Failed Targeted Muscle Reinnervation: Findings at
Revision Surgery and Concepts for Success

John M. Felder, MD
Stahs Pripotnev, MD
Ivica Ducic, MD, PhD
Rachel Skladman, MD
Austin Y. Ha, MD
Mitchell A. Pet, MD

Background: Although it was initially described for improved myoelectric control,
targeted muscle reinnervation (TMR) has quickly gained popularity as a technique
for neuroma control. With this rapid increase in utilization has come broadening
indications and variability in the described technique. As a result, it becomes dif-
ficult to interpret published outcomes. Furthermore, there is no literature discuss-
ing the management of failed cases which are undoubtedly occurring.

Methods: This is a retrospective case series of two patients who underwent revision
surgery for failed TMR. The authors also review the current literature on TMR and
outline technical and conceptual pitfalls and pearls based on our local experience.
Results: Excessive donor nerve redundancy, kinking, donor-recipient nerve size
mismatch, superficial placement of the nerve coaptation, inappropriate target
selection, and incomplete target muscle denervation were identified as technical
pitfalls of TMR surgery. Techniques to avoid these pitfalls were described.
Conclusions: Although TMR has been a major development in amputee care
for both pain management and improved myoelectric control, it is important to
acknowledge that it is not a foolproof surgery and does not provide a guaranteed
result. Failed cases of TMR represent opportunities to learn about factors con-
tributing to unfavorable outcomes and refine our techniques empirically. (Plast
Reconstr Surg Glob Open 2022;10:e4229; doi: 10.1097/GOX.0000000000004229;

Published online 6 April 2022.)

Targeted muscle reinnervation (TMR) was first
described by Dumanian et al as a technique to improve
myoeletric prosthetic control.'” Interestingly, upper
extremity amputees noticed an improvementin their phan-
tom limb and residual limb pain postoperatively, which led
to TMR surgery becoming adopted as a treatment for pain
management as well.® Over time, the indications have
broadened from delayed reconstructions to performing
TMR at the time of the amputation as a preemptive mea-
sure against neuroma formation and the subsequent phan-
tom limb and residual limb pain.”'* Lately, the technique
has been increasingly applied even to treatment of painful
neuromas outside of the amputee population.' '

However, the reported success rates of TMR for pre-
vention of phantom and residual limb pain vary in the
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literature.*”*"'" As the technique continues to be more
widely adopted in both the prophylactic and reconstruc-
tive setting, it is being used for a wider variety of amputa-
tion types,'* and more variation in surgical technique is
being applied."?'-*

Little attention has been paid in the literature to failed
or revision cases of TMR, although these clinical cases
are bound to be accruing. Neither does there appear to
have been consideration for how variations in technique
may affect outcomes. Therefore, this paper examines our
experience with failed cases of preemptive TMR (pTMR)
undergoing revision surgery. The goal is to identify techni-
cal and conceptual factors contributing to failure of TMR,
based on our experience in revision cases and a review of
the current literature.

In this article, the authors retrospectively present two
consecutive cases of failed TMR, review the current litera-
ture on primary TMR, and describe technical and con-
ceptual pitfalls that contribute to failed TMR and how to
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avoid them. The principles outlined in the Declaration of
Helsinki have been followed.

Case Reports

In case 1, a 35-year-old, right-hand dominant man
underwent left transradial forearm amputation for a rare
malignant tumor of the common digital nerve to the sec-
ond webspace. pTMR was performed transferring the
median nerve to flexor carpi radialis, the ulnar nerve to
palmaris longus, and the radial sensory nerve to exten-
sor carpi radialis brevis (Video 1; Fig. 1). (See Video 1
[online], which displays the details and summary of case
1.) At 1 year postoperative, the patient developed MRI-
proven symptomatic neuromas of the median and ulnar
nerves along with bony exostoses at the distal ends of the
radius and ulna. Due to a lack of available motor targets,
a free chimeric serratus muscle and thoracodorsal artery
perforator flap was elevated using the two most distal slips
of the muscle for a revision TMR surgery. Intraoperatively,
the median and ulnar nerves were found to be redundant
and coiled in a circular pattern and terminating in large
neuromas (Fig. 2). Each nerve was neurolysed carefully
to preserve functioning branches, transected distally, and
transferred to the long thoracic nerve branch entering
each slip of serratus where the nerve entered the muscle
(Fig. 3). The patient experienced immediate improve-
ment of his neuroma pain from a level of 10/10 preop-
eratively to 2-3/10 after revision TMR. However, he had a
recurrence of median and ulnar nerve neuromas at three
months postoperative. This was managed with excision of
neuromas, nerve transposition to upper arm, and nerve
allograft “to nowhere” (i.e., no distal neurorrhaphy). Pain
consistent with recurrent symptomatic neuroma once
again recurred shortly thereafter.

In case 2, a 70-year-old, righthand dominant man was
transferred to the emergency room for an acute left upper

Fig. 1. Preemptive targeted muscle reinnervation at the time of
transradial amputation in case 1. The median nerve was coapted to
flexor carpi radialis and the ulnar nerve to palmaris longus. Note the
relatively long distance of the nerve coaptation from the target mus-
cle and the excess redundancy and coiling of the proximal median
and ulnar nerves.
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Question: This article aims to outline cases in which pre-
emptive targeted muscle reinnervation (pTMR) failed to
prevent painful neuromas and suggest technical pearls for
revision surgery.

Findings: Using intraoperative findings from two failed
cases of pTMR, this article highlights certain technical pit-
falls: excessive nerve redundancy, kinking, size mismatch
and incomplete recipient muscle denervation. Suggested
techniques to address these pitfalls are included.

Meaning: pTMR is not a foolproof surgery and its out-
comes and techniques vary widely. By highlighting the
major technical pitfalls, we identify opportunities to refine
the surgical technique both at preemptive and revision
TMR procedures.

extremity ischemia from a thromboembolus to the distal
subclavian artery (Video 2). (See Video 2 [online], which
displays the surgical findings in case 2, including a video
demonstrating electrical stimulation of a prior TMR coapta-
tion site.) On arrival, his extremity was found to be nonsal-
vageable and an emergent elbow disarticulation amputation
was performed. After multiple trips to the operating room
for debridement of nonviable biceps and brachialis mus-
cles, a transhumeral amputation with TMR was performed,
transferring the musculocutaneous, median, and ulnar
nerves to branches to the medial triceps, the radial nerve
to the brachialis, and the posterior cutaneous nerve to the
lateral triceps. The medial antebrachial cutaneous nerve
was crushed, cauterized, and buried proximally in residual
brachialis muscle. The patient developed significant phan-
tom limb and neuroma pain, with a soft-tissue mass 5cm
proximal to the tip of the stump on the medial aspect of
the residual limb. At the time of revision TMR, large neu-
romas of the median, ulnar, and medial brachial cutaneous
nerves were noted, along with two 90-degree kinks of the
median nerve within and around the scar tissue and imbri-
cated triceps muscle (Video 2; Fig. 4). Stimulation of the
median and ulnar nerves did produce weak contraction of
the medial triceps, indicating the muscle reinnervation had
been successful (Video 2). Revision TMR was performed
transferring the median nerve to the long head of biceps
(preserving the strongly contracting short head for elbow
flexion signal), the ulnar nerve to the medial head of the
triceps, and the radial nerve to the lateral head of triceps.
The medial brachial and antebrachial cutaneous nerves
were transferred to intramuscular branches to the most
distal slips of the serratus on the chest wall. At 1 year post-
operatively, the patient experienced complete resolution of
his neuroma pain from a level of 8-9/10 preoperatively to
0/10 after revision TMR, but continued to have phantom
limb pain. His frequency of prosthetic use improved.

Literature Review and Comparison to Traditional Neuroma
Management Techniques

Traditional neuroma management techniques have
emphasized proximal transposition and burial of the
transected nerve end away from surface contact points. A
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Fig. 2. Intraoperative findings at the time of revision surgery for failed transradial pTMR. A, Preoperative marking of Tinel’s signs at revision
targeted muscle reinnervation for case 1. B, Intraoperative findings included dense scarring around and coiling of proximal median and
ulnar nerves. C, The distal median and ulnar nerves terminated in large neuromas at the site of the previous nerve coaptation and cor-

responding to the location of Tinel’s signs.

study by Ducic et al*® utilizing this traditional technique in
amputees showed a pain reduction from 8.04+1.18 pre-
operative to 1.07+1.59 postoperative (P < 0.0001). They
also found that intermittent painful spasms, reported by
12 of 15 amputees (80%), were eliminated in 10 patients
(83%) (P<0.0001).* A meta-analysis of all surgical inter-
ventions for neuroma pain by Poppler et al*” found that in
54 included studies, the overall meaningful reduction in
pain for all techniques was 77% and that the excision and
transposition group had the highest proportion of patients
with a meaningful pain reduction (81%). Although post

amputation pain is more complex than pure neuroma
pain, there is no doubt that neuroma formation contrib-
utes to at least residual limb pain and likely to phantom
limb pain to some degree as well."*'**** Thus, these tra-
ditional technique outcomes serve as the baseline to com-
pare the novel TMR related techniques.

TMR was first suggested to be an effective tool for neu-
roma pain by Souza et al” when they reported complete
resolution of pain in 14 of 15 patients who had neuroma
pain prior to TMR and partial resolution in the other
patient. Additionally, they found that none of the other
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Fig. 3. Management of failed transradial TMR using a free serratus muscle flap to provide additional muscle targets for revision TMR with-
out sacrificing remaining critical muscles. A, Intraoperative photograph demonstrating the neurovascular pedicle to the serratus muscle,
two distal slips of which were used as recipients at revision targeted muscle reinnervation in case 1. B, A fasciocutaneous thoracodorsal
artery perforator flap was harvested along with the serratus muscle as a chimeric flap for soft-tissue reconstruction at the antecubital
fossa. The median and ulnar nerve neuromas are shown in relation to the serratus muscle. C, Final flap inset and closure.
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Fig. 4. Intraoperative findings at the time of revision surgery for failed transhumeral pTMR. A, Marking
of the incision and Tinel’s signs for case 2 at revision targeted muscle reinnervation. Preemptive tar-
geted muscle reinnervation had been performed at the time of the transhumeral amputation. B, Both
median (red vessel loops) and ulnar (blue vessel loops) nerves terminated in neuromas despite having
successfully reinnervated their target (the medial head of the triceps). Note also that the median nerve
takes a sharp 90-degree turn just proximal to the site of the muscle imbrication at the preemptive tar-
geted muscle reinnervation (distal red vessel loop).

11 patients in the study without symptomatic neuromas
before the TMR surgery, developed them afterward.” A
subsequent publication by Dumanian et al® is the only
randomized controlled trial in this field. Unfortunately,
despite the intention to enroll 200 patients, the study was
terminated after 28 were enrolled. As a result, their pri-
mary outcome of NRS pain score reduction failed to reach
statistical significance. For their secondary outcomes, they
report a 72% and 67% complete resolution of phantom
limb and residual limb pain respectively in the TMR group
compared to 40% and 27% in the non-TMR group.’
Another limitation of this paper is that a large number of
patients were either ineligible for randomization due to a
need for myoelectric prosthetic control or refused to be
randomized because they read on the internet that TMR
was effective.® This second subset of non randomized
patients was then also followed and results were published
by Mioton et al.® They showed that in 33 patients with a
minimum of 1-year follow-up, NRS scores for residual limb
pain decreased from 6.4+2.6 to 3.6+2.2 (P < 0.001) and
phantom limb pain decreased from 6.0+3.1 to 3.6+2.9 (P
< 0.001). They also reported that the percentage of indi-
viduals experiencing severe residual limb pain (defined
as an NRS score of 7-10) decreased from 58% (19/33)
preoperatively to 6% (2/33) postoperatively. The per-
centage of individuals experiencing severe phantom limb
pain decreased from 52% (17/33) preoperatively to 15%
(5/33) postoperatively.® Valerio et al'' showed that when
TMR is performed preemptively at the time of amputation,
the percentage of patients who were completely pain free
from phantom limb and residual limb pain were 45.3%
and 49.2%, respectively, compared to only 21.5% and
19.5% in the non-TMR group. Another study by Frantz et
al’ investigating the outcome of preemptive TMR at the
time of amputation found it to be effective at preventing
phantom limb and residual limb pain in 92% of patients.

Despite promising initial published results, subsequent
TMR outcomes studies have demonstrated substantial
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variability. Exact surgical techniques for TMR are vari-
able, and in some reports minimal technical detail is pro-
vided.?! Furthermore, multiinstitutional studies have been
authored by surgeons who individually have described
different techniques, indicating that the treatments ren-
dered may have been variable to some degree. As a result,
it is difficult to generalize the published outcomes across
the variability of technical procedures being performed,
and impossible using these reports to infer which tech-
nical variants are superior. It stands to reason therefore,
that the absence of standardized techniques for a novel
surgical intervention could lead to surgeons running into
failures and poor outcomes as seen in the revision TMR
case reports described here. The following sections will
explore some of the apparent pitfalls that we have encoun-
tered while managing patients with failed TMR.

Technical Pitfalls and Pearls
Nerve Redundancy

Technical education for nerve transfers has always
emphasized adequate redundancy both to avoid the con-
tribution of tension to neural ischemia, and to prevent
rupture of the coaptation with motion related to excur-
sion of nearby joints.”~” However, in the setting of TMR
for amputees, some of these factors are less applicable.
For instance, in amputees, the coaptation is typically being
done immediately above the level of the amputation and as
aresult is not compromised by joint movement since there
is no joint distal to the neurorrhaphy. Second, unlike a
motor-to-motor nerve transfer, TMR involves transferring
a mixed or sensory nerve that will be sensitive to kinking
which creates mechanical or ischemic injury to pain fibers
located around the nerve periphery. For instance, sensitiv-
ity to kinking of the ulnar nerve has been documented as
a cause of failed ulnar nerve transposition.”® Last, unlike
in a nerve transfer where it is possible to distribute redun-
dancy proximal and distal to the coaptation, TMR coap-
tations are performed as close to the target muscle as
possible which creates a fixed point at the coaptation that
is prone to kinking from more proximal redundancy. This
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situation is exacerbated when the coaptation is imbricated
within or fixed to the muscle at the site of the coaptation.
Thus, considering the above, although a minimal degree
of redundancy is still important to avoid ischemia, excess
redundancy in TMR may be problematic.

This pitfall was evident in patient 2 where the median
and ulnar nerves had sharp 90-degree turns as they
reached the location of the TMR coaptation (Video
2; Fig. 4) and in patient 1 where the median and ulnar
nerves were coiled in circles (Fig. 2).

Size Mismatch and Neuroma Formation

When performing TMR from a large mixed major
nerve into a smaller motor branch, size mismatch is inevi-
table. We find it implausible that all donor nerve axons
will all funnel into the small target nerve. Rather, itis likely
that many regenerating axons will escape the target nerve
and aberrantly sprout into the adjacent area (Video 2,
demonstrating presence of symptomatic neuroma despite
reinnervation of the target muscle). Axon escape must be
accounted for by placing the coaptation as close as pos-
sible to the denervated muscle, allowing escaped axons to
grow into the muscle and find targets. This pitfall was evi-
dent in patient 1 where TMR coaptations were performed
too far from the target muscle (Fig. 1) resulting in axons
growing into “empty space” that by default becomes scar
tissue and leads to the classic mechanism for a painful
neuroma.

One suggested technique to guide escaped axons into
the muscle involves gathering surrounding muscle near the
target nerve and imbricating it around the coaptation with
a few loose sutures. With this muscle wrap, the aberrant
sprouting axons that escape the target nerve will in the-
ory have a greater likelihood of finding denervated nerve
pathways or guiding epimysial membranes to conduct
them towards motor end plates. However, as mentioned
previously, when performing the muscle imbrication, it is
important to avoid creating a kink point with any excess
redundancy leading up to the imbrication (Video 2).

Placement of Coaptation Site

Another technique to avoid symptomatic neuroma
formation uses the same principles as standard neuroma
transposition and burial techniques—keep the site of
potential neuroma formation proximal, away from the
end of the stump. This pitfall was evident in patient 2, in
whom stimulation demonstrated that TMR was clearly suc-
cessful in motor reinnervation of the target muscle but
still developed symptomatic painful neuromas at the tip of
the stump due to the superficial and distal placement of
the TMR coaptations (Video 2).

Target Muscle Denervation

For the mixed major nerve that is being coapted into the
small target motor nerve to properly reinnervate the target
muscle segment, the latter must first be truly and completely
denervated. Surgeons cannot simply explore the stump for
the first available target motor nerve and perform the TMR
without any further thought. Doing so does not guarantee
that the target muscle is not still innervated by another
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nearby nerve branch or that the target muscle will not
quickly become reinnervated by nearby collateral sprouting.
If the target muscle becomes locally reinnervated before the
coapted major nerve has a chance to regenerate into it, the
coapted major nerve regeneration will be blocked and will
result in a neuroma at that site. Additionally, it will not pro-
vide the intended myoelectric prosthetic signal if it does not
successfully reinnervate the target muscle.

This issue can be managed in one of two ways. If the
target muscle is nonfunctional or expendable, then the
main nerve trunk into this target muscle should be tran-
sected proximally to denervate the entire muscle. TMR
can then be done to a small motor branch near the neu-
romuscular junction as usual. If the muscle is not expend-
able, then TMR can be performed to an individual belly
of the target muscle and then separated from the other
muscle bellies with tissue such as an adipofascial flap, as
described by Gart et al.*

Target Selection for Prosthetic Functional Optimization

Surgeons performing amputations may have the urge
to include “any available” nerve coaptation acutely to pre-
vent neuroma formation. Although this is a valid consid-
eration, attention should still be paid to the target motor
nerve selection. Surgeons performing TMR without ade-
quate consideration of the myoelectric implications may
be doing a disservice when the myoelectric signals are
antagonistic or they have difficulty separating the signals
from surrounding background muscle activity. Although
it is unknown whether this contributes to pain relief, this
failure was evident in patient 2 who underwent pTMR at
the time of his amputation and had both the median and
ulnar nerve coapted into two branches of the same triceps
head. Not only was this antagonistic, but it also made it
impossible to separate the signals from each other and
from the other nearby triceps heads.

Surgeons who are uncertain about their confidence to
properly select and prepare the target nerves and muscles
for TMR should instead perform simple traction neurec-
tomies with minimal dissection proximal to the amputa-
tion level. This preserves the appropriate nerve length
and tissue planes for a secondary TMR.

Conceptual Pitfalls
Is There Evidence the Sensory Nerve Can Reinnervate Motor
Endplates?

Although pTMR has been quickly adopted clinically,
there has been little discussion regarding the microana-
tomic and biologic underpinnings of the procedure. Many
early basic science and animal models of nerve regenera-
tion have shown the effect of neurotropism on the prefer-
ential regeneration of nerves toward other nerve targets
compared to nonnerve targets, and the preferential regen-
eration of motor axons to motor targets.” ' However,
there is less literature examining the effect of muscle
reinnervation with sensory axons. In 1970, Zalewski®
demonstrated that although sensory axons will not rein-
nervate denervated muscle to reverse the effect of atro-
phy, evidence of sensory nerve fibers in the denervated
muscle can be found. This would suggest that it is possible
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for the sensory component of the mixed donor nerve to
actually grow into the target muscle during TMR surgery
and achieve the effect of reduced neuroma formation.
However, more modern specific research into this ques-
tion using a mixed donor nerve would still be beneficial.

Unregulated “Conceptual Expansion” of TMR

Although innovation is a hallmark of our specialty and
is likely to lead to continued improvements in TMR out-
comes, allowing unchecked variations of technique to all
be considered under the TMR moniker dilutes and con-
fuses outcomes. For instance, the practice of implanting a
mixed nerve at the site of a transected smaller intramus-
cular nerve branch, while leaving the dominant innerva-
tion to the muscle intact, is conceptually more akin to
what has been previously been described as “targeted
nerve implantation” than it is to “targeted muscle rein-
nervation.”” Although these two concepts certainly exist
along the same spectrum, they are unlikely to produce
the same result given the underlying difference in physi-
ology of the target.

Is Revision TMR Effective?

Future studies need to be performed to determine
whether revision surgery is even indicated, or if another
modality should be employed.

The advent of TMR has been a major development in
amputee care for both pain management and improved
myoelectric control. However, it is important to acknowl-
edge thatitis not a foolproof surgery and does not provide
a guaranteed result. By recognizing and discussing failed
cases of TMR, we have the opportunity to learn about fac-
tors which may contribute to unfavorable outcomes, and
refine our techniques empirically. Furthermore, the use
of precise language surrounding operative techniques will
allow appropriate comparison of reported outcomes and
accelerate advancement of this field.
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