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Abstract: The previous three decades have witnessed a
prosperity of contralateral C7 nerve (CC7) transfer in the
treatment of upper-extremity paralysis induced by both
brachial plexus avulsion injury and central hemiplegia. From
the initial subcutaneous route to the pre-spinal route and the
newly-established post-spinal route, this surgical operation
underwent a series of innovations and refinements, with the
aim of shortening the regeneration distance and even
achieving direct neurorrhaphy. Apart from surgical efforts for
better peripheral nerve regeneration, brain involvement in
functional improvements after CC7 transfer also stimulated
scientific interest. This review summarizes recent advances of
CC7 transfer in the treatment of upper-extremity paralysis of
both peripheral and central causes, which covers the neuro-
anatomical basis, the evolution of surgical approach, and
central mechanisms. In addition, motor cortex stimulation is
discussed as a viable rehabilitation treatment in boosting
functional recovery after CC7 transfer. This knowledgewill be
beneficial towards improving clinical effects of CC7 transfer.

Keywords: brachial plexus avulsion injury; central hemi-
plegia; contralateral C7 nerve transfer; motor cortex stim-
ulation; neuroplasticity.

Introduction

Brachial plexus injury (BPI) is a relatively rare, but nearly
the most severe trauma, which mainly affects the youth in

the prime of life. High-velocity motor vehicle accidents
account formost cases undergoing surgical reconstruction,
due to strong traction and stretch forces acting upon the
brachial plexus when the patient falls on the shoulder,
while other causes include high fall, penetrating injuries,
and iatrogenic insults (Kaiser et al. 2020; Terzis and Kos-
topoulos 2007). According to the degree of injury, BPI
could be classified into neurapraxia, axonotmesis, and
neurotmesis (Seddon 1972). Neurotmesis could be further
divided into nerve ruptures (postganglionic injury) and
nerve avulsions (preganglionic injury) (Kachramanoglou
et al. 2011). Global brachial plexus avulsion injury (BPAI)
affecting all roots from C5 to T1 represents the most
devastating injury of posttraumatic BPI. The victims suffer
fromaparalyzed and senseless upper-extremity, oftenwith
refractory neuropathic pain (Berman et al. 1998). The
resultant disability inflicted in those patients is usually
lifelong, which takes a heavy toll on individual physical
health and wellbeing, and poses a tremendous burden to
healthcare systems worldwide.

Surgical management for BPI includes neurolysis for
nerve lesions in continuity, nerve repair and nerve grafting
for lesions in discontinuity, and neurotization (or nerve
transfer) for root avulsions (Kachramanoglou et al. 2011;
Songcharoen 2008). The concept of nerve transfer is to
sacrifice the function of a less-valued donor muscle to
revive function in the recipient nerve and muscle that will
undergo re-innervation (Narakas and Hentz 1988). Under
the condition of global BPAI when intraplexus nerves are
unavailable, extraplexus donor nerves remain as the sole
choice for neurotization. Based on the neuroanatomical
knowledge of peripheral nerves and the development of
microsurgical techniques, various extraplexus donors
were found, such as the accessory nerve, intercostal
nerves, the anterior motor divisions of the cervical plexus,
and phrenic nerve (Songcharoen 2008). Among these
candidates, contralateral C7 nerve (CC7) emerges as the
most promising donor source for BPI reconstruction, which
provides a substantial number of axons for motoric and
sensory restoration of the paralyzed upper-limb without
greatly compromising the function of donor limb. Since the
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first CC7 transfer performed in Shanghai Huashan Hospital
by (Gu et al. 1992), it has been widely used as a donor
source for nerve transfer in brachial plexus reconstruction,
especially for global BPAI.

Apart from BPI, central neurological injury (e.g. stroke,
traumatic brain injury, and cerebral palsy) is another
contributor to physical disability affecting both adults and
children (Aisenet al. 2011;Hankey 2017;Rubianoet al. 2015).
Although the mortality rate after central neurological injury
has steadily decreased in the last few decades, the rate of
incomplete recovery still remains high, especially for those
with persistent upper-limb paralysis (Hankey 2017; Steyer-
berg et al. 2019). Typically, patients with unilateral brain
injury exhibit contralateral spastic hemiplegia, which is
characterized by spasticity, abnormal gestures, paresis of
specific muscles, poor fine motor control, and sensory dis-
turbances (Dobkin 2005). Unfortunately, current pharma-
cological and rehabilitative interventions have no certain
effects, rendering a tough challenge to both neurologists
and rehabilitation physicians (Synnot et al. 2017). In 2011,
CC7 transfer was further introduced in the treatment of
spastic arm paralysis by (Xu et al. 2011), which represents a
paradigm change in the neurosurgical approach to the
treatment of central hemiplegia.

Since the advent of CC7 transfer, nerve repair surgeons
have been confronted by two major questions: the plateau in
clinical efficacy of the original approach and a paucity of
neurobiological underpinnings of CC7 transfer. A unanimous
opinion has been reached that shortening the distance be-
tween the CC7 and the recipient nerve, or even achieving
direct anastomosis, is crucial to nerve regeneration and sub-
sequent functional improvements. Thus, hand surgeons are
devoted to refining the technique by re-routing CC7, initially
subcutaneously and later in the pre-spinal space (Zhang and
Gu 2011). Recently, the post-spinal route was established by
neurosurgeons, which also enabled direct neurorrhaphy in
the treatment of central hemiplegia (Guan et al. 2019). Along
with the innovations and improvements of the surgical
approach is our preliminary understanding of cortical reor-
ganization after CC7 transfer supported by clinical and pre-
clinical evidence (Sunetal. 2014). Thisknowledgewill provide
a solid premise for the further refinement of this surgery and
introduction of postoperative rehabilitation therapies.

This review summarizes recent breakthroughs and in-
sights on CC7 transfer in the treatment of upper-extremity
paralysis of peripheral and central causes. The neuroana-
tomical basis of CC7 transfer is firstly discussed. Next, we
concentrate on the evolution process of the operative
approach of CC7 transfer, and analyze the scope of applica-
tion, operation essentials, and strengths and weaknesses of
each passage from the perspective of surgery. Finally,

current knowledge regarding cortical processing of func-
tional recovery after CC7 transfer is summarized, on the basis
ofwhich the applicationprospect ofmotor cortex stimulation
(MCS) in functional recovery after CC7 transfer is elaborated.

Neuroanatomical basis of CC7
transfer

Rationale of CC7 transfer in the treatment of
BPAI

In the condition of BPAI, reconstructive surgery for the
restoration of original neural connections is impossible
since proximal nerve stumps are not available, rendering
extraplexal neurotization as the main choice. The CC7
contains more than 23,000 myelinated nerve fibers (each
division with more than 10,000 fibers), far exceeding the
sum of other candidates including the phrenic nerve
(3000), the accessory nerve (1600), the intercostal nerves
(1200), as well as the recipient nerves such as the muscu-
locutaneous nerve (6000) and the median nerve (18,000)
(Gilbert et al. 2006). In addition, with the increased inci-
dence of high-energy accidents, those with BPAI usually
exhibit more extensive trauma, giving rise to a drastic
decrease in available donor nerves for reinnervation.
Considering these, the CC7 remains as the most appealing
donor nerve owing to the capacity to provide enough nerve
fibers.

Another premise for the selection of the CC7 is that
dividing the CC7would not cause permanent loss in sensory
and motor functions in the healthy extremity. In terms of
motor innervation, the C5mainly forms the axillary nerve to
innervate the deltoid muscle; the C6 mainly enters the
musculocutaneous nerve to innervate the biceps; the C8
mainly passes within the median nerve to innervate the
flexor digitorum profundus; and the T1 mainly forms the
ulnar nerve to innervate intrinsic hand muscles. The C7,
mainly by way of the radial nerve, nonspecifically contrib-
utes to themovements of the shoulder (the latissimus dorsi),
the elbow (the triceps), the wrist (the extensor carpi radialis
brevis), and the hand (the extensor digitorum) (Gu 1997;
Terzis 1987; Wang et al. 2018). For brachial plexus nerve
roots, the division of a single nerve root or even two non-
neighboring roots did not permanently affect limb motor
function in rodents,whereas thedivision of twoneighboring
nerve roots or three non-neighboring roots led to permanent
motor dysfunction (Chen and Gu 2001). The decrease in grip
and pinch strengths following C7 transection has been re-
ported in clinical studies (Gu et al. 1992; Zhang andGu 2011).
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However, this motor deficit is temporary since voluntary
control over the muscles that the C7 innervates could be
preserved due to compensation by adjacent nerve roots. For
example, apart from C7 innervation, the latissimus dorsi is
also innervated by the C6 and C8; the triceps by the C5, C6,
C8, and T1; and the forearm extensors by the C6 and C8 (Gu
1997; Gu and Shen 1994).

In terms of sensory function, the C7 comprises sensation
in <1% in the musculocutaneous nerve, 6% in the ulnar
nerve, 16% in the radial nerve, and 19% in the median nerve
(Li et al. 2014).Hence,whenusing theC7as thedonor, central
sensory deficit will always be less than 25% in any given
nerve, which iswithin the compensation ability of each nerve
(Li et al. 2014). Clinical evidence showed that the patients
usually experienced numbness and pain in the fingers in the
first 3 months after surgery (Gu et al. 1992; Zhang and Gu
2011), and a very small portion of them (0.71%) would
develop refractory neuropathic pain after the harvest of the
C7 (Li et al. 2015b). Taken together, the C7 nerve root may
serve as a “spare nerve” in the highly structured and efficient
nerve complex of thebrachial plexus, and it is safe to sacrifice
it for repair of target nerves.

The anterior division of C7, especially its anterior and
medial part, contains a large portion of sensor fibers, while
the posterior division mainly contains motor fibers, with no
regularity in the distribution of sensory and motor fibers
(Chuang et al. 1998; Qin et al. 2012; Xu et al. 1996). Therefore,
partial CC7 as the donor was once recommended. There has
been a shift in the transection plane from the entire root to
the major root except the anterior and medial part of the
anterior division (for retainingmore sensation in the healthy
limb), and to the anterior or the posterior division, with
the posterior division used for restoring motor function or
the anterior division used if sensory function is desired
(Waikakul et al. 1999; Xu et al. 2004; Zhang and Gu 2011).
Although selective transfer lessens sensory deficit and
speeds up normal sensation recovery of the healthy ex-
tremity, the insufficiency of donor fibers would lead to per-
manent undesirable motoric improvements (Gao et al. 2010;
Hierner and Berger 2007; Sammer et al. 2012; Tu et al. 2014).
Thus, using thewholeC7 isabetter choice. To fullyutilize the
large source that C7 provides, it is recommended to prepare
anterior and posterior divisions for repairing different
recipient nerves (Liu et al. 2018; Terzis and Kokkalis 2009).

Rationale of CC7 transfer in the treatment of
spastic arm paralysis

From the perspective of neuroanatomy, themuscle tension
is mediated by spinal γ-neuron circuitry, which itself is

under descending inhibitory control of upper motor neu-
rons (Kanning et al. 2010; Lemon 2008; Rudomin 1990).
Under the condition of unilateral brain damage, the loss of
descending control gives rise to contralateral flexor spas-
ticity (Xu et al. 2011). The impairment of cortical or
subcortical motor pathways also leads to the loss of active
movement (Lemon 2008; Welniarz et al. 2017), which is
aggravated by the spasticity. Although contralesional
hemisphere compensation is involved in the functional
regain of limb control after unilateral brain injury (Lotze
et al. 2006), the sparse connection between the contrale-
sional hemisphere and the paralyzed hand in the contrale-
sional side, i.e. the uncrossed anterior corticospinal tract
(CST), limits the compensatory capacity (Jankowska and
Edgley 2006; Ziemann et al. 1999). Based on this knowledge,
wecould infer that the releaseof spasticity and the restoration
of brain motoric control over the limb are pivotal for the
management of spastic hemiplegia.

For the treatment of upper-limb spasticity, selective
peripheral neurotomy (SPN) and selective dorsal rhizot-
omy (SDR) are usually considered, which improvemobility
and spasticity by interrupting peripheral inputs toward the
over-activated spinal γ-neuron circuitry (Aquilina et al.
2015; Enslin et al. 2019; Sindou et al. 2007). The former is
the predominant procedure since spasticity is usually
restricted to muscles subject to the control of a single or
only a few peripheral nerves, while the latter is a valuable
alternative to SPN for diffuse upper-limb spasticity (Maar-
rawi et al. 2006; Sindou and Mertens 1988). However, even
with the release of flexor spasticity, the fine movement of
upper extremity is still unlikely to restore since the
extensor muscles do not have enough strength to antago-
nize that of the flexors (Xu et al. 2011). Thus, Xu et al.
applied the concept of contralateral peripheral neurot-
ization to improve the extensor function of the affected
upper-extremity, and performed CC7 transfer to bridge the
contralesional hemisphere and the contralesional para-
lyzed hand. Most patients exhibited flexor spasticity
release and motor functional improvements, and regained
self-care ability after surgery (Hua et al. 2015; Xu et al. 2011;
Zheng et al. 2018). The reason for choosing ipsilesional C7
as the donor is the same as that described above, while the
reason for selecting contralesional C7 as the recipient is
that most C7 fibers diffusely innervate extensors (Gu 1997;
Wang et al. 2018), which remain much weaker than flexors
in stroke survivors in which the imbalance between flexors
and extensors results in functional useless hand (Twitchell
1951). The division of the C7 nerve at the affected side also
weakens peripheral inputs toward spinal γ-neuron circuit,
thus reducing limb spasticity (Hua et al. 2016).

Y. Bai et al.: Contralateral C7 nerve transfer 493



The evolution of operative
approaches of CC7 transfer

The donor source, interposition nerve graft, and effector
muscles are the key peripheral factors determining the
regenerative effect after nerve transfer. Owing to the
determined neuroanatomical feature of CC7 and no effec-
tive strategy available for the irreversiblemuscular atrophy
(Carraro et al. 2015; Midrio 2006), shortening the transfer

path turns to be the sole factor influencing nerve regener-
ation (Bertelli et al. 2005), which becomes the paramount
research direction for nerve repair surgeons. Correspond-
ingly, there have been a series of interesting changes in the
operative approach since the establishment of CC7 transfer.
Generally, operative approaches for CC7 transfer could be
categorized as pretracheal routes (including the original
and the modified subcutaneous routes, the retro-
sternocleidomastoid route, and the carotid sheath route),
pre-spinal routes (including the original and the modified

Table : A summary of operative approaches for CC transfer.

Operative approaches Subject Harvesting level of donor
nerves

Targeting nerves and the length of
bridging nerves

Advantages and disadvantages

Pre-tracheal routes
Original subcutaneous
route
Gu et al. 

 patients
with BPAI

At the common trunk; at the
origin of the posterior divi-
sion or anterior division

The ulnar nerve graft or sural donor
nerves (≥ cm) for repairing the
radial nerve, the musculocuta-
neous nerve, the median nerve, the
thoracodorsal nerve, or the mus-
culocutaneous nerve

Disadvantages: Delayedmotoric
recovery owing to long regener-
ation distance, two neuro-
rrhaphy sites, and insufficient
use of the donor nerve; complete
functional loss of the ulnar
nerve; a long incision

Retrosternocleidomastoid
route
Peng et al. ()

 patients
with BPAI

At the distal ends of its both
anterior and posterior
divisions

Sural nerve grafts with mean dis-
tance of . cm for repairing the
upper or the lower trunk of the
injured plexus

Advantages: Full use of the
donor; shorter nerve grafts; and
avoiding subcutaneous
hematomab

Modified subcutaneous
route
Feng et al. ()

Four pa-
tients with
BPAI

At the distal ends of both
divisions

Direct neurorrhaphy achieved in
two patients with C-T roots
repaired; a .-cm nerve graft used
in others with anterior division of
the lower trunk connected

Advantages: Full use of the
donor; shorter nerve graftsb

Carotid sheath route
Doshi and Bhatt ()

 patients
with BPAI

At the distal ends of both
divisions

Direct neurorrhaphy with the ante-
rior division of the lower trunk

Advantages: Direct coaptationb

Disadvantages: Risk of vagal
nerve injury and sensory disor-
der in the extremity during
vascular pulsationb

Pre-spinal routes
Original pre-spinal route
McGuiness and Kay ()

One pa-
tient with
BPAI

The posterior division of
CC

The median nerve repaired with the
ulnar nerve graft

Advantages: Simpler dissection;
shorter nerve grafts; and pro-
tected placement of the graftb

Disadvantages: Potential injury
to important structures,
including vertebral vessels, the
thoracic duct, and the recurrent
laryngeal nerve; potential CC
compression upon esophageal
motilityb

Modified pre-spinal route
Wang et al. ()

 patients
with BPAI

At the distal ends of both
divisions

Nerve grafts with a length of
. ± . cm for repairing the upper
trunk or both divisions of the upper
trunk

Modified pre-spinal route
Xu et al. ()

Eight pa-
tients with
BPAI

At the trunk division level or
the division cord level

Grafts for repairing the supra-
clavicular and infraclavicular
brachial plexus were
. ± . cm and . ± . cm,
respectively, with CC cut at the
trunk division level; when CC
transected at the division cord
level, no graft was used for repair-
ing C–C roots (N = ), and a -cm
graft used for repairing the upper
trunk (N = )

Huashan pre-spinal routea

Xu ()
One patient
with spastic
arm

At the distal ends of both
divisions

Direct neurorrhaphy achieved in
bilateral C nerves
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pre-spinal routes, andHuashanpre-spinal route), vertebral
routes (including the vertebral body route and the inter-
vertebral disc route), post-spinal routes (including the

original and the modified post-spinal routes), and intra-
spinal routes (including the posterior intradural route and
the posterior extradural route) (Table 1).

Table : (continued)

Operative approaches Subject Harvesting level of donor
nerves

Targeting nerves and the length of
bridging nerves

Advantages and disadvantages

Vertebral routes
Vertebral body route
Wang et al. ()



cadavers
At the distal ends of both
divisions

Direct neurorrhaphy achieved in
bilateral C nerves

Disadvantages: Local hema-
toma; injury to adjacent struc-
tures; nerve compression within
the tunnelb

Intervertebral disc route
Vanaclocha et al. ()



cadavers
At the distal ends of both
divisions

Direct neurorrhaphy achieved in
bilateral C nerves

Disadvantages: CC compres-
sion within the disc space; spine
instability; potential injury to the
vertebral/radicular arteryb

Post-spinal routes
Original post-spinal route
Xiang et al. ()



cadavers
At the distal ends of both
divisions

Nerve grafts with a length of . cm
for repairing the upper trunk, or
. cm for repairing the lower trunk

Disadvantages: Nerve graft still
needed; shift in operative
positionb

Modified post-spinal routea

Guan et al. ()
One pa-
tient with
spastic arm

At the distal ends of both
divisions

Direct neurorrhaphy achieved in
bilateral C nerves

Advantages: Avoiding potential
injury to key structures in the
pre-spinal routec

Disadvantages: Shift in posi-
tion; spine instability; potential
nerve traction during neck
movementc

Intra-spinal routes
Posterior intradural routea

Jiang et al. ()
One
cadaver

C nerve root on one side
divided as distally as
possible, while CC root
divided as proximally as
possible within the sub-
dural space

The length of sural nerve graft was
about  cm connecting posterior
divisions of both C, and about
.– cm connecting anterior di-
visions of both C

Advantages: Multiple anasto-
mose enables full use of the
donor C and precise repairc

Disadvantages: Spinal insta-
bility; complications after open-
ing the dural sac; potential
compression of the spinal cord
within the subarachnoid space;
weak anti-tension strength of
anastomosed nerves; difficulty
in identifying the VRs and the
DRs; uncertain reinnervation
owing to pre-ganglionic
neurorrhaphyc

Posterior extradural routea

Yang et al. ()
Nine
cadavers

CC nerve root was divided
at the junction of the VR and
DR, while ipsilateral C root
sectioned at the nerve root
outlet of the dural mater

Direct neurorrhaphy achieved in
bilateral DRs as well as bilateral
VRs of C nerves

Advantages: Direct, precise and
tension-free coaptation of bilat-
eral C nerves; avoiding com-
plications after opening the
dural sac; no obvious compres-
sion of spinal cord within the
spinal canalc

Disadvantages: Spinal insta-
bility; uncertain reinnervation
owing to pre-ganglionic
neurorrhaphyc

aIndicate operative approaches of CC transfer designed for the treatment of spastic limb paralysis.bCompared with the original approach of
CC transfer designed for the treatment of BPAI, i.e. the original subcutaneous route by Gu et al.cCompared with the original approach of CC
transfer designed for the treatment of spastic limb paralysis, i.e., Huashan pre-spinal route by Xu et al.
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The original subcutaneous route

A subcutaneous tunnel anterior to the neck and pectoral
region was utilized in the original approach for CC7 transfer
(Figure 1A, B) (Gu et al. 1992). The ulnar nerve in the affected
side was usually sacrificed as the bridging nerve inasmuch
as intrinsic hand muscles were unlikely to recover after
BPAI. Additionally, sural nerves in groups of three or four
strands could also be used. When using the ulnar nerve as
graft, the CC7was severed at the common trunk or the origin
of the anterior/posterior division through a supraclavicular
transverse incision. Then, the ulnar nerve severed at the
wrist was dissected toward the axilla at the level just below
the entrance of superior ulnar collateral artery. The reversed
ulnar neurovascular bundle was transposed through a
pectoral subcutaneous tunnel with a length of at least 18 cm
to connect the proximal end of CC7. The second procedure
was performed when nerve regeneration reached the axilla
as judged by clinical and physiological examinations (usu-
ally 10 months). Then, the proximal end of the ulnar nerve
was cut and anastomosed to recipient nerves, including the
radial nerve or the median nerve (Gu et al. 1992; Xu et al.
2008; Zhang and Gu 2011).

The chief pitfall of this method is the long delay
of manifestation of motoric recovery caused by the long
distance the regenerating axons have to travel along the

graft as well as the twoneurorrhaphy sites the axons have to
cross to reach themotor endplates of forearmmuscles (Yang
et al. 2015). Additionally, only the anterior or the posterior
division of CC7 is used owing to the great incongruence
between the number of CC7 fibers and that of terminal
recipient nerves, which leads to a waste of the donor source.
Moreover, the employment of the ulnar nerve results in
complete loss of function in its innervation areas aswell as a
long incision (about 36 cm) on the injured upper extremity
(Waikakul et al. 1999). Considering these, the establishment
of the shortest, safe, and effective way tailored to regional
anatomy for achieving direct coaptation will inevitably
improve the surgical outcomes.

The retrosternocleidomastoid route

In 2003, Peng et al. modified the original route via a tunnel
under the sternocleidomastoidmuscle for repair of root and
trunk injuries (Figure 1C). Several improvements were made
to shorten the nerve gap. For preparation of bilateral plexus
nerves, theCC7was dissected to themiddle trunkas far as its
anterior and posterior divisions and transected at the distal
end to the division to increase the length of donor nerves,
with the upper or the lower trunk of the injured plexus
designatedas the recipient instead of terminal branches. For

Figure 1: Schematic diagrams of pre-tracheal routes. (A) A representative axial section through the C7 vertebral body showing normal cervical
anatomical structures. (B–D)Diagramsof the subcutaneous route (B), the retrosternocleidomastoid route (C), and the carotid sheath route (D).
(1) sternocleidomastoid muscle, (2) trachea, (3) esophagus, (4) superior thyroid artery, (5) recurrent laryngeal nerve, (6) common carotid
artery, (7) common jugular vein, (8) vagus nerve, (9) phrenic nerve, (10) longus collis muscle, (11) anterior scalenemuscle, (12) middle scalene
muscle, (13) C7 vertebral body, (14) vertebral artery, vertebral vein and sympathetic trunk, and (15) spinous process.
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modification of the passage, a tunnel connecting bilateral
nerve stumps was constructed behind bilateral sternoclei-
domastoid muscles and in front of the trachea by blunt
dissection while protecting the carotid sheath. If necessary,
bilateral anterior scalenus muscles could be severed to
further shorten the distance (Peng et al. 2003).

During surgery, the authors observed that the mean
distance between the nerve stumps was 7.8 cm (range:
5.5–10.0 cm), so a nerve graft was used for bridging the
gap. Compared with the subcutaneous tunnel, this
modified pathway necessitates a short free nerve instead
of the long vascularized ulnar nerve graft, and avoids the
risk of subcutaneous hematoma. Results of 15-month
follow-up showed that four of six patients with repair of
the upper trunk obtained elbow flexion and shoulder
abduction, while one patient with the lower trunk
repaired gained pain sensation in the wrist and exhibited
motor nerve action potentials in themedian nerve and the
ulnar nerve (Peng et al. 2003). Recently, (Wang et al. 2018)
repaired the middle trunk of injured plexus via this route
with the average nerve graft of 9.5 cm, which was proven
to be safe and effective in rescuing shoulder adduction
and upper-extremity extension in this patient series.

The modified subcutaneous route

In 2010, Feng et al. reported the subcutaneous route to repair
the lower trunk of the injured plexus for gaining better hand
function. The preparation of anterior and posterior di-
visions of the CC7 was the same as the way described in the
retrosternocleidomastoid route. After severing the posterior
divisionof the lower trunk andother affiliatednerves, the rest
part of the injured C8-T1 nerve roots or the lower trunk was
passed from the incision in the injured infraclavicular area to
the sternoclavicular joint on the uninjured side through the
subcutaneous passage across the anterior surface of the neck
and chest. Direct neurorrhaphy was achieved on the C8-T1
residual nerve roots in two patients, while a 4.5-cm nerve
graft was used in another two patients with the anterior di-
vision of the lower trunk connected. Results of 26-month
follow-up showed that the patients gained favorable wrist
flexion, finger flexion, and hand sensation (Feng et al. 2010).

This modified approach shortens the length of nerve
graft in comparison to the traditional approach and avoids
humerus shortening (Yu et al. 2003). By transferring CC7 to
C8-T1 roots, both the median nerve and the ulnar nerve
would be subject to reinnervation, which theoretically
guarantees better function recovery than repairing a single
terminal nerve. The overall cross-sectional area of both
divisions of the CC7 matches well with that of the C8-T1

roots or the lower trunk, which enables the maximum use
of the donor (Feng et al. 2019b). However, this method fails
to achieve direct neurorrhaphy in all cases, so it may be
preferred for repair of lower-level root injuries.

The carotid sheath route

In 2016, Doshi et al. reported the carotid sheath route for
direct repair of the anterior division of the lower trunk
(Figure 1D). When performing the pre-spinal route, they
noted that the mobilized lower trunk (with the posterior di-
vision severed), which reached the level of the anterior sca-
lenus muscle by route deep to the clavicle, could also be
transferred to the suprasternal notch when brought out from
below the clavicle. Thus, direct anastomose could be ach-
ievedwith CC7 brought to themidline. Finally, a safe passage
was constructed through the carotid sheath, with the com-
mon carotid artery medially and the internal jugular vein
laterally. The CC7 dissected medial to the anterior scalenus
muscle could be directly transferred along this path to
the subcutaneous plane at the suprasternal notch. Direct
approximationof theCC7 to the lower trunkwasattempted in
all the 10 patients with the aid of arm adduction, but the
clinical outcome of this route, i.e. the recovery of extrinsic
fingerflexion, remains tobeobserved (Doshi andBhatt 2016).

Since vertebral vessels, inferior thyroid vessels, the
sympathetic chain, and the recurrent laryngeal nerve lie
medial and deep to the common carotid artery, this route
could avoid injury to these structures. Considering these, this
route was recommended by the authors as a substitute for
pre-spinal routes when repairing the lower trunk (Doshi and
Bhatt 2016).However, themajor risk is vagal nerve injury and
subsequent cardiac and other visceral disorders, since the
vagal nerve is located inside the carotid sheath. Another
potential complication is the occurrence of sensory disor-
ders in the extremity during palpation of the carotid
artery.

The original pre-spinal route

In 2002, Mcguiness et al. reported one case of CC7 transfer
accomplished by passing the nerve through the pre-spinal
and retropharyngeal space to repair themedian nerve in the
treatment of obstetric brachial plexus palsy (Figure 2A, B).
With a curved incision in the neck, the authors retracted the
carotid sheath and sternomastoid muscles laterally and the
esophagus and tracheamedially to form a route through the
retropharyngeal space anterior to the prevertebral fascia. A
similar maneuver from the recipient side allows completion
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of the tunnel and subsequent anastomosis of CC7 and the
ulnar nerve graft. Important structures lying behind the
tunnel include longus colli muscles, anterior scalenus
muscles, and thephrenic nerve. Therefore,muchmore focus
should be paid to preserve the phrenic nerve on the surface
of anterior scalenus muscles. Comparing with the subcu-
taneous tunnel, this route hasmerits of a simpler dissection,
a shorter distance, and protected placement of the graft
(McGuiness and Kay 2002).

The modified pre-spinal route

Nearly at the same time whenMcguiness et al. reported the
pre-spinal route, Wang et al. reported another pre-spinal
route for CC7 transfer in a Chinese journal concerning hand
surgery (Figure 2C). In this route, the CC7 was transferred
underneath the anterior scalenus muscle, the vertebral
artery, and the longus colli muscle, and then passed
through the retro-esophageal space to neurotize the
recipient nerve. Much more focus should be paid to the
protection of vertebral vessels when establishing the tun-
nel underneath the anterior scalenus muscles (Wang et al.
2003, 2004, 2013;Wang and Xue 2014). In 2017, the authors
reviewed the clinical outcomes of 200 patients with the
upper or the lower trunk repaired via this route in their
institution. Direct coaptation with the upper trunk was
achieved in three of the total 60 patients, while

interposition sural nerve graft with a length of 6.8 ± 1.7 cm
was used in other cases. Direct coaptation with the lower
trunk was accomplished in all the 140 cases by means of
humeral shortening osteotomy (74 cases) and extended
mobilization of the lower trunk. In addition, immobiliza-
tion of the injured upper-extremity in a specific position
was necessitated to minimize the tension of anastomosis
after operation (Yang et al. 2017). Unlike Mcguiness’s
method, Wang tried to achieve direct coaptation or utilize
shorter nerve grafts instead of a long vascularized ulnar
nerve. Although immobilizing the injured upper extremity
in a specific position facilitated a tension-free direct
coaptation, the tension across the neurorrhaphy site may
occur after removal of the brace and postoperative shoul-
der movement (Wang et al. 2013). Thus, the decision of
direct coaptation should be made with great caution.

In 2007, Xu et al. introduced another alternative pas-
sage to the Mcguiness method by transferring CC7 through
the pre-spinal space with bilateral anterior scalenus mus-
cles severed (Figure 2D) in eight cases of BPAI. After
bilateral exposure of the brachial plexus, the phrenic nerve
on the surface of the anterior scalenusmuscle was released
and protected, with the C7 vertebral body as a landmark.
After severing the anterior scalenus muscle, the CC7 was
flipped in the posteromedial direction of the phrenic nerve,
and a tunnel was developed between the anterior vertebral
body and the posterior surface of the esophagus by

Figure 2: Schematic diagrams of pre-spinal routes. (A) A representative axial section through the C7 vertebral body showing normal cervical
anatomical structures. (B–E) Diagramsof the original pre-spinal route byMcguiness et al. (B),modified pre-spinal routes byWang et al. (C) and
by Xu et al. (D), and Huashan pre-spinal route (E). The anatomical structures marked by 1–15 are the same as those described in Figure 1.
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bilateral mobilization. In the first five patients, the CC7 cut
at the trunk division level (averaged length of 4.67 cm)
reached one-third of the vertebral body on the injured side.
The nerve graft for repairing the supraclavicular and
infraclavicular brachial plexus was 6.25 ± 0.35 cm and
8.56 ± 0.45 cm, respectively. In the last three cases with the
harvested CC7 transected at the division cord level for
obtaining more length (averaged length of 6.85 cm), direct
neurorrhaphy was achieved to the residual C5 and C6 roots
in two cases, and a 3-cm nerve graft was used to repair the
upper trunk in one case. This approach possesses several
advantages. This route involves the exposure of the ante-
rior space of the vertebral body instead of the carotid
sheath or other important structures in the neck. Addi-
tionally, the transection of the anterior scalenus muscle
avoids potential compression of the transferred nerve and
further reduces the distance of nerve regeneration. All
these merits allow the CC7 to be transferred more smoothly
and safely via the pre-spinal route (Xu et al. 2007, 2008).

Huashan pre-spinal route

Unlike those with BPI, patients with central neurological
injury have intact peripheral nerves, which adds to the pos-
sibility of direct anastomosis of bilateral C7 nerves. After a
long-term exploration, Xu et al. determined the shortest
“Huashan pre-spinal route” for CC7 transfer by severing
bilateral anterior scalenus muscles, penetrating the longus
colli muscle to establish a nerve transfer tunnel, and accom-
plishing bilateral C7 anastomosis via the prevertebral space
(Figure 2E). A key point of this route is to protect the vertebral
artery. Anatomical measurements showed that the total tilt
angel of the vertebral artery to the sagittal plane was
25.5 ± 4.5°. Hence, it is strongly recommended that the longus
colli muscle be penetrated at the outer two-thirds point with
forceps at a tilt angle of above 35° to transfer C7 on the outside
of the vertebral artery. The transection of anterior scalenus
muscles provides adequate exposure and acquisition of full-
length C7 nerve, while the tunnel through the long colli
muscle allows for nerve transfer through a shorter path. All
these merits made direct anastomosis of bilateral C7 possible
in most cases, with the exception for a few cases with
particularly short C7 necessitating nerve grafting (Li et al.
2020; Xu 2020).

However, there are several concerns regarding CC7
transfer in the treatment of central hemiplegia. Firstly, these
studies had a relatively small sample size and have not yet
been replicated in other countries, only with a similar study
from China at single case level (Pan et al. 2020). Therefore,
there is a pressing need for the validation of these studies in

large multicenter cohorts. Secondly, the patients included in
the studies were relatively young. Whether this surgery takes
effects in the treatment of stroke, which is more prevalent in
the elderly, remains to be investigated (Alawieh et al. 2021).
Thirdly, the pre-spinal route presents a high demand on
operation skills and confers a high risk of injury to important
structures, such as vertebral vessels, the thoracic duct, the
recurrent laryngeal nerve, the phrenic nerve, the sympathetic
trunk, the inferior thyroid artery, and the esophagus. In
addition, the potential C7 nerve compression caused by
esophagealmotility induces sensory abnormalityof thedonor
upper-extremity and hampers nerve regeneration. (Li et al.
2015b) reviewed the complications related to the modified
pre-spinal route in 425 patients with BPAI. Complications
associated with the pre-spinal tunnel included vertebral ar-
tery laceration in two cases, temporary recurrent laryngeal
nerve palsy in five cases, pain and numbness in the healthy
upper-extremity during swallowing in four cases, and post-
operative brainstem thrombosis in one case. Hence, the pre-
vention of these complications is necessary to popularize this
procedure.

The vertebral body route

In 2009,Wang et al. established the vertebral channel route in
adult cadavers (Figure 3A,B) basedon the common sense that
a straight line is the shortest between two points. Considering
the upper and the lower trunks of brachial plexus are roughly
located at the level of the upper and lower edges of C7 verte-
bral body, respectively, the authors selected the C7 vertebral
body for construction of nerve transfer tunnel. After exposure
of the C7 vertebral body through the supraclavicular trans-
verse incision, a hole was drilled horizontally at the posterior
edge of C7 vertebral body antero-inferiorly to C7 intervertebral
foramen. Then, the mobilized C7 root was flipped medially
and posteriorly to the vertebral artery towards the contralat-
eral side through the hole. Direct coaptation was achieved
between the C7 root and contralateral upper or lower trunk in
all the 30 cases. Anatomical measurements showed that the
distance between the C7 root and contralateral upper trunk
through the vertebral body route, the pre-spinal route, and the
subcutaneous route was 6.97 ± 0.56 cm, 10.04 ± 0.94 cm, and
16.56 ± 1.24 cm, respectively, with statistical significance
among them (P < 0.01); the distance between the C7 root and
the contralateral lower trunk through these routes mentioned
abovewas 6.82±0.92 cm, 9.91±0.83 cm, and 17.64±0.97 cm,
also with significant difference, suggesting that the vertebral
route is the shortestway for CC7 transfer (Wanget al. 2009). To
minimize physical impacts on the spine, the diameter of the
hole was kept around 6 mm, just allowing the C7 nerve (with
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an averaged diameter of 5.63 mm) transferring through the
vertebral body. This hole approximately destroyed 1/3 of the
lateral bony cortex, with the majority of anterior cortex
remaining intact. Vertebral construction test showed that the
maximum load of C7 vertebral body was decreased by only
14.89% compared with control group, with no significant
difference (P > 0.05), suggesting no impact of drilling on the
biomechanical properties of the vertebral body. In addition,
anatomical measurements showed that the relative displace-
ment between the C7 and T1 vertebral bodies did not result in
the compression or stretching of the transferred nerve (Xia
et al. 2010). Despite all these merits, other major concerns,
suchaspunching-related localhematoma, surgicaldamage to
adjacent structures, and nerve compression within the tunnel
causedbyvertebral remodeling, restrict its clinical usefulness.

The intervertebral disc route

In 2015, Vanaclocha et al. reported an intervertebral disc
channel for CC7 transfer in a cadaveric study (Figure 3C).
After the exposure of C7 vertebral body, C6–C7 discectomy
was performed, with bilateral longus colli muscles pre-
served to avoid injury to the sympathetic chain. Then, the
donor C7 was freed from its ligamentous attachments, and
rotated through the disc space to reach the contralateral
side. An autologous iliac crest bone graft was used to keep

the disc space open, with enough space left between the
graft and the spinal cord for transfer of CC7. The use of
cervical plate was also recommended to strengthen spinal
stability. During the surgery, they observed that when
the CC7 was transferred rounding the vertebral artery into
the retropharyngeal space, the root got past the middle
line 2.4 ± 1.3 cm, and re-routing CC7 medial to the artery
further gained only 1.2 ± 0.3 cm. Thus, interposing graft
nerves were needed for the pre-spinal route. However,
transdiscal CC7 transfer further increased the lengthavailable
by 5.3± 1.2 cm, thus enablingdirect tension-free coaptation of
CC7 with the C8-T1 roots in all the 10 cases. However, several
limitations restrict its clinical usefulness. Firstly, the over-
growth of bone graftmight compress the CC7 placedbehind it
in the disc space. Secondly, fusing the cervical disc may in-
fluence the dynamics of the spine. Thirdly, the mobilization
and transfer of the CC7 puts the vertebral artery and the
radicular artery at risk (Vanaclocha et al. 2015).

The original post-spinal route

To seek for alternatives to the pre-spinal route, Xiang et al.
explored the feasibility of a posterior spinal route for CC7
transfer in a cadaveric study in 2012 (Figure 3D). Theposterior
cervical area is devoid of important vessels and nerves. In
addition, thewidthof the interspinous spaceof lower cervical

Figure 3: Schematic diagrams of vertebral routes and post-spinal routes. (A) A representative axial section through the C7 vertebral body
showing normal cervical anatomical structures. (B–E) Diagrams of the vertebral body channel route (B), the intervertebral disc channel route
(C), the original post-spinal route (D), and themodified post-spinal route by Guan et al. (E). The anatomical structuresmarked by (1–15) are the
same as those described in Figure 1; (16) posterior scalene muscle, (17) semispinalis cervicis muscle, (18) semispinalis capitis muscle, (19)
splenius cervicis muscle, (20) splenius capitis muscle, (21) levator scapulae muscle, and (22) trapezius muscle.
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vertebrae is far greater than the diameter of the C7 nerve,
allowing for the re-routing of the CC7. These anatomical
features create the condition for the establishment of the
posterior route. For surgical procedures, a supraclavicular
transverse incision was performed for the dissection of the
CC7. Then, the cadaver was placed in the prone position for
the exposure of the vertebral laminae and spinous processes
of the C7 and T1 via the cervical posterior approach. The
interspinal ligament between the C7 and T1 was then drilled
near the lamina to form a 6-mm diameter channel. The CC7
was diverted backwards circumventing the articular pro-
cesses and transferred towards the opposite side via the hole.
Post-operative passive movement of the neck, including
flexion, extension, and lateral curvature, did not compress
the transferred nerve. However, anatomical measurements
showed that the distance between the proximal end of C7 and
contralateral upper or lower trunk through the post-spinal
route was significantly longer than that through the pre-
spinal route (7.21 ± 1.02 cm vs. 5.61 ± 1.26 cm for upper trunk;
9.52 ± 1.25 cm vs. 7.17 ± 1.59 cm for lower trunk), which was
longer than the length of C7 nerve plus posterior
(6.51 ± 0.91 cm) or anterior division (7.00 ± 1.08 cm) (Xiang
et al. 2012). In addition, the authors also tried to re-route CC7
through the interspinous space of C6 and C7, but the distal
end of the CC7 got past the midline only 1 cm (Li et al. 2012).
Hence, this route with neurorrhaphy designed out of the
vertebral canal has no advantage of shortening the nerve gap
compared to the pre-spinal route.

The modified post-spinal route

Inspired by the posterior approach of cervical spine neuro-
surgery, we established a novel post-spinal route for CC7
transfer in the treatment of spastic hemiplegia in 2016
(Figure 3E) (Guan et al. 2019). On the basis of Xiang et al.’s
procedure (Xiang et al. 2012), bilateral articular processes
were resected to create a bone window. Then, the spinous
ligament between the C6 and C7 as well as adjacent spinous
processes was perforated to form a 1-cm diameter channel
behind the ligament flavum. The resected distal end of the
CC7 was withdrawn through the bone window and then re-
routed across the channel to suture with the recipient C7.
The advantage of this route is that opening the articular
processes enables the transfer of the CC7 through the
intervertebral foramen and further shortens transferring
distance comparing to circumventing thearticular processes
posterolaterally, which makes direct tension-free anasto-
mosis possible in all the 10 patients. Short-term follow-up
results showed that more than half of the patients had lower
spasticity and better sensation after operation (Guan et al.

2019, 2020), and a long-term follow-up was still in process
for evaluating the restoration of motor function.

This approach, widely used in cervical discectomy
decompression surgeries, is familiar to spine surgeons. One
major limitation of this route is that the shift in operative
position during surgery demands extra anesthesia man-
agement (Feng et al. 2019a). In addition, people are deeply
concerned that thedamage to facet joints greatly impairs the
stability of cervical spine, which may cause nerve traction
during neck movement and subsequently increase the risk
of poor nerve regeneration and sensory disturbances (Feng
et al. 2019a). Indeed, we totally agree with these disadvan-
tages. During surgery, we tried to sacrifice fewer articular
processes to ensure CC7 transfer, and maintain other
important structures including the ligament flavum, the
supraspinal ligament, and the rest of the interspinous liga-
ment. Bone graft fusion or thefixation of lateralmass screws
was also performed to increase the stability of the spine. As
recommended by (Feng et al. 2019a), postoperative immo-
bilization should also be longer and stricter. Considering
these, avoiding the risk of cervical instability is urgently
needed for improving this route.

Considering the impact of spasticity on functional re-
covery after CC7 transfer (Petuchowksi et al. 2018), we
propose that the combination with SPN or SDR of the
affected cervical nerve will further improve spasticity and
promote rehabilitation. Recently, a combined surgery of
SDR and CC7 transfer was implemented in one patient with
diffuse upper-limb spasticity owing to cerebral hemor-
rhage in the basal ganglia in our center. Although imme-
diate alleviation of spasticity was seen after surgery, a
longer follow-up is required to fully determine the safety
and efficacy of this technique (Guan et al. 2021). A pro-
spective study with greater sample size is also necessitated
to determine if this combination surgery exerts synergistic
effect than CC7 transfer or SDR/SPN alone.

The posterior intradural route

In 2019, Jiang et al. firstly established a posterior intradural
approach for treating hemiplegic upper-limbs in a cadaver
feasibility study (Figure 4A, B). In this route, the spinous
process and lamina of the C6, C7, and T1 were removed via
cervical posterior approach, with the drilling of the facets
restricted to about 30% of the width of the joint. Then, the
dura was incised in the midline, and the arachnoid was
separated to clearly expose both ventral roots (VR) and
dorsal roots (DR) of C6, C7, and C8 bilaterally. After the
transection of dentate ligaments, nerve roots in the healthy
side were divided as distally as possible, while those in the
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injured side were divided as proximally as possible. In this
case, precise neurorrhaphy was successfully performed on
the surface of the dorsal spinal cord connecting DRs to DRs
(with a 1-cm graft) and VRs to VRs (with a 2-cm graft) of
bilateral C7. Multiple anastomoses of the C7 to various
roots on the contralateral sidewere also possiblewithin the
same surgical field with the aid of interposition nerve
grafts. The dura was closed after completion of neuro-
rrhaphy. This kind of multiple anastomose enables full use
of the donor C7 and precise repair (Jiang et al. 2019).
However, several potential risks should be considered
before clinical application. Firstly, the removal of vertebral
structures would impair the structural integrity. Secondly,
opening the dura mater may cause epidural hematoma,
infection, cerebrospinal fluid leak, and spinal injury.
Thirdly, neural anastomose may compress the spinal cord
within the subarachnoid space. Fourthly, the anti-tension
strength of the anastomosed nerves was weak since intra-
dural nerve roots were only enwrapped by pia mater. Last,
the separation or identification of the VRs and DRs may be
difficult since they were divided into multiple bundles
originating from the spinal cord (Jiang et al. 2019; Yang
et al. 2020).

The posterior extradural route

In 2020, Yang et al. demonstrated the feasibility of extradural
nerve anastomosis via cervical posterior approach for treat-
ing hemiplegic upper-limbs in a cadaver study (Figure 4C)
(Yang et al. 2020). Differing from the intradural route (Jiang
et al. 2019), the extradural VRs and DRs of bilateral C7 were
separated after the visualization of the C7 dorsal root gan-
glion in the epidural space, taking care to protect the
adjoining vertebral artery. The CC7 nerve root was cut off at
the junctionof theVRandDR,while the recipient C7 cut off at
the nerve root outlet of the dura mater. In all the nine ca-
davers, the VR and DR of CC7 were directly anastomosed to

those of the recipient C7 on the dura mater, respectively.
Comparedwith the intradural route, longer nerve roots could
be procured via the extradural route. In addition, these
extradural nerve roots, enwrapped in dura mater, have
higher anastomosis strength, which enables easier andmore
accurate identification of the VR and the DR. All these merits
allow for direct, precise and tension-free coaptation of
bilateral C7 nerves (Yang et al. 2020). Compared with current
mixed-nerve anastomosis, precise anastomosis (motor-to-
motor connection and sensory-to-sensory connection)
will inevitably reduce misdirected nerve regeneration
and then improve nerve recovery. The anastomosed nerves
did not exert obvious compressive effect on the spinal
cord evidenced by postoperative imaging data. For the
concernof laminectomy, thefixationof lateralmass screws is
recommended to strengthen spinal stability (Yang et al.
2020). However, a major problemof the intra-spinal routes is
that pre-ganglionic sectioningwasperformed in the recipient
side within the vertebral canal. This pre-ganglionic neuro-
rrhaphy may impede the axon regrowth toward the distal
end. Thus, further studies are required to confirm its clinical
feasibility.

Brain involvement in functional
recovery after CC7 transfer

The continuous refinement of the surgical approach for
CC7 transfer ultimately achieves direct anastomosis of the
CC7 and the recipient nerves. However, only maximizing
peripheral nerve regeneration is not enough to gain
favorable clinical outcomes. As a procedure of rearrang-
ing the peripheral nerve pathway, CC7 transfer has been
proven to induce adaptive cerebral remodeling (Jiang
et al. 2010; Sun et al. 2014). Thus, efforts to improve the
outcome should address the brain as well (Jiang et al.
2010; Sun et al. 2014).

Figure 4: Schematic diagrams of intra-spinal routes. (A) A representative axial section through the C7 vertebral body showing normal
anatomical structures within the vertebral canal. (B and C): Diagrams of the posterior intradural route (B), and the posterior extradural route
(C). (1) epidural space, (2) dura meter, (3) arachnoid, (4) subdural space, (5) dorsal roots, (6) ventral roots, and (7) dorsal root ganglion.
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Transhemispheric organization of motor
cortex after CC7 transfer for BPAI

Fromtheperspectiveofneuroanatomy,CC7 transfer connects
the injured hand to the cerebral hemisphere ipsilateral to the
damaged plexus, which mainly controls contralesional
upper-extremity. Therefore, regaining independent motor
and sensory function is a key indicator for evaluating the
surgical efficacy in patients with BPAI. Indeed, synchro-
nous motion and sensation of contralesional healthy upper-
extremity is a commonphenomenonafter CC7 transfer. In the
early stage of reinnervation, a patient is able to coordinately
move the paralyzed hand only with volitional movements of
the healthy hand. Over several years, some patients gain
active movements as the synchronous motion in the healthy
side decreases or even disappears (Gu et al. 1992, 1998). A
similar phenomenon was also seen in the rat model of CC7
transfer, which could be explained by a dynamic process of
interhemispheric functional reorganization in the motor

cortex (Figure 5B). Neurophysiological evidence showed that
in rats with BPAI, the cortical representation area for the
injured forelimb was mainly replaced by that of the neck.
After nerve repair, themotor center for the paralyzed forepaw
firstly emerged in the hemisphere ipsilateral to the injured
side, where it shared great overlapping with that of the
healthy forepaw. Then, the silent original motor center of
the injured forelimb in the contralesional hemisphere
regained activation, which initiated bilateral control of the
injured limb. Finally, the contralesional motor center gained
exclusive control of the injured forelimb (Jiang et al. 2010;
Lou et al. 2006). Similar process was also seen in the brain of
patients with CC7 transfer evidenced by functional imaging
data (Beaulieu et al. 2006; Hua et al. 2013; Ma et al. 2018; Yu
et al. 2017; Zuo et al. 2010).

Animal studies showed that transhemispheric func-
tional reorganization was disrupted by corpus callosotomy
in the early stage after CC7 transfer (Hua et al. 2012a). Im-
aging data further documented that the corpus callosum

Figure 5: Scheme depicting potential neural pathways involved in motor function recovery after CC7 transfer. (A) Schematic representations of
corticospinal fibers originating from the M1 in one hemisphere (the left side). Most corticospinal fibers decussate in the medulla and at the
targeted spinal level before synapsing with contralateral lower motor neurons, while the uncrossed part innervate ipsilateral lower motor
neurons. In addition, there exists interhemispheric functional inhibition between bilateral M1 regions to ensure motor dexterity. (B) Potential
pathways involved in the early phase of motor recovery after surgery in the treatment of BPAI. The ipsilesional arm is firstly innervated by
ipsilesional M1 via the lateral CST originating from the ipsilesional side, which also controls the healthy limb, thus leading to synchronous
motion. Simultaneously, the interhemispheric callosal inhibition between bilateral M1 weakens, which initiates transhemispheric motoric
reorganization. (C) Potential pathways involved in the late phase ofmotor recovery after surgery in the treatment of BPAI.When transhemispheric
motoric reorganization finishes, the contralesional M1 gradually gains control of the injured arm possibly via the anterior CST and the recrossed
lateral CST from the contralesional side. This functional compensation leads to functional retraction of ipsilesional lateral CST toward the
transferredCC7 via competitionmechanisms,which ultimately enables contralesionalM1 to gain exclusive control of the injury arm. (D) Potential
pathways involved in motor recovery after surgery in the treatment of central hemiplegia. The ipsilesional M1 loses control of body movement
owing to the devastating damage. Instead, the contralesional M1 exerts compensatory control of the injured arm via the lateral CST. BPAI,
brachial plexus avulsion injury; CC7, contralateral C7 nerve; CST, corticospinal tracts; M1, primary motor cortex; THA, thalamus.
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was activated during the movement of the injured hand,
which was highly correlated with motor recovery (Hua
et al. 2012b; Li et al. 2015a; Ma et al. 2018). These available
literature suggest, as an essential bridge of long-range
plasticity following CC7 transfer, the corpus callosum may
transmit sensory feedback signals frommovements evoked
by ipsilesional cortex to its contralesional counterpart.
Under normal condition, transcallosal interhemispheric
connections usually exert inhibitory effects on contralat-
eral motor areas to inhibit mirror movements, which is
imperative for motor dexterity (Allison et al. 2000). How-
ever, this interhemispheric inhibition is blocked after dra-
matic alterations of the peripheral pathway, such as BPAI
and CC7 transfer (Hsieh et al. 2002; Hua et al. 2012b). The
resultant disinhibition of contralesional motor cortex is
deemed to initiate the functional control over the paralyzed
extremity (Figure 5B) (Lou et al. 2006).

The mechanisms underlying the formation of func-
tional neurocircuitry between contralesional primary mo-
tor cortex (M1) and the transferred CC7 nerve have not been
visited yet. The first possibility is that contralesional M1
activates ipsilesional M1 via interhemispheric connections
and then controls the transferred CC7. However, results of
animal experiments showed ablation of ipsilesional M1 in
the late phase of transhemispheric motor cortex reorgani-
zation failed to prevent the contralesional cortex from
evoking movements in the injured forepaw (Lou et al.
2006). Therefore, corticofugal projections from the con-
tralesional hemisphere may subserve the control over
the transferred CC7. As we know, approximately 90% of
the fibers in the CST decussate in the medulla to form the
lateral CST, while the rest continue descending within
ipsilateral spinal cord, known as the anterior CST, and
decussates in the spinal cord or not before synapsing with
lowermotor neurons (Figure 5A) (Canedo 1997). Hence, the
anterior CST may participate in the control of the trans-
ferred CC7. In addition, indirect actions via descending
reticulospinal or vestibulospinal tracts and segmental in-
terneurons in the contralesional side may also be involved
in this process (Jankowska and Edgley 2006). Another
potential mechanism is the rewiring of lateral CST origi-
nating from the contralesional hemisphere, which
recrosses spinal midline to reach the motoneurons of the
transferred CC7, which is usually seen under the condition
of unilateral lesion of motor cortex in both neonatal ro-
dents and patients (Barth and Stanfield 1990; Carr et al.
1993; Jankowska and Edgley 2006; Kuang and Kalil 1990).
It is possible that the newly-formed synapses of contrale-
sional CST with CC7 motoneurons further lead to gradual
functional withdrawal of ipsilesional CST axons via

competition (Lou et al. 2006). These hypotheses remain to
be confirmed in the future (Figure 5C).

Apart from M1, the premotor cortex, supplementary
motor cortex, andposterior parietal areaswere alsoactivated
duringmotor imagery andmotor execution after CC7 transfer
(Beaulieu et al. 2006; Wang et al. 2015). The activation of
premotor cortex and precuneus was proven to correlate with
motor recovery in the central remolding course after CC7
transfer (Ma et al. 2018). Among these regions, supplemen-
tary motor cortex and premotor cortex are involved in the
planning and execution of movements, the attainment of
motor skills, as well as the selection of appropriate motions
through coordination with other areas (Deiber et al. 1998;
Vorobiev et al. 1998), while premotor cortex and precuneus
may coordinate in the process of visual guidance of limb
movements (Hayashi and Yokoi 2016; Wise et al. 1997).
Hence, the activation of these high-order motor areas may
facilitate the relearning process and eventually benefits
motor rehabilitation after CC7 transfer. Considering these,
rehabilitation training (e.g. motor imagery) for recruiting
high-order motor areas (Bovend’Eerdt et al. 2010) may
improve functional recovery after CC7 transfer.

Intrahemispheric organization of sensory
cortex after CC7 transfer for BPAI

For sensory recovery, touching the injured hand induces a
sensation of tingling only in the healthy hand in the early
phase of regeneration, and then in bilateral hands as time
progresses (Chen et al. 2007; Lanaras et al. 2009). As
mentioned above, patients could gain independent
movement of the injured extremity as synchronous motion
decreases. However, the sensory perception of the injured
hand could not be separated from the healthy hand over
time (Chen et al. 2007; Lanaras et al. 2009). Recent animal
studies showed that unlike transhemispheric organization
of motor cortex after CC7 transfer, the sensory function of
the injured hand was dominated by ipsilesional primary
sensory cortex (S1) (Wang et al. 2010). A great overlapping
of sensory representation areas was seen between the
injured hand and the intact hand, the ratio of which was
significantly related with the synchronous sensation (Cai
et al. 2021; Wang et al. 2010), suggesting the aberrant S1
plasticity inmight account for the abnormal sensation after
CC7 transfer. A possible hypothesis for this aberrant plas-
ticity is the lack of direct connection between homotopic
sensory regions of hand representation areas. Anatomical
evidence showed that the proximal and midline body part
representations in the S1 are densely interconnected via
the callosum, whereas the representations of extremities
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are sparsely interconnected or even separated (Jones and
Peters 1986). Thus, the brain fails to initiate transhemi-
spheric functional reorganization of S1 after CC7 transfer.

Sensory–motor integration is fundamental for motor
reconstruction (Wolpert and Flanagan 2010). However, the
synchronous sensation inducesmisperceptionof the injured
hand, which potentially influences motor learning of the
injured handby impedingnormal sensory feedback circuits.
Thus, restoring sensory function of the paralyzed hand is
important for the overall recovery (Bolognini et al. 2016).
Two major issues remain to be investigated in the future:
how to separate the overlapping areas of the two hands and
how to reactivate the silent contralesional S1 of the injured
hand. Central interventional methods, including sensory
cortex stimulation, visual–sensory feedback rehabilitation,
and tactile enhancement methods may hold promise for
solving this problem (Cai et al. 2021).

Peripheral factors affecting cortical
reorganization after CC7 transfer for BPAI

One interesting phenomenon is that cortical reshaping
pattern after CC7 transfer is usually influenced by periph-
eral factors, including the mode of CC7 nerve division, the
mode of nerve reconstruction, as well as the type of
recipient muscle. This knowledge will not only deepen our
understanding about the action mode of cortical remod-
eling after CC7 transfer, but also help optimizing this sur-
gery to attain a favorable outcome.

Asmentionedbefore, the efficacy of using entire CC7 as
the donor is superior to partial root sectioning (Hierner and
Berger 2007; Sammer et al. 2012; Tu et al. 2014). Besides the
number of nerve fibers provided, cortical plasticity mech-
anism is also involved. In a recent study, rats with BPAI
were treated with CC7 transfer to repair the median nerve
with different division modes, including entire transection
and transfer, entire transection but partial transfer, and
partial transection and transfer. The authors found that for
the same recipient nerve, harvesting of entire CC7 yielded
better functional recovery than partial harvesting, even if
only part of the entire root utilized for transfer. Corre-
spondingly, harvesting of entire CC7 induced higher
expression of brain derived neurotrophic factor (BDNF), a
cortical reorganization biomarker, in bilateral M1 than
partial transection, while no significant difference in BDNF
levels was noted between entire transection and transfer
group and entire transection but partial transfer group.
These data suggest different divisions of CC7 nerve may
result in different surgical effects through the modulation
of cortical reorganization (Gao et al. 2018; Guo et al. 2021).

However, less is known about the BDNF levels in the spinal
motor neurons as well as their distal axons, which remains
to be explored in the future.

Apart from the division mode, the mode of nerve
reconstruction also affects cerebral remodeling. Animal
studies showed that CC7 transfer to the upper trunk or to
both the musculocutaneous nerve and the median nerve
made faster trans-hemispheric motoric reorganization
than that to themedian nerve alone in rats (Pan et al. 2012).
This phenomenon is correlatedwith the fact that the former
reconstruction mode markedly reduced the occurrence of
synchronous movement compared to that to the median
nerve alone (Chen et al. 2007). One possible explanation for
this phenomenon is that reinnervation of muscles in the
upper arm, especially the biceps, helps patients to achieve
routine movements using the arm, which is difficult to
achieve by the recovery of finger flexion alone. The
enhanced rehabilitation training in turn promotes trans-
hemispheric organization ofmotor cortex after CC7 transfer
as well as regeneration from CC7 toward the injured side
along the nerve graft (Pan et al. 2012).

Cortical remodeling also differs in restoring different
motor functions following CC7 transfer. The recovery of
intrinsic hand muscles for fine motor function is poor un-
der the condition of brachial injury (Kosiyatrakul et al.
2009; Post et al. 2012) and even after CC7 transfer (Gu et al.
1992; Wang et al. 2011; Yang et al. 2018), and both pe-
ripheral and central factors are involved in this phenome-
non. For irreversible atrophy of the intrinsic muscles
(Carraro et al. 2015; Midrio 2006), it was originally attrib-
uted to the long instance between the damaged nerve and
intrinsic muscles. However, a long-term follow-up study
showed that even with transfer to the same recipient (the
median nerve), the return of function in extrinsic hand
muscles (e.g., the flexor digitorum) was better than that in
intrinsic handmuscles (e.g., the abductor pollicis brevis) if
successful reinnervation was accomplished. This discrep-
ancy suggests regeneration distance might not be the mere
attribution to unfavorable outcomes of intrinsic muscles
(Li et al. 2015a; Wang et al. 2011). Interestingly, it was re-
ported that expression profiles of bothmiRNAs andmRNAs
in forepaw intrinsic muscles were different from those of
the reversible biceps in the ratmodel of obstetric BPI. Thus,
lack of self-repair potential in neuromuscular junctions
was proposed as a major reason why atrophy intrinsic
muscles became irreversible after denervation (Pan et al.
2015; Wu et al. 2016). Apart from peripheral causes,
emerging imaging evidence showed that the cortical rep-
resentation of flexor digitorum was located in bilateral
hemispheres, whereas that of abductor pollicis brevis only
in the ipsilesional cortex after CC7 transfer. Then, the
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authors realized that the absence of interhemispheric
plasticity may also be responsible for the poor recovery of
intrinsic muscles (Li et al. 2015a). Considering these, ther-
apeutics aiming at restoring transhemispheric reorgani-
zation of motor cortex corresponding to intrinsic muscles
(e.g., motor cortex stimulation) may be conducive to the
gain of fine hand function after CC7 transfer.

Cortical reorganization after CC7 transfer for
central hemiplegia

Contralesional hemispheric compensation is an important
recovery mechanism of upper-extremity after severe uni-
lateral brain lesion (Lotze et al. 2006; Netz et al. 1997).
However, this form of compensation is relatively limited
owing to scarce projections via uncrossed CST from con-
tralesional hemisphere to the paralyzed extremity (Hua
et al. 2016). Hence, CC7 transfer is needed to enhance this
neural connection via crossed CST. Imaging evidence
showed that in patients with brain injury who did not
receive CC7 transfer, the weak activation in the ipsilesional
hemisphere generated by voluntary movement of the
paralyzed extremity remained unchanged during a
12-month period. However, in those receiving CC7 transfer,
the pre-existing activation in the ipsilesional hemisphere
decreased at month 12 comparing to that of baseline, and
with it comes the activation of the contralesional hemi-
sphere which emerged at postoperative month 8 and
continued to increase until month 12 (Zheng et al. 2018). A
similar process was seen in rodent brain injury model with
CC7 transfer (Hua et al. 2016). These data suggest that the
residual ipsilesional hemisphere contributes to sponta-
neous recovery after brain injury, while the newly-formed
adaptive plasticity in the contralesional hemisphere con-
tributes to the significant motor recovery of the paralyzed
forelimb after CC7 transfer (Hua et al. 2016) (Figure 5D).

Motor cortex stimulation for boosting
functional recovery after CC7 transfer

Above evidence regarding M1 in functional recovery of CC7
transfer imply that M1 may hold promise as a potential
rehabilitation therapeutic target. As the most rostral part of
the motor pathway, M1 is easily accessible by electrical
stimulation, which was firstly introduced into the field of
neuropathic pain therapy. Neuropathic pain is the pain
caused by a lesion in or disease of the somatosensory ner-
vous system (Treede et al. 2008). Brachial plexus injury
would lead toperipheral neuropathicpain inmore than 50%

patients (Ciaramitaro et al. 2017; Tantigate et al. 2015), while
stroke is the leading cause resulting in central neuropathic
pain among various types of central neurological injury,
with a reported incidence of 1–8% in patients with stroke
(Andersen et al. 1995; Bowsher 1993; Ciaramitaro et al. 2017;
Singer et al. 2017). Central post-stroke pain (CPSP) always
develops within the area of sensory disturbances, and is
described as burning, numb, aching, or pricking. Although
the pathophysiology still remains elusive, it is considered as
a disorder of brain network remodeling, which is charac-
terized by thalamic hyperexcitability (Hosomi et al. 2015).
This refractory pain often interferes post-stroke rehabilita-
tion, thereby reducing individual quality of life (Andersen
et al. 1995; Bowsher 1993). Based on experimental obser-
vations that stimulating cortical or subcortical motor fibers
suppressed noxious signal transmission within the spinal
dorsal horn (SDH) (Coulter et al. 1974; Lindblom and
Ottosson 1957), MCS was firstly introduced by (Tsubokawa
et al. 1991, 1993) as a treatment for CPSP, and later proved
efficacious for other types of neuropathic pain (Brown and
Barbaro 2003;Nguyen et al. 2011). The stimulationparadigm
Tsubokawa et al. used was to surgically implant plate
electrodes in the epidural space over motoric areas topo-
graphically related to the affected limb. Later, noninvasive
paradigms, including repetitive transcranial magnetic
stimulation (rTMS) and transcranial direct current stimula-
tion (tDCS), gradually gained in popularity owing to its
simplicity and safety (Fregni et al. 2006; Lefaucheur et al.
2001). Generally,MCS enhances the output activity ofM1, by
which modulates the activity of widespread cortical and
deeper brain structures. For neuropathic pain control, MCS
inhibits spinal pain processing via the descending pain
modulatory system and reduces thalamic hyperactivity,
thus influencing interwovencortico–subcortical painmatrix
which cover the sensory, affective and cognitive aspects of
pain processing (Hosomi et al. 2015; Lefaucheur 2016).

In the domain of brain or spinal cord injury, strength-
ening spared connections from M1 has emerged as an
important strategy for motor system repair (Hagg 2006;
Jankowska and Edgley 2006). Thus, MCS was also adopted
for enhancing CST axons sprouting after unilateral CST
injury (Brus-Ramer et al. 2007), and has been proven to
promote motor recovery both in rodent models and patients
with stroke (Carmel et al. 2010; Kang et al. 2016; Lefebvre and
Liew 2017). The mechanisms underlying MCS-related motor
function recovery have been elucidated in experimental
animal studies.Asmentionedbefore, the contralesional CST,
though sparse, has properties in restoring function after se-
vere unilateral CST injury (Jankowska and Edgley 2006).
Contralesional MCS has been documented to drive CST
outgrowth to both sides of the spinal cord in a unilateral CST
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lesion rat model, but this outgrowth was stronger to the
impaired side of the animal, which was denervated by the
injury (Carmel et al. 2010). Coordinated outgrowth in the red
nucleus may also contribute to the reparative effects via
descending motoric modulation (Carmel et al. 2013). It is
worth mentioning that MCS also has beneficial effects after
peripheral nerve injury and repair in terms of nerve regen-
eration and muscle re-inervation in a rodent model (Nicolas
et al. 2018). In view of above-mentionedmerits in bothmotor
recovery andpain control,webelieveMCSmayholdpromise
for boosting functional recovery after CC7 transfer.

The electrode montage of MCS is a key question in the
treatmentof central hemiplegia,whichhas implications for its
application in functional recovery after CC7 transfer. Herein,
M1-tDCS was taken for example to explain this issue. TDCS

delivers low-intensity electric current through the skull to
selected brain areas, which induces neural excitability
changes via subthreshold modulation of resting membrane
potential in a polarity-dependent way. Anodal tDCS en-
hances, while cathodal tDCS diminishes excitability, within
certain stimulation duration and strength (Knotkova et al.
2013). The specific tDCS montage with analgesic effects is
anodal stimulation delivered over M1, typically with the
anodepositionedoverM1 contralateral to thepainful side and
the cathode over ipsilateral supraorbital region. However,
tDCS electrode configuration for stroke motor recovery is
complicated by motoric structure reserve (i.e., the quantity of
motoric pathways spared by the lesion) (Kang et al. 2016). In
the case of high structure reserve, the preserved ipsilesional
CST is able to revive locomotion of contralesional paretic

Figure 6: Scheme depicting MCS configuration and the underlying neurocircuity mechanisms in the treatment of upper extremity paralysis. (A)
MCS configuration after CC7 transfer in the treatment of BPAI in the early phase. Anodal stimulation upon ipsilesional M1 could escalate its
functional control over spinalmotor neurons innervating the transferredCC7 aswell as promoteperipheral nerve regeneration after CC7 transfer.
The cathode is placed in the contralesional supraorbital area, which is not shown in this figure. (B) MCS configuration after CC7 transfers in the
treatment of BPAI in the later phase. The configuration with the cathodal upon ipsilesional M1 and the anodal on contralesional M1 reverses the
interhemispheric inhibition from ipsilesional M1 and facilitates transhemispheric motoric reorganization. The anodal subsequently boosts the
outgrowth of the CST to connect with spinal motor neurons innervating the CC7 nerve. In addition, contralesional M1 activation also exerts
analgesic effects through inhibiting the hyperactive thalamic nucleus. The descending pain inhibitory pathway, i.e. the PAG-RVLM-SDHpathway,
is also recruited to modulate pain processing within the SDH. (C) MCS configuration in the treatment of central hemiplegia with high structure
reserve. The reservedM1 is able to control the contralesional limb after functional compensation, so CC7 transfer is not necessitated. The anodal
on ipsilesional M1 could boost the outgrowth of the CST, as well as lessen the neuropathic pain via pathways described before. (D) MCS
configuration in the treatment of central hemiplegia with low structure reserve. The reservedM1 is unable to control the contralesional limb, thus
CC7 transfer is needed to bridge the contralesional M1 and the injured limb. The anodal on contralesional M1 may enhance its functional
connections toward spinal motor neurons innervating the transferred CC7 as well as peripheral nerve regeneration after CC7 transfer. BPAI,
brachial plexus avulsion injury; CC7, contralateral C7 nerve; CST, corticospinal tracts; DRG, dorsal root ganglion; M1, primarymotor cortex; MCS,
motor cortex stimulation; PAG periaqueductal gray; RVLM, rostral ventrolateral medulla; SDH, spinal dorsal horn; THA, thalamus.
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extremity. However, inhibitory signals from the contrale-
sional hemisphere may suppress the activity of M1 in the
lesioned hemisphere, and therefore motor functional recov-
ery and pain suppression mechanisms exerted by M1 may be
malfunctioning (Morishita and Inoue 2016; Murase et al.
2004; Nowak et al. 2009). Hence, tDCS protocols aiming at
balancing both excitatory and inhibitory activation between
hemispheres, i.e. suppressing contralesional brain activity
and/or enhancing ipsilesional activity, are recommended,
include anodal stimulation on ipsilesional M1, cathodal
stimulationoncontralesionalM1, orbilateral stimulationwith
the anodal on ipsilesional M1 and the cathodal on contrale-
sional M1 (Kang et al. 2016). This bilateral stimulation para-
digmhas been adopted to treat CPSP recently (Morishita et al.
2015; Morishita and Inoue 2016) (Figure 6C). However, in the
condition of low structure reserve, motor recovery of the
paretic arm depends on functional compensation of con-
tralesional hemisphere (Hummel et al. 2008; Jaillard et al.
2005). Thus, tDCS should aim at enhancing contralesional
activity and/or suppressing ipsilesional hyperactivation
(Hummel et al. 2008;Wu et al. 2013), which is contrary to that
in the case of higher structure reserve. Considering that CC7
transfer is necessitated in the case of lower structure reserve
after stroke, we speculate that M1-tDCS protocols should
center on enhancing contralesional brain activity. MCS trig-
gered lateral CST outgrowth originating from contralesional
M1 to ipsilesional spinal cord (Carmel et al. 2010, 2013) will
facilitate functional recoveryof theparetic limb via the control
of the transferred CC7 (Figure 6D).

Under the condition of BPAI, the stimulation paradigm
may change with the phase of recovery after surgery. In the
early phase, excitability-enhancing tDCS should be delivered
over ipsilesional M1, with the aim to boost functional control
of ipsilesional M1 over the transferred CC7 (Figure 6A). In the
later phase when transhemispheric functional reorganiza-
tion occurs, excitability-enhancing tDCS should be delivered
over contralesional M1, typically with the anodal over con-
tralesional M1 and the cathodal on ipsilesional M1. This
montage shift could facilitate transhemispheric M1 organi-
zation and ultimately enable contralesional M1 to gain
exclusive control of the injured arm (Figure 6B).

Another merit for the application of MCS after CC7
transfer is the analgesic effects. It is reported that MCS
induces bilateral diffuse analgesic effects, although
contralateral effects may be slightly higher (Nahmias et al.
2009; Passard et al. 2007). Thus, MCS contralateral to the
side with pain is routinely recommended for pain control
(Tsubokawa et al. 1991, 1993). In the condition of BPAI, the
anode electrode is over contralesional M1, which exactly
alleviate neuropathic pain induced by BPI. However, for
the treatment of central hemiplegia, the anode electrode is

located over the intact M1, the same side with CPSP.
Whether contralesional MCS alleviates central pain re-
mains to be investigated in the future.

Conclusions and perspectives

Establishing the shortest, safe, and effective route for CC7
transfer is the major concern of nerve repair doctors. Since
1986, the original approach has been constantly refined and
innovated through decades of efforts of surgeons. In this re-
view, we clearly observed an evolutional process of the sur-
gical route from the superficial to the deep, and from front to
back. Correspondingly, the choice of recipient nerves
changed in order to restore the function of different target
muscles and accommodate for various surgical routes in
different diseases. The ultimate goal of these changes is to
increase the efficiency of nerve regeneration via shortening
the regeneration distance or even achieving direct
coaptation.

We should dialectically recognize the values and limita-
tions of each route. An individualized transfer route should be
determined according to the condition of injury and individ-
ual anatomical variation, instead of blindly pursuing the
shortest way. For the treatment of BPAI, the modified subcu-
taneous route and pre-spinal route could be considered ac-
cording to the traumatic condition and the recipient nerve. For
patients with central spastic hemiplegia, Huashan pre-spinal
route remains as the standard approach yet. The post-spinal
route established in our center also achieves direct anasto-
mosis with proven clinical feasibility, highlighting the unique
advantage of neuro-spinal surgery in the domain of nerve
repair. However, further endeavor are needed to improve this
route. Overall, it still needs a long time for clinical observation
and evaluation of the clinical effects of CC7 transfer in the
treatment of central hemiplegia. The vertebral route and the
intra-spinal route are still in basic research phase, and there is
a pressing need for the validation of clinical feasibility. It is
also worth mentioning that high-resolution imaging tech-
niques have advantages for structural imaging of the brachial
plexus and the measurement of the length of C7, which has
guiding significance for determining the surgical route (Yu
et al. 2019). Additionally, the introduction of minimally inva-
sive techniques, including endoscopy and surgical robot-
assistedCC7 transfer,might also reduce surgical trauma (Jiang
et al. 2016; Leblebicioglu et al. 2016).

Along with the progress of the surgical approach which
maximizes peripheral nerve regeneration, central mecha-
nisms should not be overlooked. Now we have gained a
preliminary understanding of cerebral functional reorgani-
zation after CC7 transfer. However, the neurocircuitry basis
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for cerebral control of the paralytic arm is still unknown. The
previous decade has witnessed the blossom of optogenetics
in neuroscience, especially in the domain of motor control
(Wang et al. 2017). The power of this tool lies in the ability to
achieve regional and cell-type specific activation of neuro-
circuitry (Deisseroth 2015; Liu et al. 2020). Given favorable
circumstances that this era presents, we should direct our
focus toward a state-of-the-art integration ofmorphological,
electrophysiological, behavioral, and optogenetic ap-
proaches to interrogate neurocircuitry mechanisms sub-
serving motoric control after CC7 transfer. In addition,
central intervening therapeutics, such as MCS, may also
represent a remarkable advance in boosting functional re-
covery after CC7 transfer. Prospective studies will help to
clarify the full benefit of this technique.
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