Clin Orthop Relat Res (2014) 472:2991-3001
DOI 10.1007/s11999-014-3602-1

Clinical Orthopaedics
and Related Research’

A Publication of The Association of Bone and Joint Surgeons®

SYMPOSIUM: RECENT ADVANCES IN AMPUTATION SURGERY AND REHABILITATION

Does Targeted Nerve Implantation Reduce Neuroma Pain

in Amputees?

Mitchell A. Pet MD, Jason H. Ko MD,
Janna L. Friedly MD, Pierre D. Mourad PhD,
Douglas G. Smith MD

Published online: 11 April 2014
© The Association of Bone and Joint Surgeons® 2014

Abstract

Background Symptomatic neuroma occurs in 13% to 32%
of amputees, causing pain and limiting or preventing the use
of prosthetic devices. Targeted nerve implantation (TNI) is
a procedure that seeks to prevent or treat neuroma-related
pain in amputees by implanting the proximal amputated
nerve stump onto a surgically denervated portion of a
nearby muscle at a secondary motor point so that regener-
ating axons might arborize into the intramuscular motor
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nerve branches rather than form a neuroma. However, the
efficacy of this approach has not been demonstrated.
Questions/purposes We asked: Does TNI (1) prevent
primary neuroma-related pain in the setting of acute trau-
matic amputation and (2) reduce established neuroma pain
in upper- and lower-extremity amputees?

Methods We retrospectively reviewed two groups of
patients treated by one surgeon: (1) 12 patients who
underwent primary TNI for neuroma prevention at the
time of acute amputation and (2) 23 patients with estab-
lished neuromas who underwent neuroma excision with
secondary TNI. The primary outcome was the presence or
absence of palpation-induced neuroma pain at last fol-
lowup, based on a review of medical records. The patients
presented here represent 71% of those who underwent
primary TNI (12 of 17) and 79% of those who underwent
neuroma excision with secondary TNI (23 of 29 patients)
during the period in question; the others were lost to
followup. Minimum followup was 8 months (mean, 22
months; range, 8—60 months) for the primary TNI group
and 4 months (mean, 22 months; range, 4-72 months) for
the secondary TNI group.

Results At last followup, 11 of 12 patients (92%) after
primary TNI and 20 of 23 patients (87%) after secondary
TNI were free of palpation-induced neuroma pain.
Conclusions TNI performed either primarily at the time
of acute amputation or secondarily for the treatment of
established symptomatic neuroma is associated with a low
frequency of neuroma-related pain. By providing a distal
target for regenerating axons, TNI may offer an effective
strategy for the prevention and treatment of neuroma pain
in amputees.

Level of Evidence Level IV, therapeutic study. See
Instructions for Authors for a complete description of
levels of evidence.
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Introduction

In 2005, there were approximately 1.6 million amputees in
the United States, a number that is projected to more than
double by 2050 [49]. Painful neuroma occurs in 13% to
32% of amputees [12, 13, 15, 36, 42], causing pain that is
often exacerbated even by a well-fitted prosthesis. Neuro-
mas can cause significant disability, as patients often limit
or discontinue the use of their prosthetic device due to
neuroma-related pain.

Many nonsurgical treatments for this frustrating prob-
lem have been suggested, including neuropathic
medications, topical or injectable anesthetics [6], chemical
axonotmesis [19], and radiofrequency ablation [39, 44].
These techniques are inconsistently successful in the set-
ting of discrete symptomatic neuroma. A similar array of
surgical treatments has been advocated, including traction
neurectomy, nerve capping, end-to-side or centrocentral
coaptation [1, 4, 17, 35, 40, 41, 43, 46], and nerve trans-
position into healthy bone, vein, or muscle [16, 20, 21, 30,
33, 34]. Given the large number of potentially effective
treatments and the conflicting evidence, there is no con-
sensus regarding the best practice for neuroma treatment. A
common approach to treating painful neuromas is to bury
the stump in healthy muscle. While this technique can
position the nerve stump and likely subsequent neuroma in
a protected location and potentially reduce pain, symptoms
sometimes recur [3, 9].

After a neurotmetic injury, proximal nerve stump axons
sprout into the extracellular milieu. In the case of simple
transection, these axons will be guided by neurotrophic
factors to the nearby distal stump [8, 38]. After entering
this distal stump, the regenerating axons can proceed down
the existing column of Schwann cells and basal lamina to
reinnervate the denervated target tissue [24]. However, in
the case of limb amputation, the transected proximal stump
is deprived of a distal nerve and receptive tissue target. The
result is a directionless proliferation of axons, fibroblasts,
Schwann cells, and blood vessels, which manifests clini-
cally as a painful neuroma.

To address the underlying pathophysiology of neuro-
mas, we devised a technique wherein we provide these idle
axons with a target for organized reinnervation. Targeted
nerve implantation (TNI) can be applied as a primary
treatment for neuroma prevention at the time of amputation
or secondarily for treatment of an established neuroma. In
this procedure, a secondary motor nerve branch to an
expendable portion of healthy muscle is isolated and
divided, and then the proximal major nerve stump is
implanted atop the carefully identified secondary motor
point within the surgically denervated muscle. The theo-
retical mechanism justifying trial of this technique is that,
rather than forming (or reforming) a neuroma, the
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Table 1. Description of the primary and secondary TNI groups

Variable Primary TNI Secondary TNI
group group

Number of patients screened 17 29

Number of patients included 12 (34 nerves) 23 (42 nerves)

Age (years)* 34 (14-59) 44 (20-80)

Number of male patients 10 (83%) 15 (65%)

Upper extremity treated 11 (92%) 8 (35%)
(number of patients)

Lower extremity treated 1 (8%) 15 (65%)

(number of patients)

Duration from amputation 80 (8-361) months

to TNI*

Clinical followup (months)*

4 (2-10) days

22 (8-60) 22 (4-72)

* Values are expressed as mean, with range in parentheses; TNI =
targeted nerve implantation.

transected axons might enter this secondary motor point
and arborize along the intramuscular motor branches in an
organized fashion [24] such that the resulting nerve ending
is less painful to palpation than if it had formed a neuroma.
However, the efficacy of this approach has not been
demonstrated.

In this study, we therefore determined whether TNI (1)
prevents primary neuroma-related pain in the setting of
acute traumatic amputation and (2) reduces established
neuroma pain in upper- and lower-extremity amputees.

Patients and Methods

A retrospective cohort of eligible patients was created and
clinical data for each patient were abstracted from the
electronic medical record by a single investigator (MAP).
Inclusion required a history of major upper- or lower-
extremity amputation treated with TNI and clinical fol-
lowup exceeding 4 months postoperative with documented
examination by the surgeon and/or physiatrist. This mini-
mum amount of followup required is consistent with the
best available evidence for the timescale of neuroma for-
mation in humans and animals [7, 15, 45, 48]. In the
primary TNI cohort, TNI was performed in the setting of
acute traumatic amputation for primary neuroma preven-
tion. Nontraumatic mechanisms of amputation were
excluded from this primary TNI cohort. In the secondary
TNI cohort, TNI was performed with neuroma resection in
patients with established painful neuroma at the site of
previous amputation to prevent secondary neuroma recur-
rence. All remote mechanisms of amputation were included
in this secondary TNI cohort.

Between 2006 and 2012, we performed 47 surgical
procedures (132 nerves) for neuroma prevention after acute
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amputation. Seventeen of these procedures (36%, 48
nerves) were primary TNI, and adequate clinical followup
was available in 12 of these patients (71%, 34 nerves), who
comprise our primary TNI study cohort. In the same time
period, we performed 101 surgical procedures (174 nerves)
for the treatment of established painful neuromas in
amputees. Twenty-nine of these procedures (29%, 50
nerves) were secondary TNI, and adequate clinical fol-
lowup was available for 23 of these patients (79%, 42
nerves), who comprise our secondary TNI study cohort.

Since we began using TNI in 2006, we have employed
this technique for all acute upper-extremity amputations at
or above the level of the elbow, with the exception of three
patients early in the study period. We have utilized TNI in
a single patient with acute lower-extremity amputation but
still generally employ simple traction neurectomy most of
the time. For secondary treatment of upper-extremity
neuromas, our practice slowly shifted over the course of the
study period from our previous strategy of neuroma exci-
sion and nerve transection within an area protected by
healthy muscle to almost exclusively TNI. For secondary
treatment of lower-extremity neuromas, we still frequently
use neuroma excision and nerve transection within a pro-
tected area and employ TNI selectively, often in patients
with recurrent disease.

Both cohorts were predominantly young male patients.
The primary TNI cohort consisted of mostly upper-
extremity amputees, while the secondary TNI cohort con-
sisted of mostly lower-extremity amputees (Table 1).
Operative and clinical details are given for individual
patients in the primary TNI group (Table 2) and secondary
TNI group (Table 3). Minimum followup was 8 months
(mean, 22 months; range, 8-60 months) for the primary
TNI group and 4 months (mean, 22 months; range, 24—72
months) for the secondary TNI group. Our institutional
review board committee approved this study.

All TNI surgeries and clinical followups were com-
pleted at our Level I trauma center with an established
amputation program. All procedures were performed at a
single major academic trauma center by the same surgeon
(DGS). Neuroma-related pain was defined as localizable
tenderness and a reproducible Tinel’s sign within the
amputation stump in the expected anatomic location of a
transected nerve. Neuromas were confirmed in each patient
receiving secondary TNI by the operative identification of
the neuroma. Imaging was not utilized routinely for the
purposes of diagnosing neuroma. A diagnosis of phantom
pain was made using the subjective history relayed by the
patient [23].

The operative approach and specific nerve implantations
performed in each patient depended on the amputation
level, anatomy, zone of injury, and other problems con-
comitantly addressed. For the TNI portion of the
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procedure, the proximal nerve stump was prepared by
trimming it proximal to the zone of injury as observed
grossly in the case of primary TNI or by resection of the
end neuroma in the case of secondary TNI. A section of
healthy proximal muscle was then exposed, and using
monopolar cautery at a setting of five, the surface of the
muscle was serially stimulated in different areas. This was
done until we encountered a location where stimulation
triggered a broad concentric contraction, rather than the
usual local trace muscle fiber contraction. This was our
indication of a motor point or secondary motor nerve
branch coursing superficially within the muscle. Here,
gentle blunt intramuscular dissection was undertaken until
the small nerve could be isolated (generally just a few
millimeters below the muscle surface) and sharply tran-
sected. The proximal major nerve stump was then trimmed
back to the level of the chosen secondary motor point and
then carefully sutured to the muscle such that the cut end
lay directly over the distal stump of the transected intra-
muscular motor branch (Fig. 1). The intention of this
procedure was to allow nerve ingrowth into this denervated
muscle segment via the transected nerve to avoid formation
(or reformation) of an end neuroma. A representative TNI
procedure is illustrated (Fig. 1).

In lower-extremity amputations, donor-recipient prox-
imity was generally the most important consideration in
planning multiple implantations. At the transfemoral
level, we generally found it easiest to implant the tibial
and peroneal portions of the sciatic nerve into the medial
and lateral hamstring musculature, respectively. In long
transhumeral amputees, this would ideally mean implan-
tation of the median nerve into the biceps muscle, radial
nerve into the triceps, and ulnar nerve into the brachialis.
At the shoulder level, the pectoralis major and minor,
teres major, serratus, and latissimus dorsi are potential
target muscles.

The primary outcome was the presence of typical neu-
roma pain as assessed by clinical examination.
Determination of this outcome was by chart review, per-
formed by a single investigator (MAP) who was not
involved in the care of included patients.

Results

Eleven of 12 patients (92%) treated with primary TNI at
the time of traumatic amputation were free of palpation-
induced neuroma pain at their last followup (Table 2). The
sole patient with potential treatment failure (Patient 2)
developed nonspecific hypersensitivity at his amputation
stump, for which neuroma has not been ruled out as a
cause. Painful phantom limb sensations developed in six of
the 12 patients in this cohort.
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Table 3. continued

Neuroma Phantom Neuroma Phantom Followup Comments

Duration
between

Number Concomitant

of TNI

Specific
TNI

Neuromas

excised

Amputation

Patient Remote

(months)

pain pain pain

pain

surgical

mechanism level

after

TNI

after

TNI

before
TNI

amputation before

and TNI
(years)

transfers treatments*

(nerve to
muscle
motor

TNI

point)

Yes No Yes 19

Yes

11

Superficial and deep 2

Superficial and

Motor vehicle Below knee

33

PN to tibialis

anterior
TN to medial

deep PN

collision

Yes No Yes

Yes

Excision of HO

Below knee TN, PN

Peripheral

34

hamstring, PN to

vascular
disease
Crushed by

lateral hamstring

TN to medial

Yes No Yes 41

Yes

Excision of HO,

2

TN, PN

Below knee

35

tibiofibular

hamstring, PN to

machinery

arthrodesis

lateral hamstring

median nerve;

musculocutaneous nerve; MeN =

flexor digitorum superficialis; FDP

* Revision of the amputation stump was also performed when indicated; TNI = targeted nerve implantation; CMC = carpometacarpal; McN

flexor digitorum profundus;

peroneal nerve; SuN = sural nerve; FDS =

ulnar nerve; ScN = sciatic nerve; TN = tibial nerve; PN

RN = radial nerve; UN

HO

irrigation and débridement.

long thoracic nerve; I&D =

hypertrophic ossification; LTN =

Of the 23 previous amputees who underwent neuroma
resection and secondary TNI, 20 (87%) were free of pal-
pation-induced neuroma pain at their last followup
(Table 3). Patient 20 experienced no relief of symptoms
with surgery but subsequently responded completely to
mirror therapy. Patient 15 had a postoperative course
dominated by medical and psychiatric comorbidity, which
complicated serial assessments. However, at last followup,
she described persistent stump pain, for which neuroma
cannot be ruled out as a contributing factor. Patient 28 had
drastic improvement in his palpation-induced neuroma
pain but had some infrequent and brief residual symptoms.
Painful phantom limb sensation was present in eight
patients before secondary TNI and in eight patients after-
ward. This represents persistent phantom pain in seven
patients, new onset of phantom pain in one, and resolution
of preoperative phantom pain in one.

Discussion

Symptomatic neuroma occurs in 13% to 32% of amputees
[12, 13, 15, 36, 42], causing pain and limiting the use of
prosthetic devices. In this retrospective study, we examined
the clinical course of patients who have undergone TNI in
an attempt to either prevent formation of neuromas after
acute traumatic upper- and lower-extremity amputation or
to treat painful neuromas in amputees.

There are several limitations of this study that must be
noted, most of which derive from its design as a retro-
spective study. First is the issue of transfer bias (loss to
followup); 11 of 46 (24%) eligible patients were lost to
followup, and while our mean followup is nearly 2 years,
late recurrence of symptomatic neuroma is still a possi-
bility. Additionally, our conclusions are limited by the
uncertainty that is inherent in attributing pre- and/or post-
intervention pain to neuroma. For example, nine of 23 had
heterotopic ossification resected concomitantly with their
TNI, which could potentially confound our results by
allowing misattribution of clinical improvement. Further-
more, the use of palpation-induced pain greatly simplifies
the complex pain complaints of our amputee population.
Still, while our records were reasonably specific in distin-
guishing neuroma complaints from phantom limb pain,
there remains the potential for overlapping diagnoses,
especially in cases of spontaneously firing neuroma that
may mimic phantom limb pain. Additionally, we treated
neuroma pain generally as an all-or-none phenomenon.
While this was generally the pattern we observed in our
patients, it may be that more detailed questioning would
reveal subtler gradation.

Selection bias cannot be ruled out, as patients were
assigned to TNI (rather than alternative treatments) in a
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Fig. 1A-B Diagrams illustrate an example of secondary TNI. (A) A
median neuroma in the setting of previous elbow disarticulation is
shown. (B) The median neuroma has been resected and the median

nonrandomized fashion using a decision algorithm that was
not necessarily constant nor entirely based on objective
findings. Furthermore, as the treating team was involved in
the assessment of outcomes, assessor bias is a possibility.
For these and other reasons, our preliminary findings will
require further study and validation. Finally, while we
theorize that TNI may prevent neuroma occurrence/recur-
rence by offering a viable path and destination for
regenerating axons, this study relied on clinical presenta-
tion and examination as our only indicator of neuroma
recurrence. In no group did we have imaging studies to
confirm the absence of neuroma after surgery. It is possible
that neuromas could have occurred or recurred asymp-
tomatically and that any clinical improvement might
simply reflect proximal relocation rather than nonrecur-
rence. By examining the histologic outcomes of TNI and
comparing them to those of muscle implantation [30], one
might determine whether our proposed model of axonal
arborization into the denervated muscle occurs in vivo and
whether this truly represents any improvement over simple
muscle implantation. This type of investigation would also
be necessary to exclude the possibility of iatrogenic neu-
roma formation due to the secondary motor branch
transection required for TNI.

In this preliminary study, we found TNI to be effective
in the prevention of neuroma formation at the time of
amputation. Only one of 12 patients in the primary treat-
ment group developed neuroma-related pain over a mean
followup of 20 months. Given that 13% to 32% of patients

@ Springer

Musculocutaneous Nerve

Coracobrachialis

Brachial Artery

Brachioradialis
Secondary Motor Point
Biceps Brachii

nerve stump has been implanted into a secondary motor point of the
biceps brachii muscle. Primary TNI would be illustrated similarly,
except without the component of neuroma resection.

with amputation develop neuroma-related pain [12, 13, 42],
our rate of 8% suggests that treatment of the resected nerve
with TNI at the time of amputation might offer some
benefit to this population. While numerous surgical tech-
niques for neuroma prevention have shown promise in
animal models of major limb amputation [2, 7, 14, 31, 41,
43, 45], to our knowledge, the few available human studies
are limited to the treatment of digital amputations. In 1984,
Gorkisch et al. [18] found only a single instance of
symptomatic neuroma in a series of 30 digital amputations
treated with centrocentral coaptation. This finding was
supported by a randomized, controlled trial done by Bel-
cher and Pandya [5] in 2000, wherein they found that
digital amputation stumps managed with centrocentral
coaptation were less tender than those managed with sim-
ple nerve transection. Yiiksel et al. [47] compared three
methods of using epineural tissue to cover transected dig-
ital nerve ends and found that epineural grafts performed
better than epineural flaps or epineural ligatures. While
these studies provide some context, the different goals,
mechanics, and demands on digital and major limb
amputations make them inappropriate for comparison to
our current series. Further study, ideally in the form or
randomized, controlled trials in humans, are needed to
compare available techniques for the primary prevention of
amputation neuromas.

Among patients treated with TNI for established neu-
roma pain, the majority had resolution of their neuroma
symptoms. As other authors have observed [15], we found
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that surgical treatment of neuromas had little effect on
other types of concomitant pain, including centrally med-
iated phantom limb pain. In an attempt to contextualize our
results, we performed a literature search seeking any case
series from the past 30 years describing interventions for
the treatment of established neuroma pain after major limb
amputation (notable exclusions include digital amputation
neuromas and reports with five patients or less) (Table 4).
Among the papers reviewed, our results are most instruc-
tively compared to a similar case series in which
symptomatic amputation site neuromas were managed
using the popular method of resection and burial of the
proximal stump within healthy muscle [10]. In that series,
Ducic et al. [10] observed a decrease in palpation-induced
neuroma pain without any symptomatic neuroma recur-
rence over 22 months. While these studies are not directly
comparable due to methodologic and population differ-
ences, the results of Ducic et al. [10] do provide a
counterpoint that underscores that our series cannot dem-
onstrate a clear-cut benefit of secondary TNI over existing
techniques at this time.

Targeted muscle reinnervation (TMR), as described by
Kuiken and Dumanian [11, 22, 27-29, 37], is a related
method of primary nerve stump management in amputees,
which is based on many of the same principles as TNI. Both
procedures entail transfer of a transected proximal nerve
stump and rely on a surgically denervated muscle to
encourage orderly reinnervation. While conceptually simi-
lar, there exist important differences that are informed by the
specific goals of each procedure. TMR is distinct in its
employment of much more formal and proximal nerve
transfers into defined muscle segments with the aim of
creating separate EMG signals usable for myoelectric
prosthesis control. As a means to the end of improved
myoelectric prosthesis control (which has been demon-
strated in many patients), TMR seeks to provide a large
number of healthy regenerating axons to a defined down-
stream muscle unit, which when reinnervated will provide a
clean and easily detectable surface EMG. As such, large
proximal recipient motor nerves are used (allowing formal
neurorraphy), thereby denervating and reinnervating
defined portions of muscle. With its more restricted goal of
neuroma prevention, TNI conversely is unconcerned with
the ultimate spatial arrangement and EMG characteristics of
the nascent nerve-muscle unit, allowing more distal transfer.

As a method to control myoelectric prostheses, we
believe TMR represents an advance. In situations where
myoelectric prosthesis control is not at stake, the technique
of TNI may be advantageous in that it avoids proximal
dissection within a potentially unstable stump and does not
require the surgical sacrifice of a proximal major motor
nerve, as does TMR. TNI should be considered as a
strategy for neuroma prevention in patients who are not
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candidates for immediate TMR and myoelectric prosthesis.
This may include many lower-extremity amputees, distal
upper-extremity amputees, and transhumeral or shoulder
disarticulation amputees who are unsuited for or uninter-
ested in a myoelectric prosthesis at the time of operation. In
addition, because TNI requires the denervation of a portion
of muscle (albeit small), there is some concern that primary
TNI might compromise the outcomes of secondary
TMR. We believe that the small portion of muscle dener-
vated by TNI is negligible in this context, and it seems
unlikely that its sacrifice would prevent a patient from
being able to undergo a successful TMR procedure in the
future for myoelectric prosthesis control.

The technique we used is intriguing in that it may prevent
neuroma recurrence, rather than simply controlling it. While
our preliminary results are encouraging, our study cannot
directly demonstrate neuroma occurrence, recurrence, or the
absence thereof. Patient-reported outcome measures or
imaging modalities, such as MRI and ultrasound, may help
quantify pre- and postoperative neuroma pain and size,
respectively. In addition, histologic examination of TNI
sites could help determine whether axonal arborization into
target muscle occurs after TNI in vivo, especially when
compared to simple muscle implantation [30]. Although
TNI demonstrates potential for the prevention and treatment
of neuromas, further research is necessary to confirm the
mechanism and compare TNI to existing techniques.
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