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Background

Upper-limb amputation is a devastating injury that results in
loss of form and function. Prosthetic options are limited. Current
prostheses may restore basic motor functions for crucial activities,
but are cumbersome to operate and are often abandoned. Targeted
muscle reinnervation (TMR) surgery can improve function to a
greater degree than traditional prostheses, allowing easier
intuitive function of myoelectric prostheses.

Innervation strategies vary [1–3]. The relatively standardized
surgical protocol for transhumeral TMR is as follows. The median
nerve is transferred to the short head of the biceps brachii motor
branch to provide a signal for hand closing or pronation; the ulnar
nerve is transferred to a residual brachialis motor branch to
provide an additional signal for hand closing; and the radial nerve
is transferred to the lateral head of the triceps motor branch to
provide a signal for hand opening or supination. The native

innervation to the long head of the biceps and the long head of the
triceps muscles is preserved to allow elbow flexion and extension.

Although all available strategies involve median, ulnar and
radial nerve transfers, these are mixed nerves, with motor nerve
fibers that innervate the muscle groups of different functions, and
their diameter is larger than the muscle branches of the target
muscle. Planitzer et al. reported the distribution of the motor
branches of the median nerve in the distal forearm and hand for
functional electrical stimulation [4]. In upper-limb amputation, if
the neural fascicle controlling hand movement can be accurately
located in the upper arm, a patient who has undergone TMR
surgery may easily and accurately perform hand opening and
closing using a prosthesis. Based on this assumption, we designed
and performed the functional anatomical study described below.
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A B S T R A C T

Background: The aim of this study was to accurately locate the neural fascicle controlling hand movement

in the upper arm, to enhance expression of motor intention after targeted muscle reinnervation.

Methods: The right sides of the median, ulnar and radial nerves were dissected from distal to proximal in

6 fresh cadaver specimens. The sectional location and diameter of the functional fascicle were measured

at 10 and 20 cm below the acromion. The diameter of the main muscle branches of muscle reinnervation

target muscles was measured.

Results: The median nerve branch of finger and wrist flexion was mainly located between the 9 and

12 o’clock positions in the plane 10 and 20 cm below the acromion, where the diameter of the nerve

fascicle was 2.07 and 2.04 mm, respectively. The ulnar nerve branch of finger and wrist flexion was

mainly located between the 8 and 12 o’clock positions, with a diameter of respectively 1.80 and

1.99 mm. The radial branch of finger and wrist extension was mainly located between the 10 and

2 o’clock positions in the plane 10 cm below the acromion and between 6 and 12 o’clock in the plane

20 cm below the acromion, with a diameter of respectively 2.57 and 3.03 mm.

Conclusions: The nerve fascicles innervating the flexor and extensor fingers were distributed in relatively

constant regions of the median, ulnar and radial nerve trunks, and their diameters closely matched the

muscle branches of the target muscle.
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issected under 4� loupe magnification retrogradely from distal to
roximal, starting with the forearm and progressing to the upper
rm. The distribution and diameter of functional fascicles were
easured at 10 and at 20 cm below the acromion (Fig. 1).

The cadaver was placed in supine position with the arm in 908
bduction, simulating the surgical position. All branches of the
edian nerve in the forearm were dissected, and divided into three

arts: finger and wrist flexion branch for pronator teres, palmaris
ongus, flexor carpi radialis and flexor digitorum superficialis,
nterior interosseous nerve, and terminal branch. Median nerve
runk at 10 and 20 cm below the acromion was then dissected and
2-o’clock position marked with 9-0 Prolene, preventing a change
f location of the functional nerve fascicles after they were
ompletely freed. The distribution of each part in the main nerve
as described, and the diameter of each part was measured. The

lnar nerve was dissected similarly and divided into two parts: the
nger and wrist flexion branch for flexor carpi ulnaris and flexor
igitorum profundus and the terminal branch.

The cadaver was placed in lateral position with the arm in 08
dduction while dissecting the radial nerve, and the 12-o’clock
osition was marked at 10 and 20 cm below the acromion. At
0 cm below the acromion, the radial nerve was divided into two
arts: the superficial branch and the finger and wrist extension
ranch (deep branch). At 10 cm below the acromion, the radial
erve was divided into three parts, the additional part being the
lbow extension branch. The distribution of each part in the main
erve was described, and the diameter of each part was measured.

After dissection of the median, ulnar and radial nerves, the
arget muscle branches were dissected and their diameters were

easured: long head branch of the biceps brachii, short head
ranch of the biceps brachii, long head branch of the triceps

brachii, lateral head branch of the triceps brachii, lateral pectoral
nerve, medial pectoral nerve, latissimus dorsi muscle branch, and
deltoid muscle branch (Fig. 2).

Results

The median nerve finger and wrist flexion branch was mainly
located between the 9 and the 12 o’clock positions in the planes
10 and 20 cm below the acromion (i.e., radial volar quadrant), with
diameters of 2.07 and 2.04 mm, respectively. The ulnar nerve
finger and wrist flexion branch was mainly located between the
8 and 12 o’clock positions, also in the radial volar quadrant, with
diameters of 1.80 and 1.99 mm, respectively. The radial finger and
wrist extension branch was mainly located between the 10 and
2 o’clock positions in the plane 10 cm below the acromion and
between the 6 and 12 o’clock positions in the plane 20 cm below
the acromion, with diameters of 2.57 and 3.03 mm, respectively
(Table 1, Figs. 3–5).

The TMR target muscle branches (long head branch of the
biceps brachii, short head branch of the biceps brachii, long head
branch of the triceps brachii, lateral head branch of the triceps
brachii, lateral pectoral nerve, medial pectoral nerve, latissimus
dorsi muscle branch, and deltoid muscle branch) had diameters
similar to those of the donor nerve, which was more conducive to
anastomosis (Fig. 6).

Discussion

Targeted muscle reinnervation was first described for improve-
ment of function after upper-extremity amputation, and has been
an exciting advance in the field of prosthetics, allowing easier

ig. 1. (a) The plane 10 and 20 cm below the acromion was marked. (b) At 20 cm below the acromion, the median nerve was divided into three parts: (A) finger and wrist

exion branch, (B) anterior interosseous nerve, and terminal branch. (c) At 20 cm below the acromion, the ulnar nerve was divided into two parts: (A) finger and wrist flexion

ranch and (B) terminal branch. (d) At 10 cm below the acromion, the radial nerve was divided into three parts: (A) finger and wrist extension branch, (B) superficial branch,

nd (C) elbow extension branch. (e) At 20 cm below the acromion, the radial nerve was divided into two parts: (A) finger and wrist extension branch and (B) superficial

ranch.
ig. 2. (a) The branches of the biceps brachii: (A) long head branch of the biceps brachii, and (B) short head branch of the biceps brachii. (b) The branches of the triceps brachii:

A) long head branch of the triceps brachii, and (B) lateral head branch of the triceps brachii. (c) The branches of the pectoralis major: (A) lateral pectoral nerve, and (B) medial

ectoral nerve. (d) The latissimus dorsi muscle branch. The arrow indicates the anterior margin of the latissimus dorsi muscle. (A) Thoracodorsal nerve. (e) (A) The deltoid

uscle branch. The arrow indicates the raised deltoid muscle.
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intuitive function of myoelectric protheses [4,5]. Since its initial
development, TMR surgery has become widespread and has
improved prosthetic function and revolutionized neuroma
treatment [2,6–13]. Although it is a worthwhile procedure, it
has some limitations in terms of prosthetic control [8]. Com-
pared with transradial TMR surgery, transhumeral TMR surgery
is more challenging and provides poorer myoelectric prothesis
control [14]. Patients with transhumeral amputation have fewer
residual muscles for detectable electromyographic (EMG)
signals and nerve transfer procedures, and must use their
residual upper limb, shoulder girdle, neck and head to operate
the prosthesis.

upper arm, a patient who has undergone TMR surgery can easily
and accurately produce the intended movement of the prosthesis.
Therefore, determining the location of the functional nerve
fascicles of the median and ulnar nerves controlling finger and
wrist flexion and the location of the functional nerve fascicle of the
radial nerve controlling finger and wrist extension improves the
expression of the patient’s intention to control the movement of
the hand after TMR.

All previous reports on the anatomy related to TMR surgery
focused on the distance to the branch muscle relative to proximally
based bony landmarks [15,16]. In the present study, the relative
positions of the muscle branches in the cross-section were
determined, and we found that the fascicle of the donor nerve
we intended to anastomose was distributed in a particular
quadrant. Salminger et al. [17] reported that, particularly in
patients with additional nerve damage requiring repair, nerve
transfer must be adapted so as to minimize non-synergistic

Table 1
Diameter of each part of the median, ulnar and radial nerves.

Median nerve Ulnar nerve Radial nerve

Finger and wrist

flexor

Terminal

branch

Anterior

interosseous nerve

Finger and

wrist flexor

Terminal

branch

Finger and

wrist extensor

Superficial

branch

Elbow extension

branch

10 cm below acromion 2.07 � 0.21 2.17 � 0.13 1.85 � 0.13 1.80 � 0.15 2.27 � 0.23 2.57 � 0.20 2.31 � 0.22 2.81 � 0.29

20 cm below acromion 2.04 � 0.15 1.87 � 0.15 2.02 � 0.12 1.99 � 0.21 2.67 � 0.30 3.03 � 0.13 2.71 � 0.10 none

Data are presented as mean � standard deviation.

Measurements in millimeters.

Fig. 3. The diameter of the median nerve finger and wrist flexion branch, ulnar nerve

finger and wrist flexion branch, and radial nerve finger and wrist extension branch

in the plane 10 cm below the acromion.

Fig. 4. The diameter of the median nerve finger and wrist flexion branch, ulnar nerve

finger and wrist flexion branch, and radial nerve finger and wrist extension branch

in the plane 20 cm below the acromion.

Fig. 5. The median nerve finger and wrist flexion branch (dark blue region) was

mainly located between the 9 and 12 o’clock positions in the planes 10 and 20 cm

below the acromion. The ulnar nerve finger and wrist flexion branch (dark blue

region) was mainly located between the 8 and 12 o’clock positions in the planes

10 and 20 cm below the acromion. The radial finger and wrist extension branch

(dark blue regions) was mainly located between the 10 and 2 o’clock positions in

the plane 10 cm below the acromion and between the 6 and 12 o’clock positions in

the plane 20 cm below the acromion.
In the upper-arm, the median, ulnar and radial nerves are mixed
nerves with a larger diameter than that of the targeted muscle
branch that is transferred. In theory, the targeted muscle will attain
good muscle strength after nerve transfer because the donor nerve
has more corresponding motor nerve fibers. If the neural fascicle
that controls hand movement can be accurately located in the
3

matching between the cortical organization and target muscle
function. Therefore, only cognitively ‘‘simple’’ nerve transfers
should be performed. Transfers of both median and ulnar nerves
may be difficult to incorporate into prosthetic function, because
even amputees without nerve damage have difficulty in cognitive-
ly separating these two signals [18]. In the present study, the ulnar



a
i
e

r
n
2
h
1
o
f
t
e
f
u
p
a
i

s
H
d
n
l
m
p
i
c
s
i
b

F
b

m

F. Li, Y. Yang, B. Li et al. Hand Surgery and Rehabilitation 44 (2025) 101782
nd median nerve branches of finger and wrist flexion were located
n the radial volar quadrant. Accurate nerve fascicle anastomosis
nhances expression of the brain’s intentions.

The diameter of the three donor nerve fascicles in our study
anged from 1.80 to 3.03 mm, while the diameter of the common
erve branches of the targeted muscles ranged from 1.80 to
.70 mm, except for the mean diameter of the branch for the short
ead of the biceps brachii, which was smaller than the others at
.02 mm. Our study also confirmed that, after accurate dissection
f the functional nerve fascicle, the diameter of the donor nerve
ascicle was more consistent with the muscle branch of the
argeted muscle, which was convenient for intraoperative end-to-
nd nerve anastomosis. In addition, precise positioning of
unctional nerve fascicle of the terminal branches of median and
lnar nerves is also helpful for peripheral nerve surgery in brachial
lexus injury reconstruction or spinal cord injury, and lays the
natomical foundation for various types of sensory reconstruction
n future studies.

The main limitations of this study were that the small sample
ize and that only data for the right upper limb were obtained.
owever, we could use a mirrored symmetrical technique to
etermine the distribution of functional nerve fascicles in the
erve trunk of the left upper limb. Also, it is known that there is

ittle intraneural plexus formation between nerve fascicles, which
akes tracing very difficult, as the dissection is pursued

Conclusions

We were able to accurately locate the functional nerve bundles
of the median, ulnar and radial nerves in the upper arm. The results
of this study will help to improve expression of hand function after
targeted muscle reinnervation and lay the neuroanatomical
foundation for sensory reconstruction.
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