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ABSTRACT 

Facial palsy is a devastating condition potentially amenable to rehabilitation by 

functional electrical stimulation. In the introduction, this thesis presents a general approach to the 

management of this disease state, its impact on patient quality of life, and limitations of current 

treatment modalities. In the body, this thesis characterizes new methods for high-throughput 

quantitative assessment of facial nerve structure and function in a rodent model. A novel 

paradigm for unilateral facial reanimation via an implantable neuroprosthetic device is then 

presented. The paradigm comprises use of healthy-side electromyography activity as control 

inputs to a system whose outputs are neural stimuli to effect symmetric facial displacements. The 

vexing issue of suppressing undesirable activity resulting from aberrant neural regeneration (i.e., 

synkinesis) or nerve transfer procedures is addressed using proximal neural blockade. The 

feasibility of this approach is demonstrated in a live rodent model via implantation of epimysial 

and nerve cuff electrode arrays. Stimuli were delivered to evoke blinks and whisks of various 

durations and amplitudes. The dynamic relation between electromyography signals and facial 

displacements were modelled, and model predictions compared against measured displacements. 

Optimal parameters to achieve facial nerve blockade by means of high-frequency alternating 

current were determined, and safety of continuous delivery assessed over the medium term. 

Electrode implantation was well tolerated. Blinks and whisks of tunable amplitudes and 

durations were evoked by controlled variation of neural stimuli parameters. Facial displacements 

predicted from electromyography input modelling matched those observed with a variance 

accounted for exceeding 96%. Effective and reversible facial nerve blockade in awake behaving 

animals was achieved, without detrimental effects noted from continual use over several weeks. 

The use of proximal neural blockade coupled with distal functional electrical stimulation for the 
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rehabilitation of other peripheral motor nerve deficits is discussed, together with potential 

pathways for clinical translation. 
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RÉSUMÉ 

La paralysie faciale est une condition dévastatrice potentiellement 

susceptible de rééducation par stimulation électrique fonctionnelle. En 

introduction, cette thèse présente une approche générale de la prise en charge de 

cet état pathologique, de son impact sur la qualité de vie des patients et des limites 

des modalités de traitement actuelles. Dans le corps, cette thèse caractérise de 

nouvelles méthodes d'évaluation à haut débit et quantitatives supérieures de la 

structure et de la fonction du nerf facial dans un modèle de rongeur. Un nouveau 

paradigme de réanimation faciale unilatérale via un dispositif neuroprothétique 

implantable est ensuite présenté. Le paradigme comprend l'utilisation de l'activité 

d'électromyographie du côté sain comme entrées de contrôle dans un système dont 

les sorties sont des stimuli neuronal pour effectuer des déplacements faciaux 

symétriques. Le problème épineux de la suppression de l'activité indésirable 

résultant de la régénération neurale aberrante (c'est à dire la syncinésie) ou des 

procédures de transfert de nerf est abordé en utilisant le blocage neural proximal. 

La faisabilité de cette approche est démontrée dans un modèle de rongeur vivant 

via l'implantation de réseaux d'électrodes épimysiales et nerveuses. Des stimuli ont 

été délivrés pour évoquer des clignements et des fouets de différentes durées et 

amplitudes. La relation dynamique entre les signaux d'électromyographie et les 

déplacements faciaux a été modélisée et les prédictions du modèle comparées aux 
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déplacements mesurés. Les paramètres optimaux pour obtenir un blocage du nerf 

facial au moyen d'un courant alternatif à haute fréquence ont été déterminés, et la 

sécurité de l'administration continue évaluée à moyen terme. L'implantation 

d'électrodes a été bien tolérée. Des clignements et des battements d'amplitudes et 

de durées réglables ont été évoqués par une variation contrôlée des paramètres des 

stimuli neuronaux. Les déplacements faciaux prédits à partir de la modélisation des 

entrées d'électromyographie correspondaient à ceux observés avec une variance 

expliquée dépassant 96%. Un blocage efficace et réversible du nerf facial chez des 

animaux éveillés a été obtenu, sans effet néfaste noté par une utilisation continue 

pendant plusieurs semaines. L'utilisation du blocage neural proximal couplé à une 

stimulation électrique fonctionnelle distale pour la réhabilitation d'autres déficits 

du nerf moteur périphérique est discutée, ainsi que des voies potentielles pour la 

traduction clinique. 

   



  

vii 

 

TABLE OF CONTENTS 

Acknowledgements ........................................................................................................................ ix 

Thesis Format................................................................................................................................. xi 

Original contributions to Knowledge............................................................................................ xii 

Contributions of Authors .............................................................................................................. xv 

List of Common Abbreviations .................................................................................................... xx 

List of Tables .............................................................................................................................. xxii 

List of Figures ............................................................................................................................ xxiii 

Chapter 1: Introduction ................................................................................................................. 1 

1.1 Rationale and Objective ................................................................................................... 1 

1.2 References ........................................................................................................................ 4 

Preface to Chapter 2 ........................................................................................................................ 8 

Chapter 2: A General Approach to Facial Palsy ........................................................................... 9 

2.1 Abstract .......................................................................................................................... 10 

2.2 Key points ...................................................................................................................... 10 

2.3 Introduction .................................................................................................................... 11 

2.4 History and Physical Examination ................................................................................. 11 

2.5 Therapeutic Management ............................................................................................... 14 

2.6 Clinical Outcomes .......................................................................................................... 24 

2.7 Summary ........................................................................................................................ 25 

2.8 References ...................................................................................................................... 26 

Preface to Chapter 3 ...................................................................................................................... 33 

Chapter 3: Neuroprosthetic Device Potential in Facial Palsy ..................................................... 34 

3.1 Abstract .......................................................................................................................... 35 

3.2 Introduction .................................................................................................................... 36 

3.3 Functional Electrical Stimulation ................................................................................... 38 

3.4 Functional Electrical Stimulation for Facial Palsy ......................................................... 41 



  

viii 

 

3.5 Control of Undesirable Neural Activity ......................................................................... 46 

3.6 Emerging Technologies.................................................................................................. 46 

3.7 Wireless Power ............................................................................................................... 47 

3.8 Future Directions ............................................................................................................ 48 

3.9 References ...................................................................................................................... 50 

Preface to Chapter 4 ...................................................................................................................... 65 

Chapter 4: The Bionic Face: A Novel Neuroprosthetic Device Paradigm for Facial Reanimation 
Comprising Neural Blockade and Functional Electrical Stimulation ........................................... 66 

4.1 Abstract .......................................................................................................................... 68 

4.2 Background .................................................................................................................... 69 

4.3 Methods .......................................................................................................................... 73 

4.4 Results ............................................................................................................................ 80 

4.5 Discussion ...................................................................................................................... 84 

4.6 Conclusions .................................................................................................................... 90 

4.7 References ...................................................................................................................... 91 

Preface to Chapter 5 .................................................................................................................... 103 

Chapter 5: High-Throughput Platform for Study of Rat Facial Nerve Structure and Function 104 

5.1 Abstract ........................................................................................................................ 105 

5.2 Background .................................................................................................................. 107 

5.3 Materials and Methods ................................................................................................. 111 

5.4 Results .......................................................................................................................... 122 

5.5 Discussion .................................................................................................................... 124 

5.6 Conclusion .................................................................................................................... 130 

5.7 References .................................................................................................................... 131 

Chapter 6: General discussion ................................................................................................... 144 

6.1 Discussion .................................................................................................................... 144 

6.2 Future Directions .......................................................................................................... 147 

6.3 References .................................................................................................................... 149 

Master Reference List ................................................................................................................. 158 



  

ix 

 

ACKNOWLEDGEMENTS 

The work described herein is the result of tremendous support at the individual, industry, 

departmental, institutional, and national levels in Canada and the Unites States. I owe a deep debt 

of gratitude to my primary advisor Professor Robert Kearney, for his guidance, support, and time 

over the past six years. This research would not have been possible without his expertise and 

passion for biomedical system identification. His teaching has provided me with a powerful 

analytical skillset in biomedical signals and systems analysis that I hope to employ to advance 

patient care in the field of cranial nerve rehabilitation. His mentorship style is one I hope to 

emulate with my future students. 

Another deep debt of gratitude is owed to Professor Tessa Hadlock, my co-supervisor on 

this dissertation. This research would not have been possible in the absence of her passion for 

advancing care of patients with facial palsy. Her systematic approach to management of this 

disease state, expertise with use of rodent model to study novel therapeutics, and writing talent 

were crucial to the realization of this work. Her teaching and research mentorship has provided 

me with crucial skills in the medical and surgical management of this disease state, use of animal 

research models, and grant writing. Her efficiency, drive, and resilience are inspirational. 

 I thank my Ph.D. committee members, Professors Sylvain Baillet, Sam Daniel, and 

Bernard Segal for their expertise and time over multiple meetings to provide critical feedback on 

this research. I thank Pina Sorrini for her tremendous administrative support. I wish to extend 

great thanks to Professor D. Bradley Welling, for his strong support and belief in our mission 

through his launching of the Surgical Photonics & Engineering Laboratory at Mass Eye and Ear. 

Within our laboratory, I wish to thank Chris Knox for his assistance with animal conditioning, 

surgical protocols, and data acquisition in the early portion of this work. I wish to thank Steven 



  

x 

 

Minderler for his assistance with computer-aided design of our animal implants, ordering of 

components, animal care, sample processing, and manual segmentation of histopathologic 

images for training of artificial intelligence algorithms. I wish to thank Dr. Iván Coto Hernández 

for his assistance with image acquisition and expertise in image processing. I wish to thank Nat 

Adamian and Frank Ma for their time and expertise in coding algorithms for automated tracking 

of rat facial landmarks. I thank Dr. Danny McDonnall of Ripple Neuro for his expertise and 

assistance with epimysial electrode array design and manufacture, and for support of our 

National Institutes of Health R-01 grant. I thank Dr. Martin Bak of MicroProbes for Life 

Sciences for his expertise and assistance with nerve cuff electrode design and manufacture. I 

thank my patients with facial paralysis for providing a source of inspiration to advance 

therapeutic management of this disease state. I am grateful for the love and support of my wife 

Jacqueline over this long journey. I thank my mother and late father for valuing academics, 

excellence, and grit. 

Research, travel, and salary funding was provided by a Detweiler Travelling Fellowship 

from the Royal College of Surgeons of Canada, the Fonds de la recherché en santé du Québec 

(FRSQ), a generous donation from the Berthiaume Family, and the National Institute of 

Neurological Disorders and Stroke of the U.S. NIH through an R-01 grant (5R01NS071067). 

  



  

xi 

 

THESIS FORMAT 

This is a manuscript-based thesis comprised of six chapters, four of which include the text of 

research papers. Two papers have already been published in peer-reviewed journals over the course 

of my Ph.D. studies at McGill University, while the other two papers are planned for submission. 

Chapter 1 presents an introduction to the anatomy, pathophysiology, and sequelae of facial nerve 

injury, and the rationale for novel therapeutic approaches to the management of this disease state. 

Chapter 2 is a review article published in Otolaryngologic Clinics of North America in 2018. This 

article presents a conceptual framework for classification and management of facial palsy, 

together with a brief summary of contemporary medical and surgical therapeutic approaches to 

the disease. Chapter 3 is a review article to be submitted to Current Opinion in Otolaryngology 

and Head & Neck Surgery. This article provides a brief summary of functional electrical 
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an original experimental manuscript published in Plastic & Reconstructive Surgery in 2019. This 

article demonstrates proof-of-principle of an NPD comprising FES paired with proximal 
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(2) I demonstrated that electromyography signals from implantable epimysial electrode 

 arrays could be employed to predict facial displacements in mammals (Figure 4-8). This 

 suggests the potential utility of epimysial EMG signals as control inputs for a FES 

 system for rehabilitation of unilateral facial paralysis. Though prior work had 

 demonstrated the utility of surface and needle EMG signals for prediction of facial 

 displacements, neither approach is suitable for use with an implanted neuroprosthetic 

 device (NPD). 

 

Therapeutic Potential of Electrical Neural Blockade in Facial Palsy 

(3) I demonstrated that proximal delivery of high-frequency alternating current (HFAC) via 

implanted nerve-cuff electrodes on the facial nerves of awake behaving mammals could 

inhibit physiologic neural activity without impacting distal neuromuscular excitability via 

targeted direct neural stimulation (Figure 4-9). This indicates a potential role for proximal 

neural blockade via HFAC combined with distal FES in the management of facial palsy. 
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Though prior work by others had established the efficacy and utility of HFAC use to 

suppress neural activity, use of proximal HFAC paired with distal FES for rehabilitation 

of unilateral facial palsy had heretofore not been described. 

(4) I demonstrated feasibility, efficacy, and lack of neural dysfunction following prolonged 

delivery of HFAC to mammalian facial nerve branches over the medium term (Figure 
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neuromuscular electrodes in a cost-effective fashion. 
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computer vision tracking of rodent facial displacements is not novel, this is the first 

approach employing deep neural networks for automated tracking of rat facial 

displacements from high-frame rate videography as a model for facial nerve regeneration. 
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Figure 3-2: Functional Electrical Stimulation (FES) paradigms and the neuroprosthetic device 
(NPD) components. FES paradigms comprise an input signal, a control algorithm and an output 
signal to effect a desired outcome. NPDs are the devices to effect a particular FES paradigm and 
consist of a sensor, processor and effector that acts upon target tissue to evoke the desired effect.
....................................................................................................................................................... 42 

Figure 3-3: Experimental biocompatible electrodes. (Top) Implantable nerve cuff electrode 
comprising a silicone sheath with platinum-iridium electrodes (Microprobes for Life Science). 
(Bottom) Implantable epimysial conductive polymer electrode array for capture of EMG signals 
(Ripple LLC, proprietary materials). ............................................................................................ 44 

Figure 4-1: Hemifacial palsy. A – Left-sided flaccid facial paralysis, with severe paralytic 
lagophthalmos, lack of smile, and mid-facial ptosis. B – Left-sided post-paralytic facial nerve 
syndrome, with severe ocular and mid-facial synkinesis and smile restriction. This condition is 
the result of aberrant regeneration of the facial nerve following high-grade insults that include 
severe Bell’s palsy, Lyme disease, Ramsay Hunt syndrome, and extirpation of cerebellopontine 
angle tumors .................................................................................................................................. 70 

Figure 4-2: Neuroprosthetic device for hemi-facial reanimation. Implanted epimysial electrode 
arrays record EMG signals of healthy side facial musculature, which serve as inputs to an open-
loop functional electrical stimulation control algorithm embedded into an application-specific 
integrated circuit (ASIC), that outputs concordant stimulatory signals to distal nerve branches via 
implanted nerve cuff electrodes on the diseased side. A constant high-frequency alternating 
current (HFAC) neural blockade signal is applied proximally on the affected side to prevent 
undesirable physiologic muscle activation. .................................................................................. 71 

Figure 4-3: Proposed mathematical models for control of a neuroprosthetic device for hemifacial 
reanimation. Top – An input EMG signal g(t) is modeled to an output displacement y(t) on the 
healthy-side of the face using a Hammerstein system. Middle – An input electrical neural 
stimulus u(t) is modeled to the output displacement y(t) using an NLN structure). Bottom – An 
input EMG signal from one side of the face is modeled to an output neural stimulus that 
reproduces the displacement on the contralateral side by coupling the ERS with the inverse of the 
SRS ............................................................................................................................................... 72 

Figure 4-4: Rat head fixation device (HFD) and electrode lead enclosure. A – Typical healthy 
interface of the titanium HFD and scalp. B – Top-hat enclosure secured to the HFD with nuts 
(inset: open enclosure demonstrating electrode leads and pin connector). ................................... 75 

Figure 4-5: Electrodes. Silicone-sheathed nerve cuff with platinum-iridium electrodes 
(MicroProbes for Life Science, Gaithersburg, MD) (above) and a two-channel highly flexible 
conductive polymer electrode array (Ripple Neuro, Salt Lake City, UT) (below).: .................... 76 

Figure 4-6: Electrode implantation. Right – NCEs are implanted on zygomatic and buccal 
branches of the FN. Left – EEAs are implanted underlying the orbicularis oculi and whisker pad 
musculature under general anesthesia. .......................................................................................... 77 
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Figure 4-7: Evoked responses. Evoked EMG response captured using EEAs and elicited blink 
and whisker response from various neural stimuli delivered using NCEs of the types proposed 
herein on a live rat model. (Left) Noise-free differential compound muscle action potentials 
(CMAP, bottom) underlying the whisker pad (electrode spacing of 5 mm, initial gain of 10, 
sampling rate 10 kHz, AC input-coupled at 10Hz, low-pass filtered at 400 Hz, total gain 1000, 
stimuli shown above). (Right) Eyelid response (top) to biphasic train stimuli at 1 Hz of constant 
amplitude and increasing duration demonstrates ability to evoke faster or slower blinks, while 
whisker response (bottom) at 2 Hz stimulus of constant duration and increasing amplitude 
demonstrates ability to evoke whisks of lesser or greater amplitude ............................................ 81 

Figure 4-8: Modelling EMG activity to whisker displacement. Top – An impulse response 
function (IRF) indicates a clear dynamic relationship between an EEA-captured EMG input 
(implanted underlying the whisker pad) and recorded whisker position. Bottom – The model 
demonstrated a variance accounted for (VAF) in excess of 96% (below). .................................. 82 

Figure 4-9: High-frequency alternating current (HFAC) neural blockade of whisker movement in 
an anaesthetized and awake rat. A – Three signals are delivered to the buccal branch of the FN 
(controls whisking): a proximal stimulation at 1 Hz, HFAC, and a distal stimulation at 1.5 Hz, 
with parameters as shown in (B). As is seen in (A), HFAC delivery results in a ~90% reduction 
in whisker amplitude while not affecting the ability to stimulate the nerve distally. B – 
Stimulation and blockade parameters and NCE positions are shown. C – Constant HFAC is 
delivered to the left buccal branch using an NCE from t=30s to t = 240s (above). Power spectra 
demonstrate near equal left and right-sided whisking power during the periods immediately 
before and after HFAC, with a dramatic drop on the left side seen with HFAC (below). ........... 83 

Figure 4-10: Prolonged high-frequency alternating current neural blockade delivery in the rat. 
Relative maximal whisk amplitudes between left-face (implanted with NCEs on nerve 
controlling whisking with 4 hours of daily continuous HFAC delivery - see inset) and right-face 
(normal-side) demonstrate normal or stronger whisker displacements on the side to which HFAC 
was delivered (green bar approximates normal range). ................................................................ 85 

Figure 4-11: Proposed paradigm for reanimation of spontaneity of trigeminal nerve-driven smile. 
An implanted epimysial electrode array captures contralateral healthy zygomaticus major EMG 
activity with leads tunneled subcutaneously to an implanted application-specific integrated 
circuit (ASIC). Output leads from the ASIC connect to a nerve cuff electrode on the nerve 
driving smile (e.g. the masseteric nerve, a branch of the trigeminal nerve). A proximal neural 
blockade signal is delivered to eliminate undesired prandial activation of the muscle, concurrent 
with distal functional electrical stimulation signals from the ASIC to reanimate symmetric 
spontaneous and volitional smile. ................................................................................................. 89 

Figure 5-1: Left facial palsy following skull base tumor resection. (A) On the affected side, smile 
is absent. (B) Blink is incomplete placing the ocular surface at risk of injury with subsequent 
vision loss.................................................................................................................................... 108 

Figure 5-2: Cross-facial nerve grafting. (A) A facelift incision and tetanic nerve stimulation is 
employed to identify ideal donor nerve branches on the healthy side of the face. (B) An 
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interposition nerve graft is then tunneled across the face using a fascia needle; in this case the 
graft is passed across the upper lip in a two-pass technique via a small mucosal incision. ....... 109 

Figure 5-3: Custom-designed cannulated murine head-restraint system. (A) Computed-aided 
design (CAD) rendering of cannulated skull implant. (B) CAD rendering of self-drilling 
miniature bone screws to secure implant to rat skull. (C) Photograph of custom-designed 
commercial muti-channel implantable electrode array comprising two biopolar nerve cuff 
electrodes suitable for use on rat facial nerve branches, and seven insulated bare wire leads for 
optional fiber electromyography recording. Electrode leads are micro-soldered to a commercial 
miniature circular male pin connector. (D) Photograph of miniature male pin connector within 
canulated port of skull implant with attached electrodes existing flush at the base of the implant, 
together with corresponding female pin connector leads (upper right of panel) for connection to 
EMG and neural stimulation hardware. ...................................................................................... 112 

Figure 5-4: Experimental platform for high-frame rate capture of facial displacements in the 
head-fixed ambulating rodent. A custom-designed commercial stainless-steel frame (A) 
conveyor belt (B), powered by a top-mounted DC brushless motor (C) is mounted to an optical 
breadboard (D). Adjacent to the conveyor, a z-height adjustable optical rail system (E) is 
mounted securely to a linear-glide rail with locking thumbscrew (not visible). Magnetically-
mounted clear side rails (F) maintain linear orientation of rats while ambulating on the track. A 
cannulated thumbscrew hub to receive the skull-implant is secured to an L-bracket (G) with 
attached circular magnetic base for rapid coupling of animals to the optical rail system (H) atop 
the track. Treadmill speed is readily adjustable via a turn-dial on the brushless DC motor driver 
(I). Once mounted on the track, the optical rail is slid forward to position the head of the animal 
inside the recording enclosure (J), wherein red-light illumination is employed for high-frame rate 
capture of facial displacements (see next Figure). Excrement is captured by a trap positioned 
below the edge of the track (K). .................................................................................................. 114 

Figure 5-5: High-speed videography of head-restrained amubulating rat. (A) Intraoperative 
photograph of custom-designed cannulated stainless-steel implant secured to the skull with six 
custom-designed miniature titanium bone screws. (B) Live rat shown on treadmill in head-
restraint with head positioned inside recording enclosure (side panel removed for visualization). 
A commercial high-frame rate camera is visible (cam) inside the enclosure. (C) A live-feed is 
displayed on a wall-mounted monitor for monitoring of animal during recordings. .................. 116 

Figure 5-6: Automated pose estimation and calculation of whisker and blink displacements from 
high-frame rate videography of the head-fixed rat. (A) A deep neural network was trained to 
localize 26 distinct points on the rat face using an open-source computer vision toolbox 
(DeepLabCut). (B) Point locations were employed for automated plotting of regression lines to 
the sagittal midline and C-1 whiskers (right, red line; left, blue line). Right (θR) and left (θL) 
whisking angles were defined relative to the coronal plane (green line), with protraction 
considered positive and retraction negative (yellow curved arrows). Right (PR) and left (PL) 
palpebral fissure width was calculated in pixel distance for lines spanning the average distance 
between upper and lower lid points (right - pink link, left – cyan line). .................................... 120 
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Figure 5-7: Right- and left-sided whisker and blink tracings in the uninjured and unilateral facial 
nerve-crush injured rat. Tracings were recorded four weeks after head-implant surgery and facial 
nerve crush. Tracings represent unfiltered raw-data obtained using the automated computer-
vision algorithm developed herein over a single 60 second, 500 frame-per-second recording 
length in each animal. Note sparse blink activity; only thee blinks are noted in the uninjured rat 
(arrows) during the recording session, while no blinks are noted in the injured rat. .................. 125 

Figure 5-8: Power spectra of whisking activity compared between sides in the uninjured and 
unilateral facial nerve-crush injured rat. The spectra correspond to the whisking displacement 
time series in the previous figure. In the uninjured rat, whisking power is similar between right 
and left sides, while a stark decrease in whisking power is noted on the damaged side of the 
facial-nerve crush injury rat. ....................................................................................................... 126 

Figure 5-9: Rapid histomorphometry of rat facial nerve. (A, C) The buccal branch of the facial 
nerve in an uninjured (A) and facial nerve crush injured (B) mouse stained with a myelin-
specific dye and visualized using fluorescent microscopy. (B, D) Automated segmentation of 
myelin rings with quantification of myelinated axons. ............................................................... 127 
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CHAPTER 1: INTRODUCTION 

1.1 Rationale and Objective 

Facial expression is an evolutionary trait that facilitates social interactions (1-5). Mimetic 

movements are governed by a complex network of motor regions in the cortex and subcortex, 

which project to the facial motor nucleus in the brainstem. Lower motor neurons of the facial 

motor nucleus project via the seventh cranial nerve to neuromuscular junctions of specific facial 

muscles to effect voluntary and spontaneous expression. The seventh cranial nerve (known as the 

facial nerve) comprises a dominant trunk, which courses through a bony canal in the temporal 

bone of the cranium, and its terminal divisions within soft tissues of the face. Facial nerve 

dysfunction presents as facial palsy. Lower motor neuron facial palsy may be present from birth 

owing to a disorder in development, or arise secondary to neoplastic, traumatic, vascular, 

infectious, inflammatory, idiopathic, or iatrogenic insult. When facial palsy is acquired, the 

inciting insult to the facial nerve typically induces acute flaccid paralysis. 

Seventh cranial nerve dysfunction results in functional loss beyond impairment in facial 

aesthetics and non-verbal communication. In the flaccid state, absence of frontalis muscle 

function results in ptosis of the brow that obscures vision. Loss of orbicularis oculi function 

results in the inability to blink, known as paralytic lagophthalmos. In the absence of treatment, 

paralytic lagophthalmos yields symptomatic eye irritation, which may progress to exposure 

keratitis, corneal scarring, and vision loss. Flaccidity of the nasalis muscle results in collapse of 

the external nasal valve and impaired nasal breathing. Loss of orbicularis oris muscle function 

yields oral incompetence and dysarthria. Smile is absent on the affected side. 
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Bell’s palsy is the most common presentation of acute facial palsy (6). This idiopathic 

mononeuropathy occurs with a lifetime incidence of one in sixty and an annual incidence of 15-

30 per 100,000 population (7, 8). Bell’s palsy is thought to result from neurotropic viral 

reactivation (9-11) or autoimmune reactions (12, 13). Unlike neurons of the central nervous 

system, lower motor neurons retain capacity for regeneration of their axonal processes. 

Depending on the severity of facial nerve injury and therapeutic intervention, functional recovery 

may be complete, absent, or disordered resulting in a movement disorder known as postparalytic 

facial palsy (14, 15). Disordered or aberrant regeneration of facial motor neuron axons occurs 

following high grade facial nerve insult, where anatomic continuity of the nerve is preserved but 

internal architecture damaged. The inciting insult to the facial nerve results in flaccid paralysis 

that may last for several months, followed by gradual return of facial tone and movement over a 

period of one to two years.  

Postparalytic facial palsy is a permanent end-state following recovery from high-grade 

facial nerve insult manifested by facial muscle hypertonicity and synkinesis. Facial synkinesis is 

the abnormal and involuntary activation of one or more facial muscles with voluntary or 

spontaneous expression. Postparalytic facial palsy presents with involuntary narrowing of the 

palpebral fissure with obstruction of visual fields, restriction of smile excursion, and facial 

muscle spasms yielding facial discomfort. Postparalytic facial palsy develops in up to 30% of 

patients following a single episode of Bell’s palsy (16), corresponding to an annual incidence of 

up to 1700 cases in Canada alone. The incidence of postparalytic facial palsy following acute 

Lyme disease-associated facial palsy is in excess of 50% (17-19). 

Health utility studies have demonstrated a majority of healthy individuals would favour 

monocular blindness over unilateral flaccid facial paralysis or severe postparalytic facial palsy 



  

3 

 

(20-22). Though manifold therapeutic options exist for management of flaccid facial paralysis 

and postparalytic facial palsy, clinical outcomes remain suboptimal (23). The objective of this 

thesis is to characterize and demonstrate the potential of a novel neuroprosthetic device approach 

to improve clinical outcomes in patients suffering from facial palsy. 
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PREFACE TO CHAPTER 2 

 As indicated in the introduction, facial palsy comprises a broad spectrum of disease 

states. The etiology of facial palsy ranges from benign and fully reversible neural insults, such as 

mild cases of Bell’s palsy, to those which are irreversible and life-threatening, such as 

malignancies of the parotid gland. Ultimate facial function following facial nerve insult may 

range from spontaneous and complete return of facial function to complete unilateral or bilateral 

paralysis. Accordingly, management of this disease is challenging. In this chapter, I present a 

conceptual framework for diagnostic and therapeutic management of facial palsy, together with a 

summary of current medical and surgical treatment options. Though not included herein, a 

comprehensive evidence-based review of contemporary facial palsy treatment strategies by 

Jowett and Hadlock is available in the published literature (23).  
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2.1 Abstract 

Management of facial palsy can be daunting. This article presents a conceptual framework for 

classification and therapeutic management of facial palsy.  

 

2.2 Key points 

 1) Facial palsy is devastating condition encompassing a spectrum of movement 

disorders ranging from flaccid paralysis to postparalytic facial hyperactivity  

2) Timing and selection of diagnostic and therapeutic interventions in facial palsy 

is critical 

3) Therapeutic management may comprise medical therapy, surgical 

decompression, physical therapy, injectables, and surgical reanimation procedures 
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2.3 Introduction 

Facial palsy (FP) is devastating condition with functional and esthetic sequelae resulting 

in profound quality-of-life (QOL) impairment (24, 25). When acquired, the inciting insult 

typically results in acute flaccid facial palsy (FFP). Depending on the degree of neural injury, 

ultimate outcomes range from persistent and complete FFP to full return of normal function. In 

between these extremes exist zonal permutations of hypo- and hyperactivity and synkinesis, 

often with symptomatic gustatory epiphora and facial discomfort, a condition known as 

postparalytic facial syndrome (14, 26) the result of aberrant regeneration of the facial nerve (27, 

28). For clarity, a summary of pertinent definitions is provided in Table 2-1. This article provides 

a diagnostic and therapeutic management approach to facial palsy. 

 

Table 2-1: Relevant definitions. 

Term Definition 
Facial palsy (FP) Term encompassing entire spectrum of facial movement disorders 

including flaccid facial palsy, facial paresis, and postparalytic facial palsy 
Flaccid facial palsy 
(FFP) 

Complete or near-complete absence of facial movement and tone, without 
synkinesis or hyperactivity 

Postparalytic facial 
palsy (PFP) 

Facial movement disorder occurring as a result of aberrant regeneration 
following facial nerve insult, comprising varying degrees of zonal 
synkinesis, hypo- and hyperactivity 

Facial synkinesis Involuntary and abnormal facial muscle activation accompanying 
volitional or spontaneous expression 

 

 

2.4 History and Physical Examination 

It is incumbent upon the treating clinician to establish a diagnosis for the underlying 

cause of the facial movement disorder. Common causes of acute facial palsy include Bell’s, 
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Ramsay-Hunt syndrome (varicella zoster virus), Lyme disease, otic infections and 

cholesteatomas, post-surgical insult (eg. following vestibular schwannoma extirpation), benign 

tumors (eg. facial nerve schwannomas or venous vascular malformations of the facial nerve), or 

malignant tumors (eg. parotid or hematogenous primaries or metastases from primaries from 

skin), congenital malformations, and trauma (29). Though rare, pontine infarcts or hemorrhages 

may present with isolated facial palsy (30). 

The time course of palsy onset, progression, resultant symptoms and their impact are 

documented. A thorough history is invaluable in establishing the diagnosis; the clinician may 

inquire as to the presence of otovestibular symptoms (hearing loss, hyperacusis, vertigo, 

imbalance, ottorhea, otalgia), other focal neurological deficits (eg. diplopia, facial anesthesia), 

constitutional symptoms (fever, chills, fatigue, malaise, sweats, weight loss), meningitic 

(headache, nuchal rigidity) and Lyme-specific symptoms (recent tick bite or exposure, erythema 

migrans rash, arthralgias, myalgias, low back pain), and inflammatory symptoms (eg. orofacial 

swelling or parotitis, uveitis) or known auto-immune conditions (eg. systemic lupus 

erythematosus, Sjogren’s). In the setting of acute idiopathic facial palsy, red flags suggesting a 

diagnosis other than Bell’s include bilateral paralysis, slow onset of facial weakness (weakness 

in Bell’s palsy fully evolves over 24-72 hours), asymmetric weakness across facial zones at 

onset, constitutional symptoms (fever, lethargy, malaise, myalgias), headache (other than retro-

auricular pain and otalgia, which occur frequently in Bell’s palsy), presence of other focal 

neurologic deficits (diplopia, hearing loss, vertigo), and absence of recovery of facial tone within 

four months of palsy onset. Facial symptoms vary according to the timing of presentation and 

degree of recovery. Flaccid facial palsy (FFP) results in paralytic lagophthalmos and ocular 

irritation, loss of facial symmetry at rest, collapse of the external nasal valve, and oral 
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incompetence. Postparalytic facial palsy (PFP) presents with facial synkinesis, muscle 

hyperactivity, contracture, and epihora. Platysmal synkinesis results in neck discomfort and 

facial fatigue. Periocular synkinesis results in a narrowed palpebral fissure width. Lack of 

meaningful smile occurs in severe cases. 

A thorough head and neck examination, including otoscopy and detailed cranial nerve 

examination is performed. Zonal assessment of facial function at rest and with movement is 

crucial (Figure 2-1). The brow position together with its effect on the periocular complex is 

noted. The degree of paralytic lagophthalmos, presence or absence of Bell’s phenomenon, width 

of the palpebral fissure, and position of the lower lid is noted; laxity is assessed using distraction 

and snap-back tests. The depth and orientation of the nasolabial fold (NLF), position of the oral 

commissure, and presence and degree of brow, ocular, midfacial, depressor, mentalis, and 

platysmal synkinesis are evaluated. Attention is paid to the contralateral hemi-face with regard to 

whether weakening of a given paired muscle group – such as the hemi-brow or depressor labii 

inferioris – is likely to result in improved symmetry. Photo- and videography to document 

appearance at rest and with seven volitional facial movements (brow elevation, light and full-

effort eye closure and smile, lip pucker, lower lip depression) on presentation and follow-up are 

essential. Spontaneous smile may be assessed by elicitation using humorous video clips (31). 

Investigations 

When the history and physical examination are consistent with Bell’s palsy, further 

investigation is not required except in Lyme endemic areas, where serology is always prudent 

(17, 32, 33). Imaging studies (such as a fine cut CT of the temporal bone without contrast, and/or 

gadolinium enhanced MRI of the temporal bones and parotid gland) are indicated to rule out 

benign or malignant tumors affecting the facial nerve and should be ordered in the setting of 
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abnormal otoscopy or tuning fork findings, palpable parotid or neck mass, slow- or asymmetric-

onset of facial palsy, slowly-progressive facial palsy, unilateral recurrent facial palsy, or recent 

facial palsy demonstrating absent recovery at four months. Blood work (CBC, ESR, CRP, RF, 

ANA, ANCA, APLA, ACE) is indicated in recurrent cases, or where autoimmune conditions are 

suspected. Electro-neuronography (ENoG) is indicated between three and 14 days of symptom 

onset in patients who present with delayed traumatic or idiopathic FFP who demonstrate 

complete absence of hemi-facial movement on examination.  

2.5 Therapeutic Management 

Given the breadth of therapeutic options, management of facial palsy can be daunting. It 

is useful to classify patients with facial palsy into one of five management domains, based on 

timing of presentation, and status of the facial nerve and facial musculature (Figure 2-2); acute 

FFP, FFP with potential for spontaneous recovery, FFP with viable facial musculature with low 

potential for spontaneous recovery, FFP without viable facial musculature, and postparalytic 

facial palsy. Therapeutic intervention may include pharmaceutical agents, corneal protective 

measures, physical therapy, chemo-denervation agents, fillers, and a myriad of surgical 

procedures. Organization of potential interventions by type and side of facial palsy, and by facial 

zone is valuable for developing a therapeutic plan (Table 2-2and Figure 2-3). 

I - Acute Flaccid Facial Palsy (Intact Facial Nerve) 

This domain encompasses the first 72 hours to two weeks following onset of acute facial 

nerve injury. The role of the clinician is to establish a diagnosis, initiate appropriate medical 

therapy (such as immunosuppressant, antiviral, or antibiotic), manage exposure keratopathy risk, 

and determine candidacy for acute surgical intervention. In the setting of Bell’s palsy,  
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Figure 2-1: A
cute flaccid facial palsy (top) and subsequent postparalytic facial palsy (bottom

) in R
am

say-H
unt Syndrom

e 
(varicella-zoster viral facial palsy). C

om
plete flaccid paralysis on the affected side (*) is dem

onstrated at rest (A
), and w

ith 
brow

 elevation (B), gentle eye closure (C
), full-effort eye closure (D

), gentle sm
ile (E), full-effort sm

ile (F), lip pucker (G
), and 

low
er lip depression (H

). The patient lacks Bell’s Phenom
enon (C

, D
). A

t one year follow
ing sym

ptom
 onset, the affected brow

 
rem

ains depressed, w
hile hyperactivity has developed in the orbicularis oculi, m

entalis and platysm
a m

uscles at rest (I). 
V

olitional brow
 elevation rem

ains im
paired (J), w

hile m
arked brow

 synkinesis is present w
ith eye closure (K

, L). A
s is usual in 

PFP, eye closure is adequate (K
, L). Sm

ile sym
m

etry is im
proved w

ith light effort (M
); com

m
issure restriction is noted w

ith 
full-effort sm

ile. N
ear norm

al return to function of the orbicularis oris m
uscle is noted (O

). Lip depressor function rem
ains 

w
eak on the affected side (P). Periocular, m

entalis, and platysm
al synkinesis is w

orsened by sm
ile, pucker, and lip depression 

(N
-P). 
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administration of high-dose corticosteroids within 72 hours of symptom onset shortens recovery 

time (34). Combined use of antivirals and corticosteroids in Bell’s may be of additional clinical 

benefit, especially for those with severe to complete paralysis (35, 36), and good evidence 

supports combination therapy in VZV (37). Delayed onset or incomplete FP following trauma or 

iatrogenic insult warrants corticosteroids and observation. Iatrogenic injury resulting in 

immediate and complete paralysis of one or more FN branches warrants urgent surgical 

exploration. Patients with complete idiopathic or post-traumatic paralysis with an ENoG 

response demonstrating >90% degeneration and absent voluntary motor units on 

electromyography (EMG) are referred to neurotology for consideration of surgical 

decompression within 14 days of symptom onset (35, 38 55). Lyme disease-associated FP is 

treated with a prolonged course of oral doxycycline or intravenous ceftriaxone (39). Though 

commonly prescribed, the role of adjuvant corticosteroid therapy in Lyme is unclear (17, 19, 40). 

Otitis media-associated FP is treated with wide myringotomy with or without mastoidectomy, 

corticosteroids, topical and parenteral antibiotics (41). Eye lubrication with nighttime taping of 

the eye closed is typically indicated to prevent exposure keratopathy. Physical therapy (PT) for 

education and instruction on upper eyelid stretching to aid passive closure may be of benefit. 

Correction of paralytic lagophthalmos may be achieved by temporary tarsorrhaphy or upper 

eyelid weighting; indications include poor prognosis for rapid recovery, inability to work due to 

ocular symptoms, inadequate Bell’s phenomenon, and absent recovery at 4 months (42). 
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Figure 2-2: Facial palsy m
anagem

ent dom
ains. Patients m

ay be categorized according to tim
ing of presentation from

 
palsy onset, and status of the facial nerve and facial m

usculature. This conceptual fram
ew

ork is helpful in selecting 
appropriate therapeutic interventions. M

edical therapy is often indicated in acute flaccid facial palsy (FFP). C
lose 

observation is indicated for a period of several m
onths in FFP w

here there exists potential for spontaneous recovery (for 
exam

ple, follow
ing extirpation of a vestibular schw

annom
a w

ith facial nerve preservation). W
here the facial nerve is 

discontinuous, nerve repair or transfers (such as hypoglossal-to-facial and/or nerve-to-m
asseter to branches controlling 

sm
ile) are im

m
ediately indicated; such transfers are also indicated in the case of persistent FFP follow

ing 6-12 m
onths 

of observation as native facial m
usculature rem

ains viable (i.e., receptive to reinnervation) for a period of approxim
ately 

tw
o years. W

here facial m
usculature is no longer viable (i.e., absent or unreceptive to reinnervation), m

uscle transfers 
are indicated for sm

ile reanim
ation. Patients w

ith postparalytic facial palsy (com
prising synkinesis and varying degrees 

of zonal hypo- and hyperactivty) are typically m
anaged w

ith physical therapy and chem
odenervation; surgical 

reanim
ation is appropriate in severe cases. 
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 Physical 
therapy 

M
edical 

m
anagem

ent 

Setting 

Table 2-2 Therapeutic options in flaccid facial palsy (FFP) and postparalytic facial palsy (PFP). 

 Patient education 
 Eyelid stretching 

 C
orticosteroids - 

idiopathic (B
ell’s), 

varicella zoster 
(V

ZV
/R

am
say-H

unt), 
acute otitis associated, 
delayed traum

atic, 
delayed iatrogenic 

 A
ntivirals - V

ZV
, 

consider for idiopathic 
 A

ntibiotics (targeted) - 
indicated for Lym

e 
disease or acute otitis 

 Eye protection is alw
ays 

indicated 
-D

aytim
e lubricating eye 

drops 
 -N

ighttim
e lubricating 

ointm
ent, eyelid taping 

A
cute FFP (intact facial 

nerve) 

 Patient education 
 Eyelid stretching 

 C
orneal protection 

is alw
ays indicated 

-D
aytim

e lubricating 
eye drops 
 -N

ighttim
e 

lubricating 
ointm

ent, eyelid 
taping  

FFP w
ith potential 

for recovery 

 Patient education 
 Eyelid stretching 
 Targeted 

physical therapy 
follow

ing 
dynam

ic 
reanim

ation 

 C
orneal 

protection is 
alw

ays indicated 
-D

aytim
e 

lubricating eye 
drops 
 -N

ighttim
e 

lubricating 
ointm

ent, eyelid 
taping  

FFP w
ith viable 

m
usculature and 

low
 potential for 

recovery 

 Patient education 
 Eyelid stretching 

 C
orneal 

protection is 
alw

ays indicated 
-D

aytim
e 

lubricating eye 
drops 
 -N

ighttim
e 

lubricating 
ointm

ent, eyelid 
taping  

FFP w
ithout 

viable facial 
m

usculature 

 Patient education 
 Eyelid stretching 
 B

iofeedback 
 N

eurom
uscular 

retraining 
 Targeted physical 

therapy follow
ing 

dynam
ic reanim

ation 

 C
orneal protection if 

blink inadequate (rare) 
-D

aytim
e lubricating eye 

drops 
 -N

ighttim
e lubricating 

ointm
ent, eyelid taping 

PFP 
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Injections 

M
edical 

m
anagem

ent 

Setting 

  N
one indicated 

 C
orticosteroids - idiopathic 

(B
ell’s), varicella zoster 

(V
ZV

/R
am

say-H
unt), acute 

otitis associated, delayed 
traum

atic, delayed iatrogenic 
 A

ntivirals - V
ZV

, consider for 
idiopathic 

 A
ntibiotics (targeted) - 

indicated for Lym
e disease or 

acute otitis 
 Eye protection is alw

ays 
indicated 

-D
aytim

e lubricating eye drops 
-N

ighttim
e lubricating ointm

ent, 
eyelid taping 

 A
cute FFP (intact facial 

nerve) 

 B
otulinum

 
toxin 

-C
ontralateral 

brow
 

 -C
ontralatera

l depressor 
labii 
inferioris 
(D

LI) 

 C
orneal 

protection is 
alw

ays 
indicated 

-D
aytim

e 
lubricating 
eye drops 

-N
ighttim

e 
lubricating 
ointm

ent, 
eyelid taping  

 FFP w
ith 

potential 
for 
recovery 

 B
otulinum

 toxin 
-C

ontralateral brow
 

-C
ontralateral D

LI 
 V

olum
izing fillers 

-C
ontralateral N

LF  
 -Ipsilateral lips 

 C
orneal protection 

is alw
ays indicated 

-D
aytim

e lubricating 
eye drops 

-N
ighttim

e lubricating 
ointm

ent, eyelid taping  

 FFP w
ith viable 

m
usculature and 

low
 potential for 

recovery 

 B
otulinum

 
toxin 

-C
ontralateral 

brow
 

-C
ontralateral 

D
LI 

 V
olum

izing 
fillers 

-C
ontralateral 

N
LF 

 -Ipsilateral 
lips 

 C
orneal 

protection is 
alw

ays 
indicated 

-D
aytim

e 
lubricating eye 
drops 

-N
ighttim

e 
lubricating 
ointm

ent, eyelid 
taping  

 FFP w
ithout 

viable facial 
m

usculature 

 B
otulinum

 toxin 
-C

ontra- or bilateral brow
 

-Ipsilateral orbicularis 
oculi 
-C

ontralateral D
LI 

-Ipsilateral D
A

O
 

-Ipsilateral m
entalis 

-Ipsilateral platysm
a 

 V
olum

izing fillers 
-Ipsi- or contralateral N

LF 
 -Ipsilateral lips 

 C
orneal protection if 

blink inadequate (rare) 
-D

aytim
e lubricating eye 

drops 
-N

ighttim
e lubricating 

ointm
ent, eyelid taping 

 PFP 



  

20 

 

Surgical 
m

anagem
ent 

Setting 

A
djunctive 

 Facial nerve 
decom

pression - 
indicated for idiopathic 
and post-traum

atic 
com

plete FFP w
ith 

EN
oG

 response <90%
 

and absent voluntary 
m

otor units on EM
G

 
betw

een 3 and 14 days 
of sym

ptom
 onset 

 W
ide m

yringotom
y +/- 

tube placem
ent +/- 

m
astoidectom

y – 
indicated for acute 
otitis 

Static reanim
ation 

 Eyelid w
eight 

(reversible if recovery 
ensues) 

A
cute FFP (intact facial 

nerve) 

Static 
reanim

ation 
 Eyelid w

eight 
 C

onsider 
low

er lid 
tightening in 
elderly 
patients 

FFP w
ith 

potential for 
recovery 

Static reanim
ation 

 B
row

 ptosis correction 
 Eyelid w

eight 
 Low

er lid tightening 
 External nasal valve 

correction 
 N

asolabial fold 
suspension 

 O
ral com

m
issure 

suspension 
D

ynam
ic reanim

ation 
 D

irect end-to-end 
repair or interposition 
grafting (for facial 
nerve 
transections/resections
) 

 X
II-V

II for facial tone  
 C

ross-facial nerve 
grafting or V

-V
II for 

targeted reanim
ation 

of expression (blink, 
sm

ile)  

FFP w
ith viable 

m
usculature and low

 
potential for recovery 

Static reanim
ation 

 B
row

 ptosis 
correction 

 Eyelid w
eighting 

and low
er lid 

tightening 
 Static facial sling: 

external nasal valve, 
N

LF, oral 
com

m
issure 

 R
hytidectom

y 
 C

ontralateral D
LI 

resection 
D

ynam
ic 

reanim
ation 

 Sm
ile reanim

ation 
 -Tem

poralis or free 
m

uscle transfer 

FFP w
ithout viable 

facial m
usculature 

Static reanim
ation 

•B
row

 ptosis correction 
•H

ighly-selective 
neurectom

y 
•Ipsilateral 
rhytidectom

y 
•C

ontralateral D
L

I 
resection 
•Ipsilateral D

A
O

 
resection 
•Platysm

ectom
y 

D
ynam

ic reanim
ation 

•Sm
ile reanim

ation 
-T

em
poralis transfer or 

free m
uscle transfer 

PFP 
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Figure 2-3: Therapeutic options in flaccid and postparalytic facial palsy, by facial zone and side. A
 plethora of targeted 

therapeutic interventions m
ay be em

ployed to restore balance and sym
m

etry in hem
i-facial palsy (N

LF: nasolabial fold, D
LI: 

depressor labii inferioris). 
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II - Flaccid Facial Palsy with Potential for Spontaneous Recovery 

Where nerve continuity is believed intact in the setting of FFP – for example, following 

resection of a vestibular schwannoma (VS) where FN stimulation was noted prior to closure – a 

potential for spontaneous recovery exists, whereby return of facial tone and movement is 

expected within 6-12 months. Patients may benefit from physical therapy, corneal protective 

measures, static periocular reanimation, and temporary chemodenervation of the healthy-side 

depressor labii inferioris muscle to improve oral competence and articulation during this period. 

Close follow-up (every 3 months) is warranted to ensure recovery of function.  

III - Flaccid Facial Palsy with Viable Facial Musculature and Low Potential for Spontaneous 

Recovery  

Herein there exists discontinuity of the facial nerve or absent recovery of facial function 

noted within six to twelve months of facial palsy onset. Native facial musculature is intact and 

likely receptive to reinnervation. Common clinical scenarios involve patients presenting with 

dense FFP resulting from temporal bone tumors (such as facial nerve schwannomas, venous 

vascular malformations, or cholesteatomas), cerebellopontine angle tumor extirpations, or 

pontine hemorrhage. Though no definitive criteria exist, evidence from case-series suggests that 

facial musculature remains receptive to reinnervation for periods up to 24 months following 

denervation in adults (43-46), and for possibly longer periods in children. Within this timeframe, 

nerve repair and transfers are indicated. Interposition graft repair should be contemplated in the 

setting of neural discontinuity; split-hypoglossal nerve transfer to the main trunk of the facial 

nerve is an alternative option where interposition graft repair is unfeasible or where no recovery 

is noted within 12 months. The goal of main trunk repairs and transfers is to restore facial tone 

and some form of blink; meaningful reanimation of expression is rarely achieved. Volitional 
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expressions may be restored through targeted nerve transfers during this period, such as transfer 

of the masseteric nerve to lower zygomatic branches of the facial nerve for smile reanimation, or 

cross-face nerve grafting to upper zygomatic branches for blink restoration. Targeted nerve 

transfers should be considered in patients demonstrating minimal to no facial function (i.e, 

House-Brackmann Grade (47) V or VI) seven months following vestibular schwannoma 

resection, as the probability of ultimate recovery of meaningful expression in this scenario is less 

than ten percent (48). Static periocular reanimation (such as upper lid weighting and lateral tarsal 

strip procedure) is offered early in the course of palsy onset where recovery is likely to take 

several months.  

IV - Flaccid Facial Palsy without Viable Facial Musculature 

Where native facial musculature is absent (eg. following resection or congenital absence) 

or unlikely to be receptive to reinnervation (eg. long denervation period or marked distal 

perineural spread of a malignancy), nerve repair or transfers are no longer indicated. In addition 

to physical therapy and targeted chemodenervation of healthy side lip depression and brow 

elevation, surgical interventions include static facial suspensions, static periocular reanimation, 

and muscle transfers. Targeted suspensions of the brow, lower eyelid and mid-face, nasal valve, 

nasolabial fold, and oral commissure may be achieved using sutures, fascia lata, bioabsorbable or 

permanent implants. Tightening of the lower lid may be achieved by the lateral tarsal strip (LTS) 

procedure (49), with or without medical canthal tendon plication. Dynamic smile reanimation 

may be achieved through antidromic (50) or orthodromic (51) temporalis muscle transfer, or free 

muscle transfer (52, 53) with motor innervation provided through cranial nerve transfer. Options 

for dynamic reanimation of the lower lip include anterior digastric muscle transfer (54) or inlay 

of a T-shaped fascia graft (55). 
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V- Postparalytic Facial Palsy 

Postparalytic facial palsy (PFP) develops six to eighteen months following severe facial 

nerve insult with spontaneous, yet aberrant, regeneration or following main trunk nerve grafting. 

Once present, it is permanent. Lagophthalmos is rare. PT is first-line treatment; a comprehensive 

program includes patient education, soft tissue mobilization, mirror and EMG biofeedback, and 

neuromuscular retraining (56). Blunting of hyperactivity through filler injection and weakening 

of hyperactive muscles through targeted chemodenervation, neurectomy, or resection in 

advanced disease is indicated in conjunction with PT. For many patients, targeted 

chemodenervation of diseased side orbicularis oculi, mentalis, and platysma offers significant 

improvements. Weakening of the diseased side depressor anguli oris muscle through 

chemodeneravation or resection can result in dramatic improvement in smile dynamics in select 

cases (57, 58). In cases with severe restriction of oral commissure excursion, regional (eg. 

temporalis) or free (eg. gracilis) muscle transfer may be considered for dynamic smile 

reanimation. Targeted nerve transfers – such as masseteric nerve transfer to diseased-side 

zygomatic branches for smile reanimation – are largely ineffective in the setting of PFP. 

2.6 Clinical Outcomes 

Systematic tracking of therapeutic outcomes is a prerequisite to clinical excellence. 

Outcomes tracking in facial palsy may entail patient-reported quality-of-life measures, clinician-

assessed grading of facial function, and objective measurement of facial displacements. QOL 

impact may be assessed using generalized patient-graded scales such as the SF-36 (59). The 

Facial Disability Index (FDI),(60) the Facial Clinimetric Evaluation (FaCE) (24), and the 

Synkinesis Assessment Questionnaire (SAQ) (61) are patient-graded scales specifically designed 

and validated for use in facial palsy to concurrently assess symptom severity and impact on 
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QOL. Though global five- or six-point facial function scales exist including the House-

Brackmann (47, 62), Fisch (63), and others (64, 65), such scales lack the resolution necessary to 

capture meaningful changes in zonal function over time. The Yanagihara scale (66) provides 

Likert-scale resolution of zonal appearance with movement but not at rest, and lacks separate 

grading of synkinesis. The Sunnybrook Facial Grading System (FGS) (67, 68) provides weighted 

scores of zonal symmetry at rest and with motion in addition to synkinesis. A recently validated 

electronic facial paralysis assessment tool (eFACE) provides even higher resolution zonal data 

through use of continuous visual analogue scales to assess five static, seven dynamic, and four 

synkinetic zonal parameters (69, 70). A computer vision-based facial landmark recognition 

algorithm has recently been employed within a novel freeware application (Emotrics, 

Massachusetts Eye and Ear) for objective measurement of various facial displacements (eg. 

smile excursion) from clinical photographs (71). 

2.7 Summary 

Management of facial palsy necessitates establishing a diagnosis and formulating a 

therapeutic plan according to the timing of presentation in flaccid cases, and the specific pattern 

of facial dysfunction in patients presenting with aberrant neural regeneration. Therapeutic 

interventions include physical therapy, injectables, and a plethora of surgical reanimation 

procedures to restore meaningful expression, facial balance and symmetry. 
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PREFACE TO CHAPTER 3 

 In the previous chapter, a general approach to diagnostic and therapeutic management of 

flaccid and postparalytic facial palsy was presented. This primer may prove useful for clinicians 

unfamiliar with management of this complex and devastating disease state. Though manifold 

medical and surgical options are available for treatment of facial palsy as outlined in Chapter 2, 

existing strategies fail to adequately restore facial function. These disease states are characterized 

by poor or absent control of facial movement. Heretofore, the most significant barrier to more 

effective facial reanimation strategies has been a lack of effective control mechanisms for 

denervated or aberrantly re-innervated facial muscles. In Chapter 3, we summarize evidence 

suggesting facial palsy is amenable to rehabilitation by functional electrical stimulation (FES) in 

similar fashion to other neuromuscular disease states.  
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3.1 Abstract 

Despite the success of neuroprosthetic devices for hearing loss, foot drop, and obstructive 

sleep apnea, there exists no FDA approved device for management of facial palsy. In addition to 

financial challenges associated with development of medical devices for rare diseases, prior 

technological and methodological limitations have impeded progress in the field. The goal of this 

review is to summarize recent advances in neuroprosthetic device development and their 

potential role in rehabilitation of facial palsy. 

Recent advances in microfabrication techniques with flexible electronics and the 

evolution of nerve cuff electrodes have led to reduced local tissue inflammatory reactions and 

improved stability at the neural-electrode interface. Functional optogenetic stimulation carries 

potential as an alternative to electrical stimulation with potentially improved spatial selectivity 

and avoidance of long-term sequelae of chronic deposition of electrical charge. Neural blockade 

provides a means to control undesirable facial movements resulting from nerve transfer 

procedures or aberrant regeneration of the facial nerve. Miniaturization of powerful application-

specific integrated circuits combined with advances in wireless charging technology render 

possible the development of a fully implantable neuroprosthetic device for facial palsy. 

Miniaturization of neural-electrode designs, application-specific integrated circuits, and wireless 

charging technology combined with novel approaches to management of undesirable facial 

activity herald the potential emergence of a neuroprosthetic device for facial palsy. 

  



  

36 

 

3.2 Introduction 

High-grade insult to the facial nerve yields facial paralysis. Facial palsy is a devastating 

clinical condition resulting in functional, aesthetic, and communication deficits, including 

inability to raise the brow, blink, or smile. The condition may yield vision loss, speech and 

articulation difficulties, nasal obstruction, oral incompetence, drooling, and impaired nonverbal 

communication with profound impact on quality-of-life (20). Acute facial nerve transection may 

be treated with tensionless direct repair or interpositional nerve grafting. When repair of the main 

trunk is not feasible, nerve substitution techniques are indicated. Though cross face nerve 

grafting (CFNG) carries potential for reanimation of spontaneous expressions such as smile and 

blink, the procedure often fails to restore adequate movement. Masseteric nerve (NTM) transfer 

to select zygomatic branches of the facial nerve has emerged as a reliable technique for targeted 

smile reanimation, but lacks spontaneity and resting tone (72-76). Though hypoglossal nerve 

transfer to the main trunk of the facial nerve can restore adequate resting tone to the acutely 

paralyzed face, it does not restore symmetric expression (77, 78).  

In long-standing facial palsy, facial musculature is unreceptive to motor neurotization. 

Functional muscle transfer is required for reanimation in this setting. Transferred muscle requires 

a donor nerve source of motor axons, for which trigeminal motor branches are often employed 

for smile vector reanimation (52). Disadvantages of trigeminally-driven smile include lack of 

spontaneity, lack of midfacial tone, and undesirable facial movements with prandial activity (79). 

Though normal facial expression and function necessitates activity of eleven paired muscles, 

dynamic facial reanimation is principally limited to the single vector of the zygomaticus major 

muscle to re-establish smile. No solution for multi-vector facial reanimation in long-standing 

facial palsy currently exists.  
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Where axons of the facial nerve are severely injured and the nerve sheath remains 

continuous, gradual recovery of facial tone and movement through axonal regeneration may 

occur. Postparalytic facial palsy occurs following aberrant recovery from high-grade facial nerve 

insult, and comprises varying degrees of zonal hypo- and hyper-activity and involuntary facial 

movements known as synkinesis (80, 81). The underlying pathophysiology is believed to 

comprise aberrant axonal sprouting and ephaptic conduction secondary to intraneural scarring 

and abnormal inter-neural connections (26, 82). In addition to physical therapy, postparalytic 

facial palsy may be managed via targeted weakening of specific hyperactive facial muscles via 

chemodenervation, neurectomy or myectomy to improve facial balance and symmetry. In severe 

cases, hypertonicity and co-contraction of modiolus levators and depressors can lead to 

restriction of oral commissure movements and lack of a meaningful smile. In these cases, 

functional muscle transfer for smile reanimation may be indicated. 

The ultimate goal in the management of facial palsy is restoration of spontaneous, multi-

vector spontaneous expression in flaccid and postparalytic states. Heretofore, the most 

significant barrier to more effective facial reanimation strategies in both flaccid and postparalytic 

facial palsy settings has been a lack of effective control mechanisms for denervated or aberrantly 

re-innervated facial muscles. Technological advances in signal processing techniques, 

implantable neural and muscular electrodes, and implantable microcontrollers, have led to 

remarkable breakthroughs in the design of neuroprosthetic devices (NPDs) for control of 

prosthetic limbs and ambulation in the setting of central nervous system disorders, for restoration 

of hearing and vision, and for treatment of obstructive sleep apnea and several neurological 

disorders (83-97). Herein we summarize recent advances in NPD development and the potential 

role of an NPD in the rehabilitation of facial palsy. 
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3.3 Functional Electrical Stimulation 

The term functional electrical stimulation (FES) originated with Moe and Post in 1962 to 

describe electrical stimulation of denervated muscle to produce a functional muscular contraction 

in hemiplegic patients (98). Contemporary usage of the term FES may also comprise 

rehabilitation of sensory deficits. FES paradigms are implemented via NPDs. These devices 

deliver electrical current to excitable tissue to supplement or replace lost function in 

neurologically impaired individuals (Table 3-1) (99). Zoll’s investigations of electrical 

stimulation to overcome cardiac asystole in two patients in 1952 led to the development of the 

modern cardiac pacemaker, the first implantable neuromodulatory device(100). In 1968, 

Brindley and Lewin reported that electrical stimulation delivered via electrodes implanted into 

the visual cortex of a blind patient elicited sensations of light flashes (101). The first 

neuroprosthetic device for FES of a peripheral motor deficit comprised rehabilitation of footdrop 

in hemiplegic patients as described by Liberson in 1961 (102). Other investigations into motor 

FES applications have focused on phrenic nerve stimulation for high level spinal cord injury 

patients (103) and for antagonist muscle activation for management of spasticity (104).  

Table 3-1: Definitions of pertinent terms 

Bioelectricity Ability of biological tissues to propagate an electrical 
signal when stimulated 

Functional electrical stimulation 
(FES) 

Application of electrical current to excitable tissue to 
supplement or replace function that is lost in 
neurologically impaired individuals (sensory or motor)  

Neuroprosthetic device (NPD) A device to effect FES 
Prosthetic Artificial device that replaces a missing body part 
Bionic Replacement or enhancement of organs or body parts 

through electromechanical technology 
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The cochlear implant represents the prime example of an NPD in the field of otolaryngology. 

In 1950, Swedish neurosurgeon Lundberg stimulated a patient’s auditory nerve with a sinusoidal 

current during a neurosurgical procedure and the patient perceived noise (105). French 

electrophysiologist Djourno and otolaryngologist Eyriès were the first to implant an electrode 

onto the auditory nerve during a facial nerve grafting procedure in a patient with a previous 

temporal bone resection for cholesteatoma (106, 107). Dr. William House, an American 

otologist, worked with electrical engineer Jack Urban and neurosurgeon Dr. John Doyle to 

develop and implant the first cochlear implant into the scala tympani partition of the human 

cochlea in 1961 (108). House and his colleagues faced skepticism from their contemporaries, as 

it was believed that simple electrical stimulation of the inner ear would be insufficient to restore 

speech comprehension and that implantation of such devices posed serious infection and wound 

healing risks (106, 107). The serendipitous development of speech comprehension following 

cochlear implantation was new evidence of the plasticity of the central nervous system to extract 

meaning from external electrical stimuli. Subsequent close collaboration between surgeons, 

engineers, and university-industry partnerships led to approval of the cochlear implant for adults 

by the FDA in 1984, launching the field of sensory neuroprosthetics.  

Recent NPDs approved by the Food and Drug Administration (FDA) in the head and 

neck include the Inspire® hypoglossal nerve stimulatorTM for severe obstructive sleep apnea 

(109, 110) (Figure 3-1), the Medtronic ® Interstim Therapy™ system, auditory brainstem 

implants (ABI) that stimulate second-order auditory neurons in the cochlear nucleus, deep brain 

stimulation for Parkinson’s disease and epilepsy (111), and retinal neuroprostheses for vision 

restorationsuch as Second Sight Medical Products Inc (CA, USA) and Retina Implant AG  
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Figure 3-1: Hypoglossal nerve stimulator for the treatment of obstructive sleep apnea. The 
device comprises a functional electrical stimulation paradigm to mitigate oropharyngeal 
airway obstruction during sleep by eliciting tongue protrusion in response to inspiratory 
effort. The NPD comprises a (a) pressure sensor implanted into the intercostal space to 
capture respiratory cycles, (b) an implantable microcontroller to interpret the input signal 
from the pressure sensor and output electrical stimulation through (c) a nerve cuff electrode 
placed around the medial branch of the hypoglossal nerve to elicit tongue protrusion. 
(Published with permission from Inspire Medical Systems, Inc.) 
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(Reutlingen, Germany) (112). A fully implantable laryngeal pacemaker system has recently been 

tested in nine patients with bilateral vocal fold paralysis (113).  

The general principle of FES comprises three components: a) an input (i.e. control) 

signal, b) a control algorithm, and c) an output signal to effect the desired response. An NPD 

comprises the hardware required to implement the FES paradigm, and consists of a sensor, 

processor, and effector that acts upon a targeted nerve or muscle to elicit a desired movement or 

sensation. Examples of various FES paradigms and their associated NPDs are shown in Figure 

3-2.  

3.4 Functional Electrical Stimulation for Facial Palsy 

In 1977, Zealear and Dedo recognized the potential of FES in paired muscles systems 

that move symmetrically such as the laryngeal or facial muscles (114). Their work introduced the 

basic concept of employing contralateral healthy muscle activity as an input signal for FES of 

paralyzed cricothyroid muscles in dogs. Applications of FES to develop a NPD for facial palsy 

were carried on by multiple groups through the last few decades (115-124). A fully implantable 

NPD for restoration of eyeblink in patients with facial palsy has been reported by Ripple Inc., 

which utilizes a conductive polymer multi-electrode array for both EMG recording and healthy-

side orbicularis oculi muscle activity and direct muscle stimulation on the paralyzed side (125, 

126). 

Heretofore, approaches to the development of an NPD for facial reanimation failed to 

achieve clinical translation due to financial, methodologic and technologic constraints. Surface 

electrodes, transcutaneous wires and bulky external hardware used in animal models are 

clinically unfeasible for long-term patient use. Although direct muscle stimulation of denervated 

muscle may prevent atrophy, it requires delivery of high and potentially injurious stimulus 
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amplitudes to evoke contractions (127-129). Such an approach is not feasible in the long-term 

due to excessive power requirements from an NPD, and regional nociceptive fiber activation that 

would result from the delivery of such high stimulus amplitudes.  

The ideal device for reanimation of unilateral facial palsy would comprise a fully 

implantable solution with a robust input signal to predict contralateral healthy facial movements, 

a wirelessly chargeable miniature microcontroller, and an efficient means to effect synchronous 

and symmetric facial movements without potential activation of nociceptive fibers. Furthermore, 

an ideal device would also address the issue of undesirable facial activity that arises following 

aberrant regeneration and following nerve and muscle transfer procedures.  

Figure 3-2: Functional Electrical Stimulation (FES) paradigms and the neuroprosthetic device 
(NPD) components. FES paradigms comprise an input signal, a control algorithm and an output 
signal to effect a desired outcome. NPDs are the devices to effect a particular FES paradigm and 
consist of a sensor, processor and effector that acts upon target tissue to evoke the desired effect. 
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Input Signal and Sensors  

As the majority of positive expressions are symmetric, the activity of contralateral 

healthy facial musculature may be used to drive an NPD. There are several means to capture 

healthy side facial activity, including facial landmark detection from video tracking, infrared 

sensors for blink detection, and EMG activity (123, 124, 130, 131). EMG signals are of sufficient 

amplitude for robust detection and precede muscle movements, rendering them ideal candidates 

for control of an FES paradigm for hemi-facial reanimation without conspicuous phase 

differences between normal and reanimated sides. Modeling the transformation of EMG activity 

to facial displacements has been demonstrated in rats (132) and rabbits (133). Recent work from 

our group has demonstrated greater than 96% variance-accounted-for (VAF) in a model using 

EMG input signals from epimysial EMG electrodes to predict whisking in a rat model of facial 

palsy (134). 

EMG signals may be captured using surface electrodes, percutaneous needle electrodes, 

or implantable epimysial electrodes. Percutaneous needle and surface electrodes are an 

impractical solution for reasons including poor esthetics, discomfort, recurring costs, and 

variability in placement and subsequent signal acquisition. Ideal EMG electrode properties for a 

facial NPD include biocompatibility to avoid the need for external hardware, and robust signal 

capture over the long term through resistance to capsule formation, resistance to fracture, and 

biomechanical compatibility (135). Implantable epimysial electrode arrays (positioned on the 

surface of the muscle) are ideal for capture of facial EMG activity due to their relatively large 

surface area for signal capture that provides a high signal-to-noise ratio (SNR). A thin, flexible, 

and fully implantable conductive polymer epimysial multi-electrode array for EMG activity 

capture is shown in Figure 3-3 (125, 126). 
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 Control Algorithm and Processors 

Advances in signal processing techniques and miniaturization have led to the 

development of implantable application-specific integrated circuits (ASICs) for neuroprosthetic 

control of gait and grasp (136-140) and the treatment of obstructive sleep apnea. Modern 

implantable ASICs achieve delays of 5 ms or less on signal receiving and stimulus transmitting 

arms, with sub-millisecond processing times for most FES applications. Use of EMG activity to 

drive FES of hemifacial palsy requires real-time EMG signal conditioning, and digital signal 

processing of the conditioned signal for dynamic modulation of the output signal to achieve 

Figure 3-3: Experimental biocompatible electrodes. (Top) Implantable nerve cuff electrode 
comprising a silicone sheath with platinum-iridium electrodes (Microprobes for Life Science). 
(Bottom) Implantable epimysial conductive polymer electrode array for capture of EMG signals 
(Ripple LLC, proprietary materials). 
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desired facial movements. Output signal modulation may comprise variation in pulse amplitude, 

width, frequency, waveform and train rate of pulses. Existing technology would permit less than 

20 ms delays between healthy-side detected EMG activity, signal processing, stimulus output, 

and subsequent paretic-side muscular contraction, well below the ~33 ms threshold above which 

humans are able to detect asymmetric movement (141, 142). 

Output Signal and Effectors 

Optimal FES of dysfunctional muscle requires three conditions: muscle must be 

neurotized, be capable of being stimulated in a purposeful and timely fashion, and be devoid of 

undesirable activity. Neurotization of muscle prevents denervation atrophy and permits FES 

through direct neural stimulation without the need for direct muscle stimulation. Such an 

approach is advantageous in that it requires far less energy, and is unlikely to result in 

inadvertent nociceptive fibre activation. An ideal means to drive FES for facial palsy would 

comprise implantable electrodes for direct neural stimulation.  

Nerve cuff electrode designs have evolved significantly over time (143, 144). An 

implanted spiral nerve cuff electrode has been successfully employed in clinical use as the 

effector arm of the Inspire® Hypoglossal Nerve Stimulator, and thus makes an excellent 

candidate for use in an NPD for facial palsy. This design reduces potential nerve compression 

through a self-curling polymer sheath that ‘self-sizes’ to a given nerve, avoiding the need for 

securing of the cuff with sutures. Triolo described stable charge thresholds and functional muscle 

selectivity following implantation of spiral nerve cuff electrodes into 14 patients for periods of 2-

11 years (145). More rigid readily customizable nerve cuff electrode designs are available for 

research purposes, permitting signal capture or stimulus delivery in mono- or multi-polar fashion 

(Figure 3-3) (146). Disadvantages of these rigid designs include variable contact between 
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electrodes and the nerve sheath about the circumference, and greater potential for nerve 

compression (144, 146). 

3.5 Control of Undesirable Neural Activity  

 In the setting of facial palsy, undesirable neural activity arises from aberrant 

regeneration of the facial nerve or normal physiologic action of transferred nerves, including 

where the masseteric nerve is employed for smile reanimation, or the hypoglossal nerve used to 

restore facial tone. Contemporary strategies to address facial muscle hyperactivity in the setting 

of postparalytic facial palsy include chemodenervation or selective neurectomy, which result in 

temporary or permanent flaccidity of the target region with loss of ability to effect movement 

through FES. Direct application of high-frequency alternating current (HFAC) to peripheral 

nerve sheaths has proven reversible and effective for localized blockade of propagating action 

potentials within mammalian axons, while maintaining excitability of distal neuromuscular 

activity necessary for extrinsic induction of muscle contraction (147-158). HFAC neural 

blockade was first described by Tanner in 1962 (159) and popularized by Kilgore and colleagues 

(160-164). We recently demonstrated the efficacy of HFAC to block undesirable facial activity 

while permitting distal FES via neural stimulation to effect purposeful movements in a live 

rodent model (134). 

3.6 Emerging Technologies 

Optogenetic Neural Stimulation and Inhibition 

 The emerging field of optogenetics combined with gene therapy approaches carries 

promise of providing an alternative means of electrical stimulation of nerves, with potentially 

less risk of neuropathy induction over the long term, improved spatial resolution, and cell-

specific activation (165). This emerging field comprises transduction of neurons to express 
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transgenes encoding opsins, light-sensitive proteins that can modulate neural activity via light-

induced depolarization or light-induced inhibition of depolarization (166-169). Proof of principle 

of ‘functional optical stimulation’ was demonstrated in a mouse model, wherein an optical 

peripheral nerve cuff was positioned about the sciatic nerve and selective optical stimulation 

delivered to effect leg movements in minimally restrained animals (165). In theory, facial nerves 

could be transduced with various opsins using viral vectors (eg. adeno-associated or similar 

viruses), after which functional stimulation of facial muscles could be achieved via optical 

stimulation delivered through optocuffs. Use of inhibitory and excitatory opsins could potentially 

enable inhibition of undesirable muscular activity with concurrent stimulation of desired 

contractions (167). 

3.7 Wireless Power 

An NPD for facial reanimation would require continuous power during waking hours. 

Implanted medical devices such as pacemakers and the hypoglossal nerve stimulator rely on non-

rechargeable long-life lithium batteries that require surgical explant for replacement every 5-10 

years (170). While such an approach could potentially be employed for an NPD for facial palsy, 

battery lifetime would be far shorter due to the higher processing demands of converting multiple 

EMG inputs into neural stimuli. Modern cochlear implants utilize radiofrequency transmission 

from a battery powered external ASIC to power signal transduction within the implanted 

receiver, and rely on periodical battery replacement for the external hardware (171). While 

external housing of the processor and sensor (i.e., microphone) is ideal for a cochlear implant, 

where the control signal (i.e., sound) is external to the body, the analog-to-digital converter for 

an NPD for facial reanimation based on healthy-side EMG control would ideally be implanted to 

reduce electrical noise during signal capture. The ideal NPD for facial palsy would be fully 
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implantable and comprise a wirelessly-chargeable battery with a long service life. Wireless 

charging capacity could reduce device bulk and lessen risk of infection and extrusion (172). 

Recent advances in wireless charging technologies carry great promise for the field of 

implantable medical devices. These approaches employ magnetic induction or magnetic 

resonance to charge or power an implantable device, with progress in the field largely fueled by 

consumer demand for wireless cell-phone charging capacity (173-177). 

3.8 Future Directions 

 The ideal device for reanimation of unilateral facial palsy would comprise a fully 

implantable solution with a robust input signal to predict contralateral healthy facial movements, 

a wirelessly chargeable miniature microcontroller, and an efficient means to effect synchronous 

and symmetric facial movements without potential activation of nociceptive fibers. Furthermore, 

an ideal device would also address the issue of undesirable facial activity that arises following 

aberrant regeneration and following nerve and muscle transfer procedures.  

In cases of long standing facial palsy, multiple free muscle transfers would be indicated 

to restore key vectors of movement, and innervation of these muscles performed with reliable 

neural sources. Temporalis muscle transfer would be avoided, as accessing the neural pedicle to 

place a nerve cuff would be extremely difficult. Each transferred muscle transfer could be 

independently controlled through EMG activity of its healthy-side correlate to achieve 

symmetric movements. Cross-facial nerve grafting surgery could be averted. Overall, the 

paradigm of facial reanimation would shift to earlier, more complete, reinnervation of the facial 

muscles using powerful regional nerves such as the ipsilateral masseteric nerve or hypoglossal 

nerve to neurotize the hemi-face. Spontaneous, symmetrical facial movement would be provided 

via the FES paradigm through the NPD, concurrent with elimination of undesirable physiologic 
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activation (e.g., via prandial activity with masseteric nerve transfer) of the transferred muscle 

through the use of proximal neural blockade via a separate nerve cuff electrode placed 

proximally. 

Technologic advances in implantable neuromodulatory devices for management of 

peripheral nerve disorders carry hope for the future development of a neuroprosthetic device for 

facial palsy. Such a device would represent a paradigm shift in management of this devastating 

and vexing clinical condition.  
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PREFACE TO CHAPTER 4 

 In the previous Chapter, we presented a brief summary of FES and its potential role in 

the management of unilateral facial palsy. We also introduced the concept of pairing proximal 

electrical neural blockade with distal targeted FES as means to control undesirable facial muscle 

hyperactivity. In Chapter 4, we demonstrate proof-of-principle of this approach in a live rat 

model.  
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4.1 Abstract 

Background: Facial palsy is a devastating condition potentially amenable to rehabilitation by 

functional electrical stimulation. Herein, a novel paradigm for unilateral facial reanimation via an 

implantable neuroprosthetic device is proposed and its feasibility demonstrated in a live rodent 

model. The paradigm comprises use of healthy-side electromyography activity as control inputs 

to a system whose outputs are neural stimuli to effect symmetric facial displacements. The 

vexing issue of suppressing undesirable activity resulting from aberrant neural regeneration (i.e., 

synkinesis) or nerve transfer procedures is addressed using proximal neural blockade. 

Methods: Epimysial and nerve cuff electrode arrays were implanted in the faces of Wistar rats. 

Stimuli were delivered to evoke blinks and whisks of various durations and amplitudes. The 

dynamic relation between electromyography signals and facial displacements were modelled, 

and model predictions compared against measured displacements. Optimal parameters to achieve 

facial nerve blockade by means of high-frequency alternating current were determined, and 

safety of continuous delivery assessed.  

Results: Electrode implantation was well-tolerated. Blinks and whisks of tunable amplitudes and 

durations were evoked by controlled variation of neural stimuli parameters. Facial displacements 

predicted from electromyography input modelling matched those observed with a variance-

accounted-for exceeding 96%. Effective and reversible facial nerve blockade in awake behaving 

animals was achieved, without detrimental effect noted from long-term continual use. 

Conclusions: Proof-of-principal of rehabilitation of hemifacial palsy by means of a 

neuroprosthetic device has been demonstrated. The use of proximal neural blockade coupled 

with distal functional electrical stimulation may have relevance to rehabilitation of other 

peripheral motor nerve deficits. 
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4.2 Background 

Facial palsy is a devastating clinical condition with functional, esthetic, and 

communication sequelae (61, 178-192), whose ultimate clinical course yields flaccid hemi-facial 

paralysis, postparalytic facial palsy, or combinations thereof (Figure 4-1). Dynamic reanimation 

in hemi-facial palsy is principally limited to smile restoration through nerve or functional muscle 

transfers. Commonly, smile is reanimated using non-emotional trigeminal motor tracts requiring 

a conscious bite effort that provides volitional but non-spontaneous smile, together with 

undesired prandial activation. Reanimation outcomes are further limited in that no approach to 

dynamic restoration of brow elevation, blink, lip pucker, or lower lip movement has achieved 

consistent success. 

 Heretofore, the most significant barrier to more effective facial reanimation strategies in 

both flaccid and postparalytic facial palsy settings has been a lack of effective control 

mechanisms for denervated or aberrantly re-innervated facial muscles. Recent technologic 

advances in signal processing techniques, implantable neural and muscular electrodes, and 

implantable application specific integrated circuits (ASICs) have led to remarkable 

breakthroughs in the design and control of prosthetic limbs, devices to restore hearing and other 

senses, devices to aid gait in the setting of central nervous system disorders, and devices to treat 

obstructive sleep apnea (109, 110, 136-140, 193). 

  This paper presents a novel implantable neuroprosthetic device (NPD) paradigm for 

functional electric stimulation (FES) reanimation of the hemi-paretic face (Figure 4-2). This 

paradigm addresses not only the challenge of evoking appropriate facial movements, but also the 

vexing issue of suppressing undesirable facial activity resulting from aberrant neural 

regeneration or nerve transfer procedures. The system uses healthy-side electromyography 
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(EMG) signals as the control inputs to a NPD, whose outputs stimulate nerve branches on the 

paretic side to effect paired muscle contraction (Figure 4-3); concurrently applied high-frequency 

alternating current (HFAC) stimulation provides proximal neural blockade to prevent undesired 

physiologic muscle activation. Proof-of-principle of this paradigm is demonstrated in a rodent 

facial nerve model in a series of experiments, whereby implanted nerve cuff electrodes (NCEs) 

and epimysial electrode arrays (EEAs) are employed to deliver neural stimuli and capture facial 

muscle EMG activity.  

Figure 4-1: Hemifacial palsy. A – Left-sided flaccid facial paralysis, with severe paralytic 
lagophthalmos, lack of smile, and mid-facial ptosis. B – Left-sided post-paralytic facial nerve 
syndrome, with severe ocular and mid-facial synkinesis and smile restriction. This condition is 
the result of aberrant regeneration of the facial nerve following high-grade insults that include 
severe Bell’s palsy, Lyme disease, Ramsay Hunt syndrome, and extirpation of cerebellopontine 
angle tumors 
 

 

A B 
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Figure 4-2: Neuroprosthetic device for hemi-facial reanimation. Implanted epimysial 
electrode arrays record EMG signals of healthy side facial musculature, which serve as 
inputs to an open-loop functional electrical stimulation control algorithm embedded 
into an application-specific integrated circuit (ASIC), that outputs concordant 
stimulatory signals to distal nerve branches via implanted nerve cuff electrodes on the 
diseased side. A constant high-frequency alternating current (HFAC) neural blockade 
signal is applied proximally on the affected side to prevent undesirable physiologic 
muscle activation.  
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Figure 4-3: Proposed mathematical models for control of a neuroprosthetic device for 
hemifacial reanimation. Top – An input EMG signal g(t) is modeled to an output displacement 
y(t) on the healthy-side of the face using a Hammerstein system. Middle – An input electrical 
neural stimulus u(t) is modeled to the output displacement y(t) using an NLN structure). Bottom 
– An input EMG signal from one side of the face is modeled to an output neural stimulus that 
reproduces the displacement on the contralateral side by coupling the ERS with the inverse of 
the SRS 
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4.3 Methods 

Overall approach: A three-part series of experiments was performed (Table 1) using a 

rodent facial nerve model (87, 88, 93, 194-202). Rat blink was used as a surrogate for human 

blink, while rat whisking (that occurs at different frequencies and amplitudes) was used as a 

surrogate for continuous proportional control of human facial muscle contractions responsible 

for movements such as smile or brow elevation. Implanted EEAs were used to record healthy-

side facial muscle activity, while NCEs were used to deliver proximal neural blockade and distal 

stimulatory signals. Long-term tolerance of implanted electrodes and quality of EMG recordings 

were assessed, and the capacity to evoke facial displacements of varying amplitudes and 

durations evaluated. Dynamic relationships between EMG activity recorded from rat facial 

muscles and facial movements were modeled. Optimal neural blockade signal parameters to 

prevent synkinetic neuronal discharge while permitting distal branch FES were determined. The 

safety of continual delivery of HFAC to the facial nerve was assessed over the long-term. 

 

  Table 4-1: Live-rodent experiments 
 

 

 

 

 

  

Part Experiment # 
1 – Model 
establishment  

Evoked facial 
displacements 

5 

Evoked EMG 5 
2 – Control system  Modelling of EMG to 

facial displacements  
5 

3 – Neural 
blockade  

Efficacy 5 
Safety 5 
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Part 1: Establishment of a Rodent Model for Functional Electrical Stimulation of the Facial 

Nerve 

Head fixation and conditioning: Ten female Wistar rats, 200-250 g, had titanium head 

fixation devices (HFDs) implanted and were conditioned to head fixation testing as previously 

described (87-89, 194-209). Briefly, rats were trained daily for two weeks to acclimate to 

handling and restraint. HFDs were then implanted under general anesthesia using ketamine HCl 

and dexmedetomidine HCl (60 mg/kg: 0.5 mg/kg) via a midline scalp incision. A subperiosteal 

plane was developed over the calvarium, the sterilized implant secured to the calvarium using 

titanium screws, and the incision closed in a single layer (Figure 4-4A). Daily head restraint 

training began two weeks later until animals tolerated ten-minute-long sessions. A customized 

resin top-hat enclosure to house the distal ends of electrode leads with their connectors was 

fabricated and secured to the HFD (Figure 4-4B). This enclosure provided protection and ease of 

access for subsequent recording and stimulation experiments. 

Electrode implantation: Once conditioned, electrodes were implanted in the animals 

during a second procedure under general anesthesia. A 1 cm incision was made in the left cheek 

and flaps elevated immediately superior to the plane of the facial nerve. In five animals (group 

1a), NCEs (custom bipolar design, MicroProbes for Life Sciences, Gaithersburg, MD, Figure 

4-5, top) were implanted around intact and meticulously dissected zygomatic and buccal 

branches of the facial nerve. In five other animals (Group 1b), blunt dissection was carried deep 

to the center of the whisker pad musculature for EEA positioning (custom bipolar design, Ripple 

LLC, Salt Lake City, UT, Figure 4-5, bottom) concurrent with NCE placement around the buccal 

branch of the facial nerve. Electrodes were secured to the deep facial fascia overlying the 

masseter muscle using 5-0 polypropylene sutures, with leads tunneled in the subcutaneous plane 
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to exit the skin over the occiput. Lead terminals were soldered to a pin connector (A11365-001, 

Omnetics Connector Corp, Minneapolis, MN) and housed in the customized top-hat enclosure 

(Figure 4-4B and Figure 4-6).  

Quantitative whisker and eyelid displacement recording: The hardware and software used 

for monitoring whisking movements was adapted from Bermejo et al. (194-199, 210). A single 

whisker (C-1) on each side of the head was entubulated using a polyacrylamide tube to increase 

detectability. Whisker displacements were then independently tracked using commercial laser 

micrometer pairs (MetraLight, Santa Mateo CA). Blinks were detected using infrared sensors to 

measure light reflectivity from the cornea and eyelids as described by Thompson et al. (211). 

Computer-controlled air valves were used to deliver corneal air puffs and scented air flows to 

elicit blink and whisking behaviour, respectively.  

  

A B 

Figure 4-4: Rat head fixation device (HFD) and electrode lead enclosure. A – Typical healthy 
interface of the titanium HFD and scalp. B – Top-hat enclosure secured to the HFD with nuts 
(inset: open enclosure demonstrating electrode leads and pin connector). 
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Figure 4-5: Electrodes. Silicone-sheathed nerve cuff with platinum-iridium electrodes 
(MicroProbes for Life Science, Gaithersburg, MD) (above) and a two-channel highly flexible 
conductive polymer electrode array (Ripple Neuro, Salt Lake City, UT) (below).: 
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Figure 4-6: Electrode im
plantation. R

ight – N
C

Es are im
planted on zygom

atic and buccal branches of the FN
. Left – EEA

s 
are im

planted underlying the orbicularis oculi and w
hisker pad m

usculature under general anesthesia. 
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Evoked stimuli: While under general anesthesia, animals in Group 1a received varying 

neural stimuli to zygomatic and buccal branch NCEs, with concurrent tracking of blink and 

whisker displacements. Animals in Group 1b received neural stimuli to the buccal branch NCE 

with concurrent capture of whisker pad EMG responses from implanted EEAs. A commercial 

electrophysiology system (CyberAmp 380 signal conditioner, Digidata 1322A digitizer, 

pCLAMP 10 software, Molecular Devices, Sunnyvale, CA) combined with analog stimulus 

isolator units (Analog Stimulus Isolator Model 2200, ADInstruments, Colorado Springs, CO) 

were used for stimulation and EMG signal acquisition. Neural stimuli comprised trains of 

current-controlled, charge-balanced square wave pulses (pulse width 0.4 ms, train durations 0.4 

ms – 100 ms, repetition rates 1 - 2 Hz, peak-to-peak amplitudes 0.1 – 2 mA). EMG signals were 

measured with a differential amplifier with pre-filter gain of 10, high-pass filter at 10 Hz, low 

pass filter at 1000 Hz, notch filter at 60 Hz and post-filter gain of 100. EMG signals were then 

sampled at 10 kHz with 16-bit resolution, concurrent with whisker and blink displacement 

signals.  

Part 2: Establishing Feasibility of Epimysial EMG as FES Control 

Modeling of EMG activity to whisker displacement: Herein, the healthy-side EMG 

activity of the whisker pad musculature, as captured using implanted EEAs, were used as inputs 

and the resulting whisker displacements as the output. Animals from Group 1b above were 

placed under general anesthesia, and fixed stimuli delivered to the buccal branch NCE (constant 

current charge balanced square wave, peak-to-peak stimuli 0.5 mA, pulse width 0.4 ms, train 

width 1.2 ms, repetition rate 1 Hz). The resulting whisker pad EMG responses and C-1 whisker 
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displacements were measured. Methods for Hammerstein system1 identification described by 

Jalaleddini and Kearney (212, 213) were used to identify models relating recorded EMG signals 

to measured whisker displacements in MATLAB (v2015b, The MathWorks Inc, Natick, MA). In 

this approach, muscle was treated as a nonlinear biological system where the relation between 

neural activation and force was modeled as the cascade of a static nonlinearity followed by a 

dynamic linear system (214, 215) (Figure 4-3, top). 

Part 3: Establishing Neural Blockade Effectiveness and Safety 

Determination of optimal HFAC parameters and efficacy: Three animals were implanted 

with three NCEs on the left buccal branch of the facial nerve, and the animal placed in a laser 

micrometer field to track evoked whisker displacements. Cathodic pulses from a pulse generator 

(S88, Grass Instruments, Astro-Med Inc., West Warwick, RI) coupled to stimulus isolators to 

achieve biphasic constant-current pulses (0.5 mA, 50 µs pulse width) were delivered to proximal 

(at 1 Hz) and distal (at 1.5 Hz) NCEs. High-frequency alternating current (constant-voltage sine 

wave) was delivered to the central NCE using a function generator (FG085 Kit, JYE Tech, 

Guilin, Guangxi, China). The peak-to-peak amplitudes (0 – 10 V) and frequency (2 kHz – 40 

kHz) were varied to determine optimal blockade parameters. Two further animals, with HFDs 

implanted and conditioned to head fixation as described above, were implanted with NCEs to the 

buccal branch and zygomatic branches on the left side. Animals were placed in head fixation for 

quantitative tracking of awake behavioral whisking, with concurrent application of HFAC and 

distal FES neural stimuli to generate whisks and blinks. 

                                                 

1 Hammerstein models comprise a static nonlinearity element in series with a linear dynamic subsystem. They are 
commonly employed in feedback-controlled FES strategies. 
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Establishing safety of continuous HFAC delivery: Once optimal HFAC parameters were 

identified, five animals underwent HFD device implantation and restraint training, followed by 

single bipolar NCE implantation to the buccal branch of the left facial nerve. The marginal-

mandibular branch was resected bilaterally to eliminate its contribution to whisking. Beginning 

one week after NCE implantation, HFAC was delivered continuously for four hours, five days 

per week, for two weeks (total 40 hours) under general anesthesia. Three minute sessions of 

awake behavioral whisking assessment were recorded at baseline, after NCE implantation, and 

preceding each HFAC delivery session. The ratio of the whisking amplitudes between HFAC-

blocked and non-blocked sides was tracked for each animal over time.  

4.4 Results 

Part 1: Establishment of a Rodent Model for Functional Electrical Stimulation of the Facial 

Nerve 

Animals tolerated top-hat enclosures and electrode implantations for periods exceeding 

40 days prior to scheduled euthanasia, without infection or severe foreign-body reaction despite 

the subcutaneous exit point of the electrode leads atop the head (Video 1). Robust evoked 

epimysial EMG responses were recorded from the implanted epimysial electrodes, with excellent 

signal-to-noise ratios (Figure 4-7, left) throughout this time. Electrical stimulation evoked blinks 

of varying durations and whisks of varying amplitudes in all NCE implanted animals (Video 2 

and Figure 4-7, right). 

Part 2: Establishing Feasibility of Epimysial EMG as FES Control 

Hammerstein modelling of the relation between epimysial EMG signals (obtained from 

the undersurface of the whisker pad musculature) to evoked whisker movement demonstrated  
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Figure 4-8: Modelling EMG activity to whisker displacement. Top – An impulse response 
function (IRF) indicates a clear dynamic relationship between an EEA-captured EMG 
input (implanted underlying the whisker pad) and recorded whisker position. Bottom – 
The model demonstrated a variance accounted for (VAF) in excess of 96% (below). 
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excellent predictive capacity (Figure 4-8), with the model accounting for more than 96% of the 

variance in whisker displacements. 

Part 3: Establishing Neural Blockade Effectiveness and Safety 

A 30-kHz sine wave with a peak-to-peak amplitude of 5V was found to be optimal for 

inducing blockade of evoked and spontaneous whisking activity in the rat using the customized 

NCE. In anesthetized animals, this achieved a ~90% reduction in evoked whisking amplitude, 

without restriction of distal neuromuscular excitability (Figure 4-9 A,B). In awake animals, a 

similar reduction in behavioral whisking power was observed between blocked and normal sides  

 (Video 3 and Figure 4-9C) with HFAC application. No differences were observed in whisking 

amplitudes between sides with prolonged unilateral daily delivery of HFAC (Figure 4-10). Full 

results of this series of experiments will be reported in more detail in subsequent publications. 

4.5 Discussion  

While the basic concept of using signals from the contralateral face to drive FES of 

paralyzed facial muscles has been demonstrated (115-117, 121, 122, 124, 132, 216-219), prior 

work has not addressed critical issues relevant to the long-term implementation of this approach. 

Optimal FES of dysfunctional muscle requires three conditions: muscle must be neurotized, be 

capable of being stimulated in purposeful and timely fashion, and be devoid of undesirable 

activity. Neurotization of muscle prevents denervation atrophy and permits FES through neural 

stimulation without the need for direct muscle stimulation. Though direct muscle stimulation of 

denervated muscle may prevent atrophy, it requires delivery of high and potentially injurious 

stimulus amplitudes to evoke contractions (128, 220, 221). Such an approach is not feasible in 

the setting of facial palsy due to excessive power demands on an implanted NPD, coupled with 
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regional nociceptive fiber activation that would result from the delivery of high stimulus 

amplitudes. In the setting of facial palsy, neurotization of facial muscles may occur 

spontaneously following neural insult, through interposition graft repair, or through nerve 

transfer. In cases of long-standing or congenital facial palsy, dynamic facial reanimation may be 

achieved by functional muscle transfer. Here we propose that muscle contraction be evoked 

through stimulation of distal native facial nerve branches (or transferred nerves) using 

Figure 4-10: Prolonged high-frequency alternating current neural blockade delivery in the 
rat. Relative maximal whisk amplitudes between left-face (implanted with NCEs on nerve 
controlling whisking with 4 hours of daily continuous HFAC delivery - see inset) and 
right-face (normal-side) demonstrate normal or stronger whisker displacements on the 
side to which HFAC was delivered (green bar approximates normal range). 
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electrically-shielded nerve cuff electrodes (NCEs). Such distal facial nerve branches to 

individual paired-muscles or functional muscle groups of the face are straightforward to access 

surgically. Likewise, in cases where nerve or muscle transfers are required for dynamic 

reanimation, nerve branches to the target muscle are readily accessible for cuff implantation at 

the time of reanimation surgery or during future re-exploration. 

Dynamic reanimation of muscle requires an adequate control signal to effect desired 

movements at appropriate times. Use of myoelectric activity to reliably drive neuroprostheses 

has already been demonstrated (222, 223). Herein, we have demonstrated that electromyography 

(EMG) signals from contralateral, healthy facial muscles may be utilized as control signals to 

drive FES of the paretic hemi-face. Herein, EMG activity was captured through the use of 

implanted epimysial electrode arrays (EEAs), obviating the need for external sensors, and a clear 

mathematical relationship capable of predicting facial displacements from EMG inputs was 

demonstrated. Use of the contralateral healthy hemi-face for dynamic reanimation of unilateral 

facial paralysis is a natural choice, as the majority of expressions – especially positive 

expressions – are symmetric (224). The NPD proposed herein could evoke paired-muscle 

contraction without a conspicuous phase delay in movement onset between sides. Modern 

implantable ASICs achieve delays of 5 ms or better on signal receiving and stimulus transmitting 

arms, with sub-millisecond processing times for most FES applications. When coupled with 

typical delays on the order of 10 ms for physiologic transduction of the neural stimulus to effect 

myocyte depolarization, the maximum expected delay between healthy-side detected EMG 

activity – and subsequent muscular contraction – and paretic-side neural stimulation is on the 

order of 20 ms, below the ~33 ms threshold above which humans are able to detect asymmetric 

movement (225, 226). 



  

87 

 

While stimulation of desirable muscle activity is necessary for functional reanimation, 

concurrent inhibition of undesirable neural activity is often just as important. No prior work has 

addressed the vexing issue of how to prevent undesirable muscle activation from aberrantly 

regenerated axons (i.e. in the case of aberrantly regenerated native facial nerve) or from the 

normal functioning of transferred cranial nerves (e.g. prandial activation of muscle innervated by 

transfer of the masseteric branch of the trigeminal nerve). Herein, we describe for the first time 

the use of concurrent proximal application of HFAC over prolonged periods to prevent such 

undesired facial contractions. Delivery of HFAC to peripheral nerve trunks results in reversible 

induction of localized blockade of propagating action potentials, without impeding distal 

neuromuscular excitability (147-158); proximal application of HFAC to a motor nerve squelches 

physiologic activity while maintaining the capacity for distal FES. While there exist brief tetanic 

onset and offset responses with HFAC application (147, 150, 227), such repeated responses 

would be avoided herein through continual proximal delivery of HFAC during waking hours 

concurrent with distal FES to drive expression. The device could also be implemented in ‘FES-

only’ mode to allow physiologic action potentials to pass concurrent with evoked potentials, or 

‘neural blockade-only’ mode to induce targeted flaccidity. 

In contrast to a recent publication (132), the novelty of the work herein lies in (a) use of 

clinically relevant biocompatible epimysial electrodes to capture EMG signals as opposed to 

transdermal wires, (b) use of clinically relevant implantable neural cuffs to evoke facial 

displacements through neural as opposed to direct muscle stimulation via transdermal wires, (c) 

characterization of a mathematical model capable of predicting whisker displacements from 

EMG signals as opposed to correlation of signal envelopes, (d) recognition of the clinically 

vexing issue of undesirable physiologic neural activity that occurs with aberrantly innervated 
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muscle, and (e) proposing and demonstrating the long-term efficacy of proximal HFAC 

application concurrent with distal FES as a solution. 

Though the ultimate goal of reanimation is to restore dynamic function of the entire facial 

musculature, restoration of three symmetric facial movements alone – brow elevation, blink, and 

smile – would dramatically improve clinical outcomes. Such an approach would require 

implantation of only three miniature EEAs and NCEs coupled to an implanted ASIC, and would 

represent a paradigm shift in management. The proposed NPD could also be readily utilized in 

patients undergoing, or who have already undergone, trigeminal nerve-driven smile reanimation 

to re-establish spontaneity. In this realization, smile activation – resulting from the contraction of 

transferred free functional muscle or native facial musculature driven by the masseteric nerve – 

could be controlled through EMG signals from healthy side zygomaticus major activity through 

the FES paradigm proposed herein, with elimination of highly undesirable prandial activation 

through proximal HFAC neural blockade (Figure 4-11). Similar to cochlear implant 

programming, stimulation parameters could be tuned wirelessly as innervation and tissue 

response to implanted electrodes reach a steady state.  

This work has demonstrated the feasibility of employing epimysial EMG signals from 

healthy-side facial musculature captured using biocompatible and fully-implantable miniature 

electrodes as a means for control of a FES paradigm to drive reanimation of symmetric 

expression in hemi-facial palsy. The capacity to effect independent facial movements of varied 

duration and amplitudes by means of FES of distal facial nerve branches was established. 

Importantly, the efficacy and safety of proximal neural blockade by means of continuous HFAC 

delivery as a means to extinguish undesirable facial muscle activity arising from the intrinsic 

activity of damaged or transferred nerves has been proposed and demonstrated.  
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Figure 4-11: Proposed paradigm for reanimation of spontaneity of trigeminal nerve-
driven smile. An implanted epimysial electrode array captures contralateral healthy 
zygomaticus major EMG activity with leads tunneled subcutaneously to an implanted 
application-specific integrated circuit (ASIC). Output leads from the ASIC connect to 
a nerve cuff electrode on the nerve driving smile (e.g. the masseteric nerve, a branch of 
the trigeminal nerve). A proximal neural blockade signal is delivered to eliminate 
undesired prandial activation of the muscle, concurrent with distal functional electrical 
stimulation signals from the ASIC to reanimate symmetric spontaneous and volitional 
smile. 
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4.6 Conclusions  

The combination of proximal HFAC with distal FES to achieve total extrinsic control 

over a motor nerve has clinical implications elsewhere where undesirable activity of a peripheral 

nerve resulting from disease, injury, or nerve transfer exists. Future work will seek to study this 

paradigm over the long term using a fully implantable miniaturized ASIC currently under 

development. Beyond FES applications, application of HFAC to peripheral nerves might 

ultimately prove efficacious for management of spastic disorders and painful neuropathies, as 

focal blockade of action potential propagation occurs for efferent and afferent pathways (228). 
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PREFACE TO CHAPTER 5 

 In the previous chapter, we employed a live rat model to illustrate the potential for a 

novel neuroprosthetic device approach to management of unilateral facial palsy. We 

demonstrated how electrical signals from implanted epimysial electrode arrays could be 

employed to predict facial displacements, how stimuli delivered through nerve cuff electrodes 

could evoke specific facial expressions, and how delivery of HFAC to the proximal facial nerve 

could suppress physiologic neural activity while allowing for distal targeted FES of specific 

facial expressions. We demonstrated in a small series of otherwise uninjured animals that 

continual delivery of HFAC to the facial nerve via a nerve cuff electrode appeared safe over a 

period of several weeks. Prior to investment in clinical translation, further work is required in 

animal models to further validate the safety and efficacy of this approach over the long-term. 

Such work will require a high-throughput animal model that permits unbiased, quantitative, and 

high-resolution assessment of facial nerve structure and function. Owing to space limitations of 

the peer-reviewed manuscript format, we did not discuss in detail the manifold challenges and 

limitations of the research model used in Chapter 4. Major issues included animals tearing out 

and chewing through expensive electrode arrays over the course of the experiments, limited 

resolution of blink quantification, and need for extensive manual conditioning of animals to head 

and body restraint over a period of several weeks prior to testing. The following chapter presents 

our subsequent soon to-be-published work on the development of a comprehensive research 

platform for high-throughput assessment of facial nerve function in the rat.  
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5.1 Abstract 

Background: Facial palsy is a devastating clinical condition yielding functional, aesthetic, and 

communication impairments. Advances in neuroprosthetic device design, bioengineered nerve 

conduits, and genetic therapies carry potential to advance management of this orphan disease state. 

Murine models offer opportunity to investigate these emerging therapeutic approaches in cost-

effective fashion. 

New method: We describe the design, assembly, and validation of a novel research platform 

enabling high-throughput assessment of facial nerve function and histomorphometry in the rat. 

The platform comprises a biocompatible cannulated metallic skull implant enabling head 

restraint and connection to implanted electrodes, a miniature conveyor belt to mitigate need for 

body restraint and labor-intensive conditioning, cost-effective high-frame rate videography for 

capture of dynamic facial movements, a deep-learning based computer vision algorithm for 

quantitative tracking of facial displacements, and a rapid non-toxic frozen section approach for 

nerve imaging paired with a machine learning-based segmentation algorithm for automated 

quantitative histomorphometry.  

Results: Metallic skull devices were implanted in four Lewis rats with two rats undergoing 

unilateral facial nerve buccal branch crush injury at the time of implantation. Rats were readily 

conditioned to handling and head restraint on the moving treadmill-like platform. Implant stability 

was noted over the four-week study period. Quantitative assessment of whisking function and 

nerve histomorphometry at four weeks post-operative revealed differences between animals with 

uninjured and crushed facial nerves. 
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Comparison with existing methods: This approach obviates labor-intensive behavioural 

conditioning and tissue processing steps inherent to exiting rodent models of facial nerve function. 

Conclusions: Described is a comprehensive research platform for high-throughput study of facial 

nerve structure and function in the the rat. 
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5.2 Background 

Congenital absence or injury to the facial nerve yields devastating consequences. Loss of 

facial nerve function (Figure 5-1) results in impaired blink impacting sight, nasal valve collapse 

impacting respiration, lip flaccidity impacting articulation and oral competence, and impaired 

facial expression, with profound negative impact on emotional well-being and social 

development (1, 3, 20).  

State-of-the-art management of facial paralysis may entail microsurgical nerve repair or 

nerve-transfer procedures, wherein axons from a healthy donor nerve are re-routed towards a 

distal target to restore function (23, 42). For example, the masseteric nerve may be transferred to 

select zygomatic branches of the facial nerve for targeted smile reanimation (74, 75, 229), while 

a portion of the hypoglossal nerve may be transferred to the main trunk of the facial nerve to 

restore resting facial tone (77, 78). Though targeted physical therapy to exploit cortical plasticity 

improves patient outcomes, restoration of spontaneous expression following facial reanimation 

by nerve transfer is not commonly achieved (230, 231). Further, nerve transfer procedures result 

in undesirable activation of facial musculature arising from normal activities, such as smile 

activation with prandial activity with masseteric nerve transfer (232). 

The tendency of positive facial expressions to demonstrate symmetry with the contralateral 

side offers unique potential for management of unilateral facial paralysis (224). Recently we 

proposed a neuroprosthetic device (NPD) paradigm for reanimation of hemi-facial paralysis 

(233). This functional electric stimulation (FES) paradigm was designed to address the challenge 

of evoking appropriate facial movements while suppressing undesirable facial activity resulting 

from nerve transfer procedures. The approach proposes use of healthy-side electromyography 

activity as control inputs to a system whose outputs are neural stimuli to effect symmetric facial 
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displacements, concurrent with use of proximal neural blockade using high-frequency alternating 

current. Though proof-of-principle was demonstrated in a small series of animals, this approach 

requires further study to assess long-term safety and efficacy.  

Biological alternatives to a neuroprosthetic device to optimize facial reanimation 

outcomes exist. In unilateral facial palsy, redundant healthy-side facial nerve branches supplying 

distinct facial muscle action groups may be re-routed to paired contralateral facial muscles to 

restore spontaneous symmetric expressions in a procedure known as cross-facial nerve grafting 

(CFNG) (234). The basis for CFNG is the capacity for axons of peripheral nerves to regenerate 

over long distances. The current standard for CFNG involves harvest of a less-critical sensory 

nerve from the extremities, typically the sural nerve, to appropriately guide, protect, and support 

Figure 5-1: Left facial palsy following skull base tumor resection. (A) 
On the affected side, smile is absent. (B) Blink is incomplete placing 
the ocular surface at risk of injury with subsequent vision loss. 
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regenerating axons along their journey (Figure 5-2). Despite meticulous surgical technique, 

CFNG carries a 20-30% failure rate (73, 235), thought to result from inadequate growth of donor 

axons across the long distance spanned by the CFNG (73, 235-242). Evidence suggests that 

increased transcription and neurotrophic factor expression may result in improved axonal 

regeneration over long distances (243-245). Our long-term goal seeks to harness progress in 

genetic therapies to enhance axonal regeneration and subsequent functional outcomes across 

long nerve gaps. 

Rigorous assessment of novel therapeutics for facial reanimation requires thorough 

evaluation in animal models prior to clinical translation. Neural regeneration may be assessed 

using functional, electrophysiologic, and histologic outcome measures (246). Despite capacity 

for neural regeneration far superior to humans (247, 248), rodents remain commonly utilized for 

Figure 5-2: Cross-facial nerve grafting. (A) A facelift incision and tetanic nerve 
stimulation is employed to identify ideal donor nerve branches on the healthy side of 
the face. (B) An interposition nerve graft is then tunneled across the face using a 
fascia needle; in this case the graft is passed across the upper lip in a two-pass 
technique via a small mucosal incision. 
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study of neural regeneration due to their low cost, small size, broad strain diversity including 

transgenic models, and well-characterized genomes (248-255). Rats are preferred over mice 

among surgeons for their ease of handling, ease of conditioning to functional assays, and larger 

size that constitutes a higher-fidelity model of microsurgical neural repair and grafting (256, 

257). Originally developed for behavioral analysis (194, 195), a model for tracking rat facial 

displacements was popularized for study of facial nerve regeneration (83-94). This model 

comprised surgical placement of a head fixation device and subsequent restraint of the animal for 

tracking of whisker movements using laser micrometers and blink activity using infrared diode 

and detector pairs. Key limitations of this model included complex hardware, need for whisker 

tagging, several weeks of labor-intensive conditioning to body restraint within a cloth sac, and 

low resolution tracking of blink movements.  

Histologic assessment is critical to understanding the relationship between peripheral 

nerve structure and function following injury and regeneration. Conventional preparation of 

nerve tissue for histomorphometry is time and resource intensive, necessitating glutaraldehyde 

fixation, serial dehydration, resin embedding, ultramicrotome sectioning, mounting and staining, 

and acquisition of multiple high powered fields using conventional light-microscopy with oil 

immersion. Automated and expert morphometric analysis of conventional toluidine blue stained 

ultrathin sections of regenerating nerves is frought with challenge (258). Accordingly, some 

investigators opt to forego histologic assessment (86, 91, 205, 259-262).  

 Herein, we characterize a novel research platform to address current limitations of 

functional and histologic assessment of murine facial nerve function and regeneration. The 

platform comprises a custom-designed biocompatible cannulated metallic skull implant enabling 

head restraint and connection to implanted electrodes, a miniature conveyor belt to mitigate the 
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need for animal body restraint and labor-intensive manual conditioning, cost-effective high-

frame-rate videography for capture of dynamic facial movements, a deep-learning based 

computer vision algorithm for quantitative tracking of facial displacements, and a rapid non-

toxic frozen section approach for nerve imaging paired with a machine learning-based 

segmentation algorithm for automated quantitative histomorphometry. We demonstrate the 

utility of this approach in a small series of Lewis rats. 

5.3 Materials and Methods 

Head fixation device and implantable electrodes 

Figure 5-3 demonstrates the custom-designed skull implant and mutlichannel implantable 

electrode array. A cannulated head fixation device comprising a flat base with six arms and 

metric threaded cylinder was designed in commercial computer-aided design (CAD) software 

(Fusion 360, Autodesk Inc., San Rafael, CA) (Figure 5-3A). The arms of the flat base contain 

screw holes positioned specifically for securing the device to the rat skull; holes were positioned 

to align with the frontal, temporal and occipital bones of the skull on each side of an adult rat. 

The cylinder was designed to house a miniature eleven pin circular female connector (A79103-

001, Omentics Connector Corp, Minneapolis MN) while permitting head-restraint of the animal. 

Devices were manufactured using pure austenitic Society of Automotive Engineers (SAE) grade 

316 stainless steel (selected for its favorable biocompatibility properties) by a commercial 

computer numerical control (CNC) mill (eMachineShop, Mahwah, NJ). Miniature self-drilling 

bone screws were designed using CAD, and manufactured using grade II titanium (selected for 

its favorable osseo-integration properties) by a commercial CNC mill (US Micro Screw, Seattle, 

WA) (Figure 5-3B). A custom implantable electrode array comprising two bipolar nerve cuff 

electrodes and seven bare wire leads connected to an eleven pin circular connector (Omnetics  
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Figure 5-3: Custom-designed cannulated murine head-restraint system. (A) Computed-aided 
design (CAD) rendering of cannulated skull implant. (B) CAD rendering of self-drilling 
miniature bone screws to secure implant to rat skull. (C) Photograph of custom-designed 
commercial muti-channel implantable electrode array comprising two biopolar nerve cuff 
electrodes suitable for use on rat facial nerve branches, and seven insulated bare wire leads for 
optional fiber electromyography recording. Electrode leads are micro-soldered to a commercial 
miniature circular male pin connector. (D) Photograph of miniature male pin connector within 
canulated port of skull implant with attached electrodes existing flush at the base of the implant, 
together with corresponding female pin connector leads (upper right of panel) for connection to 
EMG and neural stimulation hardware. 
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A79103-001) was designed; manufacture was by a commercial vendor (MicroProbes for Life 

Sciences, Science, Gaithersburg, MD) (Figure 5-3C). The nerve cuff electrodes were silicone-

based, housing 0.5 mm diameter circular platinum iridium contacts, and stainless steel leads 

encased in thin silicone tubing; cuffs were designed with electrode spacing of 1 mm, inner 

diameter of 1.5 mm, and total length of 10 mm. Bare wire stainless steel leads with polyimide 

insulating coating were connected to remaining terminals of the micro-connector for optional 

capture of electromyography signals via direct intramuscular positioning. Figure 5-3D 

demonstrates the circular connector with attached leads positioned within the skull implant, 

together with corresponding male pin connector (A79102-001, Omentics Connector Corp, 

Minneapolis MN) used to establish a connection with the implanted electrodes during 

experiments. 

Rat treadmill and head-restraint hardware 

 Figure 5-4 demonstrates the custom-designed experimental setup for high-frame-rate 

capture of head-restrained ambulating rats. A custom-designed miniature conveyor belt to serve 

as a rodent treadmill was designed in commercial web-based software (Conveyor Configurator, 

QC Industries LLC, Batavia, OH) and manufactured by a commercial vendor (QC Industries 

LLC). The treadmill comprises a 6″ wide by 18″ long track with stainless steel frame, right-hand 

pulling top-mounted brushless direct current variable speed 200 W (1/4 HP) 3000 RPM motor 

with 10:1 parallel shaft gearhead. A motor driver allows for manual control of the belt between 

speeds of 0 and 500 FPM or 9.1 km/h, according to observed animal comfort. The treadmill was 

secured with ¼″ screws using custom-designed L-brackets to a 24″ by 24″ optical breadboard 

(B2424FE, Thorlabs, Inc., Newton, NJ). Adjacent to the conveyor belt is mounted a rail system 

designed to enable rapid mounting and dismounting of animals from the treadmill surface  
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Figure 5-4: Experimental platform for high-frame rate capture of facial displacements in the 
head-fixed ambulating rodent. A custom-designed commercial stainless-steel frame (A) 
conveyor belt (B), powered by a top-mounted DC brushless motor (C) is mounted to an optical 
breadboard (D). Adjacent to the conveyor, a z-height adjustable optical rail system (E) is 
mounted securely to a linear-glide rail with locking thumbscrew (not visible). Magnetically-
mounted clear side rails (F) maintain linear orientation of rats while ambulating on the track. A 
cannulated thumbscrew hub to receive the skull-implant is secured to an L-bracket (G) with 
attached circular magnetic base for rapid coupling of animals to the optical rail system (H) atop 
the track. Treadmill speed is readily adjustable via a turn-dial on the brushless DC motor driver 
(I). Once mounted on the track, the optical rail is slid forward to position the head of the 
animal inside the recording enclosure (J), wherein red-light illumination is employed for high-
frame rate capture of facial displacements (see next Figure). Excrement is captured by a trap 
positioned below the edge of the track (K). 
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and rapid adjustment of head position within the recording field. The system comprises an 18″ 

long by 4″ wide single-axis linear motion rail with movable platform with thumbscrew for rapid 

and secure positioning (UGA040C-1P1G10 and UGA040R-0300-000, PBC Linear, Roscoe, IL). 

A rack and pinion z-axis stage (55-024, Edmund Optics Inc., Barrington, NJ) was mounted to the 

linear rail platform to enable optimal z-axis positioning of animal heads atop the treadmill 

surface. A 30 mm optical cage system (ER6 cage assembly rods and CP3 cage plates, Thorlabs 

Inc) was mounted to the z-axis stage; at the end was affixed the bottom plate of a magnetic 

circular retention base (SB1, Thorlabs, Inc). The corresponding top plate of the magnetic circular 

retention base was mounted to a custom 1.5″ x 1.5″ steel L-bracket; a 6 mm bore hub with 

thumbscrew of 1″ by 1″ outer diameter (Actobotics 545576, ServoCity Inc., Winfield, KS) was 

mounted to the opposite end of the L-bracket. The bore hub was selected to enable rapid 

coupling of the L-bracket to the skull implant, while enabling wire connection to an enclosed pin 

connector. The magnetic retention base was designed to facilitate rapid mounting and 

dismounting of animals from the testing track. Neodynium disc magnets were employed to 

enable rapid placement and removal of acrylic plexiglass side-rails (measuring 12″ long by 3″ 

high x 1/8″ thick), used for maintaining animal bodies in the forward facing direction during 

testing.  

Surgery and conditioning 

Four adult Lewis rats (male and female) weighing 200-300g were employed. General 

anesthesia was induced in an induction chamber using 1.0 L/min O2 with 3% isoflurane gas. 

Buprenorphine (0.05 mg/kg subcutaneously) and meloxicam (1.0 mg/kg subcutaneously) were 

administered for analgesia. Animals were placed in clean surgical field and transitioned to nose 

cone isoflurane anesthesia at a maintenance rate of 1-3%. The top of the head was shaved and 
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prepped with alcohol. A #15 blade surgical scalpel was used to create a 1.5 cm incision in the 

mid-sagittal plane atop the cranium. Periosteum overlying the skull was carefully teased away to 

expose raw bone. The arms of the head fixation devices were gently bent to fit the skull 

curvature, and devices secured by placement of six miniature bone screws (Figure 5-5A). In two 

Figure 5-5: High-speed videography of head-restrained amubulating rat. (A) Intraoperative 
photograph of custom-designed cannulated stainless-steel implant secured to the skull with six 
custom-designed miniature titanium bone screws. (B) Live rat shown on treadmill in head-
restraint with head positioned inside recording enclosure (side panel removed for visualization). 
A commercial high-frame rate camera is visible (cam) inside the enclosure. (C) A live-feed is 
displayed on a wall-mounted monitor for monitoring of animal during recordings. 
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animals, the left facial nerve extratemporal main trunk was circumferentially dissected and 

crushed for 30 seconds using a needle driver to induce a high-grade neural injury-in-continuity. 

In the other two animals, the facial nerves were left undisturbed. The skin was closed around the 

device using veterinary skin adhesive (VetBond Tissue Adhesive, 3M, Minneapolis, MN), 

antibiotic ointment was placed, and the animals recovered from general anesthesia. Animals 

were co-housed following surgery, two per cage, for social interaction and well-being. An 

additional dose of meloxicam (1.0 mg/kg subcutaneously) was administered for post-operative 

analgesia on the first post-operative day. Beginning two-weeks after surgery, animals were 

conditioned to mobilizing on the treadmill by twice weekly sessions, increasing from 30 seconds 

to five minutes of head restraint. 

Video Recording 

Figure 5-4 and Figure 5-5 illustrate the video recording hardware employed. A custom 

enclosure (measuring 9″ wide by 9″ long by 16″ high) was designed using commercial software 

(Front Panel Designer v 6.2.1, Shaeffer AG, Berlin, Germany) and manufactured using reflective 

white-coated aluminum (selected to maximize light signal for recordings) through a commercial 

vendor (Front Panel Express, Kent, WA). The enclosure was designed for precise positioning 

atop the treadmill surface, with a receiver port for the treadmill side rails and animal head 

(Figure 5-4). To maintain animal comfort and encourage ambulation during head-restraint within 

the enclosure, red light illumination was chosen for video recordings. Rats lack red-light 

sensitive retinal cone cells and are functionally blind at wavelengths over 600 nm (263). A 3.5″ 

by 6″ red light-emitting diode backlight (85-257, Edmund Optics) was mounted within the 

enclosure to the top panel. Adjacent to the light source was mounted an optical post (TR6, 

Thorlabs Inc.), from which was suspended a commercial high-frame-rate miniature universal 



  

118 

 

serial bus (USB) camera (acA800-510um Basler ace, Ahrensburg, Germany). The camera was 

equipped with a 6 mm fixed-focal length lens (33-301, Edmund Optics) and longpass filter at 

610 nm (FGL610H, Edmund Optics). The camera was connected to a performance workstation 

(Intel i9-10920X 12 core 3.5 GHz CPU, 128 GB DDR4 3200 MHz RAM, 1 TB NVMe M.2. 

SSD, NVIDIA Titan RTX GPU).  

Videos of facial displacements of rats in head-restraint using the aforementioned platform 

were captured beginning four weeks following surgery. This time period was chosen to ensure 

adequate osseointegration of the devices, while allowing time for some regeneration of crushed 

axons among injured animals. Figure 5-5B and C illustrate video capture of facial displacements 

during experiments. Long-segment high-frame-rate video at 500 frames-per-second (fps) at VGA 

resolution (640 pixels by 480 pixels) was captured to system memory using commercial software 

(Streampix v8, Norpix Inc, Montréal, QC), and compressed using a CUDA-accelerated H.264 

video codec (Norpix Inc.) prior to saving to the system hard drive for subsequent analysis. 

Rat facial landmark and displacement tracking 

An open-source Python-based computer vision toolbox (DeepLabCut) was employed. 

This toolbox facilitates training of deep neural networks to track user-defined features from 

digital media with limited training data (264) and accuracy that rivals human labeling for 

markerless tracking of anatomic features in laboratory animals and human subjects (265, 266). 

DeepLabCut employs the feature detector architecture from a powerful pose estimation 

algorithm (DeeperCut (267, 268)), based on extremely deep neural networks pre-trained using 

ImageNet,(269) a huge generalized dataset for object recognition. Specifically, DeepLabCut 

employs pre-trained deep, residual networks comprising 50 or 101 layers (known as 

ResNets(269)) and deconvolutional layers developed in DeeperCut,(267, 268) whose weights are 
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adapted through further training to predict user-desired features within novel datasets. The 

DeepLabCut toolbox comprises a graphical user interface for rapid neural network training via 

labelling of user-defined points from sub-samples of frames within videos of interest. Trained 

algorithms yield confidence scores for each automatically localized landmark, representing the 

likelihood that each distinct anatomic landmark has been labelled correctly. Processing of unseen 

test frames within the DeepLabCut GPU enables rapid identification of frames yielding low 

confidence scores, which may then be manually labelled for additional training rounds to 

improve algorithm performance. For well-trained algorithms, low confidence scores occur 

primarily where an anatomic landmark is not present or visible within a given frame. 

The Python-based toolbox was installed per published guidelines by Nath on the same 

performance workstation employed for video acquisition (264). For rat whisker and blink 

tracking, we defined 26 distinct landmarks (Figure 5-6A); five points were placed equidistant 

along the C-1 whisker on the right and left sides, single points placed at the lateral and medial 

canthi and two points along the upper and lower eyelids on the right and left sides, three points 

along the sagittal midline of the nose, and one point at the center of the nasal tip. Two long-

segment videos (one uninjured and one crush-injured animal) were employed for training. The 

selected input parameters for DeepLabCut training employed herein included video resolution 

(640 x 480 pixels), dot size (3), ResNet layers (50), inference batch size (N=8),and maximum 

number of iterations (1030000). Training required only a single step, and progressed through all 

iterations in approximately 24 hours. 

Next, secondary code was written within a Python programming environment for 

automated framewise estimation of whisking and blink activity. Figure 5-6B graphically depicts 
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whisking and blink measures obtained from DeepLabCut landmarks for each frame. The sagittal 

midline was defined as a linear regression line through the three center points (excluding the 

nasal tip point). Right and left C-1 whiskers were defined by linear regression lines through their 

five landmark points. Whisker displacements were defined as the angle formed by the right and 

left C-1 whisker with the coronal plane of the face, defined as an axis orthogonal to the sagittal 

midline. Blink displacements where defined as the mean pixel difference between two lines 

connecting opposing point on upper and lower eyelids on right and left sides. To minimize 

errors, regression lines were plotted (and values calculated) only for frames where all points 

Figure 5-6: Automated pose estimation and calculation of whisker and blink displacements from 
high-frame rate videography of the head-fixed rat. (A) A deep neural network was trained to 
localize 26 distinct points on the rat face using an open-source computer vision toolbox 
(DeepLabCut). (B) Point locations were employed for automated plotting of regression lines to 
the sagittal midline and C-1 whiskers (right, red line; left, blue line). Right (θR) and left (θL) 
whisking angles were defined relative to the coronal plane (green line), with protraction 
considered positive and retraction negative (yellow curved arrows). Right (PR) and left (PL) 
palpebral fissure width was calculated in pixel distance for lines spanning the average distance 
between upper and lower lid points (right - pink link, left – cyan line). 
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along each specific landmark were localized with high confidence by the trained deep neural 

network.  

Quantitative Analysis of Whisking Function 

 An open-source toolkit for the identification of biomedical systems in MATLAB 

(R2018a, The MathWorks Inc, Natick, MA) was employed for whisker signal processing (270)2. 

Linear interpolation was employed for missing data points. First derivatives were taken and 

signals detrended. A nonequispaced fast fourier transform of 5000 bin length was employed for 

generation of power spectra for comparison of whisking activity between right and left sides and 

between injured and uninjured animals.  

Nerve histomorphometry 

Four weeks following surgery, one control and one crush-injured animal were humanely 

euthanized via CO2 inhalation in accordance with institutional animal care protocols. The corpses 

were immediately transcardially perfused with 4% phosphate-buffered paraformaldehyde (PFA). 

Left facial nerve buccal branches were harvested and post-fixed by immersion in 4% PFA for 48h, 

followed by cryoprotection in 30% sucrose for 24h. Axial cryosections at 1 µm were obtained, 

mounted on silane-coated glass slides, stained with a myelin-specific dye (FluoroMyelin® Green, 

1:300 diluition, Molecular Probes, Eugene, OR), and cover-slipped according to previously 

described methods (271, 272). Fluorescent images of nerve cross-sections were collected by 

confocal microscopy (Leica Microsystems SP8, Wetzlar, Germany). The microscope was 

equipped with a resonant scanner and high-magnification oil-immersion objective lens (HC PL 

                                                 

2 Tools employed within the nonlinear system identification toolbox (‘nlid’) included the data object ‘nldat’, ‘ddt’ 
and ‘detrend’ methods, and power spectrum object ‘spect’ 
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APO 63x/1.40 Oil CS2, Leica Microsystems). Samples were excited using a 488 nm argon laser, 

and signal collected using a 550/50 nm band-pass filter using hybrid detectors and images acquired 

using commercial software (Leica HyD and Leica Application Suite X) Commercial 

deconvolution software (Lightning, Leica Microsystems) was employed for image enhancement, 

and image brightness and contrast adjusted for enhanced visualization using ImageJ software (Fiji 

Distribution, Version 1.52e) (273, 274). 

 Myelinated axon counts were quantified from digitized images using commercial 

machine learning software (Aivia v8.5, DRVision Technologies LLC, Bellevue, WA) (275). 

Briefly, a random forest pixel classifier was trained by manual painting of a few myelin rings 

and adjacent background within a digitized image. A shallow decision tree was employed for 

rapid preview, and iterative repainting of suboptimally labelled regions was performed until a 

suitable result was obtained. A deep decision tree model comprising forty ensembles was then 

trained, each reaching a maximum depth of 16. The model output is an 8-bit confidence image, 

wherein each pixel of an input image is assigned a value between 0 and 255, representing 0-

100% confidence that the pixel belongs to the trained class. Thresholds are then selected to 

separate myelin from background and to define the lowest allowed cross-sectional area for 

myelin ring segmentation. 

5.4 Results 

 There were no perioperative complications. Head fixation devices demonstrated good 

osseointegration enabling head-fixation for a minimum up four weeks in all animals; the two 

longer surviving animals herein were noted to have good head-fixation after eight weeks, prior to 

scheduled euthanasia. Animals were noted to readily take to the treadmill apparatus, with 

immediate and excellent front limb gait noted at speeds around 3 km/h. Rats were noted to 
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intermittently drag their hindlimbs on the treadmill track in early conditioning trials, which 

improved with over time and with adjustment of head position. 

 Qualitative visual analysis of the trained deep neural network for facial landmark 

localization after a single round of training demonstrated excellent results. Subsequent analysis 

of captured videos returned data points for over 99.8% of frames, indicating the algorithm was 

localizing landmarks with high consistency.  

 Figure 5-7 demonstrates the time series of whisking and blink activity on right and left 

sides in an uninjured and a facial nerve crush-injured animal over a representative 60 second 

recording four weeks following surgery. In the uninjured animal, right and left side whisker 

tracings appear similar. In contrast, C-1 whisker tracings demonstrate obvious differences in 

amplitude between left and right sides in the crush-injured rat, with lower amplitude whisks 

observed on the affected side. Differences in whisking power between right and left sides in the 

uninjured and injured states are better visualized with power spectra as shown in Figure 5-8. 

During this sequence, animals demonstrated a bimodal whisking frequency with peaks around 

5Hz and 11 Hz, corresponding to exploration of novel environments (276). In the uninjured 

animal, power was uniformly distributed across left and right sides, while a stark difference in 

power up to frequencies of 25 Hz was noted in the injured state. Blink tracings showed scant 

blinking activity for all animals tested at all time periods.  

 Figure 5-9 demonstrates images obtained of the buccal branch of the facial nerve in an 

uninjured animal and in a crush-injured animal four weeks following insult. High-throughput 

rapid frozen section was sufficient for resolving myelinated axons by conventional fluorescence 

microscopy. Training of the machine learning based pixel classifier for myelinated axon 

segmentation was readily performed in under five minutes. Subsequent automated segmentation 
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of axons across the entire cross-sections demonstrated good performance as shown in Figure 

5-9B,D. Compared to the uninjured state, axon diameters were smaller and myelin thickness 

decreased as demonstrated by the increased spacing between axons seen for the injured nerve. 

5.5 Discussion  

Challenges inherent to the study of peripheral nerve regeneration leave many clinical 

questions without answers supported by evidence from rigorously controlled animal studies. For 

example, there exists no controlled animal study that has characterized the impact of surgical 

decompression timing on long-term outcomes following acute entrapment of the facial nerve. 

Such entrapment is thought to result from viral reactivation-induced inflammation of the nerve in 

Bell’s palsy (10, 11, 277), with subsequent pressure-induced axonal degeneration and ischemic 

neural fibrosis (11, 63, 278-281). In 15-30% of such cases, post-paralysis facial palsy (PFP) 

subsequently develops as axons regenerate in random fashion to the distal facial musculature (28, 

282, 283). The result is an irreversible state of facial hypertonicity, with multiple manifestations 

of aberrantly regenerated axons, amongst them involuntary eye closure during smiling, speaking, 

or eating, and massive neck and mid-facial contraction during voluntary eye closure (Fig. 6). 

Though facial nerve decompression surgery in acute cases of Bell’s palsy has been shown to 

impressively lessen the risk of PFP development among high-risk patients in prospective clinical 

studies (38, 63), its use remains sporadic. Failure of the procedure to gain widespread acceptance 

is based on the absence of evidence of effectiveness from randomized controlled animal and 

human studies. 

Herein we sought to demonstrate the proof-of-principle of a high-throughput platform for 

assessment of facial nerve structure and function in the rat to address unanswered questions and 

assess novel therapeutics in the field of facial reanimation and facial nerve regeneration. This  
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Figure 5-7: Right- and left-sided whisker and blink tracings in the uninjured and unilateral 
facial nerve-crush injured rat. Tracings were recorded four weeks after head-implant surgery 
and facial nerve crush. Tracings represent unfiltered raw-data obtained using the automated 
computer-vision algorithm developed herein over a single 60 second, 500 frame-per-second 
recording length in each animal. Note sparse blink activity; only thee blinks are noted in the 
uninjured rat (arrows) during the recording session, while no blinks are noted in the injured rat. 
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N = 2397 

Figure 5-9: Rapid histomorphometry of rat facial nerve. (A, C) The buccal branch of the 
facial nerve in an uninjured (A) and facial nerve crush injured (B) mouse stained with a 
myelin-specific dye and visualized using fluorescent microscopy. (B, D) Automated 
segmentation of myelin rings with quantification of myelinated axons. 
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platform enables quantitative assessment of facial nerve function, while avoiding the need for 

labour-intensive conditioning to full-body restraint. In contrast to prior hardware setups for 

functional assessment of rat whisking and blink (194, 195), use of high-frame-rate video for data 

capture paired with automated quantification of facial displacements using trained deep neural 

networks requires minimal hardware. Setup is straightforward, requiring only an adequate high- 

frame-rate camera and personal computer. Future work will seek to further optimize the 

functional component of this model by combining camera control, video compression, landmark 

localization, metric quantification, and data analysis within a single user-friendly graphical user 

interface.  

This study demonstrated clear functional differences between whisking power of right 

and left C-1 whiskers at four weeks in a facial nerve crush-injured rat; such differences were not 

seen in an uninjured control. This suggests this model may prove useful for quantification of 

differences in facial nerve function in various disease states. Future work will seek to validate the 

efficacy of specific parameters including cross-correlation coefficients and root-mean-power in 

detecting differences between healthy and injury states in larger numbers of animals across 

multiple time points to establish means and standard deviations on which power studies for other 

work may be based. Herein, scant blink activity was noted, which is typical of the rat (194, 195). 

Future work will seek to add high-throughput blink conditioning capacity to the platform 

comprising air puffs delivered with sound stimuli (284).  

Histologic assessment is critical to understanding the relationship between peripheral 

nerve structure and function following injury. The most commonly assessed parameters of 

periphearal neural regenation in cross-section include myelinated axon count, density, and 

diameter, in addition to myelin thickness, and g-ratio: the ratio of the inner axonal diameter to 
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the total diameter including myelin sheath (285, 286). Recent work by our group has 

demonstrated that frozen section and rapid non-toxic fluorescent dye staining paired with 

machine learning-based pixel classifiers can be employed for rapid neural histomorphometry of 

human peripheral nerve (271, 275). Herein, we demosntrated use of this high- throughput 

approach for quantification of rat facial nerve structure in health and injured states. Though only 

axon counts were quantified herein, future work will seek to quantify all commonly assessed 

measures of nerve regeneration in cross-sections.  

This work has other limitations. Though a custom electrode array and head-fixation 

device to enable long-term implantation of nerve cuff and EMG wires in the rat was developed 

herein, only the head-fixation device was tested. Future work will investigate whether this 

approach enables long-term electrode implantation in the rat, and whether neural stimuli may be 

delivered and EMG signals obtained using this approach Though adequate whisking activity was 

achieved herein to make observations between left and right side function, as animals become 

habituated to the experimental setup it is likely that their exploratory whisking activity will 

decrease. Without sufficient whisking effort, functional differences between sides would be 

obscured. Future work will seek to add stimulation to the recording environment to encourage 

whisking activity over repeated testing periods. Though gross visualization of landmark 

localization and myelinated axon segmentation by the artificial intelligence algorithms trained 

here suggested high accuracy, future work will require comparison against manual human 

markings to validate this approach.  
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5.6 Conclusion 

A high-throughput platform for quantitative assessment of facial nerve structure and function in 

the rat has been described. This model may prove useful for study of facial nerve regeneration 

and novel therapeutic approaches to management of facial palsy. 
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CHAPTER 6: GENERAL DISCUSSION 

6.1 Discussion 

The importance of facial expression is demonstrated by its conservation and increasing 

complexity among higher-order animals through natural selection (1). For example, smile 

facilitates social interactions by conveying happiness, intelligence, and social status (1-5). Facial 

palsy yields functional, esthetic, and communication impairments with devastating consequence 

(20, 61, 178-187, 189-192, 287). In this thesis, we presented a general approach to management 

of facial palsy, summarized contemporary treatments while noting their limitations, and 

proposed an original approach to therapeutic management of this challenging disease. We 

demonstrated in a live rat model the potential for therapeutic management of unilateral facial 

palsy with a NPD. We discussed how this novel approach pairing proximal neural blockade by 

HFAC with distal targeted FES addresses the challenges associated with rehabilitation of 

aberrantly innervated musculature. We then characterized a comprehensive research platform to 

facilitate future work to assess the safety and efficacy of this FES paradigm over the long term. 

Realization of an NPD for facial palsy would inform the acute and long-term 

management of the disease. Modern treatment algorithms in the setting of new-onset facial palsy 

involve performing interventions in response to lack of clinical improvements over time. The 

innovation described herein would permit active intervention to mitigate or avoid the 

functionally crippling long-term sequelae of facial palsy. For example, the degree of spontaneous 

recovery following manipulation of the FN in the cerebellopontine angle or skull base is 

notoriously difficult to forecast as there are no reliable electrophysiologic tests capable of 

predicting functional outcomes (288, 289). Here, a watchful waiting approach is undertaken, 

whereby the expectation for spontaneous recovery is abandoned after one year of observation. 
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By that time, the receptivity of muscle to alternative neural inputs has diminished (43-46, 290, 

291), and the prospect for adequate restoration of dynamic movement to the native facial 

musculature is low. Establishing that facial muscles with any kind of motor axonal input—

whether from the native proximal FN stump or an alternative motor neural source (such as the 

hypoglossal nerve or a motor branch of the trigeminal nerve)—may be reanimated by means of a 

NPD would promote earlier intervention to preserve native facial muscle viability. Beyond 

improving functional and communication outcomes and restoring currently neglected facial 

movements, such a device has the potential to substantially reduce the number of surgical, 

medical, and physical therapy interventions necessary to treat the persistently flaccid state, 

whose cost over time may be staggering. 

The ultimate success of the proposed NPD approach for facial reanimation is dependent 

on the following conditions being maintained over long periods of time: (a) the capacity for 

EMG signals from the contralateral healthy-side musculature to be used as control signals to 

deliver optimal FES parameters, (b) the capacity of the EEAs to capture EMG signals in robust 

fashion without detrimental effect on the adjacent muscle, (c) the capacity of the NCEs to remain 

in place and robustly deliver FES and HFAC signals without inducing an inflammatory, 

compressive, or other form of neuropathy, (d) the absence of patient discomfort resulting from 

the implanted electrodes, leads, and ASIC, and from the outputted FES and HFAC signals, and 

(e) the capacity for the ASIC to function reliably under the rigors of clinical use.  

Evidence from the literature, our results presented herein, and clinical outcomes of 

similar FDA-approved NPDs suggest that the aforementioned conditions will be met. First, it has 

been demonstrated that rectified and low-pass filtered EMG signals may be used as an input to a 

non-linear system to predict muscle force activation in limbs (292) and that relationships exist 
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between facial muscle EMG signals and force (120). Similarly, previous studies have established 

methods for modeling the dynamics of electrically stimulated muscle (293, 294). Furthermore, 

our preliminary data has demonstrated that a clear impulse response function exists between 

differential EMG signals recorded from whisker pad musculature using EEAs and whisker 

displacements in our rodent model. Though use of healthy-side EMG activity to extract 

command signals might prove less adjustable than traditional FES control signals (e.g. pressure, 

tilt, and accelerometer signals used in footdrop neuroprotheses), use of myoelectric activity to 

reliably drive neuroprostheses has been previously demonstrated (222, 223). Further, use of 

EMG activity as control inputs does not preclude future development of configuration software 

enabling clinicians and patients to individually tailor the NPD parameters (such as stimulus 

timing, amplitude, pulse frequency, and pulse width) to optimize clinical outcomes and 

compensate for inter-patient variability. Second, numerous studies have demonstrated long-term 

success with EMG signal recording from implantable electrodes (137, 295-297). The 

biocompatible EEAs used herein demonstrated the ability to accurately capture and amplify 

differential EMG signals with very low noise while implanted in a canine limb model (298). 

Third, numerous studies have demonstrated the feasibility of long-term implantation of NCEs 

(299-302). As discussed in Chapter 2, use of implanted NCEs for long-term stimulation of a 

cranial nerve has precedent; a recently FDA-approved NPD utilizes an NCE around the 

hypoglossal nerve to evoke contraction of oropharyngeal airway dilator muscles triggered by 

changes in thoracic pressure (109, 303-307). Our findings herein demonstrated no significant 

functional or histologic insult to the neuromuscular unit in rodents four weeks after NCE 

implantation on facial nerve branches. Further, over the period examined herein, no neuropathy 

or myopathy was noted following prolonged daily application of HFAC to the facial nerve. 
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Fourth, the small size of the EEAs and NCEs makes it unlikely that patients would take notice 

when implanted in the sub-superficial aponeurotic system plane of the face. The small stimulus 

amplitudes required to depolarize nerve (as opposed to direct muscle stimulation) are unlikely to 

trigger regional nociception fibre activation, especially when delivered in a bipolar fashion 

within an electrically shielded NCE. Considering that an FDA-approved NPD for sleep apnea is 

well tolerated by sleeping patients, significant patient discomfort resulting from a similar device 

to stimulate facial motor nerve branches is unlikely. Although motor nerves contain sensory 

fibers that convey information from the target muscle to the central nervous system, an 

additional benefit of the proximal HFAC delivery proposed here is that the transmission of these 

retrograde sensory action potentials would also be blocked, as HFAC has been demonstrated to 

result in localized blockade of sensory and motor axons (148, 308). Finally, as no spontaneous 

clinical improvements occur in the setting of long-term FFP and PFP, long-term FES would be 

required to maintain the clinical benefits offered by this device. Fortunately, as discussed in 

Chapter 2, there is a great deal of experience and published evidence within the field of 

otolaryngology on long-term use of implanted NPDs for neural stimulation, with cochlear 

implants having proven safe, effective, and cost-effective in children and adults (309) with high 

rates of use and benefit at follow-up extending over a decade (310, 311). Tremendous patient 

benefit and long-term effectiveness has also been demonstrated from motor neuroprostheses used 

in other clinical scenarios, an example being FES stimulation of the peroneal nerve during gait 

for footdrop (138, 193).  

6.2 Future Directions 

Future work will seek to employ our novel high-throughput rat model to implement a 

paradigm of stimulated hemi-facial movements, whereby EMG signals from one side of the rat 
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face will be used to generate symmetric facial movements via distal nerve branch stimulation, 

with and without concurrent proximal neural blockade of native conduction on the stimulated 

side. We aim to achieve this using implanted microelectrode arrays with connection leads 

secured within the head-fixation devices as proposed in Chapter 5. Next, we will seek to 

determine the long-term feasibility of facial reanimation using the FES paradigm described 

herein, via gradually increasing conditioning to head restraint on our treadmill to enable 

continual experiments of long duration in otherwise uninjured rats. We will then study the 

approach in rats who have undergone unilateral hypoglossal to facial nerve transfers, to 

characterize whether symmetric facial expressions may be restored using this paradigm. If these 

sets of experiments confirm efficacy and safety of the approach, we will then seek to partner 

with industry to develop a customized implantable ASIC paired with appropriate electrode arrays 

that meets the requirements of our FES paradigm. Presently, miniaturization of hardware 

necessary for HFAC signal generation poses a considerable challenge.  
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physiologique de l'expression des passions. Paris: Renouard; 1862. 

3. Schmidt KL, Cohn JF. Human Facial Expressions as Adaptations:Evolutionary 

Questions in Facial Expression Research. American journal of physical anthropology. 

2001;Suppl 33:3-24. doi: 10.1002/ajpa.2001. PubMed PMID: PMC2238342. 

4. Otta E, Folladore Abrosio F, Hoshino RL. Reading a smiling face: messages conveyed 

by various forms of smiling. Percept Mot Skills. 1996;82(3 Pt 2):1111-21. Epub 1996/06/01. doi: 

10.2466/pms.1996.82.3c.1111. PubMed PMID: 8823879. 

5. Hecht MA, LaFrance M. License or Obligation to Smile: The Effect of Power and Sex 

on Amount and Type of Smiling. Personality and Social Psychology Bulletin. 1998;24(12):1332-

42. doi: 10.1177/01461672982412007. 

6. Bell C. On the Nerves; Giving an Account of Some Experiments on Their Structure and 

Functions, Which Lead to a New Arrangement of the System. Philosophical Transactions of the 

Royal Society of London. 1821;111:398-424. doi: 10.2307/107626. 

7. Devriese PP, Schumacher T, Scheide A, de Jongh RH, Houtkooper JM. Incidence, 

prognosis and recovery of Bell's palsy. A survey of about 1000 patients (1974-1983). Clin 

Otolaryngol Allied Sci. 1990;15(1):15-27. Epub 1990/02/01. doi: 10.1111/j.1365-

2273.1990.tb00427.x. PubMed PMID: 2323075. 



  

159 

 

8. Marson AG, Salinas R. Bell's palsy. West J Med. 2000;173(4):266-8. doi: 

10.1136/ewjm.173.4.266. PubMed PMID: 11017995. 

9. Kennedy PG. Herpes simplex virus type 1 and Bell's palsy-a current assessment of the 

controversy. Journal of neurovirology. 2010;16(1):1-5. Epub 2010/02/02. doi: 

10.3109/13550280903552446. PubMed PMID: 20113184. 

10. Turriziani O, Falasca F, Maida P, Gaeta A, De Vito C, Mancini P, et al. Early collection 

of saliva specimens from Bell's palsy patients: quantitative analysis of HHV-6, HSV-1, and 

VZV. Journal of medical virology. 2014;86(10):1752-8. Epub 2014/03/13. doi: 

10.1002/jmv.23917. PubMed PMID: 24619963. 

11. Murakami S, Mizobuchi M, Nakashiro Y, Doi T, Hato N, Yanagihara N. Bell palsy and 

herpes simplex virus: identification of viral DNA in endoneurial fluid and muscle. Annals of 

Internal Medicine. 1996;124(1 Pt 1):27-30. PubMed PMID: 7503474. 

12. Greco A, Gallo A, Fusconi M, Marinelli C, Macri GF, de Vincentiis M. Bell's palsy and 

autoimmunity. Autoimmunity reviews. 2012;12(2):323-8. Epub 2012/06/12. doi: 

10.1016/j.autrev.2012.05.008. PubMed PMID: 22684016. 

13. Mutsch M, Zhou W, Rhodes P, Bopp M, Chen RT, Linder T, et al. Use of the inactivated 

intranasal influenza vaccine and the risk of Bell's palsy in Switzerland. N Engl J Med. 

2004;350(9):896-903. Epub 2004/02/27. doi: 10.1056/NEJMoa030595. PubMed PMID: 

14985487. 

14. Valls-Sole J, Tolosa ES, Pujol M. Myokymic discharges and enhanced facial nerve 

reflex responses after recovery from idiopathic facial palsy. Muscle & nerve. 1992;15(1):37-42. 

Epub 1992/01/01. doi: 10.1002/mus.880150107. PubMed PMID: 1732759. 



  

160 

 

15. Bratzlavsky M, Van der Eecken H. Hémiespasme facial postparalytique. Nouvelles 

donnees etiopathogeniques. . Rev Neurol (Paris). 1980;136:355–63. 

16. Peitersen E. The natural history of Bell's palsy. The American journal of otology. 

1982;4(2):107-11. PubMed PMID: 7148998. 

17. Jowett N, Gaudin RA, Banks CA, Hadlock TA. Steroid use in Lyme disease-associated 

facial palsy is associated with worse long-term outcomes. Laryngoscope. 2016. doi: 

10.1002/lary.26273. PubMed PMID: 27598389. 

18. Wormser GP, McKenna D, Scavarda C, Karmen C. Outcome of facial palsy from Lyme 

disease in prospectively followed patients who had received corticosteroids. Diagnostic 

Microbiology and Infectious Disease. 2018;91(4):336-8. doi: 

https://doi.org/10.1016/j.diagmicrobio.2018.03.016. 

19. Clark JR, Carlson RD, Sasaki CT, Pachner AR, Steere AC. Facial paralysis in Lyme 

disease. Laryngoscope. 1985;95(11):1341-5. PubMed PMID: 4058212. 

20. Faris C, Tessler O, Heiser A, Hadlock T, Jowett N. Evaluation of Societal Health Utility 

of Facial Palsy and Facial Reanimation. JAMA facial plastic surgery. 2018. Epub 2018/09/05. 

doi: 10.1001/jamafacial.2018.0866. PubMed PMID: 30178066. 

21. Dey JK, Ishii LE, Joseph AW, Goines J, Byrne PJ, Boahene KD, et al. The Cost of 

Facial Deformity: A Health Utility and Valuation Study. JAMA facial plastic surgery. 

2016;18(4):241-9. Epub 2016/03/25. doi: 10.1001/jamafacial.2015.2365. PubMed PMID: 

27010626. 

22. Sinno H, Thibaudeau S, Izadpanah A, Tahiri Y, Christodoulou G, Zuker R, et al. Utility 

outcome scores for unilateral facial paralysis. Ann Plast Surg. 2012;69(4):435-8. Epub 

2012/09/12. doi: 10.1097/SAP.0b013e318246e698. PubMed PMID: 22964665. 

https://doi.org/10.1016/j.diagmicrobio.2018.03.016


  

161 

 

23. Jowett N, Hadlock TA. An Evidence-Based Approach to Facial Reanimation. Facial 

Plast Surg Clin North Am. 2015;23(3):313-34. Epub 2015/07/26. doi: 10.1016/j.fsc.2015.04.005. 

PubMed PMID: 26208770. 

24. Kahn JB, Gliklich RE, Boyev KP, Stewart MG, Metson RB, McKenna MJ. Validation of 

a patient-graded instrument for facial nerve paralysis: the FaCE scale. Laryngoscope. 

2001;111(3):387-98. doi: 10.1097/00005537-200103000-00005. PubMed PMID: 11224766. 

25. Ishii LE, Godoy A, Encarnacion CO, Byrne PJ, Boahene KD, Ishii M. What faces 

reveal: impaired affect display in facial paralysis. Laryngoscope. 2011;121(6):1138-43. Epub 

2011/05/11. doi: 10.1002/lary.21764. PubMed PMID: 21557237. 

26. Montserrat L, Benito M. Facial synkinesis and aberrant regeneration of facial nerve. In: 

(eds): JJTE, editor. Advances in neurology. 1988/01/01 ed. New York, : Raven Press; 1988. p. 

211-24. 

27. Kimura J, Rodnitzky RL, Okawara SH. Electrophysiologic analysis of aberrant 

regeneration after facial nerve paralysis. Neurology. 1975;25(10):989-93. Epub 1975/10/01. doi: 

10.1212/wnl.25.10.989. PubMed PMID: 1237109. 

28. Wetzig P. Aberrant regeneration of oculomotor and facial nerves. Rocky Mt Med J. 

1957;54(4):347-8. PubMed PMID: 13421594; PMCID: Source: CLML. 5732:19578. 

29. Hohman MH, Hadlock TA. Etiology, diagnosis, and management of facial palsy: 2000 

patients at a facial nerve center. Laryngoscope. 2014;124(7):E283-93. doi: 10.1002/lary.24542. 

PubMed PMID: 24431233. 

30. Agarwal R, Manandhar L, Saluja P, Grandhi B. Pontine stroke presenting as isolated 

facial nerve palsy mimicking Bell's palsy: a case report. J Med Case Rep. 2011;5:287. Epub 

2011/07/07. doi: 10.1186/1752-1947-5-287. PubMed PMID: 21729278; PMCID: PMC3141723. 



  

162 

 

31. Iacolucci CM, Banks C, Jowett N, Kozin ED, Bhama PK, Barbara M, et al. 

Development and validation of a spontaneous smile assay. JAMA facial plastic surgery. 

2015;17(3):191-6. doi: 10.1001/jamafacial.2015.0083. PubMed PMID: 25811938. 

32. Ho K, Melanson M, Desai JA. Bell palsy in lyme disease-endemic regions of canada: a 

cautionary case of occult bilateral peripheral facial nerve palsy due to Lyme disease. Cjem. 

2012;14(5):321-4. Epub 2012/09/13. PubMed PMID: 22967702. 

33. Smouha EE, Coyle PK, Shukri S. Facial nerve palsy in Lyme disease: evaluation of 

clinical diagnostic criteria. The American journal of otology. 1997;18(2):257-61. Epub 

1997/03/01. PubMed PMID: 9093686. 

34. Engstrom M, Berg T, Stjernquist-Desatnik A, Axelsson S, Pitkaranta A, Hultcrantz M, et 

al. Prednisolone and valaciclovir in Bell's palsy: a randomised, double-blind, placebo-controlled, 

multicentre trial. Lancet Neurol. 2008;7(11):993-1000. Epub 2008/10/14. doi: 10.1016/s1474-

4422(08)70221-7. PubMed PMID: 18849193. 

35. McAllister K, Walker D, Donnan PT, Swan I. Surgical interventions for the early 

management of Bell's palsy. Cochrane Database Syst Rev. 2013;10:Cd007468. Epub 

2013/10/18. doi: 10.1002/14651858.CD007468.pub3. PubMed PMID: 24132718. 

36. de Almeida JR, Al Khabori M, Guyatt GH, Witterick IJ, Lin VY, Nedzelski JM, et al. 

Combined corticosteroid and antiviral treatment for Bell palsy: a systematic review and meta-

analysis. JAMA. 2009;302(9):985-93. doi: 10.1001/jama.2009.1243. PubMed PMID: 19724046. 

37. Murakami S, Hato N, Horiuchi J, Honda N, Gyo K, Yanagihara N. Treatment of Ramsay 

Hunt syndrome with acyclovir-prednisone: significance of early diagnosis and treatment. Ann 

Neurol. 1997;41(3):353-7. Epub 1997/03/01. doi: 10.1002/ana.410410310. PubMed PMID: 

9066356. 



  

163 

 

38. Gantz BJ, Rubinstein JT, Gidley P, Woodworth GG. Surgical management of Bell's 

palsy. Laryngoscope. 1999;109(8):1177-88. Epub 1999/08/12. doi: 10.1097/00005537-

199908000-00001. PubMed PMID: 10443817. 

39. Wormser GP, Dattwyler RJ, Shapiro ED, Halperin JJ, Steere AC, Klempner MS, et al. 

The clinical assessment, treatment, and prevention of lyme disease, human granulocytic 

anaplasmosis, and babesiosis: clinical practice guidelines by the Infectious Diseases Society of 

America. Clin Infect Dis. 2006;43(9):1089-134. Epub 2006/10/10. doi: 10.1086/508667. 

PubMed PMID: 17029130. 

40. Halperin JJ, Shapiro ED, Logigian E, Belman AL, Dotevall L, Wormser GP, et al. 

Practice parameter: treatment of nervous system Lyme disease (an evidence-based review): 

report of the Quality Standards Subcommittee of the American Academy of Neurology. 

Neurology. 2007;69(1):91-102. doi: 10.1212/01.wnl.0000265517.66976.28. PubMed PMID: 

17522387. 

41. Redaelli de Zinis LO, Gamba P, Balzanelli C. Acute otitis media and facial nerve 

paralysis in adults. Otol Neurotol. 2003;24(1):113-7. Epub 2003/01/25. PubMed PMID: 

12544039. 

42. Jowett N, Hadlock TA. A Contemporary Approach to Facial Reanimation. JAMA facial 

plastic surgery. 2015;17(4):293-300. Epub 2015/06/05. doi: 10.1001/jamafacial.2015.0399. 

PubMed PMID: 26042960. 

43. Wu P, Chawla A, Spinner RJ, Yu C, Yaszemski MJ, Windebank AJ, et al. Key changes 

in denervated muscles and their impact on regeneration and reinnervation. Neural regeneration 

research. 2014;9(20):1796-809. doi: 10.4103/1673-5374.143424. PubMed PMID: 25422641; 

PMCID: 4239769. 



  

164 

 

44. Conley J. Hypoglossal crossover--122 cases. Transactions Section on Otolaryngology 

American Academy of Ophthalmology and Otolaryngology. 1977;84(4 Pt 1):Orl-763-8. Epub 

1977/07/01. PubMed PMID: 898526. 

45. Gavron JP, Clemis JD. Hypoglossal-facial nerve anastomosis: a review of forty cases 

caused by facial nerve injuries in the posterior fossa. Laryngoscope. 1984;94(11 Pt 1):1447-50. 

Epub 1984/11/01. PubMed PMID: 6492965. 

46. Kunihiro T, Kanzaki J, Yoshihara S, Satoh Y, Satoh A. Hypoglossal-facial nerve 

anastomosis after acoustic neuroma resection: influence of the time anastomosis on recovery of 

facial movement. ORL J Otorhinolaryngol Relat Spec. 1996;58(1):32-5. Epub 1996/01/01. 

PubMed PMID: 8718535. 

47. House JW, Brackmann DE. Facial nerve grading system. Otolaryngol Head Neck Surg. 

1985;93(2):146-7. PubMed PMID: 3921901. 

48. Rivas A, Boahene KD, Bravo HC, Tan M, Tamargo RJ, Francis HW. A model for early 

prediction of facial nerve recovery after vestibular schwannoma surgery. Otol Neurotol. 

2011;32(5):826-33. Epub 2011/04/30. doi: 10.1097/MAO.0b013e31821b0afd. PubMed PMID: 

21527865. 

49. Anderson RL, Gordy DD. The tarsal strip procedure. Archives of ophthalmology. 

1979;97(11):2192-6. Epub 1979/11/01. PubMed PMID: 508189. 

50. Gillies H. Experiences with Fascia Lata Grafts in the Operative Treatment of Facial 

Paralysis: (Section of Otology and Section of Laryngology). Proceedings of the Royal Society of 

Medicine. 1934;27(10):1372-82. PubMed PMID: 19989927; PMCID: 2205492. 

51. McLaughlin CR. Permanent facial paralysis; the role of surgical support. Lancet. 

1952;2(6736):647-51. PubMed PMID: 12981947. 



  

165 

 

52. Harii K, Ohmori K, Torii S. Free gracilis muscle transplantation, with 

microneurovascular anastomoses for the treatment of facial paralysis. A preliminary report. Plast 

Reconstr Surg. 1976;57(2):133-43. PubMed PMID: 1250883. 

53. Harii K, Asato H, Yoshimura K, Sugawara Y, Nakatsuka T, Ueda K. One-stage transfer 

of the latissimus dorsi muscle for reanimation of a paralyzed face: a new alternative. Plast 

Reconstr Surg. 1998;102(4):941-51. PubMed PMID: 9734407. 

54. Edgerton MT. Surgical correction of facial paralysis: a plea for better reconstructions. 

Ann Surg. 1967;165(6):985-98. PubMed PMID: 6026317; PMCID: 1617525. 

55. Watanabe Y, Sasaki R, Agawa K, Akizuki T. Bidirectional/double fascia grafting for 

simple and semi-dynamic reconstruction of lower lip deformity in facial paralysis. J Plast 

Reconstr Aesthet Surg. 2015;68(3):321-8. Epub 2014/12/02. doi: 10.1016/j.bjps.2014.10.044. 

PubMed PMID: 25434708. 

56. Wernick Robinson M, Baiungo J, Hohman M, Hadlock T. Facial rehabilitation. 

Operative Techniques in Otolaryngology-Head and Neck Surgery. 2012;23(4):288-96. doi: 

10.1016/j.otot.2012.10.002. 

57. Jowett N, Malka R, Hadlock TA. Effect of Weakening of Ipsilateral Depressor Anguli 

Oris on Smile Symmetry in Postparalysis Facial Palsy. JAMA facial plastic surgery. 2016. doi: 

10.1001/jamafacial.2016.1115. PubMed PMID: 27658020. 

58. Labbe D, Benichou L, Iodice A, Giot JP. [Depressor anguli oris sign (DAO) in facial 

paresis. How to search it and release the smile (technical note)]. Ann Chir Plast Esthet. 

2012;57(3):281-5. Epub 2012/06/01. doi: 10.1016/j.anplas.2012.02.013. PubMed PMID: 

22647640. 



  

166 

 

59. Ware JE, Jr., Sherbourne CD. The MOS 36-item short-form health survey (SF-36). I. 

Conceptual framework and item selection. Medical care. 1992;30(6):473-83. Epub 1992/06/11. 

PubMed PMID: 1593914. 

60. VanSwearingen JM, Brach JS. The Facial Disability Index: reliability and validity of a 

disability assessment instrument for disorders of the facial neuromuscular system. Phys Ther. 

1996;76(12):1288-98; discussion 98-300. Epub 1996/12/01. PubMed PMID: 8959998. 

61. Mehta RP, WernickRobinson M, Hadlock TA. Validation of the Synkinesis Assessment 

Questionnaire. Laryngoscope. 2007;117(5):923-6. PubMed PMID: 17473697. 

62. House JW. Facial nerve grading systems. Laryngoscope. 1983;93(8):1056-69. Epub 

1983/08/01. PubMed PMID: 6877014. 

63. Fisch U. Surgery for Bell's palsy. Arch Otolaryngol. 1981;107(1):1-11. PubMed PMID: 

7469872. 

64. Botman JW, Jongkees LB. The result of intratemporal treatment of facial palsy. Practica 

oto-rhino-laryngologica. 1955;17(2):80-100. PubMed PMID: 14394999. 

65. May M, Blumenthal F, Taylor FH. Bell's palsy: surgery based upon prognostic 

indicators and results. Laryngoscope. 1981;91(12):2092-103. PubMed PMID: 7321726. 

66. Yanagihara N. [On standardised documentation of facial palsy (author's transl)]. Nihon 

Jibiinkoka Gakkai kaiho. 1977;80(8):799-805. PubMed PMID: 915593. 

67. Ross BG, Fradet G, Nedzelski JM. Development of a sensitive clinical facial grading 

system. Otolaryngol Head Neck Surg. 1996;114(3):380-6. PubMed PMID: 8649870. 

68. Ross BR, Fradet G, Nedzelski JM. Development of a sensitive clinical facial grading 

system. Eur Arch Otorhinolaryngol. 1994:S180-1. PubMed PMID: 10774344. 



  

167 

 

69. Banks CA, Hadlock TA. Pediatric facial nerve rehabilitation. Facial Plast Surg Clin 

North Am. 2014;22(4):487-502. doi: 10.1016/j.fsc.2014.07.006. PubMed PMID: 25444723. 

70. Banks CA, Bhama PK, Park J, Hadlock CR, Hadlock TA. Clinician-Graded Electronic 

Facial Paralysis Assessment: The eFACE. Plast Reconstr Surg. 2015;136(2):223e-30e. doi: 

10.1097/PRS.0000000000001447. PubMed PMID: 26218397. 

71. Guarin DL, Dusseldorp J, Hadlock TA, Jowett N. A Machine Learning Approach for 

Automated Facial Measurements in Facial Palsy. JAMA facial plastic surgery. 2018;20(4):335-7. 

Epub 2018/03/16. doi: 10.1001/jamafacial.2018.0030. PubMed PMID: 29543955. 

72. Borschel GH, Kawamura DH, Kasukurthi R, Hunter DA, Zuker RM, Woo AS. The 

motor nerve to the masseter muscle: an anatomic and histomorphometric study to facilitate its 

use in facial reanimation. J Plast Reconstr Aesthet Surg. 2012;65(3):363-6. Epub 2011/10/14. 

doi: 10.1016/j.bjps.2011.09.026. PubMed PMID: 21992936. 

73. Eisenhardt SU, Eisenhardt NA, Thiele JR, Stark GB, Bannasch H. Salvage procedures 

after failed facial reanimation surgery using the masseteric nerve as the motor nerve for free 

functional gracilis muscle transfer. JAMA facial plastic surgery. 2014;16(5):359-63. Epub 

2014/07/06. doi: 10.1001/jamafacial.2014.163. PubMed PMID: 24994013. 

74. Klebuc M. Masseter–to-Facial Nerve Transfer: A New Technique for Facial 

Reanimation. J Reconstr Microsurg. 2006;22(03):A101. doi: 10.1055/s-2006-947979. 

75. Klebuc MJ. Facial reanimation using the masseter-to-facial nerve transfer. Plast 

Reconstr Surg. 2011;127(5):1909-15. Epub 2011/05/03. doi: 10.1097/PRS.0b013e31820e9138. 

PubMed PMID: 21532419. 



  

168 

 

76. Banks CA, Jowett N, Iacolucci C, Heiser A, Hadlock TA. Five-Year Experience with 

Fifth-to-Seventh Nerve Transfer for Smile. Plast Reconstr Surg. 2019;143(5):1060e-71e. Epub 

2019/04/30. doi: 10.1097/PRS.0000000000005591. PubMed PMID: 31033832. 

77. Körte W, Bernhardt M. Ein Fall von Nervenpfropfung: des Nervus facialis auf den 

Nervus hypoglossus. Deutsche medizinische Wochenschrift. 1903;29(17):293-5. doi: 10.1055/s-

0028-1138423. 

78. May M, Sobol SM, Mester SJ. Hypoglossal-facial nerve interpositional-jump graft for 

facial reanimation without tongue atrophy. Otolaryngol Head Neck Surg. 1991;104(6):818-25. 

Epub 1991/06/01. doi: 10.1177/019459989110400609. PubMed PMID: 1908974. 

79. Rozen S, Harrison B. Involuntary movement during mastication in patients with long-

term facial paralysis reanimated with a partial gracilis free neuromuscular flap innervated by the 

masseteric nerve. Plast Reconstr Surg. 2013;132(1):110e-6e. Epub 2013/06/29. doi: 

10.1097/PRS.0b013e318290f644. PubMed PMID: 23806930. 

80. Valls-Solé J, Montero J. Movement disorders in patients with peripheral facial palsy. 

Movement Disorders. 2003;18(12):1424-35. doi: 10.1002/mds.10605. 

81. Jowett N, Hadlock TA. A Contemporary Approach to Facial Reanimation. Facial Plast 

Surg Clin North Am. 2015;23(3):313-34. doi: 10.1016/j.fsc.2015.04.005. 

82. Crumley RL. Mechanisms of synkinesis. Laryngoscope. 1979;89(11):1847-54. Epub 

1979/11/01. doi: 10.1288/00005537-197911000-00020. PubMed PMID: 502707. 

83. Hadlock T, Kowaleski J, Lo D, Bermejo R, Zeigler HP, Mackinnon S, et al. Functional 

assessments of the rodent facial nerve: a synkinesis model. Laryngoscope. 2008;118(10):1744-9. 

doi: 10.1097/MLG.0b013e31817f5255. PubMed PMID: 18641527. 



  

169 

 

84. Heaton JT, Kowaleski JM, Bermejo R, Zeigler HP, Ahlgren DJ, Hadlock TA. A system 

for studying facial nerve function in rats through simultaneous bilateral monitoring of eyelid and 

whisker movements. Journal of neuroscience methods. 2008;171(2):197-206. doi: 

10.1016/j.jneumeth.2008.02.023. PubMed PMID: 18442856; PMCID: PMC2474654. 

85. Weinberg JS, Kleiss IJ, Knox CJ, Heaton JT, Hadlock TA. The Dilator Naris Muscle as 

a Reporter of Facial Nerve Regeneration in a Rat Model. Ann Plast Surg. 2016;76(1):94-8. doi: 

10.1097/SAP.0000000000000273. PubMed PMID: 25643189; PMCID: PMC4520777. 

86. Banks CA, Knox C, Hunter DA, Mackinnon SE, Hohman MH, Hadlock TA. Long-term 

functional recovery after facial nerve transection and repair in the rat. J Reconstr Microsurg. 

2015;31(3):210-6. doi: 10.1055/s-0034-1395940. PubMed PMID: 25629206; PMCID: 

PMC4382919. 

87. Heaton JT, Sheu SH, Hohman MH, Knox CJ, Weinberg JS, Kleiss IJ, et al. Rat whisker 

movement after facial nerve lesion: evidence for autonomic contraction of skeletal muscle. 

Neuroscience. 2014;265:9-20. doi: 10.1016/j.neuroscience.2014.01.038. PubMed PMID: 

24480367; PMCID: 4004060. 

88. Heaton JT, Knox CJ, Malo JS, Kobler JB, Hadlock TA. A system for delivering 

mechanical stimulation and robot-assisted therapy to the rat whisker pad during facial nerve 

regeneration. IEEE transactions on neural systems and rehabilitation engineering : a publication 

of the IEEE Engineering in Medicine and Biology Society. 2013;21(6):928-37. doi: 

10.1109/TNSRE.2013.2244911. PubMed PMID: 23475376; PMCID: 3796168. 

89. Vakharia KT, Lindsay RW, Knox C, Edwards C, Henstrom D, Weinberg J, et al. The 

effects of potential neuroprotective agents on rat facial function recovery following facial nerve 



  

170 

 

injury. Otolaryngol Head Neck Surg. 2011;144(1):53-9. doi: 10.1177/0194599810390892. 

PubMed PMID: 21493387; PMCID: PMC4415503. 

90. Heaton JT, Kowaleski J, Edwards C, Smitson C, Hadlock TA. Evidence for facial nerve-

independent mechanisms of blinking in the rat. Invest Ophthalmol Vis Sci. 2010;51(1):179-82. 

doi: 10.1167/iovs.08-3371. PubMed PMID: 19710413; PMCID: PMC2869065. 

91. Yeh C, Bowers D, Hadlock TA. Effect of FK506 on functional recovery after facial 

nerve injury in the rat. Arch Facial Plast Surg. 2007;9(5):333-9. doi: 10.1001/archfaci.9.5.333. 

PubMed PMID: 17875826. 

92. Malka R, Jowett N. Fully Implantable Wireless Device for Continual and Dynamic 

Neural Pressure Monitoring: An Animal Model of Compression Neuropathy.  American Society 

for Peripheral Nerve Annual Meeting; January 13-15, 2017; Waikoloa, Hawaii2017. 

93. Jowett N, Knox CJ, Hadlock T. A Novel Approach To Synkinesis – Targeted 

Conduction Blockade Using High Frequency Alternating Current.  American Society for 

Peripheral Nerve Annual Meeting; January 16, 2016; Scottsdale, AZ2016. 

94. Jowett N, Knox CJ, Gaudin RA, Quetela O, Hadlock T. Interposition Graft Repair of a 

Rat Facial Nerve Defect With and Without Donor Nerve Interfascicular Dissection.  American 

Society for Peripheral Nerve Annual Meeting; January 15-17, 2016; Scottsdale, AZ2016. 

95. Limousin P, Foltynie T. Long-term outcomes of deep brain stimulation in Parkinson 

disease. Nature reviews Neurology. 2019;15(4):234-42. Epub 2019/02/20. doi: 10.1038/s41582-

019-0145-9. PubMed PMID: 30778210. 

96. Theodore WH, Fisher RS. Brain stimulation for epilepsy. The Lancet Neurology. 

2004;3(2):111-8. doi: https://doi.org/10.1016/S1474-4422(03)00664-1. 

https://doi.org/10.1016/S1474-4422(03)00664-1


  

171 

 

97. Weiland JD, Humayun MS. Visual Prosthesis. Proceedings of the IEEE. 

2008;96(7):1076-84. doi: 10.1109/JPROC.2008.922589. 

98. Moe JH, Post HW. Functional electrical stimulation for ambulation in hemiplegia. J 

Lancet. 1962;82:285-8. Epub 1962/07/01. PubMed PMID: 14474974. 

99. Loeb GE. Toward Replacement Parts for the Brain: Implantable Biomimetic Electronics 

as Neural Prostheses. Chapter 1: We made the deaf hear. Now what? Cambridge: The MIT, 

Press; 2005. 3-13 p. 

100. Zoll PM. Resuscitation of the Heart in Ventricular Standstill by External Elctric 

Stimulation. New Engl J Med. 1952;247(20):768-71. doi: 10.1056/NEJM195211132472005. 

101. Brindley GS, Lewin WS. The sensations produced by electrical stimulation of the visual 

cortex. The Journal of physiology. 1968;196(2):479-93. doi: 10.1113/jphysiol.1968.sp008519. 

PubMed PMID: 4871047. 

102. Liberson WT, Holmquest HJ, Scot D, Dow M. Functional electrotherapy: stimulation of 

the peroneal nerve synchronized with the swing phase of the gait of hemiplegic patients. 

Archives of physical medicine and rehabilitation. 1961;42:101-5. 

103. Glenn WW, Phelps ML. Diaphragm pacing by electrical stimulation of the phrenic 

nerve. Neurosurgery. 1985;17(6):974-84. 

104. Alfieri V. Electrical treatment of spasticity. Reflex tonic activity in hemiplegic patients 

and selected specific electrostimulation. Scandinavian journal of rehabilitation medicine. 

1982;14(4):177-82. 

105. L G. Evidence favouring a possible humoral transmission in the inner ear. Acta 

Otolaryngol. 1950;38:9-23. 



  

172 

 

106. Niparko JK. The significance of cochlear implant history. JAMA otolaryngology-- head 

& neck surgery. 2013;139(5):454-. doi: 10.1001/jamaoto.2013.304. 

107. Mudry A, Mills M. The early history of the cochlear implant: a retrospective. JAMA 

otolaryngology-- head & neck surgery. 2013;139(5):446-53. Epub 2013/05/18. doi: 1688121 

[pii] 10.1001/jamaoto.2013.293 [doi]. 

108. William F. House M.D DDS. The Struggles of a Medical Innovator: Cochlear Implants 

and Other Ear Surgeries2011. 

109. Schwartz AR. Hypoglossal nerve stimulation--optimizing its therapeutic potential in 

obstructive sleep apnea. J Neurol Sci. 2014;346(1-2):1-3. doi: 10.1016/j.jns.2014.08.022. 

PubMed PMID: 25190292. 

110. Strollo PJ, Jr., Soose RJ, Maurer JT, de Vries N, Cornelius J, Froymovich O, et al. 

Upper-airway stimulation for obstructive sleep apnea. N Engl J Med. 2014;370(2):139-49. doi: 

10.1056/NEJMoa1308659. PubMed PMID: 24401051. 

111. Sahyouni R, Chang DT, Moshtaghi O, Mahmoodi A, Djalilian HR, Lin HW. Functional 

and Histological Effects of Chronic Neural Electrode Implantation. Laryngoscope Investig 

Otolaryngol. 2017;2(2):80-93. doi: 10.1002/lio2.66. 

112. Weiland JD, Humayun MS. Retinal Prosthesis. Ieee T Bio-Med Eng. 2014;61(5):1412-

24. doi: 10.1109/TBME.2014.2314733. 

113. Mueller AH, Hagen R, Foerster G, Grossmann W, Baumbusch K, Pototschnig C. 

Laryngeal pacing via an implantable stimulator for the rehabilitation of subjects suffering from 

bilateral vocal fold paralysis: A prospective first-in-human study. The Laryngoscope. 

2016;126(8):1810-6. doi: 10.1002/lary.25792. 



  

173 

 

114. Zealear DL, Dedo HH. Control of paralyzed axial muscles by electrical stimulation. 

Transactions Section on Otolaryngology American Academy of Ophthalmology and 

Otolaryngology.84(2):310-. 

115. Tobey DN, Sutton D. Contralaterally elicited electrical stimulation of paralyzed facial 

muscles. Otolaryngology. 1978;86(5):ORL-812-8. 

116. Otto RA, Gaughan RN, Templer JW, Davis WE. Electrical restoration of the blink reflex 

in experimentally induced facial paralysis. Ear Nose Throat J. 1986;65(9):30-2, 7. PubMed 

PMID: 3490367. 

117. Broniatowski M, Ilyes LA, Jacobs GB, Rosenthal DI, Maniglia AJ, Tucker HM, et al. 

Dynamic Rehabilitation of the Paralyzed Face: I. Electronic Control of Reinnervated Muscles 

from Intact Facial Musculature in the Rabbit. Otolaryngology-Head and Neck Surgery. 

1987;97(5):441-5. doi: 10.1177/019459988709700502. 

118. Broniatowski M, Ilyes LA, Jacobs G, Nosé Y, Tucker HM. Dynamic Rehabilitation of 

the Paralyzed Face—II. Electronic Control of the Reinnervated Facial Musculature from the 

Contralateral Side in the Rabbit. Otolaryngology-Head and Neck Surgery. 1989;101(3):309-13. 

doi: 10.1177/019459988910100303. 

119. Broniatowski M, Grundfest-Broniatowski S, Davies SMDCR, Jacobs GB, Tucker HM, 

Nose Y. Dynamic Rehabilitation of the Paralyzed Face: III: Balanced Coupling of Oral and 

Ocular Musculature from the Intact Side in the Canine. Otolaryngology-Head and Neck Surgery. 

1991;105(5):727-33. doi: 10.1177/019459989110500516. 

120. Goodnight JW, Dulguerov P, Berke GS, Lesavoy M, Hoffman LF. Correlation of 

compound action potential and electromyography with facial muscle tension. Otolaryngol Head 

Neck Surg. 1995;112(2):279-90. PubMed PMID: 7838553. 



  

174 

 

121. Otto RA. Restoration of function in the paralyzed rabbit orbicularis oculi muscle by 

direct functional electrical stimulation. Laryngoscope. 1997;107(1):101-11. PubMed PMID: 

9001273. 

122. Kurita M, Takushima A, Muraoka Y, Shiraishi T, Harii K. Feasibility of bionic 

reanimation of a paralyzed face: a preliminary study of functional electrical stimulation of a 

paralyzed facial muscle controlled with the electromyography of the contralateral healthy 

hemiface. Plast Reconstr Surg. 2010;126(2):81e-3e. doi: 

http://dx.doi.org/10.1097/PRS.0b013e3181df6ff3. PubMed PMID: 20679796. 

123. Frigerio A, Brenna S, Cavallari P. Surface Electromyography Recording of Spontaneous 

Eyeblinks. Otolaryngology-Head and Neck Surgery. 2013;148(2):209-14. doi: 

10.1177/0194599812469352. 

124. Frigerio A, Hadlock TA, Murray EH, Heaton JT. Infrared-based blink-detecting glasses 

for facial pacing: toward a bionic blink. JAMA facial plastic surgery. 2014;16(3):211-8. doi: 

10.1001/jamafacial.2014.1. PubMed PMID: 24699708. 

125. McDonnall D, Guillory KS, Gossman MD. Restoration of blink in facial paralysis 

patients using FES. 2009 4th International IEEE/EMBS Conference on Neural Engineering, 

NER '09. 2009:76-9. doi: 10.1109/NER.2009.5109238. 

126. McDonnall D, Askin R, Smith C, Guillory KS. Verification and validation of an 

electrode array for a blink prosthesis for facial paralysis patients. International IEEE/EMBS 

Conference on Neural Engineering, NER. 2013:1167-70. doi: 10.1109/NER.2013.6696146. 

127. Mayr W, Hofer C, Bijak M, Rafolt D, Unger E, Reichel M, et al. Functional Electrical 

Stimulation ( FES ) of Denervated Muscles : Existing and Prospective Technological Solutions. 

European Journal of Translational Myology. 2002;12(6):1-4. 

http://dx.doi.org/10.1097/PRS.0b013e3181df6ff3


  

175 

 

128. Mortimer JT, Bhadra N. Peripheral nerve and muscle stimulation. Neuroprosthetics: 

theory and practice Singapore: World Scientific Piblication Co Inc Editors: Horch KW and 

Dhillon GS. 2004. 

129. Salmons S, Ashley Z, Sutherland H, Russold MF, Li F, Jarvis JC. Functional electrical 

stimulation of denervated muscles: basic issues. Artificial organs. 2005;29(3):199-202. doi: 

10.1111/j.1525-1594.2005.29034.x. 

130. Rantanen V, Ilves M, Vehkaoja A, Kontunen A, Lylykangas J, Makela E, et al. A survey 

on the feasibility of surface EMG in facial pacing. Proceedings of the Annual International 

Conference of the IEEE Engineering in Medicine and Biology Society, EMBS. 2016;2016-

Octob:1688-91. doi: 10.1109/EMBC.2016.7591040. 

131. Kontunen A, Rantanen V, Vehkaoja A, Ilves M, Lylykangas J, Mäkelä E, et al. Low-

latency EMG Onset and Termination Detection for Facial Pacing. IFMBE proceedings. 

2018;65(June). doi: 10.1007/978-981-10-5122-7. 

132. Attiah MA, de Vries J, Richardson AG, Lucas TH. A rodent model of dynamic facial 

reanimation using functional electrical stimulation. Frontiers in Neuroscience. 2017;11(APR):1-

8. doi: 10.3389/fnins.2017.00193. 

133. Sachs NA, Chang EL, Vyas N, Sorensen BN, Weiland JD. Electrical Stimulation of the 

Paralyzed Orbicularis Oculi in Rabbit. IEEE Transactions on Neural Systems and Rehabilitation 

Engineering. 2007;15(1):67-75. doi: 10.1109/TNSRE.2007.891372. 

134. Jowett N, Kearney RE, Knox CJ, Hadlock TA. Toward the bionic face: A Novel 

Neuroprosthetic Device Paradigm for Facial Reanimation Consisting of Neural Blockade and 

Functional Electrical Stimulation. Plastic and Reconstructive Surgery. 2019;143(1):63e-76e. doi: 

10.1097/prs.0000000000005164. 



  

176 

 

135. Chen R, Canales A, Anikeeva P. Neural recording and modulation technologies. Nature 

Reviews Materials. 2017;2. doi: 10.1038/natrevmats.2016.93. 

136. Merrill DR, Lockhart J, Troyk PR, Weir RF, Hankin DL. Development of an 

implantable myoelectric sensor for advanced prosthesis control. Artif Organs. 2011;35(3):249-

52. Epub 2011/03/05. doi: 10.1111/j.1525-1594.2011.01219.x. PubMed PMID: 21371058; 

PMCID: PMC3768255. 

137. Weir RF, Troyk PR, DeMichele GA, Kerns DA, Schorsch JF, Maas H. Implantable 

myoelectric sensors (IMESs) for intramuscular electromyogram recording. IEEE Trans Biomed 

Eng. 2009;56(1):159-71. Epub 2009/02/20. doi: 10.1109/tbme.2008.2005942. PubMed PMID: 

19224729; PMCID: Pmc3157946. 

138. Ring H, Treger I, Gruendlinger L, Hausdorff JM, Wade D, Wood W, et al. 

Neuroprosthesis for footdrop compared with an ankle-foot orthosis: effects on postural control 

during walking. Journal of stroke and cerebrovascular diseases : the official journal of National 

Stroke Association. 2009;18(1):41-7. doi: 10.1016/j.jstrokecerebrovasdis.2008.08.006. 

139. Askin RE, Hiatt SD, Guillory KS, McDonnall D, Smith CF. Systems and methods for 

flexible electrodes. Google Patents; 2011. 

140. Boyle R. A Marine With A Prosthetic Hand Controlled By His Own Muscles. Popular 

Science [Internet]. 2014. Available from: https://www.popsci.com/article/technology/video-

marine-prosthetic-hand-controlled-his-own-muscles. 

141. Kim SW, Heller ES, Hohman MH, Hadlock TA, Heaton JT. Detection and Perceptual 

Impact of Side-to-Side Facial Movement Asymmetry. JAMA facial plastic surgery. 

2013;15(6):411-. doi: 10.1001/jamafacial.2013.1227. 

https://www.popsci.com/article/technology/video-marine-prosthetic-hand-controlled-his-own-muscles
https://www.popsci.com/article/technology/video-marine-prosthetic-hand-controlled-his-own-muscles


  

177 

 

142. Hohman MH, Kim SW, Heller ES, Frigerio A, Heaton JT, Hadlock TA. Determining the 

threshold for asymmetry detection in facial expressions. The Laryngoscope. 2014;124(4):860-5. 

doi: 10.1002/lary.24331. 

143. Palanker D, Vankov A, Huie P, Baccus S. Design of a high-resolution optoelectronic 

retinal prosthesis. Journal of Neural Engineering. 2005;2(1):S105-S20. doi: 10.1088/1741-

2560/2/1/012. 

144. Nag S, Thakor NV. Implantable neurotechnologies: electrical stimulation and 

applications. Medical and Biological Engineering and Computing. 2016;54(1):63-76. doi: 

10.1007/s11517-015-1442-0. 

145. Christie BP, Freeberg M, Memberg WD, Pinault GJC, Hoyen HA, Tyler DJ, et al. 

“Long-term stability of stimulating spiral nerve cuff electrodes on human peripheral nerves”. 

Journal of neuroengineering and rehabilitation. 2017;14(1):70. doi: 10.1186/s12984-017-0285-3. 

146. Langhals NB, Urbanchek MG, Ray A, Brenner MJ. Update in Facial Nerve Paralysis: 

Tissue engineering and new technologies. Curr Opin Otolaryngol Head Neck Surg. 

2014;22(4):291-9. doi: 10.1097/MOO. 

147. Franke M, Vrabec T, Wainright J, Bhadra N, Bhadra N, Kilgore K. Combined KHFAC 

+ DC nerve block without onset or reduced nerve conductivity after block. J Neural Eng. 

2014;11(5):056012. doi: 10.1088/1741-2560/11/5/056012. PubMed PMID: 25115572. 

148. Kilgore KL, Bhadra N. Reversible nerve conduction block using kilohertz frequency 

alternating current. Neuromodulation : journal of the International Neuromodulation Society. 

2014;17(3):242-54; discussion 54-5. doi: 10.1111/ner.12100. PubMed PMID: 23924075; 

PMCID: 3834124. 



  

178 

 

149. Ackermann DM, Jr., Ethier C, Foldes EL, Oby ER, Tyler D, Bauman M, et al. Electrical 

conduction block in large nerves: high-frequency current delivery in the nonhuman primate. 

Muscle & nerve. 2011;43(6):897-9. doi: 10.1002/mus.22037. PubMed PMID: 21607972; 

PMCID: 3101373. 

150. Ackermann DM, Jr., Bhadra N, Foldes EL, Kilgore KL. Conduction block of whole 

nerve without onset firing using combined high frequency and direct current. Medical & 

biological engineering & computing. 2011;49(2):241-51. doi: 10.1007/s11517-010-0679-x. 

PubMed PMID: 20890673; PMCID: 3438896. 

151. Kilgore KL, Foldes EA, Ackermann DM, Bhadra N. Combined direct current and high 

frequency nerve block for elimination of the onset response. Conf Proc IEEE Eng Med Biol Soc. 

2009;2009:197-9. doi: 10.1109/IEMBS.2009.5333642. PubMed PMID: 19964208. 

152. Bhadra N, Foldes EL, Ackermann D, Kilgore KL. Reduction of the onset response in 

high frequency nerve block with amplitude ramps from non-zero amplitudes. Conf Proc IEEE 

Eng Med Biol Soc. 2009;2009:650-3. doi: 10.1109/IEMBS.2009.5332735. PubMed PMID: 

19963720. 

153. Kilgore KL, Bhadra N. High frequency mammalian nerve conduction block: simulations 

and experiments. Conf Proc IEEE Eng Med Biol Soc. 2006;1:4971-4. doi: 

10.1109/IEMBS.2006.259254. PubMed PMID: 17946274. 

154. Bhadra N, Kilgore KL. High-frequency nerve conduction block. Conf Proc IEEE Eng 

Med Biol Soc. 2004;7:4729-32. doi: 10.1109/IEMBS.2004.1404309. PubMed PMID: 17271365. 

155. Bhadra N, Lahowetz EA, Foldes ST, Kilgore KL. Simulation of high-frequency 

sinusoidal electrical block of mammalian myelinated axons. Journal of computational 

neuroscience. 2007;22(3):313-26. doi: 10.1007/s10827-006-0015-5. PubMed PMID: 17200886. 



  

179 

 

156. Bhadra N, Bhadra N, Kilgore K, Gustafson KJ. High frequency electrical conduction 

block of the pudendal nerve. J Neural Eng. 2006;3(2):180-7. doi: 10.1088/1741-2560/3/2/012. 

PubMed PMID: 16705274; PMCID: 3375816. 

157. Bhadra N, Kilgore KL. High-frequency electrical conduction block of mammalian 

peripheral motor nerve. Muscle & nerve. 2005;32(6):782-90. doi: 10.1002/mus.20428. PubMed 

PMID: 16124008. 

158. Kilgore KL, Bhadra N. Nerve conduction block utilising high-frequency alternating 

current. Medical & biological engineering & computing. 2004;42(3):394-406. PubMed PMID: 

15191086. 

159. Tanner JA. Reversible Blocking of Nerve Conduction by Alternating-Current Excitation. 

Nature. 1962;195(4842):712-3. doi: 10.1038/195712b0. 

160. Bhadra N, Kilgore KL. High-frequency electrical conduction block of mammalian 

peripheral motor nerve. Muscle & nerve. 2005;32(6):782-90. doi: 10.1002/mus.20428. 

161. Bhadra N, Bhadra N, Kilgore K, Gustafson KJ. High frequency electrical conduction 

block of the pudendal nerve. Journal of Neural Engineering. 2006;3(2):180-7. doi: 

10.1088/1741-2560/3/2/012. 

162. Kilgore KL, Bhadra N. High frequency mammalian nerve conduction block: simulations 

and experiments. Conf Proc IEEE Eng Med Biol Soc. 2006;2006:4971-4. Epub 2007/10/20. doi: 

10.1109/IEMBS.2006.259254. PubMed PMID: 17946274. 

163. Ackermann DM, Bhadra N, Foldes EL, Kilgore KL. Conduction block of whole nerve 

without onset firing using combined high frequency and direct current. Medical & biological 

engineering & computing. 2011;49(2):241-51. doi: 10.1007/s11517-010-0679-x. 



  

180 

 

164. Franke M, Vrabec T, Wainright J, Bhadra N, Bhadra N, Kilgore K, et al. Combined 

KHFAC + DC nerve block without onset or reduced nerve conductivity after block. Journal of 

Neural Engineering. 2014;11(5):056012-. doi: 10.1088/1741-2560/11/5/056012. 

165. Towne C, Montgomery KL, Iyer SM, Deisseroth K, Delp SL. Optogenetic Control of 

Targeted Peripheral Axons in Freely Moving Animals. PLoS ONE. 2013;8(8). doi: 

10.1371/journal.pone.0072691. 

166. Towne C, Montgomery KL, Iyer SM, Deisseroth K, Delp SL. Optogenetic control of 

targeted peripheral axons in freely moving animals. PLoS ONE. 2013;8(8):e72691. doi: 

10.1371/journal.pone.0072691. PubMed PMID: 23991144; PMCID: PMC3749160. 

167. Liske H, Towne C, Anikeeva P, Zhao S, Feng G, Deisseroth K, et al. Optical inhibition 

of motor nerve and muscle activity in vivo. Muscle & nerve. 2013;47(6):916-21. doi: 

10.1002/mus.23696. PubMed PMID: 23629741. 

168. Liske H, Qian X, Anikeeva P, Deisseroth K, Delp S. Optical control of neuronal 

excitation and inhibition using a single opsin protein, ChR2. Sci Rep. 2013;3:3110. doi: 

10.1038/srep03110. PubMed PMID: 24173561; PMCID: PMC3813941. 

169. Boyden ES, Zhang F, Bamberg E, Nagel G, Deisseroth K. Millisecond-timescale, 

genetically targeted optical control of neural activity. Nature neuroscience. 2005;8(9):1263-8. 

doi: 10.1038/nn1525. PubMed PMID: 16116447. 

170. Bock DC, Marschilok AC, Takeuchi KJ, Takeuchi ES. Batteries used to Power 

Implantable Biomedical Devices. Electrochim Acta. 2012;84. doi: 

10.1016/j.electacta.2012.03.057. 



  

181 

 

171. Zeng F-G, Rebscher S, Harrison W, Sun X, Feng H. Cochlear implants: system design, 

integration, and evaluation. IEEE reviews in biomedical engineering. 2008;1:115-42. doi: 

10.1109/RBME.2008.2008250. 

172. Ben Amar A, Kouki AB, Cao H. Power Approaches for Implantable Medical Devices. 

Sensors (Basel, Switzerland). 2015;15(11):28889-914. doi: 10.3390/s151128889. 

173. Rendon-Nava AE, Díaz-Méndez JA, Nino-De-Rivera L, Calleja-Arriaga W, Gil-

Carrasco F, Díaz-Alonso D. Study of the effect of distance and misalignment between 

magnetically coupled coils for wireless power transfer in intraocular pressure measurement. 

Scientific World Journal. 2014;2014. doi: 10.1155/2014/692434. 

174. Agarwal K, Jegadeesan R, Guo YX, Thakor NV. Evaluation and optimization of near-

field inductive coupled wireless power links in rat model. IEEE Antennas and Propagation 

Society, AP-S International Symposium (Digest). 2015;2015-Octob:944-5. doi: 

10.1109/APS.2015.7304859. 

175. Kurs A, Karalis A, Moffatt R, Joannopoulos JD, Fisher P, Soljacic M. Wireless power 

transfer via strongly coupled magnetic resonances. Science. 2007;317(5834):83-6. Epub 

2007/06/09. doi: 10.1126/science.1143254. PubMed PMID: 17556549. 

176. Fernandez-Leon JA, Parajuli A, Franklin R, Sorenson M, Felleman DJ, Hansen BJ, et al. 

A wireless transmission neural interface system for unconstrained non-human primates. Journal 

of Neural Engineering. 2015;12(5):056005-. doi: 10.1088/1741-2560/12/5/056005. 

177. Goodarzy F, Skafidas SE. Ultra-low-power wireless transmitter for neural prostheses 

with modified pulse position modulation. Healthcare technology letters. 2014;1(1):37-9. doi: 

10.1049/htl.2013.0012. 



  

182 

 

178. Coulson SE, O'Dwyer N J, Adams RD, Croxson GR. Expression of emotion and quality 

of life after facial nerve paralysis. Otol Neurotol. 2004;25(6):1014-9. PubMed PMID: 15547436. 

179. Ryzenman JM, Pensak ML, Tew JM, Jr. Facial paralysis and surgical rehabilitation: a 

quality of life analysis in a cohort of 1,595 patients after acoustic neuroma surgery. Otol 

Neurotol. 2005;26(3):516-21; discussion 21. PubMed PMID: 15891659. 

180. Lassaletta L, Alfonso C, Del Rio L, Roda JM, Gavilan J. Impact of facial dysfunction on 

quality of life after vestibular schwannoma surgery. Annals of Otology, Rhinology & 

Laryngology. 2006;115(9):694-8. PubMed PMID: 17044542. 

181. Hadlock T, Cheney ML. Facial reanimation: an invited review and commentary. Arch 

Facial Plast Surg. 2008;10(6):413-7. doi: http://dx.doi.org/10.1001/archfaci.10.6.413. PubMed 

PMID: 19018064. 

182. Hadlock TA, Malo JS, Cheney ML, Henstrom DK. Free gracilis transfer for smile in 

children: the Massachusetts Eye and Ear Infirmary Experience in excursion and quality-of-life 

changes. Arch Facial Plast Surg. 2011;13(3):190-4. doi: 10.1001/archfacial.2011.29. PubMed 

PMID: 21576665. 

183. Henstrom DK, Lindsay RW, Cheney ML, Hadlock TA. Surgical treatment of the 

periocular complex and improvement of quality of life in patients with facial paralysis. Arch 

Facial Plast Surg. 2011;13(2):125-8. doi: 10.1001/archfacial.2011.9. PubMed PMID: 21422446. 

184. Ho AL, Scott AM, Klassen AF, Cano SJ, Pusic AL, Van Laeken N. Measuring quality of 

life and patient satisfaction in facial paralysis patients: a systematic review of patient-reported 

outcome measures. Plast Reconstr Surg. 2012;130(1):91-9. doi: 

http://dx.doi.org/10.1097/PRS.0b013e318254b08d. PubMed PMID: 22743876. 

http://dx.doi.org/10.1001/archfaci.10.6.413
http://dx.doi.org/10.1097/PRS.0b013e318254b08d


  

183 

 

185. Vakharia KT, Henstrom D, Plotkin SR, Cheney M, Hadlock TA. Facial reanimation of 

patients with neurofibromatosis type 2. Neurosurgery. 2012;70(2 Suppl Operative):237-43. doi: 

10.1227/NEU.0b013e31823a819f. PubMed PMID: 21968382. 

186. Bhama P, Bhrany AD. Ocular protection in facial paralysis. Curr. 2013;21(4):353-7. doi: 

http://dx.doi.org/10.1097/MOO.0b013e32836239cf. PubMed PMID: 23689596. 

187. Ng JH, Ngo RY. The use of the facial clinimetric evaluation scale as a patient-based 

grading system in Bell's palsy. Laryngoscope. 2013;123(5):1256-60. doi: 

http://dx.doi.org/10.1002/lary.23790. PubMed PMID: 23553515. 

188. Bhama PK, Park JG, Shanley K, Hadlock TA. Refinements in nasolabial fold 

reconstruction for facial paralysis. Laryngoscope. 2014;124(12):2687-92. doi: 

http://dx.doi.org/10.1002/lary.24843. PubMed PMID: 25043990. 

189. Dey JK, Ishii LE, Byrne PJ, Boahene KD, Ishii M. Seeing is believing: objectively 

evaluating the impact of facial reanimation surgery on social perception. Laryngoscope. 

2014;124(11):2489-97. doi: http://dx.doi.org/10.1002/lary.24801. PubMed PMID: 24966145. 

190. Lindsay RW, Bhama P, Hadlock TA. Quality-of-Life Improvement After Free Gracilis 

Muscle Transfer for Smile Restoration in Patients With Facial Paralysis. JAMA facial plastic 

surgery. 2014;16(6):419-24. doi: 10.1001/jamafacial.2014.679. PubMed PMID: 25275339. 

191. Lindsay RW, Bhama P, Hohman M, Hadlock TA. Prospective Evaluation of Quality-of-

Life Improvement After Correction of the Alar Base in the Flaccidly Paralyzed Face. JAMA 

facial plastic surgery. 2015. doi: 10.1001/jamafacial.2014.1295. PubMed PMID: 25554967. 

192. Henstrom DK, Malo JS, Cheney ML, Hadlock TA. Platysmectomy: an effective 

intervention for facial synkinesis and hypertonicity. Arch Facial Plast Surg. 2011;13(4):239-43. 

doi: 10.1001/archfacial.2011.43. PubMed PMID: 21768558. 

http://dx.doi.org/10.1097/MOO.0b013e32836239cf
http://dx.doi.org/10.1002/lary.23790
http://dx.doi.org/10.1002/lary.24843
http://dx.doi.org/10.1002/lary.24801


  

184 

 

193. Meilahn JR. Tolerability and effectiveness of a neuroprosthesis for the treatment of 

footdrop in pediatric patients with hemiparetic cerebral palsy. Pm r. 2013;5(6):503-9. Epub 

2013/01/15. doi: 10.1016/j.pmrj.2012.11.005. PubMed PMID: 23313040. 

194. Bermejo R, Harvey M, Gao P, Zeigler HP. Conditioned whisking in the rat. 

Somatosensory & motor research. 1996;13(3-4):225-33. PubMed PMID: 9110425. 

195. Bermejo R, Zeigler HP. "Real-time" monitoring of vibrissa contacts during rodent 

whisking. Somatosensory & motor research. 2000;17(4):373-7. PubMed PMID: 11125880. 

196. Gao P, Bermejo R, Zeigler HP. Whisker deafferentation and rodent whisking patterns: 

behavioral evidence for a central pattern generator. J Neurosci. 2001;21(14):5374-80. PubMed 

PMID: 11438614. 

197. Harvey MA, Bermejo R, Zeigler HP. Discriminative whisking in the head-fixed rat: 

optoelectronic monitoring during tactile detection and discrimination tasks. Somatosensory & 

motor research. 2001;18(3):211-22. PubMed PMID: 11562084. 

198. Bermejo R, Vyas A, Zeigler HP. Topography of rodent whisking--I. Two-dimensional 

monitoring of whisker movements. Somatosensory & motor research. 2002;19(4):341-6. doi: 

10.1080/0899022021000037809. PubMed PMID: 12590835. 

199. Bermejo R, Szwed M, Friedman W, Ahissar E, Zeigler HP. One whisker whisking: unit 

recording during conditioned whisking in rats. Somatosensory & motor research. 2004;21(3-

4):183-7. doi: 10.1080/08990220400012430. PubMed PMID: 15763903. 

200. Khatri V, Bermejo R, Brumberg JC, Zeigler HP. Whisking in air: encoding of 

kinematics by VPM neurons in awake rats. Somatosensory & motor research. 2010;27(3):111-

20. doi: 10.3109/08990220.2010.502381. PubMed PMID: 20722492. 



  

185 

 

201. Hadlock T, Lindsay R, Edwards C, Smitson C, Weinberg J, Knox C, et al. The effect of 

electrical and mechanical stimulation on the regenerating rodent facial nerve. Laryngoscope. 

2010;120(6):1094-102. doi: 10.1002/lary.20903. PubMed PMID: 20513023. 

202. Henstrom D, Hadlock T, Lindsay R, Knox CJ, Malo J, Vakharia KT, et al. The 

convergence of facial nerve branches providing whisker pad motor supply in rats: implications 

for facial reanimation study. Muscle & nerve. 2012;45(5):692-7. doi: 10.1002/mus.23232. 

PubMed PMID: 22499096; PMCID: PMC4388195. 

203. Hill DN, Bermejo R, Zeigler HP, Kleinfeld D. Biomechanics of the vibrissa motor plant 

in rat: rhythmic whisking consists of triphasic neuromuscular activity. J Neurosci. 

2008;28(13):3438-55. doi: 10.1523/JNEUROSCI.5008-07.2008. PubMed PMID: 18367610. 

204. Khatri V, Bermejo R, Brumberg JC, Keller A, Zeigler HP. Whisking in air: encoding of 

kinematics by trigeminal ganglion neurons in awake rats. J Neurophysiol. 2009;101(4):1836-46. 

doi: 10.1152/jn.90655.2008. PubMed PMID: 19109457; PMCID: 2695634. 

205. Kleiss IJ, Knox CJ, Malo JS, Marres HA, Hadlock TA, Heaton JT. Whisking recovery 

after automated mechanical stimulation during facial nerve regeneration. JAMA facial plastic 

surgery. 2014;16(2):133-9. doi: 10.1001/jamafacial.2013.2217. PubMed PMID: 24407357. 

206. Hadlock TA, Kim SW, Weinberg JS, Knox CJ, Hohman MH, Heaton JT. Quantitative 

analysis of muscle histologic method in rodent facial nerve injury. JAMA facial plastic surgery. 

2013;15(2):141-6. doi: 10.1001/jamafacial.2013.430. PubMed PMID: 23329158. 

207. Knox CJ, Hohman MH, Kleiss IJ, Weinberg JS, Heaton JT, Hadlock TA. Facial nerve 

repair: fibrin adhesive coaptation versus epineurial suture repair in a rodent model. 

Laryngoscope. 2013;123(7):1618-21. doi: 10.1002/lary.23885. PubMed PMID: 23188676; 

PMCID: 3695022. 



  

186 

 

208. Hohman MH, Kleiss IJ, Knox CJ, Weinberg JS, Heaton JT, Hadlock TA. Functional 

recovery after facial nerve cable grafting in a rodent model. JAMA facial plastic surgery. 

2014;16(1):20-4. doi: 10.1001/jamafacial.2013.1431. PubMed PMID: 24232003. 

209. Banks CA, Knox C, Hunter DA, Mackinnon SE, Hohman MH, Hadlock TA. Long-Term 

Functional Recovery after Facial Nerve Transection and Repair in the Rat. J Reconstr Microsurg. 

2015. doi: 10.1055/s-0034-1395940. PubMed PMID: 25629206. 

210. Bermejo R, Friedman W, Zeigler HP. Topography of whisking II: interaction of whisker 

and pad. Somatosensory & motor research. 2005;22(3):213-20. doi: 

10.1080/08990220500262505. PubMed PMID: 16338829. 

211. Thompson LT, Moyer JR, Jr., Akase E, Disterhoft JF. A system for quantitative analysis 

of associative learning. Part 1. Hardware interfaces with cross-species applications. Journal of 

neuroscience methods. 1994;54(1):109-17. Epub 1994/09/01. PubMed PMID: 7815815. 

212. Jalaleddini K, Kearney RE. Subspace identification of SISO Hammerstein systems: 

application to stretch reflex identification. IEEE Trans Biomed Eng. 2013;60(10):2725-34. doi: 

10.1109/TBME.2013.2264216. PubMed PMID: 23708763. 

213. Jalaleddini K, Kearney RE. Subspace method decomposition and identification of the 

parallel-cascade model of ankle joint stiffness: theory and simulation. Conf Proc IEEE Eng Med 

Biol Soc. 2013;2013:5071-4. doi: 10.1109/EMBC.2013.6610688. PubMed PMID: 24110875. 

214. Hunter IW, Korenberg MJ. The identification of nonlinear biological systems: Wiener 

and Hammerstein cascade models. Biol Cybern. 1986;55(2-3):135-44. doi: 

10.1007/BF00341929. 

215. Westwick DT, Kearney RE. Models of Nonlinear Systems.  Identification of Nonlinear 

Physiological Systems: John Wiley & Sons, Inc.; 2005. p. 57-101. 



  

187 

 

216. Rothstein J, Berlinger NT. Electronic reanimation of facial paralysis--a feasibility study. 

Otolaryngol Head Neck Surg. 1986;94(1):82-5. PubMed PMID: 3081862. 

217. Carvell GE, Simons DJ, Lichtenstein SH, Bryant P. Electromyographic activity of 

mystacial pad musculature during whisking behavior in the rat. Somatosensory & motor 

research. 1991;8(2):159-64. Epub 1991/01/01. doi: 10.3109/08990229109144740. PubMed 

PMID: 1887726. 

218. Zealear DL, Dedo HH. Control of paralysed axial muscles by electrical stimulation. Acta 

Otolaryngol. 1977;83(5-6):514-27. Epub 1977/05/01. doi: 10.3109/00016487709128880. 

PubMed PMID: 888687. 

219. Cao J, Lu B, Li L, Tong K, Wang W. Implanted FNS system in closed-circle may 

become a way for the restoration of eye blinking and closing function for facial paralysis patient. 

Med Hypotheses. 2008;70(5):1068-9. Epub 2008/01/08. doi: 10.1016/j.mehy.2007.11.008. 

PubMed PMID: 18178324. 

220. Mayr W, Hofer C, Bijak M, Rafolt D, Unger E, Sauermann S, et al. Functional Electrical 

Stimulation (FES) of denervated muscles: existing and prospective technological solutions. Basic 

Appl Myol. 2002;12(6):287-90. 

221. Salmons S, Ashley Z, Sutherland H, Russold MF, Li F, Jarvis JC. Functional electrical 

stimulation of denervated muscles: basic issues. Artif Organs. 2005;29(3):199-202. Epub 

2005/02/24. doi: 10.1111/j.1525-1594.2005.29034.x. PubMed PMID: 15725216. 

222. Hincapie JG, Kirsch RF. Feasibility of EMG-based neural network controller for an 

upper extremity neuroprosthesis. IEEE transactions on neural systems and rehabilitation 

engineering : a publication of the IEEE Engineering in Medicine and Biology Society. 



  

188 

 

2009;17(1):80-90. doi: 10.1109/TNSRE.2008.2010480. PubMed PMID: 19211327; PMCID: 

PMC3611331. 

223. Kilgore KL, Hoyen HA, Bryden AM, Hart RL, Keith MW, Peckham PH. An implanted 

upper-extremity neuroprosthesis using myoelectric control. The Journal of hand surgery. 

2008;33(4):539-50. Epub 2008/04/15. doi: 10.1016/j.jhsa.2008.01.007. PubMed PMID: 

18406958; PMCID: PMC2743484. 

224. Du S, Tao Y, Martinez AM. Compound facial expressions of emotion. Proceedings of 

the National Academy of Sciences. 2014;111(15):E1454-E62. doi: 10.1073/pnas.1322355111. 

225. Kim SW, Heller ES, Hohman MH, Hadlock TA, Heaton JT. Detection and perceptual 

impact of side-to-side facial movement asymmetry. JAMA facial plastic surgery. 

2013;15(6):411-6. doi: 10.1001/jamafacial.2013.1227. PubMed PMID: 23929221. 

226. Hohman MH, Kim SW, Heller ES, Frigerio A, Heaton JT, Hadlock TA. Determining the 

threshold for asymmetry detection in facial expressions. Laryngoscope. 2014;124(4):860-5. doi: 

10.1002/lary.24331. PubMed PMID: 23900726. 

227. Gerges M, Foldes EL, Ackermann DM, Bhadra N, Bhadra N, Kilgore KL. Frequency- 

and amplitude-transitioned waveforms mitigate the onset response in high-frequency nerve 

block. J Neural Eng. 2010;7(6):066003. doi: 10.1088/1741-2560/7/6/066003. PubMed PMID: 

20966536; PMCID: 3016453. 

228. Cuellar JM, Alataris K, Walker A, Yeomans DC, Antognini JF. Effect of high-frequency 

alternating current on spinal afferent nociceptive transmission. Neuromodulation : journal of the 

International Neuromodulation Society. 2013;16(4):318-27; discussion 27. Epub 2012/12/21. 

doi: 10.1111/ner.12015. PubMed PMID: 23252766. 



  

189 

 

229. Klebuc M, Shenaq SM. Donor nerve selection in facial reanimation surgery. Semin Plast 

Surg. 2004;18(1):53-60. Epub 2004/02/01. doi: 10.1055/s-2004-823124. PubMed PMID: 

20574471; PMCID: PMC2884697. 

230. Chuang DC, Lu JC, Chang TN, Laurence VG. Comparison of Functional Results After 

Cross-Face Nerve Graft-, Spinal Accessory Nerve-, and Masseter Nerve-Innervated Gracilis for 

Facial Paralysis Reconstruction: The Chang Gung Experience. Ann Plast Surg. 2018;81(6S 

Suppl 1):S21-s9. Epub 2018/04/19. doi: 10.1097/sap.0000000000001327. PubMed PMID: 

29668505. 

231. Faria JC, Scopel GP, Busnardo FF, Ferreira MC. Nerve sources for facial reanimation 

with muscle transplant in patients with unilateral facial palsy: clinical analysis of 3 techniques. 

Ann Plast Surg. 2007;59(1):87-91. Epub 2007/06/26. doi: 10.1097/01.sap.0000252042.58200.c3. 

PubMed PMID: 17589268. 

232. Dusseldorp JR, Naunheim MR, Quatela O, Fortier E, Hadlock TA, Jowett N. 

Neurotization preferences in smile reanimation: A discrete choice experiment Plast Reconstr 

Surg. 2020;(in press). 

233. Jowett N, Kearney RE, Knox CJ, Hadlock TA. Toward the Bionic Face: A Novel 

Neuroprosthetic Device Paradigm for Facial Reanimation Consisting of Neural Blockade and 

Functional Electrical Stimulation. Plast Reconstr Surg. 2019;143(1):62e-76e. Epub 2018/12/28. 

doi: 10.1097/PRS.0000000000005164. PubMed PMID: 30589784; PMCID: PMC6311722. 

234. Anderl H. Reconstruction of the face through cross-face-nerve transplantation in facial 

paralysis. Chirurgia plastica. 1973;2(1):17-45. doi: 10.1007/bf00280913. 

235. Bhama PK, Weinberg JS, Lindsay RW, Hohman MH, Cheney ML, Hadlock TA. 

Objective outcomes analysis following microvascular gracilis transfer for facial reanimation: a 



  

190 

 

review of 10 years' experience. JAMA facial plastic surgery. 2014;16(2):85-92. doi: 

10.1001/jamafacial.2013.2463. PubMed PMID: 24481538. 

236. Terzis JK, Wang W, Zhao Y. Effect of axonal load on the functional and aesthetic 

outcomes of the cross-facial nerve graft procedure for facial reanimation. Plast Reconstr Surg. 

2009;124(5):1499-512. doi: 10.1097/PRS.0b013e3181babb93. PubMed PMID: 20009836. 

237. Manktelow RT, Zuker RM. Cross-facial nerve graft—the long and short graft: The first 

stage for microneurovascular muscle transfer. Operative Techniques in Plastic and 

Reconstructive Surgery. 1999;6(3):174-9. doi: https://doi.org/10.1016/S1071-0949(99)80030-4. 

238. Hoben GM, Ee X, Schellhardt L, Yan Y, Hunter DA, Moore AM, et al. Increasing Nerve 

Autograft Length Increases Senescence and Reduces Regeneration. Plast Reconstr Surg. 

2018;142(4):952-61. Epub 2018/07/12. doi: 10.1097/prs.0000000000004759. PubMed PMID: 

29994844; PMCID: PMC6156921. 

239. Krarup C, Archibald SJ, Madison RD. Factors that influence peripheral nerve 

regeneration: an electrophysiological study of the monkey median nerve. Ann Neurol. 

2002;51(1):69-81. Epub 2002/01/10. doi: 10.1002/ana.10054. PubMed PMID: 11782986. 

240. Kim DH, Connolly SE, Gillespie JT, Voorhies RM, Kline DG. Electrophysiological 

studies of various graft lengths and lesion lengths in repair of nerve gaps in primates. J 

Neurosurg. 1991;75(3):440-6. Epub 1991/09/01. doi: 10.3171/jns.1991.75.3.0440. PubMed 

PMID: 1869946. 

241. Frey M, Gruber H, Happak W, Girsch W, Gruber I, Koller R. Ipsilateral and cross-over 

elongation of the motor nerve by nerve grafting: an experimental study in sheep. Plast Reconstr 

Surg. 1990;85(1):77-89; discussion 90-1. Epub 1990/01/01. doi: 10.1097/00006534-199001000-

00014. PubMed PMID: 2293740. 

https://doi.org/10.1016/S1071-0949(99)80030-4


  

191 

 

242. Hoke A, Redett R, Hameed H, Jari R, Zhou C, Li ZB, et al. Schwann cells express motor 

and sensory phenotypes that regulate axon regeneration. J Neurosci. 2006;26(38):9646-55. Epub 

2006/09/22. doi: 10.1523/JNEUROSCI.1620-06.2006. PubMed PMID: 16988035. 

243. Wang Y, Li WY, Jia H, Zhai FG, Qu WR, Cheng YX, et al. KLF7-transfected Schwann 

cell graft transplantation promotes sciatic nerve regeneration. Neuroscience. 2017;340:319-32. 

Epub 2016/11/09. doi: 10.1016/j.neuroscience.2016.10.069. PubMed PMID: 27826105. 

244. Sanna MD, Ghelardini C, Galeotti N. HuD-mediated distinct BDNF regulatory pathways 

promote regeneration after nerve injury. Brain Res. 2017;1659:55-63. Epub 2017/01/24. doi: 

10.1016/j.brainres.2017.01.019. PubMed PMID: 28111162. 

245. Bareyre FM, Garzorz N, Lang C, Misgeld T, Buning H, Kerschensteiner M. In vivo 

imaging reveals a phase-specific role of STAT3 during central and peripheral nervous system 

axon regeneration. Proc Natl Acad Sci U S A. 2011;108(15):6282-7. Epub 2011/03/31. doi: 

10.1073/pnas.1015239108. PubMed PMID: 21447717; PMCID: PMC3076857. 

246. Brushart TM. Nerve repair. New York: Oxford University Press; 2011. ix, 463 p. p. 

247. Kline DG, Hayes GJ, Morse AS. A Comparative Study of Response of Species to 

Peripheral-Nerve Injury. I. Severance. J Neurosurg. 1964;21:968-79. doi: 

10.3171/jns.1964.21.11.0968. PubMed PMID: 14238964. 

248. Mackinnon SE, Hudson AR, Hunter DA. Histologic assessment of nerve regeneration in 

the rat. Plast Reconstr Surg. 1985;75(3):384-8. PubMed PMID: 2579408. 

249. Morris JH, Hudson AR, Weddell G. A study of degeneration and regeneration in the 

divided rat sciatic nerve based on electron microscopy. I. The traumatic degeneration of myelin 

in the proximal stump of the divided nerve. Zeitschrift fur Zellforschung und mikroskopische 

Anatomie. 1972;124(1):76-102. PubMed PMID: 4334731. 



  

192 

 

250. Heumann R, Lindholm D, Bandtlow C, Meyer M, Radeke MJ, Misko TP, et al. 

Differential regulation of mRNA encoding nerve growth factor and its receptor in rat sciatic 

nerve during development, degeneration, and regeneration: role of macrophages. Proc Natl Acad 

Sci U S A. 1987;84(23):8735-9. PubMed PMID: 2825206; PMCID: PMC299621. 

251. Williams AH, Valdez G, Moresi V, Qi X, McAnally J, Elliott JL, et al. MicroRNA-206 

delays ALS progression and promotes regeneration of neuromuscular synapses in mice. Science. 

2009;326(5959):1549-54. doi: 10.1126/science.1181046. PubMed PMID: 20007902; PMCID: 

PMC2796560. 

252. Angius D, Wang H, Spinner RJ, Gutierrez-Cotto Y, Yaszemski MJ, Windebank AJ. A 

systematic review of animal models used to study nerve regeneration in tissue-engineered 

scaffolds. Biomaterials. 2012;33(32):8034-9. doi: 10.1016/j.biomaterials.2012.07.056. PubMed 

PMID: 22889485; PMCID: PMC3472515. 

253. Magill C, Whitlock E, Solowski N, Myckatyn T. Transgenic models of nerve repair and 

nerve regeneration. Neurological research. 2008;30(10):1023-9. doi: 

10.1179/174313208X362497. PubMed PMID: 19079976. 

254. Magill CK, Moore AM, Borschel GH, Mackinnon SE. A new model for facial nerve 

research: the novel transgenic Thy1-GFP rat. Arch Facial Plast Surg. 2010;12(5):315-20. doi: 

10.1001/archfacial.2010.71. PubMed PMID: 20855773. 

255. Feng G, Mellor RH, Bernstein M, Keller-Peck C, Nguyen QT, Wallace M, et al. Imaging 

neuronal subsets in transgenic mice expressing multiple spectral variants of GFP. Neuron. 

2000;28(1):41-51. PubMed PMID: 11086982. 

256. Medders G, Mattox DE, Lyles A. Effects of fibrin glue on rat facial nerve regeneration. 

Otolaryngol Head Neck Surg. 1989;100(2):106-9. PubMed PMID: 2468127. 



  

193 

 

257. Schnell L, Schwab ME. Axonal regeneration in the rat spinal cord produced by an 

antibody against myelin-associated neurite growth inhibitors. Nature. 1990;343(6255):269-72. 

doi: 10.1038/343269a0. PubMed PMID: 2300171. 

258. Zarei K, Scheetz TE, Christopher M, Miller K, Hedberg-Buenz A, Tandon A, et al. 

Automated Axon Counting in Rodent Optic Nerve Sections with AxonJ. Scientific Reports. 

2016;6:26559. doi: 10.1038/srep26559 

http://www.nature.com/articles/srep26559#supplementary-information. 

259. Hadlock TA, Heaton J, Cheney M, Mackinnon SE. Functional recovery after facial and 

sciatic nerve crush injury in the rat. Arch Facial Plast Surg. 2005;7(1):17-20. doi: 

10.1001/archfaci.7.1.17. PubMed PMID: 15655169. 

260. Kovacic U, Zele T, Osredkar J, Sketelj J, Bajrovic FF. Sex-related differences in the 

regeneration of sensory axons and recovery of nociception after peripheral nerve crush in the rat. 

Exp Neurol. 2004;189(1):94-104. doi: 10.1016/j.expneurol.2004.05.015. PubMed PMID: 

15296839. 

261. Walker JL, Evans JM, Resig P, Guarnieri S, Meade P, Sisken BS. Enhancement of 

functional recovery following a crush lesion to the rat sciatic nerve by exposure to pulsed 

electromagnetic fields. Exp Neurol. 1994;125(2):302-5. PubMed PMID: 8313945. 

262. Wong AY, Scott JJ. Functional recovery following direct or graft repair of nerve gaps in 

the rat. Exp Neurol. 1991;114(3):364-6. PubMed PMID: 1748210. 

263. Jacobs GH, Fenwick JA, Williams GA. Cone-based vision of rats for ultraviolet and 

visible lights. J Exp Biol. 2001;204(Pt 14):2439-46. PubMed PMID: 11511659. 

http://www.nature.com/articles/srep26559#supplementary-information


  

194 

 

264. Nath T, Mathis A, Chen AC, Patel A, Bethge M, Mathis MW. Using DeepLabCut for 

3D markerless pose estimation across species and behaviors. bioRxiv. 2018:476531. doi: 

10.1101/476531. 

265. Mathis A, Mamidanna P, Cury KM, Abe T, Murthy VN, Mathis MW, et al. 

DeepLabCut: markerless pose estimation of user-defined body parts with deep learning. Nature 

neuroscience. 2018;21(9):1281-9. doi: 10.1038/s41593-018-0209-y. 

266. Adamian N, Naunheim MR, Jowett N. An Open-Source Computer Vision Tool for 

Automated Vocal Fold Tracking From Videoendoscopy. Laryngoscope. 2020. Epub 2020/05/02. 

doi: 10.1002/lary.28669. PubMed PMID: 32356903. 

267. Insafutdinov E, Pishchulin L, Andres B, Andriluka M, Schiele B, editors. DeeperCut: A 

Deeper, Stronger, and Faster Multi-person Pose Estimation Model2016; Cham: Springer 

International Publishing. 

268. Pishchulin L, Insafutdinov E, Tang S, Andres B, Andriluka M, Gehler P, et al., editors. 

DeepCut: Joint Subset Partition and Labeling for Multi Person Pose Estimation. Proceedings of 

the IEEE Conference on Computer Vision and Pattern Recognition; 2016: IEEE, Piscataway, NJ, 

USA. 

269. He K, Zhang X, Ren S, Sun J, editors. Deep Residual Learning for Image Recognition. 

2016 IEEE Conference on Computer Vision and Pattern Recognition (CVPR); 2016 27-30 June 

2016. 

270. Kearney RE. Tools for the identification of biomedical systems. 

https://githubcom/reklab/reklab_public/. December 2020 ed. Online: GitHub; 2003. 

271. Wang W, Kang S, Coto Hernández I, Jowett N. A Rapid Protocol for Intraoperative 

Assessment of Peripheral Nerve Myelinated Axon Count and Its Application to Cross-Facial 

https://githubcom/reklab/reklab_public/


  

195 

 

Nerve Grafting. Plast Reconstr Surg. 2019;143(3):771-8. Epub 2019/01/03. doi: 

10.1097/prs.0000000000005338. PubMed PMID: 30601328; PMCID: PMC7147971. 

272. Mohan S, Hernandez IC, Wang W, Yin K, Sundback CA, Wegst UGK, et al. Fluorescent 

Reporter Mice for Nerve Guidance Conduit Assessment: A High-Throughput in vivo Model. 

Laryngoscope. 2018;128(11):E386-E92. Epub 2018/08/12. doi: 10.1002/lary.27439. PubMed 

PMID: 30098047. 

273. Schindelin J, Arganda-Carreras I, Frise E, Kaynig V, Longair M, Pietzsch T, et al. Fiji: 

an open-source platform for biological-image analysis. Nature methods. 2012;9(7):676-82. Epub 

2012/06/30. doi: 10.1038/nmeth.2019. PubMed PMID: 22743772; PMCID: PMC3855844. 

274. Schneider CA, Rasband WS, Eliceiri KW. NIH Image to ImageJ: 25 years of image 

analysis. Nature methods. 2012;9(7):671-5. Epub 2012/08/30. PubMed PMID: 22930834; 

PMCID: PMC5554542. 

275. Coto Hernández I, Yang W, Mohan S, Jowett N. Label-free histomorphometry of 

peripheral nerve by stimulated Raman spectroscopy. Muscle & nerve. 2020;62(1):137-42. Epub 

2020/04/19. doi: 10.1002/mus.26895. PubMed PMID: 32304246. 

276. Sofroniew NJ, Svoboda K. Whisking. Curr Biol. 2015;25(4):R137-40. Epub 2015/02/19. 

doi: 10.1016/j.cub.2015.01.008. PubMed PMID: 25689904. 

277. McCormick DP. Herpes-simplex virus as a cause of Bell's palsy. Lancet. 

1972;1(7757):937-9. Epub 1972/04/29. PubMed PMID: 4112101. 

278. Liston SL, Kleid MS. Histopathology of Bell's palsy. Laryngoscope. 1989;99(1):23-6. 

Epub 1989/01/01. doi: 10.1288/00005537-198901000-00006. PubMed PMID: 2642582. 

279. Michaels L. Histopathological changes in the temporal bone in Bell's palsy. Acta 

Otolaryngol Suppl. 1990;470:114-7; discussion 8. PubMed PMID: 2239225. 



  

196 

 

280. Gussen R. Pathogenesis of Bell's palsy. Retrograde epineurial edema and postedematous 

fibrous compression neuropathy of the facial nerve. Ann Otol Rhinol Laryngol. 1977;86(4 Pt 

1):549-58. Epub 1977/07/01. PubMed PMID: 889228. 

281. Mackinnon SE, Dellon AL, Hudson AR, Hunter DA. Chronic human nerve 

compression--a histological assessment. Neuropathol Appl Neurobiol. 1986;12(6):547-65. 

PubMed PMID: 3561691. 

282. Baker RS, Stava MW, Nelson KR, May PJ, Huffman MD, Porter JD. Aberrant 

reinnervation of facial musculature in a subhuman primate: a correlative analysis of eyelid 

kinematics, muscle synkinesis, and motoneuron localization. Neurology. 1994;44(11):2165-73. 

Epub 1994/11/01. PubMed PMID: 7969978. 

283. Jowett N, Hadlock TA. Contemporary management of Bell palsy. Facial plastic surgery : 

FPS. 2015;31(2):93-102. doi: 10.1055/s-0035-1549040. PubMed PMID: 25958893. 

284. Schmajuk NA, Christiansen BA. Eyeblink conditioning in rats. Physiol Behav. 

1990;48(5):755-8. Epub 1990/11/01. doi: 10.1016/0031-9384(90)90221-o. PubMed PMID: 

2082376. 

285. Rushton WA. A theory of the effects of fibre size in medullated nerve. The Journal of 

physiology. 1951;115(1):101-22. PubMed PMID: 14889433; PMCID: PMC1392008. 

286. Vleggeert-Lankamp CL. The role of evaluation methods in the assessment of peripheral 

nerve regeneration through synthetic conduits: a systematic review. Laboratory investigation. J 

Neurosurg. 2007;107(6):1168-89. Epub 2007/12/15. doi: 10.3171/jns-07/12/1168. PubMed 

PMID: 18077955. 



  

197 

 

287. Mehta RP, Hadlock TA. Botulinum toxin and quality of life in patients with facial 

paralysis. Arch Facial Plast Surg. 2008;10(2):84-7. doi: 10.1001/archfaci.10.2.84. PubMed 

PMID: 18347234. 

288. Isaacson B, Kileny PR, El-Kashlan HK. Prediction of long-term facial nerve outcomes 

with intraoperative nerve monitoring. Otol Neurotol. 2005;26(2):270-3. PubMed PMID: 

15793418. 

289. Sobottka SB, Schackert G, May SA, Wiegleb M, Reiss G. Intraoperative facial nerve 

monitoring (IFNM) predicts facial nerve outcome after resection of vestibular schwannoma. Acta 

Neurochir (Wien). 1998;140(3):235-42; discussion 42-3. Epub 1998/06/25. PubMed PMID: 

9638260. 

290. Aydin MA, Mackinnon SE, Gu XM, Kobayashi J, Kuzon WM, Jr. Force deficits in 

skeletal muscle after delayed reinnervation. Plast Reconstr Surg. 2004;113(6):1712-8. PubMed 

PMID: 15114133. 

291. Ma J, Shen J, Garrett JP, Lee CA, Li Z, Elsaidi GA, et al. Gene expression of myogenic 

regulatory factors, nicotinic acetylcholine receptor subunits, and GAP-43 in skeletal muscle 

following denervation in a rat model. J Orthop Res. 2007;25(11):1498-505. doi: 

10.1002/jor.20414. PubMed PMID: 17568415. 

292. Lloyd DG, Besier TF. An EMG-driven musculoskeletal model to estimate muscle forces 

and knee joint moments in vivo. J Biomech. 2003;36(6):765-76. Epub 2003/05/14. PubMed 

PMID: 12742444. 

293. Farahat W, Herr H. A method for identification of electrically stimulated muscle. Conf 

Proc IEEE Eng Med Biol Soc. 2005;6:6225-8. doi: 10.1109/IEMBS.2005.1615918. PubMed 

PMID: 17281688. 



  

198 

 

294. Dorgan SJ, O'Malley MJ. A nonlinear mathematical model of electrically stimulated 

skeletal muscle. IEEE transactions on rehabilitation engineering : a publication of the IEEE 

Engineering in Medicine and Biology Society. 1997;5(2):179-94. Epub 1997/06/01. PubMed 

PMID: 9184904. 

295. Troyk PR, DeMichele GA, Kerns DA, Weir RF. IMES: an implantable myoelectric 

sensor. Conf Proc IEEE Eng Med Biol Soc. 2007;2007:1730-3. Epub 2007/11/16. doi: 

10.1109/iembs.2007.4352644. PubMed PMID: 18002310. 

296. Loeb GE, Richmond FJ, Baker LL. The BION devices: injectable interfaces with 

peripheral nerves and muscles. Neurosurg Focus. 2006;20(5):E2. Epub 2006/05/23. doi: 

10.3171/foc.2006.20.5.3. PubMed PMID: 16711659. 

297. Tan W, Loeb GE. Feasibility of prosthetic posture sensing via injectable electronic 

modules. IEEE transactions on neural systems and rehabilitation engineering : a publication of 

the IEEE Engineering in Medicine and Biology Society. 2007;15(2):295-309. Epub 2007/07/03. 

doi: 10.1109/tnsre.2007.897028. PubMed PMID: 17601200. 

298. McDonnall D, Hiatt S, Smith C, Guillory KS. Implantable multichannel wireless 

electromyography for prosthesis control. Annu Int Conf IEEE Eng Med Biol Soc. 

2012;2012:1350-3. Epub 2013/02/01. doi: 10.1109/embc.2012.6346188. PubMed PMID: 

23366149. 

299. Wodlinger B, Durand DM. Recovery of neural activity from nerve cuff electrodes. Conf 

Proc IEEE Eng Med Biol Soc. 2011;2011:4653-6. doi: 10.1109/IEMBS.2011.6091152. PubMed 

PMID: 22255375. 

300. Gustafson KJ, Pinault GC, Neville JJ, Syed I, Davis JA, Jr., Jean-Claude J, et al. 

Fascicular anatomy of human femoral nerve: implications for neural prostheses using nerve cuff 



  

199 

 

electrodes. Journal of rehabilitation research and development. 2009;46(7):973-84. PubMed 

PMID: 20104420; PMCID: 2967182. 

301. Romero E, Denef JF, Delbeke J, Robert A, Veraart C. Neural morphological effects of 

long-term implantation of the self-sizing spiral cuff nerve electrode. Medical & biological 

engineering & computing. 2001;39(1):90-100. PubMed PMID: 11214279. 

302. Grill WM, Mortimer JT. Neural and connective tissue response to long-term 

implantation of multiple contact nerve cuff electrodes. J Biomed Mater Res. 2000;50(2):215-26. 

PubMed PMID: 10679687. 

303. Kezirian EJ, Goding GS, Jr., Malhotra A, O'Donoghue FJ, Zammit G, Wheatley JR, et 

al. Hypoglossal nerve stimulation improves obstructive sleep apnea: 12-month outcomes. Journal 

of sleep research. 2014;23(1):77-83. doi: 10.1111/jsr.12079. PubMed PMID: 24033656. 

304. Schwartz AR, Barnes M, Hillman D, Malhotra A, Kezirian E, Smith PL, et al. Acute 

upper airway responses to hypoglossal nerve stimulation during sleep in obstructive sleep apnea. 

Am J Respir Crit Care Med. 2012;185(4):420-6. doi: 10.1164/rccm.201109-1614OC. PubMed 

PMID: 22135343; PMCID: 3297092. 

305. Eastwood PR, Barnes M, Walsh JH, Maddison KJ, Hee G, Schwartz AR, et al. Treating 

obstructive sleep apnea with hypoglossal nerve stimulation. Sleep. 2011;34(11):1479-86. doi: 

10.5665/sleep.1380. PubMed PMID: 22043118; PMCID: 3198202. 

306. Schwartz AR, Bennett ML, Smith PL, De Backer W, Hedner J, Boudewyns A, et al. 

Therapeutic electrical stimulation of the hypoglossal nerve in obstructive sleep apnea. Arch 

Otolaryngol Head Neck Surg. 2001;127(10):1216-23. PubMed PMID: 11587602. 



  

200 

 

307. Malhotra A. Hypoglossal-nerve stimulation for obstructive sleep apnea. N Engl J Med. 

2014;370(2):170-1. doi: 10.1056/NEJMe1314084. PubMed PMID: 24401056; PMCID: 

3995813. 

308. Tanner JA. Reversible blocking of nerve conduction by alternating-current excitation. 

Nature. 1962;195:712-3. Epub 1962/08/18. PubMed PMID: 13919574. 

309. Bond M, Mealing S, Anderson R, Elston J, Weiner G, Taylor RS, et al. The 

effectiveness and cost-effectiveness of cochlear implants for severe to profound deafness in 

children and adults: a systematic review and economic model. Health Technol Assess. 

2009;13(44):1-330. Epub 2009/10/06. doi: 10.3310/hta13440. PubMed PMID: 19799825. 

310. Uziel AS, Sillon M, Vieu A, Artieres F, Piron JP, Daures JP, et al. Ten-year follow-up of 

a consecutive series of children with multichannel cochlear implants. Otol Neurotol. 

2007;28(5):615-28. Epub 2007/08/02. doi: 10.1097/01.mao.0000281802.59444.02. PubMed 

PMID: 17667770. 

311. Beadle EA, McKinley DJ, Nikolopoulos TP, Brough J, O'Donoghue GM, Archbold SM. 

Long-term functional outcomes and academic-occupational status in implanted children after 10 

to 14 years of cochlear implant use. Otol Neurotol. 2005;26(6):1152-60. PubMed PMID: 

16272934. 

 




