Feng et al. Journal of Orthopaedic Surgery and Research
https://doi.org/10.1186/s13018-019-1068-2

(2019) 14:27

Journal of Orthopaedic
Surgery and Research

RESEARCH ARTICLE Open Access

Contralateral C7 transfer to lower trunk via

@ CrossMark

a subcutaneous tunnel across the anterior
surface of the chest and neck for total
brachial plexus root avulsion: a cadaveric

study

Juntao Feng'“?, Tao Wang®® and Pengbo Luo**""

Abstract

and transfers quantitatively documented.

Background: Restoration of hand function after total brachial plexus root avulsion (tBPRA) is a difficult problem in
surgical management. A new modified approach in repairing tBPRA is to use a subcutaneous tunnel across the
anterior surface of the chest and neck, and then transfer the contralateral C7 root (cC7) to the lower trunk.
However, the anatomical details of this method have not yet been fully described and assessed. The objective of
this study was to quantitatively describe the nerve transfer using a cadaveric surgical simulation.

Materials and methods: Brachial plexuses were dissected from 12 adult cadavers, producing 24 sides of brachial
plexuses for nerve transfer experiments. We performed simulated cC7 transfers to the lower trunk via a
subcutaneous tunnel across the anterior surface of the chest and neck. Measurements of the nerves were made

Results: With the affected shoulder and arm in a neutral position, cC7 and C8-T1 could be sutured directly
together in 75% of the cadavers. A nerve graft length of 4.6 + 1.18 cm was needed to bridge the gap in the
remaining cadavers. For cadavers where distal cC7 was directly connected with the lower trunk, 54.17% could be
sutured, and an average nerve graft length of 3.9 cm was needed in the remains.

Conclusions: For surgical management of total tBPRA, transfer of the cC7 nerve to the C8-T1 or lower trunk via a
subcutaneous tunnel across the chest and neck will likely be superior to a conventional cC7 root transfer in the
clinic. This approach shortens the nerve graft needed and nerve regeneration distance, decreases the number of
neurorrhaphy sites, and makes full use of the donor nerves, which may benefit hand flexion restoration.
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Background

Total brachial plexus root avulsion (tBPRA) is one of the
most devastating trauma injuries, causing total paralysis
and loss of sensation in the affected limb. Surgical nerve
transfer is the primary choice for restoring motor and
sensory function. For over 30 years, the contralateral C7
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(cC7) root transfer method has been used to surgically
repair tBPRA, especially when other donor nerves are in
short supply [1]. However, restoration of hand function
using this traditional approach remains a technical and
functional challenge. Using a long graft to bridge the gap
between the donor C7 root and the recipient nerve is
disadvantageous for encouraging early re-innervation of
the recipient nerve [2]. Hence, shortening the length of
the graft would be beneficial for functional recovery [3].
A modified technique in which the cC7 root was trans-
ferred to the lower trunk or C5/6 via a prespinal route
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with direct neurorrhaphy has been reported to shorten
the regeneration distance in tBPRA cases [4, 5]. One dis-
advantage of this modified cC7 transfer via the prespinal
and retroesophageal route is that it requires a dissection
in the cervical region, which is anatomically complex
[5]. Furthermore, re-exposing the nerve connection would
be difficult when nerves in this region could have been
ruptured during tBPRA. Thus, we designed an alternative
method for tBPRA repair that mitigates these problems.
To reduce adverse effects, simplify the procedure, and
improve functional outcome, we developed a cC7 nerve
transfer via a subcutaneous tunnel across the chest and
neck to repair connections to the C8-T1 or lower trunk.
We successfully applied this alternative in four patients
previously [6]. Objective evidence of functional recovery
using this new method was obtained in these patients at
a 26- to 38-month post-operation assessment; our re-
sults on these four patients suggest that this approach is
innovative, feasible, and an effective surgical procedure
for tBPRA repair. It was found that mobilization of the
avulsed lower trunk made it possible to reach the
suprasternal notch [7]. Anatomical and biomechanical
experiments indicated that preganglionic lesions were
mainly produced in C8 and T1, causing the avulsion of
nerve roots from the spinal cords, and making them un-
available to be repaired without resection of the nerve
roots [8, 9]. Thus, more anatomical evidence with quan-
titation would bolster our promising clinical results and
facilitate its adoption. Using a cadaveric surgical
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simulation in the present study, we comprehensively de-
scribed and quantified the anatomical details of donor
C7 and recipient nerves with use of the cC7 root trans-
fer via this modified approach.

Methods

Specimens

Twenty-four brachial plexuses from 12 formalin-fixed
cadavers were analyzed. There were seven male and five
female adults.

Dissection procedure

To facilitate presentation and understanding of our
modified c¢C7 transfer procedure, we provide an
intra-operation image (Fig. 1).

Exposure of brachial plexus

The cadaver was placed in a supine position, and the
shoulder was abducted between 45° and 90°. After the
skin of the chest was removed, the brachial plexus was
explored above and below the clavicle. The clavicle was
not osteotomized. After the deltoid-pectoral groove was
explored, the pectoralis minor muscle was cut from its
end, and the medial cord, lateral cord, posterior cord,
anterior division of C7 (ADC?7), and posterior division
of C7 (PDC7) were exposed. After the nerves were
identified (Figs. 2 and 3), distance measurements were
made bilaterally.

followed by direct neurorrhaphy. The patient was a 48-year-old male

Fig. 1 Intra-operation photograph of a clinical practice, illustrating the modified cC7 nerve transfer procedure. Microdissection was carried out to
isolate the divisions of the right (donor side) C7 as distally as possible before joining the corresponding cords. Next, the anterior and posterior
divisions of the C7 (ADC7, PDC7) were disconnected beneath the sternocleidomastoids and traced to the contralateral side. The C8 and T1 roots
on the left (recipient side) were disconnected at the level of the intervertebral foramen and pulled distally beneath the clavicle to the proximal
part of the pectoralis major (PM). After the nerve suture site was determined, another transverse incision on the anterior middle neck was made,
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Proximal

Fig. 2 Gross anterior view of a formalin-fixed cadaver (54-year-old
male). Anatomy of left brachial plexus in supraclavicular region. The
left C7 served as the donor nerve in this case. (a) C5, (b) C6, (c) C7,
(d) C8, (e) T1, (f) subclavian artery, (g) phrenic nerve, (h)
sternocleidomastoid muscle, (i) clavicle
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Anatomical dissection and measurements of C7

The C7 root was dissected proximally to the interverte-
bral foramen and distally to the ends of its anterior and
posterior divisions. The length from the C7 interverte-
bral foramen to the end of the ADC7 and PDC7 was
measured. To facilitate this microdissection, a 10% acetic
acid solution was dripped onto the nerve surface, enab-
ling the ADC7 and PDC?7 to separate and micro-elong-
ate without damage. After the epineuria at the junctions
of the division cords were separated, microdissection
was carried out to isolate the two divisions as distally as
possible before joining the corresponding cords. The
micro-elongated lengths of ADC7 and PDC7 were then
measured again. Next, the ends of C7 were disconnected
beneath the sternocleidomastoids and traced contralater-
ally to the sternoclavicular joint so that we could meas-
ure the distance between the anterior midline and the
C7 ends. When the ends crossed the anterior midline,
we assigned the distance to be a positive number, and
when the nerve ends did not cross the anterior midline,
we assigned the distance to be a negative number
(Fig. 4).

Anatomical dissection and measurements of C8 and T1

C8 and T1 were dissected proximally to the interverte-
bral foramen, distally to the ends of the medial and pos-
terior divisions, then to the end of the pectoralis major
muscle along the median nerve and ulnar nerve. C8 and
T1 roots were disconnected at the level of the interver-
tebral foramen and pulled distally to the infraclavicular
area after the posterior division of the lower trunk. We
then severed the lateral head of the median nerve, the

Fig. 3 Gross anterior view. Anatomy of left brachial plexus in the infraclavicular region. The left C7 served as the donor nerve in this case
(54-year-old male). (a) clavicle, (b) anterior division of upper trunk, (c) anterior division of C7, (d) posterior division of C7, (e) medial cord,
(f) posterior division of lower trunk, (g) lateral pectoral nerve, (h) pectoralis minor, (i) axillary artery
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Fig. 4 Normal in situ length of the anterior and posterior divisions of C7 before micro-elongation dissection (A, (c)). After microdissection (B), the
distal ends of C7 were disconnected beneath the sternocleidomastoids and traced contralaterally to the sternoclavicular joint. We then measured

-

the distance between the anterior midline and the C7 ends. (a) C8, (b) T1, (c) C7 ends, (d) lower trunk

medial pectoral nerve, medial brachial cutaneous nerve,
and medial antebrachial cutaneous nerve. The shoulder/
arm of the recipient upper extremity was put in a neu-
tral position. The distal stumps of C8 and T1 were
pulled contralaterally to the cC7 via a subcutaneous tun-
nel proximal to the pectoralis major muscle. The dis-
tance between the anterior midline and the C8-T1 ends
was then measured. When the nerve ends crossed the
anterior midline, we assigned the distance as a positive
number, and when the nerve ends did not cross the an-
terior midline, we assigned the distance as a negative
number (Fig. 5).

Nerve regeneration distance in cC7 transfer
For comparison, we performed a conventional cC7 root
transfer in cadaveric simulation to estimate the length of
the ulnar nerve graft needed. The ulnar nerve was har-
vested proximally from the level of the wrist to the upper
arm and pulled contralaterally to the cC7 root via a sub-
cutaneous tunnel. The shortest distance between the med-
ial humeral condyle and the cC7 root along the ulnar
nerve was calculated as the nerve regeneration distance.
For the modified cC7 transfer described in this
study, the nerve regeneration distance was measured
from the C8-T1 ends to the medial humeral condyle
of the same side.

Histological processing

We harvested fresh cadaveric C7, ADC7, PDC7, C8, and
T1 nerves; the lower trunk of the brachial plexus; and
the ulnar nerve. The length of these nerves had an
additional 1 cm on both ends. These were fixed in 10%
formalin for 24 h, washed, dehydrated in serial concen-
trations of ethanol, and embedded in olefin for section-
ing. We used a manual rotary microtome to cut
5-mm-thick transverse sections. Sections were mounted
onto glass slides and stained with hematoxylin and eosin
(HE) and coverslipped. We examined the stained sec-
tions with light microscopy using a Leica DWLB2
microscope. Digital image analysis software (Version
11.0; IMT i-Solution Inc. Vancouver, BC, Canada) was
used to measure the diameter and the cross-sectional
area of the sampled nerve at a magnification of x 100
and calculate the presence of myelinated axons at a
magnification of x 200.

Statistical analysis

SPSS 11.5 software (SPSS, Chicago, IL, USA) was used
for statistical analysis. All the parameters were expressed
as means + standard deviation (SD) for each group.
One-way analysis of variance was used to evaluate sig-
nificant differences between groups, and statistical sig-
nificance was set at p < 0.05.

Fig. 5 C8-T1 were pulled contralaterally to C7 across the anterior midline with the shoulder in a neutral position (A), and with the shoulder in 10°
of anterior flexion and in 30° of adduction (B). (a) C8, (b) T1, (c) lower trunk, (d) sternocleidomastoid muscle
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Results

A total of 24 brachial plexuses in 12 cadavers were com-
pletely preserved. In most of the cases (20/24), the
length of the ADC7 was longer than that of the PDC7.
Compared with a conventional cC7 transfer, the nerve
regeneration distance of our modified method was sig-
nificantly shorter (44.8 £ 4.1 cm vs. 35.3 £2.9 cm).

Length of the sampled nerves

The lengths of C7, C8, T1 roots, and divisions of C7
were similar in both male and female specimens and on
both sides (gender data not shown). The lengths of
ADC7 and PDC7 were significantly longer after
micro-elongation dissection (Fig. 6).

cC7 transfer to the C8-T1 and lower trunk
The distance between C8-T1 and the anterior midline
was 48.55 + 4.96 mm with the shoulder/arm in a neutral
position. The distance between the lower trunk and the
anterior midline was - 6.22 + 5.50 mm. cC7 could be dir-
ectly placed into the C8-T1 in 75% (18/24) of the ca-
daver sides. In these cases, the coaptations were
accomplished without tension. For the remaining sides,
where cC7 could not directly contact the C8-T1 ends,
the nerve gap was 4.6 £ 1.18 cm.

¢C7 could be coapted with the lower trunk in only
28.83% of the cadavers when the shoulder was in a neu-
tral position. The nerve gap was 4.37 cm (4.37 £ 1.02
cm), on average, for the remaining ones.

ADC7 and PDC7 transfer to the C8-T1

Our investigation revealed that in cadaveric simulation,
ADC7 and PDC7 could reach the opposite C8-T1 suc-
cessfully in 75% of the cases when the shoulder is in a
neutral position, either before or after micro-elongation
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of ADC7 and PDC7. Moreover, the nerve gap was no
greater than 4.8 (range, 2.13-4.80) cm for the other 25%
of cadavers.

ADC7 and PDC7 transfer to the lower trunk

ADC7 and PDC7 could be directly coapted with the
lower trunk in 54.17% of the cadavers when the shoul-
der/arm was in a neutral position, and the nerve gap
was 3.90 cm, on average, in the remaining ones. After
micro-elongation dissection, the percentage of direct
neurorrhaphy increased from 54.17 to 66.70%.

Histomorphometric analysis of dissected nerves

In histological transverse sections, the diameter of C8
was larger than that of ADC7 (p <0.001), and the diam-
eter of T1 was larger than that of PDC7 (p = 0.024). The
average number of axons in C7 was much smaller than
that in C8-T1 (43,327 + 2514 vs. 67,953 £+ 4720). Also,
the cross-sectional area of C7 was less than that of
C8-T1 (p=0.001). The number of ADC7 and PDC7
axons was comparable to that of T1 (p>0.05), but C8
had significantly fewer than ADC7 and PDC7 (p < 0.001
and p = 0.007, respectively).

Discussion

A two-stage cC7 nerve root transfer is commonly indi-
cated for tBPRA or lower plexus root avulsion. Since
1986, the typical approach is to do the transfer through
a subcutaneous route [10]. In the first stage of this
standard method, C7 elongation is achieved via a pedi-
cled reverse vascularized ulnar nerve. The second stage
involves transection of the ulnar nerve at the axilla of
the affected limb and connection of the elongated C7 to
the selected paralytic nerves. Free or vascularized sural
nerve grafts are also commonly performed via the same

60
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significantly longer (p < 0.05). Error bars, SD
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Fig. 6 Average lengths of the sampled nerves. ADC7, anterior division of C7; MADC7, micro-elongated anterior division of C7; PDC7, posterior
division of C7; MPDC7, micro-elongated posterior division of C7. *After micro-elongation dissection, nerve lengths of ADC7, and PDC7 were
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route. Usually, when a normal cC7 root is transferred to
the median nerve of the affected limb to restore wrist
flexion, finger flexion, and hand sensation, a nerve graft
of over 30 cm is needed to bridge the gap in adults [11].
Various reports showed that flexion restoration after
transfer of the cC7 root to the median nerve was far from
what could be expected [2, 11-13]. Why might this be?

It is thought that two major factors leading to poor
restoration of hand function using the traditional C7
transfer method are the long distance between the c¢C7
root and the target muscle and an insufficient number of
donor myelinated fibers to match the recipient nerves
[2]. Hence, in attempts to achieve better recovery, the
cC7 transfer has been modified to shorten the gap that
needs to be bridged. For instance, in a follow-up study of
over 5years, Yu et al. [14] transferred cC7 to the median
nerve and ulnar nerve by shortening the upper arm. Wrist
motion and partial hand function were restored, but the
shortened arm was undesirable in shape and function.

Mcguiness and Kay [15] first reported a case of repairing
obstetrical brachial plexus palsy, using a ¢C7 root transfer
via a prespinal route. The nerve graft was passed through
the retroesophageal space, which was thought to be a
shorter distance for the graft. Validity of this procedure
was verified and modified by other surgeons in the follow-
ing years [4, 5, 16]. The cC7 root has been used to repair
the upper trunk or the infraclavicular lateral cord and pos-
terior cord of the injured side via a prespinal and retroeso-
phageal route, producing a satisfactory clinical outcome
[5]. The nerve graft was 6.25 + 0.35 cm long for repairing
the supraclavicular brachial plexus and 8.56 + 0.45cm
long for repairing the infraclavicular brachial plexus [5].
They harvested 29 cm of the sural nerve and 15 cm of the
superficial radial nerve for grafting.

Wang et al. [4] carried out a modified cC7 root trans-
fer to neurotize the upper trunk and C5/C6 nerve roots
in a series of 41 patients with tBPRA. A sural nerve graft
with a mean length of 6.9+ 1.9 cm was needed in these
cases. The outcome was superior to that using a conven-
tional cC7 root transfer for repairing the musculocuta-
neous nerve through the subcutaneous tunnel around
the chest and anterior cervical.

Since the anatomy in the cervical region is rather com-
plex, for our first attempts at cC7 transfer, we intro-
duced a simple modified subcutaneous approach and
applied it successfully, resulting in promising hand func-
tion recovery in four patients [6]. In the present study,
anatomical results using cadaveric simulation further
demonstrated the advantages of using this approach.
First, direct neurorrhaphy of ¢cC7 and C8T1 could be
achieved in 75% of the cadavers. Second, we found that
only a maximum length of 4.8 cm of graft was needed in
indirect repair cases, which is nearly one-fourth the
mean length required for a conventional cC7 root
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transfer approach [6]. Third, the operative procedure is
less technically challenging, since disruption of the cer-
vical region can be avoided. Our modified approach also
has biomechanical advantages, especially when com-
pared to the modified method reported by Wang et al.
[16]. In our modified procedure, a simple subcutaneous
tunnel anterior to the neck and pectoral region in which
the nerve passed through is made as it is always done in
a conventional cC7 root transfer. According to Wang et
al’s experiences, the cC7 nerve was dissected up more
proximally to the neuroforamina. The tip of a right-angle
forceps was passed underneath the scalenus anterior
muscle and the vertebral artery, and then it penetrated
the longus colli muscle to the interval space between the
carotid sheath and the esophagus on the donor side to
create a tunnel. Next, one end of a plastic tube was
drawn to initially pass through the tunnel. Then, its one
end was drawn to the interval space passing through the
retro-esophageal space on the recipient side. The c¢C7
root was wrapped in the plastic tube and sutured. Then,
the c¢C7 root was passed to the affected side using the
plastic tube as a guide.

Wang et al’s [16] modified procedure, while superior
in long-term outcomes compared to the conventional
¢C7 root transfer method, produced humerus shortening
of 3 to 4.5cm in 45.5% of the patients. This shortening
was performed to allow the cC7 nerve to reach the lower
trunk without a graft. This obviously could cause mal-
function of the biceps muscle and triceps muscle. Our
method, on the other hand, seems to have less risk for
disturbing normal humerus length. Clinically, direct neu-
rorrhaphy may increase tension at the anastomosis, lead-
ing to rupture of the anastomosis. In that case, it is much
easier in our approach to identify the nerve suture by sur-
gical re-exposure when it is in a subcutaneous region.

cC7 nerve transfer has not been widely adopted for
several reasons. One is that there is a real danger of cre-
ating a deficit in the healthy donor limb during nerve
harvesting. Furthermore, there is a controversy over the
cutoff level of C7, and the literature regarding the appro-
priate length of the C7 root is lacking. To make full use
of C7, many surgeons attempt to sever it at the level of
the anterior division/lateral cord junction and posterior
division/posterior cord junction [17]. A key step to avoid
having to use nerve grafts as we describe here is to
maximize the available length of c¢C7 by dissecting its
anterior and posterior divisions as far distally as possible.
By severing C7 at the division-cord level after opening
the epineuria, the ADC7 and PDC7 are significantly lon-
ger (Fig. 6). According to a recent clinical study using a
similar harvesting technique, no enduring deficit in the
donor limb was observed during long-term follow-up
[18]. Therefore, it may be safer and more reliable to har-
vest ¢C7 in this way.
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It is clear that the degree of nerve fiber maturation,
which is necessary to restore function, may depend
partly on the distance of the lesion from any particu-
lar end organ. In the present study, the shortest dis-
tance between ADC7 and PDC7 and the medial
epicondyle of the humerus along the grafting ulnar
nerve was considered to be the nerve regeneration
distance in conventional c¢C7 transfer. This mean dis-
tance turned out to be 44.8 cm, which was nearly 9 cm
longer than the distance from the proximal ends of C8-T1
to the medial epicondyle of the humerus (mean=35.3
cm). Thus, our method significantly shortens the nerve re-
generation distance.

In conventional practice, nerve regeneration requires
that axons traverse two neurorrhaphy sites. It is reason-
able to conclude that this is not a favorable situation for
optimal axon regeneration. Compared with earlier stud-
ies, direct cC7 transfer to the median nerve provided a
remarkably superior outcome [16]. The authors con-
cluded it was because of the shorter distance between
the donor nerve and the recipient nerve, as well as
having only one neurorrhaphy site. Similarly, there is
only one neurorrhaphy site in the direct transfer cases
we described in the present study, rather than two, as
in conventional c¢C7 transfer. This situation engen-
dered by our modified method theoretically facilitates
axon passage through the nerve suture line to reach
the muscles of the forearm.

It is well known that an insufficient number of
myelinated fibers regenerating into the recipient
nerves are a major factor leading to poor restoration
of hand function after cC7 root transfer to the me-
dian nerve. First, the regenerating fibers grow only
into the median nerve. Thus, the ulnar-dominated
flexion muscles become beyond repair. By transferring
cC7 to the C8-T1, both of them would be subject to
re-innervation. Second, the grafting nerve or the re-
cipient nerve is always narrower than the donor
nerve, producing a mismatch and a waste of donor
motor fibers. In the present study, we observed that
the overall cross-sectional area of ADC7 and PDC7
matched very well that of C8 and T1 or lower trunk.
In cases where C8-T1 of the affected limb is severely
injured, fibrosis is present, or the nerve cannot be
separated from the surrounding scar tissue, ADC7
and PDC?7 still have a chance to be coapted with the
lower trunk of the paralyzed brachial plexus.

The present study was not without limitations. The
data were collected and evaluated from cadaver speci-
mens fixed with formaldehyde. Thus, there might be
some discrepancies in distances and measurements that
would be measured in fresh corpses or in clinical investi-
gations. Future clinical studies using larger sample sizes
thus are necessary.
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Conclusions

Overall cross-sectional area of ADC7 and PDC7
matched very well that of C8 and T1 or lower trunk. For
the treatment of tBPRA, a transfer of cC7 to the C8-T1
or lower trunk via a subcutaneous tunnel across the
chest and neck appears to shorten the nerve graft and
nerve regeneration distances compared with a conven-
tional cC7 root transfer. Our modified method also de-
creases the number of neurorrhaphy sites and makes
optimal use of donor nerves, which may benefit hand
flexion restoration in clinical situations.

Abbreviations
ADC7: Anterior division of C7; cC7: Contralateral C7 root; PDC7: Posterior
division of C7; tBPRA: Total brachial plexus root avulsion
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