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Abstract

Background

Post-amputation pain, including phantom limb pain, residual limb pain, and neuroma-related pain, remains a persistent
clinical problem despite advances in surgical care. Physiologic nerve reconstruction techniques such as targeted muscle
reinnervation (TMR) and regenerative peripheral nerve interface (RPNI) have been introduced to improve nerve
regeneration and reduce neuropathic pain following limb loss.

Objective: To evaluate the clinical effectiveness of TMR and RPNI in preventing and treating post-amputation pain.

Methods

A systematic review was conducted according to PRISMA 2020 guidelines. PubMed/MEDLINE, Scopus, Web of
Science, and Google Scholar were searched through January 2026. Eligible studies included peer-reviewed clinical
investigations evaluating TMR and/or RPNI in upper- or lower-limb amputees reporting pain-related outcomes. Risk of
bias was assessed using ROB-2 and ROBINS-I tools.

Results

Six studies were included: one randomized clinical trial and five prospective or retrospective studies. In the randomized
trial, TMR produced significantly greater reduction in phantom limb pain compared with standard neuroma excision
(mean change —3.2 vs —0.2 on a 0-10 scale; p < 0.05). Prophylactic TMR reduced symptomatic phantom limb pain
incidence (19% vs 47%; p < 0.05). TMR was also associated with significant improvements in residual limb pain and
PROMIS pain interference scores at 12 months (p < 0.05). Prophylactic RPNI reduced symptomatic neuroma formation
(0% vs 13%; p < 0.05). Complications were infrequent and predominantly minor.

Conclusion
TMR and RPNI reduce post-amputation pain, particularly when performed prophylactically.

Further research

Large multicenter randomized trials with standardized outcome measures are needed to define optimal timing and long-
term effectiveness.
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Introduction

Limb amputation is a life-altering procedure that is
frequently complicated by chronic pain syndromes, which
substantially impair quality of life, psychological well-
being, and functional recovery!’?l. Despite advances in
surgical technique, perioperative care, and rehabilitation,
post-amputation pain remains a prevalent and challenging
clinical problemPl, It is estimated that a significant
proportion of amputees experience persistent pain, which
may persist for years following surgery and negatively
affect prosthetic tolerance and long-term rehabilitation
outcomes!*®l,

Post-amputation pain encompasses a spectrum of
neuropathic conditions, most commonly phantom limb
pain, residual limb pain, and pain arising from
symptomatic neuroma formation>*), Phantom limb pain is
characterized by painful sensations perceived in the
absent limb, while residual limb pain originates from the
amputation stump and may be associated with mechanical
irritation, ischemia, or nerve injury™!%!¥ Symptomatic
neuromas develop as a result of aberrant axonal
regeneration following nerve transection and are a major
contributor to chronic residual limb pain'*!3!. These pain
syndromes are often refractory to conventional medical
management, including pharmacologic therapy and
neuromodulation, and can significantly limit prosthetic
use, mobility, and overall functional independence!%!®,
Traditional nerve management techniques employed
during amputation, such as traction neurectomy, nerve
ligation, or burying nerve ends within surrounding soft
tissues, aim to reduce neuroma formation by physically
isolating transected nerves. However, these approaches do
not provide a physiologic target for regenerating
axons!!71®8), Consequently, regenerating nerve fibers often
undergo disorganized growth, leading to ectopic neural
firing, hypersensitivity, and persistent neuropathic pain.
The limitations of these conventional techniques have
prompted the development of alternative strategies
focused on restoring more physiologic nerve
regeneration!'%2%,

Targeted muscle reinnervation (TMR) was initially
introduced as a method to improve myoelectric prosthetic
control by transferring transected peripheral nerves to
redundant motor nerve branches innervating nearby
muscles. By reestablishing nerve—muscle continuity,
TMR allows regenerating axons to innervate functional
motor end plates, thereby generating meaningful
electromyographic  signals for prosthetic control.
Subsequent clinical observations demonstrated that this
physiologic redirection of nerve regeneration also
markedly reduces neuroma formation and phantom limb
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pain, positioning TMR as a promising strategy for both
functional restoration and pain prevention?'-2],
Regenerative peripheral nerve interface (RPNI) was later
developed as an alternative nerve reconstruction
technique aimed at achieving similar goals through a
different surgical approach. RPNI involves implantation
of transected peripheral nerves into free, denervated
muscle grafts, which serve as biologic scaffolds for axonal
ingrowth and reinnervation. By providing a stable and
receptive end organ for regenerating axons, RPNI
facilitates organized nerve regeneration, reduces neuroma
formation, and enhances signal transduction?*2],
Compared with TMR, RPNI may offer technical
advantages in certain clinical scenarios, particularly when
suitable motor nerve targets are limited®”],

With growing clinical adoption of both TMR and RPNI in
primary and revision amputation surgery, there is
increasing interest in their role as preventive and
therapeutic strategies for post-amputation pain. However,
existing evidence is derived from studies with varying
designs, patient populations, and outcome measures. A
systematic evaluation of the available clinical literature is
therefore necessary to critically assess the effectiveness of
TMR and RPNI in managing post-amputation pain and to
guide evidence-based clinical decision-making.

Materials and methods
Study design

This study was designed as a systematic review evaluating
the clinical effectiveness of targeted muscle reinnervation
(TMR) and regenerative peripheral nerve interface
(RPNI) in the prevention and treatment of post-
amputation pain. The review was conducted in accordance
with the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA) 2020
guidelines?®!,

Review question

What is the effectiveness of targeted muscle reinnervation
and regenerative peripheral nerve interface in reducing
post-amputation pain, including phantom limb pain,
residual limb pain, and neuroma-related pain?

Search strategy

A comprehensive electronic search was performed in the
following databases: PubMed/MEDLINE, Scopus, Web
of Science, and Google Scholar. The final search was
conducted on 15 January 2026. The databases were
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searched from inception to 15 January 2026. No date
restrictions were applied.

The following search terms and Boolean combinations
were used:

“targeted muscle reinnervation,” “regenerative peripheral
nerve interface,” “TMR,” “RPNI,” “amputation,” “post-
amputation pain,” “phantom limb pain,” “residual limb
pain,” and “neuroma.”

Reference lists of eligible articles were manually screened
to identify additional relevant studies.

99

EEINT3

Eligibility criteria
Inclusion criteria

Studies were included if they met all of the following
criteria:
e  Original peer-reviewed clinical studies
e Human subjects undergoing upper- or lower-
limb amputation
e  Evaluation of TMR and/or RPNI
e Reporting outcomes related to post-amputation
pain
e  Published in the English language

Exclusion criteria

Studies were excluded if they met any of the following
criteria:
e  Animal, cadaveric, or laboratory-based studies
e  Technical descriptions without clinical outcome

data

e Review articles, editorials, or expert opinion
papers

e Conference abstracts  without  full-text
availability

Study selection

Titles and abstracts of all retrieved records were screened
to exclude irrelevant studies. Full-text articles were
subsequently assessed for eligibility based on the
predefined inclusion and exclusion criteria. Study
selection was performed independently by two reviewers.
Disagreements were resolved through discussion and
consensus. Several studies that initially appeared relevant
were excluded after full-text review. For example, Fulton
et al. (2022) were excluded because it was a systematic
review rather than a primary clinical study. Chappell et al.
(2025) was excluded as it provided a narrative review of
TMR techniques without original outcome data. Hespe
and Brown (2024) described dermal sensory RPNI but did
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not report standardized post-amputation pain outcomes.
Vu et al. (2020) was excluded because its primary
outcome was prosthetic control performance rather than
pain-related outcomes. These studies were excluded in
accordance with predefined eligibility criteria requiring
original clinical pain outcome data.

Data extraction

Data extraction was carried out using a standardized data
collection form. The following information was extracted
from each included study:

Author and year of publication

Study design

Patient population and amputation level
Intervention type (TMR or RPNI)

Timing of intervention (primary or secondary)
Duration of follow-up

Pain-related outcomes and assessment methods

Data synthesis

Given the heterogeneity in study designs, patient
populations, outcome measures, and follow-up durations,
a quantitative meta-analysis was not performed. Instead,
the results were synthesized using a qualitative narrative
approach.

Effect measures

For continuous pain-related outcomes, including phantom
limb pain and residual limb pain assessed using numeric
rating scales (NRS), visual analog scales (VAS), or
PROMIS pain interference scores, results were extracted
as mean differences with corresponding measures of
variance (standard deviation or confidence intervals)
when reported.

For dichotomous outcomes, including incidence of
symptomatic neuroma formation or presence of chronic
phantom limb pain, data were extracted as proportions or
risk differences between intervention and comparator
groups.

Due to clinical and methodological heterogeneity across
included studies, pooled effect estimates were not
calculated. Effect measures were therefore presented
descriptively in the qualitative synthesis.

Certainty of evidence
The certainty of evidence for key outcomes, including

phantom limb pain reduction, residual limb pain
reduction, and neuroma prevention, was evaluated using
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the Grading of Recommendations Assessment,
Development and Evaluation (GRADE) approach.
Certainty was assessed across the domains of risk of bias,
inconsistency, indirectness, imprecision, and publication
bias.

Given the predominance of non-randomized study
designs, small sample sizes, and heterogeneity in outcome
measurement tools, the overall certainty of evidence was
judged to range from low to moderate across outcomes.

Results
Study selection

The electronic database search identified 312 records
across PubMed/MEDLINE, Scopus, Web of Science, and
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Google Scholar. After the removal of 96 duplicate records,
216 unique records remained for title and abstract
screening. Of these, 183 records were excluded due to
irrelevance to the review topic, non-clinical study design,
or absence of outcomes related to post-amputation pain.
The full texts of 33 articles were assessed for eligibility.
Following full-text review, 27 studies were excluded for
the following reasons: animal or cadaveric studies (n = 8),
technical or descriptive reports without clinical outcomes
(n = 8), review articles or expert opinions (n = 6), and
studies not specifically evaluating targeted muscle
reinnervation or regenerative peripheral nerve interface
for post-amputation pain (n = 5).
Ultimately, 6 studies met all inclusion criteria and were
included in the final qualitative synthesis. The study
selection process is summarized in the PRISMA flow
diagram. (Figure 1)

«Records identified through
database searching (n= 312)

eRecords after duplicates
removed (n=96)

eRecords screened (Title
and abstracts) (n=216)

eRecords excluded (n=183)

oFull-text articles assessed
for eligibility (n=33)

oFull text articles excluded
(n=27)

«Studies included in
qualitative synthesis (n=6)

Figure 1: PRISMA flowchart




Study characteristics

The included studies comprised one randomized clinical
trial, prospective cohort studies, and retrospective
comparative or case-series studies evaluating targeted
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interface in amputee populations. Both upper and lower
limb amputations were represented. Interventions were
performed either prophylactically at the time of primary
amputation or as secondary procedures for the
management of established post-amputation pain. The key

Page | 5 muscle reinnervation and regenerative peripheral nerve FcrhirlacferiStiCS of the included studies are summarized in
able 1.
Table 1. Characteristics of included studies
Intervention Comparator Effect p-
Study Design Sample Size Outcome Group Result | Result Estimate Precision value
TMR (n=28) 95%  CI
Dumanian Vs Control | PLP (NRS 0- | —3.2 mean | —0.2  mean reported in
2019 RCT (n=25) 10) change change MD —3.0 the study <0.05
TMR (n=51) Risk
Retrospective S Control | Chronic PLP difference (o] not
Valerio 2019 | cohort (n=51) incidence 19% 47% —28% reported <0.05
Significant Mean
Prospective PROMIS Pain | reduction at 12 change SD
Mioton 2020 | cohort n=33 Interference mo — reported reported <0.05
RPNI (n=45) Risk
Retrospective Vs Control | Symptomatic difference Cl not
Kubiak 2019 | comparative (n=45) neuroma 0% 13% -13% reported <0.05
Marked
Woo 2016 Case series n=16 Neuroma pain | reduction — Descriptive | — —
Cheesborough
2014 Case report n=1 PLP None reported | — Descriptive | — —
Pain outcomes Complications

Across studies evaluating targeted muscle reinnervation,
consistent reductions in phantom limb pain and residual
limb pain were reported. The randomized clinical trial
demonstrated significantly lower pain scores in patients
undergoing TMR compared with conventional neuroma
management techniques. Prophylactic application of
TMR at the time of amputation was associated with a
lower incidence and severity of chronic post-amputation
pain during follow-up.

Studies evaluating regenerative peripheral nerve interface
similarly demonstrated meaningful reductions in
neuroma-related pain and phantom limb pain. Patients
undergoing prophylactic RPNI exhibited lower rates of
symptomatic neuroma formation and chronic neuropathic
pain compared with standard nerve management
approaches.

Reported complications across the included studies were
infrequent and generally minor, consisting primarily of
wound-related issues. No study reported a significant
increase in surgical morbidity attributable to -either
targeted muscle reinnervation or regenerative peripheral
nerve interface.

Risk of bias

Risk-of-bias assessment demonstrated a low overall risk
for the randomized clinical trial, while non-randomized
studies were judged to have a moderate risk of bias,
primarily related to confounding and study design. No
study demonstrated a high risk of bias in outcome
measurement or reporting. The results of the risk-of-bias
assessment are presented in Table 2.
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Table 2. Risk-of-bias assessment of included studies: Randomized study (ROB-2 Tool)

Study Randomization Deviations from | Missing Outcome Overall
Process Intended Interventions Outcome Data | Measurement Risk

Dumanian et al. | Low Low Low Low Low risk

(2019)1

Table 3: Non-randomized studies (ROBINS-I Tool)

Study Confounding | Selection | Classification of | Outcome Reporting | Overall

Bias Intervention Measurement Bias Risk

Cheesborough et | Moderate Moderate | Low Low Low Moderate

al. (2014)B1

Woo et al. | Moderate Moderate Low Low Low Moderate

(2016)32

Kubiak et al. | Moderate Low Low Low Low Moderate

(2019)B331

Valerio et al. | Moderate Low Low Low Low Moderate

(2019)B34

Mioton et al. | Moderate Low Low Low Low Moderate

(2020)1361

Investigation of heterogeneity

Clinical heterogeneity was assessed qualitatively based on
amputation level, timing of intervention (primary vs
secondary), study design, and outcome measurement tool.
Greater analgesic benefit was observed in studies
implementing prophylactic TMR or RPNI at the time of
amputation compared with delayed intervention.
Variability in pain assessment instruments (NRS, VAS,
PROMIS) limited direct quantitative comparison. Due to
substantial clinical and methodological heterogeneity,
statistical heterogeneity (I?) was not calculated.

Sensitivity analysis

Formal sensitivity analyses were not performed due to the
absence of quantitative meta-analysis. However,
exclusion of case reports and small case-series studies did
not alter the overall direction of findings, as the
randomized clinical trial and comparative cohort studies
consistently demonstrated a reduction in post-amputation
pain following TMR or RPNI.

Assessment of reporting bias

Given the limited number of included studies (n=6),
formal assessment of publication bias using funnel plots
was not feasible. Selective reporting within studies was
assessed during ROB-2 and ROBINS-I evaluation. No
evidence of high risk of selective outcome reporting was
identified; however, small sample sizes and single-center
designs increase the possibility of publication bias.

Certainty of evidence

Using the GRADE framework, certainty of evidence was
rated separately for key outcomes:
Phantom limb pain reduction:
(downgraded for imprecision)
Residual limb pain reduction: Low to moderate certainty
(downgraded for study design limitations)

Neuroma prevention: Low certainty (downgraded for
non-randomized design and imprecision)

Overall certainty was limited by small sample sizes and
predominance of observational studies.

Moderate certainty

Discussion

This systematic review demonstrated that targeted muscle
reinnervation (TMR) and regenerative peripheral nerve
interface (RPNI) were effective surgical strategies for
reducing post-amputation pain, including phantom limb
pain, residual limb pain, and neuroma-related pain by
addressing the biological mechanisms underlying
disordered nerve regeneration. The analgesic effects
observed across the included studies supported the long-
standing surgical principle that providing a physiologic
end-organ target for regenerating axons reduced painful
neuroma formation and aberrant neuropathic signaling.
Earlier work by Dellon and Mackinnon (1986)87! showed
that implantation of nerve ends into muscle following
neuroma excision produced clinical benefit, while
Sunderland (1990)1*®! described how injured nerves
predictably attempted regeneration and could form
symptomatic neuromas in the absence of appropriate
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distal targets. Mechanistic evidence further strengthened
this rationale, as Devor et al. (1993)P" demonstrated
injury-related changes in sodium channel expression and
distribution during neuroma formation that contributed to
neural hyperexcitability and pain. Collectively, these
foundational studies supported the premise that modern
physiologic nerve reconstruction techniques, such as
TMR and RPNI, reduced neuropathic pain by creating
stable and biologically appropriate targets for nerve
ingrowth.

The included clinical studies®'=3% consistently suggested
that post-amputation pain was influenced by both
peripheral and central mechanisms and that modifying
peripheral nerve biology could influence -clinically
meaningful pain outcomes. Vaso et al. (2014)*"! provided
evidence supporting a peripheral nervous system origin
for phantom limb pain in a subset of patients, which
aligned with the clinical improvements reported following
peripheral nerve reconstruction. Concurrently, phantom
limb pain had been conceptualized as a manifestation of
maladaptive central nervous system plasticity, with Flor
(2002)1 and Flor et al. (2006)*?! describing mechanisms
of altered sensory processing and cortical reorganization
following limb loss. Neuroimaging studies further
demonstrated associations between phantom movements
and pain (Lotze et al., 2001)"¥, while Raffin et al.
(2016)*1 showed that changes in the primary motor
cortex correlated with phantom limb pain and the ability
to move the phantom limb, reinforcing the role of
abnormal sensorimotor integration in pain persistence.
Giummarra and Moseley (2011)*  additionally
emphasized the contribution of bodily awareness and
multisensory integration to phantom limb pain, suggesting
that effective peripheral nerve stabilization could
plausibly reduce abnormal afferent input that fueled
central amplification. When considered together, these
mechanistic and neurobiological findings supported the
observed clinical pattern in which early, biologically
informed peripheral nerve reconstruction was associated
with improved pain outcomes.

Among the included TMR studies, the strongest evidence
for efficacy was provided by the randomized clinical trial
conducted by Dumanian et al. (2019)%) which
demonstrated that TMR significantly reduced neuroma
pain and phantom limb pain compared with standard
neuroma excision and conventional nerve management.

This randomized evidence strengthened causal inference
and helped distinguish the effect of physiologic nerve
reconstruction from the nonspecific benefit of surgical
revision alone. The preventive effect of TMR was
particularly evident when correlated with the findings of
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Valerio et al. (2019)P4, who reported reduced phantom
limb pain and residual limb pain when TMR was
performed preemptively at the time of major limb
amputation. This observation suggested that prophylactic
intervention may have limited the establishment of
persistent neuropathic pain pathways, consistent with
neuroplasticity frameworks described by Flor (2002)“!
and Flor et al. (2006)“?]. The prospective study by Mioton
et al. (2020)B¢ further complemented these findings by
demonstrating that TMR improved phantom limb pain,
residual limb pain, and limb function in a cohort of major
limb amputees, supporting both analgesic and functional
relevance, indicating that pain reduction was
accompanied by measurable improvements in patient-
centered outcomes. Taken together, the concordance
among Dumanian et al. (2019)P%, Valerio et al. (2019)34
and Mioton et al. (2020)3% suggested a coherent evidence
pattern in which TMR conferred benefit across both
therapeutic and prophylactic settings and across pain and
functional domains, with outcomes appearing more
favorable when nerve reconstruction was integrated early.
The remaining included TMR studies strengthened the
generalizability and feasibility of these findings. Bowen
et al. (2019)M8 described a targeted muscle reinnervation
technique specifically for below-knee amputation,
supporting the applicability of TMR to a common
amputation level and suggesting that procedural
standardization could facilitate broader clinical adoption.
Cheesborough et al. (2014)B3" reported the feasibility of
TMR in the initial management of traumatic upper-
extremity amputation, reinforcing that TMR could be
implemented in acute trauma settings and supporting the
practicality of an early-intervention approach outside
elective  circumstances. Together, these studies
complemented higher-level evidence by demonstrating
that TMR could be adapted across different anatomical
contexts and clinical pathways, thereby supporting the
external validity of the primary clinical conclusions.

The RPNI studies included in this review provided
convergent evidence that a biologic muscle target could
reduce neuroma-related pain through a distinct technical
approach, reinforcing the principle that target-based nerve
regeneration rather than the specific coaptation
strategywas a central driver of analgesic benefit. Woo et
al. (2016)B?! reported that RPNI reduced post-amputation
neuroma pain in a pilot clinical study, supporting its role
as a therapeutic intervention for established neuroma-
related pain. Kubiak et al. (2019)B% extended this
approach into prevention by demonstrating that
prophylactic RPNI reduced post-amputation pain,
paralleling the prophylactic benefit observed with TMR in
Valerio et al. (2019)4. When the prophylactic TMR and
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prophylactic RPNI evidence were considered together,
both approaches supported the concept that early
provision of a physiologic target for nerve regeneration
reduced the later development of chronic neuropathic
pain. The translational relevance of RPNI as a stable
biologic interface was further supported by Vu et al.
(2020)7, who demonstrated that RPNI enabled real-time
control of an artificial hand, indicating that reinnervated
muscle grafts could support reliable neural signal
generation. This functional signal evidence aligned
conceptually with the foundational objective of TMR to
create useful myoelectric signals through reinnervated
muscles (Kuiken et al., 2007™; Kuiken et al., 20091
and suggested that both techniques facilitated organized
nerve—muscle integration that plausibly reduced
disordered pain signaling.

The dual functional role of TMR was further supported by
prior prosthetic control literature, which provided indirect
mechanistic reinforcement for its analgesic potential.
Kuiken et al. (2007)™ demonstrated enhanced prosthetic
function following targeted reinnervation in a proximal
amputee, while Kuiken et al. (2009)*” showed real-time
myoelectric control of multifunction artificial arms after
TMR, supporting the concept that transferred nerves
achieved stable reinnervation and meaningful physiologic
continuity. Hargrove et al. (2013)PY  similarly
demonstrated robotic leg control with EMG decoding in
an amputee who underwent nerve transfers, reinforcing
the principle that nerve transfer—based approaches could
support robust bioelectric interfaces. Although these
studies primarily focused on function rather than pain
outcomes, they strengthened the biological plausibility
that reinnervated muscle targets acted as effective end
organs for regenerating axons, aligning with the analgesic
benefits observed in clinical pain-focused TMR studies.
Johnson et al. (2021)PY subsequently framed TMR as a
paradigm shift in neuroma management and prosthesis
control, supporting the broader interpretation that TMR
operated at the intersection of pain prevention and
functional restoration.

In contrast, traditional approaches to neuroma prevention
and treatment demonstrated variable outcomes,
reinforcing the rationale for adopting physiologic
reconstruction methods. Pet et al. (2015)P2 reported
outcomes of traction neurectomy for painful residual limb
neuroma, illustrating the persistent clinical challenge of
managing neuroma pain using conventional strategies.
Domeshek et al. (2017)31 demonstrated that surgical
treatment of neuromas improved not only patient-reported
pain but also depression and quality of life, highlighting
the broader impact of effective nerve management and
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supporting the clinical significance of reducing neuroma-
related pain beyond symptom scores alone. Scott et al.
(2022)4 reviewed surgical approaches for neuroma
prevention at the time of peripheral nerve injury and
emphasized the growing interest in proactive strategies,
which aligned with the prophylactic emphasis observed in
Valerio et al. (2019)1# and Kubiak et al. (2019)**, Fulton
et al. (2022)P synthesized evidence supporting the role
of TMR in trauma-related amputees, providing additional
context that reinforced the feasibility and clinical
momentum of integrating TMR into acute injury
pathways, as suggested by Cheesborough et al. (2014)B!,
Despite these encouraging findings, the evidence base
remained limited by small sample sizes, heterogeneous
outcome measures, variable follow-up durations, and the
predominance of non-randomized study designs in several
included studies. Pain assessment tools varied
considerably, limiting direct comparisons of effect size,
and patient populations differed by amputation level,
etiology, and timing of intervention, contributing to
clinical heterogeneity. Nevertheless, the consistency in
outcome direction across included studies particularly the
randomized trial evidence from Dumanian et al. (2019)3%,
the prophylactic cohort evidence from Valerio et al.
(2019)B34 and Kubiak et al. (2019)33, the prospective
outcome data from Mioton et al. (2020)¢! and the
therapeutic RPNI signal from Woo et al. (2016)53%
supported the conclusion that physiologic nerve
reconstruction reduced post-amputation pain and
represented a meaningful advancement over traditional
nerve management approaches. When interpreted
alongside mechanistic and neurobiological evidence
describing peripheral nerve hyperexcitability and
maladaptive central plasticity?®®*!,  these findings
suggested that integrating TMR or RPNI into primary or
revision amputation care could reduce neuroma
formation, decrease chronic neuropathic pain, improve
patient-reported outcomes and potentially enhance
functional rehabilitation, while underscoring the need for
additional — multicenter = randomized trials  with
standardized endpoints to clarify optimal timing,
technique selection and long-term durability.

The findings of this review must be interpreted in light of
important limitations within both the included evidence
and the review process. The available literature is
dominated by small, predominantly single-center
observational studies, with only one randomized clinical
trial, limiting causal inference and increasing
susceptibility to selection bias, confounding, and
imprecision. Sample sizes were modest, confidence
intervals were inconsistently reported, and outcome
assessment tools varied widely, including numeric rating
scales, visual analog scales, PROMIS instruments, and
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incidence-based reporting, precluding quantitative
pooling and limiting direct comparability. Follow-up
durations were generally short to intermediate, restricting
conclusions regarding the long-term durability of
analgesic benefit. Most studies originated from
specialized centers in the United States, which may limit
generalizability across healthcare systems. Within the
review process, exclusion of non-English and unpublished
studies may have introduced publication bias, and formal
meta-analysis, funnel plot assessment, and extensive
sensitivity analyses were not feasible due to heterogeneity
and the small number of studies. Despite these constraints,
the consistency in direction of effect across randomized
and comparative cohorts supports the clinical relevance of
physiologic nerve reconstruction. For practice, integration
of targeted muscle reinnervation or regenerative
peripheral nerve interface at the time of amputation may
reduce chronic phantom limb pain and symptomatic
neuroma formation and potentially decrease long-term
opioid reliance and revision procedures. At the policy

level, these findings support consideration of
incorporating physiologic nerve reconstruction into
standardized amputation care pathways, while

emphasizing the need for multicenter randomized trials
with standardized outcome reporting to inform definitive
clinical guidelines.

Conclusion

This systematic review demonstrated that targeted muscle
reinnervation and regenerative peripheral nerve interface
were effective surgical strategies for reducing post-
amputation pain, including phantom limb pain, residual
limb pain, and neuroma-related pain, by providing
regenerating peripheral nerves with a physiologic muscle
target. Early or prophylactic application at the time of
amputation was consistently associated with superior pain
outcomes compared with  conventional nerve
management, while secondary application also resulted in
meaningful symptom reduction. Although targeted
muscle reinnervation offered additional benefits related to
prosthetic signal generation, the regenerative peripheral
nerve interface provided a technically versatile alternative
with comparable analgesic effects. Despite encouraging
findings, heterogeneity in study design and outcome
measures highlighted the need for further high-quality
randomized trials to establish standardized, evidence-
based clinical guidelines.
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