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Neurotization of the Phrenic Nerve with Accessory
Nerve for High Cervical Spinal Cord Injury with
Respiratory Distress: An Anatomic Study
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ABSTRACT

AIM: High cervical spinal cord injury is associated with high morbidity and mortality. Traditional treatments carry various complications
such as infection, pacemaker failure and undesirable movement. Thus, a secure surgical strategy with fewer complications analogous to
physiological ventilation is still required. We hope to offer one potential method to decrease the complications and improve survival qualities
of patients from the aspect of anatomy. The purpose of the study is to provide anatomic details on the accessory nerve and phrenic nerve for
neurotization in patients with high spinal cord injuries.

MATERIAL and METHODS: 38 cadavers (76 accessory and 76 phrenic nerves) were dissected in the study. The width, length and thickness of
each accessory nerve and phrenic nerve above clavicle were measured. The distances from several landmarks on accessory nerve to the origin
and the end of the phrenic nerve above clavicle were measured too. Then, the number of motor nerve fibers on different sections of the nerves
was calculated using the technique of immunohistochemistry.

RESULTS: The accessory nerves distal to its sternocleidomastoid muscular branches were 1.52+0.32mm ~1.54+£0.29mm in width, 0.52+
0.18mm ~ 0.56+0.20mm in thickness and 9.52+0.98cm in length. And the phrenic nerves above clavicle were 1.44+0.23mm ~ 1.45+0.24mm
in width, 0.47£0.15mm ~ 0.56+0.25mm in thickness and 6.48+0.78cm in length. The distance between the starting point of accessory nerve
and phrenic nerve were 3.24+1.17cm, and the distance between the starting point of accessory nerve and the end of the phrenic nerve
above clavicle were 8.72+0.84cm. The numbers of motor nerve fibers in accessory nerve were 1038+320~1102+216, before giving out the
sternocleidomastoid muscular branches. The number of motor nerve fibers in the phrenic nerve was 911+321~1338+467.

CONCLUSION: The accessory nerve and the phrenic were similar in width, thickness and the number of motor nerve fibers. And the lengths of
accessory nerve were long enough for neuritisation with phrenic nerve.
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(074

AMAC: Yiksek servikal spinal kord yaralanmasi yliksek morbidite ve mortalite ile iliskilidir. Geleneksel tedaviler enfeksiyon, kalp pili yetmezligi
ve istenmeyen hareket gibi ¢esitli komplikasyonlar tasir. Bu nedenle fizyolojik ventilasyona benzer ve daha az komplikasyonu olan gtivenli
bir cerrahi strateji gereklidir. Komplikasyonlari azaltmak ve hastalarin yasam kalitesini artirmak icin potansiyel bir yontemi anatomik agidan
sunmak, yiiksek spinal kord yaralanmasi olan hastalarda norotizasyon icin aksesuar sinir ve frenik sinirin anatomik ayrintilarini saglamak
amaclanmistir.

YONTEM ve GEREGLER: Calismada, 38 kadavranin (76 aksesuar ve 76 frenik sinir) diseksiyonu yapildi. Klavikula {izerinde her frenik sinir ve
aksesuar sinirin eni, boyu ve kalinhgi 6l¢uldi. Aksesuar sinirin cesitli noktalarindan klavikula tizerindeki frenik sinirin kokeni ve ucuna mesafeler
Ol¢llda. Daha sonra, imminohistokimya teknigi kullanilarak sinirlerin farkli bolimlerindeki motor sinir liflerinin sayisi hesaplandi.
BULGULAR: Sternokleidomastoid kas dallarina distal aksesuar sinirler 1,52+0,32 mm ila 1,54+0,29 mm genisliginde, 0,52+0,18 mm ila
0,56+0,20 mm kalinliginda ve 9,52+0,98 cm uzunlugunda idi. Klavikula tGzerinde frenik sinirler 1,44+0,23 mm ila 1,45+0,24 mm genisliginde,
0,4740,15 mm ila 0,56+0,25 mm kalinhginda ve 6,48+0,78 cm uzunlugunda idi. Frenik sinir ile aksesuar sinirin baslangi¢ noktasi arasindaki
mesafe 3,24+1,17 cm idi, ve aksesuar sinirin baslangi¢ noktasi ile klavikula Gzerinde frenik sinirin ucu arasindaki mesafe 8,72+0,84 cm idi.
Aksesuar sinirdeki motor sinir liflerinin sayisi sternokleidomastoid kas dallari ayrilmadan 6nce 1038+320 ila 11024216 idi. Frenik sinirdeki
motor sinir liflerinin sayisi 911321 ila 1338+467 idi.

SONUG: Aksesuar sinir ve frenik sinirin genislik, kalinlik ve motor sinir lif sayisi benzerdi. Aksesuar sinirin uzunlugu frenik sinir ile nérotizasyon
icin yeterince uzundu.

ANAHTAR SOZCUKLER: Frenik sinir, Aksesuar sinir, Anatomi, Spinal kord yaralanmasi, Rekonstriiksiyon
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INTRODUCTION

Due to advances in the transportation and building industry
recently, the incidence of upper cervical spinal cord injury
(SCI) caused by motor vehicle accident and falls has been
rising. About 5% of upper cervical spinal cord injury patients
lose respiratory function and become dependent on
ventilators. The quality of life suffers as a result of decreased
mobility and linguistic function. Moreover, the complications
of mechanical ventilation such as mechanical obstruction
and pulmonary infection always predispose them to high
mortality (4,5,13,15,26,27). Phrenic nerve pacing (PNP)
overcomes aforementioned disadvantages to some extent,
and simulates a natural negative pressure mechanism (2,6).
It improves mobility range of patients and allows for normal
speech. However PNP still has the potential risk of nerve
injury, undesirable movement, pacemaker failure, infection
and complications of surgery and does not allow optimal
physiological control of respiration (4-6,19,29). Thus, a secure
surgical strategy with less complications following high spinal
cord injury is still required (22). Polentes et al. evaluated
functional respiratory recovery by recording diaphragm and
phrenic nerve activity after olfactory ensheathing cell (OEC)
transplantation following cervical cord hemisection. While
the transplanted ipsilateral phrenic activity achieved 57.5%
of the control with elimination of contralateral influence via
contralateral C, section (16), which is not optimal considering
potential complications. Similarly, Li et al studied recovery of
respiratory function by OECtransplantation and thought many
possible factors may contribute to breathing improvement.
They were unsure of positive contribution of OEC (1). On the
contrary, nerve transfer procedures are routinely performed
for severe brachial plexus injury (BPI). Microsurgeons have
achieved satisfactory improvement in muscle power,
movement of joint and preventing deformity (1,3,7,14,21,23),
which provides a basis for utilizing autologous nerve transfer
in recovery of respiratory function following high cervical
injury (9). Gauthier et al. studied unilateral recurrent laryngeal
nerve-phrenic nerve anastomosis for improving respiratory
function of rats after high cervical spinal cord injury. They
found that rats could survive without asphyxiation even if the
spinal cord at C2 was transected completely 5 months after
nerve transfer (8). Gauthier et al. and Vinit et al. proposed
that neuroplasty and remodeling have taken place to control
respiratory function after nerve transfer (8,9,25). However, the
recurrent laryngeal nerve (RLN) is functionally important and
intimately associated with vagus nerve. Severe complications
would arise after division of RLN.The accessory nerve has often
been utilized for repair of the brachial plexus (3,7,14,21). Being
one of the cranial nerves, it remains functional after spinal
cord injury and can be an ideal donor nerve for transposition
to phrenic nerve to improve respiratory function in patients
with high cervical spinal cord injury.

Research on neurotization of the phrenic nerve by accessory
nerve to improve respiratory function of patients with high
cervical spinal cord injury is rare according to our literature
review. Data are particularly scarce in correlative experimental
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animal and human studies. Thus, our aim was to provide
anatomic information that may aid in the development of
this potential procedure to improve the quality of life in these
patients.

MATERIAL and METHODS

38 formalin-fixed cadavers (33 males, 5 females. Department
of Anatomy, Qigihaer Medical University), choline acetyl
transferase monoclonal antibody (1:200), PV-9000 pathologic
image analysis system, Vernier caliper (accuracy is 0.02mm).

Measurements and Anatomic Relations of AN and PN

38 formalin-fixed cadavers (33 males, 5 females) underwent
dissection for this study. The AN was dissected carefully from
jugular foramen to lateral border of sternocleidomastoid and
medial border of trapezius. Supraclavicular sesgment of PN was
separated along surface of scalenus anterior to thoracic inlet.
1) We measured major trunk of AN from the level of hyoid to
the intersection of AN and medial border of trapezius. This
length it was then further divided into 5 segments from A, to
A, as depicted in Figure 1. The width and thickness of three
segments (A, A,, A,) were measured by a vernier caliper. The
change in width and thickness was noted in order to find best
transposition location. Similarly, we measured major trunk of
PN from its origin to where it meets the superior border of
clavicle. This length it was divided into 3 segments from C, to
C, as in Figure 1. The width and thickness of three segments
(C,, C,, C)) were measured, and the change in width and
thickness was also noted for best transposition location. 2)
We then measured the distances from the main trunk of AN at
the level of hyoid to the origin of PN and its distal end above
the clavicle.

Immunohistochemical Staining and Number of Motor
Fibers

The specimens of AN and PN (A,-A,, C.-C)) from 10 cadavers
were selected. Those chosen segments were stained by
streptavidin-peroxidase method. The motor fibers of AN and
PN were positively expressed after applying monoclonal
antibody neurofibrin and choline acetyl transferase
respectively. The positively expressed motor fibers were
accepted for quantitative analysis via PV-9000 pathologic
image analysis system.

RESULTS
Anatomy and Measurement of AN

AN often gives out 2~5 branches to the sternocleidomastoid
at its superior 1/4~1/3 medial border after leaving the jugular
foramen. The major trunk of AN then converges with C2 or
C3 or both of them. Thereafter, about 7.89% of AN descend
through sternocleidomastoid, while 92.11% of AN continue
to descends along deep surface of sternocleidomastoid. We
measured length, width and thickness of every segment of AN.
The measurements are shown in Table I. AN emerges from the
posterior border of sternocleidomastoid, where have 7.5~9
c¢m away from the clavicular terminal of sternocleidomastoid,
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and enters trapezius about 1.5 cm medial to midclavicular
line. The location is relatively fixed and can be found easily. We
also found AN spiraled through the connective tissue and the
true length at stretch exceed the apparent length. The true
length measured averages 9.52+0.98cm and linear length
averaged 8.18+1.04 cm.

Anatomy and Measurement of PN

The phrenic nerve, after being formed by the convergence of
the anterior roots of C3/4/5 at the superior part of the anterior
scalenus, descends along the superficial aspect of the anterior
scalenus and enters the thoracic cavity via the thoracic inlet.

AN in posterior cervical triangle; A5: the trunk of AN at intersection of AN and trapezius; C1: initial segment of PN; C2: middle segment
of PN above clavicle; C3: segment above intersection of PN and clavicle; D: sternocleidomastoid; E: trapezius; F: clavicle.

2

Figure 2: Motor neurofibers of AN.
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Figure 3: Motor neurofibers of PN.
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Table I: The Width, Thickness and Length of the Accessory Nerve and Phrenic Nerve

o) ¢ ¢ | . c | A A | A |

1441023 |
0.4740.15 |

144027 |
0.56+025 |

Width
Thickness ‘

145+0.24
047+0.16 |

154029 |
0.52+0.18 |

1744039 |
059+0.22 |

1.52+0.32
0.56+0.20

Table lI: Contents of Motor Neurofibra in Different Segments of the Accessory Nerve and Phrenic Nerve

| & [ & [ A [ A | ¢ | G [ c |

Motor
neurofibra

We dissected PN till the superior border of clavicle and
measured the length of the supraclavicular segment of PN,
the length of which was 6.48+0.78cm, The data of width and
thickness were obtained respectively at origin of PN (C,), most
distal part of PN just above clavicle (C,) and midpoint between
the two (C)). The results are presented in Table I.

Relationship of AN and PN

Anastomosis without strain is mandatory for success.
Therefore we investigated the shortest and longest distances
of transposition from AN to PN. The distances from AN at
the level of the hyoid bone to the origin of PN and to the
supraclavicular end of PN were 3.24+1.17 cm, 8.72+0.84cm,
respectively.

Number of Motor Fibers in Different Segments of AN and PN

The contents of every segment of AN and PN were measured
via immunohistochemical method (Figure 2,3). There were
no statistically significant differences in contents of motor
neurofibers in C,, C, A, and A, (Table Il) (p=0.218, SNK test
SPSS 13.0).

DISCUSSION

The diaphragm plays a significant role in eupnoea, which is
also the major power of respiratory movement. Ventilatory
capacity (VC) induced by the contraction of the diaphragm
approximates 3/4~4/5 in eupnoea. Auxiliary respiratory
muscles such as intercostal muscles and abdominal muscles
can hardly sustain the normal respiration alone (10,15). If
diaphragmatic muscles can be controlled via the accessory
nerve after its transfer to the phrenic nerve, high spinal cord
injury patients may acquire autonomous respiration. Spinal
accessory nerve, which is widely utilized for reconstruction
surgery in brachial plexus and birth palsy (3,7,21), is derived
from the lateral region of the anterior horn in spinal cord and
below the boundary between the medulla oblongata and
spinal cord. The spinal accessory nerve originates between
the denticulate ligaments and the dorsal rootlets of the
spinal nerves (24). Saylam et al. via observing anatomy of
49 specimens from 27 human cadavers found that the most
inferior root of spinal contribution to AN derives from C3
segment,in 42.9%; from C5 segmentin 16.3%, and it was never
seen to derive below the C6 segment (18). Soo et al. proposed
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1933+377 9631434 1038+320 1102+216 911£321 1007+367 1338+467

that motor neurofibers to the middle and upper parts of
trapezius came more from AN, while the lower third came from
the cervical plexus (20). Kierner (11,12) found that the nerve
supply to the descending part of trapezius muscle consisted
of a single fine branch of the spinal accessory nerve, whereas
the transverse and ascending parts were innervated by both
the spinal accessory nerve and the trapezius branches of the
cervical plexus.Wang, S et al. reported, 3~4 branches from the
accessory nerve at the supraclavicular level terminated at the
trapezius. Electrophysiology and muscle power examinations
confirmed that the lower trapezius was affected the most and
90% of the upper and middle trapezius could maintain grade
3 or more muscle power after AN was divided at infraclavicle
level (30). Therefore, the nerves entering the trapezius include
both accessory nerve and branches of C2~C4. Useful function
of trapezius is therefore retained after the anastomosis of the
accessory nerve to the phrenic nerve. Interestingly, Satomi
et al. found that the neuronal cell bodies of the spinal AN
have a very similar topographic localization to the phrenic
nucleus in the anterior ventral horn of cats (17), which can aid
neuroplasty and remodeling of neurons of accessory nerve
following nerve transfer.

In this anatomical study, we found that the dimensions
of the major trunk of AN (width: 1.52+0.32mm ~
1.54£0.29mm, thickness: 0.52+0.18 ~ 0.56+0.20mm) after
its stemocleidomastoideus branch were similar to that
of PN (width: 1.44+£0.23mm ~ 1.45+0.24mm, thickness:
0.47£0.15mm ~ 0.56+0.25mm). The distance between AN
at the level of hyoid and the origin of PN was 3.24+1.17cm,
and that between accessory nerve at the level of hyoid and
supraclavicular end of PN was 8.72+0.84cm. The mean length
of ANwas 9.52+0.98cm, which is sufficiently long forits transfer
to PN.Thus, itis possible to perform transposition of accessory
nerve to PN in order to restore autonomous respiratory
function anatomically. Additionally, we quantified the motor
fibers of PN and AN by immunohistochemical method. We
found the quantity of motor neurofibers after AN gives out
the stemocleidomastoideus branch is 1038+320~1102+216,
and that of phrenic nerve is 911+321 ~ 1338+467. There are
no significant differences in contents of motor neurofibers
inC, C, A, and A, statistically (P=0.218, SNK test SPSS 13.0).
The quantity of motor neurofibers in distal segment of AN
and proximal segment PN are comparable. Therefore, the
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accessory nerve can provide sufficient motor neurofibers for
promoting regeneration of phrenic nerve. Moreover, good
clinical results have been obtained through the use of AN for
neurotization of the facial, suprascapular, axillary, radial, and
musculocutaneous nerves (14).

CONCLUSION

The phrenic nerve has better capacity for regeneration than
othernerves(28).Furthermore,injury of spinal cord differs from
rupture of peripheral nerves in that axon degeneration and
atrophy of skeletal muscle are relatively slow, which provides
a sound tissue basis for nerve transposition. Thus, our study
has confirmed the feasibility of PN neurotization utilizing
AN to restore respiratory function in high spinal cord injury
patients in terms of anatomy and immunohistochemistry.
Meanwhile, relevant animal research is being undertaken and
has achieved early positive results. We hope this procedure
can provide a secure, long-term sustainable and physiological
respiratory movement for patients with high cervical spinal
cord injury.
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