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Abstract

Nerve transfer procedures have the potential to restore innervation and function to the native facial musculature.
This review summarizes the existing literature on facial nerve injury, regeneration, and reinnervation techniques
with a focus on nerve transfer and its various options. Utilizing nerve transfer as early as possible, and ideally during
the first 12 months of paralysis, is recommended. Prolonged paralysis is frequently not amenable to nerve transfer.
The masseteric nerve provides excellent smile restoration after coapation to midfacial nerve branches with minimal
morbidity. Several modifications to the hypoglossal nerve transfer have been described to limit its morbidity in
speech and swallowing. The cross facial nerve, while appealing and able to achieve a true spontaneous smile, has
limitations in terms of axonal load, time to reinnervation, unpredictable outcomes, and utility in older patients, who
have less regenerative potential. Finally, there are exciting new developments in the field, combining reanimation
techniques to harness advantages of various donor nerves, and research in peripheral nerve regeneration.
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INTRODUCTION

Facial paralysis has considerable functional and psychological morbidity"". Facial nerve anatomy and
physiology is among the most complex in the human body. In the past 30 years, significant advances have
been made in the fields of neural regeneration and facial reinnervation. Although direct nerve repair
remains ideal, it is not always feasible. In such cases, nerve transfer, or nerve substitution, can be performed
with good results. Although the ideal timing for nerve transfers has not yet been established, utilizing
reinnervation as early as possible and within the first 12 months of paralysis is a common goal. This review
is focused on understanding nerve transfer procedures for facial reanimation. The masseteric branch of the
trigeminal nerve (cranial nerve V), hypoglossal (cranial nerve XII), and contralateral facial nerve (cranial
nerve VII) nerve transfers as well as combination procedures are herein reviewed. In planning for facial
reanimation, it is critical for the surgeon to consider the underlying etiology, prognosis for spontaneous
recovery, and duration of facial nerve dysfunction. The differential diagnosis for facial nerve paralysis
is beyond the scope of this review. However, understanding the time to reinnervation and axonal load
to reinnervate the targeted muscle are important guiding principles discussed. The surgical techniques,
expected outcomes, and associated morbidities will be discussed. Included is a brief review of nerve
physiology and repair as well as nerve grafts repair. Emerging techniques are discussed throughout.

NERVE INJURY

The peripheral motor nervous system is composed of motor neurons which have their cell bodies in the
spinal cord and axons extending to the distal muscles they innervate. Axons projecting from nerve cell
bodies are sheathed by glial Schwann cells which coat the axons with myelin protein and can produce nerve
growth factor among other supportive factors. Stromal cells comprise a scaffold that structurally supports
axons along their course. These stromal cells are organized into specific layers. These supportive layers
are critical to axonal regeneration. The deepest layer of stromal cells, termed endoneurium, surround and
support individual axons. The next layer comprises the perineurium which organizes endoneurium bound
axons into nerve fascicles. The outer-most stromal cell group forms the epineurium. Epineurium exists
between fascicles (epifascicular epineurium) as well as epineural epineurium which surrounds the nerve
trunks.

Seddon is credited with the first classification scheme of nerve injury™™. The classification scheme
was expanded on and popularized by Sunderland who introduced the stromal cell layers in axons".
Sunderland’s classification contains five categories using Roman numerals I-V: corresponding to increasing
degrees of severity. Class I, termed neuropraxia, typically produced by traction or compression on a nerve
without disruption of the integrity of the nerve. The next grade (II) of injury is termed axonotmesis and
involves disruption of the axon. With axonal disruption, Wallerian degeneration will take place over the
ensuing one to three days. Wallerian degeneration is a process in which the axons and myelin distal to the
level on injury degenerate. Schwann cells undergo changes in gene expression following axonal injury. They
begin to produce neurotrophic proteins involved in the regenerative process . In Sunderland class II injury
the stromal tissues are intact and axon regeneration will occur with precision to the correct motor unit.
Thus, synkinesis is avoided”. Sunderland class III-V injuries are progressively severe forms of neurotmesis
and involve injury to the endoneurium, perineurium, and epineurium structures respectively. Sunderland
IIT and IV injuries will heal spontaneously but class IV will have increasing degrees of scarring and hence
worse recovery and higher rates of synkinesis. Sunderland IV and V are frequently thought to require
surgical intervention. Currently, these classes can only be diagnosed histologically. It is not possible to use
electrophysiological testing to distinguish Sunderland classes, especially early after injury. As early nerve
repair leads to improve outcomes, clinical evaluation remains key in the management of facial nerve lesion.
The Sunderland classification helps conceptualize the damage necessary to repair after peripheral nerve
injury. More recently, a sixth classification of injury has been proposed to describe more proximal insults

producing mixed patterns of injury incorporating two or more of the other five classes™.
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There are important considerations for functional recovery with regards to the end-organ motor foot plate.
The motor end plate is preserved by trophic factors secreted by then distal ends of intact axons'”. The
motor end plate structure is typically maintained for up to one year after denervation. Later, after about 18-
24 months following denervation without reinnervation, there will be permanent damage to the motor end

plates and irreversible atrophy of the end-organ muscle tissue'”.

NERVE REGENERATION

The regeneration of peripheral nerves is slow and usually incomplete. Axons regenerate at an average
rate of 1 mm per day. Because of this, peripheral nerve repair is rarely successful over long distances. The
process for peripheral nerve regrowth is complex and requires molecular, cellular, and microenvironment
changes. If the distal nerve stump and targeted muscle remain denervated for a long period, their capacity
for regeneration is severely affected. Following nerve injury, the distal stump is progressively disintegrated.
This destruction creates space for the eventual ingrowth of a new axon". There is upregulation of glial-
derived neurotrophic factor and brain-derived neurotrophic factor which drive axonal regeneration™"’.
Following higher grades of axonal injury, the proximal nerve cell bodies undergo several gene expression
changes to adopt a regenerative phenotype[“]. This includes the upregulation of actin, tubulin, and GAP-
43 proteins. A growth cone is formed at the end of the proximal stump. Filopodia are formed at the growth
cone and function to sample the surrounding milieu as the growth cone proceeds towards the distal nerve
stump”. Growth cones are directed through the stroma and surrounding tissue by a variety of chemo-
attractants and repellants"”’. After recruiting macrophages which assist with phagocytosis to clear away the
damaged axon and myelin debris, Schwann cells, in a regenerative mode, will grow along the endoneurium.
This Schwann cell growth takes the form of a hollow tube, termed bands of Bunger, and assists with
creating a path for the regenerating axon"*. Schwann cells also produce factors that guide the growth of the
regenerating axon through the bands of Bunger towards the distal stump target. Regeneration of axons into
wrong endoneurial tubes and end organs leads to worse functional outcomes. Once the regenerated axon
has reached its target, the Schwann cell reverts to supportive phenotype and assists with re-myelination of

the axon'.

Many observations regarding factors influencing successful nerve regeneration have been made. The
distance of a nerve lesion from its targeted tissue has a significant impact on recovery. The further the
injury is from the target tissue the lower the chance of meaningful regeneration. Studies of irradiated
nerves demonstrate consensus in their results: a slowed but capable regenerative capability[m’”]. As
previously mentioned, the degree of nerve injury has a major impact on success of regeneration*. Younger
age is a known independent factor in improved outcome for peripheral nerve regeneration. Verdu et al."”
elegantly review the body of evidence, largely derived from animal studies, on the effects of age on the
regenerative potential of nerves. This can be summarized by decrease and delay in Wallerian degeneration,
decreased neurotrophic factor production and effects, increased transport time along the axon, and
decreased substrate production for axonal regrowth as age increases. The result is a smaller, slower, less
functional nerve in older subjects. There is a growing body of evidence on a variety of treatments including
low-level laser, electrical stimulation, and growth-factor based therapies to optimize peripheral nerve
regeneration. Much of the work has been done in animals, and there are a few early human trials with
exciting, positive preliminary results. To date, none have been conducted on the human facial nerve.

PLANNING FOR NERVE TRANSFER PROCEDURES

Successful and consistent outcomes with nerve transfer procedures are predicated on appropriate patient
selection and pre-operative planning. The etiology and duration of facial paralysis are the most important
considerations when determining of a patient is a good candidate for a nerve transfer procedure or a
different intervention to reanimate the face. The causes of facial nerve palsy vary tremendously and
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understanding the natural course of the causative pathology and prognosis for spontaneous recovery is
critical in treatment planning. Nerve transfer procedures are most appropriate for patients with flaccid
facial palsy who have viable facial musculature and a low potential for spontaneous recovery. This would
include patients with discontinuity of the facial nerve or severe nerve injuries that have no recovery
of function. Traditionally, 12 months are allowed for spontaneous recovery of facial function prior to
surgical intervention in cases were facial nerve discontinuity is not certain. However, evidence from
recent case series of patients undergoing surgery for vestibular schwannoma suggests a low probability of
spontaneous recovery from complete facial paralysis if no improvement is seen within 6 months even in
o2 Earlier re-establishment of neural continuity leads to improved
reinnervation and functional outcomes. This is the case also with nerve transfer procedures”™. Successful
nerve transfer requires viable facial musculature and an intact neuromuscular junction. Achieving
reinnervation as early as possible, and within the first 12 months of paralysis, is ideal. Although the success

of nerve transfer procedures declines with longer duration of paralysis, successful nerve transfer have been
[23-26]

cases of an uninterrupted facial nerve

described up to up to 24 months following denervation in adults

The status of the proximal facial nerve is a crucial consideration for facial reanimation procedures. Where
feasible, cable grafting may be preferred to nerve transfer or combined with nerve transfer, as will be
discussed later in the article. If the nerve is sacrificed in the cerebellopontine angle, the proximal stump
may not be available for grafting. Similarly, the proximal nerve might not be available in other temporal
bone pathologies or intracranial processes. In cases when the proximal facial nerve is not available, but the
distal facial nerve branches remain viable, a nerve transfer procedure should be considered. When the facial
nerve is sacrificed during oncologic head and neck surgery, the nerve is sampled for perineural spread. The
presence of perineural invasion raises concerns regarding the success of nerve grafting and facial nerve
regeneration. A small case series of 8 patients suggests equivalent outcomes from nerve grafting procedures
performed in the presence of confirmed perineural invasion””. Many of these cases had positive final
margins on the nerve. Definitive conclusions cannot be drawn from this limited data, but it does provide
encouragement that regeneration can occur in cases of head and neck cancer and perineural spread of
tumors.

When choosing a donor nerve for transfer procedure, there are several factors to consider including axonal
density of the donor nerve, donor site deficits, time to reinnervation, ability to become mimetic, and
availability. The status of other cranial nerves should be assessed thoroughly, with focus on the ipsilateral
trigeminal and hypoglossal nerves, and the contralateral facial nerve, in particular. It is also critical
to consider the status of the glossopharyngeal (cranial nerve IX) and vagus (cranial nerve X) nerves,
particularly if a hypoglossal nerve transfer procedure is considered. Swallowing or articulation deficit
from hypoglossal nerve transfer would be further compounded by concomitant lower cranial nerve palsy.
Patient factors may also affect the success of nerve transfer procedures. Peripheral neural regeneration
declines with aging and microvascular disease such as smoking or diabetes"**”. However, further research
is necessary on their effects on facial nerve regeneration to provide evidence based clinical guidelines. The
following sections in this review will discuss commonly utilized donor nerves and their advantages and
disadvantages.

PRIMARY REPAIR AND CABLE GRAFTING

Prior to in depth review of nerve transfer procedures, readers must understand the benefits, and limitations,
of primary nerve repair and cable grafting. Nerves undergoing repair should always be trimmed back until
normal fascicles are encountered””. Levinthal et al.”™” showed in their work with canines, that repair at the
fascicle carried no advantage over epineural repair. When the facial nerve is injured, timely primary repair
with neurorrhaphy is preferred to cable nerve graft. Green et al.”™ examined a series of 22 patients who
sustained iatrogenic facial nerve injury during otologic surgery. In their series, the best result with a cable
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graft was House-Brackmann (HB) IV compared to primary repair, for which a HB III was consistently
obtained. As this study demonstrates, the best general outcome from a stand-alone cable graft procedure
to the main trunk of the facial nerve is a HB III. When comparing functional outcomes between direct
repair to cable grafts, symmetry at rest and with voluntary motion are worse for the cable graft group"”.
Further, more mass movement and synkinesis are more frequent for those having undergone cable grafting

compared to direct neurorrhaphy™’.

Direct nerve repair may not be feasible due to the distance between proximal and distal nerve stumps.
Occasionally, significant mobilization of the nerve can be performed. However, if the direct nerve repair is
under tension the vascularization of anastomosis is compromised leading to poorer results™. It is generally
held that nerve repair or grafting procedures should be performed with operating microscope. Polarity and
orientation of the nerve at inset have not been shown to have physiological or histological consequences"”
When motor versus sensory nerve autografts were compared for facial nerve defects in animal models,
no functional, electrophysiologic, or histologic differences were observed™. Cable grafts are often used to
repair the facial nerve after ablative surgery or trauma. The facial nerve may be at risk to iatrogenic trauma
during temporomandibular, head and neck, otologic, and cosmetic facial plastic procedures. Surgery to the
temporomandibular joint has been reported as the etiology of 27% of iatrogenic facial nerve injuries in a
recent case series”". And in parotidectomies, according to a large American College of Surgeon National
Surgical Quality Improvement Program study, nerve sacrifice occurs in only 3.7%"". Bovenzi et al.”"
and others have importantly drawn attention to the low rate (24%-31%) of intraoperative nerve repair or
reconstruction in those undergoing sacrifice”™*”. Lu et al."*” observed that of those undergoing reanimation
in the setting of radical parotid surgery, 65% had nerve-type repair sometimes in combination with sling-
type procedure, while the remainder had sling-type repair only. Younger patients were more likely to
undergo nerve repair procedures.

Despite the widespread recommendation to pursue cable grafting for reconstruction after facial nerve
resection, the outcomes are underreported, unpredictable, and often disappointing. This is especially true
when a cable graft is used to repair the main trunk of the facial nerve. However, when cable grafts are used
for repair of distal branches, the repair is often quite satisfactory [Figure 1]. Limited case series are available
on the effects of length of defect, age of patient, and use of adjuvant radiation. Reddy et al."" reported a
series of patients who underwent cable graft repair of the facial nerve during radical parotid surgery; 9
of 11 reached a HB grade III 2 years after surgery and 2 of 11 patients had minimal to no improvement.
Patients under the age of 30 had better outcomes. Lee et al.*”’ reported their findings from a similar sized
series who underwent cable grafting after parotid surgery. Using the Facial Nerve Grading Scale 2.0, they
report moderate dysfunction and an average score of 14.6. In cases of head and neck malignancy, it has
been observed that locoregional recurrence was no different in those undergoing nerve grafting and those
who did not have reanimation at the time of primary tumor resection™”. Further, there are several reports
showing successful reanimation when patients undergo adjuvant radiotherapy to the parotid region. Case

series large enough to compare outcomes with or without radiotherapy are not available™***,

Options for autogenous cable nerve grafting to the facial nerve include, but are not limited to: greater
auricular nerve, cervical sensory nerves, sural nerve, lateral and medial antebrachial cutaneous nerves,
thoracodorsal nerve, lateral femoral cutaneous nerve, and motor nerve to vastus lateralis. The proximity of
the greater auricular nerve to the facial nerve makes it a frequently utilized option during parotidectomy'*.
In the setting of radical parotid surgery with need for free tissue transfer, donor nerves are often available
in the reconstructive flaps"”*'. The sural nerve is the most used nerve for cross facial nerve transfers.
The sural nerve has long length available (30-40 cm), consistent anatomy, ease of dissection, pure sensory
function, and low morbidity"***". Sensory loss over the lateral aspect of the foot is the rule with sural

nerve graft”". Recent modifications in sural graft harvest include minimally invasive and endoscopic
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Figure 1. Seventy-eight year-old male with left-sided flaccid paralysis of the midface secondary to squamous cell carcinoma invasion of
the midface branches of the facial nerve. Photo on left shows flaccid paralysis following resection. Photo to the left shows reinnervation
4 months after two cable grafts measuring 2 cm in length were used to repaired the affected distal branches

techniques””*”. The median antebrachial cutaneous nerve is preferred by some surgeons for cable graft
repair””. Many synthetic materials have been used in place of autogenous nerve cable grafts and represent a
promising area of research; however, autologous nerve grafts continue to have superior outcomes. Synthetic
nerve conduits are discussed later in the review.

Readers should consider the limitations of cable grafting as a sole means for facial nerve repair. As
discussed above, outcomes are unpredictable and far inferior to a direct repair, particularly when the main
trunk is involved. Many contemporary techniques utilize concurrent nerve transfer with cable grafting in
an effort to improve outcomes from immediate repair of sacrificed facial nerves. Following the a review of
selected nerve transfer procedures, the article will discuss these exciting advances.

MASSETERIC NERVE TRANSFER

The nerve to the masseter muscle is a motor branch of the third division of the trigeminal cranial nerve. It
crosses the mandibular notch and enters the substance of the masseter muscle. It travels intramuscularly,
giving off several proximal branches prior to a large descending branch, which courses obliquely in the
direction of the oral commissure. First reported for use with facial reanimation in 1978, the masseteric
nerve is used frequently for facial reanimation procedures due to its proximity and similar diameter to
the facial nerve midface branches, limited donor-site morbidity, rich motor input, and rapid recovery".
Masseter-to-facial nerve transfers have been described for both coaptation to the main trunk or to a
midface branch for targeted zygomaticus complex reinnervation. Coaptation to a midface branch is more
common in our practice as it allows powerful and targeted input to the smile musculature.

Surgical technique

While the masseteric nerve is less frequently encountered in routine head and neck oncologic surgery,
consistent landmarks, and a few key tips for the approach, permit the experienced head and neck surgeon
to readily become facile with its identification. The masseter nerve is reliably found in a region 3 cm
anterior to the tragus and 1 cm inferior to the zygomatic arch. The so-called “subzygomatic triangle” is
described as a useful guide for starting the dissection™. The nerve is found at a depth of 1.48 +/- 0.19
cm deep to the submuscular aponeurotic system, with a descending branch coursing intramuscularly
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Figure 2. Diagram showing masseter nerve transfer to midfacial branch

toward the oral commissure™. More proximal branches can typically be spared, allowing some preserved
innervation to the masseter muscle. In our practice, dissection into the muscle is aided by the use of two
small Cumming’s retractors. The descending branch typically courses between the middle and deep layers
of the muscle, with the two layers separated by fascia. A nerve stimulator is useful to confirm identification
of the nerve and avoid confusion with fascial bands. A right-angle retractor is used to place a vessel loop
around the nerve, allowing gentle traction for dissection of an additional 1-2 cm distally. The nerve is then
transected and transposed up to the selected facial nerve branch for coaptation [Figure 2]. In this selective
operation, the main trunk of the facial nerve may be left intact to allow for spontaneous recovery, if that
is still deemed a possibility. The microneural coaptation is performed under no tension with 9-0 epineural
nylon sutures followed by fibrin glue sealant. The sealant is thought to prevent loss of axons by growth into
adjacent soft tissue while also providing some tensile strength to the nerve and hemostatic effect in the
wound. In animal studies, there are conflicting results when comparing fibrin glue to microsurgical suture
technique in peripheral nerve repair ™. In the absence of definitive evidence, these authors recommend
microsuturing with or without use of fibrin glue in all nerve repair procedures.

Outcomes

There are several advantages the masseteric nerve possesses for use in facial reanimation. The anatomy
allows the masseteric nerve to be directly coapted to a midfacial branch without use of an interposition
graft. The masseteric nerve also has a rich axonal input. Coombs et al."*” showed that the masseteric nerve
contained 1,542 myelinated fibers compared to 834 in a midface branch and 100 to 200 at the distal end of
a cross facial nerve graft. The masseteric to facial nerve transfer tends to show tone and movement as early
as 3 months post-operative. A systematic review in 2018 on JAMA Facial Plastic Surgery found an average
of 4.95 months to first movement following masseteric nerve transfer'®". In this review, which included
studies utilizing coaption to either the main trunk or a midface branch of the facial nerve, the time to
recovery was quicker in the latter cohort. Two case series compare masseteric nerve transfer to hypoglossal
transfer and found a faster rate of recovery with masseteric nerve transfer. Hontanilla et al."” reported
2 months vs. 4.5 months and Albathi et al.*” reported 5.6 months vs. 10.8 months. While outcome
measurements are not standardized across the literature, oral commissure excursion, facial symmetry,
and clinically graded subjective scales for facial paralysis are consistently improved with masseteric nerve
transfer. In one study, oral commissure excursion is measured with the Facial Asymmetry Index, which
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Figure 3. Thirty year-old female with 10 month history of right-sided flaccid paralysis following retrosigmoid vestibular schwannoma
resection. Photo demonstrating the preoperative flaccid paralysis (left). Reanimation on smile 5 months following masseter nerve
transfer to midfacial branch (right)

measures the distance between the medial canthus and oral commissure in healthy and paralyzed sides
of the face™. Following masseteric nerve transfer, the authors report a mean difference between sides of
the face at rest (1.7 mm) and during smile (10.6 mm). These values were significantly better than those in
patients who underwent hypoglossal nerve transfer. In a systematic review of masseter transfer, an average
of 9 mm of improvement in oral commissure excursion was noted, however analysis was limited due to a
low number of studies reporting this outcome and incomplete data™. In contrast to the success seen in
smile restoration for patients with flaccid paralysis, masseteric nerve transfer to the midface branches of

patients with post-paralysis facial palsy and synkinesis has had limited reported success'®’

After a masseteric nerve transfer for facial reanimation, patients perform rehabilitation to learn their new
smile (“bite to smile”), allowing for a relatively effortless and natural smile [Figure 3]. While restoration of
spontaneous smile was previously speculated to occur frequently, more recent evidence suggests that a true
spontaneous smile is unlikely to occur'™*, Although patients may not need to clench their teeth, there is
likely some necessary voluntary activation of the masseter required to elicit a smile. In the Spontaneous
Smile Assay, patients’ smiles are recorded while watching a humorous video clip. Banks et al.'' found that
none of their 60 patients who underwent masseter nerve transfer achieved a spontaneous smile, but the
authors do note that some patients were able to achieve an effortless or “open mouth” smile'”. Reports
of effortless smile with masseter nerve transfer may be due to cortical plasticity between the sth and 7th
cranial nerve nuclei or normal activation of the masseter with smiling in 40% of the population'®

Masseteric nerve transfer is generally a well-tolerated operation, with some limitations and drawbacks.
Anecdotally, the masseter nerve seems to provide less tone at rest than the hypoglossal nerve transfer.
The lack of resting tone might be explained by the nature of the masseter muscle function, which has
dense contraction with activity and little resting tone. There is minimal donor site morbidity from partial
denervation of the masseter muscle as only the descending branch is divided and the robust temporalis
muscle, as well as the medial pterygoid and contralateral muscles of mastication, remain unaffected
during chewing. However, prandial movement of the face is often seen and was reported as “bothersome”
or “very bothersome” in 12.7% of patients in one study by van Veen et al.'*’ Masseter atrophy was self-
reported by 18.3% of patients in this study. Temporomandibular joint dysfunction is not considered a likely
complication of masseter nerve transfer.

The masseter nerve is also commonly utilized as a source of neural input for gracilis free muscle transfer
(GFMT) for smile restoration in long-standing flaccid facial paralysis. There are case reports of prior
masseteric nerve transfers that fail to provide smile restoration during a nerve transfer being “recycled”
successfully to innervate a GFMT.
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Figure 4. Diagram showing partial hypoglossal nerve transfer techniques with interposition cable graft (A) and intratemporal
mobilization and transposition following mastoidectomy (B)

Another branch of the trigeminal nerve, the deep temporal nerve, is used occasionally in facial
reanimation. Banks ef al.'*” utilized the deep temporal nerve on occasion to preserve the masseter nerve for
possible future GEMT, if the nerve transfer is predicted to have a low probability of success for example in
cases of prolonged period of denervation'®. Recent reports of use of the deep temporal nerve for selective
reinnervation of the upper face and peri-ocular musculature are an exciting development in the field"”"".

HYPOGLOSSAL NERVE TRANSFER

The hypoglossal nerve (CN XII) descends along the jugular foramen along the vagus (CN X) and spinal
accessory (CN XI) nerves and travels in levels II, Ib and Ia of the neck to innervate the tongue. Head and
neck surgeons are familiar with identifying and preserving the hypoglossal nerve, making this technique
easily adoptable. The original hypoglossal nerve transfer technique from the 1970s describes sacrificing the
entire hypoglossal nerve and coapting it to main trunk of the facial nerve'®”. This technique resulted in
hemi-tongue atrophy and significant morbidity. Half of the patients reported dysarthria and one-quarter
dysphagia. Problematic mass movement of the face, hypertonicity, and synkinesis routinely were frequently
noted”". To decrease morbidity, the technique has been modified to involve only partial hypoglossal
nerve transfer. The hypoglossal nerve contains more and larger myelinated axons than the facial nerve”"
Given that the facial nerve contains 73% as many axons as the hypoglossal nerve, partial hypoglossal nerve
transfer can achieve sufficient axonal load for successful reinnervation. Rates of dysarthria and dysphagia
with partial hypoglossal nerve transfer techniques are unfortunately underreported. Extreme caution is
advised when considering a hypoglossal transfer in patients with multiple lower cranial nerve palsies.
Patients with brain stem cavernomas and after base of skull surgery are at particular risk for multiple
cranial nerve deficits which compound to deteriorate speech and swallowing function.

Surgical technique

Partial hypoglossal nerve transfer techniques include the use of interposition grafts, splitting and mobilizing
a segment of the hypoglossal nerve for transposition, and intratemporal mobilization of the main trunk
of the facial nerve for transposition [Figure 4A and B]. May et al.”” described using an interposition
graft between a 30 to 40% sectioned hypoglossal nerve and the main facial nerve trunk. Arai et al.”!
described splitting the hypoglossal nerve longitudinally from anterior to posterior to mobilize a split
segment superiorly to the main trunk of the facial nerve. May et al.”” reported 3 of 20 patients had hemi-
tongue atrophy and 2 recovered, while Arai et al.”' reported no cases of severe hemi-tongue atrophy but all
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Figure 5. Fifty-seven year-old female with left sided flaccid paralysis secondary to a pontine hemorrhagic stroke. The stroke affected the
masseteric (trigeminal) nerve which was not available for transfer. She underwent facial to hypoglossal nerve transfer after 10 months
of flaccid paralysis. The facial nerve was transposed to the facial nerve after mastoidectomy. Photos during smile attempts during
flaccid paralysis (left) and after nerve transfer (right)

(8) reported cases did have minimal to moderate tongue atrophy. Atlas and Lowinger”” were first to report
on the use of the mobilized intratemporal facial nerve to graft to the hypoglossal nerve. Others have echoed
7#71 Intratemporal mobilization of the facial nerve provides additional
length to the facial nerve to allow direct coaptation to the hypoglossal nerve and minimize hypoglossal
manipulation. In this procedure, a cortical mastoidectomy is performed to expose the 2nd genu and

their work with similar success

mastoid segments of the nerve. The facial nerve is then transected at the 2nd genu and mobilized down
[Figure 5]. In addition to the previously described techniques, the hypoglossal nerve may be used as a
“baby-sitting” procedure in combination with a cross facial nerve graft to maintain innervation to the facial
musculature while awaiting for cross facial nerve axonal growth; this is further discussed in the section of
combined nerve transfers later in the review.

Outcomes

Kocchar et al.”” reported on the use of the intratemporal facial to hypoglossal transposition in a series
of 17 patients with pre-operative HB grade of V or VI. They reported a mean time to reinnervation was
7.3 months. Fifteen of the 17 (88%) had Smile Recovery scores of “very good” or “good”. The authors
reported significant improvements in the objective Facial Asymmetry Index score and smile excursion.
Encouragingly, none of the authors using this technique reported functional issues from the tongue or
even the appearance of tongue atrophy[“’”’w]. Martins et al.”” retrospectively compared the transposed
intratemporal facial to hypoglossal technique to the classic end-to-end hypoglossal-facial transfer in
36 patients™. They found no significant difference in technique with respect to facial nerve function as
measured by unblinded clinicians using HB scale. In this study, the authors developed a I-IV scale of
tongue dysfunction based on the degree of both atrophy and deviation of the tongue; a score of IV equating
to severe hemi-atrophy and deviation > 30 degrees beyond midline and a score of I being normal™”.
Unsurprisingly, tongue function was worse with those who underwent the classic technique. 75% of
patients undergoing the classic technique had severe Grade IV tongue dysfunction whereas no Grade IV
tongue dysfunction was seen in the intratemporal facial to hypoglossal group and 70% in this group had no
detectable tongue dysfunction.

Manni et al.” reported on their outcomes for 29 patients undergoing hypoglossal-facial anastomosis, all
with great auricular nerve interposition graft, by timing of reanimation surgery™". Interestingly they had 4
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patients with more than 2 years of paralysis undergo successful reanimation. The time to observed initial
facial movement after surgery correlated with decreased time of paralysis. Movement was noted at 6.9, 8.6,
and 9 months after surgery for the three groups with average pre-operative paralysis duration of 8.2, 16.5,
and 30.2 months, respectively. Almost half (44%) of their patients achieved HB III recovery. They do report
HB II recovery in 20% of patients, all of whom were in the group undergoing early reanimation surgery. No
hemi-tongue atrophy deficits were noted in this patient series.

The partial hypoglossal nerve transfer is an important tool for facial reanimation. Improvements
in technique have significantly decreased the morbidity of the procedure. There is limited objective
information available on morbidity of hypoglossal nerve transfer procedures with regards to speech and
swallowing secondary to hemi-tongue atrophy. This represents an area ripe for improvement in reporting.

CROSS FACE NERVE GRAFT

When reanimating the paralyzed face, the contralateral facial nerve is the only input source that has the
potential to restore volitional, spontaneous movement. First described in the 1970%, the cross facial nerve
graft (CFNG) synchronizes neural transmission from the contralateral facial nerve to the paralyzed side
through a long interposition graft, typically harvested from the sural nerve'. Variable success rates have
been reported for CFNG. When a CENG is used as a stand-alone technique, failures are often reported.
In 1996, Scaramella reported their outcomes for 11 patients who underwent CFNG, noting 5 patients with
good tone, 3 with fair tone, 1 with poor tone, and 2 failures'™. Baker and Conley reported that only 6 of
10 patients in their study noted improvements™. Anderl described the use of multiple CFNGs tunneled
subcutaneously across the forehead, midface, and lips, noting poor results in 4 of 23 patients™”. Galli
described immediate CENG following acoustic neuroma surgery in 5 patients with acceptable results"™.
The time to reinnervation and the limited axonal load provided by a CENG are thought to explain
the variable results and high failure rates. Nerve growth occurs at 1 to 1.5 mm per day under optimal
conditions, requiring 6 to 8 months for growth across a CENG through a long 20 cm sural nerve graft'"”.
As discussed previously, progressive muscle atrophy and a loss of motor end plates occurs after one year
of denervation. Therefore, a stand-alone CFNG should be performed within 6 months of onset of facial
paralysis to allow neural input to reach the denervated muscle while it remains receptive. Additionally, in a
CFNG, neural regeneration must occur across two neurorrhaphy sites. Only 20 to 50% of axons cross each
neurorrhaphy. Low axonal load are expected across CENG"™*. Furthermore, older patients have reduced
potential for neural regeneration and reduced growth through nerve grafts[”’”’%]. Outcomes from CFNGs
in older patients can be difficult to predict. There are no specific age recommendations for CFNGs and
further research is necessary to guide clinical practice.

The unpredictable outcomes from CFNGs and long wait time for reinnervation are significant limitations.
Many surgeons combine CFNG as an adjunct to other nerve transfer procedures in an effort to improve
the likelihood of success of reinnervation and maintain potential for spontaneous movement. CFNG
procedures may be combined with “babysitter” procedures to the decrease the length of denervation to
the affected facial muscles”™. In a “babysitter” procedure, a hypoglossal or masseteric nerve transfer
is performed concomitantly with the first stage of the CFNG to provide neural input to the paralyzed
face while awaiting axonal growth across the CENG. In the second stage, the distal CENG is copated to
recipient branches in the paralyzed side distal to the original nerve transfer. Muscle degeneration and
motor end plate loss have been prevented by the initial nerve transfer providing additional time to utilize
a CFNG. The CFNG is also commonly used as a neural source for gracilis free muscle transfer (GFMT).
While this review is not discussing free tissue transfer in detail, it is worth noting the GFMT surgery can
be performed in staged fashion after allowing axonal growth through the CENG, so there is limited time
for denervation change in the target muscle. Even in GFMT, CFNG neurotization has higher failure rates
and lower smile excursion when compared to massetric nerve”. CFNGs have been used in other areas
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of the face, including for reinnervation to the periorbital area, with recent interest in use of platysma
neurotization with a CENG for eyelid reanimation™. However, there is little definitive data available on
these recently described procedures.

Single-stage versus two-stage cross facial nerve graft

Although a two-staged approach for CENGs is the more frequently utilized and accepted method, in recent
years interest in the single-stage CFNG has increased. In a two stage CENG, the goal of the first stage is
to coapt the donor facial nerve to the proximal end of the nerve graft and position the distal end of the
graft in the paralyzed face, without coapting to the recipient paralyzed nerve. In the second stage, typically
6-8 months later, the edges of the distal end of the graft are freshened and the graft is coapted to the
recipient paralyzed facial nerve. This fresh coaptation, with a nerve graft primed with axonal regeneration,
minimizes scarring across the coaptation site. In the single stage procedure, there is a prolonged period
of healing at the coaptation site, during which scarring may occur and interfere with eventual axonal
regeneration. Furthermore, the two-stage approach avoids sacrifice of the affected facial nerve during the
first stage, allowing for possible spontaneous recovery during the waiting period, depending on the etiology
of the paralysis.

Proposed advantages of the single-stage CENG are reducing the number of surgeries, providing
neurotrophic stimulation from the distal coaptation, and blocking unwanted aberrant regeneration into
the distal end of the graft. Limited data is available on the success of single-stage CFNGs. Although case
reports of successful single-stage CFNG in facial reanimation have been published, direct comparisons
of two-stage and single-stage CFNGs are not currently available™. Several successful cases of single-
stage CENG with concurrent hypoglossal or masseter nerve transfers for facial reanimation have also
been published”™”". A small retrospective study comparing single and two-stage CFNGs paired with
hypoglossal transfer did not find a difference between the two cohorts””. In these studies, it is not possible
to differentiate the contribution of each nerve used for reinnervation, making it impossible to evaluate the
success of the CFNG.

Early experience from single-stage CFNG for free muscle transfer is also encouraging, when paired
with another nerve transfer, commonly the masseter nerve. Animal models suggest dual innervated free
muscle transfer with single stage or two-stage CFNGs have similar results””'*”. While dual innervation
free muscle transfer with single-stage CFNG and masseteric nerve for facial paralysis have been shown to
the successfully restore smiles, the contribution of each nerve and direct comparison studies to two-stage

CFNG dual innervation flaps are not available™"'*”.

Cross facial nerve graft surgical technique

The sural nerve is typically selected as the neural cable for CENG given its available length of 25 to 30
cm and its minimal donor site morbidity. On the donor side of the face, a pre-auricular incision is used
to access the normal facial nerve. For smile restoration, a midface facial nerve branch that activates the
zygomaticus complex, resulting in oral commissure excursion is typically selected. This branch is typically
found midway between the root of the helix and oral commissure adjacent to the anterior border of the
parotid gland, 1-2 cm below the zygomatic arch™®’. The surgeon should attempt to identify a few branches
in this region where the facial nerve begins to arborize anterior to the parotid gland. The largest caliber
midfacial branch at the anterior border of the parotid should be selected to maximize neural input to the
graft. Extensive arborization in this area of the face allows one midfacial branch to be sacrificed without
significantly weakening the zygomaticus complex on this side of the face. Despite the concern of potentially
weakening the contralateral smile during a CFNG, this is not appreciated, presumably a result of the
extensive degree of arborization. An identical pre-auricular incision is made on the paralyzed side. If the
CENG is performed in a single stage, a suitable midface facial nerve branch for coaptation is identified



Dougherty et al. Plast Aesthet Res 2021;8:6 | http://dx.doi.org/10.20517/2347-9264.2020.195 Page 13 of 19

Figure 6. Diagram showing cross facial nerve graft tunneled across upper lip from midfacial branch

based on location, as the chronically paralyzed nerve will not stimulate. A subcutaneous tunnel is created
from across the upper lip to connect the two wound beds [Figure 6]. A small gingivolabial incision is useful
for connecting the two tunnels. The sural nerve graft is then tunneled across the incision. Most surgeons
orient the nerve with the distal aspect of the nerve graft coapted to the contralateral (healthy) facial nerve
branch. However, there is not definitive evidence to support orientation of the graft affects outcomes. The
microneural anastomosis is performed with 9-0 nylon epineural sutures under no tension, followed by
fibrin glue sealant. Fibrin glue sealant is theorized to prevent aberrant axonal growth into surrounding soft
tissue; however, data on its benefit are inconclusive.

In a two-stage CFNG procedure the distal end of the CFNG is tagged with a surgical clip or a permanent
suture in the wound. The Tinel sign is used to determine when it is time for the second stage as a harbinger
of neural regeneration across the graft. When tapping the face in the region of the distal end of the CENG
produces a tingling sensation at the site of the donor facial nerve axons have reached the distal tip of the
cable graft[”]. This finding is attributed to sensory fibers growing across the nerve graft. This process of
axonal regeneration typically takes 6 to 8 months. In the second surgery, the distal tip of the cable graft is
freshened and copated to a suitable recipient paralyzed facial nerve branch.

OTHER COMBINATION REINNERVATION PROCEDURES

Combination reinnervation procedures utilize input from more than one nerve to reanimate the paralyzed
face. This tailored treatment approach allows us to benefit from the individual properties of different donor
nerves (i.e., spontaneity, tone, axonal load) and to “uncouple” separately reinnervated areas on the face, in
an attempt to prevent undesired mass movement and synkinesis.

Combining a masseter nerve transfer with cable graft repair of the facial nerve is our preferred immediate
reanimation technique for addressing radical parotidectomy defects when the main trunk of the facial
nerve is involved and direct repair is not possible. As described by Owusu et al."", the masseter nerve
is coapted to a midface facial branch to restore smile and cable grafts are used to repair remaining facial
nerve branches. Here, when possible, nerve stimulation is used to confirm the midfacial branch with the
greatest input to the zygomaticus complex. Confirmation with electrostimulation is often not possible
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with prolonged paralysis. In their series, Owusu et al."* reported that oral commissure excursion was re-
established in all patients within 7 months and minimal synkinesis was reported. Problematic synkinesis
often results when cable grafting alone is used for multiple branches, but in this series, minimal synkinesis
was reported when cable grafting is combined with a masseter nerve transfer. In oncologic cases where the
proximal facial nerve is not available, a combination of masseteric nerve transfer to a midface branch and
partial hypoglossal nerve with a cable graft to other distal facial nerve branches has been described ™. The
masseteric nerve transfer is used to restore smile excursion, while the hypoglossal nerve transfer is used to
further restore facial tone. Others have described similar techniques with use of the hypoglossal nerve and
cable grafts"™*. Yamamoto described successful use of the hypoglossal nerve to “supercharge” a damaged
facial nerve with end-to-side coaptation in a small case series of patients with complete and incomplete
facial palsy[m]. Despite these exciting advances, there are no studies comparing these techniques to more
traditional techniques and larger cases series are necessary to make definitive statement regarding their
utility. Dual innervation is also described for use with free muscle transfer utilizing masseteric nerve and
cross facial nerve grafts to innervate gracilis free flaps; however, discussion of these techniques is beyond
the scope of this article.

ARTIFICIAL CONDUITS

Synthetic nerve conduits have consistently gained clinical popularity, yet autologous nerve grafting remains
the gold standard. Synthetic nerve grafts guide axonal regrowth and range from decellularized allografts
to synthetic scaffolds. The lack of well-designed randomized trials makes clinical comparison of nerve
conduits to autografts impossible, particularly for the facial nerve. The off-the-shelf and ready-to-use
quality of synthetic nerve conduits is appealing. The Food and Drugs Administration (FDA) has approved
several products which are available for purchase. Human and porcine products are decellularized to
reduce immunogenicity (AxoGen, Inc., Alachua, FL). Synthetic materials include polyglycolic acid (PGA)
(Synovis Micro Companies), collagen type 1 (Integra LifeSciences Co., Plainsboro, NJ and Collagen
Matrix, Inc., Franklin, TN), and caprolactone (Polyganics BV, Groningen, Netherlands)"*”. The majority
of human studies evaluating nerve conduits evaluate their use in upper extremity surgery. This research
suggests that synthetic neural conduits have an upper limit in maximal length for successful grafting, which
may be as short at 15 mm and may vary depending on the nerve being grafted"”. For the facial nerve
specifically, nerve conduits have only been studied in animal models™"*""", No human trials are available
and human use is limited to individual case reports™*"""’, Furthermore, synthetic materials carry the risk
of extrusion and migration, as well as foreign body reactions and fibrosis which impede neural growth[m].
Future research in peripheral nerve repair will also aim to understand the role of Schwann cells and the
microenvironment in nerve regeneration. Efforts to improve peripheral nerve regeneration by utilizing
neurotrophic growth factors, cell-based therapies, and vascularized nerve grafts are currently underway.
Rigorous human studies of these interventions remain necessary to better understand outcomes and
clinical applicability"**""”.

SPECIAL CONSIDERATION IN PEDIATRIC FACIAL PARALYSIS

Although rarely indicated, nerve transfer techniques currently used in adults may be applied to children
with acquired facial paralysis. It is important to consider that depending on the cause of paralysis, children
may experience spontaneous recovery. In cases where recovery is unlikely, surgical facial nerve reanimation
should be considered. Cross face nerve transfers are exciting options for children given their enhanced
regeneration potential. Preserved facial muscles and an intact neuromuscular junction are necessary
for a nerve transfers to be successful. Congenital cases in which these are absent are not amenable to
reanimation with these techniques and require free muscle transfer. The most common causes of acquired
facial paralysis in children are infection and trauma. In the past, acute otitis media was the leading cause of

facial paralysis, but advances in antibiotics and vaccines have reduced its incidence to less than 0.005%"**.
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Currently in the United States, Lyme disease is the main cause of pediatric facial paralysis, particularly in
the New England and the Mid-Atlantic regions. Lyme disease presents with facial paralysis in children at
a much higher rate than in adults and may occur in 50% of affected children™"”, Bell’s palsy is the most
common cause of facial paralysis in adults and, at a lower rate, can affect children as well™”, Ninety-five
percent of children with Bell’s palsy recover fully"*". Trauma during birth, falls, motor vehicle collisions,
iatrogenic injury during surgery for intracranial tumors, temporal bone pathology, and vascular or
lymphatic malformations can also cause facial paralysis in children"*. Less common causes of pediatric
facial paralysis include malignancy and systemic disease. Bell’s palsy and birth trauma are generally
expected to recover spontaneously and should first be observed'*”.

In general, children experience better and faster functional outcomes after peripheral nerve repair
than adults"*". Aging affects the central nervous system’s neuroplasticity as well as peripheral nerve
regeneration”". In children, enhanced neural regeneration makes cross-facial nerve transfers an enticing
option. It is likely that cross-facial nerve grafts are more successful in children than adults, but further
research is necessary in this area. Although young children are more likely to successfully reinnervate after
prolonged facial paralysis than adults, the specific duration of paralysis and age cutoffs are still not known.
As in adults, better outcomes are expected in children after early repair, and intervention is recommended
as early as possible. Likewise, prolonged facial paralysis in children may not be amenable to nerve transfers.

CONCLUSION

Nerve transfer procedures have the potential to restore innervation to the native facial musculature. The
success of nerve transfers depends on proper patient selection and early reinnervation. Utilizing nerve
transfer as early as possible, and ideally during the first 12 months of paralysis, is recommended. Prolonged
paralysis is frequently not amenable to nerve transfer. This review highlights key advantages and limitations
of the various donor nerves. The masseteric nerve provides excellent smile restoration after coapation to
midfacial nerve branches with minimal morbidity. Several modifications to the hypoglossal nerve transfer
have been described to limit its morbidity to speech and swallowing. The cross facial nerve, while appealing
and able to achieve a true spontaneous smile, has limitations in terms of axonal load, time to reinnervation,
unpredictable outcomes, and utility in older patients who have less regenerative potential. Finally, there are
exciting new developments in the field; combining reanimation techniques to harness advantages of various
donor nerves, and research in peripheral nerve regeneration.
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