required to validate

its application in this manner.

Conclusion

As physicians, it is our responsibility to improve quanti-

tative and qualitative aspects of life after disease. In par-

ticular to the oncologic population, many of whom have a

baseline elevation of pain, amputation should not be a pain-

compounding procedure but an improvement. As the

country grapples with an opioid crisis, it is also our duty to

acknowledge and adequately treat pain while promoting

non-narcotic solutions. TMR is a promising treatment

paradigm that not only improves myoelectric prosthesis

function, but addresses long-term post amputation func-

tional and sensory disability.
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