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Abstract

Contralateral C7 (cC7) root transfer to the healthy side is the main method for the treatment of brachial
plexus root injury. A relatively new modification of this method involves cC7 root transfer to the lower
trunk via the prespinal route. In the current study, we examined the effectiveness of this method using elec-
trophysiological and histological analyses. To this end, we used a rat model of total brachial plexus injury,
and cC7 root transfer was performed to either the lower trunk via the prespinal route or the median nerve
via a subcutaneous tunnel to repair the injury. At 4, 8 and 12 weeks, the grasping test was used to measure
the changes in grasp strength of the injured forepaw. Electrophysiological changes were examined in the
flexor digitorum superficialis muscle. The change in the wet weight of the forearm flexor was also measured.
Atrophy of the flexor digitorum superficialis muscle was assessed by hematoxylin-eosin staining. Toluidine
blue staining was used to count the number of myelinated nerve fibers in the injured nerves. Compared
with the traditional method, cC7 root transfer to the lower trunk via the prespinal route increased grasp
strength of the injured forepaw, increased the compound muscle action potential maximum amplitude,
shortened latency, substantially restored tetanic contraction of the forearm flexor muscles, increased the
wet weight of the muscle, reduced atrophy of the flexor digitorum superficialis muscle, and increased the
number of myelinated nerve fibers. These findings demonstrate that for finger flexion functional recovery
in rats with total brachial plexus injury, transfer of the cC7 root to the lower trunk via the prespinal route is
more effective than transfer to the median nerve via subcutaneous tunnel.
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Introduction

For patients with total brachial plexus injuries, the resto-
ration of hand function remains the main weakness of sur-
gical reconstruction. Contralateral C7 (cC7) root transfer to
the median nerve, bridged by a vascularized or non-vascu-
larized ulnar nerve graft, is one of the few effective methods
for restoration of wrist and finger flexion and hand sensa-
tion (Gu et al., 1992, 1998, 2002; Giufire et al., 2010; Chuang
and Hernon, 2012; Sammer et al., 2012). However, function
cannot be fully restored after this type of operation. The un-
satisfactory outcome might be mainly attributed to the long
distance the regenerated axons must extend along the ulnar
nerve graft and the long denervation period at the target
muscles because of the slow reinnervation speed (Waikakul
et al., 1999). In addition, the two neurorrhaphy sites that
must be passed by the regenerating axons also hamper the
effectiveness of the procedure (Wang et al., 2013).

Wang et al. (2007) invented a surgical procedure involving
transfer of the cC7 root to the lower trunk via the prespinal
route by direct neurorrhaphy to reconstruct total brachial
plexus injuries, and they reported good clinical outcome (i.e.
finger and wrist flexion). In a long-term retrospective study
of this procedure, Wang et al. (2013) reported satisfactory
functional recovery of finger and wrist flexion. In 2014, our
team succeeded in establishing a rat model of this procedure
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by Wang and colleagues, which allowed us to demonstrate
efficacy by electrophysiological, histological and functional
analyses (Wang et al., 2014). In the present study, we per-
formed cC7 root transfer to the lower trunk via the prespi-
nal route and compared functional outcome with that of
cC7 transfer to the median nerve, bridged by vascularized
ulnar nerve graft via subcutaneous tunnel, for the treatment
of total brachial plexus injury in rats.

Materials and Methods
Animals
A total of 90 adult male specific-pathogen-free Sprague-
Dawley rats, aged 7 weeks and weighing approximately 300
g, were obtained from the Experiment Animal Center of Fu-
dan University of China (license number: SYXK 2014-0029).
The experiments were performed in accordance with the
principles of the Laboratory Animal Care and Use Guide-
lines issued by the Animal Research Committee of Shanghai
Medical College, Fudan University. The rats were fed in a
light- and temperature-controlled room. The experimental
protocol was approved by the Animal Ethics Committee of
Fudan University (20120521A091).

The rats were equally and randomly assigned to three
groups according to surgical method. In group A, the cC7
root was transferred to the lower trunk via the prespinal
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Figure 1 Schematic diagrams of
contralateral C7 (cC7) root transfer to the
lower trunk vs. the median nerve for the
repair of total brachial plexus injury.

(A) Modified cC7 root transfer to the lower trunk: the C7 nerve root was separated and cut off at the division-to-cord level. The prespinal route
was made along the anterior vertebral body by bluntly dissecting the sternocleidomastoid muscle and carotid sheath along their medial margin and
severing the right anterior scalene muscle. The cC7 root was passed through the tunnel to the injured side. The coaptation was made utilizing end-
to-end neurorrhaphy. (B) Traditional cC7 root transfer to the median nerve: the left pedicular vascularized ulnar nerve grafts were dissected, and
the distal end was severed at the wrist level, moved to the contralateral side through the ventral thoracic subcutaneous tunnel and connected to the
proximal cC7 root. Four weeks later, the ulnar nerve graft and median nerve were dissected and cut off from an incision at the middle of the injured
arm. The distal stump of the ulnar nerve graft was coapted to the distal end of the median nerve with end-to-end neurorrhaphy.

route. In group B, the cC7 root was transferred to the me-
dian nerve via subcutaneous tunnel. The rats in group C
received a sham operation and served as controls.

Surgical procedures

The rats were intraperitoneally anesthetized with 10% chlo-
ral hydrate (3 mL/100 g body weight). Under sterile condi-
tions, the left side was subjected to total brachial plexus inju-
ry, and the right side was kept intact. The left brachial plexus
roots were completely dissected through a supraclavicular
incision and severed at the intervertebral foramen to create
the total brachial plexus injury.

cC7 root transfer to the lower trunk

In group A, a supraclavicular transverse incision approxi-
mately 1 cm long was made to expose the contralateral C5 to
T1. The C7 nerve root was then separated and cut off at the
division-to-cord level following 2% lidocaine blocking. The
prespinal route was made along the anterior vertebral body
by bluntly dissecting the sternocleidomastoid muscle and ca-
rotid sheath along their medial margin and severing the right
anterior scalene muscle. The cC7 root was then gently passed
through the tunnel to the injured side. The coaptation was
made utilizing end-to-end neurorrhaphy with 11/0 prolene
under 10x magnification (Wang et al., 2014) (Figure 1A).

cC7 root transfer to the median nerve

In group B, the cC7 roots were harvested through the same
surgical procedure as described above. The left pedicular
vascularized ulnar nerve grafts were dissected, and the distal
end was severed at the wrist level, moved to the contralateral
side through the ventral thoracic subcutaneous tunnel and
connected to the proximal cC7 root. Four weeks later, the
ulnar nerve graft and median nerve were dissected and cut
off from an incision at the middle of the injured arm. At 10x
magnification, the distal stump of the ulnar nerve graft was
coapted to the distal end of the median nerve with end-to-
end neurorrhaphy. Two stitches were made for each ten-
sion-free neurorrhaphy site (Figure 1B).

After surgery, the rats were evaluated every 4 weeks using
10 rats from each group per time point. The ambient tem-
perature during the evaluations was maintained at 24°C. The
exposed nerve and muscle were kept moist with warm saline
during the relevant tests.

Grasping test

An iron frame was placed on the electronic balance (KERN
Company, Balingen, Germany), and its weight was recorded.
The rat’s tail was held, and the injured forepaw was guided
to grasp the iron frame with the healthy forepaw fixed with a
rope. When the injured forepaw was loosened from the iron
frame, the reading on the electronic balance was recorded.
The grip strength was calculated as the change before and
after the loosening of the injured forepaw.

Electrophysiologic testing

The rats were anesthetized following the grasping test. A
Neuromatic 2000M electrophysiological apparatus (Dantec,
Les Ulis, France) was used to test the compound muscle
action potential of the flexor digitorum superficialis muscle.
An electric stimulus (2.0 mA supramaximal current, 0.2 ms
pulse width and 1 Hz frequency) was applied to the cC7 root
by a stimulating electrode, and then the maximum ampli-
tude and latency of the compound muscle action potential
were obtained from the flexor digitorum superficialis muscle
by inserting a concentric needle recording electrode.

The RM6240BD multichannel physiology signal collection
system and JZJ101 force displacement transducer (Chengdu
Instruments, Chengdu, China) were used to measure the
force of the forearm flexor muscle’s tetanic contraction.
The forearm flexor muscles were dissected, and the distal
tendinous portions were cut at the level of the proximal
transverse carpal ligament. The distal end was then fixed on
the force displacement transducer by a silk suture. The peak
amplitudes of tetanic contraction were recorded using con-
tinuous single stimulation (2.0 V amplitude, 1 ms duration
and 20 Hz frequency) by placing two hooked AgCl stimu-
lating electrodes on the muscle surface. The recovery rate of
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Table 1 Grasp strength (g) of the injured forepaw in the rat model of
total brachial plexus injury with cC7 root transfer to the lower trunk
or the median nerve

Weeks post-operation ~ Group A Group B Group C

4 193.52+2.31
8 21.13£1.21  18.29+1.27"  192.34+2.05
12 88.32+2.23 79.24+2.51°  192.25+2.13

Group A: cC7 root transfer to the lower trunk via the prespinal route;
Group B: ¢C7 root transfer to the median nerve via subcutaneous
tunnel; Group C: sham operation. The data are expressed as the mean +
SD. %P < 0.05, vs. group A (Student’s t-test). cC7: contralateral C7.

the peak amplitudes was calculated by comparing them with
the control group.

Muscle wet weight

Subsequently, the forearm flexor muscles were cut off from
the humeral medial epicondyle. The tendinous portions and
connective tissue on the muscle surface were fully removed.
Immediately, the muscle wet weight was recorded with an
electronic scale (R200D, 0.0001 precision; KERN Compa-
ny). The muscle wet weight in the experimental groups was
expressed as a percentage of that in the control group.

Muscle cross-sectional area measurements

After the muscle weights were measured, 10% formalin was
used to fix the muscles. The muscles were dehydrated in a
graded alcohol series and embedded in olefin. The middle of
each muscle was cut into 5-mm-thick sections and stained
with hematoxylin and eosin. Five random images were cap-
tured from each section at 200x magnification. The average
cross-sectional area of the flexor digitorum superficialis
muscle was measured and calculated with digital image
analysis software (Leica-Qwin, Heidelberg, Germany).

Myelinated nerve fiber counts

A 1-mm median nerve segment was harvested at the site 1
cm proximal to the elbow joint and then fixed in 2.5% glutar-
aldehyde for 72 hours. Subsequently, the specimen was dehy-
drated with a graded alcohol series and embedded in Epon.
Cross sections (0.5 pm thickness) were cut and stained with
5% toluidine blue, and observed on a microscope (DWLB2;
Leica, Heidelberg, Germany) at 400x magnification. Analysis
software (FW2000; Leica) was used to measure the area of the
field of view, to count myelinated nerve fibers, and calculate
mean myelinated nerve fiber density.

Statistical analysis

Data are expressed as the mean + SD, and were analyzed
with SPSS 11.5 software (SPSS, Chicago, IL, USA). Student’s
t-test was used to compare the two experimental groups.
P-values less than 0.05 were regarded statistically significant.

Results

All the rats survived and were infection-free until they were
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Table 2 Compound muscle action potential maximum amplitude
(mV) and latency (ms) of the flexor digitorum superficialis muscle in
the rat model of total brachial plexus injury with cC7 root transfer
to the lower trunk or median nerve

Weeks post-operation Group A Group B Group C
Maximum amplitude
4 6.24+0.29 6.10+0.36 31.96+3.15
8 12.17+1.22 11.32+1.14 32.21+3.26
12 20.39+2.53°  18.27+2.08"  32.50+3.31
Latency
4 3.34+0.27 3.52+0.24 1.23+0.23
8 2.3240.21 2.56+0.22 1.23+0.26
12 2.1240.22°  221+0.21°  1.24+0.21

Group A: cC7 root transfer to the lower trunk via the prespinal route;
Group B: c¢C7 root transfer to the median nerve via subcutaneous
tunnel; Group C: sham operation. The data are expressed as the mean +
SD. #P < 0.05, vs. group C (Student’s t-test). cC7: Contralateral C7.

killed for the experiments.

Grasp strength of the injured forepaw in the rat model of
total brachial plexus injury after cC7 root transfer to the
lower trunk or the median nerve

The grasping test was performed to assess function of the
injured forepaw at intervals of 8 weeks postoperatively in
groups A and B. The grasp strength was significantly greater
in group A than in group B (P < 0.05), although it was not
restored to the normal level (Table 1).

Electrophysiological characteristics of the flexor
digitorum superficialis muscle in the rat model of total
brachial plexus injury given cC7 root transfer to the lower
trunk or median nerve

The compound muscle action potential maximum ampli-
tude and latency for the flexor digitorum superficialis mus-
cle at 4, 8 and 12 weeks postoperatively are shown in Table
2. Over time, the compound muscle action potential max-
imum amplitude increased, and the latency decreased, in
both groups A and B, although at 12 weeks postoperatively,
they had not reached the normal levels observed in group C
(P < 0.05). No significant difference was observed between
groups A and B (P > 0.05).

Tetanic contraction of the forearm flexor muscles in the
rat model of total brachial plexus injury given cC7 root
transfer to the lower trunk or the median nerve

The peak amplitudes of the tetanic contraction of the fore-
arm flexor muscles at each time point postoperatively are
shown in Table 3. The muscle tension in both groups A
and B began to recover after 4 weeks postoperatively, and
no significant difference was seen between groups A and B
(P> 0.05). At 8 and 12 weeks postoperatively, the peak am-
plitudes of tetanic contraction were significantly greater in
group A than in group B (P < 0.05). Although muscle func-
tion did not recover to the normal level (P < 0.05, vs. Group
C), it tended to improve in both experimental groups.
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Table 3 The peak amplitudes (% of control) of tetanic contraction of
the forearm flexor muscles in the rat model of total brachial plexus
injury with cC7 root transfer to the lower trunk or median nerve

Table 4 The wet weight of the forearm flexor muscles (expressed as %
of the control group) in the rat model of total brachial plexus injury
with cC7 root transfer to the lower trunk or median nerve

Weeks post-operation ~ Group A Group B Group C Weeks post-operation ~ Group A Group B Group C
4 21.72+2.31 17.08+2.27 100 4 30.97+1.21 19.30£1.01" 100
8 47.11+2.32 35.23+2.46" 100 8 43.25+2.11" 28.07+1.25" 100
12 60.35+3.19 47.28+3.11" 100" 12 67.04+2.16"  40.60+2.09" 100

Group A: cC7 root transfer to the lower trunk via the prespinal route;
Group B: ¢C7 root transfer to the median nerve via subcutaneous
tunnel; Group C: sham operation. The data are expressed as the mean +
SD. *P < 0.05, vs. group A; #P < 0.05, vs. group C (Student’s t-test). cC7:
Contralateral C7.

Table 5 Cross-sectional area (um2) of the flexor digitorum
superficialis muscle in the rat model of total brachial plexus injury
with cC7 root transfer to the lower trunk or median nerve

Group A: cC7 root transfer to the lower trunk via the prespinal route;
Group B: ¢C7 root transfer to the median nerve via subcutaneous
tunnel; Group C: sham operation. The data are expressed as the mean
+ SD. *P < 0.05, vs. group A; TP < 0.05, vs. the previous time point
(Student’s t-test). cC7: Contralateral C7.

Table 6 Total number of myelinated nerve fibers in the median
nerve in the rat model of total brachial plexus injury with cC7 root
transfer to the lower trunk or median nerve

Weeks post-operation ~ Group A Group B Group C Weeks post-operation ~ Group A Group B Group C

4 242.16£3.34  267.16+£3.06 828.63+5.25 4 1167+106 1256+132 4580+265
8 342.65+3.15"  370.15+3.61" 830.30+5.42 8 2086+249" 2121+263" 46324276
12 532.34+3.21"  553.65+3.14" 831.25+5.71 12 2761+252" 2928+272" 46574257

Group A: cC7 root transfer to the lower trunk via the prespinal route;
Group B: c¢C7 root transfer to the median nerve via subcutaneous
tunnel; Group C: sham operation. The data are expressed as the mean
+ SD. TP < 0.05, vs. the previous time point (Student’s ¢-test). cC7:
Contralateral C7.

Forearm flexor muscle wet weight in the rat model of total
brachial plexus injury following cC7 root transfer to the
lower trunk or the median nerve

The forearm flexor muscle wet weights are shown in Table 4.
The flexor muscle wet weights in groups A and B increased
postoperatively (P < 0.05). At 4, 8 and 12 weeks following
surgery, the weights were significantly greater in group A
than in group B (P < 0.05).

Atrophy of the flexor digitorum superficialis muscle in
the rat model of total brachial plexus injury given cC7
root transfer to the lower trunk or the median nerve
Hematoxylin-eosin staining showed significant atrophy of
the flexor digitorum superficialis muscle on the injured side
in groups A and B, 4 weeks after surgery (Figure 2). The
muscle cross-sectional area recovered with time, as shown in
Table 5. The flexor digitorum superficialis muscle cross-sec-
tional area was marginally greater in group B than in group
A at each time point postoperatively, but the differences
were not statistically significant (P > 0.05).

Myelinated nerve fiber counts in rats with total brachial
plexus injury after cC7 root transfer to the lower trunk or
the median nerve

The total number of myelinated fibers in the median nerve
in groups A and B increased with time postoperatively, as
detected by toluidine blue staining (Figure 3 and Table 6).
No significant difference was seen between groups A and
B at any of the three time points (P > 0.05), although axons

Group A: cC7 root transfer to the lower trunk via the prespinal route;
Group B: c¢C7 root transfer to the median nerve via subcutaneous
tunnel; Group C: sham operation. The data are expressed as the mean
+ SD. TP < 0.05, vs. the previous time point (Student’s ¢-test). cC7:
Contralateral C7.

were slightly more numerous in group B than in group A.

Discussion

Total brachial plexus injury is very difficult to treat, and the
prognosis is generally unfavorable. Various neurotizations
of the brachial plexus by extraplexal donor nerves, including
the cervical plexus, spinal accessory nerve, phrenic nerve,
intercostal nerves and the cC7 root, have been used to re-
store function of the injured upper extremity (Brunelli and
Monini, 1984; Gu and Ma, 1996; Songcharoen et al., 1996;
Nagano, 2001; Midha, 2004; Lu et al., 2012; Bertelli and
Ghizoni, 2013). The clinical efficacy of extraplexal nerve
transfer for restoring shoulder and elbow function has cur-
rently improved (Narakas, 1981; Chuang, 1995; Chuang et
al., 1995; Tu et al., 2014). Before the development of cC7
transfer, hand function was very difficult to restore by other
extraplexal neurotizations. The main reasons include the
long distance between the neurotization site and the target
muscle, and the inadequate number of myelinated donor
nerve fibers. The cC7 root can serve as an ideal potential
donor nerve for neurotization, because it contains abundant
(~40,000) nerve fibers (Bentolila et al., 1999), and its func-
tion can be compensated by other nerves (Lin et al., 2013).
However, the recovery of finger flexion strength has hitherto
been unsatisfactory after cC7 transfer to the median nerve
(bridged by vascularized ulnar nerve graft) for the treatment
of total brachial plexus avulsion injury (Waikakul et al.,
1999; Songcharoen et al., 2001; Gu et al., 2002; Wood and
Murray, 2007; Giuffre et al., 2010). The shortcomings of the
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Figure 2 Morphology of the flexor digitorum superficialis muscle in
the rat model of total brachial plexus injury with cC7 root transfer
to the lower trunk or the median nerve (hematoxylin-eosin staining,
200x magnification)

Group A: cC7 root transfer to the lower trunk via the prespinal route;
Group B: cC7 root transfer to the median nerve via subcutaneous tunnel;
Group C: sham operation. Significant atrophy of the flexor digitorum
superficialis muscle was seen on the injured side in groups A and B at 4,
8 and 12 weeks after the surgery. cC7: Contralateral C7.

surgical technique might be caused by the long distance the
regenerating axons must extend, the long reinnervation pe-
riod at the target muscles, and the two neurorrhaphy sites.
Accordingly, numerous research groups have focused on
these hurdles to improve the procedure. Wang et al. (2007,
2013) reported a modified surgical procedure involving cC7
root transfer to the injured lower trunk via the prespinal
route. This method shortens the distance of nerve regenera-
tion and reduces the reinnervation period of the target mus-
cles, with direct coaptation without requiring a nerve graft.
The follow-up outcomes demonstrated that 73.4% (47/64) of
patients regained M4 strength in the flexor carpi ulnaris, and
64.1% (41/64) of patients regained it in the flexor digitorum
superficialis. This modified technique therefore appears to
provide better outcome (restoration of finger flexion) com-
pared with previous techniques. However, Wang’s report
remains the only one to describe the modified ¢C7 transfer
technique, and there is no other study on efficacy. Therefore,
our team established the rat model of cC7 root transfer to
the lower trunk for the repair of total brachial plexus inju-
ries, with the aim of facilitating further comparative study
(Wang et al., 2014).

In the present study, we used our rat model to evaluate the
treatment results and help validate the modified technique.
Better functional recovery of forepaw function was observed
in the group given c¢C7 root transfer to the lower trunk com-
pared with the group given cC7 root transfer to the median
nerve, at 8 and 12 weeks postoperatively, as evaluated by
measuring grasp strength, tetanic contraction amplitude
and wet muscle weight. The short regeneration distance and
the presence of only one neurorrhaphy site (without the
need for nerve graft) likely contribute to the better outcome
of this procedure. However, no significant difference was
found between the two groups by electrophysiological and
histological study of the flexor digitorum superficialis mus-
cle or by counting myelinated axons in the nerve. In group B,
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Figure 3 Neuromorphology of the median nerve in the rat model of
total brachial plexus injury with cC7 root transfer to the lower trunk
or the median nerve (toluidine blue staining, 400x magnification)
Group A: cC7 root transfer to the lower trunk via the prespinal route;
Group B: cC7 root transfer to the median nerve via subcutaneous tunnel;
Group C: sham operation. The total number of myelinated fibers in the
median nerve in both groups A and B increased with time postoperative-
ly. cC7: Contralateral C7.

only the median nerve was repaired by cC7 transfer, and the
ulnar nerve was used for grafting. In contrast, the median
nerve and ulnar nerve were both repaired simultaneously
by cC7 transfer to the lower trunk in group A. Therefore, all
motor output from the cC7 was neurotized to the median
nerve in group B, while only a portion of regenerated axons
were neurotized to the median nerve in group A. This dif-
ference might account for why the quantity of myelinated
axons in the median nerve was slightly greater in group B
than in group A (although not statistically significant). Our
findings suggest that the recovery of finger and wrist flexion
by cC7 transfer to the lower trunk (in the present study and
in our previous study (Wang et al., 2014)) is associated with
reinnervation of the muscles dominated by the ulnar nerve.

The surgical procedure of cC7 transfer to the lower trunk
provides the possibility of reinnervation of the intrinsic hand
muscle, because of ulnar nerve neurotization, as long as mus-
cle atrophy can be slowed down or prevented. Moreover, the
prespinal route is theoretically the shortest one for functional
restoration. It is worth noting that the transhemispheric func-
tional reorganization of the cortex following cC7 transfer is
another important factor that influences functional recovery
(Jiang et al., 2010), although the underlying mechanisms are
unclear. The main limitation is the complexity of both sur-
gical techniques, although all the operations were skillfully
performed by one researcher in the present study.

In summary, cC7 root transfer to the lower trunk via the
prespinal route for finger flexion restoration in rats with
total brachial plexus injury is more effective than the tradi-
tional method (cC7 transfer to the median nerve bridged
by vascularized ulnar nerve graft via subcutaneous tunnel).
Therefore, it can serve as an alternative method for the treat-
ment of total brachial plexus injuries.
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