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Selective Stimulation of Facial Muscles With a Penetrating
Electrode Array in the Feline Model

Ronald Sahyouni, BA; Jay Bhatt, MD; Hamid R. Djalilian, MD; William C. Tang, PhD;
John C. Middlebrooks, PhD; Harrison W. Lin, MD

Objectives/Hypothesis: Permanent facial nerve injury is a difficult challenge for both patients and physicians given
its potential for debilitating functional, cosmetic, and psychological sequelae. Although current surgical interventions have
provided considerable advancements in facial nerve rehabilitation, they often fail to fully address all impairments. We aim to
introduce an alternative approach to facial nerve rehabilitation.

Study Design: Acute experiments in animals with normal facial function.

Methods: The study included three anesthetized cats. Four facial muscles (levator auris longus, orbicularis oculi, nasalis,
and orbicularis oris) were monitored with a standard electromyographic (EMG) facial nerve monitoring system with needle
electrodes. The main trunk of the facial nerve was exposed, and a 16-channel penetrating electrode array was placed into the
nerve. Electrical current pulses were delivered to each stimulating electrode individually. Elicited EMG voltage outputs were
recorded for each muscle.

Results: Stimulation through individual channels selectively activated restricted nerve populations, resulting in selective
contraction of individual muscles. Increasing stimulation current levels resulted in increasing EMG voltage responses. Typically,
selective activation of two or more distinct muscles was successfully achieved via a single placement of the multi-channel
electrode array by selection of appropriate stimulation channels.

Conclusion: We have established in the animal model the ability of a penetrating electrode array to selectively stimulate
restricted fiber populations within the facial nerve and to selectively elicit contractions in specific muscles and regions of the

Level of Evidence: N/A.

face. These results show promise for the development of a facial nerve implant system.
Key Words: Facial nerve, facial nerve implant, facial stimulation, multi-channel electrode array.
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INTRODUCTION

The facial nerve conducts voluntary neural input to
the muscles of the face, which are of critical importance in
the demonstration of human emotions, proper enunciation,
and maintenance of oral competency. It moreover provides
for proper blink function, which importantly protects the
cornea. Permanent facial paralysis is a difficult challenge
for both patients and physicians because it often results in
substantial functional and psychological deficits for the
patient; surgical options for full restoration of spontaneous,
volitional, and symmetric facial motion are currently very
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limited. Patients with facial paralysis from all causes,
including birth, tumor, surgery, trauma, or infection, often
suffer from debilitating functional problems with dry eye,
visual impairment, drooling, intraoral food retention, and
demoralizing cosmetic deformities of a readily apparent,
asymmetrically flaccid, and paralyzed face. The annual
incidence of facial paralysis has been estimated to be
approximately 70 cases per 100,000, and an estimated
127,000 new cases of permanent facial paralysis are diag-
nosed annually in the United States alone.?

In recent decades, considerable efforts have been
undertaken to care for this patient population. Several
surgical interventions, including static and dynamic
options, have been described for patients with unilateral
facial paralysis and are in frequent use by otolaryngolo-
gists and plastic surgeons worldwide. Static options
introduce nonmuscular material to the face to aid in
function or cosmesis. Conversely, dynamic options such
as the gracilis myoneurovascular free tissue transfer
restore some degree of volitional muscular function.
Because each of these interventions only address specific
parts of the face and can have a 10% to 15% failure
rate,>? oftentimes multiple procedures involving multi-
ple sites are required to accomplish functional and cos-
metic goals. Although functional goals can often be
achieved and quality of life is significantly improved,®
the cosmetic results are infrequently fully satisfactory as
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Fig. 1. (A) Photograph of a NeuroNexus 16-channel stimulating electrode array (NeuroNexus, Ann Arbor, MI) in position on a microposi-
tioner. (B) Microscopic picture of the shank and distal board. (C) The silicon-substrate shank with a metric ruler-size reference. (D) High-
magnification microscopic photograph of the distal end of the penetrating shank. The 16 electrode sites can be seen. Superficial or proxi-
mal electrodes are those furthest from the tip of the array (to the right in this picture), whereas deep or distal electrodes are those closest
to the array tip (to the left). [Color figure can be viewed in the online issue, which is available at www.laryngoscope.com.]

compared with the resting and dynamic states of the
face prior to facial paralysis onset.

Our group has recently demonstrated the utility of a
penetrating multichannel electrode array to selectively
stimulate highly specific neural fibers within the cochlear
nerve.>® In the present study, we sought to demonstrate
the ability of the electrode array, when inserted into the
facial nerve, to stimulate movement and contraction in
specific regions and muscles of the face of a cat. This work
serves to establish a novel approach to rehabilitation of
permanent facial palsy and paralysis and to circumvent
the shortcomings of current surgical interventions, while
providing insight into the anatomy of, as well as the neu-
roprosthetic interfacing with, the facial nerve. Ultimately,
this work serves to expand understanding of neuropros-
thetic appliances, and it may lead to improved treatments
for permanent facial paralysis and allow for clinically via-
ble approaches for managing other neurological deficits
and disorders.

MATERIALS AND METHODS
Electrode Array and Stimuli

The multichannel intraneural stimulating electrode arrays
(NeuroNexus Technologies, Ann Arbor, MI) have 16 iridium-
plated sites, 703-um? in area, arrayed at 100-um intervals span-
ning a distance of 1.5 mm along a single, 15-um-thick silicon-
substrate shank (Fig. 1). System 3 equipment from Tucker-
Davis Technologies (TDT; Alachua, FL) and custom software
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running in MatLab (The MathWorks, Natick, MA) were used
for stimulus presentation. Electrical stimulus pulses were gen-
erated by a 16-channel current source controlled by a 16-
channel digital-to-analog converter (TDT RX8). Stimuli were
single charge-balanced biphasic electrical pulses, initially
cathodic, 41 or 82 us per phase. The illustrated responses were
obtained with stimulus charge levels of 26 to 41 nC per phase.

Surgery

All procedures were performed with the approval of the
University of California at Irvine Institutional Animal Care and
Use Committee according to the National Institutes of Health
guidelines. We conducted acute, terminal experiments in three
barbiturate-anesthetized cats. Small incisions were made over
four facial muscles, including the orbicularis oris, orbicularis
oculi, nasalis, and levator auris longus, and each muscle was
exposed. Needle electromyographic (EMG) electrodes were
inserted into each muscle. An infraauricular incision was made,
and the trunk of the extratemporal facial nerve was identified as
it exits the temporal bone by the external auditory canal. The
dense epineurium was penetrated with a 30-gauge needle, and
the array was introduced into the facial nerve proximal to the
bifurcation into the dorsal and ventral rami® with the aid of a
micropositioner and with the goal of inserting all 16 stimulating
sites in neural tissue. The site and angle of insertion were not
programmed or pre-determined; positioning of the array was dic-
tated by the surgical anatomy and access to the nerve with the
micropositioner. The electrode array was advanced until resist-
ance was detected. Each of the intraneural sites was stimulated,
one at a time, and EMG voltage responses from the four selected
facial muscles were recorded by the nerve integrity monitoring
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Fig. 2. Graphic representation of successive stimulation of channels from superficial (electrode 9) to deep (electrode 6) electrodes, from left
to right on the x-axis, and the corresponding electromyographic voltage response of distinct muscles on the y-axis. Stimulation through the
most superficial channels failed to elicit any substantial neural activity, likely due to the channels being out of the nerve. On the left (cat 2,
position 1), the middle channels robustly stimulated the levator auris longus muscle, whereas the deeper channels activated the orbicularis
oculi, nasalis, and orbicularis oris (current level: 35 dB re 1 pAmp; phase duration: 41 us; pulse duration: 200 ps). At a different insertion
site on the right (cat 2, position 3), a unique pattern of stimulation was recorded (current level: 45dB re 1 pAmp; phase duration: 41 us;
pulse duration: 200 us).

system (NIM Response 2.0; Medtronic Inc., Minneapolis, MN). To superficial channels failed to elicit any substantial neural
vary the neural populations stimulated, the stimulating electrode activity, which was the consequence of the superficial elec-
array was removed and replaced into the nerve in varying trajec- trodes being out of the nerve. The middle channels of the

tories and angles along the course of the exposed facial nerve

: P e array most robustly stimulated the levator auris longus
trunk, and each electrode site was again stimulated.

muscle, while the deepest channels activated the remaining
three muscles to varying, stronger degrees. A similarly

RESULTS diverse pattern of maximal and minimal stimulation

Stimulation through individual electrodes activated responses was found in a subsequent insertion of the array
nerve populations selectively, often resulting in EMG activ- into the facial nerve in a different location and angle (Fig.
ity in individual muscles. Typically, selective activation of 2; cat 2, position 3). Supporting Video content 1 through 3
two or more distinct muscles was successfully achieved via show representative movement of the auricle, lateral face,
a single placement of the multichannel electrode array by and upper lip, albeit with different insertions of the array
selection of appropriate stimulation channels. Figure 2 (cat into the nerve. We also demonstrate in Figure 3 (cat 3, posi-
2, position 1) shows representative data of EMG voltages tions 1 and 2) that increasing stimulation current levels
from individual channel stimulation of the main trunk of resulted in increasing EMG voltage responses. Further-
the facial nerve. Stimulation through the most proximal/ more, we show that graded stimulation of one electrode
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Fig. 3. Graphic representation of escalating stimulation current levels of a single electrode on the x-axis, with correspondingly increasing
electromyographic voltage responses on the y-axis. Also demonstrated is the distinct voltage responses of different muscles to graded
stimulation of a superficial electrode (electrode 15) compared to a distant, deeper electrode (electrode 3; cat 3, position 1). At high levels of
muscular contraction, gross movement of the head of the cat will endanger the fragile stimulating array residing in the facial trunk, and
accordingly electrode 3 could only be stimulated up to 55 dB re 1 pAmp. On the right is a similar plot from stimulation of electrode 10 and
electrode 11 at a different array insertion site (cat 3, position 2).
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Fig. 4. Video still images of relaxed left facial muscles (A), prior to sustained facial contraction with three-second-long, high-level current
pulses delivered to a single electrode on the intraneural array (B). [Color figure can be viewed in the online issue, which is available at

www.laryngoscope.com.]

(electrode 3, 10, respectively) will elicit voltage responses of
different muscles to different extents when compared to
those from stimulation of a distant electrode (electrode 15,
11, respectively). Supporting Video content 4 demonstrates
fine contractions of the face with delivery of short but high
levels of current that activates several facial muscles,
whereas Supporting Video content 5 shows sustained facial
contraction with 3-second-long, high-level current delivery
to the nerve (also shown in Fig. 4).

DISCUSSION

In this descriptive study, we report the ability of an
intraneural multichannel electrode array to selectively
stimulate neural populations that innervate distinct
facial muscles. The concepts and technique used in this
study are analogous to recent work using the penetrat-
ing array in the auditory nerve, with stimulation sites
in intimate contact with nerve fibers. Studies in short-
term animal experiments showed that this intraneural
stimulation, compared to the conventional intrascalar
cochlear implant (CI) electrode array, offered more pre-
cise excitation of frequency-specific nerve populations,
access to the entire frequency range of hearing, greatly
reduced interference among channels, substantially
lower thresholds, and improved transmission of temporal
fine structure.5® All of these observations bode well for
potential clinical use of intraneural stimulation in other
cranial nerves, including the facial nerve. Although in
the current study, the majority of individual electrode
discharges often resulted in the stimulation of more
than one facial muscle, refinements in the electrode
material and surface area, and current characteristics
(among other variables) will likely improve the selectiv-
ity of stimulation. Furthermore, this is not a proposed
intervention with intent to regenerate the facial nerve
or optimize neuromuscular junction physiology. Rather,
we aim to stimulate restricted neural populations of the
facial nerve in an effort to elicit contractions of specific
facial muscles.

Currently, scientific and clinical efforts to restore
neuromuscular function are broadly grouped into one of
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three categories: 1) nerve regeneration, 2) reinnervation
and muscle transfer, and 3) bioelectric technologies.
Techniques to regenerate nerve tissue, including motor
and Schwann cells, have shown great promise with in
vitro experiments and have provided insight into poten-
tial methods to optimize neuromuscular communica-
tion.'%3 Although experiments in animals have also
been described, the translation to clinical use still awaits
the results of these animal studies.'* In contrast, nerve
reinnervation and muscle transfer is already a mature
and routine clinical intervention. In the setting of a com-
promised facial nerve, facial paralysis patients can
undergo a hypoglossal-facial nerve anastomosis, which
surgically connects the proximal end of the hypoglossal
motor nerve to the distal end of the facial nerve trunk.
This allows new axons extending from the hypoglossal
neuronal cell bodies in the brainstem to grow into the
facial nerve and provide the facial muscles with a tonic
level of stimulation.!®

Alternatively, free tissue microvascular transfer of
an isolated muscle, such as the gracilis, to the face, and
connecting its nerve to a motor nerve in the head and
neck area (e.g., masseter or hypoglossal nerve, or nerve
graft originating from the contralateral and functional
facial nerve), among other dynamic facial reanimation
surgeries, is routinely performed in a number of large vol-
ume facial nerve centers around the world. Although
such procedures often provide patients with a meaningful
smile, the surgeries are lengthy and at times multistaged,
involving multiple neurovascular microanastamoses and
requiring surgeons with highly specialized training and
familiarity with anatomy outside the head and neck.
Accordingly, access to these procedures can be limited by
patient health, distance to tertiary care centers, and cost.

Similarly, bioelectric and direct nerve—electrode inter-
face technology has already made its way into routine clini-
cal practice. Vagal nerve'® and deep brain stimulators'” are
frequently implanted into patients to effectively treat a
variety of common neurologic and psychiatric pathologies.
Chronic spinal cord stimulators are likewise in routine use
for patients with severe neuropathic pain recalcitrant to
conservative, noninvasive therapy.'® A surgically implanted
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device to electrically stimulate the hypoglossal nerve in
patients with severe obstructive sleep apnea has been
shown in clinical trials to effectively improve subjective
and objective measures of sleep apnea.'®?° Lower extremity
nerves have also been the target of direct electrical stimu-
lation to improve bladder, bowel, and sexual function in
both animal and human trials.?* Finally, the CI, arguably
the most successful present-day neural prosthesis, consis-
tently brings useful hearing and speech recognition to pro-
foundly deaf people. Our results suggest that these
successful bioelectric neuroprosthetic technologies could
also be applied to the facial nerve.

However, many issues with this approach to facial
reanimation remain to be addressed. Improving selectiv-
ity of desired muscle stimulation will require further
work on the materials, design, and dimensions of elec-
trodes and arrays. For instance, highly selective stimula-
tion of neural fibers innervating only the palpebral
portion of the orbicularis oculi could provide patients
with a natural-appearing, gentle blink and tremendous
functional and cosmetic benefit. Results from intraneu-
ral stimulation would have to be compared to those ele-
gantly reported by Frigerio et al., who examined
transcutaneous stimulation of one branch of the facial
nerve to elicit a blink.?? In addition, the ability of an
intraneural electrode array chronically implanted into
the facial nerve to steadily maintain function over a
period of months to years, and to provide the face with
muscular tone, remains to be demonstrated. Moreover,
the function of intraneural electrode arrays in the con-
text of validated animal models of facial injury and pare-
sis?® will need to be examined, including the study of
fully neurotmetic facial nerves that are reinnervated fol-
lowing surgical anastomosis to an adjacent motor nerve
(e.g., hypoglossal nerve). These studies and others are
currently being investigated at our institution.

Ultimately, we envision the creation of a Cl-like
programmable device with one (or more) multichannel
penetrating electrode arrays that can be surgically and
securely inserted into the mastoid segment of an injured
and poorly functioning facial nerve. Intraoperative elec-
tromyographic testing could confirm that all functionally
and cosmetically critical muscles of the face can be
adequately stimulated by the array. Postoperatively,
graded stimulation levels for individual facial muscles
could be evaluated. Notably, detection of patient-
initiated electrical neural or myogenic signals that sub-
sequently deliver messages to and activate a secondary
device has been an area of recent and considerable inter-
est, particularly in military research laboratories to
address the needs of veteran amputees and improve the
functionality of prosthetic limbs.?* We aim to combine
these advances with established CI technology to create
a wired or wireless system that provides for transcuta-
neous or intramuscular detection of individual muscle
contraction on the contralateral (normal/functional) side
and consequent, simultaneous, and effort-matched stim-
ulation of the same muscles on the paralyzed side. This
hypothetical system could reconcile the shortcomings of
current surgical interventions for facial paralysis by pro-
viding volitional and spontaneous function of a paretic
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face with a single, brief, technically simple, outpatient
surgery. However, we acknowledge that the potential
clinical applicability of this proposed approach to facial
rehabilitation is yet to be determined and may be
restricted to a select subset of facial palsy patients. Many
limitations, including the need to further refine the preci-
sion and selectivity of facial muscle activation and estab-
lish chronic implantation parameters, among others, must
be more fully addressed prior to contemplating the
advancement of this technology toward translational and
clinical applications.

CONCLUSION

We have established in the animal model the ability
of a penetrating electrode array to selectively stimulate
restricted fiber populations within the facial nerve and to
selectively elicit contractions in specific muscles and
regions of the face. Despite the coarse nature and limita-
tions of this study, as well as a need to refine our stimulat-
ing and recording systems, these descriptive results show
promise for the development of a facial nerve implant sys-
tem. If a Cl-like device with a multichannel penetrating
electrode implanted into the facial nerve could selectively
drive independent and current-graded contraction of facial
muscles, including the frontalis, orbicularis oculi, zygoma-
ticus major, orbicularis oris, and depressor anguli oris
muscles, among others, both therapeutic and cosmetic
goals could be accomplished in a single, short outpatient
surgery and without any incisions in the face.
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