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At a glance

Recommendation 1.1
Surgical techniques addressing symptomatic neuroma can effectively reduce

phantom limb pain.

Recommendation 1.2
If PLP and concomitant NP occur, surgical interventions should be applied as

soon as possible to avoid chronification of pain.

Recommendation 2.1
Early consideration of TMR and RPNI as preventive measures help to mini-

mize the risk of phantom limb pain in individuals undergoing amputation.

Recommendation 3.1
Adhere to the basic principles of peripheral nerve surgery when carrying

out Targeted Muscle Reinnervation (TMR) and Regenerative Peripheral

Nerve Interface (RPNI) procedures in order to achieve successful outcomes.

Recommendation 3.2
Phantom limb pain and residual limb pain interact with each other. During

residual limb revision surgery address other relevant conditions contrib-

uting to residual limb pain as bone spurs, ischemia, and scars etc. to improve

the chances of achieving pain relief.

Recommendation 3.3
To successfully perform TMR, it is recommended to possess a comprehen-

sive set of surgical skills and microsurgical equipment. These skills are es-

sential for carrying out the procedure with precision and expertise.

Recommendation 3.4
RPNI is an appropriate alternative for the treatment and prevention of PLP.

It does not require microsurgical equipment and requires less operative

time than TMR. Currently, it does not allow for myoelectric prosthesis con-

trol.
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Recommendation 4.1
Nerve sutures should be protected from pressure, forced bending, and any

movements that put excessive stress on the micro-suture for a period of

three weeks.

Recommendation 4.2
Long-term follow-up of amputees and revision surgery for persistently

symptomatic limbs can dramatically improve prosthesis use, function, and

quality of life.

Recommendation 4.3

A skilled multidisciplinary team approach for long-term follow-up of ampu-
tees is imperative to maximize outcomes.

Recommendation 4.4
The patient should be fitted with a functional prosthesis as soon as possible

after the operation.

Recommendation 5.1
Amputations after trauma should be managed in an open, length-preserving

fashion; guillotine amputations sacrifice residual limb length and viable tis-
sue. Subsequent revision and closure may require the use of atypical flaps of
opportunity to salvage valuable residual limb length, functional joint levels
and innovations within primary amputation to improve the overall outcome

and decrease the incidence of PLP.

Recommendation 5.2
TMR, in conjunction with advancements in prosthetic technology enables

improved outcomes, prosthetic acceptance and helps to achieve the goals of

active-duty service members.




PAMELA: PREVENTION AND MANAGEMENT OF PHANTOM LIMB PAIN VERSION: 1.0
DATE: 05/03/2025

TABLE OF CONTENTS

2 L0 5 0 3 3
AT A GLANCE ... s s s s sas s s nans 1
SCOPE AND PURPOSE......ccoimimmmnnmsssssmsssmsssssssssssssssssssssssssssssssssssssssssssssssassssssasss 4

CHAPTER 1: BRIEF INTRODUCTION TO PHANTOM LIMB PAIN AND NEUROMA
PAIN AFTER AMPUTATION ...cocsiinmimmmmsmssmsmssssssssssssssssssssssssssssssssssasssssssssssasssns 6

CHAPTER 2: SURGICAL TECHNIQUES FOR THE PREVENTION AND TREATMENT

OF PHANTOM LIMB PAIN.....ccoimmimmmmmmsmsssmsssssssssssssssssssssssssssssssssssssssssassssnss 10
CHAPTER 3: POST-OPERATIVE CARE ... 27
CHAPTER 4: CONSIDERATIONS COMBAT-RELATED AMPUTATIONS........couvusurunnn 31
SUPPLEMENTARY DATA ...occiimmsmsmsssmssssssssssssssssssssssssssssssssssssssssassssssassssasasses 34
T METHODS ... ssssssssssssssassssssassssssassssnsassssananss 34
II FUNDING.. ... ssssssssasssssssssssssssssssssssssassssssassssnsassssasansns 36
III ABBREVIATIONS ... sssssssssssssssassssssassssasassns 36
IV REFERENCES ......coiinnmssssssssssssssssssss s sssssssssssssssassssssassssasassns 36
V CONFLICT OF INTERESTS.....coimmmsmssssssssssssssssssssssssssssssssssssssssssssssasas 41
VI APPENDIX ..o sssssssssssssssssssssssssnsassssssasas 42



PAMELA: PREVENTION AND MANAGEMENT OF PHANTOM LIMB PAIN VERSION: 1.0
DATE: 05/03/2025

Scope and Purpose

Objectives
Regardless of the cause of the amputation, amputation-associated pain can occur. This

pain can be divided into two types: Phantom limb pain (PLP) and Residual limb pain
(RLP). Residual limb pain is localised in the residual limb and is felt as pain via nocicep-
tors. Neuroma pain (NP) is neuropathic pain and can originate from severed nerves in the
residual limb; it is categorised as RLP. PLP is caused by peripheral, spinal and central
pathomechanisms leading to maladaptive cortical reorganisation and leading to the per-
ception of pain or discomfort in a limb that is no longer there. Non-painful perceptions of
the amputated body part are called phantom sensations.! Phantom sensation, unlike
phantom limb pain, does not typically require specific treatment interventions. However,
it is important to provide patient education in addressing phantom sensation to promote
understanding and address potential concerns related to this experience.

Recently, there had been a lack of evidence supporting the efficacy of surgical techniques
in treating phantom limb pain (PLP).2-* Both central pain and peripheral pain have dis-
tinct underlying mechanisms that are rooted in nervous tissue, potentially explaining
their interactions. It has been observed that residual limb pain (RLP) can accompany PLP,
and each type of pain has the capability to trigger or worsen the other.> In 2018, literature
reviews by Poppler? and Eberlin3 indicated that reconstructive techniques are more ef-
fective than ablative techniques in addressing neuropathic pain (NP).

Arecentrandomized controlled trial (RCT)® compared the standard procedure of burying
the nerve in a muscle, which was considered the gold standard treatment for painful neu-
roma, with targeted muscle reinnervation (TMR) as a reconstructive approach. The find-
ings of the study revealed that TMR effectively addressed both PLP and RLP, including NP,
suggesting its potential superiority over the standard nerve burial technique’. Subse-
quent reports and reviews have consistently supported these findings for both TMR and
the regenerative peripheral nerve interface (RPNI), a second reconstructive technique
that facilitates the regeneration of mixed nerves into their original targets.®® These
emerging results indicate the potential effectiveness of reconstructive surgical tech-
niques, particularly TMR and RPN], in addressing PLP, and NP.

Given that evidence, we would like to highlight herein the following:

= Diagnostic Criteria: Neuroma Pain vs. Phantom Limb Pain

= Basic Principles of Peripheral Nerve Surgery

= Surgical Steps for the Reconstructive Techniques Targeted Muscle Reinnervation
(TMR), Targeted Sensory Reinnervation (TSR), Regenerative Peripheral Nerve In-
terface (RPNI), and the

= Post-Operative Care

* Further remarks:

o Special Considerations in Combat Surgery
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Area of treatment/care
Surgical techniques for preventing the development of phantom limb pain in primary

amputation:
= TMR
= TSR
= RPNI

Surgical techniques for a therapeutical treatment of phantom limb pain in revision sur-

gery:
= TMR
= TSR
= RPNI
Target group

Complex combat injuries with an high risk for amputation and combat related amputa-
tion.10
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Chapter 1: Brief introduction to Phantom Limb Pain and Neuroma
Pain after Amputation

Background

Phantom limb pain presents as a distressing sensation in the amputated extremity
whereas residual limb pain is located at the residual limb.! Pain after major limb amputa-
tion is a common occurrence, with up to 79.9% of the patients reporting PLP, 67.7% re-
porting RLP including NP and 62.3% of the patients reporting back pain.!! Neuroma pain
originates in the nerve tissue of the residual limb, while phantom pain manifests periph-
erally, spinally, and cortically.!

Neuroma pain Residual limb pain Phantom limb pain

Figure 1: llustration of the three different pain types: neuroma pain, residual limb pain, and phantom limb pain
(Copyright Pettersen et al.,, 2023 12)

The impact of phantom pain and neuroma pain on individuals with amputations is com-
plex and multidimensional, significantly influencing their quality of life. Distinguishing
between the two types of pain can be challenging, as both present with distinct character-
istics. In the context of neuropathic pain, these sensations bear resemblances manifested
in the form of stabbing, throbbing, electrical shooting, and burning.1,5

Neuroma Pain

Peripheral nerves lose contact with their target organs when a limb is lost. Following a
traumatic nerve amputation, a complicated process that triggers the nerve cell's capacity
for regeneration is started close to the site of the amputation.!3 While Waller degenera-
tion causes the distal axon to break down and degrade due to loss of contact with the
nerve cell, proximal degeneration typically only occurs to a very limited degree, typically
up to the next Ranvier's cord.* Throughout the process, each individual axon starts to
spread out proximally once more in an attempt to find a matching target organ. The so-
called "growth cone," a specialized, mobile structure from which multiple finger-like pro-
jections emerge, is located at the tip of the regenerating axon. The regeneration should
ideally occur in the direction of the distal nerve stump, and this is determined by the
growth cone. Nevertheless, in the event of an amputation, the distal nerve stump is lost,
so the regenerating axons typically do not find a corresponding "target." This causes the

6
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nerve fibers to grow in an uncontrolled manner, which ultimately results in the develop-
ment of neuromas. The neuropathic pain that results from a neuroma can be explained by
the fact that the nerve fibers inside of it are demonstrably highly sensitive and have the
ability to fire on their own.15-17

Possible symptoms of a neuroma pain can be allodynia (a pain sensation triggered by
stimuli that do not normally cause pain), hyperalgesia (an increased pain sensation in re-
sponse to painful stimuli), and a positive Hoffmann-Tinel sign (discomfort triggered by
tapping on the nerve radiating into the area supplied by the nerve).1

The diagnostic criteria are as follows:

All three of the following criteria must be met:

1. Pain exhibiting at least three of the following characteristics: burning, cutting, shoot-
ing, electrifying, paraesthesia, numbness, or cold intolerance.

2. Symptoms confined to a specific neuroanatomical region.

3. A history of an actual or suspected nerve injury.
Additionally, at least one of the following criteria must be met:
1. Positive Tinel's sign (for cutaneous nerves).

2. Response to infiltration with a local anesthetic.
3. Confirmation of a neuroma through imaging (neurosonography, MRI).

Figure 2: Diagnostic criteria for symptomatic neuroma (German S3 guideline on the treatment of peripheral nerve
injuries!8, outlined in Chapter 9)

In the second step visualization of the neuroma by ultrasound, diagnostic ultrasound-
guided infiltration with a local anesthetic should follow. A positive result is a temporary
reduction or elimination of pain.!

Phantom limb pain

The precise underlying mechanism driving the development of phantom limb pain re-
mains under current investigation and has not yet been definitively established®. Re-
search suggests that alterations in the peripheral and central nervous systems may con-
tribute to phantom pain, with psychosocial factors also exerting a significant influence on
its onset and persistence.>1? The pain experienced in a phantom limb involves both pe-
ripheral and central components of the nervous system (CNS), including the residual limb,
dorsal root ganglion, spinal cord, supraspinal centers such as the brainstem, thalamus,
cortex, and limbic system.20
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Normal Reorganized

Central changes

¢ Unmasking

* Sprouting

 General disinhibition

* Map remodelling

* Loss of neurons and neuronal function

* Denervation

* Alterations in neuronal and glial activity

¢ Sensory-motor and sensory-sensory incongruence

Peripheral changes

e Structural changes in neurons and axons

e Ectopic impulses

® Ephaptic transmission

* Sympathetic-afferent coupling

* Down- and upregulation of transmitters

e Alterations in channels and transduction molecules
e Selective loss of unmyelinated fibres

Figure 3: A schematic diagram of the areas involved in the generation of phantom limb pain and the main peripheral
and central mechanisms from the paper “Phantom limb pain: a case of maladaptive CNS
plasticity?” by Herta Flor (2006)20 (Copyright Nature Publishing Group, 2006)

In light of recent evidence, it is important to distinguish RLP from PLP, as there has been
a potential shift in the treatment approach for amputation-associated pain. While surgical
interventions were once deemed ineffective in treating PLP, recent research suggests oth-
erwise, thus highlighting the need for further investigation and clinical consideration of
the relationship between RLP and PLP.2-#

For decades, surgical interventions for phantom limb pain (PLP) and neuroma pain have
shown limited efficacy. However, in recent years, targeted muscle reinnervation (TMR)
and regenerative peripheral nerve interface (RPNI) have emerged as promising tech-
niques for enhancing prosthetic control and reducing pain associated with amputation,
including PLP.821 This has been corroborated by several case series and case-control stud-
ies. Despite the increasing interest in these techniques, comparative studies and random-
ized controlled trials (RCTs) are currently lacking to determine the relative effectiveness
of each approach.

Literature Review

A review of the existing literature on surgical interventions for phantom limb pain reveals
the paucity of randomized controlled trials, with only one such trial published in 2019 by
Dumanian®. This trial compared the effects of burying the nerve into a muscle’, the stand-
ard approach, with the innovative TMR?2 approach. Given that the TMR approach requires
additional skills and operating time, careful evaluation of its indication and potential ben-
efits is essential. Furthermore, the limited comparative evidence underscores the need for
RCTs to enhance the level of certainty in the evidence.?3

Recent Studies and Future Directions
A recent literature search focusing on published research after November 2021 identified
arange of studies, including systematic literature reviews, prospective cohort studies, ret-
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rospective cohort studies, chart reviews, observational cost-benefit studies, and case-con-
trol studies. The observational data suggest that TMR and RPNI reduce phantom limb pain
and the incidence of painful neuromas. However, to further elucidate the comparative ef-
fectiveness of these techniques, conducting randomized trials is imperative.

Ongoing Research

In response to the need for evidence, a double-blind RCT?? (NCT05009394) has been ini-
tiated to compare the effectiveness of TMR, RPNI, and an active control (neuroma excision
and muscle burying) in alleviating residual limb pain, neuroma pain, and phantom limb
pain. The trial, spanning multiple countries, aims to follow patients for a period of 4 years.
This aligns with the imperative to address phantom limb pain, which affects a significant
proportion of major limb amputees, profoundly impacting their quality of life. Distin-
guishing between phantom pain and neuroma pain is crucial, as both types of pain have
unique characteristics and require tailored interventions.
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Chapter 2: Surgical Techniques for the Prevention and Treatment of
Phantom Limb Pain

Background
The brief background of the pathophysiological mechanisms might explain the potential

of reconstructive nerve techniques as TMR and RPNI in the prevention and treatment of
NP and PLP. Unlike other methods, they give a specific purpose to the severed nerve end-
ings, providing a clear direction for their growth and potentially preventing their disor-
ganization. Both strategy seem to actively manage the transected nerve by restoring its
function, offering a promising approach for addressing NP and might decrease deafferen-
tation and -efferentiation.?2425 The findings from functional MRI studies comparing am-
putees who have undergone TMR and TSR interventions on the residual limb to those who
have not, indicate a similarity in the activity of the primary motor and sensory cortex ar-
eas to that of healthy individuals. This suggests that reafferent interventions can poten-
tially prevent or mitigate pathological cortical adaptations following amputation. These
insights underscore the potential of such interventions in facilitating functional recovery
and enhancing the neuroplasticity of the remaining neural pathways.17.26

Principles of Targeted Muscle Reinnervation (TMR)

TMR was initially introduced by Kuiken et al.?7 as a control strategy to enhance the func-
tionality of myoelectric prostheses for amputees. The principle of Targeted Muscle Rein-
nervation (TMR) involves redirecting affected proximal nerve stumps to a smaller motor
nerve branch that leads to an intact muscle. This denervated muscle is then reinnervated
through primary end-to-end coaptation at the nerve entry point, allowing the sprouting
axons to enter the motor nerve branch and subsequently reinnervate the denervated
muscle tissue or motor end plates. This facilitates highly selective reinnervation of indi-
vidual muscle areas.182228

Initially developed for bionic prosthetics, this technique entailed coapting blind-ending
nerves to selected muscle branches to increase the number of individually motorized sig-
nals used for prosthetic control. An incidental benefit observed was a very low rate of
painful neuroma formation and a reduction in PLP. Subsequent studies have shown excel-
lent results for both pain qualities.®2%30 The efficacy of the technique has been demon-
strated for both secondary targeted muscle reinnervation (TMR) in the treatment of ex-
isting neuromas and primary prophylactic TMR for recent amputations, which is increas-
ingly becoming a standard practice in clinical settings.2831

The targeted muscle reinnervation (TMR) method is not exclusively intended for macros-
tump treatment; it can also be utilized for addressing painful finger neuromas. TMR rep-
resents an improved therapeutic approach compared to surgical resection alone or simple
nerve burial within the muscle.®

10
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Figure 4: Targeted muscle reinnervation in major limb amputation: 1. Identify the donor nerve under blunt dissection
and gently isolate the donor nerve under loupe magnification using microsurgical instruments as needed. Mobilize
the donor nerve for as long as necessary to reach the recipient site. 2. Identify all motor nerve branches to the target
muscle by blunt dissection. Transfer the donor nerve to the target muscle and coapt the distal nerve end of a tran-
sected motor nerve by end-to-end neurorrhaphy. 3.-6. This provides the nerve with a guide structure via which it
grows into the muscle and reinnervates it. (Copyright: Katharina Kasprzak, MHH)

Surgical Roadmap
A standardized surgical protocol has been published recently and is summarized below.32

Terms:

Donor nerve: a nerve with a painful neuroma to be transferred to a recipient residual or
"target" nerve.

Recipient residual nerve: the transected segment of a nerve (freshly prepared nerve

stump) natively innervating a target muscle.
Target muscle: a viable muscle supplied by the recipient residual or "target" motor nerve
in or near the residual limb.

1. Presurgical preparations

1. Diagnose the painful neuroma(s): For neuroma pain, physical stimulation in the
form of digital pressure (e.g. Tinel’s sign test) will be used to elicit pain where the
neuroma is suspected. No physical stimulation will be used to elicit residual limb
pain or PLP; rather, participants will be asked to close their eyes and localize the
pain in order to distinguish between the two types. In cases where gentle skin in-
dentation results in RLP, the area can be locally anaesthetized to reduce it and un-
cover neuroma pain during the physical stimulation. Neuroma pain can also be dis-
tinguished by the distally referred painful sensations it elicits in the phantom limb
during physical stimulation. At least one of the following methods should be ap-
plied to document the presence of neuroma pain: compatible symptomatology,
Tinel's sign test, imaging (ultrasound or MRI), or nerve block.12

2. Conduct a thorough physical assessment to detect potential muscle targets and
evaluate the flexibility of the soft tissue surrounding the nerve. Perform an EMG
evaluation of those target muscles in case muscle contraction is hardly assessable.

3. Plan the skin incisions depending on the results from steps 1.1 and 1.2

2. Preparation of the donor nerve
1. Perform either regional or general anesthesia without the use of muscle relaxants

to allow for effective nerve stimulation. NOTE: The type of anesthesia depends on
the site of the procedure.

11
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Depending on the planned amputation or site of the painful neuroma, place the
patient in a supine or prone position. For the upper extremity, use a surgical arm
board to place the arm.

Carry out the skin incision using a scalpel. The length and shape of the skin incision
depend on the available soft tissue or location of the painful neuroma.

Identify the donor nerve or the painful neuroma under blunt dissection.

Gently isolate the donor nerve or the neuroma under loupe magnification using
microsurgical instruments as needed. NOTE: Isolation of the neuroma is optional.
Mobilize the donor nerve for as long as necessary to reach the recipient site, con-
sidering that the following nerve sutures are free of tension in all range of motions
in the proximal joints. Transect the neuroma or transect the nerve using a com-
mercial nerve cutting/preparation set. NOTE: Resection of the neuroma is optional
when challenging.

Repeat steps 2.4-2.6 for each nerve with an identified painful neuroma in the cur-
rent exposed area.

3. Motor point identification

Identify all motor nerve branches to the target muscle by blunt dissection.

1. Set a hand-held-nerve stimulator at 0.5-1.0 mA, put it in contact with the
nerve branches, and stimulate each of them. During stimulation, the nerve
that provides the largest muscle contraction is the one that will be used as
the recipient nerve. In Table 1, target muscles are suggested for each nerve
at a specific amputation level.

2. Use the known most proximal innervation points when possible.

3. Denervate the target muscle completely when possible.

Once active contraction is confirmed, transect the nerve using straight microscis-
sors without tension as close as possible to its entry point. Aim for less than 1 cm.
Transpose the proximal nerve end of the transected recipient nerve proximally
away from the coaptation site without any specific management.

Amputation level |[Donor nerve Suggested target muscle(s)
Musculocutaneous - Pectoralis Major — Clavicular Head
Median - Pectoralis Major — Sternal Head
Pectoralis Major — Split Sternal Head
Shoulder disarti- | Ulnar > Pec.to.rahs Mmo.r
. Latissimus Dorsi
culation Serratus Anterior
Latissimus Dorsi
Radial - Pectoralis Major -Split Sternal Head
Serratus Anterior
Musculocutaneous - Biceps Brachii — Long Head
Median - Biceps Brachii — Short Head
Transhumeral Brachialis
Ulnar 2> . ..
Biceps Brachii — Short Head
Radial — Distal branch -  Triceps Brachii — Lateral Head

12
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Radial — Proximal branch - Triceps Brachii — Long Head
Median N Flexor D?g?torum Superficialis
Flexor Digitorum Profundus
Flexor Carpi Ulnaris
Transradial AlIE] K Flexor PoIIFi)cis Longus
Extensor Carpi Radialis
Radial — Superficial branch =  Flexor Digitorum Profundus
Brachioradialis
If posterior thigh flap is preserved: Semi-
membranosus
Semitendinosus
Biceps femoris
Sciatic - If medial thigh flap is preserved:
Gracilis
Adductor longus
Adductor magnus
Adductor brevis
Sartorius (if present) or obturator nerve
transfer
Femoral nerve 2> .
Rectus femoris
Hip disarticulation Vastus lateralis
ST e N Sartorius (if present) or obturator nerve
transfer
Obturator - Preserved into the flap
Semimembranosus
Semitendinosus
Lateral Femoral Cutaneous =2 . .
Biceps femoris
Sartorius
Semimembranosus
) Gracilis
zizterlor Femoral Cutane- > Adductor Longus
Adductor Magnus
Adductor Brevis
iz::{clc - Peroneal Compo- = e Rt
Sciatic - Posterior Tibial N Semitendinosus
Transfemoral |Component Semimembranosus
Saphenous - Vastus Medialis
zizterlor femoral cutane- - Biceps Femoris - Distal motor branch
Soleus
Posterior tibial - Maedial Gastrocnemius
o Flexor Digitorum Longus
Transtibial .
Common peroneal N Later‘al Gastrocneml'us
Medial Gastrocnemius
Deep peroneal - Tibialis Anterior

VERSION: 1.0
DATE: 05/03/2025
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. Extensor Digitorum Longus
Superficial peroneal >
Peroneus Longus

) Flexor Hallucis Longus
Medial sural > i .
Medial Gastrocnemius

Lateral sural - Lateral Gastrocnemius

Table 1: Target muscles are suggested for each nerve at a specific amputation level.32 Adaptation deter-
mine by the individual patient case are always possible.

4. Nerve-to-nerve coaptation

1. Suture the donor nerve to the recipient residual or "target" motor nerve with an 8-
0 non-resorbable monofilament suture, placing the stitch in the center of the donor
nerve.

NOTE: Each donor nerve is larger in caliber with more fascicles than the recipient
motor nerve. Significant mismatch is usually encountered.

2. Reinforce with two or three 8-0 non-resorbable monofilament sutures that secure
the donor nerve epineurium to the fascia and epimysium that surround the recip-
ient nerve. Ensure that the coaptation is performed with neither tension nor ex-
cessive redundancy.

3. Close the surgical wounds in layers.

Figure 5: Figures explaining the single steps for TMR: 1) Identify and isolate the donor nerve with the painful neuroma
(A). Mobilize the donor nerve and transect the neuroma up to healthy neural fascicles. 2) Identify motor nerve(s) to the
target muscle and confirm muscle contraction using a hand-held nerve stimulator. 3) If several motor branches are
identified, choose the motor branch that results in the largest contraction (C). Transect the nerve without tension as
close as possible to its entry point (maximum 1 cm). Dennervate other identified motor branches to the same muscle
when possible (B). 4) Suture the prepared donor nerve to the recipient residual or "target” nerve with the stitch placed
in the center of the donor nerve. Reinforce with two or three microsutures that secure the donor nerve epineurium to
the fascia and epimysium that surrounds the recipient nerve. (Copyright Pettersen et al., 2024 32)

14
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blunt dissection. Gently isolate the donor nerve or the neuroma under loupe magnification using microsurgical instru-
ments as needed. Mobilize the donor nerve for as long as necessary to reach the recipient site, considering that the
following nerve sutures are free of tension in all range of motions in the proximal joints. 2. Transect the neuroma or
transect the nerve using a commercial nerve cutting/preparation set 3. Identify all motor nerve branches to the target
muscle by blunt dissection. Set a hand-held-nerve stimulator at 0.5-1.0 mA, put it in contact with the nerve branches,
and stimulate each of them. During stimulation, the nerve that provides the largest muscle contraction is the one that
will be used as the recipient nerve. 4. Once active contraction is confirmed, transect the nerve using straight microscis-
sors without tension as close as possible to its entry point. Aim for less than 1 cm. Transpose the proximal nerve end of
the transected recipient nerve proximally away from the coaptation site without any specific management. 5. Suture
the donor nerve to the recipient residual or "target” motor nerve with an 8-0 non-resorbable monofilament suture,
placing the stitch in the center of the donor nerve. NOTE: Each donor nerve is larger in caliber with more fascicles than
the recipient motor nerve. Significant mismatch is usually encountered. Reinforce with two or three 8-0 non-resorbable
monofilament sutures that secure the donor nerve epineurium to the fascia and epimysium that surrounds the recipient
nerve. 6. Ensure that the coaptation is performed with neither tension nor excessive redundancy. To avoid axonal
sprouting outside the epineural nerve suture a standard RPNI is wrapped around the coaptation side, please see chapter
RPNI. Close the surgical wounds in layers. (Copyright: Almuth Siefke, MHH)

Troubleshooting and Considerations

Felder et al. reported experiences of technical challenges, such as nerve redundancy, size
mismatch, neuroma formation, the positioning of coaptation sites, full muscle denervation
at the target site, and the selection of the optimal target for prosthetic functionality.33

15
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Principles of Targeted Sensory Reinnervation (TSR)

The impact of sensory feedback on the control of prostheses, along with the associated
enhancements in embodiment and alleviation of phantom pain, has been substantiated by
a multitude of research studies.34-36 For more authentic sensory feedback, a purely sen-
sory nerve can be selectively transposed in analogy to a TMR procedure. This is the prin-
ciple of targeted sensory reinnervation surgery (TSR).3” The process described involves
selectively reinnervating a specific area of skin by connecting a sensory donor nerve from
the amputation to a defined sensory skin branch. This allows for the stimulation of the
skin area in synchronization with the prosthesis function using a sensory feedback system
that can be integrated into the socket system. This technique can provide sensory feed-
back, and it has been shown to improve functionality and embodiment of the prosthe-
sis.138

Note: During the TMR procedure, the overlying skin is reinnervated by redirecting mixed
donor nerves carrying sensor and motor nerve fibers to nearby muscle targets. This facil-

itates the restoration of sensation and motor control in a non-directed way.3°-41

Following protocols for TSR have been described:

Donor Recipient Nerve (TSR) Reinnervated skin area Source
Nerve and sensation
Median | A fascicle of the median nerve | It innervates the skin cov- | Herbert (2014)
Nerve was coapted to the inter- ering the medial side of

costobrachial cutaneous (T2) | the upper arm
Ulnar A fascicle of the ulnar nerve [t innervates the skin cov- | Herbert (2014)
Nerve was connected to the cutane- ering the inferior region

ous branch of the axillary of the deltoid muscle (the

nerve regimental badge area)
Sural Transtibial (TT): Transposi- [t innervates the skin area | Gardetto (2021)
Nerve tion of the ipsilateral sural on the front and medial

nerve to the cutaneous terri- side of the lower leg

tory of the saphenous nerve
Sural Transfemoral (TF): Transplan- | It innervates the skin cov- | Gardetto (2021)
Nerve tation of the contralateral sural | ering the lateral thigh

nerve as an autologous graft

from the distal stump of the

sciatic nerve to the cutaneous

territory of the lateral femoral

cutaneous nerve

Table 2: Protocols for Targeted Sensory Reinnervation (TSR)
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Figure 7: Targeted sensory reinnervation in major limb amputation: 1. Identify the donor nerve under blunt dissection
and gently isolate the donor nerve under loupe magnification using microsurgical instruments as needed. Mobilize
the donor nerve for as long as necessary to reach the recipient site. 2. Identify all sensory nerve branches to the target
muscle by blunt dissection. Transfer the donor nerve to the defined sensitive skin branch and coapt the distal nerve
end of the transected sensory nerve by end-to-end neurorrhaphy. 3.-6. This provides the nerve with a guide structure
growing into the skin, finding skin receptor and reinnervating the according skin area. (Copyright: Katharina
Kasprzak, MHH)

\

Surgical Roadmap
It is important to provide patients with comprehensive information about available op-

tions and limitations of current available technology and course of skin incisions. Cur-
rently there is one commercially available solution for lower limb stimulation reinnervat-
ing skin with vibrotactile feedback, and it is not yet available for upper limb application.
However, it is also worth noting that such innovations may pave the way for potential use
as a man-machine interface in the future.

1. Preparation of the donor and recipient nerve

1. Perform either regional or general anesthesia without the use of muscle relaxants
to allow for effective nerve stimulation. NOTE: The type of anesthesia depends on
the site of the procedure.

2. Place the patient appropriate to reach the surgical field, depending on the planned
amputation or the site of the painful neuroma.

3. Carry out the skin incision using a scalpel. The length and shape of the skin incision
depend on the available soft tissue or location of the painful neuroma.

4. ldentify the donor nerve or the painful neuroma under blunt dissection.

5. Identify the recipient nerve under blunt dissection.

6. Gently isolate the donor and recipient nerve or the neuroma under loupe magnifi-
cation using microsurgical instruments as needed.

7. Mobilize the donor nerve for as long as necessary to reach the recipient site, con-
sidering that the following nerve sutures are free of tension in all range of motions
in the proximal joints. Transect the recipient nerve or transect the painful neuroma
using a commercial nerve cutting/preparation set.

8. Transpose the donor nerve end to the distal transected recipient nerve.

9. Bury the proximal end of the transected nerve away from the coaptation site and
surface. RPNI can be applied to the proximal end of the transected nerve.

2. Nerve-to-nerve coaptation
1. Suture the donor nerve to the recipient residual or "target" motor nerve with an 8-
0 non-resorbable monofilament suture or smaller, placing the stitch in the center
of the donor nerve. NOTE: Each donor nerve is larger in caliber with more fascicles
than the recipient motor nerve. Significant mismatch is usually encountered.
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2. Reinforce with two or three 8-0 non-resorbable monofilament sutures that secure

the donor nerve epineurium to the surrounding tissue of the recipient nerve. En-
sure that the coaptation is performed with neither tension nor excessive redun-
dancy.

3. Close the surgical wounds in layers.

Figure 8: 1. 1dentify all sensory nerve branches to the target skin by blunt dissection 2. Transect the nerve using straight
microscissors that cut the nerve at a length allowing for the nerve coaptation without tension. Transpose the proximal
nerve end of the transected recipient nerve proximally away from the coaptation site. Bury it in a muscle away from the
surface to avoid exposure to pressure or wrap RPNI around it. 3. Suture the donor nerve to the recipient residual or
"target" sensory nerve with an 8-0 non-resorbable monofilament suture, placing the stitch in the center of the donor
nerve. NOTE: Each donor nerve is larger in caliber with more fascicles than the recipient sensory nerve. Significant
mismatch is usually encountered. If needed a standard RPNI can be wrapped around the coaptation. 4. Reinforce with
two or three 8-0 non-resorbable monofilament sutures that secure the donor nerve epineurium to the fascia and epi-
mysium that surrounds the recipient nerve. Ensure that the coaptation is performed with neither tension nor excessive
redundancy. Close the surgical wounds in layers. (Copyright: Almuth Siefke, MHH)

Troubleshooting and considerations
The reported experiences of technical challenges include nerve redundancy, donor and

recipient nerve distances, size mismatch, neuroma formation, the positioning of coapta-
tion sites, temporary or full skin denervation at the target site with possible dysesthesia,
and the selection of the optimal target for prosthetic and feedback system functionality.33

Currently, there is only one commercially available feedback system (Suralis, Saphenus
Medical Technology, 3500 Krems, Austria) for lower limb amputees outside of laboratory
prototypes. This system involves the reinnervation of the medial site of the lower leg by
transplanting the sural nerve, which is then coapted to the saphenous nerve at the lower
thigh for below-knee amputees or the sural nerve to the lateral cutaneous nerve at the
thigh level for above-knee amputees.3” By integrating pressure sensors into a sock worn
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over the prosthetic foot and hindfoot, this system is able to encode pressure into a vi-
brotactile feedback paradigm. As a result, it provides a man-machine interface that deliv-
ers sensory information to the reinnervated area on the thigh or lower leg. This innova-
tion has the potential to significantly enhance proprioceptive feedback for individuals
with prosthetic limbs, which could ultimately lead to improved gait and overall function-
ality.1.37

Principles of Regenerative Peripheral Nerve Interface (RPNI)
Regenerative Peripheral Nerve Interface (RPNI) also describes a selective nerve transfer.

In comparison to TMR, this procedure requires significantly less time and can be per-
formed by non-microsurgeons. In this procedure, a small free avascular denervated mus-
cle graft is utilized.*? Subsequently, neovascularization of the muscle graft is followed by
reinnervation through regeneration of the nerve. Originally, the method was demon-
strated in combination with implanted electrodes in animal models to identify muscle sig-
nals that might be utilized for prosthesis control.#3 It was proven that the transplanted
muscle tissue is reinnervated and has the potential to function as a signal transmitter in
the future. It is crucial to ensure the viability of the free muscle graft by limiting its dimen-
sions to a maximum of 30-40 mm in length, 15-20 mm in width, and 5-6 mm in thick-
ness.#244 The avascular, denervated muscle graft serves as a target for the regenerating
axons of the nerve stump. The individual nerves are split interfascicularly to form multi-
ple distinct nerve endings, either to facilitate the passage of more signals or to supply the
axons with additional muscle tissue for reinnervation.** This process allows the formation
of new neuromuscular connections that effectively prevent the formation of new symp-
toms of neuropathy. The use of RPNIs has been shown to reduce phantom limb pain by up

to 53 percent and neuroma pain by 71 percent.1.842
B »®
6. t , 7. 8.

-RHP L

Figure 9: Regenerative peripheral nerve interface in major limb amputation: 1. Identify a healthy donor muscle and
harvest a muscle graft (dimensions 3 cm (length) x 1.5 cm (width) x 0.5 cm (thickness). 2. Identify and isolate the
nerve. Transect possible painful neuroma. 3.-4. Place the fascicle in the muscle graft and secure the nerve with su-

tures. 5.-6. Fold the muscle graft around the fascicle and secure with sutures. 7.-8. Perform blunt dissection in the re-
sidual limb to provide a protected area where each RPNI can lie comfortably and out of weight-bearing surfaces of the
limb (Copyright: Katharina Kasprzak, MHH)

Surgical Roadmap
A standardized surgical protocol has been published recently and is summarized below.4>

1. Presurgical preparations
1. Diagnose the painful neuroma(s) if present
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Plan the skin incisions depending on the results from step 1.1 and depending on
the location of each painful neuroma. NOTE: In principle, any healthy skeletal mus-
cle can be used; however, the muscle graft was originally recommended to be har-
vested from the vastus lateralis muscle in the thigh.46

2. Preparation of the recipient site

1. Perform either regional or general anesthesia. NOTE: The type of anesthesia varies
depending on the site of the procedure.

2. Place the patient in a supine or prone position, depending on the planned amputa-
tion or site of the painful neuroma. For upper extremity, place the arm on a surgical
arm board.

3. Carry out the length and shape of the skin incision depending on the available soft
tissue or location of the painful neuroma.

4. ldentify the nerve or the painful neuroma under blunt dissection.

5. Gently isolate the nerve or neuroma with fine instruments. Use loupe magnifica-
tion if needed. NOTE: Isolation of the neuroma is optional when challenging.

6. Mobilize the nerve and transect or transect the neuroma up to healthy neural fas-
cicles using a commercial nerve cutting/preparation set. NOTE: Resection of the
neuroma is optional when challenging.

7. Make longitudinal intraneural dissections from the distal end of the nerve for
about 2-3 cm with straight microscissors. The number of fascicles will de-
pend on the amputation level and the size of the nerve. Ensure that the diam-
eter of each fascicle is a maximum of 4-6 mm. For each nerve, a number of neu-
ral fascicles that should be prepared are suggested in Table 2.

Amputation level Nerve ilf‘?\gei?:(f’ar:;?;:);r
Axillary 2
Musculocutaneous 2
Shoulder disarticulation Median 3
Ulnar 2
Radial 2
Axillary 2
Musculocutaneous 2
Transhumeral Median 3
Ulnar 3
Radial 2
Median 3
Transradial Ulnar 2
Radial 1*
Sciatic 4
Hip disarticulation Femoral 3
Lateral Cutaneous Femoral 1"
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Obturator 1

Posterior Cutaneous Thigh 2

Sciatic 3

Tibial 2

Transfemoral Deep peroneal r
Superficial peroneal 1"

Sural 1”

Saphenous 1"

Tibial 2

Deep peroneal 2

Transtibial Superficial peroneal 1"
Sural 1”

Saphenous 1"

* Use the nerve entirely

Table 3: Suggested number of neural fascicles specified for each nerve at a specific amputation level.*> Ad-

aptation determine by the individual patient case are always possible.

3. Preparation of the donor site

1. Identify a healthy native donor muscle as a source for obtaining a free muscle graft.

Harvest the muscle graft as follows:
1. Ensure that each graft has the dimensions 3 cm (length) x 1.5 cm (width) x
0.5 cm (thickness). NOTE: The main axis should be parallel to the muscle

fibers.

2. Dissect the muscle graft using delicate dissecting scissors following the

main axis of the muscle fibers. Use magnifying loupes as needed.

3. Gently excise adipose tissue and the muscle fascia from the muscle graft us-
ing dissecting scissors.
2. Keep the harvested muscle in a moist gauze with 0.9% NaCl sterile until utilization

in section 4.

3. Repeatsteps 3.1-3.2 for each muscle graft, based on the number of nerves and cor-
responding nerve fascicles to be wrapped with a prepared free muscle graft for an

RPNI construct.

4. RPNI construct fabrication
1. Expose the nerve, already isolated and divided in fascicles.

2. Place the fascicle on the muscle graft so that the distal stump falls in the central
or proximal third of the muscle graft while having its orientation parallel to
the muscle fibers. NOTE: A parallel orientation is preferred to optimize successful

axonal reinnervation.

3. Secure the nerve stump in the center of the longitudinal axis of the muscle graft

using 6-0 non-resorbable monofilament sutures. Add one more stitch to secure the
nerve at the proximal edge of the muscle graft. NOTE: Do not suture the nerve end

into the muscle graft; the transected portion of the nerve remains free.
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4. Fold the muscle graft around the fascicle and secure it with a 6-0 interrupted or
continuous non-resorbable monofilament suture.

5. Repeat steps 4.1-4.4 for each fascicle.

6. Perform blunt dissection in the residual limb to provide a protected area where
each RPNI can lie comfortably and out of weight-bearing surfaces of the limb.
Where possible, offset the location of each RPNI in series.

7. Close the surgical wounds in layers.

NEUROMA 1

Figure 10: Figures explaining the single steps for RPNI: 1) Identify and isolate the nerve with the painful neuroma. Mo-
bilize the nerve and transect the neuroma up to healthy neural fascicles. 2) Perform longitudinal intraneural dissec-
tions from the distal end of the nerve. The number of neural fascicles depends on amputation level and the size of the
nerve. 3) Identify a healthy native donor muscle and harvest a muscle graft with the dimensions: 3 cm (length) x 1.5
cm (width) x 0.5 cm (thickness). 4) Place the fascicle in the muscle graft so the stump falls in the center of the muscle
graft while having its orientation parallel to the muscle fibers. Secure the nerve within the muscle graft with sutures
proximally and distally of the nerve stump. 5) Fold the muscle graft around the fascicle and secure. (Copyright Petter-
sen et al,, 2024 45)
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Figure 11: Surgery pictures explaining the single steps for RPNI: 1. Identify the nerve or the painful neuroma under
blunt dissection. Gently isolate the nerve or neuroma with fine instruments. Use loupe magnification if needed. 2. Mo-
bilize the nerve and transect or transect the neuroma up to healthy neural fascicles using a commercial nerve cut-
ting/preparation set. 3. Make longitudinal intraneural dissections from the distal end of the nerve for about 2-3 cm with
straight microscissors. The number of fascicles will depend on the amputation level and the size of the nerve. Ensure
that the diameter of each fascicle is a maximum of 4-6 mm. 4. Identify a healthy native donor muscle as a source for
obtaining a free muscle graft. Harvest the muscle graft as follows: a) Ensure that each graft has the dimensions 3 cm
(length) x 1.5 cm (width) x 0.5 cm (thickness). b) Dissect the muscle graft using delicate dissecting scissors following
the main axis of the muscle fibers. c) Gently excise adipose tissue and the muscle fascia from the muscle graft using
dissecting scissors. 5.-6. Expose the nerve, already isolated and divided in fascicles. Place the fascicle on the muscle
graft so that the distal stump falls in the central or proximal third of the muscle graft while having its orientation parallel
to the muscle fibers. Secure the nerve stump in the center of the longitudinal axis of the muscle graft using 6-0 non-
resorbable monofilament sutures. Add one more stitch to secure the nerve at the proximal edge of the muscle graft. 7.
Fold the muscle graft around the fascicle and secure it with a 6-0 interrupted or continuous non-resorbable monofila-
ment suture. Repeat steps for each fascicle. 8. Perform blunt dissection in the residual limb to provide a protected area
where each RPNI can lie comfortably and out of weight-bearing surfaces of the limb. Where possible, offset the location
of each RPNI in series. Close the surgical wounds in layers. (Copyright: Almuth Siefke, MHH)

Refresher: Basic principles of peripheral nerve surgery

The basic principles of peripheral nerve surgery include meticulous dissection using ap-
propriate magnification, careful handling, and protection of the nerve. For coaptation,
please reinforce a suture with two or three 8-0 non-resorbable monofilament sutures (or
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equivalent) that secure the donor nerve epineurium to the fascia and epimysium sur-
rounding the recipient nerve. Ensure that the coaptation is performed with neither ten-
sion nor excessive redundancy.”47-49

The nervous tissue should lie comfortably and away from the weight-bearing surfaces of
the limb. It also entails managing associated soft tissue and bony components to optimize
the outcome. Additionally, postoperative protection of the nerve suture for three weeks,
rehabilitation, and monitoring are essential components of successful surgery.”47-49

Literature Review

Our literature research conducted on April 18, 2024, targeted research published on this
subject after November 2021, building upon previous reviews®? examining the impact of
TMR and RPNI on PLP and RLP. The search yielded 16 systematic literature reviews, 3
prospective cohort studies, 10 retrospective cohort studies, 2 retrospective chart reviews,
1 observational cost-benefit study, and 2 case control studies, categorized with Levels of
Evidence (LoE) of 1, 2, or 3. Following we summarized the result we grouped into thera-
peutical approach, preventive approach, surgical considerations, post-operative care, and
combat-related surgical considerations.

I Therapeutical approach

1.1 Recommendation adapted/new

Grade of recommendation | Surgical techniques addressing symptomatic neuroma can
(GoR): GoR A effectively reduce phantom limb pain.
Sources:

De Lange et al. (2022) LoE II

Dumanian et al. (2019) LoE Ib

Level of evidence: II Consensus strength:

11
Strongly disagree | Disagree Neutral Agree Strongly agree
1.2 Recommendation adapted/new

Grade of recommendation: | If PLP and concomitant NP occur, surgical interventions
GoRB should be applied as soon as possible to avoid chronifica-
tion of pain.

Sources:

Goodyear et al. (2024) LoE III

Yuan et al. (2024) LoE Ila

Level of evidence: II-1II Consensus strength:
1.2
Strongly disagree | Disagree Neutral Agree Strongly agree
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II Preventive approach

2.1 Recommendation adapted/new
Grade of recommendation: | Early consideration of TMR and RPNI as preventive
GoR A measures help to minimize the risk of phantom limb pain
in individuals undergoing amputation.

Sources:

De Lange et al. (2022) LoE II

Yuan et al. (2022) LoE Ila

Level of evidence: II Consensus strength:
2.1
Strongly disagree | Disagree Neutral Agree Strongly agree

III Surgical considerations

3.1 Recommendation adapted/new

Grade of recommendation: | Adhere to the basic principles of peripheral nerve surgery
GoRB when carrying out Targeted Muscle Reinnervation (TMR)
and Regenerative Peripheral Nerve Interface (RPNI) proce-
dures in order to achieve successful outcomes.

Sources:

Pettersen et al. (2024) LoE V

De Lange et al. (2022) LoE II

Level of evidence: III Consensus strength:

3.1
Strongly disagree | Disagree Neutral Agree Strongly agree
3.2 Recommendation adapted/new

Grade of recommendation: | Phantom limb pain and residual limb pain interact with
GoRB each other. During residual limb revision surgery address
other relevant conditions contributing to residual limb
pain as bone spurs, ischemia, and scars etc. to improve the
chances of achieving pain relief.

Sources:

Liu et al. (2015) LoE III

Erlenwein et al. (2021) LoE V

Level of evidence: IV Consensus strength:
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3.2
Strongly disagree | Disagree Neutral Agree Strongly agree
3.3 Recommendation adapted/new

Grade of recommendation: | To successfully perform TMR, it is recommended to possess
GoRB a comprehensive set of surgical skills and microsurgical
equipment. These skills are essential for carrying out the
procedure with precision and expertise.

Sources:

Pettersen et al. (2024) LoE V

De Lange et al. (2022) LoE II

Level of evidence: III Consensus strength:

I —————
Strongly disagree Disagree Neutral Agree Strongly agree
3.4 Recommendation adapted/new

Grade of recommendation: | RPNI is a suitable alternative for the treatment and preven-
GoRB tion of PLP. It does not require microsurgical equipment
and requires less operative time than TMR. Currently, it
does not allow for myoelectric prosthesis control.
Sources:

Pettersen et al. (2024) LoE V

De Lange et al. (2022) LoE II

Level of evidence: III Consensus strength:
3.4
Strongly disagree | Disagree Neutral Agree Strongly agree
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Chapter 3: Post-operative care

Surgical post-operative care
The postoperative protection of the nerve suture for a period of three weeks, rehabilita-
tion, and monitoring are essential components of successful surgery.”47-49

Prosthetic Rehabilitation

The use of a prosthesis can ease the reduction of sensorimotor incongruence following an
amputation by providing tactile and visual stimuli that are reinforced through the pros-
thesis itself. Wearing and using a prosthesis has a similar pain-relieving effect to mirror
therapy's reorganization of the sensorimotor cortex and phantom pain. Furthermore,
wearing the prosthesis helps the body's "embodiment” process and restores its integrity,
both of which can lessen phantom pain.>® Somatosensory feedback enhances embodi-
ment, lessens phantom pain, and improves prosthesis functionality.>1-53 This beneficial
effect, for example, can be achieved by myoelectric prostheses with or without feedback
systems integrated into the prosthesis socket.38 In addition to the previously mentioned
advantages, these feedback systems provides sensory feedback to the skin, which has
been shown to improve function, safety, mobility, and the skin's sense of agency and own-
ership_1,34,38,53,54

General Rehabilitation

Close long-term follow-up in a multidisciplinary team is crucial for addressing and treat-
ing persistently symptomatic limbs, ultimately leading to increased prosthetic use and
overall improved outcomes for patients.10
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NP = Neuroma Pain
PLP = Phantom Limb Pain Assessment of

RLP = Residual Limb Pain Medical History

Date of Cause of Revision Current Socket & Frequency of Physio & Motivation & Expectations

O Amputation Amputation Surgery Prosthetic Fitting Occupational Therapy Medications el of the Patient
% v v v v v v v v
©) 1
zZ Pain Chargctgristics Intensity EEETEE Motivate Patient to Describe
w Assessment (Adjectives) (NRS 1-10) ed Yy Pain using Adjectives
.
g e e N
P . — Laboratory-chemical Imaging
Examination Physical Examination Examination Techniques
§ § J
Inspect and palpate the Infection parameters (C X-Ray, CT, MRI,
PLP is the perception of pain or discomfort in a residual limb (wounds, signs reactive protein, ) high-resolution
limb that is no longer there. NP is neuropathic of infection), t of liver function ultrasound
pain and can originate from severed nerves in ROM, assessment of gait parameters (incl. albumin
the residual limb. RLP is localized in the and posture with prosthesis, in serum), kidney function
residual limb. NP is categorized as RLP. E‘%“Sm ,f,crele"_'"g for parameters (creatinine, Neuromapain  Residual limb pain Phantom limb pain
mann Tinel sign electrolytes) Copyright: Pettersen et al. (2023)

Diagnostic Criteria from the
AWMF 83 Guidelines:

Phantom
Limb Pain?

Neuroma? Diagnostic Criteria

Combination?
. NP & PLP 1. Pain exhibiting at least three of the
oo of e folowing crtes mus e sl be et Prevention's Gating, sheoteg, slecutying,
_ - . : " . better than cure: If paraesthesia, numbness, or cold
. - 1. Positive Tinel's sign (for There is a strong correlation between NP and PLP: o o H
1. Pain exhibiting at least three of the cutaneous nervesg) { patients affected with PLP show a higher presence :ea::b]e surgical intolerance §
following characteristics: burning, o 2 Response to infiltration of NP or other qualities of RLP in comparison to techniave 2. Symptoms confined (0 a specific
Z cutting, shooting, ying, L with a local anesthetic. patients without PLP. Neuromas can not only trigger ere:aclegc; 3 Re':{roana ‘f’m'ca regllan "
(@] paraesthesia, numbness, or cold 3. Confirmation of a PLP but can also cause localized allodynia, % S of - A history of an actual or suspecte
= intolerance § neuroma through imaging hyperalgesia, and pain hindering prosthesis use. Pf;urrznce o nerve injury
= 2. Symptoms confined to a specific (neurosonography, MRI) Furthermore, other factors such as wound healing a r::chaegy(o T
< neuroanatomical region disorders, osteitis, osteomyelitis, circulatory rp: are the
O 3. Ahistory of an actual or disorders, hematoma, and seroma can also ?esi‘t’iual imb If no further
= nerve injury § » contribute to RLP. Improper residual limb v should be pathology can be
=) High Probability p ion, bone length misali absence of zropl)%&y s_"?: identified primary
for Neuroma fat pad, and structural changes in the residual limb z:’nla withi non-surgical
=z and surrounding tissues over time can also lead to gm uZ!ion (e treatment should be
- RLP. Additionally, hyperhidrosis of the residual limb, Lanpge ot al. considered
ical stress, and Y 2022), Dumanian
1. Sonographic visualization of to adjust to the missing limb can ofm‘(nbute to g‘ al, ()2019) Yuan +
the possible neuroma rr!u§culqskeletal pain dlsorder§. Itis |rr!portant to etal (2022)
2. Infiltration of the neuroma distinguish RLP from other pain conditions such as Please see section
o o with a local i piriformis syndrome, myofascial trigger points, non-surgical
Surgery “ ~J 3. If there is a temporary rar:iiculop_athy, lower back pain, and osteoarthritis of treatment options for
reduction/ elimination of pain, adjacent joints. PLP (medicaments,
this is considered a reliable therapeutical,
diagnostic criterion empowerment, etc.)

Patient must be appropriate
candidate for surgical
intervention (consent and
overall health status)

If other pathologies
are present (bony
prominences,
insufficient soft
tissue coverage,
etc.) they should be
targeted in the same
revision surgery

Regenerative Peripheral Nerve
Implantation

A major nerve is transected, and the end
of this nerve is then sutured into a non-
vascularized autologous muscle graft
taken from the amputated limb. The graft
is wrapped around the nerve end and

» M
£ ®
&)

Targeted Sensory Reinnervation
In contrast to TMR, with TSR the nerve
transfer is not to a muscle branch but

Targeted Muscle Reinnervation
A major mixed or sensory nerve is transected,
and the proximal end of the mixed or sensory
nerve is then transferred and coapted to the directly to a defined sensitive skin
distal nerve end of a transected motor nerve by branch. An area of skin is specifically
end-to-end neurorrhaphy. This provides the reinnervated through end-to-end
nerve with a guide structure via which it grows coaptation of a sensitive donor nerve.
into the muscle and reinnervates it.

33 &

®

# L]
o
i)

After Surgery

Follow up from a specialized
multiprofessional team should be
established (first year at least after
3, 6 and 12 months, then annually
or if problems or pain occur)

If available: Myoprosthetic
fitting using (reconstructed
authentic) motor control signals
generated from the residual
limb (after TMR & RPNI)

Feedback System

If available: Fitting of

(commercially available)
feedback systems at the skin
area of the reinnervated skin

Prosthetic
fitting

-> Pain-reducing effect
-> Restoration of integrity

-> Support of the “embodiment”

-> Reduction of sensorimotor
incongruence through tactile and
visual stimuli

In general: Earliest and most
functional prosthetic fitting

-> Improved function,
safety & mobility

-> Increased sense of

agency and ownership

Reduction or Prevention of Phantom
Limb Pain and Neuroma Pain

Figure 12: Algorithm for the diagnosis and treatment of phantom limb pain (Copyright: Jennifer Ernst, Marlene Arlt,
MHH)
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4.1
Grade of recommendation:
GoRB

DATE: 05/03/2025

IV Post-operative care

Recommendation adapted/new
Nerve sutures should be protected from pressure, forced

bending, and any movements that put excessive stress on
the micro-suture for a period of three weeks.

Sources:

Dellon und Mackinnon (1986) LoE IV

Krishnan et al. (2005) LoE IV

Mackinnon et al. (1985) LoE III

Level of evidence: IV

Consensus strength:

4.1

Strongly disagree \ Disagree Neutral Agree Strongly agree

4.2
Grade of recommendation:
GoR O

Recommendation adapted/new
Long-term follow-up of amputees and revision surgery for

persistently symptomatic limbs can dramatically improve
prosthesis use, function, and quality of life.
Sources:

Tintle et al. (2016) LoE V

Level of evidence: V

Consensus strength:

4.2
Strongly disagree \ Disagree Neutral Agree Strongly agree
4.3 Recommendation adapted/new

Grade of recommendation:
GoRA

A skilled multidisciplinary team approach for long-term
follow-up of amputees is imperative to maximize outcomes.
Sources: World Health Organization. (2017). WHO standards for
prosthetics and orthotics LoE I

American Academy of Orthopaedic Surgeons. (2019). Manage-

ment of limb amputations LoE I

Level of evidence: 1

Consensus strength:

4.3

Strongly disagree | Disagree Neutral Agree Strongly agree

Recommendation adapted/new

Grade of recommendation:
GoRA

The patient should be fitted with a functional prosthesis as

soon as possible after the operation.
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Sources: World Health Organization. (2017). WHO standards for
prosthetics and orthotics LoE I
American Academy of Orthopaedic Surgeons. (2019). Manage-

ment of limb amputations LoE I

Level of evidence: I Consensus strength:
4.4
Strongly disagree | Disagree Neutral Agree Strongly agree
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Chapter 4: Considerations Combat-related Amputations

Special Considerations in Combat Surgery

Combat polytrauma presents unique challenges, particularly in the context of injuries sus-
tained from improvised explosive device blasts. These injuries, often compounded by pen-
etrating trauma from small arms fire, manifest as a distinct pattern of wounds character-
ized by extensive tissue damage and limb loss.>® The anatomical disruption caused by
blast or penetrating injuries can lead to nervous system trauma and subsequent neuro-
pathic pain in various parts of the body.5960

In the realm of combat surgery, time and special considerations are pivotal in striving for
optimal outcomes for the affected individuals. Time sensitivity is paramount in the battle-
field, where prompt medical attention can be the defining factor between life and death.
Further, the constraints of limited resources, challenging working conditions, and the ne-
cessity of prioritizing critical cases underscore the criticality of swift and effective deci-
sion-making in combat surgical procedures. Medical personnel must be well-prepared,
adaptable, and capable of making rapid, sound decisions in order to maximize the pro-
spects of survival and recovery for the injured.>8-60

On the battlefield:

In the context of combat scenarios, tourniquet education is critical in preventing short
amputations. A tourniquet can be used to apply pressure to a limb to control severe bleed-
ing, thereby preventing further damage and reducing the risk of amputation. Proper train-
ing in tourniquet application and awareness of the proper timing and techniques for its
use can significantly impact the outcome of combat injuries. It is essential for individuals
involved in combat situations to be well versed in tourniquet education as part of their
medical training to effectively respond to life-threatening situations and minimize the risk
of short amputations.61-63

The management of post-trauma amputations should prioritize open, length-preserving
techniques to preserve residual limb length and viable tissue. The use of atypical flaps is
recommended to salvage valuable residual limb length and functional joint levels. Keep
viable structures and nerves as long as possible to implement surgical advancements
(TMR, RPNI) to primary amputation. Guillotine amputations result in the sacrifice of re-
sidual limb length and viable tissue.10

Long-term follow-up and potential revision surgery for persistently symptomatic limbs
can significantly enhance prosthesis use, function, and quality of life. Additionally, ad-
dressing accompanying PTSD and psychological disorders through a multidisciplinary ap-
proach is essential for maximizing outcomes. Further advancements, such as osseointe-
gration, has shown to be a viable option for patients who have rejected prosthetic wear
due to the high incidence of short residual limbs in war-related amputations. TMR has
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proven effective in improving the intuitive function of upper extremity prostheses, and
TMR and RPNI are beneficial in preventing or treating symptomatic neuromata.10.64

The energy associated with traumatic injuries often leads to significant soft tissue defects,
higher amputation levels, and increased post-amputation pain. Targeted Muscle Reinner-
vation (TMR), in conjunction with advancements in prosthetic technology and ongoing
military research, offers improved outcomes to aid active-duty service members and fur-
ther war-related (young) amputees in achieving their goals. The capabilities and applica-
tions of TMR and other advancements are rapidly expanding due to its high surgical suc-
cess rate, technological innovations in prosthetic care, and favorable patient outcomes. As
technology continues to evolve to include osseointegration techniques and bidirectional
neuroprosthetic devices, the future of amputation surgery holds immense promise, pre-
senting innovative solutions to optimize patient outcomes.10.64

V Combat related Surgical Considerations

5.1 Recommendation adapted/new

Grade of recommendation: | Amputations after trauma should be managed in an open,
GoR 0 length-preserving fashion; guillotine amputations sacrifice
residual limb length and viable tissue. Subsequent revision
and closure may require the use of atypical flaps of oppor-
tunity to salvage valuable residual limb length, functional
joint levels and innovations within primary amputation to
improve the overall outcome and decrease the incidence of
PLP.

Sources:

Tintle et al. (2016) LoE V

Level of evidence: V Consensus strength:

5.1
Strongly disagree | Disagree Neutral Agree Strongly agree
W Recommendation adapted/new

Grade of recommendation: | TMR, in conjunction with advancements in prosthetic tech-
GoRB nology enables improved outcomes, prosthetic acceptance
and helps to achieve the goals of active-duty service mem-
bers.

Sources:

Rask etal. (2023) LoE III

Level of evidence: III Consensus strength:
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5.2
Strongly disagree | Disagree Neutral Agree Strongly agree

Military Rehabilitation

The majority of the military cohort at the time of injury are young, healthy, fit men who
work in a specific psychosocial environment.>> Veterans of the armed forces are a
unique population with unique health needs and a distinct culture that includes particu-
lar values, ethos, codes of conduct, and obedience to authority.>¢ Additionally, compared
to the general population, they have been found to use opioid medications more fre-
quently and to be at a higher risk of overdosing.
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Supplementary data

I Methods

A systematic literature search was conducted on April 18, 2024, across the following da-
tabases: PubMed, MEDLINE (via PubMed), Cochrane Library, and Google Scholar, using
the following search terms:

PubMed and MEDLINE (via PubMed):

(((Neuroma/ OR Neuralgia/ OR Phantom Limb/ OR neuroma* ) OR ((neuropathic*[Ti-
tle/Abstract] OR phantom*[Title/Abstract] OR stump*[Title/Abstract] OR nerve[Ti-
tle/Abstract]) AD]3 (pain*))) AND ((exp Amputation/ OR Amputation Stumps/ OR Am-
putees/ )) OR (amputat*[Title/Abstract] OR disarticulat*[Title/Abstract] OR ampu-
tee*[Title/Abstract])) AND (Neuroma* Surgery* OR Neuroma* Treatment* OR Surgery*
Phantom Limb Pain*) Filters: MEDLINE, from 2021/11/6 - 2024/4/18

"Regenerative Peripheral Nerve Interface” OR "Regenerative Peripheral Nerve Interfaces"
OR "Targeted muscle reinnervation” Filters: MEDLINE, from 2021/11/6 - 2024/4/18
("Targeted muscle reinnervation") OR ("Regenerative Peripheral Nerve Interface” OR
"Regenerative Peripheral Nerve Interfaces") Filters: Randomized Controlled Trial (only
PubMed)

Cochrane Library:

((neuroma* OR ((neuropathic* OR phantom* OR stump* OR nerve) NEAR/3
(pain*)))):ti,ab,kw AND ((amputat® OR disarticulat* OR amputee*)):ti,abkw (with
Cochrane Library publication date from Nov 2021 to Apr 2024, (Word variations have
been searched))

Google Scholar:

neuroma OR "neuropathic OR phantom OR stump OR nerve pain" AND amputation OR
amputated OR disarticulation OR amputee

Analysis of a German S3 guideline on Data were extracted from PubMed,
the treatment of peripheral nerve MEDLINE, Google Scholar and
injuries Cochrane Library
Search Terms:
“phantom limb | residual limb | neuropathic
I nerve pain” | neuroma | amputation |
amputated | disarticulation | amputee |
i i nerve it
targeted muscle reinnervation

Screening of relevant studies for the surgical treatment of
PLP

Extracted data for characteristics of studies included
information on the participants, examiners, tools examined,
the patient and limb positioning.

Data were extracted from 16 systematic literature reviews, 3
prospective cohort studies, 10 retrospective cohort studies, 2 E=== m
retrospective chart reviews, 1 observational cost-benefit
study and 2 case control studies

Results were assigned with evidence level of the article

Recommendation on current surgical techniques were
retrieved

Figure 13: The graphic illustrates the process of conducting the literature search
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The systematic literature search of the databases identified a total of 865 results. The spe-
cific search terms were documented above. The literature search included studies in Eng-
lish that were published between November 6, 2021, and April 18, 2024. The topic is sur-
gical techniques for neuroma therapy and phantom limb pain reduction or prevention. A
literature search on MEDLINE via PubMed yielded 222 results, a search on PubMed
yielded 386 result, a search on Google Scholar yielded 200 results, and a search on
Cochrane Library yielded 75 results. After screening the titles and abstracts of the studies,
799 results were excluded from the search. 66 studies were screened for eligibility using
full-text screening. The studies were excluded if the following criteria were not met: Only
studies with patients, no animal or cadaver studies. Focus on trauma patients, no studies
solely with cancer patients, diabetes patients, or patients with other diseases. Only studies
with a level of evidence (LOE) 1-3 will be considered. This screening allowed 32 studies
to be excluded from the search. A total of 34 studies were included in this study. The table
can be found in the appendix.

Records identified through
database search

MEDLINE via PubMed: 222
PubMed: 368
Google Scholar: 200
Cochrane Library: 75

Identification

Total: 865

Excluded studies after screening of the
v abstract: Exclusion if the following
2 Records screenend r'nformariz?n i{ not met:
E > 1. V_ear of put_)hcangn
@ 2. Literature in English language
a 3. Surgical techniques for neuroma
therapy and phantom limb pain
reduction or prevention
| Excluded studies after screening of the
full text: Exclusion if the following
Full-text articles assessed information is not met:
> for eligibility > 1. Only studies with patients no
= (n=66) animal or cadaver studies
) 2. Focus on trauma patients no
o studies solely with cancer
patients, diabetes patients, or
patients with other diseases
3. Only studies with a level of
B evidence (LOE) 1-3 will be
considered
Studies included from full-
text screening
g (n=34)
2

Figure 14: PRISMAR flow chart of study selection, own illustration based on Moher et al. (2009)65

35



PAMELA: PREVENTION AND MANAGEMENT OF PHANTOM LIMB PAIN VERSION: 1.0

DATE: 05/03/2025

II Funding

The PAMELA project is financially supported by the Else Kroner-Fresenius Foundation
(grant number 2023_EKHA.107).

III Abbreviations
CNS Central Nervous System
GoR Grade of Recommendation
LoE Level of Evidence
NP Neuroma Pain
PLP Phantom Limb pain
RLP Residual Limb Pain
RPNI Regenerative Peripheral Nerve Interfaces
TMR Targeted Muscle Reinnervation
TSR Targeted Sensory Reinnervation
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VI Appendix

Author Titel APA-Style Citation Statement Study De- | Cohort Size | Amputation | Duration Reported Outcome | Primary (Pre- | RLP/NP Reduc- PLP Reduction Level of
sign Level of the ventive) or | tion Evi-
Study Secondary dence
(Therapeutic) (LOE)
Amputation
Tham, J., Sood, | The effect of tar- Tham, J., Sood, A., Saf- | Despite varying study quality, Systematic | 10 studies; n.a Mean: Pain scores (PRO- Secondary RLP: Mean differ- | PLP: Mean differ- | la bzw.
A., Saffari, T. M. | geted muscle rein- | fari, T. M. & Khajuria, A. | pooled analysis shows a signifi- | review 943 patients 17,9 M. MIS scores & NRS), ence was - 2.68 | ence: -2.17 lla
& Khajuria, A. nervation on post- | (2023). The effect of cant reduction in RLP and PLP and meta- Range: 9,6 | improvement in (p <0.0001) in (p <0.0001) in
amputation pain targeted muscle rein- across all PROMIS domains and | analysis -24,0 M. limb function, com- favor of the TMR | favor of the TMR
and functional out- | nervation on post-am- | significant reduction in NRS plication rates, group group
comes: a system- putation pain and func- | scores in the TMR group. Additi- pain medication &
atic review and tional outcomes: a sys- | onally, TMR demonstrated im- resubmission rates
meta-analysis tematic review and proved functional outcomes for
meta-analysis. Euro- amputees.
pean Journal Of Plastic
Surgery, 46(4), 475—
497.
https://doi.org/10.1007
/s00238-022-02021-5
Hagiga, A., Aly, | Targeted muscle Hagiga, A., Aly, M., There is limited evidence of Systematic | 5 studies; n.a 12 M. Pre- and postoper- | Secondary RLP assessed us- | TMR Group: lla
M., Gumaa, M., [ reinnervation in Gumaa, M., Rehan good quality favoring TMR in re- | review 127 patients Follow-up | ative pain out- ing PROMIS Significantly bet-
Rehan Youssef, | managing post-am- | Youssef, A., & Cubison, | ducing postamputation PLP and | and meta- comes (NRS & PRO- showed signifi- ter PLP assessed
A., & Cubison, T. | putation related T.(2023). Targeted RLP pain compared with stand- | analysis MIS) cantly lower pain | by the NRS & PLP

pain: A systematic
review and meta-
analysis

muscle reinnervation in
managing post-amputa-
tion related pain: A sys-
tematic review and
meta-analysis. Pain
practice : the official
journal of World Insti-
tute of Pain, 23(8),
922-932.
https://doi.org/10.1111
/papr.13262

ard care. Randomized clinical tri-
als are encouraged to compare
the efficacy of different surgical
techniques

intensity in the
TMR group

p-value was con-
sidered to be less
than or equal to
0.05.

assessed using
PROMIS signifi-
cantly lower pain
intensity

p-value was con-
sidered to be less
than or equal to
0.05.
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Berger, L. E., The application of | Berger, L. E., Shin, S., The application of TMR to LE Systematic | 11 studies; Lower Extre- | n.a. Patient-reported n.a. NP: Postopera- Effective in redu- | lla
Shin, S., Haff- targeted muscle Haffner, Z. K., Huffman, | amputations is effective in re- literature | 318 patients | mity outcomes (NRS & tive neuroma de- | cing PLP
ner, Z. K., Huff- | reinnervation in S.S., Spoer, D. L., ducing PLP and RLP with limited | review questionaires), velopment in
man, S. S., lower extremity Sayyed, A. A., Franzoni, | complications. Continued inves- functional outcome 7.2% of the cases
Spoer, D. L., amputations: A G., Bekeny, J. C., Attin- | tigations are warranted to bet- & complications
Sayyed, A. A., systematic review | ger, C. E., & Kleiber, G. | ter understand patient out- Effective in re-
Franzoni, G., Be- M. (2023). The applica- | comes specific to anatomic loca- ducing RLP
keny, J. C., At- tion of targeted muscle | tion using validated patient-re-
tinger, C.E., & reinnervation in lower | ported outcome measures
Kleiber, G. M. extremity amputations: | (PROM).
A systematic review.
Microsurgery, 43(7),
736-747.
https://doi.org/10.1002
/micr.31030
ElAbd, R., Dow, | Pain and Func- ElIAbd, R., Dow, T., Jab- | The literature evidence suggests | Systematic | 39 studies; TMR group: | Mean: 25 | Pain, prosthesis n.a. RLP: Measures PLP scores were | lla
T., Jabori, S., Al- | tional Outcomes ori, S., Alhalabi, B., Lin, | that TMR is a promising therapy | literature | 449 TMR pa- | 309 lower- M. control, life quality, were lower for lower by 10.2
halabi, B., Lin, S. | following Targeted | S.J., & Dowlatshahi, S. | for improving pain, prosthesis review tients, 716 limb & 159 limb function, and cases for inten- points for inten-
J., & Dow- Muscle Reinnerva- | (2024). Pain and Func- | use, and functional outcomes control upper-limb disability sity, behavior, sity (p = 0.01),
latshahi, S. tion: A Systematic | tional Outcomes fol- after limb amputation. group pa- amputations and interference, | 4.67 points for
Review lowing Targeted Muscle tients but they failed to | behavior (p =
Reinnervation: A Sys- Control reach signifi- 0.01), and 8.9
tematic Review. Plastic group: 557 cance points for inter-
and reconstructive sur- lower-limb & ference (p =
gery, 153(2), 494-508. 108 upper- 0.09)
https://doi.org/10.1097 limb ampu-
/PRS.00000000000105 tations
98
Chou, J., Liston, | Traditional Neu- Chou, J., Liston, J. M., & | Passive treatment modalities Systematic | 22 studies n.a n.a Pain and functional | n.a. NP: Passive n.a lla
J. M., & De- roma Management | DeGeorge, B. R. (2023). | can offer reliable pain relief in Review outcomes treatment mo-
George, B. R. Strategies: A Sys- Traditional Neuroma appropriately selected patients | and Meta- dalities can offer
tematic Review Management Strate- but do not allow for nerve re- Analysis reliable pain re-

gies: A Systematic Re-
view. Annals of plastic
surgery, 90(6S Suppl 4),
S350-S355.
https://doi.org/10.1097
/SAP.00000000000033
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generation. As such active, re-
constructive modalities should
be used when possible.

lief in appropri-
ately selected
patients but do
not allow for
nerve regenera-
tion
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Fulton, Z. W., Targeted Muscle Fulton, Z. W., Boothby, | TMR is a technique used for am- | Systematic | 6 studies n.a. Mean: Prosthesis use, Primary & Se- NP: Neuroma n.a lla
Boothby, B. C., Reinnervation for B. C., & Phillips, S. A. putees that can benefit neu- literature 14,55 M. post-TMR opioid condary pain resolution
& Phillips, S. A. | Trauma-Related (2022). Targeted Mus- | roma pain, phantom limb pain, review use, PROMIS & NRS in 88.2% of the
Amputees: A Sys- cle Reinnervation for residual limb pain, and poten- scores for phantom patients. Mean:
tematic Review Trauma-Related Ampu- | tially narcotic use and prosthetic limb pain and re- 86.2%, primary
tees: A Systematic Re- | wear. TMR performed in the sidual limb pain & TMR 91.7%, sec-
view. Cureus, 14(8), acute or delayed setting in this overall pain resolu- ondary TMR
e28474. population appears to have tion/reduction 84.2%
https://doi.org/10.7759 | equally improved outcomes re-
/cureus.28474 lated to pain and function. Lim- Overall pain re-
ited high-quality TMR studies duction/resolu-
have been performed on the tion in 92.9% of
trauma population. This area the patients:
would significantly benefit from Mean: 90.7, pri-
further investigation. mary TMR
91.4%, second-
ary TMR 90.1%
Yuan, M., Gallo, | Targeted Muscle Yuan, M., Gallo, M., The observational data suggests | Systematic | 11 studies n.a. n.an Incidence of neu- Primary NP: The study The evidence lla
M., Gallo, L., Reinnervation and | Gallo, L., Huynh, M., that primary TMR/RPNI reduces | review (search on | roma, phantom evidence sug- suggests that pri-
Huynh, M., Regenerative Pe- McRae, M., McRae, M., | incidence, pain scores and PRO- | and meta- June 1, limb pain and re- gests that mary TMR likely
McRae, M., ripheral Nerve In- Thoma, A., Coroneos, C. | MIS scores of PLP and RLP.The analysis 2021, sidual limb pain. TMR/RPNI may results and RPNI
McRae, M., terfaces Versus J. & Voineskos, S. H. data also suggests that primary studies Severity of Pain, resultin a large may resultin a
Thoma, A., Cor- | Standard Manage- | (2022). Targeted Mus- | TMR/RPNI may reduce inci- from 1946 | Pain intensity, be- reduction in inci- | large reduction
oneos, C. J. & ment in the Treat- | cle Reinnervation and dence of neuromas, but this did to June havior, and inter- dence of neu- in the incidence
Voineskos, S. H. | ment of Limb Am- | Regenerative Periph- not achieve statistical signifi- 2021) ference for PLP and roma formation, | of PLP

putation: A Sys-
tematic Review
and Meta-Analysis

eral Nerve Interfaces
Versus Standard Man-
agement in the Treat-
ment of Limb Amputa-
tion: A Systematic Re-
view and Meta-Analy-
sis. Plastic Surgery,
229255032211074. htt
ps://doi.org/10.1177/2
2925503221107462

cance. Surgeons should weigh
the uncertainty of evidence with
potential harms and benefits
when considering the use of pri-
mary TMR/RPNI in the surgical
management of major limb am-
putations. Going forward, ran-
domized trials are warranted to
evaluate this research question,
particularly to improve the cer-
tainty of evidence.

RLP (PROMIS)

but is limited in
this study due to
evidence from
only one study

RLP: The evi-
dence suggests
that primary
TMR may result
in a large reduc-
tion in the inci-
dence of RLP
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Ryan, C.,
Bhanja, D.,
McNutt, S., Dag-
gubati, L. & Rizk,
E.

Evaluating the Evi-
dence: A System-
atic Review of Tar-
geted Muscle Rein-
nervation for Post-
Amputation Phan-
tom and Residual
Limb Pain

Ryan, C., Bhanja, D.,
McNutt, S., Daggubati,
L. & Rizk, E. (2022). 139
Evaluating the Evi-
dence: A Systematic Re-
view of Targeted Mus-
cle Reinnervation for
Post-Amputation Phan-
tom and Residual Limb
Pain. Neurosur-
gery/Neurosurgery On-
line, 68(Supplement_1),
41.
https://doi.org/10.1227
/neu.00000000000018
80_139

There is insufficient and poor
evidence to recommend TMR
over standard neuroma excision
for the reduction of PAP. The lit-
erature remains inconsistent
due to the lack of validated pain
scale data and variable results
based on the amputation/ TMR
site. This highlights the im-
portance for a national registry
to compare outcomes across
surgical techniques.

Systematic
literature
review

23 studies: 1
study LOE 1
(RCT), 3
studies LOE
2 & 19 stud-
ies LOE 4

n.a.

n.a.
(Search
until
March
2021)

Pain resolution,
level of amputa-
tion, time from am-
putation to TMR,
time from TMR to
follow-up and re-
ported pain scales
(NRS & PROMIS)

Secondary

There is insuffi-
cient and poor
evidence to rec-
ommend TMR
over standard
neuroma exci-
sion for the re-
duction of Post-
Amputation
Phantom and Re-
sidual Limb Pain

There is insuffi-
cient and poor
evidence to rec-
ommend TMR
over standard
neuroma exci-
sion for the re-
duction of Post-
Amputation
Phantom and Re-
sidual Limb Pain

lla

Le, E., Greyson,
M. A., Constan-
tine, R.S. &
lorio, M. L.

A review of pain
outcomes follow-
ing targeted mus-
cle reinnervation in
lower extremity
limb pain

Le, E., Greyson, M. A.,
Constantine, R. S. &
lorio, M. L. (2022). A re-
view of pain outcomes
following targeted mus-
cle reinnervation in
lower extremity limb
pain. Pastic And Aest-
hetic Research, 9(9),
55. https://doi.org/10.2
0517/2347-
9264.2022.47

Primary and Secondary TMR
does prevent and improve PLP,
RLP, and GLP; however, a minor-
ity of studies report quantifiable
pain outcomes. All future TMR
studies should include validated
pain outcomes to better quan-
tify the expected pain and qual-
ity of life improvements after
lower extremity TMR

Systematic
literature
review

10 studies,
414 patients

341 lower
extremities
90 upper
extremities

n.a.
(search
between
January
1997 to
April
2022)

Pain outcome (NRS
& PROMIS)

Primary & Se-
condary

Average primary
TMR PROMIS
scores for PLP
and RLP were
lower than am-
putees without
primary TMR.
Average NRS
scores and PRO-
MIS Pain scores
in secondary
TMR demon-
strated improve-
ments in PLP,
RLP, and GLP
(General limb
pain). Primary
and Secondary
TMR does pre-
vent and im-
prove PLP, RLP,
and GLP; how-
ever, a minority
of studies report
quantifiable pain
outcomes.

Average primary
TMR PROMIS
scores for PLP
and RLP were
lower than am-
putees without
primary TMR.
Average NRS
scores and PRO-
MIS Pain scores
in secondary
TMR demon-
strated improve-
ments in PLP,
RLP, and GLP
(General limb
pain). Primary
and Secondary
TMR does pre-
vent and im-
prove PLP, RLP,
and GLP; how-
ever, a minority
of studies report
quantifiable pain
outcomes.

lla
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Power, D., Cur- | Surgical Treatment | Power, D., Curtin, C., End-neuroma treatment with Prospec- 73 patients 50 upper- 24 M. Pain (VAS-Pain Secondary NP: Mean VAS- n.a IIb
tin, C., Bel- of Symptomatic Bellemeére, P., Nyman, excision and capping resulted in | tive (46 patients | extremity Follow-up | score), function, Pain score at
lemere, P., Ny- End-Neuroma With | E., Pajardi, G., Isaacs, J., | long-term significant reduction Cohort completed 23 lower- recurrence of baseline was
man, E., Pajardi, | a New Bioresorba- | & Levin, L. S. (2023). in reported pain, disability, and | Study 24 m. fol- extremity symptomatic neu- 70.2 +17.8 (scale
G., Isaacs, J., & ble Copolyester Surgical Treatment of analgesic medication use. Ad- low-up) roma, use of anal- 0-100) and de-
Levin, L. S. Nerve Capping De- | Symptomatic End-Neu- | verse event rate was low gesics & adverse creased signifi-
vice: A Multicenter | roma With a New Bio- events cantlyto31+
Prospective Cohort | resorbable Copolyester 32.5(p <0.001)
Study Nerve Capping Device:
A Multicenter Prospec-
tive Cohort Study. An-
nals of plastic surgery,
91(1), 109-116.
https://doi.org/10.1097
/SAP.00000000000035
96
de Lange, J. W. Prevalence of post- | de Lange, J. W. D., Dur- | This study shows that persistent | Prospec- 120 patients | 50 patients min. 12 M. | Short Form DN4 (S- | Secondary Amputation n.a IIb
D., Duraku, L. S., | traumatic neuro- aku, L. S., Power, D. M., | pain and neuropathic pain are tive with 91 digi- | Follow-up, | DN4) to assess group: 32% of
Power, D. M., pathic pain after Rajaratnam, V., van der | common after finger trauma Cohort tal amputa- | Amputa- neuropathic pain, the patients had
Rajaratnam, V., | digital nerve repair | Oest, M. J. W., Selles, R. | with nerve damage. One of the | Study tions & 70 tion age, BMI, diabetes, pain (18% neuro-
van der Oest, and finger amputa- | W., Huygen, F.J. P. M., | significant prognostic factors in patients Group: tobacco depend- pathic pain &
M. J. W, Selles, [ tion Hundepool, C. A., & Zui- | developing neuropathic pain is with 87 fin- | Mean 44 ence, treatment 14% non-neu-
R. W., Huygen, dam, J. M. (2022). Prev- | treatment delay between gers with M. (Range | side, hand domi- ropatic)
F.J. P. M., Hun- alence of post-trau- trauma and time of digital nerve digital nerve | 22-97 M.) | nance and type of
depool, C. A., & matic neuropathic pain | repair, which is of major clinical repair & Nerve trauma; sharp or Digital nerve
Zuidam, J. M. after digital nerve re- relevance for surgical planning Repair crush, time be- group: 38% of
pair and finger amputa- | of these injuries. Treatment de- Group: tween trauma and patients re-
tion. Journal of plastic, | lay of longer than three weeks Mean 55 treatment, and ad- ported pain (14%
reconstructive & aes- has a significant higher chance M. (Range | ditional pain treat- neuropathic pain
thetic surgery : in developing neuropathic pain, 18-109 ment during fol- & 24% non-neu-
JPRAS, 75(9), 3242— which may modify current clini- M.) low-up, such as a ropathic)

3249.
https://doi.org/10.1016
/j.bjps.2022.06.033

cal practice; however, a pro-
spective randomized trial should
be conducted to verify this con-
clusion.

visit to a pain phy-
sician or further
operation
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Reid, R. T., John- | Impact of Timing of | Reid, R. T., Johnson, C. | TMR is an effective procedure to | Prospec- 43 patients, | n.a Two Fol- VAS pain scores Secondary VAS: Delayed n.a IIb
son, C. C., Gas- | Targeted Muscle C., Gaston,R.G., & reduce pain following major tive 25 patients low-ups: and patient-re- TMR group: 5.2
ton,R.G., & Reinnervation on Loeffler, B. J. (2024). limb amputation. Patients with | Cohort in acute 1. 4.-8. M. | ported opioid con- (intermediate) &
Loeffler, B. J. Pain and Opioid In- | Impact of Timing of Tar- | TMR performed acutely had sig- | Study TMR group post OP 2. | sumption 6.2 (final) Acute
take Following Ma- | geted Muscle Reinner- | nificantly lower VAS pain scores & 18 pa- ? TMR group: 1.9
jor Limb Amputa- vation on Pain and Opi- | at both intermediate and final tients in de- (intermediate) &
tion oid Intake Following follow-up than patients with layed TMR 1.9 (final)
Major Limb Amputa- TMR performed in a delayed group Intermediate p =
tion. Hand (New York, setting. .01
N.Y.), 19(2), 200-205. Final p =.002
https://doi.org/10.1177
/15589447221107696
Lin, Z., Yu, P., Regenerative pe- Lin, Z., Yu, P., Chen, Z., | This study suggested that RPNI Retrospec- | 14 patients, | 14 lower 3.M&6. General infor- Primary NRS3M.:TA6.4 | n.a. 1]
Chen, Z., & Li, G. | ripheral nerve in- & Li, G. (2023). Regen- | can effectively prevent the for- | tive cohort | 7 RPNI & 7 extremity M & 12 M. | mation, pathology + 1.1 RPNI 4.3
terface reduces the | erative peripheral mation of symptomatic neu- study traditional Follow-up | of primary disease, +1.0 (p=0.002)
incidence of neu- nerve interface reduces | roma after amputation using ul- amputation history of limb-sal- NRS 6 M.: TA
roma in the lower | the incidence of neu- trasound. (TA) vage treatment, 6.9 + 1.3 RPNI
limbs after ampu- roma in the lower limbs amputation level of 3.1+0.7
tation: a retrospec- | after amputation: a ret- nerve & pain scales (p<0.001)
tive study based on | rospective study based (NRS and MFPDI)
ultrasound on ultrasound. Journal MFPDI 3 M.: TA
of orthopaedic surgery 37.9+£2.3RPNI
and research, 18(1), 34.7+2.7
619. (p=0.036)
https://doi.org/10.1186 MFPDI 6 M.: TA
/s13018-023-04116-6 39.4+ 1.1 RPNI
28.4+1.8
(p<0.001)
Maslow, J. ., Digital Nerve Ma- Maslow, J. I., LeMone, Digital nerve end-to-end neu- Retrospec- | 54 patients 54 upper n.a. (2010 | Development of a Primary NP: Significantly | n.a I}
LeMone, A., nagement and A., Scarola, G. T., Loef- | rorrhaphy is a method for neu- tive cohort extremity to 2020) neuroma, revision fewer patients
Scarola, G. T., Neuroma Preven- fler, B. J., & Gaston, R. roma prevention in partial hand | study (hand or di- surgery, complica- reported persis-
Loeffler, B. J., & | tion in Hand Ampu- | G. (2023). Digital Nerve | amputations that results in de- gital ampu- tions & visual ana- tent pain if an
Gaston, R. G tations Management and Neu- | creased residual hand pain with- tation) log pain scores end-to-end coap-

roma Prevention in
Hand Amputa-

tions. Hand (New York,
N.Y.), 18(5), 838—844.
https://doi.org/10.1177
/15589447211065074

out increase complications. De-
pression and worker's compen-
sations status were significantly
associated with symptomatic
neuroma formation.

tation was per-
formed (0% vs.
11.8%, p <.01)
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Goodyear, E. G., | Targeted Muscle Goodyear, E. G., Patients who underwent acute Cross-sec- | 103 patients | n.a min. 6 M. | Symptomatic neu- | Primary & Se- | Symptomatic Acute TMR pa- I}
O'Brien, A. L., Reinnervation at O'Brien, A. L., West, J. TMR reported improved pain tional, ret- | (73 acute Follow-up, | roma recurrence, condary neuromas recur: | tients reported
West, J. M., the Time of Ampu- | M., Huayllani, M. T., scores and a decreased rate of rospective | TMR limbs acute TMR | surgical complica- Acute 1%, De- significantly
Huayllani, M. T., | tation Decreases Huffman, A. C., Souza, neuroma formation compared chart re- and 32 de- mean Fol- | tions, PROMIS pain layed 19% (p< lower PLP PRO-
Huffman, A. C., | Recurrent Sympto- | J. M., Schulz, S. A., & with TMR performed in a de- view layed TMR low-up: intensity, interfer- 0.05). MIS pain inter-
Souza, J. M., matic Neuroma Moore, A. M. (2024). layed fashion. These results limb) 34,5 M. ence, and behavior Acute TMR pa- ference (P <
Schulz, S. A, & Formation Targeted Muscle Rein- | highlight the promising role of delayed scales and an 11- tients reported 0.05) in compari-
Moore, A. M. nervation at the Time TMR in the prevention of neuro- TMR mean | point numeric rat- significantly son to the de-
of Amputation De- pathic pain and neuroma for- Follow-up: | ing scale (NRS) lower RLP PRO- layed group.
creases Recurrent mation at the time of amputa- 40 M. form MIS pain inten-
Symptomatic Neuroma | tion. sity (P < 0.05),
Formation. Plastic and and RLP PROMIS
reconstructive surgery, pain interference
153(1), 154-163. (P <0.05) scores
https://doi.org/10.1097 in comparison to
/PRS.00000000000106 the delayed
92 group.
Lu, V., Zhou, A., | Variationon a Lu, V., Zhou, A., & Surgical insertion of nerve end- | Retrospec- | 44 patients Lower Extre- | min. 12 M. | NRS pain severity & | Primary RLP: NRS worst PLP: NRS worst 1]
& Krkovic, M. technique for the Krkovic, M. (2023). Var- | ings into adjacent muscle bellies | tive cohort | (8 nerve in- | mity Follow-up, | PROMIS pain inten- Pain NI 2.6 Con- | Pain NI 3.5 Con-
intra-muscular in- iation on a technique during lower limb amputation is | study sertion pati- Mean Fol- | sity, interference, trol 4.44 trol 4.89
sertion of nerve for the intra-muscular | a simple yet effective way of ents (NI) & low-up NI | and behavior scales (P=0.035). Mean | (P=0.298). Mean
endings to mini- insertion of nerve end- | minimising PLP and RLP, improv- 36 standard 18,5 M. & | & Neuro-QolL ‘best pain’ and ‘best pain’ and
mise neuropathic ings to minimise neuro- | ing patients' subsequent quality treatment Mean Fol- | Lower Extremity ‘current pain’ ‘current pain’
and residual pain in | pathic and residual pain | of life. Additional comparisons patients low-up Function assessing scores were also | scores were also
lower limb ampu- in lower limb ampu- with targeted muscle reinnerva- (Control)) Standard mobility superior in the NI | superior in the NI
tees: a retrospec- tees: a retrospective tion should be performed to de- 26,75 M. cohort for RLP cohort for PLP

tive cohort study

cohort study. European
journal of orthopaedic

surgery & traumatology
: orthopedie traumatol-
ogie, 33(4), 1299-1306.
https://doi.org/10.1007
/s00590-022-03281-4

termine the optimal treatment
option.

(p=0.018,

p =0.134). Mean
PROMIS t scores
(NI vs. Control):
40.1 vs 49.4 for
pain intensity;
p=0.014,44.4 vs
48.2 for pain in-
terference;
p=0.085,42.5vs
49.9 for pain be-
haviour;

p =0.025.

(p =0.003,

p =0.022). Mean
PROMIS t scores
(NI vs. Control):
42.5vs 52.7 for
pain intensity;
p=0.018; 45.0 vs
51.5 for pain in-
terference;
p=0.015, 46.3 vs
51.1 for pain be-
haviour;
p=0.569
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Denton, S. R., Early Outcomes in | Denton, S. R., McBride, | These findings support the use Retrospec- | 17 patients n.a. min. 12 M. | NRS & PROMIS n.a. RLP: With TMR PLP: Worst pain I}
McBride, C., Targeted Muscle C., Hammond, A. P. & of TMR for reducing RLP in trau- | tive cohort | with TMR, Follow-up significant reduc- | was significantly
Hammond, A. P. | Reinnervation for LoGiudice, A. (2023). matic amputees. Relative to a study other RCT tion worst pain higher in this co-
& LoGiudice, A. | Traumatic Amputa- | Early Outcomes in Tar- | similar group treated without study as scores compared | hort relative to
tions geted Muscle Reinner- | TMR in the comparison study, control with the group the comparison
vation for Traumatic this cohort's RLP was signifi- group with without TMR study's TMR
Amputations. Journal cantly improved. Future studies standard group.
Of Reconstructive Mi- should aim to recruit more am- care
crosurgery Open, putees to allow for analysis of
08(01), e54—e59. functional outcomes, especially
https://doi.org/10.1055 | in upper limb amputees.
/a-2086-5446
Toyoda, Y., Development of Toyoda, Y., McGraw, J. | Development of neuropathic Retrospec- | 68 patients Lower Extre- | min. 12 M. | Patient de- Primary NP: 17 patients n.a. I}
McGraw, J. R., Neuropathic Pain R., Mah’'moud, M., pain after primary TMR/RPNI in | tive cohort | by a single mity Follow-up | mographics, (25%) developed
Mah’moud, M., | after Primary TMR | Sulkar, R., Saikali, L., lower extremity amputation is study surgeon comorbidities, op- new-onset neu-
Sulkar, R., Sai- and RPNIin Lower | Lopez, S. & Kovach, S. J. | not insignificant. Preoperative (TMR 36, erative details & ropathic pain fol-
kali, L., Lopez, S. | Extremity Amputa- | (2024). Development of | comorbidities and level of am- RPNI 53) neuropathic pain lowing the pro-

& Kovach, S. J.

tion: A 4-Year Ret-
rospective Analysis
of Prognostic Fac-
tors

Neuropathic Pain after
Primary TMR and RPNI
in Lower Extremity Am-
putation: A 4-Year Ret-
rospective Analysis of
Prognostic Factors.
Plastic And Reconstruc-
tive Surgery — Global
Open, 12(151), 18.
https://doi.org/10.1097
/01.gox.0001005932.81
450.aa

putation did not significantly af-
fect risk of pain development in
our cohort. Limitations of our
study include small sample size,
heterogeneity of the treated
nerve, and minimum follow up
of one year. Further investiga-
tion with larger patient samples
and longer follow up could help
identify patients at risk of recal-
citrant neuropathies to strate-
gize for optimal outcomes.

cedure (median:
110d; range: 0-
979d)

Of the patients
who developed
these symptoms:
TMR: n=2; RPNI
n=10; TMR &
RPNI n=5
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Smith, T. P.,
Cognetti, D. J.,
Cook, A., Lynch,
T. B., Alderete,
J. F., Lybeck, D.
0., & Dowd, T.
C.

Similar rates of re-
operation for neu-
roma after tran-
stibial amputations
with and without
targeted muscle
reinnervation

Smith, T. P, Cognetti,
D.J., Cook, A., Lynch, T.
B., Alderete, J. F.,
Lybeck, D. O., & Dowd,
T. C. (2024). Similar
rates of reoperation for
neuroma after transtib-
ial amputations with
and without targeted
muscle reinnervation.
OTA international : the
open access journal of
orthopaedic trauma,
7(1), e297.
https://doi.org/10.1097
/019.000000000000029
7

Symptomatic neuroma is one of
the most common reasons for
revision amputation; however,
this study was unable to demon-
strate a difference in revision
surgery rates for neuroma for
patients undergoing primary
transtibial amputation with or
without targeted muscle rein-
nervation.

Retrospec-
tive cohort
study

112 pa-
tients; 29
with TMR &
83 without
TMR

Lower Extre-
mity (TT)

Median:
14,4 M.

Demographics, in-
dications for ampu-
tation, amputation
technique, includ-
ing TMR or RPNI, if
performed, revi-
sion surgery & VAS
pain score

Primary

VAS: 2 weeks
Post-Op TMR:
3.26+2.44 (n=
27), no TMR:
3.33+2.58(n=
64) with no sig-
nificant differ-
ence in VAS
scores between
TMR and no TMR
at 2 weeks
(p=0.91).

6 weeks Post-Op
TMR: 2.21 +2.20
(n =28), no TMR:
1.83+2.17 (n=
64) with no sig-
nificant differ-
ence between
TMR and no TMR
at 6 weeks
(p=0.43).

NP: Reoperation
rates for neu-
roma TMR: 3.6%,
n=1/28, no
TMR: 4.0%, n =
3/75 (p=0.97).

n.a.
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Suresh, V., Use of Vascular- Suresh, V., Schaefer, E. | This study demonstrated favora- | Retrospec- | 9 patients (2 | Upper Extre- | Follow-up | VAS pain score Primary & Se- | Postoperative (n=2) experi- I}
Schaefer, E. J., ized, Denervated J., Calotta, N. A,, Giladi, | ble short-term outcomes in a tive chart | pediatric mity (5 56+4.1 condary pain score: 1.1 enced some de-
Calotta, N. A,, Muscle Targets for | A. M., & Tuffaha, S. H. small cohort of patients treated | review and 7 adult) | transradial, M., Range: (n=7) range, 0-8; | gree of PLP
Giladi, A. M., & | Prevention and (2022). Use of Vascular- | with VDMTs in the upper ex- 1 transhu- 0.5-13.2 (n=6) Pain score:
Tuffaha, S. H. Treatment of Up- ized, Denervated Mus- | tremity. Larger, prospective, and meral) M. 0, (n=1) Pain
per-Extremity Neu- | cle Targets for Preven- | comparative studies with vali- score: 8
romas tion and Treatment of dated patient-reported and ob-
Upper-Extremity Neu- jective outcome measures and
romas. Journal of hand | longer-term follow-ups are
surgery global online, needed to further evaluate the
5(1), 92-96. benefits of VDMTs in upper-ex-
https://doi.org/10.1016 | tremity neuroma management
/j.jhsg.2022.06.001 and prevention.
Zamore, Z., Economic Cost- Zamore, Z., Yesan- Evaluation of costs and utilities Observati- | n.a n.a n.a. (data PROMIS, NRS & n.a. n.a n.a 1]
Yesantharao, P., | Benefit Analysis of | tharao, P., Aravind, P., associated with the various sur- | onal Cost- from quality-adjusted
Aravind, P., & "Nerve Implanted | & Dellon, A. L. (2024). gical options for management of | Benefit 2020) life years (QALYs)
Dellon, A. L. into Muscle" ver- Economic Cost-Benefit | painful neuromas suggest that Study

sus "Targeted Mus-
cle Reinnervation"
versus "Regenera-
tive Peripheral
Nerve Interface",
for Treatment of
the Painful Neu-
roma

Analysis of "Nerve Im-
planted into Muscle"
versus "Targeted Mus-
cle Reinnervation" ver-
sus "Regenerative Pe-
ripheral Nerve Inter-
face", for Treatment of
the Painful Neuroma.
Journal of reconstruc-
tive microsurgery,
10.1055/a-2273-3940.
Advance online publica-
tion.
https://doi.org/10.1055
/a-2273-3940

nerve implantation into muscle
is the least expensive option
with the best improvement in
QALY, while demonstrating
comparable outcomes to TMR
and RPNI with regards to pain
symptoms.
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Chang, B. L., Targeted Muscle Chang, B. L., Monds- Targeted muscle reinnervation Retrospec- | 200 patients, | TMR group TMR: 9,6 = | Presence of resid- Primary TMR group TMR group I}
Mondshine, J., Reinnervation Im- hine, J., Attinger, C. E. reduces pain and improves am- | tive cohort | 100 TMR & Lower limb = | 5.7 M. Fol- | ual and phantom 14% 19%
Attinger, C. E. & | proves Pain and & Kleiber, G. M. (2021). | bulation in patients undergoing | study control 100 low-up, limb pain, pain se-
Kleiber, G. M. Ambulation Out- Targeted Muscle Rein- | below-knee amputation, which group 100 Control: verity, opioid use, General group General group
comes in Highly nervation Improves may be critical in improving General 18,5+ ambulation ability, 57% 47%
Comorbid Ampu- Pain and Ambulation morbidity and mortality rates in group 14.5 M. and mortality rates
tees Outcomes in Highly this comorbid patient popula- Lower limb = | Follow-up p<0.01 p<0.01
Comorbid Amputees. tion. 10
Plastic And Reconstruc-
tive Surgery, 148(2),
376-386.
https://doi.org/10.1097
/prs.000000000000815
3
Kang, N. V., A consecutive se- Kang, N. V., Woollard, TMR surgery appeared to re- Retrospec- | 36 patients Upper limb = | Baseline, Changes in NP and | Secondary Upper limb Upper limb I}
Woollard, A., ries of targeted A., Michno, D. A,, Al- lieve both NP and PLP although | tive cohort 11 3, 6-and PLP levels, surgical 53%, p = 0.006 44%, p = 0.007
Michno, D. A., muscle reinnerva- | Ajam, Y., Tan, J., & Han- | the retrospective nature of this | study Lower limb = | 12-months | techniques, com-
Al-Ajam, Y., Tan, | tion (TMR) cases sen, E. (2022). A con- study limits the strength of this 29 plications, and sat- Lower limb Lower limb
J., & Hansen, E. | for relief of neu- secutive series of tar- conclusion. However, complica- isfaction with TMR 43.5%, p < 26%, p = 0.009
roma and phantom | geted muscle reinner- tion rates were high, and it is 0.0001

limb pain: UK per-
spective

vation (TMR) cases for
relief of neuroma and
phantom limb pain: UK
perspective. Journal of
plastic, reconstructive
& aesthetic surgery :
JPRAS, 75(3), 960-969.
https://doi.org/10.1016
/i-bjps.2021.09.068

crucial for surgeons and patients
to fully understand the course
and outcomes of this novel sur-
gery prior to undertaking treat-
ment.
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Chang, B. L., Primary Targeted Chang, B. L., Hill, A. L., TMR can safely and effectively Retrospec- | 41 patients Through or | TMR:Jan- | Comorbidities Primary RLP: TMR 26.8%, | PLP: TMR 19.5%, [ I
Hill, A. L., Muscle Reinnerva- | Mondshine, J., Harbour, | be performed at time of a tive cohort | with TMR & | above-knee | uary 2018 | (Charlson Comor- no TMR 44.8% no TMR 43.1%
Mondshine, J., tion in Above-Knee | P. W., Episalla, N. C., At- | through- and above-knee level study 58 patients | amputation | toJune bidity Index), pres- (p=0.04) (p=0.02)
Harbour, P. W., | Amputations in Pa- | tinger, C. E., & Kleiber, | amputation and improves pain control 2021, Con- | ence and absence
Episalla, N. C., tients with Unsal- G. M. (2024). Primary outcomes. group trol: Janu- | of RLP and PLP, Overall pain:
Attinger, C. E., & | vageable Limbs Targeted Muscle Rein- ary 2014 overall pain sever- TMR 41.5%, no
Kleiber, G. M. from Limb-Threat- | nervation in Above- to Decem- | ity, chronic nar- TMR 67.2%
ening Ischemia or Knee Amputations in ber 2017 cotic use, ambula- (p=0.01)
Infection Patients with Unsal- tory status, and
vageable Limbs from complications
Limb-Threatening Is-
chemia or Infection.
Journal of reconstruc-
tive microsurgery,
40(2), 109-117.
https://doi.org/10.1055
/a-2086-0395
Shammas, R. L., | Primary Targeted Shammas, R. L., Azoury, | Despite an increased incidence Retrospec- | 96 patients, | Below-knee |n.a. Incidence of major | Primary n.a. n.a I}
Azoury, S. C., Muscle Reinnerva- | S. C., Sergesketter, A. of postoperative complications, | tive cohort | 31 with TMR | amputation or minor complica-
Sergesketter, A. | tion after Below- R., Lee, H.J., Poehlein, | undergoing below-knee ampu- study & 65 wit- tions within 60
R., Lee, H. J., Knee Amputation E., Othman, S. E., Ca- tation with targeted muscle hout days
Poehlein, E., Is Not Associated son, R. W., Levinson, H., | reinnervation does not confer a
Othman, S. E., with an Increased Kovach, S. J., & Mithani, | statistically significant increased
Cason, R. W., Risk of Major or S. K. (2022). Primary risk of major or minor complica-

Levinson, H.,
Kovach, S. )., &
Mithani, S. K.

Minor Surgical
Complications: A
Multi-Institutional,
Propensity Score-
Matched Analysis

Targeted Muscle Rein-
nervation after Below-
Knee Amputation Is Not
Associated with an In-
creased Risk of Major
or Minor Surgical Com-
plications: A Multi-Insti-
tutional, Propensity
Score-Matched Analy-
sis. Plastic and
reconstructive surgery,
150(3), 589-598.
https://doi.org/10.1097
/PRS.00000000000094
41

tions. Future studies are needed
to delineate patient selection
criteria when assessing the suit-
ability of targeted muscle rein-
nervation at the time of major
limb amputation.

53




Langeveld, M.,
Bosman, R.,
Hundepool, C.
A., Duraku, L. S.,
McGhee, C., Zui-
dam, J. M., Bar-
ker, T., Juszczak,
M., & Power, D.
M.

Phantom Limb Pain
and Painful Neu-
roma After Dysvas-
cular Lower-Ex-
tremity Amputa-
tion: A Systematic
Review and Meta-
Analysis

Langeveld, M., Bosman,
R., Hundepool, C. A,,
Duraku, L. S., McGhee,
C., Zuidam, J. M.,
Barker, T., Juszczak, M.,
& Power, D. M. (2024).
Phantom Limb Pain and
Painful Neuroma After
Dysvascular Lower-Ex-
tremity Amputation: A
Systematic Review and
Meta-Analysis. Vascular
and endovascular sur-
gery, 58(2), 142-150.
https://doi.org/10.1177
/15385744231197097

This meta-analysis demon-
strates the high prevalence of
phantom limb pain after dysvas-
cular LLA. Given the often pro-
longed and disabling nature of
neuropathic pain and the diffi-
culties managing it, more con-
sideration needs to be given to
strategies to prevent it at the
time of amputation.

Systematic
Review
and Meta-
Analysis

12 studies;
1924 pati-
ents

Lower Extre-
mity

n.a.
(Search:
October
5th, 2022)

Presence of PLP
and symptomatic
neuroma with Pain
scores (VAS &
NRS), Kooijman
Phantom Pain
Questionnaire,
Groningen Ques-
tionnaire of Prob-
lems after Leg Am-
putation, Dysvas-
cular Conditions
Scale Question-
naire, Phantom
phenomena ques-
tionnaire and Ha-
ber’s Phantom
Limb Questionnair

Secondary

69% of patients
experience phan-
tom limb pain
(95% Cl 53-86%)

NP: 5% in 1
study

PLP: (0-10) ran-
ged between 2.3
+1.4and55%.7

Illa

Walsh, A. R., Lu,
J., Rodriguez, E.,
Diamond, S., &
Sultan, S. M.

The Current State
of Targeted Muscle
Reinnervation: A
Systematic Review.

Walsh, A. R, Lu, J., Ro-
driguez, E., Diamond,
S., & Sultan, S. M.
(2023). The Current
State of Targeted Mus-
cle Reinnervation: A
Systematic Review.
Journal of reconstruc-
tive microsurgery,
39(3), 238-244.
https://doi.org/10.1055
/s-0042-1755262

While there is evidence that
TMR reduces neuroma-related
pain and improves the quality of
life for amputees, further out-
comes studies are needed to
study the patient experience
with TMR on a larger scale. Es-
tablishing standardized, vali-
dated patient-reported out-
comes assessment tools is criti-
cal to future investigation in this
field.

Systematic
Literature
Review

13 studies;
338 patients

Lower Extre-
mity & Up-
per Extre-
mity

22,3 M.
Follow-up

Geographic loca-
tion, patient de-
mographics, TMR
indication, amputa-
tion level, number
of nerve transfers
performed, length
of follow-up & re-
ported outcomes
(PROMIS & NRS)

Primary & Se-
condary

3 studies found
that patients un-
dergoing imme-
diate TMR had
lower pain
scores compared
with non-TMR
controls.

In 3 studies with
delayed TMR:
Significant or
trending toward
significant reduc-
tion in PLP (NRS
& PROMIS). One
study with de-
layed TMR: 9/10
patients with im-
proved or com-
plete resolution
of PLP.

Illa
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Rask, D. M. G., Targeted muscle Rask, D. M. G., Adams, | The reviewed literature re- Systematic | 51 studies Upper Extre- | n.a n.a. (identify the Secondary n.a. n.a Illa
Adams, M. H., reinnervation in M. H., Liverneaux, P., vealed multiple motor targets Literature mity prevailing motor
Liverneaux, P., upper extremity Plucknette, B. F., Wil- described for upper extremity Review targets, while con-
Plucknette, B. amputation in mili- | son, D. J., Alderete, J. TMR out of our included 51 sidering injury pat-
F., Wilson, D.J., [ tary hand surgery: | F., & Sabbag, C. M. studies. However, the selection terns and amputa-
Alderete, J. F., & | A systematic re- (2023). Targeted mus- | of motor targets is influenced by tion levels)
Sabbag, C. M. view cle reinnervation in up- | the availability of viable options
per extremity amputa- | based on injury patterns and
tion in military hand amputation levels. Conventional
surgery: A systematic transfer patterns provide useful
review. Hand surgery & | guidance for determining appro-
rehabilitation, 42(5), priate motor targets in transra-
392-399. dial and transhumeral amputa-
https://doi.org/10.1016 | tions.
/j-hansur.2023.07.006
Carter, J., Regenerative pe- Carter, J., Richardson, Results of this systematic review | Systematic | 7 studies n.a. n.a Effectiveness of re- | Primary & Se- RLP: Improve- PLP: Improve- Illa
Richardson, P., ripheral nerve in- P., Stark, H. & Henton, | suggest that regenerative pe- literature generative periph- | condary ment in residual | mentin phantom
Stark, H. & Hen- | terface in the pre- | J. (2024). Regenerative | ripheral nerve interface should review eral nerve interface limb pain in the limb pain in the

ton, J.

vention and treat-
ment of post-am-
putation pain: a

systematic review

peripheral nerve inter-
face in the prevention
and treatment of post-
amputation pain: a sys-
tematic review. Euro-
pean Journal of Plastic
Surgery 47, 25.
https://doi.org/10.1007
/s00238-024-02167-4

be implemented as a minimum
gold standard at the time of am-
putation and as a treatment for
intractable post-amputation
pain.

in preventing and
treating post-am-
putation residual
and phantom limb
pain, as well as any
effects on analge-
sia and prosthetic
use

respective
prophylactic and
treatment
groups.

NP: Studies
demonstrate the
effectiveness of
RPNI in prophy-
lactic prevention
or treatment of
post-amputation
pain by reduc-
tion of neuroma
formation.

respective
prophylactic and
treatment
groups
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Bishay, J., Yeap,
l., & Wang, T.

The effectiveness
of targeted muscle
reinnervation in re-
ducing pain and
improving quality
of life for patients
following lower
limb amputation

Bishay, J., Yeap, I., &
Wang, T. (2024). The
effectiveness of tar-
geted muscle reinner-
vation in reducing pain
and improving quality
of life for patients fol-
lowing lower limb am-
putation. Journal of
plastic, reconstructive
& aesthetic surgery :
JPRAS, 92, 288-298.
Advance online publica-
tion.
https://doi.org/10.1016
/i-bjps.2024.03.013

The systematic review under-
scores TMR's potential benefits
in alleviating pain, fostering
post-amputation rehabilitation
and enhancing overall well-be-
ing for lower limb amputees.

Systematic
literature
review

20 studies

Lower Extre-

mity = 584
Upper Extre-
mity = 194

n.a. (Se-
arch 2010-
2023)

Pain reduction,
functional out-
comes and patient-
reported quality of
life measures (PRO-
MIS & NRS)

Primary & Se-
condary

RLP: Primary
TMR exhibited
lower average
PROMIS score.
Secondary TMR
led to improve-
ments in RLP and
general limb pain
indicated by NRS
& PROMIS.

PLP: Primary
TMR exhibited
lower average
PROMIS score.
Secondary TMR
led to improve-
ments in PLP in-
dicated by NRS &
PROMIS

Illa

Di Valerio, E.,
Lautenslager, L.,
Vonu, P., Mus-
tafa, C., Chim,
H. & Satteson,
E.

Efficacy of targeted
muscle reinnerva-
tion for treating
and preventing
postamputation
pain - a systematic
review

Di Valerio, E.,
Lautenslager, L., Vonu,
P., Mustafa, C., Chim,
H. & Satteson, E.
(2022). Efficacy of tar-
geted muscle reinner-
vation for treating and
preventing postampu-
tation pain - a system-
atic review. Pastic And
Aesthetic Research, 9,
62.
https://doi.org/10.2051
7/2347-9264.2022.50

Included studies demonstrated
TMR had lower maximal pain
and pain intensity, behavior and
interference compared to the
standard of care. Secondary
TMR used to treat patients with
established painful neuromas
also reported improvement in
pain compared to baseline.

Systematic
literature
review

9 studies in-
cluding 101
upper ex-
tremity and
252 lower
extremity
nerve trans-
fers

Upper extre-
mity =101
Lower extre-
mity =252

n.a. (Se-
arch May
2021)

Prosthetic use and
functionality, im-
provement or per-
sistence of pain
(PROMIS), indica-
tions, complica-
tions, donor
nerves, technical
aspects of TMR

Primary & Se-
condary

RLP: 3 out of 4
studies reporting
significant im-
provements in
PROMIS scores in
TMR subjects
compared to
controls. Five ad-
ditional studies
did not analyze
PROMIS scores
but reported
subjective im-
provements in
pain outcomes.

PLP: 3 out of 4
studies reporting
significant im-
provements in
PROMIS scores in
TMR subjects
compared to
controls. Five ad-
ditional studies
did not analyze
PROMIS scores
but reported
subjective im-
provements in
pain outcomes.

Illa
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Langeveld, M., Surgical Treatment | Langeveld, M., Hun- The choice of surgical manage- Systematic | 30 studies n.a. n.a Numerical (VAS/ Secondary n.a. n.a Illb
Hundepool, C. of Peripheral Nerve | depool, C. A., Duraku, L. | ment in treating symptomatic review NRS) or nonnu-
A., Duraku, L. S., | Neuromas: A Sys- S., Power, D. M., Raja- peripheral neuroma is challeng- | and meta- meric postopera-
Power, D. M., tematic Review ratnam, V., & Zuidam, J. | ing, yet surgical intervention analysis tive pain scores af-
Rajaratnam, V., | and Meta-Analysis | M. (2022). Surgical achieves significant pain relief in ter surgical treat-
& Zuidam, J. M. Treatment of Periph- the majority of cases. Targeted ment of peripheral
eral Nerve Neuromas: A | muscle reinnervation is promis- neuroma
Systematic Review and | ing for the management of pain-
Meta-Analysis. Plastic ful neuromas.
and reconstructive sur-
gery, 150(4), 823e—
834e.
https://doi.org/10.1097
/PRS.00000000000095
45
Wee, C., Boas, Combined Tar- Wee, C., Boas, S., Co- This study demonstrates that Case Con- | 62 patients, | n.a n.a. (Pa- Opioid use Primary n.a. n.a 11]s)
S., Coquillard, geted Muscle Rein- | quillard, C., Cai, Y., Kur- | TMRpni may translate to de- trol Study | 31 with tients who
C., Cai, Y., Kur- nervation With Re- | lander, D., Maasarani, creased rates of chronic opiate TMRpni & 31 under-
lander, D., Maa- | generative Periph- | S., Leavitt, T., Long, T., use. Continued study is indi- without went sur-
sarani, S., eral Nerve Inter- Lineberry, K., & Khouri, | cated to optimize TMRpni tech- TMRpni gical pro-
Leavitt, T., Long, | faces Decreases J. (2024). Combined niques and patient selection and (control cedures
T., Lineberry, K., | Long-Term Nar- Targeted Muscle Rein- | to determine its long-term effi- gorup) between
& Khouri, J. cotic Use in Ampu- | nervation With Regen- | cacy. 2019 and
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TMR has purported benefits of
pain reduction, neuroma pre-
vention, and increased pros-
thetic control. Access to this
beneficial procedure following
UE amputation varies by de-
mographics and geographic re-
gion. Given that TMR has not
been shown to increase cost
while simultaneously decreasing
patient length of stay, increased
efforts to incorporate this pro-
cedure into training and practice
will help to ensure equitable
care for amputation patients

Case Con-
trol Study

8.945 pa-
tients of
those 310
with TMR
(8.635 with-
out TMR)

Upper Extre-
mity

n.a. (Pa-
tients
from the
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2016-
2019)

Demographics, ge-
ographic region,
total cost of hospi-
talization, length
of the hospital
stay, pain reduc-
tion, neuroma pre-
vention & in-
creased prosthetic
control
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