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Introduction

It is estimated that transected sensory nerves develop into sympto-
matic neuromas, which can cause chronic pain, in up to 25% of 
patients [1]. Neuroma formation is caused by aberrant regeneration 
of the proximal nerve end when it lacks a distal target and pathway 
[2]. Traditional surgical treatment options have variable efficacy, and 
include neurectomy, neurolysis, relocation of the nerve stump into 
deeper tissues such as muscle or bone, and capping of the nerve 
stump [3]. However, up to 30% of painful neuromas do not improve 
with traditional surgical treatment [4, 5]. Targeted muscle reinnerva-
tion (TMR) is a new technique used for treatment of symptomatic 
neuromas [6]. TMR was originally described as the transfer of mixed 
motor/sensory nerves to motor nerves for myoelectric control of a 
prosthesis, although it was also found to prevent neuroma formation 
and improve pain after major limb loss [7, 8]. Furthermore, TMR was 
reported to be more effective for treatment of postamputation neu-
roma pain compared with traditional neurectomy and muscle bury-
ing [9].

Traumatic peripheral neuroma formation is a major cause of 
neuropathic pain, which remains a challenging problem faced by 
surgeons. Neuromas of the upper extremity can cause considerable 
and debilitating pain, which significantly decreases patients’ quality 
of life [10]. The superficial radial nerve (SRN) is the most vulnerable 
nerve to injury from trauma or surgery in the forearm, and is a 
common site for painful peripheral neuromas [11]. The dorsal branch 
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of the ulnar nerve (DBUN) is also vulnerable to injury from trauma or 
surgery on the ulnar side of the wrist [12, 13]. The medial antebrachial 
cutaneous nerve (MACN) can be damaged by numerous iatrogenic 
sources, including injection for medial epicondylitis, cubital nerve 
surgery, elbow arthroscopy, and open elbow surgery [14, 15]. 
Furthermore, the lateral antebrachial cutaneous nerve (LACN) is easily 
injured during vein puncture [16, 17]. Importantly, TMR is also 
applicable to neuromas following such peripheral nerve injury via 
transfer of a transected sensory nerve to a motor entry point (MEP) of 
an expendable nearby muscle, which provides a pathway and target 
for regeneration to reduce neuroma formation [18–20]. However, 
there is currently little information available on which motor nerves 
are anatomically suitable targets for TMR of the vulnerable sensory 
nerves in the upper extremity. TMR requires precise anatomical 
knowledge of innervation of possible motor targets, which is essential 
for efficient and safe nerve harvest and transfer. The aim of this 
anatomical study was to analyze the anatomical course of the SRN, 
DBUN, MACN, and LACN to identify the optimal motor nerves for TMR.

Materials and methods

After institutional ethical approval was obtained, we examined 14 
upper extremities of seven fresh-frozen adult cadavers without surgi-
cal or traumatic scars in the upper extremity. All skin of the upper arm 
and forearm was carefully excised, while the sensory nerves were 
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preserved on the cadaveric side. Next, dissection was performed to 
describe the anatomical course of the SRN, DBUN, MACN, and LACN. 
Measurements were made with a ruler or caliper and presented as 
mean ± standard deviation. 

To evaluate the course of the SRN in the forearm, the distance 
between the radial styloid process and subcutaneous emergence 
between the brachioradialis (BR) and the extensor carpi radialis 
longus (ECRL) tendons were measured. The ulnar nerve and its branch 
(the DBUN) were dissected, and the distance between the branching 
point and the radial styloid process was measured. The distal anterior 
interosseus nerve (AIN) was reported as a candidate target for TMR 
[21, 22]. Because the motor branch to the flexor pollicis longus (FPL) 
muscle of the AIN must be preserved, the distance between the 
motor branch to the FPL and the radial styloid process was measured. 
The distance between the motor branch to the FPL and the MEP of 
the pronator quadratus (PQ) muscle was also measured. Finally, we 
measured the diameters of the SRN and DBUN at the radial styloid 
process, and the diameter of the AIN just distal to the motor branch to 
the FPL.

In the medial side of the elbow, the MACN was dissected, and its 
diameter was measured at the medial epicondyle of the humerus. 
The median nerve was dissected to identify the motor branch to the 
pronator teres (PT) muscle as a target for TMR of the MACN because 
the motor branch to the PT is the most proximal branch of the median 
nerve. Another reason is that the PT has multiple motor branches to 
enter the two muscle bellies, one motor branch is expendable. The 
motor branch closest to the medial epicondyle of the humerus was 
selected as a target. The distance between the medial epicondyle of 
the humerus and the motor branch to the PT was also measured. 
Finally, we measured the diameter and MEP of the motor branch to 
the PT.

In the lateral side of the elbow, the distance between the lateral 
epicondyle of the humerus and subcutaneous emergence of the 

LACN between the biceps brachii and the BR muscles was measured. 
The diameter of the LACN at the lateral epicondyle of the humerus 
was also measured. The radial nerve was dissected to identify the 
motor branches to the BR and ECRL as targets for TMR of the LACN 
because both BR and ECRL are expendable. When there were multiple 
motor branches to the BR and ECRL, the motor branch closest to the 
lateral epicondyle of the humerus was selected in each. The distances 
between the BR and ECRL motor branches and the lateral epicondyle 
of the humerus were measured, respectively. Finally, the diameters 
and MEPs of the motor branches to the BR and ECRL were measured.

Results

The findings of this cadaveric study are summarized in Table 1. The 
SRN emerged superficially at 86 ± 20 mm proximal to the radial sty-
loid process (Figure 1). The DBUN branched from the ulnar nerve at 77 
± 10 mm proximal to the radial styloid process (Figure 2). The AIN 
branched off its motor branch to the FPL at 117 ± 16 mm proximal to 
the radial styloid process, and then traveled 61 ± 17 mm distally 
before entering to the PQ (Figure 3). The MEP of the PT was located at 
56 ± 7 mm proximal to the radial styloid process. The diameters of the 
SRN and DBUN at the radial styloid process were 1.9 ± 0.2 mm and 1.8 
± 0.3 mm, respectively. The diameter of the AIN, just distal to the 
motor branch to the FPL, was 1.4 ± 0.2 mm. From the anatomical find-
ings, the distal AIN was available as a donor for TMR of the SRN and 
the DBUN in the distal third of the forearm.

The MACN ran anterior to the medial epicondyle of the humerus 
(diameter, 1.6 ± 0.3 mm). The motor branch to the PT closest to the 
medial epicondyle of the humerus branched from the median nerve 
at 5 ± 14 mm distal to the medial epicondyle of the humerus, and 
entered to the PT at 22 ± 11 mm distally (Figure 4). The MEP of the PT 
was located at 27 ± 11 mm distal to the medial epicondyle of the 
humerus. The diameter of the motor branch to the PT was 1.6 ± 0.3 mm. 

Table 1.  Optimal targets for TMR of the vulnerable sensory nerves in the upper extremity.

Targeted muscle Mean branching point of motor 
nerve

Mean motor entry point Mean length of motor 
branch (mm)

Mean diameter 
of motor nerve 

(mm)

Sensory nerve for TMR 
(mean diameter)

PQ 117 mm proximal to RS 56 mm proximal to RS 61 1.4 SRN (1.9 mm)
DBUN (1.8 mm)

PT 5 mm distal to ME 27 mm distal to ME 22 1.6 MACN (1.6 mm)
BR 33 mm proximal to LE 13 mm proximal to LE 20 1.3 LACN (2.0 mm)
ECRL 14 mm proximal to LE 11 mm distal to LE 25 1.4 LACN (2.0 mm)

PQ: pronator quadratus muscle; PT: pronator teres muscle; BR: brachioradialis muscle; ECRL: extensor carpi radialis longus muscle; SRN: superficial radial nerve; 
DBUN: dorsal branch of the ulnar nerve; MACN: medial antebrachial cutaneous nerve; LACN: lateral antebrachial cutaneous nerve; RS: radial styloid process; ME: 
medial epicondyle of the humerus; LE: lateral epicondyle of the humerus; TMR: Targeted muscle reinnervation.

Figure 1.  Anatomical course of the superficial radial nerve (SRN). The SRN (*) 
emerged superficially between the brachioradialis and extensor carpi radialis 
longus tendons at a mean distance of 86 mm proximal to the radial styloid 
process.

Figure 2.  Anatomical course of the dorsal branch of the ulnar nerve (DBUN). 
The DBUN (*) branched from the ulnar nerve at a mean distance of 77 mm 
proximal to the radial styloid process, and traveled distally under the flexor 
carpi ulnaris (FCU) muscle. 
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The anatomical findings revealed that the motor branch to the PT was 
suitable for TMR of the MACN at a location distal to the medial 
epicondyle of the humerus.

The LACN emerged superficially at 25 ± 9 mm proximal to the 
lateral epicondyle of the humerus (diameter, 2.0 ± 0.3 mm). The 
motor branches to the BR and ECRL closest to the lateral epicondyle 
of the humerus branched from the radial nerve at 33 ± 17 mm and 14 
± 9 mm proximal to the lateral epicondyle of the humerus, and 
entered each muscle at 20 ± 11 mm and 25 ± 8 mm distally, 
respectively (Figure 5). The MEPs of the BR and ECRL were located at 
13 ± 20 mm proximal and 11 ± 11 mm distal to the lateral epicondyle 
of the humerus, respectively. The diameters of the motor branches to 
the BR and ECRL muscles were 1.3 ± 0.2 mm and 1.4 ± 0.2 mm, 
respectively. It was possible to transfer the LACN to the motor branch 
of the BR or ECRL.

Discussion

There are a number of important considerations when performing 
TMR for the treatment of sensory nerve neuromas, which include that 
the sensory nerve is coapted to a nearby expendable motor nerve 
without tension, an expendable motor nerve is easily accessible, and 
that the diameter of an expendable nerve is matched to the sensory 
nerve diameter (Figure 6). In this anatomical study, we examined the 
optimal motor nerves for performing TMR of the vulnerable sensory 
nerves in the upper extremity. The SRN is the most easily injured cuta-
neous nerve in the upper extremity and has the highest frequency of 
painful neuroma formation [11, 23]. Neuromas of the DBUN are less 

common, but can occur from traumatic and iatrogenic injuries 
[12, 13]. The distal AIN was reported to be a suitable donor target 
when considering TMR for neuromas of the SRN, DBUN, and the pal-
mar cutaneous branch of the median nerve [21, 22]. Cavadas et al. 
reported a case of symptom improvement after distal AIN transfer for 
a neuroma of the DBUN [13]. Grome et al. also reported a case of com-
plete symptom resolution after using the distal AIN as a motor target 
for a neuroma of the palmar cutaneous branch of the median nerve 
[18]. The distal AIN is anatomically consistent and expendable in 
patients with a functioning PT. The results of this study indicated that 
it was possible to transfer the AIN a mean distance of 61 mm from the 
MEP of the PQ, while avoiding damage to the motor branch to the 
FPL. The freely transferable length of 61 mm was similar to the 56.4 
mm of the previous study by Langeveld et al. [21]. As reported by 
Langeveld et al., this study also showed that the distal AIN had suffi-
cient length to perform TMR for the SRN and the DBUN in the distal 
third of the forearm. The 1.4 mm diameter of the distal AIN was 
acceptable for suturing with the 1.9 mm diameter SRN and the 1.8 
mm diameter DBUN.

The anterior and posterior branches of the MACN are located at 
the medial side of the elbow. Because of the marked variability in 
their anatomic positions, especially of the posterior branches, they 
are highly susceptible to iatrogenic damage during cubital tunnel 
surgery or other medial approaches to the elbow [24]. Mackinnon 
et al. showed an incidence of MACN neuromas in 73 of 100 patients 

Figure 3.  Anatomical course of the anterior interosseus nerve (AIN). The AIN 
(*) branched off its motor branch to the flexor pollicis longus (FPL) muscle (**), 
and then traveled distally before entering the pronator quadratus (PQ) muscle.

Figure 4.  Anatomical course of the medial antebrachial cutaneous nerve 
(MACN) and motor branches to the pronator teres (PT) muscle. The MACN (*) 
ran anterior to the medial epicondyle of the humerus. The motor branches to 
the PT (**) branched from the median nerve and entered the PT distally.

Figure 5.  Anatomical course of the lateral antebrachial cutaneous nerve 
(LACN) and motor branches to the brachioradialis (BR) and extensor carpi radi-
alis longus (ECRL) muscles. The LACN (*) emerged superficially at a mean dis-
tance of 25 mm proximal to the lateral epicondyle of the humerus. The motor 
branches to the BR (**) and ECRL (***) branched from the radial nerve and 
entered each muscle distally. 

Figure 6.  Targeted muscle reinnervation of the lateral antebrachial cutane-
ous nerve (LACN) with the motor branch to the brachioradialis (BR). The LACN 
(*) was transected just proximal to intersection with the cephalic vein and 
coapted to the motor branch to the BR (**) without tension.
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who underwent revision surgery after cubital tunnel release [25]. The 
posterior branch of the MACN distal to the medial epicondyle of 
the humerus is vulnerable to injury during cubital tunnel surgery. 
The results of our study showed that the motor branch to the PT 
was a suitable donor target when considering TMR for neuromas of 
the MACN. The PT has two different points of origin: the humeral 
head and the ulnar head. The humeral head is larger and more 
superficial, while the ulnar head is deeper and joins at an acute 
angle to form one muscle belly. Each muscle head typically has a 
motor branch. The motor branch to the PT closest to the medial 
epicondyle of the humerus branched from the median nerve at a 
mean distance of 5 mm distal to the medial epicondyle of the 
humerus and entered the PT at a mean distance of 22 mm distally. 
The freely transferable length of 22 mm was sufficient to perform 
TMR for the MACN at a location distal to the medial epicondyle of 
the humerus. The mean diameter of the motor branch to the PT 
was 1.6 mm, which was well matched with the mean 1.6 mm 
diameter of the MACN.

The LACN is located in close proximity to the cephalic vein all 
along its course [17], and is thus susceptible to injury during 
venipuncture [16]. When considering TMR for neuromas of the LACN 
in the distal third of the forearm, the distal AIN is a suitable donor 
target. However, other donor targets are necessary for neuromas in 
the proximal two-thirds of the forearm and elbow. The results of this 
study revealed that motor branches of the BR and ECRL were suitable 
for TMR of the proximal LACN. Both the BR and ECRL are expendable. 
The motor branches of the BR and ECRL branched from the radial 
nerves around the elbow, which are easily accessible. The 2.0 mm 
diameter LACN was acceptable for suturing with the 1.3 mm diameter 
BR and the 1.4 mm diameter ECRL. Neuromas of the proximal SRN are 
less common because of protection of the nerve under the BR, but 
may occur following sharp trauma [5]. For neuromas of the SRN in the 
proximal two-thirds of the forearm, the motor branch to the BR or 
ERCL may be a suitable motor target [21].

A limitation of this study was the small number of cadavers. 
Nevertheless, our results are reliable because the investigated 
expendable motor nerves are anatomically consistent. Another 
limitation is that although TMR of vulnerable sensory nerves in the 
upper extremity was proved to be anatomically possible, clinical 
outcomes remain unknown because few clinical cases have been 
reported to date. 

Conclusion

The results of this anatomical study provide useful information when 
TMR is applied for neuromas of the vulnerable sensory nerves in the 
upper extremity. The distal AIN was available as a donor for TMR of 
the SRN and DBUN in the distal third of the forearm. The motor branch 
to the PT was suitable for TMR of the MACN. It was possible to transfer 
the LACN to the motor branch of the BR or ECRL.
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