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Abstract

Background Targeted muscle reinnervation is an emerg-
ing surgical technique to treat neuroma pain whereby
sensory and mixed motor nerves are transferred to nearby
redundant motor nerve branches. In a recent randomized
controlled trial, targeted muscle reinnervation was recently
shown to reduce postamputation pain relative to conven-
tional neuroma excision and muscle burying.
Questions/purposes (1) Does targeted muscle reinnerva-
tion improve residual limb pain and phantom limb pain in
the period before surgery to 1 year after surgery? (2) Does

targeted muscle reinnervation improve Patient-reported
Outcome Measurement System (PROMIS) pain intensity
and pain interference scores at 1 year after surgery? (3)
After 1 year, does targeted muscle reinnervation improve
functional outcome scores (Orthotics Prosthetics User
Survey [OPUS] with Rasch conversion and Neuro-Quality
of Life [Neuro-QOL])?

Methods Data on patients who were ineligible for ran-
domization or declined to be randomized and underwent
targeted muscle reinnervation for pain were gathered for
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the present analysis. Data were collected prospectively
from 2013 to 2017. Forty-three patients were enrolled in
the study, 10 of whom lacked 1-year follow-up, leaving 33
patients for analysis. The primary outcomes measured were
the difference in residual limb and phantom limb pain be-
fore and 1 year after surgery, assessed by an 11-point nu-
merical rating scale (NRS). Secondary outcomes were
change in PROMIS pain measures and change in limb
function, assessed by the OPUS Rasch for upper limbs and
Neuro-QOL for lower limbs before and 1 year after
surgery.

Results By 1 year after targeted muscle reinnervation,
NRS scores for residual limb pain from 6.4 = 2.6 t0 3.6 =
2.2 (mean difference -2.7 [95% CI -4.2 to -1.3]; p < 0.001)
and phantom limb pain decreased from 6.0 = 3.1 t0 3.6 =
2.9 (mean difference -2.4 [95% CI -3.8 t0 -0.9]; p <0.001).
PROMIIS pain intensity and pain interference scores im-
proved with respect to residual limb and phantom limb pain
(residual limb pain intensity: 53.4 £ 9.7 to 444 = 7.9,
mean difference -9.0 [95% CI -14.0 to -4.0]; residual limb
pain interference: 60.4 * 9.3 to 51.7 = 8.2, mean differ-
ence -8.7 [95% CI -13.1 to -4.4]; phantom limb pain in-
tensity: 49.3 = 10.4 to 43.2 = 9.3, mean difference -6.1
[95% CI -11.3 to -0.9]; phantom limb pain interference:
57.7 = 10.4 to 50.8 £ 9.8, mean difference -6.9 [95% CI
-12.1 to -1.7]; p = 0.012 for all comparisons). On func-
tional assessment, OPUS Rasch scores improved from 53.7
* 3.4 t0 56.4 = 3.7 (mean difference +2.7 [95% CI 2.3 to
3.2]; p < 0.001) and Neuro-QOL scores improved from
32.9 = 1.5 to 35.2 = 1.6 (mean difference +2.3 [95% CI
1.8 t0 2.9]; p < 0.001).

Conclusions Targeted muscle reinnervation demonstrates
improvement in residual limb and phantom limb pain
parameters in major limb amputees. It should be considered
as a first-line surgical treatment option for chronic
amputation-related pain in patients with major limb
amputations. Additional investigation into the effect on
function and quality of life should be performed.

Level of Evidence Level IV, therapeutic study.

Introduction

Postamputation pain is a prevalent condition that is difficult
to manage and remains an important detractor to the quality
of life of patients who have undergone amputation. There
are two major forms of amputation-related pain: residual
limb pain, which is isolated to the residual limb “stump,”
and phantom limb pain, which represents discomfort per-
ceived in the lost limb [13]. These chronic pain conditions
are common, with prevalence rates as high as 85% for
phantom limb pain and 76% for residual limb pain reported
in the evidence [10, 11, 13, 24]. Residual limb pain is
thought to be due to symptomatic neuroma formation, and
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the current gold standard surgical treatment involves
resection of the neuroma and “dunking” the freshly cut
nerve ending into a more favorable microenvironment
(bone, fat, vein, or healthy muscle) [3, 8, 14, 28, 30].
However, this solution does not prevent the nerve’s re-
generative axon sprouting, ultimately leading to neuroma
regeneration and potential recurrent pain. Targeted muscle
reinnervation was initially developed to provide intuitive
prosthesis control by transferring an amputated mixed
motor and sensory nerve to a nearby recipient motor nerve.
Serendipitously, reconfiguring the nerve-to-muscle re-
lationship improved long-term chronic pain via nerve-to-
nerve transfer, giving the sensory nerve “somewhere to go
and something to do” [9, 25, 27].

In a randomized clinical trial (RCT), targeted muscle
reinnervation was shown to reduce amputation-related
chronic pain at 1 year postintervention when compared
with the gold standard excision and muscle burying tech-
nique [9]. A subset of patients who were screened for the
RCT but not enrolled, ultimately underwent targeted
muscle reinnervation. We were interested to see if this
subset was similar to cohort undergoing the RCT and
whether they would have the same response. Additionally,
we wished to obtain improved data regarding how targeted
muscle reinnervation influenced functional outcomes.

Therefore, we asked: (1) Does targeted muscle rein-
nervation improve residual limb pain and phantom limb
pain in the period before surgery to 1 year after surgery? (2)
Does targeted muscle reinnervation improve Patient-
reported Outcome Measurement System (PROMIS) pain
intensity and pain interference scores at 1 year after sur-
gery? (3) After 1 year, does targeted muscle reinnervation
improve functional outcome scores (Orthotics Prosthetics
User Survey [OPUS] with Rasch conversion and Neuro-
Quality of Life [Neuro-QOL])?

Patients and Methods
Patient Selection

Between July 2013 and December 2017, adults with
chronic pain who had undergone amputation of the major
limbs were screened for an institutional review board-
approved randomized controlled trial at Northwestern
Memorial Hospital (Chicago, IL, USA), Walter Reed
National Military Medical Center (Bethesda, MD, USA),
and the University of Oklahoma (Oklahoma City, OK,
USA) [9]. Patients who had amputations above the wrist or
ankle and were older than 18 years were screened for
randomization. Of the 85 patients who were screened, 43
patients underwent targeted muscle reinnervation for pain
management but were not randomized because of prior
surgical treatment for painful nerves, because they declined
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Table 1. Baseline patient characteristics (n = 33)

Mean (SD) or % (count)

Characteristics

Age (mean in years) 42.2 (15.5)
Gender®
Male 85% (28)
Female 15% (5)
Race®
White 79% (26)
Black 3% (1)
Hispanic/Latino 6% (2)
American Indian 3% (1)
Multiracial 6% (2)
Other 3% (1)
Occupational status®
Employed for wages 55% (18)
Self-employed 6% (2)
Military 0% (0)
Student 6% (2)
Unable to work 15% (5)
Retired 15% (5)
Out of work, looking 3% (1)
Location of amputation
Upper limb 58% (19)
Lower limb 42% (14)
Mechanism of amputation
Non-military trauma 64% (21)
Military trauma 27% (9)
Infection 6% (2)
Ischemia 3% (1)
Other 0% (0)
Time since amputation
Less than 1 year 15% (5)
1-4 years 61% (20)
5-9 years 2% (7)
10+ years 3% (1)

aSelf-reported.

to participate in the clinical trial, or because they had a
concomitant need for improved prosthetic control. Two
patients underwent targeted muscle reinnervation on two
limbs, and in these cases, the limb operated on first (de-
termined by operative report) was selected for analysis.
These patients are the focus of the present analysis.

Baseline Characteristics

Ten of 43 patients did not have sufficient follow-up data.
Our final cohort comprised 33 limbs from 33 patients who

underwent targeted muscle reinnervation to treat a symp-
tomatic neuroma (Table 1). Of the 33 patients, 85% (28 of
33) were men and 79% (26 of 33) were self-reported white.
The mean age was 42.2 = 15.5 years. More than half of the
patients (18 of 33) were employed full-time for wages at the
time of undergoing the surgery, 15% (5 of 33) were unable
to work, 15% (5 of 33) were retired, and the remaining
patients were self-employed (15%, 5 of 33), full-time stu-
dents (6%, 2 of 33), or out of work (3%, 1 of 33). The
cohort comprised 58% (19 of 33) upper extremity ampu-
tations and 42% (14 of 33) lower extremity amputations.
The most common mechanism of amputation was non-
military trauma (64%, 21 of 33), followed by military
trauma (27%, 9 of 33), and infection (6%, 2 of 33). Fifteen
percent (5 of 33) of patients underwent an amputation less
than 1 year ago, 60% (20 of 33) between 1 and 4 years ago,
21% (7 of 33) between 5 and 9 years ago, and 3% (1 of 33)
more than 10 years prior.

Surgical Technique

The details of the targeted muscle reinnervation surgical
technique have been described in past reports [5, 15].
Briefly, the affected nerves are dissected and excised to
healthy nerve fascicles, which are then coapted to the
distal segment of a nearby surgically divided motor
nerve (Fig. 1). All surgeons were trained by the senior
author (GAD). One surgical detail was left to the dis-
cretion of the surgeon: whether the actual neuroma
should be excised with the upstream neurotomy and
targeted muscle reinnervation. Analysis of patients in
this study showed whether the neuroma was removed or
left in the surgical field after excision did not impact the
outcome on pain measures; this is detailed in the results
section.

Pain Measures

Change in patient-reported pain before and after targeted
muscle reinnervation was assessed by an 11-point numer-
ical rating scale (NRS) and three Patient-reported Outcome
Measurement System (PROMIS) pain instruments for re-
sidual limb and phantom limb pain separately [26].
Residual limb and phantom limb pain were assessed pre-
operatively and again postoperatively at 3-month intervals
for 1 year. For the NRS assessment, patients reported their
worst and best pain levels on a 0- to 10-point pain scale (0
represents no pain and 10 represents the worst pain imag-
inable) in the past 24 hours and their current pain levels
[12]. The primary outcomes were the change in scores for
the worst NRS residual limb and phantom limb pain at 1
year after surgery. The evidence has shown that a change of
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Fig. 1 This illustration depicts the surgical technique for targeted muscle reinnervation. (Published with permission from Sumanas

W. Jordan MD, PhD).

2 points on the NRS scale is the minimal clinically im-
portant difference (MCID) for patients with chronic pain
and is associated with the highest degree of improvement
on the patient’s global impression of change [23].

PROMIS is a well-validated outcomes tool that was
developed with NIH funding. This instruments create
t-scores ranging from zero to 100 with a mean of 50 and SD
of 10. For the PROMIS assessment, three forms were used:
pain behavior (Short Form 7a), pain intensity (Short Form
3a), and pain interference (Short Form 8a) [1, 7, 22]. For
these parameters, higher scores infer worse outcomes.
Changes in PROMIS pain measures were the secondary
outcomes. MCID data for PROMIS parameters varies and
is not yet published for all parameters; however, the evi-
dence shows an estimated MCID ranging from 2 to 3 points
for pain interference and 5 to 6 points for pain intensity
[6, 20].

Functional Assessment

For patients who had undergone amputation of the upper
limbs, the functional assessment was conducted using the
20-question Orthotics Prosthetics Users Survey (OPUS)
Upper Extremity form, which was converted by a Rasch
analysis to a standardized 0- to 100-point scale [4]. There is
no evidence for the MCID for this exact survey in the
amputee population; however, the MCID for OPUS lower
extremity functional data in amputees is roughly 10 [21].
For those who had undergone lower limb amputation, the
functional assessment was conducted using Neuro-Quality
of Life (Neuro-QOL), which measures 17 functional
domains and converts the raw score to a standard t-score,
which ranges from 16.5 to 58.6 [18]. OPUS and Neuro-
QOL both measure activities of daily living. The Neuro-
QOL additionally focuses on mobility, such as difficulty
sitting, standing, and walking under various conditions.
Higher scores for both metrics indicate better function.

{J:J?@Wolters Kluwer

Statistical Analysis

Univariate analysis for all pain outcome measures included
an assessment of skewness, kurtosis, and variance.
Differences in outcomes from baseline (before surgery) to
1 year after targeted muscle reinnervation were assessed
by a paired two-sample t test. Bonferroni’s adjustment was
applied to control Type I errors for multiple comparisons of
the primary outcomes [26]. Significance was defined as
a = 0.05. The statistical analyses were conducted using
SPSS software, version 23 (IBM Corp, Armonk,
NY, USA).

Results
Residual Limb and Phantom Limb Pain

By 1 year after targeted muscle reinnervation, NRS scores
for residual limb pain decreased from 6.4 = 2.6 to 3.6 =
2.2 (mean difference -2.7 [95% CI -4.2 to -1.3]; p < 0.001)
and those for phantom limb pain decreased from 6.0 = 3.1
to 3.6 = 2.9 (mean difference -2.4 [95% CI-3.8 t0 -0.9]; p <
0.001) (Table 2). These findings are clinically important
changes based on MCID data in the evidence as well [23].
The percentage of individuals experiencing severe residual
limb pain (defined as an NRS score of 7 to 10) decreased
from 58% (19 of 33) preoperatively to 6% (2 of 33) post-
operatively. The percentage of individuals experiencing
severe phantom limb pain (defined as an NRS score of 7 to
10) decreased from 52% (17 of 33) preoperatively to 15%
(5 of 33) postoperatively.

PROMIS Pain Scores

Patients had improvements in PROMIS residual limb pain
intensity scores, which decreased from 53.4 = 9.7 to 44.4
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Table 2. Primary outcomes: NRS scores for worst pain at baseline and 1 year for limbs undergoing targeted muscle reinnervation

(n = 35), mean (SD)

Pain parameter Baseline 1 year Change (adjusted 95% CI)® p value (paired t-test)
Phantom limb pain 6.0 (3.1) 3.6 (2.9) -2.4 (-3.81t0-0.9) < 0.001
Residual limb pain 6.4 (2.6) 3.6(2.2) -27(-421t0-1.2) < 0.001

@Bonferroni adjusted 95% simultaneous confidence intervals.

* 7.9 (mean difference -9.0 [95% CI -14.0 to -4.0];
p < 0.001). Phantom limb pain intensity scores improved
from49.3 = 10.4 to 43.2 = 9.3 (mean difference -6.1 [95%
CI-11.3 to -1.3]; p = 0.012) (Table 3). PROMIS residual
limb pain interference scores decreased from 60.4 = 9.3 to
51.7 £ 8.2 (mean difference -8.7 [95% CI -13.1 to -4.4];
p <0.001) and phantom limb pain interference scores im-
proved from an average of 57.7 = 10.4t0 50.8 = 9.8 (mean
difference -6.9 [95% CI -12.1 to -1.7]; p < 0.001. The
changes PROMIS intensity and interference scores can
also be deemed clinically important based on MCID data
published in the current evidence [6, 20]. There were non-
important improvements in PROMIS behavior scores, with
phantom limb pain behavior scores changing from 55.5 =
9.6 to 50.6 = 9.0 (mean difference -4.9 [95% CI -10.5 to
0.7]; p=0.12) and residual limb pain behavior scores from
55.9 £ 9.2 t0 51.9 = 7.9 (mean difference -4.0 [95% CI
-8.7t0 0.7]; p = 0.15).

Whether the neuroma was left in situ during the pro-
cedure did not affect patient-reported pain outcomes (see
Appendix; Supplemental Digital Content 1, http://links.
Iww.com/CORR/A377). Patients with a neuroma left in-
situ experienced similar reductions in NRS scores for re-
sidual limb pain and phantom limb pain as those whose
neuromas were completely excised (residual limb: -2.3 =
2.9 nonexcision versus -3.0 = 3.0 excision [mean
difference +0.6 {95% CI -2.5 to +3.7}; p = 0.57]; phantom

limb: -2.4 *+ 3.2 nonexcision versus -2.3 * 2.7 excision
[mean difference -0.1 {95% CI -3.1 to +3.0}; p = 0.94]).
Likewise, there was no relationship between the neuroma
being left in the surgical field after excision and PROMIS
pain measure scores.

Functional Outcomes

An assessment of the upper and lower extremities before
and after targeted muscle reinnnervation demonstrated
functional improvement. OPUS Rasch scores increased
from 53.7 £ 3.4 at baseline to 56.4 = 3.7 at 1 year post-
operatively (mean change 2.7 [95% CI 2.3 to 3.2]; p <
0.001) for patients undergoing upper extremity targeted
muscle reinnnervation (Table 4). Neuro-QOL scores in-
creased from 32.9 * 1.5 to 35.2 = 1.6 (mean change 2.3
[95% CI 1.8 to 2.9]; p < 0.001) for patients undergoing
lower extremity targeted muscle reinnnervation (Table 4).

Discussion

Chronic residual limb and phantom limb pain, until re-
cently, have been difficult to manage, and there have been
numerous ineffective or inconsistent treatment strategies
[3,8,14, 19,20, 28, 29]. Targeted muscle reinnervation is a

Table 3. PROMIS pain scales at baseline and 1 year for limbs undergoing targeted muscle reinnervation (n = 35), mean (SD)

Pain parameter Baseline 1 year Change (adjusted 95% CI)® p value (paired t-test)
Intensity
Phantom 49.3 (10.4) 43.2 (9.3) -6.1 (-11.3 t0 -0.9) 0.012
Residual 53.4(9.7) 444 (7.9) -9.0 (-14.0 to -4.0) < 0.001
Behavior
Phantom 55.5(9.6) 50.6 (9.0) -49 (-10.5 t0 0.7) 0.118
Residual 55.9(9.2) 519 (7.9) -4.0 (-8.7 10 0.7) 0.154
Interference
Phantom 57.7 (10.4) 50.8 (9.8) -6.9 (-12.1 to -1.7) 0.004
Residual 60.4 (9.3) 51.7 (8.2) -8.7 (-13.1 to -4.4) < 0.001

Bonferroni adjusted 95% simultaneous confidence intervals.
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Table 4. OPUS Rasch score at baseline and 1 year for upper limbs undergoing targeted muscle reinnervation (n = 20), mean (SD);
Neuro-QOL score at baseline 1 year for lower limb amputees undergoing targeted muscle reinnervation (n = 14), mean (SD)

Limb Baseline 1 year Change (95% unadjusted Cl) p value (paired t-test)
Upper limb 53.7 (34) 56.4 (3.7) 27 (23t03.2) < 0.001
Lower limb 329 (1.5) 35.2(1.6) 23 (1.8t02.9) < 0.001

promising surgical intervention shown to improve amputation-
related pain. With this study, we aimed to enlarge the patient
sample size used to investigate the impact of targeted muscle
reinnervation on residual limb and phantom limb pain and
expand our knowledge on how this procedure may affect the
functional status of amputees. Our investigation corroborates
prior findings in which targeted muscle reinnervation led to
clinically important improvement in chronic amputation-
related pain 1 year out from intervention but does not reveal
an improvement in functionality. Future studies should focus
on the influence this procedure has on function and opioid use
in this patient population.

The major limitation of this study is possible bias because
of patient self-reporting and preconceptions of the efficacy
of targeted muscle reinnervation. Some patients (n = 3) were
enrolled in this study because they declined to be random-
ized, having heard through other sources (for example, the
internet) that targeted muscle reinnervation was effective.
Although the placebo effect may last beyond 1 year, the
extended follow-up time (1 to 4 years postsurgery for most
patients) and the use of multiple validated outcome assess-
ments should reduce the impact of the placebo effect. The
patients enrolled in this present study have similar reasons
for neuroma formation as those in the RCT [9]. The break-
down of reasons for amputation are similar between this
cohort and the RCT cohort. In the RCT, 85% of amputees
had an amputation due to trauma and the remaining patients
had an amputation because of infection. In this non-
randomized cohort, nearly 83% had an amputation due to
trauma, with 11% having amputations because of infection
and less than 6% caused by other reasons. Additionally, the
results of our analysis are in line with those from the pub-
lished RCT. With these findings and knowledge that most
participants were excluded from the RCT because of prior
surgery (n = 25), we feel that our current submission does
not question the results of either study. An additional con-
cern for bias is because the senior author (GAD) is the
original developer of the targeted muscle reinnervation
technique. However, in this surgical trial, the senior author
performed only a minority of the procedures.

Targeted muscle reinnervation improved residual limb
and phantom limb pain 1 year after intervention. Our mean
difference in NRS data was more than the 2-point change
deemed to be the MCID in published evidence. The clini-
cally important change corresponds to patients’ ability to
reduce pain medication for acute and chronic pain shown

{
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in a separate study [12]. Moreover, as mentioned, these
findings are in line with the data from our randomized
clinical trial. Specifically, when looking at the average
change in NRS scores at 1 year, the randomized cohort had
an average decrease in phantom limb pain of 3.2 and av-
erage decrease in residual limb pain of 2.9 [9].

PROMIS pain intensity and interference scores were
similarly improved at 1 year after surgery. These clinically
important findings strengthen the argument that targeted
muscle reinnervation can improve amputation-related pain.
Pain behavior, a measure of the external manifestations of
pain (both deliberate and involuntary), did not lead to
changes after targeted muscle reinnervation. The relatively
smaller change in pain behavior measures may be attrib-
uted to the multifactorial nature of learned responses to
pain. The pain behavior score tends be less sensitive to pain
interventions than other PROMIS measures [2]. Whether
the neuroma was left in situ did not influence the benefit of
targeted muscle reinnervation on pain.

The present study also demonstrated improvement in
global upper and lower extremity function scores 1 year
after targeted muscle reinnervation. Most of the patients
who underwent upper extremity surgery were excluded
from the randomized controlled trial and were selected for
this cohort because of the primary indication of improved
prosthesis control. Thus, functional upper extremity im-
provement, consistent with prior reports of upper extremity
targeted muscle reinnervation for advanced prosthesis
control [16, 17], was as anticipated. However, as noted
these were not clinically important findings. Lower ex-
tremity functional improvement, however, was not ob-
served. We postulate that decreased pain would increase a
patient’s ability to perform their activities of daily living
and improve mobility. A continued analysis of a larger
group of patients who have undergone lower extremity
amputation is necessary. Additional investigation into (1)
how functional these individuals are before surgical in-
tervention and (2) how much they use a prosthesis overall is
key to better understanding the functional impact this op-
eration has on amputees.

Conclusions

Neuroma-related pain continues to be a challenging con-
dition, affecting hundreds of thousands of patients. With
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this study, we document that targeted muscle reinnervation
offers statistically and clinically important improvements

to

both residual limb and phantom limb pain for amputees.

Future directions for research include a unified, cross-
institutional patient outcome tool to facilitate further pro-

Sp

ective, quantitative research for neuroma-related pain.

Additional research focus can be placed on analyzing
functional and quality of life parameters after targeted
muscle reinnervation as we showed nominal but not clin-
ically important improvements in function.
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