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Outcome Comparison of Nerve Transfer

with Different Donor Nerves in a Rat
Model

Xiaotian Jia, Cong Yu, Jianyun Yang

ABSTRACT: Objective: The phrenic nerve and the contralateral seventh cervical (C7) nerve root are the most commonly used donor
nerves in the treatment of total brachial plexus avulsion. The aim of this study was to determine if the phrenic nerve or the contralateral
C7 nerve root yields a superior outcome for nerve transfer. Methods: A total of 60 Sprague-Dawley rats were randomly assigned to 1 of
3 groups. In Group A the phrenic nerve was used as the donor nerve; in Group B the contralateral C7 nerve root nerve was used as the donor
nerve; in Group C the nerve was directly sutured. The results of behavioral assessment, electrophysiology, histology, nerve fiber count and
muscle weight at 24 weeks postoperatively were recorded. Results: Group A showed a faster recovery time compared to Group B; however
Group B showed a better functional recovery at the final outcome assessment compared to Group A. Conclusion: The contralateral
C7 nerve root was better as the donor nerve for nerve transfer in the treatment of total brachial plexus avulsion.

RESUME: Greffes de divers nerfs au moyen d’un modgle utilisant des rats : une comparaison des résultats. Objectif: Le nerf phrénique et la racine
nerveuse du septieme nerf cervical controlatéral (C7) sont parmi les nerfs donneurs les plus couramment utilisés dans le traitement de I’avulsion complete
du plexus brachial. L’ objet de cette étude a donc été de déterminer lequel, du nerf phrénique ou de la racine nerveuse de C7, produisait les meilleurs résultats
en matiere de greffe de nerfs. Méthodes: Un total de 60 rats de type Sprague-Dawley a été attribué au hasard a un groupe sur trois. Dans le groupe A, on a
utilisé un nerf phrénique comme nerf donneur ; dans le groupe B, on a plutot opté pour la racine nerveuse de C7 ; enfin, dans le groupe C, on a procédé a une
suture directe du nerf atteint. Vingt-quatre semaines apres 1’intervention, nous avons ensuite enregistré nos résultats en tenant compte de I’évaluation du
comportement, de I’électrophysiologie, de I’histologie, de la quantité de fibres nerveuses et de la masse musculaire. Résultats: Le groupe A a pu récupérer
plus rapidement que le groupe B. Toutefois, lors de 1’évaluation finale des résultats, la récupération fonctionnelle du groupe B s’est avérée meilleure que
celle du groupe A. Conclusions: En matiére de greffe de nerfs, la racine nerveuse de C7 est la plus indiquée dans le traitement de 1’avulsion compléte du
plexus brachial.
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Injuries to the brachial plexus significantly impair the daily
activities of patients. With the development of microsurgical
techniques several varieties of nerve transfer surgery are increas-
ingly being performed. The outcome at follow-up, however, is
different depending on the donor nerve. Therefore the treatment of
total brachial plexus avulsion remains a significant challenge. The
phrenic nerve'*? and the contralateral C7 nerve root>* are the most
commonly used donor nerves in the treatment of total brachial
plexus avulsion. To date, however, no studies have investigated
which of the two nerves is better for nerve transfer surgery. The
aim of this study was to determine which of the two donor nerves
yields a superior outcome for nerve transfer in the treatment of
total brachial plexus avulsion.

METHODS
Animals and Grouping

A total of 60 healthy adult male Sprague-Dawley rats weighing
between 230 and 250 grams were randomly assigned to 1 of
3 groups. We defined the radial nerve without the triceps branch
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as the antebrachial branch. In Group A the full-length phrenic
nerve was harvested through open chest surgery and transferred to
the radial nerve antebrachial branch at the level of latissimus dorsi
insertion (Figure 1). In Group B the contralateral C7 nerve root
was transferred to the radial nerve antebrachial branch at the level
of latissimus dorsi insertion, with an ulnar nerve bridge (Figure 2).
In Group C the antebrachial branch of the radial nerve was cut at
the same level and directly sutured. All rats were maintained
under standard conditions (temperature 25°C) with food and
water. All surgical procedures were in compliance with Chinese
Animal Protection Guidelines. All investigations involving
animals were approved by the Animal Research Committee,
Shanghai Medical College, Fudan University.
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Group A
1. phrenic nerve 2.antebrachial branch
of radial nerve 3. posterior cord
4. axillary nerve 5.brachial triceps
branch of radial nerve 6.latissimus dorsi

Figure 1: Diagrammatic presentation of surgery in Group A.

Surgery

The rats were injected with pentobarbital (40 mg/kg
body weight, intraperitoneally) and then prepped and draped.
The surgery was performed in the supine position. All procedures
were performed under a microscope at 10x magnification.

In Group A the pectoralis major muscle, 2-6 ribs and the
intercostal muscles were cut and the chest cavity was opened to
expose the phrenic nerve at the level of the diaphragm insertion on
the left side. The phrenic nerve was cut at the level of diaphragm
insertion and freed to the level of the first rib. The phrenic nerve
was pulled to the brachial plexus at the axilla through the second
intercostal space. The brachial triceps branch of the radial nerve
was exposed and retrogradely separated, and the remainder of the
radial nerve was defined as the antebrachial branch. The ante-
brachial branch of the radial nerve was cut at the level of latissi-
mus dorsi insertion. The phrenic nerve was sutured to the distal
stump of the antebrachial branch with end-to-end neurorrhaphy
using a 12-0 microstitch. The ulnar nerve was cut at the same level
and embedded into the pectoralis major.

In Group B a cervical incision was made on the right side and
the C7 nerve root was exposed. The antebrachial branch was
exposed and protected using the same method as in Group A. The
contralateral C7 nerve root was sutured to the distal stump of the
antebrachial branch with end-to-end neurorrhaphy using a 12-0
microstitch, with a 4.5 cm length ulnar nerve bridge, which was
harvested on the left side.

In Group C the antebrachial branch was exposed and cut
using the same method as the other two groups. The antebrachial
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Group B

1. contralateral C7 nerve root
2.antebrachial branch of radial nerve

3. bridging ulnar nerve 4.posterior cord
5. axillary nerve 6.brachial triceps
branch of radial nerve 7.latissimus dorsi

Figure 2: Diagrammatic presentation of surgery in Group B.

branch was sutured directly with end-to-end neurorrhaphy using
a 12-0 microstitch. The ulnar nerve was also cut at the level
of latissimus dorsi insertion and embedded into the pectoralis
major.

Behavioral Assessment

The behavioral assessment of the rats included their respira-
tion, mode of crawling, the presence of ulceration and the time
when the movement of the wrist and toe extension appeared. The
behavioral assessment began from the first day after the operation
and continued every day until the motion of wrist and toe exten-
sion appeared. After that point the animals’ behavior was assessed
every 2 weeks.

Electrophysiology

The electrophysiological studies began 4 weeks after the
operation and were repeated every 4 weeks. The rats were
anesthetized before electrophysiological evaluation (Dantec-
Neuromatic 2000, Italy). The stimulating electrode was gently
placed on the antebrachial branch at the level of latissimus dorsi
insertion. The recording electrode was placed over the extensor
carpi ulnaris muscle, the extensor digitorum communis muscle
and the extensor carpi radialis muscle. An electrical stimulus
(amplitude 2.5 mA, duration 0.04 ms) was applied, and the latency
and maximum amplitude of the compound muscle action potential
(CMAP) were recorded. The latency delay rate and the amplitude
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Table 1: CMAP Maximum Amplitude Recovery Rate 24 Weeks After Operation

Groups Extensor carpi radialis muscles Extensor digitorum communis muscles Extensor carpi ulnaris muscles
A 76.60 +3.56 72.66 +3.07 70.85+4.74

B 84.08 +9.55 (0.038) * 79.75 +8.35 (0.046) * 81.65 +18.07 (0.072)

C 94.95 +5.77 (0.000) * 92.90 +7.42 (0.000) * 95.51 +6.36 (0.000) *

%, mean + SD, n=8
Values in parentheses = p compared with Group A; * = p <0.05

recovery rate of the CMAP on the left side were expressed as a
percentage of the results from the right side. The room tempera-
ture was maintained at 25°C.

Nerve Histology and Fiber Counting

Following the electrophysiological studies, specimens were
obtained at 5 mm both proximal and distal to the nerve coaptation
site in Group A and Group C. In Group B, specimens were taken
from 5 mm proximal to the proximal coaptation site and 5 mm
distal to the distal coaptation site. The specimens were fixed in
2.5% glutaraldehyde buffered with cacodylate, washed in sodium
cacodylate buffer (0.2mol/L, pH 7.4), and postfixed in 1%
osmium tetroxide. The samples were then dehydrated and
embedded in epon. A thickness of 0.5 pm was cut from the middle
of the nerve samples and stained with toluidine blue. The cross-
sections were examined under a light microscope (Leica DWLB?2,
Germany), and the number of myelinated fibers was counted for
each specimen using a computerized image analysis system
(QWin Histomorphometry System, Leica, Germany) at 400x
magnification. The pass rate of the distal myelinated nerve fibers
was expressed as a percentage of the number of proximal myeli-
nated nerve fibers.

Muscle Weight and Histology

After the nerve specimens were taken (see above), the extensor
carpi ulnaris muscles, extensor digitorum communis muscles and
extensor carpi radialis muscles from both sides were cut from the
muscle origins and insertions. The wet weights of the muscles
were measured with an electronic scale with a precision of
0.0001 g. The recovery rate of the wet muscle weight on the left
side was expressed as a percentage of the weight from the right
side. The muscle samples were then fixed in 10% paraformalde-
hyde and washed in buffer. The samples were dehydrated in
alcohol, embedded in paraffin, cross-sectioned at the thickness
of Spm at the same position of the muscle belly, stained
with hematoxylin-eosin and examined under a light microscope.

The mean cross-sectional area of the muscle fibers was calculated.
The recovery rate of the cross-sectional area on left side was
expressed as a percentage of the area from the right side.

Data Analysis

The groups were compared using a two-way analysis of
variance with SPSS 16.0 statistical software. The results are
shown as the mean + standard deviation. A p value <0.05 was
regarded as a statistically significant difference.

RESULTS
Behavioral Assessment

The rats lost the function of wrist and toe extension due to the
antebrachial branch. The rats in Group A experienced tachypnea
due to the loss of the phrenic nerve on the surgical side; however
none of the rats in this group died because of respiratory problems,
nor were ulcerations discovered on the surgical side. Motion of the
wrist and toe extension was identified in Group A between 19 to
27 days (average 22.6 + 3.32 days). The motion showed a similar
rhythm as the respiratory rate and did not disappear under anes-
thesia. In contrast, the motion of the wrist and toe extension was
observed in Group B between 53 to 63 days (average
57.2+2.98 days), which was significantly longer than Group A
(p <0.05).

CMAP Maximum Amplitude Recovery Rate

The amplitude of the CMAPs of the extensor carpi ulnaris
muscles, the extensor digitorum communis muscles and the
extensor carpi radialis muscles initially decreased postoperatively
and gradually recovered. The maximum amplitude recovery rate
of the CMAP at 24 weeks postoperatively ranged from highest to
lowest in Group C, Group B and Group A, respectively. The full
results and statistical significance are shown in Table 1.

Table 2: CMAP Latency Delay Rate 24 Weeks After the Operation

Groups Extensor carpi radialis muscles Extensor digitorum communis muscles Extensor carpi ulnaris muscles
A 137.25 £36.25 13548 +21.98 131.22 +£30.83

B 122.71 +10.64 (0.285) 121.23 +£6.73 (0.118) 127.66 + 13.43 (0.780)

C 113.63 +26.14 (0.089) 119.87 +19.68 (0.088) 108.97 +27.93 (0.092)

%, mean + SD, n=8
Values in parentheses = p compared with Group A
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Table 3: The Attributes of Myelinated Nerve Fibers 24 Weeks After Operation

Groups Numbers Pass Rate (%) Cross-sectional Area (umz)
A 433.88+44.37 92.52+1.13 143.05+£35.23

B 1,712.88 +73.57 (0.000) * 71.08 +3.18 (0.000)* 189.46 +41.18 (0.011)*
C 1,789.50 + 58.50 (0.000) * 102.79 £ 0.98 (0.000)* 308.45 +20.60 (0.000)*

Mean + SD, n=8
Values in parentheses = p compared with Group A; * = p <0.05

CMAP Latency Delay Rate

The CMAP latency of the extensor carpi ulnaris muscles, the
extensor digitorum communis muscles and the extensor carpi
radialis muscles gradually shortened after the surgery and ranged
from lowest to highest in Group C, Group B and Group A,
respectively, at 24 weeks postoperatively. However, there were no
statistically significant differences between the groups (Table 2).

Number of Myelinated Nerve Fibers

The number of myelinated nerve fibers at the distal part of the
nerve coaptation site ranged from highest to lowest in Group C,
Group B and Group A, respectively, at 24 weeks postoperatively.
There was no significant difference between Group C and Group
B, while a statistically significant difference was found between
Group A and the other two groups (Table 3).

Pass Rate of the Myelinated Nerve Fibers

At 24 weeks postoperatively the pass rate of the myelinated
nerve fibers at the nerve coaptation site ranged from highest to
lowest in Group C, Group A and Group B, respectively. The pass
rate in Group B was significantly lower compared to the other two
groups (Table 3).

Cross-sectional Area of the Myelinated Nerve Fibers

The cross-sectional area of the myelinated nerve fibers
gradually recovered postoperatively. Significant differences were
observed in the cross-sectional area of myelinated nerve fibers
at the distal part of the nerve coaptation site and ranged from
highest to lowest in Group C, Group B and Group A, respectively,
at 24 weeks postoperatively (Table 3).

Muscle Wet Weight Recovery Rate

The wet weight of the forearm extensive muscles gradually
recovered with time. At 24 weeks postoperatively, the wet weight
recovery rate of the forearm extensive muscles ranged from

highest to lowest in Group C, Group B and Group A, respectively.
The recovery rate was significantly higher in Group B than in
Group A (Table 4).

Cross-sectional Area Recovery Rate of the Muscle Fibers

The cross-sectional area of the muscle fibers gradually recov-
ered with time and ranged from highest to lowest in Group C,
Group B and Group A, respectively, at 24 weeks postoperatively.
These results were significantly different between groups
(Table 5).

DiscussioN

The phrenic nerve and the contralateral C7 nerve root are the
most commonly used donor nerves in total brachial plexus avul-
sion. The aim of our study was to identify which of these two
donor nerves yields a superior outcome in the treatment of total
brachial plexus avulsion. The outcome of nerve transfer to recover
elbow flexion with either the phrenic nerve® or the contralateral
C7 nerve root® to the musculocutaneous nerve is good, while the
effect of nerve transfer to recover digital motion with either of the
two donor nerves is less than ideal. A clear comparison can
therefore be achieved by choosing the radial nerve or the median
nerve as the recipient nerve. We chose the antebrachial branch
because the radial nerve contains more motor nerve fibers than the
median nerve.

As the results show, the postsurgical time to the motion of the
wrist and toe extension in Group B was longer compared to Group
A. The earlier recovery time observed with the phrenic nerve as
the donor nerve compared to the contralateral C7 nerve root was
due to several advantages of the phrenic nerve. First, the phrenic
nerve gives off spontaneous impulses’® with a high frequency and
large amplitude, which can continuously stimulate nerve regen-
eration, while the C7 nerve root does not. Second, we obtained
the full-length phrenic nerve through the exposed chest cavity
in order to directly suture it to the antebrachial branch at the level
of latissimus dorsi insertion using end-to-end nerve transfer.

Table 4: Muscle Wet Weight Recover Rate 24 Weeks After Operation

Groups Extensor carpi radialis muscles Extensor digitorum communis muscles Extensor carpi ulnaris muscles
A 77.07 £8.31 82.54 +8.81 84.10+7.59

B 92.41 +24.63 (0.038) * 96.93 +8.38 (0.000)* 91.61 +9.70 (0.046)*

C 92.04 +6.02 (0.047) * 106.89 +4.60 (0.000)* 91.97 £6.13 (0.042)*

%, mean + SD; n(Group A,B) =10, n(Group C) =9
Values in parentheses = p compared with Group A; * = p <0.05
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Table 5: Cross-sectional Area Recover Rate of Muscle Fibers 24 Weeks After Operation

Groups Extensor carpi radialis muscles Extensor digitorum communis muscles Extensor carpi ulnaris muscles
A 64.35+2.42 65.42+4.72 66.63 +3.40

B 72.48 +3.51 (0.000) * 71.60 +3.94 (0.004) * 72.54+2.92 (0.002) *

C 79.20 +5.34 (0.000) * 81.67 +4.45 (0.000) * 82.66 +5.03 (0.000) *

%, mean + SD, n=10
Values in parentheses = p compared with Group A; * = p <0.05

Therefore the nerve regeneration distance was shorter and the
exacerbation of muscle atrophy could be controlled earlier. In
contrast, the nerve regeneration using the contralateral C7 nerve
root began from the contralateral supraclavicular region on the
opposite side. As a result the nerve regeneration distance was
significantly longer than the phrenic nerve.

Using the contralateral C7 nerve root as the donor nerve,
however, resulted in improved functional recovery of the wrist
and toe extension at 24 weeks postoperatively. This finding might
be attributed to the difference in the number of donor nerve fibers
between the two groups. As previously demonstrated, nerve
transfer is more effective with more motor nerve fibers from the
donor nerve. In addition, the number of phrenic nerve fibers is
significantly lower compared to the number of nerve fibers in the
contralateral C7 nerve root’. Although the pass rate of myelinated
nerve fibers in Group A was higher compared to Group B, the
absolute number of nerve regeneration fibers in Group A was still
significantly lower compared to Group B. Therefore, using the
contralateral C7 nerve root as donor nerve increased motor
innervation.

In a previous study from our laboratory in a rat model, we
showed that using the phrenic nerve as the donor nerve yielded a
better outcome compared to using the ipsilateral C7 nerve root in
an end-to-side neurotization, which is in contrast with the results
from our current study.'® One reason for this finding may be the
advantages of the phrenic nerve discussed above. However, the
absolute number of motor nerve fibers from donor nerves in
nerve regeneration is more important in end-to-end neurorrhaphy
compared to end-to-side neurotization.

It is important to note the limitation of our study, which was our
use of an animal model, which may differ in the degree and
mechanism of injury compared with humans. In particular, the
obligatory conspicuous co-contraction of the opposite arm during
volitional movements following nerve transfer with the contralateral
C7 nerve root is not necessarily functionally disruptive in rats, while
it significantly impairs the daily functioning of humans.

CONCLUSION

Our experimental results showed that the contralateral
C7 nerve root yielded a superior outcome as the donor nerve for
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end-to-end nerve transfer in the treatment of total brachial plexus
avulsion in a rat model.
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