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ABSTRACT	OF	THE	DISSERTATION	

	
Neuroprosthetic	Approaches	to	Selective	Facial	Nerve	Stimulation	

	
By	
	

Ronald	Sahyouni	
	

Doctor	of	Philosophy	in	Biomedical	Engineering	
	

	University	of	California,	Irvine,	2018	
	

Professor	Hamid	R.	Djalilian,	Chair	
	
	
	

Neuroprosthetic	devices	have	become	increasingly	important	in	the	treatment	of	

clinical	pathologies.	In	particular,	the	application	of	neuroprosthetic	devices	to	restore	

function	following	damage	to	peripheral	and	cranial	nerves	has	been	demonstrated	to	be	

efficacious,	safe,	and	has	been	readily	adopted	in	the	clinic	to	treat	a	wide	range	of	

pathologies.	Neuroprosthetic	devices	have	been	successfully	deployed	in	numerous	cranial	

nerves,	including	the	hypoglossal	nerve	to	treat	obstructive	sleep	apnea	and	the	vagus	

nerve	to	treat	epilepsy,	heart	failure,	and	manage	blood	pressure.	However,	the	application	

of	neuroprosthetic	devices	to	the	facial	nerve	(FN)	for	purposes	of	facial	reanimation	has	

not	been	explored.		

FN	injury	can	cause	debilitating	and	permanent	damage	with	oftentimes	limited	

treatment	options.	In	cases	of	FN	injury,	patients	may	develop	permanent	facial	paralysis	

(FP),	which	can	cause	facial	muscles	to	lose	tone,	and	over	time,	atrophy	and	convert	into	

scar	tissue.	FP	arises	from	a	variety	of	causes,	including	tumor,	surgery,	trauma	or	

infection,	and	results	in	problems	with	eye	irritation,	visual	impairment,	drooling,	intraoral	

food	retention,	and	demoralizing	cosmetic	deformities.		
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In	recent	decades,	considerable	efforts	have	been	undertaken	to	care	for	patients	

with	permanent	FP.	Several	surgical	interventions,	including	static	and	dynamic	options,	

have	been	described	for	patients	with	unilateral	FP.	However,	these	interventions	only	

address	specific	parts	of	the	face,	have	a	10-15%	failure	rate,	and	require	multiple	

procedures	involving	multiple	surgical	sites	to	accomplish	functional	goals.	An	alternative	

approach	to	facial	reanimation	is	the	utilization	of	neuroprosthetic	technologies	to	deliver	

exogenous	current	to	the	partially	recovered	FN	in	order	to	provide	both	facial	tone	and	

selective	activation	of	individual	muscles.		

We	demonstrate	the	ability	of	both	multichannel	microelectrode	arrays	and	

multichannel	cuff	electrodes	to	selectively	stimulate	the	feline	FN	in	both	acute	and	chronic	

settings,	and	couple	this	technology	with	closed	loop	circuitry	to	develop	a	putative	

approach	to	volitional	and	graded	hemifacial	animation.	We	also	present	data	from	clinical	

investigations	on	human	FN	selectivity,	and	investigate	the	application	of	these	

technologies	in	the	recurrent	laryngeal	nerve.		
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INTRODUCTION	

Permanent	facial	paralysis	(FP)	is	a	debilitating	and	difficult	challenge	for	patients	

and	physicians,	as	it	creates	both	substantial	functional	and	psychological	problems	for	the	

patient,	and	surgeons	have	few	tools	to	satisfactorily	address	these	issues.	It	is	typically	

caused	by	irreversible	damage	to	the	facial	nerve	(FN),	a	single,	thin	and	delicate	motor	

nerve	that	controls	the	muscles	that	contribute	to	facial	expression,	proper	enunciation	and	

communication,	and	maintenance	of	oral	competency,	which	allows	for	effective	eating	and	

drinking	without	spillage	of	food	or	liquid.	It	moreover	provides	neural	input	for	proper	

blink	function,	which	continually	moisturizes	and	provides	coverage	to	the	cornea.	In	cases	

of	total	loss	of	FN	input	into	the	facial	musculature,	the	facial	muscles	lose	tone,	and	over	

time,	atrophy	and	convert	into	scar	tissue.	Patients	with	FP	from	a	variety	of	causes,	

including	birth	defects,	tumor,	iatrogenic	injury,	trauma	or	infection,	suffer	from	

debilitating	problems	with	dry	eye,	eye	irritation,	visual	impairment,	drooling,	intraoral	

food	retention,	and	demoralizing	cosmetic	deformities	of	a	flaccidly	asymmetric	and	

paralyzed	face.	In	addition,	parotid	gland	cancers	and	skull	base	tumors,	including	acoustic	

neuromas,	and	their	surgical	excision	are	some	of	the	more	common	causes	of	partial	or	

complete	facial	paralysis.	

Unfortunately,	FP	has	an	annual	incidence	that	has	been	estimated	to	be	70	cases	

per	100,000	[1].	Approximately	127,000	new	cases	of	permanent	FP	are	diagnosed	

annually	in	the	United	States	alone	[2].	While	the	majority	of	patients	with	idiopathic	

(Bell’s)	palsy	recover	function,	~30%	of	these	patients	develop	significant	dysfunction	

including	facial	asymmetry,	synkinesis,	and	spasms.	In	recent	decades,	considerable	efforts	

have	been	undertaken	to	care	for	this	patient	population.	Currently	scientific	and	clinical	
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efforts	to	restore	neuromuscular	function	are	broadly	grouped	into	one	of	three	categories:	

(1)	nerve	regeneration,	(2)	reinnervation	and	muscle	transfer,	and	(3)	bioelectric	

technologies.	Techniques	to	regenerate	nerve	tissue,	including	motor	and	Schwann	cells,	

have	shown	great	promise	in	in	vitro	experiments	and	have	provided	insight	into	potential	

methods	to	optimize	neuromuscular	communication	[3-6].	Although	experiments	in	

animals	have	also	been	described,	the	translation	to	clinical	use	still	awaits	the	results	of	

these	animal	studies	[7].	In	contrast,	nerve	reinnervation	and	muscle	transfer	is	already	a	

mature	and	routine	clinical	intervention.	In	the	setting	of	a	compromised	FN,	patients	can	

undergo	a	hypoglossal-FN	anastomosis,	which	surgically	connects	the	proximal	end	of	the	

hypoglossal	motor	nerve	to	the	distal	end	of	the	FN	trunk.		This	allows	new	axons	

extending	from	the	hypoglossal	neuronal	cell	bodies	in	the	brainstem	to	grow	into	the	FN	

and	provide	the	facial	muscles	with	a	tonic	level	of	stimulation	and	prevent	muscular	

atrophy	[8].		

Alternatively,	free	tissue	microvascular	transfer	of	an	isolated	muscle,	such	as	the	

gracilis,	to	the	face	and	connecting	its	nerve	to	a	motor	nerve	in	the	head	and	neck	area	

(e.g.,	masseter	or	hypoglossal	nerve,	or	nerve	graft	originating	from	the	contralateral	and	

functional	FN),	among	other	dynamic	facial	reanimation	surgeries,	is	routinely	performed	

in	a	number	of	large	volume	FN	centers	around	the	world.		Although	such	procedures	often	

provide	patients	with	a	meaningful	smile,	surgeries	are	lengthy	and	multi-staged,	involving	

multiple	neurovascular	microanastamoses	and	requiring	surgeons	with	highly-specialized	

training.	Accordingly,	access	to	these	procedures	can	be	limited	by	patient	health,	distance	

to	tertiary	care	centers,	and	cost.	
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Similarly,	bioelectric	and	neuroprosthetic	technology	has	made	its	way	into	routine	

clinical	practice.		Vagus	nerve	stimulation	(VNS)	and	deep	brain	stimulation	(DBS)	are	

frequently	implanted	into	patients	for	a	variety	of	neurologic	and	psychiatric	pathologies,	

including	epilepsy,	Parkinson’s	disease,	movement	disorders,	depression,	and	obsessive-

compulsive	disorder,	among	others	[9,	10].	Chronic	spinal	cord	stimulators	(SCS)	are	

routinely	used	for	patients	with	severe	neuropathic	pain	recalcitrant	to	conservative,	non-

invasive	therapy	[11].	Hypoglossal	nerve	stimulation	in	patients	with	severe	obstructive	

sleep	apnea	(OSA)	has	been	shown	in	a	clinical	trial	to	effectively	improve	subjective	and	

objective	measures	of	OSA	[12].	Lower	extremity	nerves	have	been	targeted	by	direct	

electrical	stimulation	to	improve	bladder,	bowel	and	sexual	function	in	animal	and	human	

trials	[13].	Cortically-implanted	sensor-driven	neuroprosthetics	have	even	been	used	to	

restore	upper	extremity	movement	in	paralyzed	patients	[14].	Moreover,	the	cochlear	

implant	(CI)	consistently	brings	useful	hearing	and	speech	recognition	to	over	500,000	

profoundly	deaf	people	worldwide.	Stimulation	strategies,	including	variations	in	current	

delivery,	pulse	width	and	duration,	bipolar	and	virtual	stimulation,	among	others,	have	

significantly	matured	in	the	three	to	four-decade	history	of	the	CI	to	a	level	of	

sophistication	to	routinely	provide	patients	with	tremendous	sound	appreciation.		

In	the	following	chapters,	we	explore	the	variety	of	neuroprosthetic	technologies	in	

clinical	use	(Chapter	One)	and	discuss	the	effects	of	chronic	neuroprosthetic	implantation	

(Chapter	Two).	We	then	present	results	from	early	investigations	into	the	ability	of	

multichannel	microelectrode	array	(MEAs)	to	selectively	stimulate	the	FN	(Chapter	Three)	

and	the	recurrent	laryngeal	nerve	(RLN;	Chapter	Four).	We	also	present	data	from	chronic	

MEA	experiments	in	feline	FN	and	acute	MEA	experiments	following	complete	FN	injury	
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(Chapter	Five).	Furthermore,	we	demonstrate	the	ability	of	multichannel	cuff	electrodes	

(MCEs)	to	selectively	activate	feline	facial	muscles	(Chapter	Six),	and	couple	this	technology	

with	simulated	closed	loop	circuitry	(Chapter	Seven)	to	allow	for	selective,	volitional,	and	

graded	hemifacial	movement.	Lastly,	we	present	the	results	of	a	clinical	investigation	into	

human	FN	selectivity	(Chapter	Eight).	

	 	



5	
	

CHAPTER	1	

Overview	of	Neuroprosthetic	Technologies	[15]	

In	general,	there	are	three	potential	sites	for	bioelectric	technologies	to	interface	

with	the	nervous	system:	from	distal	to	peripheral,	1)	the	end	organ,	2)	the	peripheral	

nervous	system	(PNS),	or	3)	the	central	nervous	system	(CNS).	The	application	of	

bioelectric	stimulation	at	each	of	these	locations	has	proven	to	be	an	effective	option	for	

restoring	or	augmenting	some	degree	of	function	in	patients	with	neurologic	dysfunction	

[16].	In	particular,	functional	stimulation	of	paretic	nerves	is	a	clinically	vital	and	promising	

area	of	research	that	warrants	investigation.	As	previously	mentioned,	a	variety	of	

implantable	nerve	stimulators	have	been	clinically	employed	and	demonstrated	to	be	

efficacious	in	alleviating	numerous	pathologies.	Several	implantable	devices	are	already	in	

routine	use,	including:	hypoglossal	nerve	stimulation	in	patients	with	severe	OSA	[17,	18],	

chronic	SCS	in	patients	with	severe	neuropathic	pain	[11,	19],	direct	electrical	stimulation	

of	peripheral	nerves	in	patients	with	bladder,	bowel,	and	sexual	dysfunction	[13,	20],	

cochlear	implants	to	restore	hearing,	and	even	transcutaneous	stimulation	of	the	

trigeminal	nerve	in	migraine	patients	[21-26].		

DBS	is	arguably	the	most	successful	example	of	a	bioelectric	technology	that	has	

transitioned	into	the	clinical	realm	to	treat	a	variety	of	neurological	disorders	a	high	degree	

of	efficacy	[27].	DBS	and	other	neuroprosthetic	technologies	represent	only	one	branch	of	

the	evolving	field	of	bioelectronic	medicine,	which	seeks	to	diagnose	and	treat	disease	by	

integrating	the	fields	of	neuroscience,	bioengineering,	and	computer	science	with	medicine	

[28].	Bioelectronic	medicine,	as	a	field,	developed	from	work	on	modulation	of	neural	

networks	to	treat	pathologies	(e.g.,	VNS	has	been	used	to	successfully	activate	the	
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inflammatory	reflex	and	improve	rheumatoid	arthritis	symptoms)	[29].	Other	examples	of	

bioelectronic	medicine	include	implantation	of	electrodes	on	the	cortex	itself	to	decode	

neural	signals	and	drive	movement	of	prosthetic	limbs	[30,	31].	We	will	first	explore	

neuroprosthetic	interfaces	at	the	end	organ.		

	

Interfacing	with	the	End	Organ	

End	organ	stimulation	has	gained	recent	prominence	within	the	field	of	bioelectric	

technology	and	aims	to	stimulate	or	augment	organ	function	(e.g.,	muscles,	visceral	organs)	

through	electrodes	implanted	in	the	organ	itself.	The	end	organ	can	be	a	receptor	organ	

that	subsequently	stimulates	afferent	nerve	fibers	(e.g.,	cochlea	of	the	auditory	system),	or	

an	effector	organ	(e.g.,	muscle).	In	both	cases,	an	electrode	can	be	placed	either	directly	on	

the	end	organ,	or	placed	on	the	nerve	associated	with	that	organ.	In	this	section,	the	former	

approach	will	be	discussed,	while	the	latter	approach	will	be	explored	in	the	section	on	PNS	

stimulation.	One	benefit	of	interfacing	with	the	end	organ	is	that	recorded	signals,	which	

can	serve	as	input	signals	for	closed	loop	implantable	devices,	are	up	to	100	times	greater	

when	compared	to	signals	from	peripheral	nerve	axons,	facilitating	signal	input	acquisition	

[7].	Further,	the	end	organ	is	often	better	able	to	structurally	interface	with	the	mechanical	

composition	of	an	electrode	when	compared	to	soft	and	delicate	neural	tissue,	and	

oftentimes	the	end	organ	is	more	readily	accessible	than	its’	associated	nerve.	

	

Muscle	Stimulation	

Electrical	stimulation	of	end	organs,	such	as	muscles,	can	be	non-invasive,	as	in	the	

case	of	transcutaneous	electrical	stimulation,	or	invasive,	as	in	the	case	of	implanted	
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electrodes.	For	example,	McDonnall	et	al.	used	transcutaneous	electrodes	to	activate	the	

orbicularis	oculi	muscle	and	restore	blink	function	in	patients	with	FP,	while	

simultaneously	minimizing	painful	sensations	associated	with	the	stimulation	[32].	

Similarly,	others	have	implemented	transcutaneous	muscle	stimulation	to	treat	post-

surgical	pain	[33],	disuse	atrophy	[34],	as	well	as	chronic	back	pain	[35].	However,	

transcutaneous	muscle	stimulation	to	manage	pain	has	yielded	conflicting	results	and	the	

efficacy	of	this	approach	remains	uncertain	[36,	37].	

For	decades,	implantable	cardiac	pacemakers	and	defibrillators	have	been	in	

widespread	clinical	use	and	have	proven	efficacious	in	the	long-term	treatment	of	many	

cardiac	disorders	[38-40].	Recently,	this	technology	has	been	adapted	by	Mueller	et	al.	to	

serve	as	a	laryngeal	pacemaker	system	implanted	directly	into	laryngeal	muscles	in	

patients	with	bilateral	vocal	fold	paralysis	(VFP)	to	improve	breathing	and	swallowing,	

without	compromising	vocalization	[41].	In	a	rodent	model,	electrodes	implanted	within	

the	gastrocnemius	muscle	reduced	muscle	atrophy	without	affecting	motor	reinnervation	

following	tibial	nerve	transection	and	repair	[42].	Electrodes	inserted	within	muscles	may	

also	be	able	to	record	movements	associated	with	limb	tremors	and	stimulate	the	muscles	

to	mitigate	the	tremors.	End	organ	stimulation	of	effector	organs	offers	tremendous	

potential,	but	many	of	the	advancements	in	the	field	are	still	within	the	realm	of	clinical	

research	and	are	not	yet	routinely	used	in	clinical	practice.	In	contrast,	end	organ	

bioelectric	interfacing	with	receptor	organs	is	in	routine	clinical	use,	particularly	within	the	

auditory	system.	With	the	advent	of	miniature	pacemakers,	such	as	Medtronic’s®	leadless	

intracardiac	transcatheter	pacing	system	[43]	or	Nan	et	al.’s	wirelessly	chargeable	
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ferromagnetic-piezoelectric	antenna	[44],	we	foresee	increased	versatility	and	wider	

application	of	such	technologies	in	the	near	future.	

	

Cochlear,	Retinal,	and	Vestibular	Implants		

In	recent	decades,	electrodes	implanted	directly	in	the	cochlea	have	restored	

hearing	in	patients	with	substantial	sensorineural	hearing	loss,	which	is	typically	the	result	

of	irreversible	damage	to	the	cochlear	sensory	epithelium.	A	CI	consists	of	a	multi-channel	

electrode	array	that	is	surgically	inserted	deep	into	the	scala	tympani	within	the	cochlea,	

and	connected	to	a	receiver-stimulator	implanted	beneath	post-auricular	soft	tissue.	

Electric	current	is	delivered	from	select	platinum	electrode	contacts	to	the	spiral	ganglion	

neurons	within	Rosenthal’s	canal,	depolarizing	these	cells	and	generating	a	neural	signal	at	

the	desired	frequency	to	be	propagated	along	the	auditory	pathway	to	the	auditory	cortex	

[45].	Approximately	a	half	million	deaf	or	hard-of-hearing	children	and	adults	have	

undergone	cochlear	implantation	worldwide,	leading	to	untold	personal,	financial,	and	

societal	benefits	[46-49].	

Retinal	implants	have	also	made	their	way	into	the	clinical	realm,	with	three	retinal	

implant	approaches	in	clinical	trials:	epiretinal,	subretinal,	and	suprachoroidal	implants,	all	

of	which	relay	visual	input	to	the	retina	to	stimulate	surviving	retinal	neurons	[50,	51].	

Retinal	implants	are	meant	to	treat	degenerative	disorders	such	as	retinitis	pigmentosa	

and	age-related	macular	degeneration,	which	destroy	photoreceptors	in	the	retina.	

Although	the	functional	restoration	of	vision	is	limited	in	resolution,	these	implants	

currently	allow	patients	to	perceive	light	and	provide	some	degree	of	object	recognition.	
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However,	further	refinements	and	innovations	will	likely	enhance	the	functionality	of	

retinal	implants	[52].	

Bilateral	vestibulopathy,	or	Dandy’s	syndrome,	is	a	debilitating	condition	

characterized	by	oscillopsia	and	unsteadiness	during	locomotion.	Unsteadiness,	due	to	a	

deficient	vestibulo-spinal	reflex,	and	oscillopsia,	caused	by	bilaterally	impaired	vestibulo-

ocular	reflexes	(VOR),	both	lead	to	severe	impairment	of	postural	control	and	image	

stabilization	during	head	and	body	movement	[53].	In	recent	years,	CIs	have	been	modified	

to	be	used	as	vestibular	prosthetics	to	restore	inner	ear	balance	and	function	in	animal	

models	[54-56].	Many	of	these	experimental	devices	utilize	inertial	sensors	to	detect	

accelerations	of	the	head,	data	from	which	is	then	used	to	provide	specific	electrical	signals	

and	patterns	to	the	vestibular	system	in	a	compensatory	manner.		

Pelizzone	et	al.	have	recently	translated	this	work	to	human	trials	in	an	effort	to	

restore	the	VOR	[57].	Using	a	modified	CI	with	a	standard	intracochlear	array	and	three	

additional	electrode	arrays,	each	implanted	within	the	ampullae	of	the	three	semicircular	

canals	(lateral,	superior,	and	posterior),	the	authors	electrically	stimulated	the	vestibular	

end	organs	while	utilizing	acceleration	forces	of	the	head	detected	by	a	gyroscope	within	

the	device.	Electrical	stimulation	with	the	prosthesis	provided	significant	VOR	gain	in	three	

implanted	patients	with	vestibular	damage,	reaching	up	to	98%	of	the	average	VOR	gain	in	

healthy	patients.	A	similar	clinical	study	is	underway	at	Johns	Hopkins	University	[58].		

	

Interfacing	with	the	PNS	

	 Both	transcutaneous	and	invasive	electrical	interfacing	with	peripheral	nerves	have	

been	implemented	into	routine	clinical	practice.	From	percutaneous	cranial	nerve	
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stimulation	to	treat	chronic	[21,	22,	24,	25,	59]	and	episodic	[23,	26]	migraines	and	

neuralgia,	to	epidural	placement	of	leads	in	the	dorsal	root	ganglion	(DRG)	for	treatment	of	

neuropathic	pain	[60],	and	to	direct	sacral	anterior	root	stimulation	to	enhance	bowel	

function	post	spinal	injury	[61],	electrical	stimulation	of	nerves	or	nerve	roots	has	been	

demonstrated	to	be	a	safe	and	efficacious	clinical	intervention.	Although	the	precise	long	

term	repercussions	of	implantable	neurostimulators	has	yet	to	be	fully	elucidated,	the	

major	shortcomings	of	implantable	devices	arise	from	the	fibrotic	foreign	body	response	

that	develops	following	implantation,	particularly	following	implantation	within	the	PNS	or	

CNS	[62].	Restricting	the	neuroprosthetic	device	to	the	epineurium	can	mitigate	any	

ensuing	glia-driven	foreign	body	response;	however,	long-term	use	with	this	approach	can	

induce	histological	changes	(e.g.,	fibrosis,	perineural	thickening,	decrease	in	axon	

myelination)	at	the	site	of	electrode-lead	placement	[63].	The	safest	approach	would	be	the	

utilization	of	minimally-invasive	transcutaneous	devices,	which	at	most	cause	minor	

irritation	or	an	allergic	reaction	on	the	skin	[64].	We	will	now	explore	several	of	these	

transcutaneous,	epineural,	and	intraneural	interfaces.	

	

Transcutaneous	Nerve	Stimulators	(TNS)	

	 The	most	neurologically	relevant	transcutaneous	devices	are	Cefaly®	Technology’s	

cranial	TNS	devices	that	treat	two	forms	of	neuralgia:	episodic	and	chronic	migraine.	All	

three	of	their	devices:	the	External	Trigeminal	Nerve	Stimulator	[26],	Supraorbital	

Transcutaneous	Nerve	Stimulator	[22,	59],	and	the	External	Occipital	Nerve	Stimulation	

[25],	have	been	demonstrated	to	be	efficacious	in	decreasing	migraine	intensity,	frequency,	

and	decrease	pain	medication	consumption	[21].	The	electrical	stimulation	from	these	



11	
	

devices	are	thought	to	block	ascending	impulses	of	trigeminal	nerve	nociceptors,	and	may	

decrease	metabolic	activity	of	the	orbitofrontal	and	anterior	cingulate	cortices;	hence,	

reducing	pain	signal	generation	and	subsequent	pain	sensation	[23,	65].	Deep	

neuromodulation	has	also	been	used	to	successfully	treat	primary	headache.	Although	deep	

neuromodulation	utilizes	invasive	electrode	implantation	(e.g.,	VNS	and	sphenopalatine	

ganglion	stimulation),	it	nonetheless	is	another	approach	being	used	to	modulate	

autonomic	pathways	underlying	the	pathophysiological	headache	mechanisms	[66,	67].		

Other	forms	of	TNS	have	been	employed	by	Frigerio	and	colleagues	in	stimulating	

the	distal	FN	branches	to	elicit	blinking	of	the	eye	[52].	Similarly,	Antonio	et	al.	used	TNS	to	

modulate	activity	within	the	auricular	branch	of	the	vagus	nerve	and	treat	spontaneous	

cardiac-baroreflex	sensitivity	[68].	Additionally,	transcutaneous	VNS	has	been	

demonstrated	to	reduce	atrial	fibrillation	in	humans	[69].	

	

Cuff	Electrodes	

	 Cuff	electrodes	are	the	most	basic	type	of	epineural	recording	or	stimulation	device.	

The	typical	cuff	electrode	is	comprised	of	a	self-coiling,	double-layer	silicone	cuff	

embedded	with	2-3	platinum-foil	strips	and	is	wrapped	around	the	outer	surface	of	the	

nerve,	thus	providing	a	direct	interface	for	electrical	stimulation	or	recording	neural	

signals	[Figure	1.1]	[70-75].	The	electrode	can	operate	at	low	stimulus	thresholds,	thus	

reducing	the	likelihood	of	electricity	induced	tissue/nerve	damage.	However,	cuff	

electrodes	generally	elicit	all-or-none	neural	activity	and	have	a	limited	ability	to	target	

individual	fascicles	within	the	nerve	fiber	[7].	This	inability	to	“selectively	stimulate”	

discrete	neural	fascicles	lead	to	the	investigation	of	alternative	stimulation	modalities,	



12	
	

though	recent	advancements	in	microfabrication	of	implantable	medical	devices	has	

altered	the	paradigm	of	how	cuff	electrodes	can	stimulate	nerves,	and	offers	the	potential	

to	selectively	stimulate	fascicles	while	taking	advantage	of	the	benefits	cuff	electrode	

implantation	offers.	Cuff	electrodes	have	been	used	safely	for	years;	however,	some	studies	

have	demonstrated	cuff-induced	nerve	damage.	One	study	in	rabbits	demonstrated	that	

long-term	use	of	cuff	electrodes	damaged	myelinated	axons,	although	the	damage	was	not	

permanent,	and	axons	had	the	ability	to	regenerate	[76].	Furthermore,	impedance	and	

stimulation	thresholds	of	cuff	electrodes	are	relatively	stable	over	time,	and	have	been	

demonstrated	to	maintain	functionality	for	over	12	years	in	peroneal	nerve	stimulation	

experiments	in	hemiplegic	patients	[75,	77-79].	Peroneal	nerve	stimulation	can	also	be	

accomplished	via	functional	electrical	stimulation	(i.e.	transcutaneous	stimulation)	of	the	

peroneal	nerve,	which	has	been	shown	to	improve	gait-quality	following	stroke	to	the	same	

degree	as	ankle-foot	orthotics	[80-82].			
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Figure	1.1.	(A)	Cuff	electrodes	and	(B)	flat	interface	nerve	electrodes	(FINEs)	are	the	most	
common	epineural	nerve-electrode	interfaces:	FINE	compresses	the	nerve	and	thus	has	a	
higher	resolution	to	excite	specific	fascicles.	(C)	Longitudinal	intrafascicular	electrodes	
(LIFEs)	and	(D)	transverse	intrafascicular	electrodes	(TIMEs)	are	the	most	common	
intraneural	nerve-electrode	interfaces.	(E)	Multi-channel	electrodes	have	been	used	by	our	
group	to	selectively	activate	fascicles	within	cranial	nerves.	
	

The	cuff	electrode	is	routinely	used	in	the	clinical	setting	for	VNS,	which	has	been	

shown	to	be	effective	in	the	management	of	epilepsy	[83,	84],	medication	resistant	

depression	[85],	blood	pressure	control	[86],	as	well	as	prevention	of	heart	failure	in	

patients	with	reduced	ejection	fractions	[87-89].	Additionally,	the	Inspire®	hypoglossal	

nerve	stimulator,	a	Food	and	Drug	Administration	(FDA)-approved	device	used	for	OSA,	

utilizes	a	cuff	electrode	wrapped	around	the	hypoglossal	nerve.	This	implant	is	under	

clinical	trials	to	augment	the	oropharyngeal	airway	by	stimulating	the	motor	nerve	and	
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lowering	the	tongue	in	coordination	with	the	breathing	cycle	[90,	91].	Multiple	mechanisms	

of	action	have	been	proposed	to	explicate	the	therapeutic	effects	of	VNS,	from	emission	of	

diffuse	electrical	activity	centrally	towards	the	brain	to	disrupt	the	aberrant	signals	that	

contribute	to	uncontrolled	epileptic	seizures	[92],	to	sympathetic	and	parasympathetic	

modulation	of	heart	rate	to	prevent	arrhythmias	[87].	

For	the	purposes	of	motor	nerve	stimulation	in	mixed	nerves	(i.e.,	nerves	with	both	

sensory	afferent	and	motor	efferent	components),	a	tripolar,	or	a	modified	monopolar	or	

bipolar	electrode	would	likely	be	required.	Such	designs	can	facilitate	unidirectional	action	

potential	propagation	while	mitigating	undesired	signals	in	the	opposing	direction,	though	

this	has	been	difficult	to	reliably	reproduce	in	practice.	This	stimulation	strategy	contrasts	

with	conventional	monopolar	or	bipolar	electrodes,	which	depolarize	neural	tissue	in	a	

“direction”	independent	manner	[93].	Nonetheless,	with	regards	to	motor	stimulation,	

bidirectional	action	potential	propagation	in	stimulated	efferent	neurons	in	pure	“motor”	

nerves	can	reliably	elicit	muscle	activation	and	is	less	of	an	issue	than	with	sensory	nerve	

stimulation.	

	

Flat	Interface	Nerve	Electrodes	

The	flat	interface	nerve	electrode	(FINE)	is	a	modified	version	of	the	cuff	electrode.	

FINE	can	be	designed	in	a	multi-channel	configuration,	and	compresses	and	reshapes	the	

nerve	into	a	“flatter”	conformation,	thereby	allowing	the	central	fascicles	to	be	closer	to	the	

surface	and	providing	more	selective	axonal	population	activation	[7,	94-97].	Additionally,	

intraoperative	studies	in	the	human	femoral	nerve	showed	that	muscles	innervated	by	the	

femoral	nerve	could	be	independently	and	selectively	stimulated	with	a	FINE	device	[98].	



15	
	

Surgical	placement	of	FINE	around	the	femoral	trunk	has	been	demonstrated	to	selectively	

activate	leg	muscles,	thereby	aiding	patients	who	suffer	from	lower	trunk	paralysis	to	stand	

from	a	sitting	position	[99].	Furthermore,	the	U.S.	Department	of	Defense	has	investigated	

the	use	of	FINE	in	controlling	neural	prostheses	in	amputees	[100].	Although	FINEs	have	

been	used	in	several	human	studies	without	any	deleterious	consequences,	FINEs	have	the	

potential	to	compress	the	nerve,	reduce	blood	flow,	or	even	cause	neural	damage	due	to	

both	ischemia	and/or	mechanical	nerve	compression	[101].		

	

Longitudinal	and	Transverse	Intrafascicular	Electrode	(LIFE	and	TIME)		

	 In	contrast	to	FINE,	intrafascicular	electrodes	pierce	the	protective	epineurium	of	

the	nerve,	and	can	stimulate	or	record	from	peripheral	nerves	with	higher	sensitivity	[102,	

103].	Furthermore,	coatings	on	these	electrodes	can	mitigate	the	ensuing	foreign	body	

response	(discussed	in	detail	in	Chapter	2),	and	enhance	both	electrode	functionality	and	

longevity.	Notably,	a	polymer-based,	thin-film	longitudinal	intrafascicular	electrode	

(tfLIFE/polyLIFE)	demonstrated	no	deleterious	effects	on	nerve	fiber	count,	diameter,	or	

myelin	thickness,	while	providing	higher	recording	selectivity	than	standard	metal	LIFE	

following	6	months	of	implantation	in	rabbit	sciatic	nerves	[104].	LIFE	has	also	been	used	

to	detect	neural	impulses	from	the	median	and	ulnar	nerves	in	an	amputee	to	manipulate	a	

robotic	hand	in	a	human	patient	[105,	106].	Transverse	intrafascicular	multichannel	

electrodes	(TIME)	provide	superior	spatial	selectivity	than	LIFE	by	preventing	distribution	

of	spatial	selectivity	beyond	one	fascicle	[107].	Specifically,	TIME	was	developed	to	manage	

phantom	limb	pain	in	patients	who	required	simultaneous	excitation	of	multiple	parallel	
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fascicles	within	a	nerve.	This	feat	previously	required	the	implantation	of	multiple	LIFEs	

[107].		

	

Penetrating	MEAs	

Intraneural	multi-channel	MEAs	offer	researchers	vast	access	to	diverse	neural	

pathways.	Of	note,	investigators	at	the	University	of	Utah	have	developed	two	types	of	

MEAs:	the	Utah	Electrode	Array	(UEA)	and	the	Utah	Slanted	Electrode	Array	(USEA)	[108,	

109].	Both	are	designed	with	the	capacity	to	contain	up	to	100	microneedles	which	are	

implanted	into	neural	tissue.	Previous	experiments	with	the	UEA	have	reported	successful	

recording	of	volitional	motor	commands	from	the	CNS,	among	other	accomplishments	

[110].	However,	because	this	technique	is	highly	invasive,	it	carries	the	risk	of	permanent	

neural	damage	[111].	Generally,	the	more	invasive	the	neuroprosthetic	interface,	the	

greater	the	degree	of	selectivity	of	neural	fiber	activation	at	the	sacrifice	of	potential	injury	

to	the	nervous	tissue.	As	previously	discussed,	cuff	electrodes,	which	gently	wrap	the	

nerve,	generally	activate	the	nerve	in	an	“all-or-none”	fashion	with	limited	selectivity,	while	

intraneural	MEAs	violate	the	perineurium	and	may	induce	glial	scarring,	but	offer	exquisite	

selectivity	of	neural	fiber	activation.			

	 Using	a	penetrating	MEA	developed	at	the	University	of	Michigan,	Middlebrooks	et	

al.	investigated	intraneural	cochlear	nerve	stimulation	while	recording	the	downstream	

auditory	pathway	output	at	the	brainstem	inferior	colliculus	[112,	113].	The	NeuroNexus	

(Ann	Arbor,	MI)	stimulating	array	consists	of	16	iridium-plated	electrode	contacts	placed	

along	a	silicon	shank,	and	in	every	critical	auditory	electrophysiological	measurement	in	

anesthetized	cats,	the	penetrating	intraneural	array	consistently	out-performed	a	
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conventional	intracochlear	array	alone.	Furthermore,	Chapters	3-5	present	our	work	

utilizing	MEAs	to	selectively	activate	facial	(Chapters	3	and	5)	and	laryngeal	(Chapter	4)	

muscles	in	a	feline	model.	In	acute	terminal	experiments,	we	achieved	selective	stimulation	

of	facial	muscles	with	the	NeuroNexus	multichannel	MEA	implanted	into	the	main	trunk	of	

the	FN	[Figure	1.2]	[114].	EMG	responses	of	four	facial	muscles	were	recorded	following	

stimulation	through	the	16-channel	MEA.	Electrical	pulses	from	each	channel	of	the	array	

selectively	activated	discrete	neural	populations	within	the	FN,	resulting	in	independent	

activation	of	specific	facial	muscles.	Increases	in	stimulation	current	levels	resulted	in	

corresponding	increases	in	EMG	voltage	response.	Moreover,	long-term	presence	of	the	

MEA	in	the	FN	confirmed	the	efficacy	and	stability	of	this	intraneural	stimulation	approach	

to	provide	facial	tone,	though	a	reduction	in	selectivity	was	also	noted	[115].	Intraneural	

stimulation	of	restricted	neural	populations	with	one	or	more	MEAs	may	play	a	role	in	

reanimating	the	face	for	patients	with	permanent	FP,	and	may	also	help	rehabilitate	other	

motor	and	sensory	functions	throughout	the	CNS	and	PNS	[114].	

	
Figure	1.2.	Diagram	depicting	intraneural	stimulation	of	the	FN	with	a	multichannel	
electrode	array	(MEA)	that	can	selectively	stimulate	discrete	nerve	fiber	populations	



18	
	

within	the	FN	and	elicit	selective	activation	of	facial	muscle	groups.	Image	credit:	Modified	
from	Patrick	J.	Lynch,	medical	illustrator;	C.	Carl	Jaffe,	MD	
	

Interfacing	with	the	CNS	

Spinal	Cord	Stimulation	

	 SCS	is	an	established	therapy	that	has	been	readily	investigated	in	the	treatment	of	

chronic	severe	pain.	The	complexity	of	the	neural	circuitry	at	the	level	of	the	spinal	cord,	

however,	has	made	it	challenging	to	successfully	achieve	50%	or	greater	self-reported	pain	

relief	[116].	Beyond	pain	relief,	SCS	has	been	employed	in	the	treatment	of	movement	

disorders.	Epidural	SCS	has	been	successfully	demonstrated	to	disrupt	pathological	circuit	

behavior	and	mitigate	the	motor	symptoms	of	Parkinson’s	disease	in	marmosets	[117].	

This	approach	is	less	invasive	than	DBS,	and	may	augment	pharmacological	dopamine	

replacement	therapy	in	the	treatment	of	Parkinson’s	patients.	Furthermore,	in	human	

trials,	restoration	of	voluntary	movement	following	epidural	SCS	was	achieved	in	patients	

with	complete	motor	and	sensory	lesions	[118].	Despite	these	successes,	electrode	

migration	is	a	common	complication	of	SCS,	and	if	stimulator	reprogramming	is	insufficient	

in	restoring	function,	surgical	repositioning	may	be	required	[119].	Although	SCS	is	a	safe	

and	effective	approach	to	bioelectric	restoration	of	function,	electrode	failure/fracture,	

cerebrospinal	fluid	leakage,	spinal	epidural	hematoma,	and	other	complications	may	

hinder	the	functional	performance	and	ultimate	utility	of	SCS	[119].		

	

Brain	Computer	Interfaces		

Brain	Computer	Interfaces	(BCIs)	have	been	investigated	for	decades,	leading	to	

advancements	in	recording	from	various	parts	of	the	brain	to	restore	a	variety	of	function	
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[120,	121].		In	essence,	a	variety	of	recording	devices	such	as	electroencephalogram	(EEG),	

magnetoencephalogram	(MEG),	electrocorticography	(ECoG),	functional	magnetic	

resonance	imaging	(fMRI),	and	functional	near	infrared	spectroscopy	(fNIRS),	detect	brain	

activity	(e.g.,	electrical	activity,	magnetic	activity,	blood	flow,	metabolism)	that	serves	as	an	

input	signal	to	a	computer	algorithm	whose	output	can	range	from	nerve	stimulation	to	

prosthesis	movement.	The	spatiotemporal	resolution	and	therefore	the	clinical	

applicability	of	such	devices	is	dependent	on	invasive	electrode	implantation	within	neural	

tissue	[122].	Currently,	noninvasive	BCIs	have	been	demonstrated	to	have	therapeutic	

potential	in	enabling	software-aided	communication	[123]	and	robot-assisted	object	

manipulation	(e.g.,	picking	up	a	glass	of	water)	[124]	in	advanced	amyotrophic	lateral	

sclerosis	(ALS)	patients	with	locked-in	syndrome.	Additionally,	BCIs	have	exhibited	great	

potential	in	aiding	paraplegics	with	recovery	[125,	126].	Nenadic	et	al.	successfully	used	an	

EEG-exoskeleton	coupled	with	an	augmented	reality	training	platform	to	provide	superior	

physical	rehabilitation	to	a	paraplegic	spinal	cord	injury	patient	that	enabled	him	to	regain	

some	gait	function	[53,	127].		Furthermore,	Nenadic	and	colleagues	have	miniaturized	their	

BCI	system	as	well	as	decreased	associated	costs	of	production	[128,	129].	Their	goal	is	to	

advance	their	BCI	into	an	implantable	system	for	the	complete	recovery	of	gait	post	spinal	

injury	or	stroke	[129,	130].		

Non-clinically,	BCIs	have	been	used	by	able-bodied	users	to	control	drones	[131],	

smart	homes	[132],	and	augmented	reality	gaming	[133].	In	theory,	non-invasive	BCIs	hold	

tremendous	potential	for	human	augmentation	and	alleviation	of	disability,	specifically	as	

battery	and	other	hardware/software	technologies	evolve;	however,	as	of	now	such	
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devices	are	heavily	hindered	by	signal	processing	algorithms,	input	signal	differentiation	

and	noise	cancellation,	and	input-output	signal	mapping	specific	to	individuals	[122].	

Intracranial	brain-computer	interfaces	(iBCI),	are	invasive	BCIs	that	directly	

interface	with	neurons	to	decode	motor	intent	and	elicit	a	response	(e.g.,	artificial	limb	

movement)	[134].	iBCIs	utilize	microelectrodes	implanted	into	the	cortical	surface,	or	ECoG	

grids	to	either	bypass	disrupted	neural	pathways	and	directly	stimulate	nerves,	muscles,	or	

directly	control	artificial	limbs.	For	example,	tetraplegic	patients	have	been	able	to	

volitionally	control	robotic	arms	[135,	136],	while	other	patients	have	been	able	to	control	

their	own	limbs	via	iBCI-based	approaches	[137,	138].	In	addition	to	restoration	of	motor	

movement,	enhancing	communication,	as	in	the	case	of	ALS	patients,	can	also	be	achieved	

by	iBCI	[139-141].		

Regardless	of	the	higher	spatiotemporal	resolution	of	invasive	iBCIs,	no	electrode	

system	can	read	and	interact	with	individual	neurons	within	the	brain.	Such	a	task,	

however,	is	anticipated	with	the	introduction	of	a	neural	lace	by	Elon	Musk’s	Neuralink	

(San	Francisco,	CA)	[142],	which	is	an	ultra-thin	cortical	mesh	ultimately	meant	to	enhance	

cognition	by	fusing	the	human	mind	with	the	internet	[143].	This	feat	is	not	achievable	with	

current	technologies,	and	there	is	no	clear	understanding	of	how	this	system	would	process	

enormous	bandwidths	of	neural	activity,	how	it	would	be	powered,	and	how	it	would	

chronically	interface	with	neurons	without	damaging	them;	however,	a	proof	of	concept	

has	been	presented	by	Lieber	et	al.,	who	achieved	over	eight	months	of	neural	recording	in	

a	murine	model	via	a	syringe-injected	nanoscopic	self-assembling	intracranial	mesh,	

without	causing	neurological	side-effects	[144].	Future	research	efforts	directed	at	

incorporating	sensory	feedback	in	iBCI	setups	and	improving	both	recording	and	
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stimulation	parameters	is	expected,	as	it	can	improve	the	efficacy	of	iBCI	approaches	in	the	

clinical	and	human	augmentation	realms.	

	

Cortical	Stimulation	

	 Additionally,	intraparenchymal	or	subdural	cortical	electrodes	have	proven	to	be	

stable	and	effective	implants	for	the	treatment	of	chronic	pain,	and	long-term	monitoring	

for	seizure	identification	[145].	Noninvasive	cortical	stimulation	has	been	repeatedly	

demonstrated	to	improve	hand	function	following	chronic	stroke,	and	has	been	utilized	to	

varying	degrees	of	success	in	neurorehabilitation	regimens	[146,	147].		More	invasive	

subdural	cortical	stimulation	with	a	neurostimulator	connected	to	predetermined	seizure	

foci	has	been	demonstrated	to	reduce	the	frequency	of	debilitating	partial	seizures	in	

patients	with	medically	intractable	epilepsy	[148].	Furthermore,	peri-infarct	stimulation	

following	cortical	ischemic	stroke,	combined	with	rehabilitation,	has	been	demonstrated	to	

alleviate	chronic	motor	deficits	and	enhance	recovery	in	a	primate	model	of	ischemic	

stroke	[149].	Recently,	cortical	stimulation	combined	with	brain-state	detection	and	haptic	

feedback	has	been	demonstrated	to	augment	iBCIs	in	neurorehabilitation	of	stroke	patients	

with	minimal	hand	function	[150].	Although	numerous	histological	changes	(e.g.,	non-

reactive,	reactive,	and	toxic)	at	the	brain-implant	boundary	occur	following	chronic	

implantation	of	cortical	electrodes,	efforts	to	mitigate	the	fibrogliotic	encapsulation	of	

electrode	leads	may	expedite	the	implementation	of	cortical	stimulation	technologies	in	the	

clinic	[151].		

	

Auditory	Nucleus	and	Ganglion	Stimulation	
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For	patients	with	trauma	or	deformations	of	the	cochlea	or	auditory	nerve,	the	CI,	

which	is	designed	to	be	placed	in	the	cochlea	and	electrically	activate	the	auditory	nerve,	is	

not	an	option	for	auditory	rehabilitation.	Most	notably,	patients	with	neurofibromatosis	

type-2	(NF2)	suffer	from	bilateral	vestibular	schwannomas	and	as	a	result,	require	more	

central	activation	of	the	auditory	pathway	at	the	level	of	the	cochlear	nucleus	in	the	

brainstem	[152].	The	auditory	brainstem	implant	(ABI)	is	effectively	a	modified	CI	with	a	

flat	array	consisting	of	12	(ABI	by	Med-El)	to	21	(ABI	by	Cochlear	Ltd.)	platinum	electrodes	

on	a	Dacron	mesh	backing	created	for	NF2	patients	[152].	To	date,	however,	ABIs	have	

proven	most	beneficial	for	adults	without	NF2	and	in	children	with	cochlear	malformations	

[153-155].		In	one	study	involving	48	non-NF2	(non-tumor)	patients,	a	mean	score	of	59%	

was	achieved	on	open	set	speech	perception	tests	[156].	For	children	suffering	from	

bilateral,	ossified	cochleae	secondary	to	meningitis,	five	out	of	the	nine	patients	

experienced	a	meaningful	benefit	from	ABI,	with	access	to	conversational	speech	and	

sound	field	thresholds	varying	from	25-50	dB	[157].	Although	NF2	patients	have	

historically	had	exceedingly	limited	benefit	from	ABIs	due	to	the	detrimental	nature	of	the	

underlying	tumors,	recent	studies	from	Europe	have	reported	considerable	success	in	ABI	

performance	in	NF2	patients,	including	a	mean	open	set	speech	perception	of	41%	at	24	

months	post-ABI	activation	in	18	NF2	patients	[158].	Notably,	a	penetrating	ABI	and	an	

auditory	midbrain	implant	inserted	into	the	inferior	colliculus	did	not	lead	to	an	increased	

benefit	over	the	ABI	[159-161].		

	

Deep	Brain	Stimulation	
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DBS	involves	the	implantation	of	microelectrodes	into	specific	brain	regions.	An	

electrical	pulse	generator	is	connected	to	the	multiple	microelectrodes	via	microwires,	and	

in	the	treatment	of	Parkinson’s	disease,	delivers	biphasic	current	pulses	(up	to	30	

microC/cm2)	to	the	subthalamic	nucleus	(STN)	or	globus	pallidus	interna	[162].	Surgical	

treatments	for	Parkinson’s	disease	were	first	described	in	the	1940’s,	but	it	wasn’t	until	the	

1990’s	that	DBS	was	utilized	to	treat	Parkinson’s	by	targeting	the	STN	[163].	Since	the	

initial	approval	of	DBS	in	2002	by	the	Food	and	Drug	Administration,	over	70,000	patients	

have	been	treated	with	DBS	to	augment	pharmacological	dopamine	replacement	therapy	

[163].		Technical	and	surgical	issues	with	DBS	hardware	are	not	uncommon,	though	a	lack	

of	standardized	adverse	event	reporting	protocols	makes	it	difficult	to	fully	understand	the	

extent	of	DBS	failure,	infection,	lead	migration,	lead	fracture,	or	skin	erosion	[163].		

Refinements	in	lead	design,	placement,	and	stimulator	programming	may	improve	DBS	

efficacy,	battery	life,	stimulation	patterns,	and	electromagnetic	field	interference.		

DBS	has	also	been	successfully	used	in	the	management	of	tremors,	depression,	

obsessive-compulsive	disorder,	tinnitus,	and	other	conditions,	depending	on	the	location	of	

electrode	implantation	[27,	164,	165].	Developments	in	DBS	technology,	such	as	closed-

loop	stimulation	strategies,	have	resulted	in	significantly	enhanced	management	of	

Parkinson-related	motor	dysfunction	[166].	Unlike	traditional	DBS	approaches	which	

deliver	electrical	impulses	independent	of	neural	feedback,	closed-loop	approaches	

constantly	monitor	neuronal	activity	to	modulate	the	delivery	of	electrical	stimulation	

[167].	Furthermore,	coordinated	reset	of	neural	subpopulations	(i.e.	administering	high-

frequency	pulse	trains	in	a	coordinated	way	to	abolish	pathological	synchronization)	has	
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also	been	investigated	to	battle	Parkinson’s	disease,	essential	tremor,	and	may	even	be	

applicable	in	epilepsy	[168,	169].			

	

Hurdles	and	Conclusions	

Despite	the	promise	of	the	previously	discussed	bioelectric	interfaces,	a	variety	of	

biological	and	engineering	hurdles	must	be	addressed	to	implement	and	improve	their	

clinical	utility.	Following	implantation	of	any	bioelectronic	device,	the	host	foreign	body	

response	will	result	in	rapid	protein	adsorption	onto	the	material	surface,	resulting	in	a	

cascade	of	inflammatory	events	mediated	by	cytokines,	chemo	attractants,	and	growth	

factors	released	by	neutrophils,	monocytes,	and	lymphocytes	[170,	171].		The	acute	

polymorphonuclear	cell-mediated	inflammatory	phase	transcends	into	a	chronic	

inflammatory	phase	mediated	by	monocytes	and	lymphocytes.	Fibrous	encapsulation	of	

the	implanted	electrode	and	the	formation	of	a	biofilm	containing	reactive	oxygen	species	

and	degradative	enzymes	results	in	a	variety	of	functional	changes	to	electrical	stimulation	

and	recording,	as	well	as	possible	structural	failures	[172].	The	next	chapter	will	present	a	

more	in-depth	overview	of	the	biological	effects	of	chronic	implantation	of	bioelectronic	

devices.		

In	addition	to	mitigating	the	chronic	foreign	body	response	to	implanted	

biomaterials,	the	development	and	optimization	of	hardware/software	with	a	user-friendly	

and	programmable	interface	remains	an	engineering	challenge	[173].	Developing	closed-

loop	devices	that	can	record	real-time	neural	or	physiological	data	and	instantaneously	

modulate	stimulation,	or	recording	parameters,	will	help	optimize	the	functional	utility	of	

bioelectronic	devices.	Ultimately,	a	multi-disciplinary	approach	between	engineers,	



25	
	

industry,	and	medical	professionals	will	help	expedite	the	translation	of	bioelectronic	

devices	to	the	clinic.	Applying	the	lessons	learned	from	successful	technologies,	such	as	

DBS,	that	have	been	implemented	into	routine	clinical	practice,	will	help	expedite	future	

technologies	that	target	new	pathologies.	Although	interfacing	with	the	CNS	offers	

incredible	resolution	and	offers	tremendous	potential	to	treating	a	wide	variety	of	

neurological	disorders,	the	complexity	and	sensitivity	of	the	brain,	spinal	cord,	and	nerves	

makes	targeting	the	end	organ	an	attractive	alternative.	With	successes	in	the	field	of	

cochlear	implantation,	the	extension	of	end	organ	interfaces	to	effector	organs	(e.g.,	

muscles)	may	be	fully	realized	in	the	near	future.	

In	conclusion,	the	application	of	neuroprosthetics	to	paretic	nerves	holds	great	

potential	in	advancing	the	field	of	nerve	and	tissue	bioelectric	engineering	and	contributing	

to	clinical	care.	Although	current	physiotherapeutic	and	surgical	treatments	seek	to	restore	

function,	structure,	or	comfort,	they	bear	significant	limitations	in	enabling	cosmetic	or	

functional	recovery.	Instead,	the	introduction	of	bioelectric	technology	may	play	a	role	in	

the	restoration	of	volitional	function	in	patients	with	motor	nerve	deficits.	The	following	

chapter	will	explore	in	greater	detail	the	effects	of	chronic	implantation	of	electrodes	and	

neuroprosthetic	devices	in	the	PNS	and	CNS.		
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CHAPTER	2	

Effects	of	Chronic	Neural	Electrode	Implantation	[64]	

Permanent	paralysis	of	a	cranial	nerve	can	substantially	diminish	quality	of	life	and	

impact	any	of	the	twelve	pairs	of	nerves,	including	the	facial,	vagus,	spinal	accessory,	and	

hypoglossal	nerves,	among	others.	As	previously	mentioned,	FP	causes	substantial	

functional	deficits,	has	an	annual	incidence	of	70	cases	per	100,000	and	127,000	new	cases	

diagnosed	annually	in	the	United	States	[1],	and	can	arise	from	a	multitude	of	traumatic,	

iatrogenic,	or	congenital	etiologies	[2].	Rehabilitation	of	a	dysfunctional	nerve	such	as	the	

FN	is	a	rapidly	evolving	field	with	substantial	clinical	potential,	and	can	be	achieved	

through	methods	of	nerve	regeneration,	reinnervation	and	muscle	transfer,	and	

neuroprosthetic	technologies.	FN	regeneration	with	progenitor	cells	has	been	achieved	in	

vitro,	but	has	yet	to	be	translated	to	the	clinical	arena	[7].	While	reinnervation	and	muscle	

transfer	procedures	such	as	the	hypoglossal-FN	anastomosis	or	microvascular	gracilis	

transfer	are	commonly	performed	around	the	world	and	provide	meaningful	aesthetic	

improvements,	their	functional	and	cosmetic	outcomes	are	still	limited	compared	to	

normal	facial	function	[8].	Our	group	has	conducted	a	series	of	investigations	aimed	at	

implanting	electrodes	within	or	around	the	FN	with	the	eventual	goal	of	reanimating	a	

paralyzed	face.	As	such,	a	literature	review	of	the	effects	of	chronic	electrode	implantation	

may	inform	our	work.		

Chronic	neuroprosthetic	implants	have	already	been	widely	employed	in	motor	

nerve	neuromuscular	systems.	For	instance,	the	United	States	FDA	recently	approved	the	

Inspire	Upper	Airway	Stimulation	system,	an	implantable	hypoglossal	nerve	stimulator	for	

patients	with	severe	OSA	[17].	The	Medtronic	InterStim	Therapy	System	is	an	implantable	
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sacral	nerve	stimulator	to	assist	patients	with	bowel	incontinence	[174].	Furthermore,	the	

application	of	direct	nerve	stimulation	for	patients	with	disuse	muscle	atrophy,	multiple	

sclerosis,	and	spinal	cord	injury	is	currently	underway	[175].	Direct	stimulation	of	the	

nervous	system	can	also	address	other	pathologies	[9,	10].	Chronic	spinal	cord	stimulation,	

for	example,	has	been	shown	to	alleviate	severe	neuropathic	pain	[11].	Moreover,	selective	

stimulation	of	nerve	roots	with	a	Finetech-Brindley	neurostimulator	has	been	shown	to	

improve	bladder,	bowel	and	sexual	function	in	clinical	trials	[13].	Furthermore,	

supraorbital	transcutaneous	stimulation	of	the	trigeminal	nerve	has	reduced	migraine	

duration	[176].	Even	the	intrascalar	electrode	of	the	widely-used	CI	may	eventually	be	

supplemented	or	replaced	with	an	array	that	interfaces	with	the	cochlear	nerve	directly	

[113,	177].	

Despite	these	advances,	the	long-term	consequences	of	electrode	implantation	have	

yet	to	be	fully	characterized.	Chronically	implanted	electrode	arrays	can	induce	neural	

injury	through	both	mechanical	trauma	and	continuous	high	frequency	stimulation	[178].	

In	this	chapter,	we	first	discuss	frequently	utilized	electrode	materials	and	composition.	We	

then	review	categories	of	neural	implants,	which	include	intraneural,	epineural,	perineural	

and	intranuclear	interfaces	[Figure	2.1].	Further,	we	describe	the	morphological	and	

histological	tissue	response	following	chronic	device	implantation.	We	end	by	reviewing	

current	trends	in	peripheral	and	cranial	nerve	stimulation.	
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Figure	2.1.	Histology	of	the	peripheral	nerve	showing	the	nerve	fascicles	(f)	grouped	in	
bundles	surrounded	by	perineurium	(p)	and	epineurium	(epi).	Image	courtesy	of	Stephen	
Gallik,	Ph.D.	
	

Foreign	Body	Reaction	to	Biomaterial	Implants	

The	host	response	to	implants	is	a	complex	sequence	of	events	that	begins	with	

implantation	of	any	foreign	material	[170,	171].	Blood/material	interactions	result	in	

protein	adsorption	onto	the	material	surface.	An	environment	surrounding	the	implant	is	

subsequently	created	that	promotes	the	cascade	of	events	in	the	inflammatory	and	wound	

healing	response.	Bioactive	molecules	such	as	cytokines,	chemoattractants,	and	growth	

factors	both	attracts	and	actives	inflammatory	cells,	including	neutrophils,	monocytes,	and	

lymphocytes.	The	tissue	surrounding	the	implant	subsequently	moves	through	the	acute	

inflammatory	phase	consisting	of	polymorphonuclear	cells,	the	chronic	inflammatory	

phase	consisting	of	predominantly	monocytes	and	lymphocytes,	and	granulation	tissue	

phase	consisting	of	fibroblasts	and	neovascularization.	Granulation	tissue	subsequently	

leads	to	a	well-organized	fibrous	capsule	encapsulating	the	implant.	
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Infiltrating	monocytes	and	macrophages	during	the	inflammatory	response	adhere	

onto	biomaterial	surface,	differentiate,	and	fuse	to	form	foreign	body	giant	cells	(Fig.	

[Figure	2.2]	[172,	179].	The	single	layer	of	monocytes,	macrophages,	and	foreign	body	

giant	cells	separates	the	material	from	the	surrounding	fibrous	capsule.	Rather	than	being	

an	inert	layer	of	cells	that	help	wall	off	the	offending	foreign	material	from	the	body,	the	

activated	macrophages	and	foreign	body	giant	cells	produce	bioreactive	molecules	such	as	

reactive	oxygen	species	and	degradative	enzymes	[171].	Depending	on	the	material	

composition,	this	could	result	in	breakdown	of	the	implanted	material.	Therefore,	the	

inflammatory	and	wound	healing	response,	along	with	the	destructive	microenvironment	

at	the	material	surface,	can	potentially	lead	to	structural	and	functional	failure	of	the	

implant.	

	
Figure	2.2.	Scanning	electron	microscopy	images	depicting	foreign-body	giant	cell	
development	on	a	Elasthane	80	A	Polyurethane	surface	in	subcutaneous	cage	implants	in	
rats.	Blood-borne	monocytes	(A)	become	biomaterial-adherent	macrophages	within	3	days	
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(B),	then	macrophages	fuse	at	7	days	(C),	and	then	become	foreign	body	giant	cells	after	14	
days	(D)	[172].		
	

Electrode	Materials	and	Composition	

Neural	electrodes	inject	a	charge	through	reactions	that	utilize	either	capacitive	or	

faradaic	materials,	both	of	which	bear	specific	limitations	[180].	Capacitive	materials	

include	titanium	nitride,	tantalum,	and	tantalum	oxide,	among	others,	and	in	contrast	to	

faradaic	materials,	do	not	generate	any	electrochemical	reactions	at	the	electrode	surface.	

In	general,	capacitive	materials	are	preferred	over	faradaic	because	charge	species	are	

neither	created	nor	destroyed	during	stimulation.	Faradaic	materials	are	composed	of	

noble	metals	such	as	platinum,	platinum-iridium	alloys,	or	iridium	oxide.	While	faradaic	

materials	provide	greater	charge-injection	capacity,	they	can	lead	to	irreversible	electrode	

or	tissue	damage.	Intrinsically	conducting	polymers	and	carbon	nanotubes	may	be	a	

newfound	solution	to	these	issues.	The	most	commonly	used	intrinsically	conducting	

polymer,	poly(ethylenedioxythiophene)	or	PEDOT,	offers	diversity	by	possessing	both	ionic	

and	electronic	conductivity.	Carbon	nanotubes	are	particularly	advantageous	due	to	their	

immense	double-layer	charge	capacity.	For	instance,	one	study	reached	charge-injection	

capacities	up	to	1.6	mC	through	vertical	alignment	of	several	nanotube	electrodes	[181].	

Carbon	nanotubes	also	allow	surface	customization	that	may	improve	biocompatibility,	as	

mitigating	the	foreign	body	response	is	a	critical	aspect	of	an	intraneural	implant,	and	will	

be	further	discussed	below.	

	

Intraneural	Implants	
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An	intraneural	implant	is	inserted	directly	into	or	adjacent	to	the	axons	of	the	nerve.	

Because	of	its	location,	intraneural	implants	offer	selectivity	of	unique	fiber	populations	

within	the	same	nerve,	enabling	improved	specificity	in	motor	or	sensory	nerve	activation.	

Due	to	the	proximity	to	the	neural	elements,	intraneural	implants	also	require	lower	

current	thresholds	when	compared	to	other	electrode	types	(e.g.,	cuff	electrodes)	[182].	

Precise	placement	and	reduced	current	thresholds	result	in	a	lower	risk	of	inadvertent	

stimulation	of	surrounding	nerves.	In	contrast,	cuff	electrodes	circumferentially	wrap	

around	a	nerve,	offering	limited	selectivity	and	possible	scar	tissue	formation.	However,	

the	invasiveness	of	intraneural	implants	increases	the	risk	of	neural	injury	and	carries	a	

high	risk	of	electrode	migration	[183].	Intraneural	implants	include	standard	linear	MEAs,	

LIFE,	and	TIME	[184].	Tissue	response	to	these	implants	is	varied	and	will	be	further	

explored	here.	

	

Passive	tissue	response	

Neural	tissue	response	to	a	penetrating	electrode	can	be	either	passive	(generated	

due	to	electrode	presence),	or	active	(response	derived	from	stimulus	current).	The	passive	

response	refers	to	the	cellular	reaction	to	surgical	trauma,	electrode	presence,	as	well	as	

the	electrode	chemical	and	material	properties.	Cellular	changes	resemble	those	of	any	

foreign	body	tissue	response:	the	early	development	of	granulation	tissue	followed	by	late	

scar	formation	mediated	by	macrophages	and	foreign	body	giant	cells	as	an	end-stage	

inflammatory	and	wound	healing	response	[171,	172].	

In	addition	to	tissue	reaction	around	the	electrode,	the	implanted	electrode	itself	

can	potentially	damage	the	tissue	due	to	shearing	forces	of	the	implanted	electrode	within	
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a	peripheral	nerve	residing	in	mobile	soft	tissue.	One	study	examining	the	median	nerve	

trunk	in	humans	demonstrated	substantial	longitudinal	displacement	of	the	trunk	during	

upper	limb	movement,	resulting	to	potential	nerve	entrapment	[185].	This	normal	

movement	of	the	nerve	with	an	implanted	electrode	array	has	the	potential	to	cause	shear	

damage	to	the	nerve.	Although	shear	damage	is	of	considerable	concern	in	chronic	

electrode	implantations,	it	has	not	been	well-investigated	to	date.	Of	note,	implantation	of	a	

penetrating	MEA	into	the	easily-accessible	and	immobile	vertical	(mastoid)	segment	of	the	

FN	would	result	in	minimal	neural	damage	due	to	shearing	forces.	

	

Active	tissue	response	

The	active	tissue	response	is	the	result	of	electrical	stimulation	from	the	implant	

and	is	generated	by	implant-induced	electrochemical	gradients	and	resulting	changes	in	

physiological	function.	Two	electrode	material	characteristics	directly	correlate	to	the	

degree	of	active	tissue	response:	charge-per-phase	and	charge	density.	The	extent	of	

neuronal	activation	(i.e.,	the	number	and	distribution	of	activated	fibers)	by	the	implant	is	

determined	by	its	charge-per-phase,	or	the	intensity	of	charge	injected	with	each	pulse.	The	

charge	density,	or	charge	over	area	of	nerve-electrode	contact,	is	based	on	the	type	and	

rate	of	electrochemical	gradients	formed	at	the	nerve-electrode	interface.	The	degree	to	

which	these	characteristics	ultimately	influence	neural	tissue	is	highly	variable,	and	is	

dependent	on	the	particular	neural	substrate	and	stimulation	parameters	[186].	Activity-

dependent	changes	in	neuronal	excitability	and	neuronal	damage	can	occur	following	non-

physiologic	patterns	of	activation	[187].	
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Chronic	immunological	and	functional	changes	

In	the	PNS,	chronic	implantation	of	microelectrodes	leads	to	a	macrophage-

mediated	foreign	body	immune	response.	This	response	similarly	alters	cellular	

morphology,	genetic	transcription	and	cell	function.	To	characterize	the	active	response	in	

peripheral	nerves,	Lefurge	and	associates	chronically	implanted	intrafascicular	platinum-

iridium	recording	electrodes	coated	with	polytetrafluoroethylene,	or	Teflon,	within	the	

radial	nerves	of	six	cats	over	six	months	[188].	Despite	implant	biocompatibility,	adverse	

active	responses	were	observed,	including	axonal	caliber	reduction,	demyelination,	mild	

foreign	body	response,	and	increased	endoneural	connective	tissue.	

Nevertheless,	other	studies	reported	few,	if	any,	functional	deficits	as	a	result	of	the	

tissue	response.	Bowman	et	al.	implanted	intraneural	nylon-coated	stainless-steel	

electrodes	into	the	posterior	tibial	nerves	of	18	rabbits	for	nine	weeks	to	characterize	the	

tissue	response	[189].	One	experimental	group	had	an	electrode	inserted	and	immediately	

removed	in	one	leg,	while	the	other	leg	retained	the	electrode.	The	other	experimental	

group	had	chronically-implanted	electrodes	in	both	legs,	but	only	one	implant	actively	

delivered	stimulation.	No	significant	changes	in	nerve	conduction	velocities	were	observed	

in	either	the	stimulated	or	non-stimulated	nerves	at	the	time	of	implantation	or	nine	weeks	

post-implantation,	although	minor	motor	current	threshold	increases	were	observed	10	

days	post-implantation.	Additionally,	nerves	showed	little	or	no	demyelination	or	

denervation.	Notably,	40%	of	the	nerves	showed	bulbous	connective	tissue	formation	at	

the	array	entry	and	exit	sites	with	minor	corresponding	demyelination	[Figure	2.3].	These	

results	were	reproduced	in	cats,	in	which	the	posterior	tibial	and	peroneal	nerve	of	each	

leg	was	implanted	over	a	four-year	period.	There	were	minimal	current	threshold	changes	
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during	implantation,	minimal	muscle	fiber	changes,	and	negligible	demyelination	around	

the	electrode.	

	
Figure	2.3.	Formation	of	bulbous	fibrous	connective	tissue	in	the	peroneal	nerve	of	a	cat	
which	had	a	non-stimulating	intraneural	electrode	implanted	for	48	months.	This	is	a	
cross-section	between	the	entry	and	exit	sites	of	the	electrode.	Fibrous	tissue	is	seen	by	the	
electrode	(A),	and	some	demyelination	is	seen	directly	around	the	electrode	(B).	Luxol	fast	
blue-hematxylin,	96X	[189].	
	

Levels	of	short	and	long-term	neuronal	excitability,	determined	by	stimulation	

thresholds,	are	critical	in	establishing	implant	safety	and	efficacy.	Changes	in	thresholds	

post-implantation	have	been	studied	in	short-term	(weeks	to	months)	and	long-term	

(years)	experiments	[Table	2.1]	[190-192].	Short-term	threshold	changes	were	found	to	

be	abrupt,	reversible	threshold	increases	that	return	to	baseline	within	weeks	[190];	

Pfingst	and	colleagues	observed	this	phenomenon	in	nonhuman	primates	[191].	In	a	later	

study,	Pfingst	et	al.	characterized	two	types	of	long-term	changes	following	chronic	

cochlear	implantation	in	nonhuman	primates	[192].	Of	note,	although	this	study	
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investigated	an	intrascalar	implant,	the	results	may	inform	potential	changes	following	

intraneural	implantation.	In	their	studies,	Pfingst	et	al.	reported	that	threshold	changes	

either	1)	increased	slowly	over	weeks	to	months	prior	to	stabilizing,	or	2)	showed	more	

significant	threshold	increases	rapidly	(days	or	weeks).	However,	this	latter	type	of	change	

showed	remarkable	threshold	stability	both	before	and	after	the	abrupt	increase,	

suggesting	at	least	two	different	mechanisms	for	threshold	changes	post-implantation.	
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Table	2.1.	Change	in	nerve	stimulation	thresholds	over	time.	Threshold	changes	remain	
relatively	stable	as	far	out	as	12	months	after	implantation.	
Months	
Post-
Implant	

Intraneural	Wire	
Microelectrode	
(Rabbit)	[193]	

Intraneural	Coiled	
Microelectrode	
(Cat)	[194]	

Intraneural	
Coiled	Wire	
Electrodes	
(Rabbit)	[189]	

Utah	Slanted	
Electrode	
Array	(Cat)	
[195]	

Change	in	Threshold	(compared	to	baseline)	in	MicroA	
0	 0	 0	 0	 +25	
1	 +50		 -300		 -80		 +65	
2	 +90		 -280		 -100		 +79	
3	 +120		 -300		 -100		 +74	
4	 +110		 -300		 -120		 +80	
5	 +150		 -300		 -120		 +75	
6	 +140		 -300		

	
	

7	
	

-300		
	

	
8	

	
-300		

	
	

9	
	

-300		
	

	
10	

	
-300		

	
	

11	
	

-300		
	

	
12	

	
-300		
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Epineural	and	Perineural	Implants	

Electrodes	can	also	deliver	current	to	other	nerve	components,	including	the	

epineurium	and	perineurium.	Unlike	intraneural	implants,	epineural	and	perineural	

implants	interface	with	connective	tissue	surrounding	the	nerve	instead	of	directly	

penetrating	the	fascicles.	Epineural	electrodes	can	be	microsutured	to	the	outer	nerve	

sheath	(epineurium),	while	perineural	implants	are	attached	to	the	inner	neural	sheath	

(perineurium).	Even	though	the	microsuturing	of	epineural	implants	may	shear	the	nerve	

due	to	excessive	tension,	the	impact	to	the	nerve	trunk	is	typically	minimized	by	atraumatic	

and	minimally	invasive	surgical	techniques	[196].	

	

Design	and	engineering	

One	example	of	an	epineural	electrode	is	the	FINE,	which	flattens	and	reshapes	the	

nerve,	increasing	electrode	contact	surface	area.	Tyler	et	al.	implanted	Teflon-coated	

platinum	FINE	electrodes	into	rat	sciatic	nerves	and	found	that	electrode-induced	

alterations	in	nerve	structure,	including	decreases	in	axonal	density,	myelin	thinning,	and	

axon	clustering,	did	not	lead	to	any	functional	alterations	[197].	Implants	may	also	have	a	

slot-design,	such	as	book	electrode	interfaces,	which	consist	of	silicone	blocks	with	slots	

containing	platinum	electrodes.	These	have	been	used	in	the	dorsal	sacral	roots	of	the	

human	spinal	cord	to	rehabilitate	bladder	function.	The	Resume	system	from	Medtronic	is	

an	example	of	an	epidural	spinal	cord	implant	that	has	been	shown	to	effectively	treat	

neuropathic	pain	in	116	patients,	with	over	40%	of	patients	experiencing	symptomatic	

improvement	[198].	Epidural	implants	within	the	CNS	are	analogous	to	epineural	implants	
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in	the	PNS,	as	the	dura	mater	surrounding	the	spinal	cord	and	nerve	roots	within	the	spinal	

column	invaginates	the	nerve	as	it	exits	the	CNS	to	become	epineurium	[199].	

Epineural	implants	can	also	be	helicoidal,	consisting	of	flexible,	platinum	ribbons	

that	circumscribe	the	nerve	to	minimize	mechanical	trauma.	While	such	helical	structures	

minimize	selectivity,	they	are	clinically	used	for	gross	hypoglossal	nerve	stimulation	in	

treating	OSA,	and	VNS	in	treating	epilepsy	and	depression	[200-202].	Another	example	is	

the	BioControl	CardioFit	system	[63],	which	is	an	investigational	device	aimed	at	the	

treatment	of	congestive	heart	failure.	It	consists	of	a	dual-cathode	circumneural	multi-polar	

stimulation	lead	and	a	sensor	lead.	Agnew	et	al.	[186]	implanted	helical	electrodes	in	the	

cat	peroneal	nerve	to	observe	the	passive	tissue	response	and	identify	stimulation	

parameters	that	induce	permanent	damage.	Three	weeks	post-implantation,	epineurium	

thickening	due	to	implant	presence	was	identified,	as	well	as	permanent	damage	following	

continuous	stimulation	for	8–16	hours	above	50	Hz.	Twenty	hertz	stimulation	over	the	

same	duration,	however,	resulted	in	a	return	of	neuronal	excitability	to	baseline	within	one	

week	of	stimulation	cessation.	

	

Tissue	response	and	histological	changes	

Chronic	implantation	of	perineural	and	epineural	electrodes	results	in	reactive	

responses	in	local	tissue.	Microscopically,	considerable	histological	changes	of	both	nerve	

and	musculature	have	been	shown,	with	a	fibrous	tissue	layer	typically	seen	in	the	

electrode	tract	following	implant	removal.	In	a	study	of	neural	changes	following	epineural,	

nonpenetrating	spiral	platinum-silicone	cuff	electrode	implantation	in	the	sciatic	nerve	of	

seven	cats	[203],	normal	histology	proximal	and	distal	to	the	cuff	electrode	was	observed,	
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with	the	most	significant	changes	noted	on	the	leads	interfacing	with	the	nerve	trunk.	Five	

cats	exhibited	histological	changes,	including	a	reduction	in	myelinated	axon	density,	

endoneural	fibrosis,	and	perineural	thickening	[Figure	2.4].	In	another	study,	implanted	

epineural	electrodes	composed	of	Teflon-coated	stainless	steel	stimulated	the	lower	

extremities	of	five	sheep	for	eight	hours	per	day	for	26	weeks	[204].	The	stimulated	

muscles	exhibited	physiological	and	histological	changes,	transition	towards	aerobic	

metabolism,	and	contained	more	type	I	fibers	(type	II	remained	unchanged)	compared	to	

contralateral	control	muscles,	documenting	the	change	in	muscular	physiology	and	

composition	resulting	from	epineural	stimulation.	

	
Figure	2.4.	(A)	Microscopic	image	of	feline	sciatic	nerve	1cm	distal	to	the	spiral	nerve	cuff	
electrode,	containing	12	electrode	contacts,	following	implantations	of	duration	between	
28	to	34	weeks.	(B)	High	power	view	of	(A)	showing	thickening	of	the	perineurium,	
increased	subperineurial	connective	tissue,	edema,	fewer	and	thinner	axons,	and	Schwann	
cell	proliferation.	(C)	Sciatic	nerve	at	level	of	the	cuff	electrode,	showing	two	of	the	three	
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abnormal	fascicles	with	these	morphological	changes.	(D)	High	power	view	of	(C)	showing	
thin	myelination	of	axons	and	increased	endoneurial	connective	tissue	[203].	
	

Girsch	and	colleagues	assessed	the	impact	of	non-stimulating	chronic	epineural	

electrode	implantation	[205]	to	determine	whether	peripheral	nerve	damage	was	caused	

by	electrical	stimulation	or	electrode	presence	alone.	In	36	rats	with	stainless	steel-lead	

epineural	electrodes	unilaterally	implanted	in	the	sciatic	nerve,	the	presence	of	reactive	

damage	was	evaluated	at	different	time	points	in	three	groups.	The	first	group	received	the	

implant	for	10	days	(Group	A),	the	second	group	for	three	weeks	(Group	B),	and	the	third	

group	for	three	months	(Group	C).	None	of	the	implants	emitted	electrical	stimulation.	In	

Group	A,	75%	of	the	rats	had	histological	evidence	of	lesions,	which	included	signs	of	

degeneration	(e.g.,	myelin	fragmentation,	connective	tissue	increases,	nerve	fiber	density	

reduction)	or	regeneration	(e.g.,	small	fibers	and	thin	myelin).	In	Group	B,	72%	had	lesions,	

while	Group	C	had	lesions	in	only	41%	of	nerves.	This	reduction	in	rate	over	time	was	

likely	due	to	nerve	regeneration.	Nevertheless,	these	results	illustrate	that	even	without	

electrical	stimulation,	peripheral	nerve	fibers	can	undergo	histological	damage	due	to	

reactive	processes	from	the	physical	presence	of	the	electrode	alone.	

	

Functional	changes	in	epineural	electrodes	

Unlike	intraneural	implants,	the	link	between	physiological	and	functional	motor	

changes	in	the	context	of	chronic	epineural	and	perineural	electrode	stimulation	has	not	

been	well-characterized.	Koller	et	al.	attempted	to	identify	motor	deficits	in	seven	rats	by	

chronically	stimulating	their	sciatic	nerves	for	one	year	using	ring-shaped,	stainless	steel	

epineural	electrodes	[194].	Only	one	rat	required	a	higher	stimulation	current	to	elicit	
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lower	limb	movement,	and	none	of	the	rats	exhibited	motor	deficits.	Similarly,	Grill	et	al.	

did	not	report	any	significant	functional	changes	in	the	seven	cats	they	examined	following	

chronic	sciatic	nerve	stimulation	[203].	

	

Intranuclear	Implants	

ABIs	

Intranuclear	electrodes	directly	stimulate	neuronal	cell	bodies	in	the	CNS	and	have	

been	successfully	used	to	rehabilitate	hearing	in	patients	with	specific	causes	of	profound	

hearing	loss.	While	the	CI	has	produced	remarkable	audiologic	results	in	both	pediatric	and	

adult	populations	[206],	many	patients,	particularly	those	with	genetic	or	anatomic	

abnormalities,	such	as	neurofibromatosis	type	2	(NF2),	lack	a	viable	auditory	nerve	for	

rehabilitative	cochlear	implantation.	NF2	patients	routinely	develop	bilateral	vestibular	

schwannomas	(VS)	that	routinely	lead	to	hearing	loss	secondary	to	VS	growth	or	surgical	

removal.	

To	address	hearing	loss	in	this	population,	ABIs	were	developed,	and	to	date over	

1,000	patients	worldwide	have	received	ABIs,	which	stimulate	second-order	auditory	

neurons	in	the	cochlear	nucleus.	However,	improvement	in	hearing	performance	has	been	

underwhelming	when	compared	to	that	of	CIs	[206].	Additionally,	ABIs	bear	a	flat,	non-

penetrating	electrode	array	that	rests	on	the	surface	of	the	cochlear	nucleus,	and	as	such,	

threshold	current	levels	are	relatively	high,	access	to	the	tonotopic	organization	of	the	

auditory	pathway	is	limited,	and	post-operative	speech	recognition	has	been	shown	to	be	

comparatively	poor.	
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To	address	these	shortcomings,	Otto	et	al.	conducted	a	prospective	study	of	a	novel	

penetrating	ABI	(PABI)	in	NF2	patients.	The	PABI	employs	eight	or	10	penetrating	

activated	iridium	microelectrodes	in	conjunction	with	10	or	12	surface	electrodes	[207,	

208].	In	10	NF2	patients	implanted	with	PABI,	threshold	excitation	levels	were	decreased,	

while	range	of	pitch	detection	increased.	However,	a	significant	improvement	in	speech	

recognition	was	not	accomplished.	Notably,	ABI	has	recently	been	found	to	enable	

substantial	speech	perception	in	non-VS	patients,	suggesting	the	aforementioned	lack	of	

speech	improvement	may	be	a	consequence	of	damage	to	the	cochlear	nucleus	by	VS	

removal	or	by	the	tumor	itself	[208].	

	

Auditory	midbrain	implants	(AMIs)	

To	address	the	poor	audiologic	outcomes	of	ABIs	in	NF2	patients,	Lim	and	

associates	introduced	the	auditory	midbrain	implant	(AMI),	a	linear	penetrating	array	with	

20	platinum-ring	electrodes	that	stimulates	the	inferior	colliculus	(IC)	[159,	209].	The	IC	

represents	the	convergence	of	all	ascending	auditory	projections	at	the	midbrain,	and	

maintains	tonotopic	organization	for	frequency-specific	stimulation	[209].	Nevertheless,	in	

both	human	trials	and	guinea	pig	models,	they	were	unable	to	achieve	favorable	

audiometric	outcomes	[159,	209].	Of	note,	activating	regions	medial	and	ventral	to	the	IC	

was	found	to	cause	spontaneous	pain,	temperature,	and	pressure	sensation	throughout	the	

body	[209].	

	

Mitigating	the	foreign	body	response	
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The	electrode	surface	composition	can	contribute	to	the	degree	of	macrophage	

activation	and	foreign	body	response	to	chronic	implants,	and	biomolecules	such	as	anti-

inflammatory	cytokines,	cytokine-inhibitors,	or	immunomodulatory	proteins,	can	be	

incorporated	onto	electrode	surfaces	to	diminish	the	immune	response.	For	instance,	

CD200,	a	ubiquitous	endogenous	immunomodulatory	protein,	can	be	immobilized	on	the	

electrode	surface	to	inhibit	the	macrophage-mediated	foreign	body	response	[210].	Other	

coatings	that	decrease	the	inflammatory	response	include	a	variety	of	inert	compounds,	

including	Teflon,	which	has	been	shown	to	reduce	the	immune	response	to	wire	electrode	

implants	in	rat	[211]	and	monkey	cortex	[212].	More	recently,	Rousche	et	al.	and	Kim	et	al.	

reported	promising	results	in	vitro	and	in	vivo	with	a	tri-layer	coating	composed	of	

polyimide,	gold,	and	polyimide	[213].	

Coatings	that	release	anti-inflammatory	drugs	can	also	be	effective	at	reducing	the	

neuroimmune	response	following	electrode	placement.	Zhong	et	al.	found	that	

nitrocellulose-based	coatings	that	steadily	release	dexamethasone	attenuated	immune	

reactivity	and	local	neuronal	loss	following	silicon	electrode	implantation	in	rat	cortex	

[214].	

	

Current	Trends	in	Cranial	and	Peripheral	Nerve	Stimulation	

Recent	advances	in	cranial	and	peripheral	nerve	stimulation	have	led	to	the	

development	of	a	variety	of	new	devices	that	directly	interface	with	and	stimulate	these	

nerves	[Table	2.2].	From	treating	pain	[215]	and	neuropathy,	to	epilepsy,	stroke	[216],	

heart	failure	[217],	and	arthritis	[29],	neuroprosthetics	have	the	potential	to	modulate	a	

host	of	pathologies.	VNS,	for	example,	was	first	employed	to	treat	epilepsy	[218],	but	has	
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evolved	into	a	neurostimulation	technique	that	is	being	applied	to	migraine	headaches	

[219],	fibromyalgia	[220],	Crohn's	disease	[221],	depression	[222],	and	anxiety	disorders	

[223,	224].	In	contrast,	trigeminal	nerve	stimulation	has	been	traditionally	applied	to	

epilepsy	[225]	and	psychiatric	disorders	[226],	while	hypoglossal	nerve	stimulation	has	

been	used	to	treat	OSA	[12],	with	limited	applicability	to	other	pathologies.	Cochlear	nerve	

stimulation	is	an	emerging	field	that	has	been	demonstrated	to	provide	frequency-

dependent	stimulation	of	cochlear	nerve	fiber	subpopulations	in	the	cat	model	[113,	177].	

Newer	preclinical	neuroprosthetic	devices	such	as	intraneural	facial	and	RLN	stimulators	

[114]	to	treat	FP	and	VFP,	respectively,	as	well	as	pteryopalatine	fossa	and	trigeminal	

ganglion	neurostimulators	to	treat	cluster	headaches	and	post-stroke	pain	are	currently	in	

the	pipeline	[227,	228].	
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Table	2.2.	Description	of	cranial	nerve	(e.g.,	cochlear,	hypoglossal,	trigeminal,	recurrent	laryngeal,	vagal)	and	
peripheral	nerve	devices	with	their	functional,	electrophysiologic,	and	histologic	effects.	
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1)	50%	pain	reduction	was	higher	in	experimental	vs.	
control	group.	2)	69	migraine	patients	had	↓	in	total	

headache	days	but	not	in	perceived	severity.		3)	4.3%	of	
patients	reported	minor	side	effects/discomfort.	4)	
Possible	blockage	of	ascending	impulse	of	pain	

pathways.	5)	3	month	eTNS	treatment	↑	metabolic	
activity	in	orbitofrontal/	anterior	cingulate	cortices	of	
migraine	patients.	6)	↑	fronto-temporo	metabolism	aids	

migraine	reduction.	
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1)	Significant	phase	locking	at	higher	limiting	pulse	
rates	compared	to	CI	in	inferior	colliculus.	2)	Compared	
to	CI,	↓	interference	between	electrodes	stimulated	
simultaneously.	3)	↑	percentage	of	neurons	at	lower	
characteristic	frequencies	are	selectively	activated.	4)	

Neurons	with	↓	limiting	pulse	rates	have	↑	
characteristic	frequencies	(CFs).	
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1)	Tinnitus	temporarily	halted	in	2/13	patients;	7/13	
patients	gained	momentary	hearing.	2)	Short-term	

neuronal	changes	were	abrupt	and	reversible	threshold	
increases	that	return	to	baseline.	3)	Low	frequency	

stimuli	↑	tinnitus	pitch.	
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potentials.	
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potentials.	3)	B-fiber	max	excitation.	

Peripheral	Nerve	Devices			

[1
74
] 	

Cl
in
ic
al
	

Sa
cr
al
		

1-
12
	M
o.
	

Ep
in
eu
ra
l 	

Po
ly
ur
et
ha

ne
	

Pl
at
in
um

-
ir
id
iu
m
	

Po
ly
ur
et
h.
		

Cy
lin
dr
ic
al
	

	
1)	↑	median	Wexner	constipation	score	(from	23	to	8-
11).	2)	↑	in	bowel	movements	for	slow	transient	cases.	
2)	Spontaneous	perianal/perirectal	region	activity.	3)	
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1)	6/8	electrodes	remained	functional,	others	had	
broken	leads.	2)	↑	in	impedance	after	the	first	month	
which	stabilized	afterward.	3)	↑	signal	to	noise	ratio	
after	4	months.	4)	Electrical	properties	of	connective	
tissue	around	the	electrode	may	be	affecting	signal	to	

noise	ratios.	5)	Axonal	caliber	reduction,	
demyelination,	mild	foreign	body	response,	and	

increased	endoneural	connective	tissue.	
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1)	No	loss	of	plantar	flexion	function	or	change	in	
favorability.	2)	Despite	wire	passing	over	active	joint,	
no	wires	were	broken	or	electrodes	pulled	out.	3)	No	
nerve	conduction	velocity	changes.	4)	Minor	↑	in	motor	

current	threshold	10	days	post-implantation.	5)	
Little/no	demyelination	or	denervation.	6)	40%	of	
nerves	had	bulbous	connective	tissue	formation	at	
array	entry/exit	sites	with	minor	demyelination.	
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1)	No	observable	extraneural	scar	anywhere	along	the	
wire	in	1	cat.	2)	Minimal	current	threshold	changes.	3)	
Minimal	muscle	fiber	changes.	4)	Negligible	peri-

electrode	demyelination.	5)	No	bulbous	enlargement.	
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1)	Small	forces	externally	applied	to	nerve	can	reshape	
and	chronically	disfigure	the	nerve	without	altering	its	
function	and	electrophysiology.	2)	No	implants	emitted	
electrical	stimulation,	however	neuropraxia	with	high	
clamp	strength	FINE	electrode	was	observed,	and	
normalized	after	14	days.	3)	All	clamp	strength	FINE	
electrodes	reshape	fascicles	and	nerve	diameter.	4)	↓	in	
axon	density	but	no	demyelination	with	moderate	

strength	FINE	electrode.	5)	No	change	in	blood-nerve	
barrier	with	low	strength	FINE.	
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1)	Prolonged	stimulation	of	the	nerve	at	high	
frequencies	damages	axons	and	myelin,	while	at	low	
frequencies	this	is	avoidable.	2)	Damage	following	

stimulation	for	8-16	hours	above	50	Hz.	3)	Interrupted	
high	fq	stimuli	of	50	Hz	caused	less	damage	than	
continuous.	4)	Twenty	Hz	stimulation	returned	

neuronal	excitability	to	baseline	within	one	week	of	
stimulation	cessation.	5)	Degeneration	of	axons	due	to	
collapsed	myelin-to-myelin	ovoid.	6)	Partial/complete	
demyelination,	macrophage	activity,	and	fiber	loss.	7)	

After	healing,	epineurium	thickened.	
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1)	4/7	cats	destroyed	the	electrode.	2)	Spiral	cuff	
electrodes	can	be	implanted	even	if	internal	diameter	is	
smaller	than	nerve.	3)	Normal	histology	proximal	and	
distal	to	cuff	electrode.	4)	Significant	changes	on	leads	
interfacing	with	nerve	trunk.	5)	Axonal/perineural	

changes.	
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1)	No	change	in	isometric	force	generation	observed.	2)	
Selective	muscle	stim,	but	muscle	recruitment	

dependent	movement.	3)	↑	type	I	but	↓	type	IIc	fibers	
compared	to	contralateral	control	muscles.	4)	Foreign	

body	response.	
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1)	22/36	nerves	showed	altered	morphology	
regardless	of	duration	of	implantation.	2)	Nerves	

appeared	damaged	initially,	but	began	regeneration	as	
duration	of	implantation	increased.	3)	At	10	days	75%	
had	lesions	(myelin	fragmentation,	connective	tissue	↑,	
nerve	fiber	density	↓)	or	regeneration	(small	fibers	and	

thin	myelin).	4)	At	3	weeks,	72%	had	
small/degenerated	myelin	sheaths.	5)	At	3	months,	
41%	of	nerves	were	damaged	or	in	advanced	state	of	

repair.		
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1)	One	rat	required	higher	stimulation	current	to	elicit	
lower	limb	movement.	2)	None	exhibited	motor	

deficits.	3)	No	changes	proximal	to	implant.	4)	Thinned	
myelin	observed	at	level	of	electrode.	5)	2	rats	had	↑	

endoneurial	connective	tissue	and	3	showed	alterations	
distal	to	electrode.	6)	All	alterations	were	in	advanced	

repair	stages.	
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Studies	investigating	the	functional	and	histomorphological	changes	of	long-term	

electrical	stimulation	of	any	of	the	cranial	nerves	have	demonstrated	the	long-term	safety,	

efficacy,	and	tolerability	of	these	devices	as	long	as	electrical	stimulation	parameters	are	

tightly	controlled	to	inject	the	minimal	current	necessary	to	elicit	the	desired	clinical	effect	

[235,	236].	Even	2029	hours	of	charge	balanced	biphasic	current	pulses	to	the	cochlear	

nerve	in	cats	did	not	adversely	affect	spiral	ganglion	cells	or	result	in	any	significant	

difference	compared	to	normal	unstimulated	cochlear	nerves	[237].	Clinical	investigations	

following	long	term	cochlear	implantation	have	demonstrated	fibrous	tissue	growth	

around	the	array,	which	may	elevate	electrode	contact	impedance	2-4	weeks	following	

implantation	(dexamethasone	eluting	electrodes	have	the	potential	to	mitigate	this)	[238].	

Furthermore,	intracochlear	inflammatory	responses	to	cochlear	implantation	in	humans	is	

most	prominent	at	the	site	of	cochleostomy	(compared	to	distal	sites),	which	suggests	that	

the	surgical	trauma	of	inserting	the	array	may	be	an	important	factor	in	the	tissue	response	

[239].	

Skeletal	nerves	are	also	current	and	future	neuroprosthetic	targets.	Classically,	

peripheral	nerves	in	the	musculoskeletal	system	of	the	limbs,	such	as	the	tibial	and	sacral	

nerves,	have	been	directly	stimulated	to	treat	reflex	sympathetic	dystrophy	[240],	urinary	

[241]	and	fecal	[242]	incontinence,	and	pain	[243].	Recently,	stimulation	of	the	brachial	

[244]	or	lumbar	[245]	plexuses	has	been	shown	to	restore	tactile	sensation,	treat	amputee	

[246]	and	back	[247]	pain,	and	neuropathies	[248]	throughout	the	body,	with	major	

drawbacks	involving	electrode	migration	or	failure	[249,	250].	

Electrical	stimulation	in	both	the	cranial	and	peripheral	setting	must	account	for	

device	or	battery	failure,	as	well	as	program	or	pulse	generator	malfunction	and	migration.	
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Biological	consequences	of	improper	device	implantation	or	overstimulation	include	

infection	at	the	implantation	site	(e.g.,	biofilm	formation),	scar	formation,	subcutaneous	

hematomas,	skin	erosion,	pain/numbness,	foreign	body	reactions,	paresthesias,	and	muscle	

cramps	[251,	252].	As	previously	discussed,	a	variety	of	electrode	surface	modifications	

have	been	developed	for	intracortical	electrodes;	however,	since	the	majority	of	peripheral	

nerve	neurostimulators	are	cuff	electrodes	that	do	not	violate	the	epineurium,	the	gliotic	

foreign	body	response	is	less	of	a	concern.	Nonetheless,	further	modifications	to	electrode	

surfaces,	such	as	cross-linking	polyelectrolyte	films	[253],	neural	stem	cell-seeded	

electrodes,	and	fibrin	hydrogel	coatings,	have	been	tested	to	varying	degrees	of	efficacy	in	

improving	the	stimulation,	recording,	and	biocompatibility	profiles	of	neurostimulators	

[254].	

Efforts	to	improve	the	biocompatibility	of	implantable	electrodes	are	ongoing,	and	

range	from	developing	new	electrode	materials,	substrates,	and	coatings	that	can	enhance	

electrode	longevity	and	functionality.	Classically,	implantable	electrodes	were	composed	of	

included	tungsten,	iridium	oxide,	tantalum	oxide,	grapheme,	carbon	nanotubes,	polymers,	

and	hydrogels,	with	substrates	that	include	silicon,	silicon	oxide	or	nitride,	silk,	Teflon,	

polyimide,	and	silicone	[255].	Commonly,	platinum	or	platinum	alloys	(e.g.,	platinum-

iridium)	are	used	due	to	their	biocompatibility,	inertness,	radio-opacity,	and	mechanical	

properties	that	allows	for	fabrication	of	thin	or	complex	shapes	[256].	However,	enhancing	

the	biocompatibility	of	neuroprosthetic	implants	has	led	to	several	innovations	that	can	

enhance	the	longevity	and	functionality	of	implanted	electrodes.	As	previously	mentioned,	

surface	coatings	such	as	Teflon,	CD200,	or	drug-eluting	nitrocellulose-based	coatings	can	

modulate	the	neuroinflammatory	response	in	implanted	electrodes	[210,	211,	214].	Other	
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coatings,	including	polymer	coatings	such	as	poly-3,4-ethylenedioxythiophene	(PEDOT)	

doped	with	para-toluene	sulfonate	(pTS),	have	demonstrated	superior	signal-to-noise	

ratios	and	biostability	compared	to	other	doped	conducting	polymers	or	bare	iridium	

electrodes.		

Furthermore,	new	electrodes,	such	as	those	made	from	liquid	dispersions	of	

graphene	oxide	or	platinum-elastomer	composites,	are	mechanically	more	pliable	then	

crystalline	silicon	or	noble	metal	electrodes,	and	have	been	shown	to	reduce	glial	scarring	

and	eventual	electrode	loss	of	function	[257,	258].	These	efforts	are	ongoing,	and	may	yield	

improvements	in	the	biostability	and	electrical	properties	of	neuroprosthetics.	

At	present,	the	incorporation	of	intraneural	electrode	arrays	into	cranial	and	

peripheral	nerves	may	offer	exquisite	selectivity	of	neural	fiber	stimulation	at	the	cost	of	

increased	invasiveness	when	compared	to	cuff	electrodes.	However,	the	long-term	

biocompatibility	and	immunomodulation	of	the	nervous	tissue	response	to	the	implanted	

foreign	body	must	be	considered	when	using	this	approach,	and	the	application	of	existing	

or	newly	developed	surface	coatings	may	facilitate	the	clinical	implementation	of	

intraneural	electrodes	in	cranial	and	peripheral	nerve	stimulation.	The	following	chapter	

presents	experimental	data	demonstrating	the	ability	of	a	penetrating	electrode	array	to	

selectively	stimulate	facial	muscles	in	acute	feline	FN	experiments.		
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CHAPTER	3	

Selective	Stimulation	of	Facial	Muscles	with	a	MEA	in	the	Feline	Model	[114]	

As	previously	stated,	the	FN	conducts	voluntary	neural	input	to	the	muscles	of	the	

face,	which	are	of	critical	importance	in	the	demonstration	of	human	emotions,	proper	

enunciation,	and	maintenance	of	oral	competency.	Patients	with	FP	from	all	causes,	

including	birth	defects,	tumor,	iatrogenic	injury,	trauma,	or	infection,	often	suffer	from	

debilitating	functional	problems	with	dry	eye,	visual	impairment,	drooling,	intraoral	food	

retention,	and	demoralizing	cosmetic	deformities	of	a	readily	apparent,	asymmetrically	

flaccid,	and	paralyzed	face.	Several	surgical	interventions,	including	static	and	dynamic	

options,	have	been	described	for	patients	with	unilateral	FP	and	are	in	frequent	use	by	

otolaryngologists	and	plastic	surgeons	worldwide.		

Static	options	introduce	nonmuscular	material	to	the	face	to	aid	in	function	or	

cosmesis.	Conversely,	dynamic	options	such	as	the	gracilis	myoneurovascular	free	tissue	

transfer	restore	some	degree	of	volitional	muscular	function.	Because	each	of	these	

interventions	only	address	specific	parts	of	the	face	and	can	have	a	10%	to	15%	failure	rate	

[259,	260],	oftentimes	multiple	procedures	involving	multiple	sites	are	required	to	

accomplish	functional	and	cosmetic	goals.	Although	functional	goals	can	often	be	achieved	

and	quality	of	life	is	significantly	improved	[261],	the	cosmetic	results	are	infrequently	fully	

satisfactory	as	compared	with	the	resting	and	dynamic	states	of	the	face	prior	to	FP	onset.	

Our	group	has	recently	demonstrated	the	utility	of	a	penetrating	MEA	to	selectively	

stimulate	highly	specific	neural	fibers	within	the	cochlear	nerve	[112,	113,	177].	In	the	

present	study,	we	sought	to	demonstrate	the	ability	of	the	electrode	array,	when	inserted	

into	the	FN,	to	stimulate	movement	and	contraction	in	specific	regions	and	muscles	of	the	
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face	of	a	cat.	This	work	serves	to	establish	a	novel	approach	to	rehabilitation	of	permanent	

facial	palsy	and	paralysis	and	to	circumvent	the	shortcomings	of	current	surgical	

interventions,	while	providing	insight	into	the	anatomy	of,	as	well	as	the	neuroprosthetic	

interfacing	with,	the	FN.	Ultimately,	this	work	serves	to	expand	our	understanding	of	

neuroprosthetic	appliances,	and	it	may	lead	to	improved	treatments	for	permanent	FP	and	

allow	for	clinically	viable	approaches	for	managing	other	neurological	deficits	and	

disorders.	

	

Materials	and	Methods	

Electrode	Array	and	Stimuli	

The	multichannel	intraneural	stimulating	MEAs	(NeuroNexus	Technologies,	Ann	

Arbor,	MI)	have	16	iridium-plated	sites,	703-μm2	in	area,	arrayed	at	100-μm	intervals	

spanning	a	distance	of	1.5	mm	along	a	single,	15-μm-thick	silicon-substrate	shank	[Figure	

3.1].	System	3	equipment	from	Tucker-Davis	Technologies	(TDT;	Alachua,	FL)	and	custom	

software	running	in	MatLab	(The	MathWorks,	Natick,	MA)	were	used	for	stimulus	

presentation.	Electrical	stimulus	pulses	were	generated	by	a	16-channel	current	source	

controlled	by	a	16-channel	digital-to-analog	converter	(TDT	RX8).	Stimuli	were	single	

charge-balanced	biphasic	electrical	pulses,	initially	cathodic,	41	or	82	μs	per	phase.	The	

illustrated	responses	were	obtained	with	stimulus	charge	levels	of	26	to	41	nC	per	phase.	
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Figure	3.1.	(A)	Photograph	of	a	NeuroNexus	16-channel	stimulating	electrode	array	
(NeuroNexus,	Ann	Arbor,	MI)	in	position	on	a	micropositioner.	(B)	Microscopic	picture	of	
the	shank	and	distal	board.	(C)	The	silicon-substrate	shank	with	a	metric	ruler-size	
reference.	(D)	High-magnification	microscopic	photograph	of	the	distal	end	of	the	
penetrating	shank.	The	16	electrode	sites	can	be	seen.	Superficial	or	proximal	electrodes	
are	those	furthest	from	the	tip	of	the	array	(to	the	right	in	this	picture),	whereas	deep	or	
distal	electrodes	are	those	closest	to	the	array	tip	(to	the	left).	
	

Surgery	

All	procedures	were	performed	with	the	approval	of	the	University	of	California	at	

Irvine	(UCI)	Institutional	Animal	Care	and	Use	Committee	(IACUC)	according	to	the	

National	Institutes	of	Health	(NIH)	guidelines.	We	conducted	acute,	terminal	experiments	

in	three	barbiturate-anesthetized	cats.	Small	incisions	were	made	over	four	facial	muscles,	

including	the	orbicularis	oris,	orbicularis	oculi,	nasalis,	and	levator	auris	longus,	and	each	

muscle	was	exposed.	Needle	electromyographic	(EMG)	electrodes	were	inserted	into	each	

muscle.	An	infraauricular	incision	was	made,	and	the	trunk	of	the	extratemporal	FN	was	
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identified	as	it	exits	the	temporal	bone	by	the	external	auditory	canal.	The	dense	

epineurium	was	penetrated	with	a	30-gauge	needle,	and	the	array	was	introduced	into	the	

FN	proximal	to	the	bifurcation	into	the	dorsal	and	ventral	rami	[262]	with	the	aid	of	a	

micropositioner	and	with	the	goal	of	inserting	all	16	stimulating	sites	in	neural	tissue.	The	

site	and	angle	of	insertion	were	not	programmed	or	pre-determined;	positioning	of	the	

array	was	dictated	by	the	surgical	anatomy	and	access	to	the	nerve	with	the	

micropositioner.	The	electrode	array	was	advanced	until	resistance	was	detected.	Each	of	

the	intraneural	sites	was	stimulated,	one	at	a	time,	and	EMG	voltage	responses	from	the	

four	selected	facial	muscles	were	recorded	by	the	nerve	integrity	monitoring	system	(NIM	

Response	2.0;	Medtronic	Inc.,	Minneapolis,	MN).	To	vary	the	neural	populations	stimulated,	

the	stimulating	electrode	array	was	removed	and	replaced	into	the	nerve	in	varying	

trajectories	and	angles	along	the	course	of	the	exposed	FN	trunk,	and	each	electrode	site	

was	again	stimulated.	

	

Results	

Stimulation	through	individual	electrodes	activated	nerve	populations	selectively,	

often	resulting	in	EMG	activity	in	individual	muscles.	Typically,	selective	activation	of	two	

or	more	distinct	muscles	was	successfully	achieved	via	a	single	placement	of	the	

multichannel	electrode	array	by	selection	of	appropriate	stimulation	channels.	Figure	3.2	

(cat	2,	position	1)	shows	representative	data	of	EMG	voltages	from	individual	channel	

stimulation	of	the	main	trunk	of	the	facial	nerve.	Stimulation	through	the	most	

proximal/superficial	channels	failed	to	elicit	any	substantial	neural	activity,	which	was	the	

consequence	of	the	superficial	electrodes	being	out	of	the	nerve.	The	middle	channels	of	
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the	array	most	robustly	stimulated	the	levator	auris	longus	muscle,	while	the	deepest	

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

diverse	pattern	of	maximal	and	minimal	stimulation	responses	was	found	in	a	subsequent	

insertion	of	the	array	into	the	FN	in	a	different	location	and	angle	(Figure	3.2;	cat	2,	

position	3).	We	also	demonstrate	in	Figure	3.3	(cat	3,	positions	1	and	2)	that	increasing	

stimulation	current	levels	resulted	in	increasing	EMG	voltage	responses.	Furthermore,	we	

show	that	graded	stimulation	of	one	electrode	(electrode	3,	10,	respectively)	will	elicit	

voltage	responses	of	different	muscles	to	different	extents	when	compared	to	those	from	

stimulation	of	a	distant	electrode	(electrode	15,	11,	respectively).	Figure	3.4	shows	

sustained	facial	contraction	with	3-second-long,	high-level	current	delivery	to	the	FN.		

	

Figure	3.2.	Graphic	representation	of	successive	stimulation	of	channels	from	superficial	
(electrode	9)	to	deep	(electrode	6)	electrodes,	from	left	to	right	on	the	x-axis,	and	the	
corresponding	EMG	voltage	response	of	distinct	muscles	on	the	y-axis.	Stimulation	through	
the	most	superficial	channels	failed	to	elicit	any	substantial	neural	activity,	likely	due	to	the	
channels	being	out	of	the	FN.	On	the	left	(cat	2,	position	1),	the	middle	channels	robustly	
stimulated	levator	auris	longus,	whereas	the	deeper	channels	activated	orbicularis	
oculi,	nasalis,	and	orbicularis	oris	(current	level:	35	dB	re	1	μAmp;	phase	duration:	41	μs;	
pulse	duration:	200	μs).	At	a	different	insertion	site	on	the	right	(cat	2,	position	3),	a	unique	
pattern	of	stimulation	was	recorded	(current	level:	45dB	re	1	μAmp;	phase	duration:	41	μs;	
pulse	duration:	200	μs).	
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Figure	3.3.	Graphic	representation	of	escalating	stimulation	current	levels	of	a	single	
electrode	on	the	x-axis,	with	correspondingly	increasing	EMG	voltage	responses	on	the	y-
axis.	Also	demonstrated	is	the	distinct	voltage	responses	of	different	muscles	to	graded	
stimulation	of	a	superficial	electrode	(electrode	15)	compared	to	a	distant,	deeper	
electrode	(electrode	3;	cat	3,	position	1).	At	high	levels	of	muscular	contraction,	gross	
movement	of	the	head	of	the	cat	will	endanger	the	fragile	stimulating	array	residing	in	the	
facial	trunk,	and	accordingly	electrode	3	could	only	be	stimulated	up	to	55	dB	re	1	μAmp.	
On	the	right	is	a	similar	plot	from	stimulation	of	electrode	10	and	electrode	11	at	a	different	
MEA	insertion	site	(cat	3,	position	2).	
	

	
Figure	3.4.	Video	still	images	of	relaxed	left	facial	muscles	(A),	prior	to	sustained	facial	
contraction	with	three-second-long,	high-level	current	pulses	delivered	to	a	single	
electrode	on	the	intraneural	MEA	(B).	
	

Discussion	

In	this	descriptive	study,	we	report	the	ability	of	an	intraneural	multichannel	

electrode	array	to	selectively	stimulate	neural	populations	that	innervate	distinct	facial	

muscles.	The	concepts	and	technique	used	in	this	study	are	analogous	to	recent	work	using	
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the	penetrating	array	in	the	auditory	nerve,	with	stimulation	sites	in	intimate	contact	with	

nerve	fibers.	Studies	in	short-term	animal	experiments	showed	that	this	intraneural	

stimulation,	compared	to	the	conventional	intrascalar	CI,	offered	more	precise	excitation	of	

frequency-specific	nerve	populations,	access	to	the	entire	frequency	range	of	hearing,	

greatly	reduced	interference	among	channels,	substantially	lower	thresholds,	and	

improved	transmission	of	temporal	fine	structure	[112,	113,	177].		

All	of	these	observations	bode	well	for	potential	clinical	use	of	intraneural	

stimulation	in	other	cranial	nerves,	including	the	FN.	Although	in	the	current	study,	the	

majority	of	individual	electrode	discharges	often	resulted	in	the	stimulation	of	more	than	

one	facial	muscle,	refinements	in	the	electrode	material	and	surface	area,	and	current	

characteristics	(among	other	variables)	will	likely	improve	the	selectivity	of	stimulation.	

Furthermore,	this	is	not	a	proposed	intervention	with	intent	to	regenerate	the	FN	or	

optimize	neuromuscular	junction	physiology.	Rather,	we	aim	to	stimulate	restricted	neural	

populations	of	the	FN	in	an	effort	to	elicit	contractions	of	specific	facial	muscles.	

As	discussed	in	Chapter	One,	scientific	and	clinical	efforts	to	restore	neuromuscular	

function	are	broadly	grouped	into	one	of	three	categories:	1)	nerve	regeneration,	2)	

reinnervation	and	muscle	transfer,	and	3)	bioelectric	technologies.	Techniques	to	

regenerate	nerve	tissue,	including	motor	and	Schwann	cells,	have	shown	great	promise	

with	in	vitro	experiments	and	have	provided	insight	into	potential	methods	to	optimize	

neuromuscular	communication	[3-6].	Although	experiments	in	animals	have	also	been	

described,	the	translation	to	clinical	use	still	awaits	the	results	of	these	animal	studies	[7].	

In	contrast,	nerve	reinnervation	and	muscle	transfer	is	already	a	mature	and	routine	

clinical	intervention.	In	the	setting	of	a	compromised	facial	nerve,	FP	patients	can	undergo	
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a	hypoglossal-FN	anastomosis,	which	surgically	connects	the	proximal	end	of	the	

hypoglossal	motor	nerve	to	the	distal	end	of	the	FN	trunk.	This	allows	new	axons	extending	

from	the	hypoglossal	neuronal	cell	bodies	in	the	brainstem	to	grow	into	the	FN	and	provide	

the	facial	muscles	with	a	tonic	level	of	stimulation	[8].	

Alternatively,	free	tissue	microvascular	transfer	of	an	isolated	muscle,	such	as	the	

gracilis,	to	the	face,	and	connecting	its	nerve	to	a	motor	nerve	in	the	head	and	neck	area	

(e.g.,	masseter	or	hypoglossal	nerve,	or	nerve	graft	originating	from	the	contralateral	and	

functional	facial	nerve),	among	other	dynamic	facial	reanimation	surgeries,	is	routinely	

performed	in	a	number	of	large	volume	FN	centers	around	the	world.	Although	such	

procedures	often	provide	patients	with	a	meaningful	smile,	the	surgeries	are	lengthy	and	at	

times	multistaged,	involving	multiple	neurovascular	microanastamoses	and	requiring	

surgeons	with	highly	specialized	training	and	familiarity	with	anatomy	outside	the	head	

and	neck.	Accordingly,	access	to	these	procedures	can	be	limited	by	patient	health,	distance	

to	tertiary	care	centers,	and	cost.	

Similarly,	bioelectric	and	direct	nerve–electrode	interface	technology	has	already	

made	its	way	into	routine	clinical	practice.	VNS	[9]	and	DBS	[10]	are	frequently	implanted	

into	patients	to	effectively	treat	a	variety	of	common	neurologic	and	psychiatric	

pathologies.	SCS	is	likewise	in	routine	use	for	patients	with	severe	neuropathic	pain	

recalcitrant	to	conservative,	noninvasive	therapy	[11].	A	surgically	implanted	device	to	

electrically	stimulate	the	hypoglossal	nerve	in	patients	with	severe	OSA	has	been	shown	in	

clinical	trials	to	effectively	improve	subjective	and	objective	measures	of	sleep	apnea	[12,	

229].	Lower	extremity	nerves	have	also	been	the	target	of	direct	electrical	stimulation	to	

improve	bladder,	bowel,	and	sexual	function	in	both	animal	and	human	trials	[13].	Finally,	
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the	CI,	arguably	the	most	successful	present-day	neural	prosthesis,	consistently	brings	

useful	hearing	and	speech	recognition	to	profoundly	deaf	people.	Our	results	suggest	that	

these	successful	bioelectric	neuroprosthetic	technologies	could	also	be	applied	to	the	FN.	

However,	many	issues	with	this	approach	to	facial	reanimation	remain	to	be	

addressed.	Improving	selectivity	of	desired	muscle	stimulation	will	require	further	work	on	

the	materials,	design,	and	dimensions	of	electrodes	and	arrays.	For	instance,	highly	

selective	stimulation	of	neural	fibers	innervating	only	the	palpebral	portion	of	the	

orbicularis	oculi	could	provide	patients	with	a	natural-appearing,	gentle	blink	and	

tremendous	functional	and	cosmetic	benefit.	Results	from	intraneural	stimulation	would	

have	to	be	compared	to	those	elegantly	reported	by	Frigerio	et	al.,	who	examined	

transcutaneous	stimulation	of	one	branch	of	the	FN	to	elicit	a	blink	[263].	In	addition,	the	

ability	of	an	intraneural	electrode	array	chronically	implanted	into	the	FN	to	steadily	

maintain	function	over	a	period	of	months	to	years,	and	to	provide	the	face	with	muscular	

tone,	remains	to	be	demonstrated.	Moreover,	the	function	of	intraneural	electrode	arrays	in	

the	context	of	validated	animal	models	of	facial	injury	and	paresis	[264]	will	need	to	be	

examined,	including	the	study	of	fully	neurotmetic	facial	nerves	that	are	reinnervated	

following	surgical	anastomosis	to	an	adjacent	motor	nerve	(e.g.,	hypoglossal	nerve).	These	

studies	and	others	are	currently	being	investigated	at	our	institution.	

Ultimately,	we	envision	the	creation	of	a	CI-like	programmable	device	with	one	(or	

more)	multichannel	penetrating	electrode	arrays	that	can	be	surgically	and	securely	

inserted	into	the	mastoid	segment	of	an	injured	and	poorly	functioning	facial	nerve.	

Intraoperative	EMG	testing	could	confirm	that	all	functionally	and	cosmetically	critical	

muscles	of	the	face	can	be	adequately	stimulated	by	the	array.	Postoperatively,	graded	
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stimulation	levels	for	individual	facial	muscles	could	be	evaluated.	Notably,	detection	of	

patient-initiated	electrical	neural	or	myogenic	signals	that	subsequently	deliver	messages	

to	and	activate	a	secondary	device	has	been	an	area	of	recent	and	considerable	interest,	

particularly	in	military	research	laboratories	to	address	the	needs	of	veteran	amputees	and	

improve	the	functionality	of	prosthetic	limbs	[265].	We	aim	to	combine	these	advances	

with	established	CI	technology	to	create	a	wired	or	wireless	system	that	provides	for	

transcutaneous	or	intramuscular	detection	of	individual	muscle	contraction	on	the	

contralateral	(normal/functional)	side	and	consequent,	simultaneous,	and	effort-matched	

stimulation	of	the	same	muscles	on	the	paralyzed	side.	This	hypothetical	system	could	

reconcile	the	shortcomings	of	current	surgical	interventions	for	FP	by	providing	volitional	

and	spontaneous	function	of	a	paretic	face	with	a	single,	brief,	technically	simple,	

outpatient	surgery.	However,	we	acknowledge	that	the	potential	clinical	applicability	of	

this	proposed	approach	to	facial	rehabilitation	is	yet	to	be	determined	and	may	be	

restricted	to	a	select	subset	of	facial	palsy	patients.	Many	limitations,	including	the	need	to	

further	refine	the	precision	and	selectivity	of	facial	muscle	activation	and	establish	chronic	

implantation	parameters,	among	others,	must	be	more	fully	addressed	prior	to	

contemplating	the	advancement	of	this	technology	toward	translational	and	clinical	

applications.	

	

Conclusion	

We	have	established	in	the	animal	model	the	ability	of	a	penetrating	MEA	to	

selectively	stimulate	restricted	fiber	populations	within	the	FN	and	to	selectively	elicit	

contractions	in	specific	muscles	and	regions	of	the	face.	Despite	the	coarse	nature	and	
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limitations	of	this	study,	as	well	as	a	need	to	refine	our	stimulating	and	recording	systems,	

these	descriptive	results	show	promise	for	the	development	of	a	FN	implant	system.	If	a	CI-

like	device	with	a	multichannel	penetrating	electrode	implanted	into	the	FN	could	

selectively	drive	independent	and	current-graded	contraction	of	facial	muscles,	including	

frontalis,	orbicularis	oculi,	zygomaticus	major,	orbicularis	oris,	and	depressor	anguli	oris,	

among	others,	both	therapeutic	and	cosmetic	goals	could	be	accomplished	in	a	single,	short	

outpatient	surgery	and	without	any	incisions	in	the	face.	This	technology	can	also	be	

adapted	to	other	cranial	and	peripheral	nerves,	and	the	following	chapter	demonstrates	the	

ability	of	a	penetrating	MEA	to	selectively	activate	laryngeal	muscles	when	implanted	in	

the	RLN.		
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CHAPTER	4	

Selective	RLN	Stimulation	with	a	Penetrating	MEA	[266]																						

The	RLN	is	a	critical	branch	of	the	vagus	nerve	that	innervates	the	laryngeal	

musculature	and	facilitates	voice	production,	swallowing,	and	airway	protection.	Damage	

to	the	RLN	can	result	from	iatrogenic	and	traumatic	injury,	neoplastic	mass	effect,	or	an	

idiopathic	process,	and	lead	to	VFP	[267].	The	incidence	of	VFP	is	not	well	established	but	

has	been	previously	reported	to	be	as	high	as	42	in	10,000	persons	per	year	[268].	

Unilateral	VFP	can	generate	significant	patient	morbidity	and	can	present	with	hoarseness,	

difficulty	swallowing,	and	in	some	cases,	aspiration.	Bilateral	VFP	often	presents	a	more	

substantial	problem,	as	it	can	result	in	shortness	of	breath	and	airway	obstruction.	

Upon	initial	diagnosis	of	VFP,	a	period	of	observation	is	typically	indicated	prior	to	

more	definitive	treatment,	as	14%	to	58%	of	patients	will	have	complete	spontaneous	

recovery	[269,	270].	In	cases	of	permanent	VFP,	there	are	currently	no	means	of	restoring	

normal	physiologic	vocal	fold	function,	and	although	generally	effective,	current	treatment	

options	for	VFP	have	some	limitations.	For	symptomatic	unilateral	VFP,	surgical	

interventions	include	injection	laryngoplasty,	medialization	thyroplasty,	arytenoid	

adduction,	and	laryngeal	reinnervation,	among	others.	Although	medialization	thyroplasty	

has	led	to	well-established	and	satisfactory	vocal	outcomes	and	is	increasingly	performed	

[271-273],	this	technique	may	lack	long-term	efficacy	due	to	possible	vocal	fold	atrophy	

and	implant	migration	[274-276].	In	cases	of	bilateral	VFP,	surgical	interventions	to	

augment	the	airway,	including	vocal	fold	cordotomy	and	arytenoidectomy,	are	at	times	

indicated.	Reported	complications	of	these	procedures	include	voice	impairment	and	

aspiration	[277-279].	In	certain	cases	of	bilateral	VFP,	a	tracheostomy	is	required	for	
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airway	protection	due	to	narrowing	at	the	glottis	and	consequent	inadequate	airway	

opening.	Whereas	current	treatment	modalities	for	both	unilateral	and	bilateral	VFP	are	

generally	safe	and	adequate,	newer	technologies	may	offer	opportunities	for	further	

functional	and	vocal	outcome	improvement.	

The	application	of	novel	treatment	options,	such	as	implantable	neurostimulation	

devices,	may	serve	to	fill	this	treatment	gap	in	the	management	of	unilateral	and	bilateral	

VFP.	Previous	studies	have	demonstrated	posterior	cricoarytenoid	(PCA)	neuromuscular	

stimulation	in	humans	to	assist	in	vocal	fold	abduction	and	yield	clinically	significant	

improvements	[280-282].	More	recently,	bilateral	PCA	muscle	stimulation	in	acute	and	

chronic	canine	studies	has	demonstrated	varying	degrees	of	success	[283-285].	Similarly,	

the	use	of	laryngeal	pacing	has	been	shown	in	recent	human	studies	to	be	an	effective	

means	of	PCA	muscle	stimulation	[41,	286].	However,	laryngeal	adduction	through	

stimulation	has	not	been	demonstrated	in	any	model.	Whereas	in	humans,	the	anterior	RLN	

carries	both	adductor	and	abductor	motor	fibers,	the	feline	larynx	is	innervated	by	

branches	of	the	vagus	nerve.	The	external	branch	of	the	cranial	laryngeal	nerve	innervates	

the	cricothyroid	(CT),	and	the	anterior	branch	of	the	RLN	innervating	the	thyroarytenoid	

(TA)	and	PCA	[287].	

Our	group	has	previously	demonstrated	the	utility	of	a	penetrating	multichannel	

MEA	to	selectively	stimulate	highly	specific	neural	fibers	within	the	cochlear	nerve	and	

facial	nerve	[112-114].	Due	to	the	limitations	in	both	the	current	surgical	treatment	options	

of	VFP	and	the	recent	studies	using	PCA	stimulators,	we	sought	to	demonstrate	the	ability	

of	a	multichannel	MEA	implanted	in	the	RLN	to	selectively	elicit	contraction	of	specific	

laryngeal	muscles	in	a	cat.	To	our	knowledge,	this	is	the	first	animal	study	to	evaluate	the	
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efficacy	of	an	intraneural	stimulator	directly	implanted	into	the	RLN	to	selectively	

stimulate	laryngeal	musculature.	The	goal	of	this	work	was	to	introduce	a	novel	approach	

that	could	potentially	be	used	in	the	surgical	management	of	VFP	and	circumvent	the	

shortcomings	of	current	surgical	interventions,	allowing	for	intraneural	RLN	stimulation	to	

selectively	activate	adductor	or	abductor	laryngeal	musculature	in	a	graded	fashion.	

	

Materials	and	Methods	

Electrode	Array	and	Stimuli	

The	custom-designed,	multichannel	intraneural	stimulating	MEAs	(Microprobes,	

Gaithersburg,	MD,	U.S.A.)	have	four	platinum/iridium-plated	electrode	sites	(channels),	at	

250	µm	intervals	spanning	a	distance	of	1	mm	along	a	single,	241	µm	diameter	polyimide	

tube	[Figure	4.1]	System	3	Tucker-Davis	Technologies	(TDT;	Alachua,	FL,	U.S.A.)	

equipment	and	custom	MATLAB	(The	MathWorks,	Natick,	MA,	U.S.A.)	software	were	used	

for	stimulus	presentation.	Charge-balanced	biphasic	electrical	stimulus	pulses	were	

produced	by	a	4-channel	current	source	controlled	by	a	4-channel	digital-to-analog	

converter	(TDT	RX8).	The	pulses	were	initially	cathodic,	41	or	82	µs	per	phase,	with	

illustrated	responses	obtained	with	stimulus	charge	levels	of	26	to	41	nC	per	phase.	
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Figure	4.1.	(A)	Photograph	of	a	Microprobes	4-channel	stimulating	MEA.	(B)	Microscopic	
picture	of	the	shank	and	distal	flexible	output	table	with	a	metric	ruler	size	reference.	(C)	
High-magnification	microscopic	photograph	of	the	distal	end	of	the	penetrating	shank;	the	
four	electrode	sites	can	be	observed.	Superficial	or	proximal	electrodes	are	those	furthest	
from	the	tip	of	the	array	(to	the	left	in	this	picture),	while	deep	or	distal	electrodes	are	
those	closest	to	the	array	tip	(to	the	right).	(D)	Microscopic	picture	of	the	male	Omnetics	
connector	and	ground	reference	wire.	
	

Surgery	(Acute	Terminal	Experiments)	

All	procedures	were	performed	with	the	approval	of	the	UCI	IACUC	and	according	to	

the	NIH	guidelines.	We	conducted	acute,	terminal	experiments	in	four	barbiturate-

anesthetized	cats.	A	vertical	anterior	neck	incision	was	made,	the	strap	muscles	were	

lateralized,	and	the	larynx	was	exposed.	A	tracheostomy	tube	insertion	was	performed.	

Needle	EMG	electrodes	were	pierced	through	the	thyroid	cartilage	into	the	TA.	The	larynx	

was	rotated	medially,	and	needle	EMG	electrodes	were	placed	into	the	PCA.	Lastly,	needle	
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EMG	electrodes	were	placed	into	the	directly	visualized	CT.	Needle	EMG	electrodes	

penetrating	each	individual	muscle	are	demonstrated	in	Figure	4.2.	

	
Figure	4.2.	Images	demonstrating	the	MEA	piercing	the	RLN	(A)	and	needle	EMG	
electrodes	within	the	CT	(B).	After	the	larynx	was	dissected,	needle	EMG	electrode	
placement	was	confirmed	within	the	TA	(C)	and	the	PCA	(D).		
	

Careful	dissection	was	then	performed	in	the	tracheoesophageal	groove	to	expose	

the	RLN.	The	nerve	was	stimulated	with	a	Prass	monopolar	probe	of	the	nerve	integrity	

monitoring	system	(NIM	Response	2.0;	Medtronic	Inc.,	Minneapolis,	MN)	to	ensure	correct	

identification	of	the	RLN	via	visualization	of	laryngeal	muscle	contraction	and	EMG	

responses.	The	MEA	was	manually	placed	into	the	RLN	with	the	goal	of	inserting	all	

stimulating	sites	in	neural	tissue.	The	frequency	at	which	the	RLN	was	stimulated	was	

typically	set	at	10	Hz.	Direct	videolaryngoscopy	was	performed	for	visualization	of	vocal	

fold	movement	after	MEA	implantation	into	the	RLN	in	one	cat	to	evaluate	vocal	fold	

motion	with	varying	channels	in	the	MEA	and	in	a	second	cat	after	MEA	implantation	to	

evaluate	vocal	fold	motion	with	varying	stimulation	frequencies	from	a	single	channel.	
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Each	channel	was	individually	stimulated	and	EMG	voltage	responses	from	the	three	

laryngeal	muscles	were	recorded.	To	vary	the	neural	populations	stimulated,	the	

stimulating	MEA	was	removed	and	repositioned	into	the	distal	nerve	in	varying	trajectories	

and	angles	along	the	course	of	the	exposed	RLN,	and	each	channel	was	again	stimulated.	

Each	cat	underwent	three	to	four	insertions	of	the	intraneural	MEA	followed	by	escalating	

current	transmission.	Consequent	EMG	responses	were	recorded.	Once	the	experiment	was	

complete	and	the	animal	euthanized,	a	laryngofissure	and	laryngectomy	were	performed	to	

confirm	placement	of	the	EMG	electrode	leads	in	the	TA	and	PCA	(Fig.	2).	In	all	cases,	the	

EMG	electrodes	demonstrated	good	placement.	

	

Surgery	(RLN	Injury)	

For	survival	surgeries	to	produce	a	standardized	RLN	injury,	the	RLN	was	identified	

skeletonized	as	detailed	previously.	The	nerve	was	then	intentionally	damaged	by	either	a	

nerve	crush	injury	[264]	consisting	of	a	30-second	one-click	crush	with	a	serrated	

hemostat	(n	=	1)	or	complete	transection	with	scissors	and	reapproximation	(n	=	1),	to	

produce	a	Sunderland	fifth	degree	neurotmesis	injury	[288].	For	the	transection	injury	

model,	the	nerve	endings	were	aligned	but	not	sutured	together.	Failure	of	Prass	probe	

stimulation	of	the	RLN	proximal	to	the	site	of	injury	to	generate	laryngeal	muscular	

contraction	and	EMG	was	confirmed.	The	incision	was	then	closed	in	layers.	

In	terminal	surgeries	4	months	post-injury,	the	RLN	was	again	identified,	and	an	

MEA	was	introduced	into	the	RLN	either	directly	adjacent	or	proximal	to	the	injury	site,	

such	that	all	four	channels	were	in	neural	tissue.	Insertion	site	and	angle	was	dictated	by	

surgical	anatomy	and	micropositioner-mounted	electrode	access	to	the	nerve.	Each	of	the	
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MEA	channels	was	individually	stimulated,	and	EMG	voltage	responses	from	the	three	

selected	laryngeal	muscles	were	recorded	by	the	nerve	integrity	monitoring	system.	To	

vary	which	neural	populations	were	stimulated,	the	MEA	was	withdrawn	and	reinserted	

into	the	nerve	in	variable	trajectories	and	angles	along	the	course	of	the	exposed	RLN	

trunk,	and	each	channel	was	again	stimulated.	Following	a	lethal	dose	of	barbiturate	and	

transcardial	4%	paraformaldehyde	fixation,	the	RLN	was	harvested	for	histological	

examination.	

A	Pearson's	correlation	coefficient	was	measured	to	determine	the	strength	of	

correlation	between	MEA	current	levels	and	EMG	response.	A	paired-samples	t	test	was	

performed	to	determine	whether	the	same	muscle	had	significant	differences	in	activation	

based	on	the	channel	activated.	An	independent-samples	t	test	was	used	to	determine	

whether	or	not	the	mean	activation	was	different	between	the	muscles.	Statistical	analysis	

was	performed	using	PASW	Statistics	18.0	software	(SPSS,	Quarry	Bay,	Hong	Kong).	

A	P	value	of	<.05	was	considered	statistically	significant.	The	purpose	of	this	analysis	was	

to	evaluate	for	significant	increases	in	EMG	response	resulting	from	increasing	current	

delivery,	and	muscular	stimulation	selectivity	based	on	channel	activation.	

	

Results	

Stimulation	of	an	Uninjured	RLN	with	a	Multichannel	MEA	

Stimulation	through	each	of	the	four	individual	channels	activated	nerve	

populations	selectively,	often	resulting	in	EMG	activity	in	individual	muscles.	Selective	

activation	of	one	or	more	distinct	muscles	was	routinely	achieved	via	a	single	placement	of	

the	multichannel	MEA	by	selection	of	appropriate	stimulation	channels.	Figure	4.3	(cat	2,	
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position	3)	presents	the	EMG	voltages	from	individual	channel	stimulation	of	the	RLN	in	an	

implant	insertion	with	the	greatest	degree	of	muscle	selectivity.	In	this	experiment,	

channels	1,	2,	and	3	elicited	stronger	responses	from	the	TA	and	CT,	whereas	channel	4	

selectively	stimulated	the	PCA.	Furthermore,	increasing	levels	of	stimulation	current	

resulted	in	increasing	EMG	voltage	responses.	

	
Figure	4.3.	(A–D)	Graphic	representation	of	escalating	stimulation	current	levels	of	a	
single	channel	on	the	x-axis,	with	correspondingly	increasing	EMG	voltage	responses	on	the	
y-axis.	Also	demonstrated	are	the	distinct	voltage	responses	of	different	muscles	to	graded	
stimulation	of	individual	channels.	(A,	B)	Channels	1	and	2	demonstrate	selective	
stimulation	of	adductor	laryngeal	muscles	(TA	and	CT)	(cat	2,	position	3).	(C,	D)	Channel	4	
demonstrates	selective	stimulation	of	abductor	laryngeal	muscles	(PCA)	(cat	2,	position	3).		
	

Direct	video	laryngoscopy	revealed	primarily	vocal	fold	abduction	and	rare	vocal	

fold	adduction,	with	stimulation	of	a	single	channel,	regardless	of	EMG	output	data	and	

selectivity.	Still	images	of	vocal	fold	abduction	and	adduction	with	RLN	stimulation	are	

shown	in	Figure	4.4.	
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Figure	4.4.	Vocal	fold	images	from	direct	video	laryngoscopy	in	cat	4	after	implantation	of	
the	left	RLN	with	a	16-channel	microelectrode	array.	The	vocal	folds	are	outlined	in	black	
to	better	demonstrate	airway	expansion	and	narrowing	with	vocal	fold	abduction	and	
adduction,	respectively.	(A)	Vocal	folds	at	baseline.	(B)	Left	vocal	fold	abduction.	(C)	Vocal	
folds	at	baseline.	(D)	Left	vocal	fold	adduction.		
	

Analyzing	our	data	from	the	implant	insertion	in	cat	2,	position	3,	we	found	a	

statistically	significant	positive	correlation	between	current	level	and	EMG	voltage	

recorded	in	three	different	muscles	following	MEA	implantation	in	the	uninjured	nerve	(P	<	

.001).	When	comparing	EMG	response	of	the	TA	and	PCA	in	an	individual	channel	in	the	

uninjured	setting,	the	TA	had	significantly	elevated	EMG	output	when	channel	1	was	

stimulated	compared	to	channel	4	(P	<	.001),	whereas	the	PCA	had	a	significantly	increased	

response	when	channel	4	was	activated	compared	to	channel	1	(P	=	.039).	When	

comparing	TA	and	PCA	EMG	responses	within	the	same	channel,	again	in	the	uninjured	
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setting,	there	was	a	statistically	significant	difference,	with	the	TA	showing	higher	EMG	

responses	than	other	muscles	within	channel	1	(P	<	.001),	and	the	PCA	showing	higher	

EMG	responses	then	other	muscles	within	channel	4	(P	<	.001).	

	

Stimulation	Post-RLN	Injury	with	a	Multichannel	MEA	

Following	RLN	injury,	MEA	implantation	resulted	in	an	attenuated	degree	of	

selective	stimulation	of	individual	muscles,	with	the	PCA	consistently	contracting	more	

robustly	than	the	TA	or	CT	in	both	the	transection	and	crush	injury	settings	[Figure	4.5].	

The	amplitudes	of	the	EMG	responses	were	also	diminished	following	RLN	injury,	with	

maximal	EMG	outputs	reaching	∼600	μV	(in	comparison	to	∼6,000	μV	in	the	uninjured	

nerve).	Following	a	RLN	transection	injury,	the	PCA	was	activated	to	a	statistically	

significantly	greater	degree	than	both	the	CT	and	TA	regardless	of	which	channel	was	

activated	(P	<	.01)	(Fig.	5A,B).	Following	an	RLN	crush	injury,	the	PCA	was	activated	to	a	

statistically	significantly	greater	degree	than	both	the	CT	and	TA	when	channel	2	was	

activated,	but	only	statistically	significantly	greater	than	the	CT	(not	the	TA)	when	channel	

4	was	activated	(P	<	.01)	(Fig.	5C,D).	On	histological	examination,	crushed	and	transected	

RLN	nerve	fibers	show	atypical	axons,	fibrosis	within	the	neural	bundle,	vacuolization,	and	

neuroma	formation	under	hematoxylin	and	eosin	(H&E)	and	trichrome	staining	[Figure	

4.6]	confirming	the	presence	of	degenerative	and	regenerative	processes	in	the	

experiments.	
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Figure	4.5.	(A–D)	Graphic	representation	of	escalating	stimulation	current	levels	of	a	
single	channel	on	the	x-axis,	with	correspondingly	increasing	EMG	voltage	responses	on	the	
y-axis.	Also	demonstrated	are	the	distinct	voltage	responses	of	different	muscles	to	graded	
stimulation	of	individual	channels	following	RLN	injury.	(A,	B)	Following	a	transection-
reapproximation	injury	to	the	nerve,	channels	1	to	4	stimulate	the	PCA	preferentially	in	a	
dose-responsive	manner,	with	increasing	current	resulting	in	higher	EMG	voltage	
responses	(cat	3,	position	3)	(phase	duration:	41	μs;	pulse	duration:	400	μs).	(C,	D)	
Following	a	crush	injury	to	the	nerve,	channels	1	to	4	stimulate	the	PCA	preferentially	in	a	
dose-responsive	manner,	with	increasing	current	resulting	in	higher	EMG	voltage	
responses	(cat	4,	position	2)	(phase	duration:	41	μs;	pulse	duration:	400	μs).	
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Figure	4.6.	(A)	Light	microscopy	image	of	a	normal	RLN	(H&E	stain,	20×	magnification)	
showing	normal	axons	(star)	and	no	vacuolization.	Insert	shows	light	microscopy	image	of	
a	normal	RLN	(trichrome	stain,	20×	magnification)	showing	normal	axons	(star),	no	
fibrosis,	and	no	vacuolization.	(B)	Light	microscopy	image	of	an	RLN	that	underwent	crush	
injury	(H&E	stain,	20×	magnification)	showing	vacuolization	(arrows,	insert)	and	atypical	
axonal	fibers	with	varying	thickness	(star).	(C)	Light	microscopy	image	of	a	crushed	RLN	
(trichrome	stain,	20×	magnification)	showing	normal	axons	(star)	adjacent	to	atypical	
axons	and	fibrosis	(arrow).	(D)	Light	microscopy	image	of	an	RLN	that	underwent	
transection	and	reapproximation	injury	(H&E	stain,	20×	magnification)	showing	an	
inflammatory	reaction	(arrow)	and	neuroma	formation.	
	

Discussion	

This	study	establishes	the	ability	of	a	multichannel	MEA	implanted	within	a	feline	

RLN	to	selectively	stimulate	neural	populations	and	allow	for	contraction	of	distinct	

laryngeal	muscles	with	a	graded	muscle	response.	The	overall	robustness	of	the	response	

did	decrease	following	recovery	from	transection-reapproximation	or	crush	injuries,	as	

expected	given	the	histological	findings,	but	the	ability	to	stimulate	the	PCA	with	a	graded	

response	was	still	present	after	injury.	Despite	decreases	in	maximal	EMG	responses	and	
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decreases	in	selectivity,	these	results	suggest	that	MEA	implantation	can	continue	to	

selectively	elicit	contractions	in	laryngeal	muscles	following	a	neurotmetic	nerve	injury.	

As	previously	discussed,	current	treatment	options	(e.g.,	medialization	thyroplasty,	

injection	laryngoplasty,	arytenoid	adduction)	for	VFP	are	limited.	An	alternative	technique,	

laryngeal	reinnervation,	was	introduced	many	decades	ago	to	prevent	the	possible	long-

term	muscle	atrophy	associated	with	static	medialization	options.	Reinnervation	

procedures	can	restore	adductor	tone.	Reinnervation	techniques	include	primary	end-to-

end	anastomosis,	ansa	cervicalis	to	RLN	anastomosis,	and	primary	interposition	grafts.	

Case	series	and	a	multicenter	randomized	clinical	trial	have	shown	broadly	positive	

outcomes	with	reinnervation	procedures	[289-292].	However,	current	reinnervation	

options	do	present	limitations,	with	overall	outcomes	being	only	marginally	better	than	

static	medialization	techniques	[275].	Bilateral	VFP	has	even	further	limited	treatment	

options.	Reinnervation	can	be	performed	in	a	selective	fashion,	in	which	abduction	is	

targeted	by	reinnervation	of	the	PCA,	or	in	an	unselective	fashion,	where	muscle	tone	is	

obtained	without	regained	function	[293].	Although	these	reinnervation	options	have	

demonstrated	success	with	the	possibility	of	decannulation	[294],	there	is	possible	room	

for	improvement	with	the	selectivity	of	reinnervation	in	cases	of	bilateral	VFP.	

Due	to	this	gap	in	the	definitive	interventions	for	bilateral	VFP,	previous	studies	

have	evaluated	the	utility	of	neuromuscular	stimulation	of	the	PCA	to	evoke	vocal	fold	

abduction.	The	utility	of	laryngeal	pacing	stimulated	by	inspiration	has	been	examined	in	

both	animals	and	humans	[41,	280-283,	286,	295-304].	Most	notably,	a	multicenter	clinical	

trial	with	an	implantable	PCA	stimulation	device	(Itrel	II)	was	conducted	[280-282].	In	five	

of	six	patients,	unilateral	laryngeal	stimulation	via	1-	to	2-second	trains	of	pulses	paced	
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with	inspiration	improved	airflow	without	affecting	voice	or	swallowing,	and	three	of	six	

patients	were	successfully	decannulated.	This	device	was	limited	by	its	design,	which	only	

allowed	for	unilateral	implantation.	More	recent	studies	have	evaluated	a	newer	

generation	device	(Genesis	XP)	in	bilateral	PCA	stimulation	in	acute	and	chronic	canine	

studies	with	success	in	restoring	bilateral	motion	in	a	paralyzed	larynx	[283-285].	These	

PCA	stimulators	are	limited,	as	they	can	only	lead	to	vocal	fold	abduction	in	the	setting	of	

paralysis	and	do	not	allow	for	laryngeal	adduction.	

The	application	of	intraneural	multichannel	MEAs	to	the	RLN	can	provide	a	dynamic	

treatment	option	for	bilateral	VFP.	Analysis	of	our	data	demonstrated	that	laryngeal	

muscles	can	be	selectively	activated	and	produce	differential	levels	of	contraction	in	both	

the	acute	and,	to	a	lesser	degree,	injury	models.	Specifically,	the	PCA	demonstrated	distinct	

selectivity,	at	times	being	the	only	muscle	stimulated	in	a	single	channel,	which	could	be	

most	beneficial	in	cases	of	bilateral	VFP.	Additionally,	MEA	implantation	in	the	RLN	allows	

for	graded	muscular	contraction,	allowing	for	enhanced	and	optimized	control	of	laryngeal	

muscle	response.	Theoretically,	a	programmable	device	coupled	to	an	intraneural	

multichannel	MEA	could	be	surgically	and	securely	inserted	into	a	permanently	damaged	

RLN	in	cases	of	VFP.	Intraoperative	confirmation	using	EMG	nerve	monitoring	guidance	

could	verify	activation	selectivity	of	laryngeal	adductor	and	laryngeal	abductor	muscles	

using	different	channels	in	a	single	implant,	as	previously	used	in	hypoglossal	nerve	

stimulation	[305].	The	use	of	an	intraneural	stimulator	can	prevent	the	possible	risk	of	

long-term	atrophy	and	stiffness	that	can	occur	with	deinnervation,	and	that	is	not	

addressed	with	medialization	thyroplasty	and	injection	laryngoplasty.	Furthermore,	direct	
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neural	stimulation	has	been	shown	to	mitigate	muscle	atrophy	and	improve	muscle	

rehabilitation	to	a	greater	degree	than	direct	muscle	stimulation	[306-309].	

Importantly,	the	potential	clinical	applicability	of	this	proposed	approach	to	VFP	

treatment	is	yet	to	be	determined.	In	our	feline	experiments,	certain	implant	placements	

demonstrated	more	laryngeal	muscle	selectivity	than	others,	and	we	would	expect	a	similar	

clinical	result.	Gacek	et	al.	[310,	311]	and	Malmgren	et	al.	[312]	previously	demonstrated	in	

a	series	of	feline	experiments	that	there	is	a	diffuse	arrangement	of	adductor	and	abductor	

nerve	fibers	in	the	vagus	nerve,	and	these	collections	of	fibers	separate	prior	to	entering	

the	larynx.	We	subjectively	noted	improved	selectivity	with	more	distal	implant	placement,	

possibly	due	to	described	separation	of	adductor	and	abductor	fibers,	although	this	

observation	will	need	to	be	further	investigated	and	confirmed	in	our	future	studies.	

Natural	variability	in	the	somatotopic	distribution	of	the	RLN	fibers	innervating	specific	

muscles,	the	limitations	of	the	electrode	composition	and	array	design,	and	the	variability	

in	the	surgical	placement	of	the	array	can	impact	the	selectivity	of	muscle	contraction.	With	

higher	stimulation	current	levels,	there	is	a	greater	risk	of	stimulating	nearly	all	of	the	

fibers	in	the	small	diameter	nerve	and	thereby	limit	selectivity,	and	theoretically,	

improvements	in	the	array	design	can	improve	selectivity.	Additionally,	poor	regeneration	

of	neural	fibers	after	injury	has	previously	been	described	[313].	In	certain	scenarios	of	

poor	regeneration	or	misdirected	reinnervation,	we	suspect	that	RLN	injury	may	alter	the	

somatotopic	distribution	of	the	nerve	fibers,	reduce	selectivity,	and	decrease	overall	EMG	

response	following	current	delivery.	Lastly,	further	elucidation	of	chronic	implantation	

parameters	and	the	effects	of	head	and	neck	movement	on	RLN	implants	must	be	more	
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fully	addressed	prior	to	contemplating	translational	and	clinical	applications	of	this	RLN	

implant	system.	

It	must	furthermore	be	acknowledged	that	the	feline	model	is	not	identical	to	the	

human	larynx.	Although	the	variations	in	RLN	anatomy	and	innervation	in	the	human	

larynx	is	well	defined	[314],	few	studies	have	demonstrated	feline	RLN	anatomy	and	

innervation	patterns.	In	our	study,	we	found	that	our	intraneural	implant	stimulated	the	

CT.	There	is	a	remote	possibility	that	this	may	be	due	to	unintended	stimulation	of	the	

external	branch	of	the	cranial	laryngeal	nerve;	however,	we	believe	that	this	is	most	likely	

due	to	direct	CT	stimulation	by	the	RLN,	which	has	been	previously	described	in	humans	

[315-318].	We	also	found	that,	under	direct	videolaryngoscopy,	the	clinical	response	was	

more	consistently	vocal	fold	abduction	in	the	feline	model,	despite	the	laryngeal	muscle	

EMG	selectivity	more	often	favoring	TA	activation.	This	may	be	due	to	the	underlying	

differences	in	the	feline	anatomy	compared	to	human	anatomy,	where	vocal	fold	abduction	

may	be	the	primary	laryngeal	response	to	RLN	stimulation.		

	

Conclusion	

We	have	established	in	the	animal	model	the	ability	of	an	intraneural	multichannel	

MEA	to	selectively	stimulate	restricted	fiber	populations	within	the	RLN	and	selectively	

elicit	contractions	in	specific	laryngeal	muscles.	These	results	hold	true	following	RLN	

injury.	Despite	the	need	to	further	refine	the	selectivity	in	injury	models,	these	results	may	

suggest	a	potential	role	for	RLN	implanted	multichannel	penetrating	MEAs	in	vocal	fold	

reanimation.	In	the	following	chapter,	we	will	present	experimental	data	demonstrating	the	
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ability	of	a	chronically	implanted	MEA	to	selectively	activate	feline	facial	muscles,	and	data	

following	acute	experiments	in	complete	FN	injury	models.		
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CHAPTER	5	

Chronic	MEA	Implantation	and	Stimulation	Following	Injury	[115]									

Building	on	the	previous	chapters,	we	sought	to	test	the	safety	and	efficacy	of	long-

term	MEA	implantation	in	the	FN	over	the	course	of	six	months.	Furthermore,	we	aimed	to	

simulate	 the	human	condition	of	permanent	unilateral	FP	 in	 cats	using	 standardized	and	

validated	 injuries	 to	 the	 nerve,	 followed	 by	 intraneural	 stimulation	 testing.	 Based	 on	

previous	experiments	with	implantation	of	similar	MEAs	in	nerve	tissue,	we	hypothesized	

that	 the	 FN	 implant	will	 be	well-tolerated	 by	 the	 nerve	 and	 stimulation	 following	 either	

transection-reapproximation	or	crush	nerve	injury	will	result	in	minor	threshold	increases	

[195].	 This	 work	 serves	 to	 elucidate	 the	 functional	 and	 histological	 changes	 that	 occur	

following	 chronic	MEA	 implantation	and	stimulation	post-FN	 injury	 in	 reanimating	 facial	

musculature	following	facial	paralysis.			

	

Materials	and	Methods		

Electrode	Array	and	Stimuli	

The	same	custom-designed,	multichannel	intraneural	stimulating	MEA	

(Microprobes,	Gaithersburg,	MD,	U.S.A.)	that	was	described	in	the	previous	chapter	[Figure	

4.1]	was	used.		

	

Surgery	(Chronic	Electrode	Implantation)	

All	the	procedures	were	performed	with	the	approval	of	the	UCI	IACUC	according	to	

the	NIH	guidelines.	We	conducted	chronic	MEA	implantation	experiments	in	three	cats.	For	

nerve	implantation	surgeries,	a	preauricular	incision	was	made	and	dissection	through	the	
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parotid	gland	proceeded	until	the	FN	trunk	was	identified	and	skeletonized.	The	

intraneural	MEA	was	then	inserted	into	the	main	trunk	of	the	FN,	and	secured	to	the	

adjacent	connective	tissue	with	nylon	suture	[Figure	5.1]	The	wire	connections	to	the	MEA	

were	brought	to	a	skull-mounted	Omnetics	(Minneapolis,	MN,	U.S.A.)	connector	that	was	

protected	by	a	stainless-steel	cylinder.	The	floor	of	the	cylinder	and	the	base	of	the	

connector	were	sealed	with	acrylic	to	ensure	that	the	cylinder	interior	was	isolated	from	

tissue	spaces.	A	screw-on	cap	was	subsequently	placed	over	the	cylinder,	and	the	muscle	

and	skin	were	sutured	closed	in	layers.	

	
Figure	5.1.	Image	demonstrating	a	multichannel	MEA	inserted	within	the	feline	FN	as	it	
exits	the	stylomastoid	foramen	during	a	chronic	implantation	surgery.	The	cable	is	
tunneled	underneath	adjacent	tissue	to	an	Onmetics	connector	secured	to	the	cranial	
vertex.	
	

Every	2	weeks	after	implantation,	for	a	period	of	6	months,	measurements	of	

stimulation	thresholds	were	conducted.	Each	of	the	MEA	channels	was	individually	
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stimulated	and	EMG	voltage	responses	from	four	selected	facial	muscles	(orbicularis	

oris,	orbicularis	oculi,	nasalis,	and	levator	auris	longus)	were	recorded	using	a	nerve	

integrity	monitoring	system	(NIM	Response	2.0,	Medtronic,	Inc.,	Minneapolis,	MN,	U.S.A.).	

At	the	end	of	the	6-month	period,	the	animal	received	a	lethal	dose	of	barbiturate	and	was	

transcardially	perfused	with	a	formaldehyde	solution.	The	nerves	were	then	harvested	for	

histologic	processing	and	evaluation.	

	

Surgery	(FN	Injury)	

For	survival	surgeries,	to	produce	a	standardized	FN	injury,	a	preauricular	incision	

was	 made	 and	 the	 FN	 trunk	 was	 identified	 and	 skeletonized.	 The	 nerve	 was	 then	

intentionally	damaged	by	either	a	nerve	crush	injury	[264]	consisting	of	a	30	second	one-

click	crush	with	a	serrated	hemostat	(n=2)	to	produce	an	axonotmesis	injury,	or	complete	

transection	with	scissors	and	reapproximation	(n=2),	 to	produce	a	Sunderland	5th	degree	

[288]	neurotmesis	injury.	For	the	transection	injury	model,	the	nerve	endings	were	aligned	

but	not	sutured	together.	The	incision	was	closed	in	layers.	

Immediate	and	complete	unilateral	FP	was	observed	in	all	cats	that	received	either	a	

crush	or	transection-reapproximation	injury.	Eye	ointment	was	routinely	applied	to	

protect	the	cornea,	and	animals	were	carefully	monitored	per	UCI	IACUC	protocol.	In	

terminal	surgeries	4	months	post	injury,	the	FN	trunk	was	again	identified,	and	a	MEA	was	

introduced	via	a	micropositioner	into	the	FN	proximal	to	its	bifurcation	and	either	directly	

adjacent	or	proximal	to	the	injury	site,	such	that	all	four	channels	were	in	neural	tissue.	

Insertion	site	and	angle	was	dictated	by	surgical	anatomy	and	micropositioner-mounted	

electrode	access	to	the	nerve.	Each	of	the	MEA	channels	was	individually	stimulated,	and	
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EMG	voltage	responses	from	the	four	selected	facial	muscles	were	recorded	by	the	nerve	

integrity	monitoring	system.	To	vary	which	neural	populations	were	stimulated,	the	MEA	

was	withdrawn	and	reinserted	into	the	nerve	in	variable	trajectories	and	angles	along	the	

course	of	the	exposed	FN	trunk,	and	each	channel	was	again	stimulated.	The	experimental	

stimulus	parameters	of	interest	included	current	level,	pulse	rate,	time	interval	between	

pulses	on	pairs	of	channels,	and	electrode	configuration	(i.e.,	location	of	active	and	return	

electrodes).	After	a	lethal	dose	of	barbiturate	and	transcardial	fixation,	the	FN	was	

harvested	for	histological	examination.	

Statistical	analysis	was	performed	to	determine	the	correlation	strength	between	

current	levels	and	EMG	response	(Pearson's	correlation	coefficient).	A	paired	samples	t	test	

was	conducted	to	determine	whether	individual	muscles	significantly	differed	in	activation	

based	on	the	channel	activated.	An	independent	samples	t-test	was	used	to	determine	if	

there	was	a	difference	in	the	mean	activation	between	various	muscles	within	the	same	

stimulation	channel,	as	well	as	between	EMG	response	following	acute	versus	chronic	

stimulation	experiments.	Statistical	analysis	was	performed	using	PASW	Statistics	18.0	

software	(SPSS,	Inc.,	Chicago,	IL,	U.S.A.).	A	p	value	of	<	0.05	was	considered	statistically	

significant.	

	

Results	

Chronic	Electrode	Implantation	in	Normal	FN	

In	chronically	implanted	MEAs,	selective	activation	of	two	or	more	distinct	muscles	

was	achieved	by	stimulation	of	individual	channels	during	each	postoperative	testing	over	

the	course	of	6-months.	Figure	5.2a	(cat	3)	shows	representative	data	of	EMG	voltages	
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from	a	single	muscle	following	increasing	levels	of	current	injected	through	an	individual	

channel	over	a	succession	of	measurements	at	varying	stimulation	levels.	When	using	cat	3	

as	a	representative	example,	EMG	response	of	the	orbicularis	oculi	2	weeks	after	

implantation	was	significantly	greater	than	that	of	the	nasalis	when	channel	1	was	

activated	(p	<	0.01);	however,	activation	of	channel	2	resulted	in	similar	EMG	responses	

from	both	muscles,	with	a	trend	toward	selectivity	of	nasalis	activation.	Although	levator	

auris	longus	and	orbicularis	oris	were	also	being	recorded,	they	failed	to	elicit	detectable	

EMG	responses.	

	
Figure	5.2.	(A)	Graphic	representation	of	increasing	current	levels	(from	left	to	right	on	
the	x	axis)	and	the	corresponding	EMG	voltage	response	of	the	orbicularis	oculi	on	
the	y	axis	(logarithmic	scale).	EMG	voltage	responses	respond	in	a	dose-responsive	manner	
to	increasing	current	in	panel	A,	normal	oculi	represents	a	data	following	acute	MEA	
insertion	into	a	normal	nerve	(Cat	3;	phase	duration:	82	µs).	(B	and	C),	Graphic	
representation	of	successive	stimulation	of	channels	(2	weeks	and	4	months	postchronic	
implant)	from	superficial	(channel	#1)	to	deep	(channel	#4)	electrodes,	from	left	to	right	
on	the	x	axis,	and	the	corresponding	EMG	voltage	response	of	four	distinct	muscles	on	
the	y	axis.	In	(B),	only	two	channels	(channels	1	and	2)	elicited	EMG	voltage	responses,	
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albeit	in	a	selective	manner,	while	all	four	channels	in	(C)	elicited	strong	responses	from	
the	nasalis	(Cats	2	and	3,	phase	duration:	82	µs).	(D)	Graphic	representation	of	successive	
stimulation	of	channels	(6	months	postchronic	implant)	from	superficial	(channel	#1)	to	
deep	(channel	#4)	electrodes,	from	left	to	right	on	the	x	axis,	and	the	corresponding	EMG	
voltage	response	of	four	distinct	muscles	on	the	y	axis.	All	four	channels	elicited	strong	
responses	from	levator	(Cat	3,	phase	duration:	82	µs).	
	

	 Figure	5.2b	(cat	3)	and	Figure	5.2c	(cat	2)	shows	representative	data	of	EMG	

voltages	from	four	different	muscles	based	on	stimulation	channel	at	two	different	time	

points.	In	cat	3,	2	weeks	after	implantation,	channel	1	of	the	MEA	robustly	stimulated	

the	orbicularis	oculi,	while	channel	2	activated	the	levator	auris	longus	to	a	stronger	degree	

[Figure	5.3b].	Figure	5.2c	(cat	2)	demonstrates	activation	of	the	nasalis	across	all	

stimulation	channels	4	months	after	implantation,	while	Figure	5.2d	(cat	2)	shows	

activation	of	the	levator	auris	longus	across	all	stimulation	channels	6	months	after	

implantation.	Figure	5.3	(cat	2)	demonstrates	changes	in	EMG	voltage	responses	of	three	

different	facial	muscles	over	a	6-month	period.		

	
Figure	5.3.	Graphical	depiction	of	EMG	voltage	response	changes	over	time	in	four	distinct	
muscles	at	current:	0	dB	re:	1	µA	(Cat	2;	current	level:	1	mA;	phase	duration:	82	µs).		
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There	were	notable	threshold	changes	and	marked	decreases	in	the	degree	of	

visible	facial	muscle	contraction	when	comparing	these	chronic	implantation	experiments	

to	our	previously	published	acute	experimental	data	in	normal	FN	[113].	EMG	responses	

after	chronic	MEA	implantation	in	normal,	uninjured	FN	were	significantly	lower,	with	

maximal	EMG	responses	reaching	only	800	µV	in	chronic	implants	compared	with	

responses	of	4,000	µV	at	maximum	stimulation	levels	in	acute	experiments	(p	<	0.05).	

On	histological	examination,	FN	fibers	demonstrated	show	a	desmoplastic	foreign	

body	reaction	(i.e.,	granuloma	formation)	adjacent	to	the	MEA	and	suture,	as	well	as	pale	

axonal	fibers,	vacuolization,	and	irregular	atrophic	changes	indicative	of	a	foreign-body	

reaction	manifested	in	the	axonal	neural	tissue	[Figure	5.4].	

	
Figure	5.4.	Light	microscopic	histological	images	of	implanted	nerves	at	10	and	×20.	(A)	
Section	of	the	FN	adjacent	to	a	chronically	implanted	MEA	(H&E	stain,	×10	magnification)	
showing	a	piece	of	nonabsorbable	suture	(star),	and	a	foreign	body	reaction	(granuloma)	
adjacent	to	the	suture	(arrow).	(B)	Section	of	the	FN	adjacent	to	a	chronically	implanted	
MEA	(trichrome	stain,	×10	magnification)	showing	pale	axonal	fibers	(arrowhead),	
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vacuolization	(arrow);	note	the	pale	appearance	of	the	neural	fibers	at	the	top	of	the	image	
compared	with	the	bottom	darker	fibers.	(C)	Section	of	the	FN	adjacent	to	a	chronically	
implanted	MEA	(H	and	E	stain,	×20	magnification)	showing	pale	axonal	fibers	(arrowhead)	
and	vacuolization	(arrow).	(D)	Section	of	the	FN	adjacent	to	a	chronically	implanted	MEA	
(H	and	E	stain,	×20	magnification)	showing	pale	axonal	fibers	(arrowhead)	and	
vacuolization	(arrow).	
	

Responses	to	Electrical	Stimulation	Following	FN	Injury	

Four	months	after	FN	injury,	all	four	cats	had	good	recovery	of	facial	function,	with	

only	subtle	to	minor	mimetic	deficits,	roughly	corresponding	to	House–Brackmann	grade	II	

or	III	function.	In	acute,	terminal	experiments	4	months	after	experimental	FN	injury,	EMG	

activity	in	individual	muscles	was	elicited	by	selective	FN	stimulation	through	individual	

channels.	Selective	activation	of	two	or	more	distinct	muscles	was	accomplished	by	

selection	of	appropriate	stimulation	channels	in	both	transection-reapproximation	[Figure	

5.5a]	and	hemostat	crush	[Figure	5.5c]	injuries.	Subsequent	insertion	of	the	MEA	into	the	

FN	at	varying	locations	and	angles	resulted	in	similarly	diverse	patterns	of	stimulation	

responses.	Figure	5.5b	(cat	4,	position	2)	demonstrates	the	escalation	of	stimulation	

current	levels	resulted	in	mounting	EMG	voltage	responses	recorded	in	two	different	

muscles	(p	<	0.01).	Furthermore,	we	found	that	the	nasalis	had	a	statistically	increased	

EMG	response	compared	with	the	orbicularis	oculi	when	only	channel	4	is	activated	(p	<	

0.05).	Increases	in	EMG	voltage	in	response	to	escalating	stimulation	current	were	also	

demonstrated	after	crush	injury	[Figure	5.5d].	
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Figure	5.5.	(A)	Graphic	depiction	of	channel-specific	activation	of	four	different	muscles	
demonstrating	no	selectivity	but	strong	activation	of	levator	auris	longus	and	orbicularis	
oculi	(Cat	1;	position	2;	current	level:	1	mA;	phase	duration:	82	µs).	(B)	Graphic	depiction	of	
escalating	stimulation	current	levels	in	four	individual	muscles	4	months	after	a	
standardized	and	validated	FN	hemostat	crush	injury	resulting	in	complete	unilateral	facial	
paralysis	(Cat	1;	position	2;	channel:	2;	phase	duration:	82	µs).	(C)	Graphic	depiction	of	
channel-specific	activation	of	four	different	muscles	demonstrating	strong	activation	of	
the	orbicularis	oculi	in	all	four	channels,	with	selective	activation	of	the	levator	auris	
longus	in	channel	1	compared	with	the	other	channels	(Cat	2;	position	2;	current	level:	1	
mA;	phase	duration:	82	µs).	(D)	Graphic	depiction	of	escalating	stimulation	current	levels	
in	four	individual	muscles	4	months	after	a	standardized	and	validated	FN	transection-
reapproximation	injury	resulting	in	complete	unilateral	facial	paralysis	(Cat	2;	position	2;	
channel:	2;	phase	duration:	82	µs).	
	

When	comparing	EMG	response	of	an	individual	muscle,	such	as	the	levator	auris	

longus	between	individual	channels	in	cat	2	[Figure	5.5c],	significantly	elevated	EMG	

output	was	identified	when	channel	1	was	stimulated	compared	with	channel	4	(p	<	0.05).	

Similarly,	the	nasalis	in	cat	2	had	a	significantly	increased	response	when	channel	1	was	

activated	compared	with	channels	2,	3,	or	4	(p	<	0.05)	[Figure	5.5c].		
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Similar	to	data	obtained	from	chronically	implanted	electrodes,	stimulation	after	FN	

injury	resulted	in	significantly	diminished	EMG	output	and	marked	reduction	in	the	degree	

of	visible	facial	muscle	contraction	compared	with	the	previously	published	acute	FN	

experiments	[261],	with	maximal	EMG	responses	reaching	400	µV	in	acute	stimulation	of	

injured	FN	compared	with	a	4,000	µV	maximal	response	in	uninjured	FN	experiments	(p	<	

0.01).	

On	histological	examination,	crushed	and	transected	FN	fibers	show	desmoplastic	

and	irregular	atrophic	changes	and	perineural	thickening	indicative	of	a	posttraumatic	

neuroma	under	H&E	staining,	and	thickened	perineurium	with	fibrosis	within	the	neural	

bundles	on	trichrome	staining	[Figure	5.6].	

	
Figure	5.6.	Light	microscopic	histological	images	of	injured	nerves	at	4X.	H&E	staining	of	(A)	
crushed	 and	 (B)	 transected	 facial	 nerve.	 Normal	 FN	 fibers	 (arrowheads)	 have	 thin	
perineurium	 with	 parallel	 fibers,	 while	 crushed	 or	 transected	 FN	 fibers	 show	 irregular	
atrophic	 changes	 and	 perineural	 thickening	 indicative	 of	 a	 post-traumatic	 neuroma	
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(arrows).	 	Trichrome	staining	of	 (C)	 crushed	and	 (D)	 transected	 facial	nerve.	Normal	FN	
fibers	(arrowheads)	have	thin	perineurium	with	parallel	fibers,	while	crushed	or	transected	
FN	fibers	show	thickened	perineurium	with	fibrosis	within	the	neural	bundles	(arrows).		
	
Discussion	

In	this	study,	we	demonstrated	the	feasibility	of	long-term	implantation	of	an	

intraneural	MEA	in	eliciting	facial	muscle	activation,	as	well	as	a	proof-of-concept	

validation	of	acute	stimulation	after	FN	injury.	Furthermore,	we	confirmed	previous	

reports	suggesting	that	efficacy	of	stimulation	changes	after	chronic	implantation	[319,	

320]	and	following	nerve	injury	due	to	desmoplasia,	and	is	dependent	on	the	degree	of	FN	

recovery	after	MEA	implantation	or	injury	[321].	Despite	decreases	in	maximal	EMG	

responses	and	less	robust	visible	muscle	activation,	these	results	suggest	that	we	can	

continue	to	selectively	elicit	activations	of	discrete	muscles	and	regions	of	the	face	in	a	

graded,	current-dependent	fashion	after	chronic	nerve	implantation	and	after	complete	

nerve	injury.	The	selectivity	of	muscle	activation	and	current-dependent	EMG	voltage	

responses	reported	here	are	similar	to	findings	reported	in	our	previous	acute	studies	in	

the	uninjured	FN	[261].	The	primary	distinction	in	the	results	reported	presently	and	our	

previously	reported	results	lies	in	the	markedly	reduced	EMG	voltage	responses	and	

reduction	of	visible	muscle	activation	after	chronic	MEA	implantation.	

In	our	chronic	implantation	experiments,	muscular	activation	was	present	in	a	

current-dependent	graded	fashion	during	the	majority	of	the	6-month	testing	period.	While	

the	strength	of	elicited	activations	was	not	as	strong	following	chronic	implantation	when	

compared	with	acute	stimulation	of	an	uninjured	FN,	we	observed	graded	activation	of	

facial	muscles	with	escalating	levels	of	current	delivered	to	the	chronic	MEA	implant.	

Importantly,	however,	beginning	at	approximately	8	to	12	weeks	after	chronic	
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implantation,	visible	contractility,	and	movement	of	facial	musculature	steadily	diminished	

until	eventually	no	movement	could	be	appreciated	with	intraneural	stimulation,	despite	

continued	robust	EMG	voltage	responses	throughout	the	6-month	implantation.	

Intriguingly,	visible	spontaneous	muscle	movement	of	the	facial	muscles	was	observed	

when	the	cat	was	awake,	and	visible	activation	was	elicited	after	stimulation	of	the	FN	by	a	

stimulating	probe	during	the	terminal	surgery,	at	which	intraneural	positioning	of	the	MEA	

was	confirmed	in	all	animals.	It	is	possible	that	the	desmoplastic	tissue	response	at	the	

nerve–electrode	interface	reduced	the	current	delivery	to	the	nerve,	and	thus	diminished	

the	extent	of	facial	musculature	activation.	Furthermore,	isometric	contraction	may	have	

contributed	to	reduced	visibility	of	facial	muscle	contraction	(interestingly,	contractions	

were	accompanied	by	robust	EMG	voltage	outputs).	Isometric	contraction	is	a	fatigue-

induced	impairment	in	excitation–contraction	coupling	of	muscle	fibers.	Although	the	exact	

cause	of	isometric	contraction	remains	unknown,	it	can	result	from	decreased	intracellular	

calcium	release,	decreased	sensitivity	of	myofilaments	to	calcium,	and/or	reduced	force	

produced	by	each	active	cross-bridge	[114].	Other	described	theories	into	why	visible	

implant-mediated	muscle	contraction	diminished	over	time	include	muscle	[322,	

323]	and/or	neural	[321]	fatigue,	and	ionic	dysregulation	[193,	324].	Further	studies	will	

need	to	be	conducted	to	provide	additional	insights	into	the	origins	of	this	unusual	

observation.	

Based	on	the	chronic	implantation	literature	reported	in	other	animal	nerves	(e.g.,	

sciatic	nerve),	histologic	or	physiologic	consequences	of	intraneural	array	placement	are	

most	likely	to	occur	within	the	first	several	weeks	to	months	[186,	203,	325]	Moreover,	any	

inflammatory	or	desmoplastic	response	to	chronic	foreign	body	implantation	and	electric	
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stimulation	has	been	demonstrated	to	increase	stimulation	thresholds,	but	maintain	the	

ability	to	elicit	muscle	activations	[188].	We	found	relatively	stable	stimulation	thresholds,	

but	attenuated	levels	of	maximal	muscular	activation	as	measured	by	EMG	response	in	

both	chronically	implanted	FNs	and	following	acute	stimulation	of	injured	FNs	when	

compared	with	acute	experiments	in	normal	FN.	[Figure	5.4]	demonstrates	changes	in	

EMG	voltage	responses	of	four	different	facial	muscles	over	a	6-month	period.	Despite	lack	

of	a	global	increase	or	decrease	in	EMG	voltage	responses	across	all	facial	muscles	over	

time,	there	was	considerable	variability	in	EMG	voltage	responses	throughout	the	chronic	

implant	testing	period.	Sources	of	this	variability	could	include	minuscule	movement	of	the	

implanted	array	residing	in	the	extratemporal	portion	of	the	facial	nerve,	variability	in	

intramuscular	EMG	needle	placement	between	testing	sessions,	and	variations	in	the	

electrochemical	microenvironment	at	the	neural-electrode	interface.	Although	maximal	

EMG	voltage	responses	peaked	at	1,200	µV	during	the	6-month	implantation	period,	the	

responses	were	typically	below	400	µV.	

The	observed	deterioration	of	functional	changes	is	likely	a	result	of	fibrous	tissue	

formation	around	the	electrode	site,	as	described	by	Bowman	and	Erickson	[189].	It	has	

been	shown	in	chronically	implanted	intrafascicular	electrodes	of	peripheral	nerves,	the	

immune	system	elicits	a	macrophage-mediated	response	resulting	in	an	increase	in	

endoneural	connective	tissue	[203].	However,	intraneural	electrode	studies	in	both	rabbits	

and	feline	models	have	illustrated	no	significant	difference	in	nerve	conduction	velocities	

between	chronically	or	acutely	implanted	electrodes	[188].	In	our	experiments,	on	

histological	examination	of	injured	FN	4	months	postinjury	and	following	acute	MEA	

implantation,	we	observed	posttraumatic	scarring	within	neural	bundles,	manifested	by	
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perineural	fibrosis	and	neuroma-like	irregular	and	atrophic	neural	proliferation	[Figure	

5.6].	Although	these	chronic	changes	likely	contributed	to	the	reduction	in	voltage	

response	levels	when	compared	with	acute	stimulation	of	a	normal	nerve11,	the	MEA	was	

able	to	selectively	stimulate	distinct	neural	fibers	and	elicit	activation	in	specific	muscles	

and	regions	of	the	face	following	complete	FN	injury	similar	to	the	acute	and	chronic	

experimental	results.	

With	regards	to	our	FN	injury	experiments,	the	results	demonstrate	that	the	direct	

electrode-to-nerve	interface	is	sufficient	to	generate	movement	in	a	cat	following	a	severe	

neural	injury	and	partial	recovery	of	facial	function.	Similarly,	Frigerio	et	al.	successfully	

and	routinely	elicited	a	full	blink	in	patients	with	House–Brackmann	grade	VI	paralysis	

with	transcutaneous	stimulation	[263].	This	suggests	that	even	in	patients	with	severe	

neural	injury,	there	are	enough	axonal	fibers	to	stimulate	muscle	activation.	Overall,	

despite	the	fact	that	some	degree	of	selectivity	in	muscle	activation	was	present	following	

FN	injury	in	our	experiments,	it	was	not	as	robust	as	that	previously	demonstrated	in	acute	

experiments	in	uninjured	nerve.	However,	despite	the	decreased	EMG	response	and	

selectivity,	there	continued	to	be	a	current-dependent	graded	EMG	response,	similar	to	the	

chronic	implantation	experiments.	

Selectivity	of	muscular	activation	following	chronic	MEA	implantation	was	

demonstrated	in	only	a	subset	of	our	animals.	This	variation	likely	results	from	natural	

variation	in	the	somatotopic	distribution	of	the	FN	fibers	innervating	specific	muscles,	the	

limitations	of	the	MEA	design,	and	the	variability	in	the	surgical	placement	of	the	MEA.	

Notably,	the	neurostimulator	will	not	be	effective	if	implanted	into	a	distal	nerve	trunk	that	

lacks	a	proximal	neuronal	cell	body/ganglion,	as	the	distal	neural	fibers	would	
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permanently	degenerate.	However,	the	distal	FN	can	potentially	be	anastomosed	with	or	

without	a	nerve	graft	to	any	regional	viable	motor	nerve	before	or	at	the	time	of	

implantation.	Axonal	regeneration	from	a	brainstem	motor	nucleus	(e.g.,	trigeminal,	facial,	

and	hypoglossal)	could	provide	the	excitable	neural	circuitry	susceptible	to	

neuroprosthesic	stimulation.	The	clinical	utility	of	a	FN	implant	system	can	potentially	be	

negatively	impacted	by	the	extent	of	randomly	targeted	neural	regeneration,	which	results	

in	synkinesis.	The	ability	to	satisfactorily	address	this	issue	with	individual	electrode	

stimulation	parameter	adjustment	and	optimization	remains	to	be	determined.	

Nonetheless,	the	stability	of	implanted	MEAs	to	elicit	EMG	voltage	potentials	in	selective	

facial	musculature	has	been	suggested	in	this	study.	Further	refinements	of	the	electrode	

composition,	current	characteristics,	and	intraoperative	testing	of	intraneural	stimulation	

may	help	enhance	the	selectivity	of	stimulation.	Improving	the	selectivity	of	specific	

muscular	activation	by	stimulating	restricted	nerve	fiber	populations	within	the	FN	

requires	further	modulation	of	MEA	materials,	design,	and	array	dimensions	before	

contemplating	clinical	applicability.	The	deterioration	of	the	MEAs	ability	to	selectively	

elicit	muscle	activation	following	chronic	implantation	highlights	the	necessity	of	

enhancing	the	biocompatibility	of	the	MEA	to	avoid	the	chronic	foreign	body	response	that	

is	characteristic	of	implanted	electrode	arrays	[64,	326].	One	such	example	of	enhancing	

the	biocompatibility	characteristics	of	the	MEA	would	be	by	applying	a	CD200	coating	on	

the	array	which	would	mitigate	the	macrophage-mediated	foreign	body	response	[210].	

Additional	work	will	focus	on	improving	the	biocompatibility	of	the	MEA	and	ensuring	that	

the	current	delivered	to	the	nerve	and	surrounding	tissue	will	not	result	in	long-term	
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damage.	Furthermore,	recapitulating	the	clinical	condition	in	which	the	efficacy	of	chronic	

MEA	implantation	following	complete	FN	injury	and	recovery	will	be	assessed.	

This	proof-of-concept	study	demonstrated	the	feasibility	of	chronic	MEA	

implantation	in	initiating	muscular	activation	in	normal	nerve,	as	well	as	stimulation	of	

previously	injured	FN.	This	study	served	to	further	elucidate	the	possibility	and	limitations	

of	FN	intraneural	implantation	in	facial	reanimation.	Future	studies	could	be	directed	as	

investigating	the	function	of	chronically	implanted	intraneural	electrodes	in	these	nerve	

injury	models.	

	

Conclusion	

We	have	established	in	the	animal	model	the	ability	of	a	chronically	implanted	MEA	

to	selectively	stimulate	restricted	fiber	populations	within	the	FN	and	to	elicit	contractions	

in	specific	facial	muscles.	These	results	hold	true	following	complete	FN	injury.	Despite	the	

need	to	further	refine	the	selectivity	of	muscle	stimulation	in	both	cases,	the	feasibility	of	

chronically-implanted	 intraneural	 MEAs	 to	 activate	 specific	 muscles	 with	 functional	

muscular	activation	warrants	further	investigation	of	a	FN	implant	system	in	the	setting	of	

FP.	 The	 following	 chapter	 investigates	 a	 different	 neuroprosthetic	 approach	 to	 facial	

animation	in	that	a	cuff	electrode	rather	than	a	penetrating	MEA	is	used.		 	
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CHAPTER	6	

Selective	FN	Stimulation	with	a	MCE						

Functional	restoration	of	paretic	or	paralyzed	motor	nerves	requires	selective	

stimulation	of	individual	fascicles,	which	subsequently	activates	specific	muscles.	Our	prior	

work	demonstrated	the	utility	of	a	penetrating	MEA,	when	inserted	into	the	FN,	to	

stimulate	movement	and	contraction	in	specific	muscles	in	a	feline	model	[114,	115].	

However,	the	fibrotic	reaction	and	electrode	migration	that	ensued	following	chronic	

implantation	warranted	the	investigation	of	alternative	electrodes	that	would	mitigate	the	

fibrotic	response	and	have	enhanced	stimulation	characteristics	when	chronically	

implanted.	This	led	us	to	explore	the	ability	of	a	MCE	to	selectively	activate	facial	muscles.	

Classically,	cuff	electrodes	activate	nerves	in	an	“all-or-none”	fashion,	with	minimal	

selectivity	of	fascicular	activation.	However,	we	present	data	demonstrated	the	ability	of	a	

MCE	to	selectively	activate	feline	facial	muscles	in	both	acute	and	chronic	experiments.	

Furthermore,	we	demonstrate	the	ability	to	utilize	field	steering	to	reduce	the	total	current	

sent	to	individual	MCE	channels	while	maintaining	selectivity	of	facial	muscle	activation.		

	

Materials	and	Methods	

MCE	Specifications		

A	custom	8-channel	(MicroProbes	for	Life	Science,	Gaithersburg,	MD,	USA)	MCE	was	

used.	The	cuff	electrode	contained	2	“rings”	of	electrodes,	with	each	ring	containing	4	

rectangular	(tripolar)	platinum	electrodes	encased	within	a	silicon	enclosure	[Figure	6.1].	

The	electrodes	were	1.5	mm	×	0.25	mm	×	0.038	mm	in	dimension,	and	positioned	0°,	90°,	

180°	and	270°	degrees	from	each	other.	This	configuration	allowed	for	monopolar	
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stimulation	of	four	discrete	anatomical	locations	within	each	ring,	which	ultimately	allowed	

for	eight	individual	contact	points	with	the	nerve.	Field	steering	(i.e.	stimulation	of	2	

contacts	simultaneously)	allowed	for	64	unique	stimulation	permutations.	System	3	

equipment	from	Tucker-Davis	Technologies	(TDT;	Alachua,	FL)	and	a	graphical	interface	

software,	running	in	the	MATLAB	(The	MathWorks,	Natick,	MA,	U.S.A.)	programming	

environment,	were	used	for	stimulus	generation	and	visualization	of	EMG	waveforms.	

Electrical	stimuli	were	presented	via	an	8-channel	current	artificial	source	controlled	by	an	

8-channel	digital-to-analog	converter	(TDT	RX8).	Stimuli	were	single	charge-balanced	

biphasic	electrical	pulses,	initially	cathodic,	82	μs	per	phase,	with	response	stimulus	charge	

levels	of	26	to	41	nC	per	phase.		

	
Figure	6.1.	(Left)	8-channel	MCE	with	2	electrode	“rings”,	each	with	4	rectangular	(1.5×	
.25×.038mm)	platinum	electrodes	in	a	silicon	enclosure	90°	apart.	The	current	source	is	
controlled	by	an	8-channel	digital-to-analog	converter	(TDT	RX8)	delivers	biphasic	
electrical	82μs	pulses.	(Right)	Intraoperative	image	of	implanted	MCE.	
	

Acute	Experiments	

All	procedures	were	carried	out	with	UCI	IACUC	approval	according	to	NIH	

guidelines.	For	the	present	study,	we	conducted	acute,	terminal	experiments	in	four	

barbiturate-anesthetized	cats.	Small	local	incisions	were	made	over	four	exposed	facial	

muscles,	including	the	orbicularis	oris,	orbicularis	oculi,	nasalis,	and	levator	auris	longus.	
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Needle	EMG	electrodes	were	placed	into	each	of	the	four	facial	muscles	under	investigation.	

For	MCE	implantation,	an	infra	auricular	incision	was	performed	and	the	parotid	gland	was	

dissected	through	until	the	extratemporal	FN	trunk	was	identified	and	skeletonized.	The	

MCE	was	subsequently	positioned	on	the	main	trunk	of	the	FN,	and	each	of	the	eight	MCE	

channels	was	individually	stimulated	while	EMG	responses	from	each	facial	muscle	were	

recorded.			

	

Chronic	Experiments	

For	nerve	implantation	surgeries,	a	pre-auricular	incision	was	made	under	sterile	

conditions	and	dissection	through	the	parotid	gland	proceeded	until	the	FN	trunk	was	

identified	and	skeletonized.	We	conducted	chronic,	survival	experiments	in	two	cats.	The	

MCE	was	positioned	at	the	main	trunk	of	the	FN,	and	fastened	shut	with	incorporated	nylon	

sutures.	The	positioning	(i.e.,	site	and	angle	of	contact)	was	not	pre-determined;	

positioning	of	the	cuff	electrode	was	dictated	by	the	gross-surgical	anatomy	and	FN	access	

with	a	micropositioner.	The	MCEs	wire	connectors	were	fastened	through	to	a	skull-

mounted	Omnetics	(Minneapolis,	MN,	U.S.A.)	connector	that	was	encapsulated	by	a	

stainless-steel	cylinder.	Acrylic	sealant	was	used	at	the	floor	of	the	cylinder	and	the	base	of	

the	connector	to	make	sure	the	cylinder	interior	was	inaccessible	from	exposed	tissue	

junctions.	The	muscle	and	skin	layers	were	sutured	and	a	screw-on	cap	was	placed	over	the	

stainless-steel	cylinder.	Every	2	weeks	post-implantation,	over	a	period	of	3	months,	

measurements	of	stimulus	thresholds	were	evaluated.	EMG	voltage	responses	from	the	

four	individual	facial	muscles	were	recorded	from	stimulation	of	individual	cuff	electrode	

channels	using	a	nerve	integrity	monitoring	system	(NIM	Response	2.0,	Medtronic,	Inc.,	
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Minneapolis,	MN,	U.S.A.).	The	primary	stimulus	parameters	evaluated	were	current	level,	

pulse	rate,	time	interval	between	pulses	on	pairs	of	channels,	and	electrode	configuration	

(i.e.,	location	of	active	and	return	electrodes).		

	

Results		

Acute	experiments	

	 In	acute	experiments	in	a	normal	nerve,	activation	of	individual	channels	resulted	in	

differential	activation	of	facial	muscles	(Figure	6.2).		

	
Figure	6.2.	Activation	of	channels	1-3	and	6-8	resulted	in	robust	activation	of	orbicularis	
oculi.	Activation	of	channels	4,	5,	or	8	led	to	stronger	activation	of	levator	auris	longus.		
	
Chronic	experiments	

MCE	implantation	in	1	cat	has	resulted	in	stable	and	selective	activation	of	facial	

musculature,	EMG	thresholds	and	amplitudes	over	a	3-month	implantation	period.	These	

results	suggest	that	the	MCE	can	successfully	produce	stable,	selective,	and	functional	
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movement	in	specific	facial	muscles	over	a	long-term	implantation	period	[Figure	6.3	and	

6.4].		

	

	
Figure	6.3.	(Left)	EMG	waveforms	3-weeks	post-implantation	from	four	facial	muscles	at	.3,	
.5,	 and	1	mA	across	 four	 channels	 (chan).	 Selective	activation	of	 levator	 is	 achieved	with	
stimulation	 of	 chan	 1,	while	 activation	 of	nasalis	 is	 achieved	with	 stimulation	 of	 chan	 7.	
(Right)	 Data	 obtained	 3-months	 post-implantation	 with	 stimulation	 thresholds,	 EMG	
amplitudes,	and	selectivity	maintained.	
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Figure	6.4.	This	figure	demonstrates	the	maximal	amplitude	(mV)	of	each	muscle	that	we	
tested	over	a	3-month	period.	There	is	relatively	stable	response	of	each	muscle	depending	
on	the	amount	of	delivered	current	over	the	testing	period.		
	

Field	steering	

Figure	6.5	demonstrates	the	feasibility	of	using	the	field	steering	principle	to	activate	
distinct	facial	muscles	by	sending	subthreshold	current	levels	to	two	or	more	channels.		

	

Figure	6.5.	Sending	.3	mA	of	current	to	channels	9,	12,	11,	or	15	alone	did	not	elicit	a	
detectable	EMG	in	any	of	the	recorded	muscles.	However,	delivery	.3	mA	of	current	to	both	
channels	9	and	12,	or	channels	11	and	15,	resulted	in	selective	activation	of	levator	or	
nasalis,	respectively.		
	

Discussion		

In	this	study,	we	demonstrate	the	ability	of	a	MCE	to	selectively	stimulate	individual	

facial	muscles	in	a	feline	model.		We	previously	demonstrated	the	efficacy	of	intraneural	

MEA	implantation	in	reanimating	the	feline	face	[64,	114,	115].	However,	the	histological	

reaction	to	chronic	MEA	implantation	coupled	with	electrode	migration	mitigate	the	

clinical	utility	of	this	technology.	In	contrast,	MCE	implantation	results	in	superior	

selectivity	and	minimal	nerve	injury	following	chronic	implantation.		
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Spatial	selectivity	has	shown	to	be	improved	using	MCEs	as	each	channel	is	able	to	

stimulate	neighboring	muscle	fascicles,	while	reducing	current	spread	and	activating	only	

the	fascicles	that	are	in	proximity	to	the	stimulation	contact	site	[78,	327,	328].	Selectivity	

has	shown	to	be	improved	using	a	monopolar	versus	tripolar	cuff	electrode	configuration.		

Briefly,	the	monopolar	configuration	has	4	contacts,	4	sets	of	monopolar	contacts,	while	the	

tripolar	configuration	has	12	contacts,	4	sets	of	tripolar	contacts,	that	are	equidistant	from	

each	other	surrounding	the	nerve-cuff	electrode	[329].	Previous	work	has	demonstrated	

the	application	of	a	monopolar	four	contact	nerve-cuff	electrode	for	selective	and	

independent	activation	of	either	of	the	four	motor	fascicles	in	the	sciatic	nerve	irrespective	

of	the	placement	of	the	channels	with	respect	to	the	specific	motor	fascicle	[330].	

Selectivity	is	improved	using	multi-contact	stimulation	through	delivering	threshold	to	

maximum	current	levels	to	channels	that	stimulate	adjacent	fascicles,	other	than	the	

primary	fascicle,	altering	the	profile	of	the	electric	field.	This	phenomenon,	“field	steering”,	

creates	novel	excitation	regions	at	sites	other	than	the	direct	region	of	the	stimulated	

channel	[331].		

Ultimately,	the	application	of	MCE	technology	to	selectively	stimulate	motor	nerve	

fibers/fascicles	has	widespread	clinical	applications	to	any	peripheral	or	cranial	motor	

nerve.	Aside	from	FP,	paralysis	or	paresis	of	motor	nerves,	both	cranial	and	peripheral,	is	a	

debilitating	and	widespread	problem	that	results	from	complete	or	partial	injury	at	the	

level	of	the	nerve.	Each	year	in	the	U.S.,	nearly	5.4	million	people,	or	1.7%	of	the	population	

acquire	a	new	motor	nerve	deficit	[332].	Bioelectronic	approaches	are	readily	available	to	

restore	function	in	numerous	clinical	pathologies,	however,	the	application	of	

neuroprosthetic	devices	to	restore	function	or	augment	endogenous	recovery	has	only	
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recently	grained	traction	as	a	therapeutic	option	in	motor	nerve	dysfunction	[13,	16-19].	

By	selectively	activating	the	frontalis,	orbicularis	oculi	and	oris,	and	depressor	anguli	oris	

muscles	in	humans,	among	others,	therapeutic	goals	for	FP	could	be	accomplished	in	a	

single,	outpatient	surgery	without	any	facial	incisions.	These	goals	include:	(1)	providing	a	

baseline	level	of	stimulation	to	provide	tone	and	bulk	to	the	muscles	and	facial	symmetry	at	

rest,	(2)	regular	and	timed	stimulation	of	the	orbicularis	oculi	to	routinely	blink	and	protect	

the	cornea,	and	(3)	detection	of	muscle	contraction	on	the	contralateral	(normal)	side	and	

consequent,	simultaneous,	and	effort-matched	stimulation	of	the	same	muscles	on	the	

paralyzed	side.			

The	results	presented	in	this	study	are	pre-clinical	and	do	not	constitute	validation	

of	the	MCE	in	selectively	activating	human	facial	muscles.	Without	an	investigational	device	

exemption	and	IRB,	testing	of	the	MCE	in	humans	cannot	be	conducted.	We	are	actively	

pursuing	these	two	regulatory	approvals	in	order	to	conduct	clinical	trials	using	the	MCE.	

In	the	following	chapter,	we	demonstrate	the	ability	to	couple	MCE	implantation	with	a	

closed-loop	system	to	restore	instantaneous,	volitional,	and	selective	hemifacial	movement	

in	a	feline	model.	
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CHAPTER	7	

Closed	Loop	Circuitry	

In	the	clinical	setting,	we	envision	detecting	EMG	activation	of	discrete	muscles	on	

the	normal	side	of	a	FP	patient’s	face,	and	using	that	EMG	input	to	drive	current	output	to	

specific	channels	that	will	activate	the	same	muscle(s)	on	the	paralyzed	side	of	the	face.	As	

such,	in	vivo	testing	of	a	closed	loop	facial	animation	system	is	a	critical	step	for	clinical	

implementation	of	this	technology.	Simply	put,	volitional	contraction	of	muscles	in	a	human	

subject	will	generate	symmetric,	real-time	contraction	of	analogous	muscles	in	the	feline.	In	

a	FP	patient,	this	system	would	detect	movement	of	the	normal	side	of	the	face	and	elicit	

contraction	of	the	same	muscles	on	the	paralyzed	side	of	the	face	to	generate	

instantaneous,	volitional,	and	symmetric	facial	movement.	

In	this	chapter,	we	present	the	preliminary	work	towards	accomplishing	this	goal.	

We	first	prove	the	concept	of	a	closed	loop	system	being	able	to	detect	human	EMG	input	

and	simultaneously	activate	specific	facial	muscles	in	cats	with	chronic	MCE	implants.	We	

then	worked	to	miniaturize	and	refine	a	prototype	closed	loop	system	and	eventually	

miniaturize	the	circuitry	into	a	hermetically	sealed	implantable	device	that	could	be	

translated	to	the	clinical	setting.				

	

Introduction	

As	previously	discussed,	FN	injury	can	cause	permanent	facial	paralysis	or	paresis	

(FP),	which	can	result	in	substantial	clinical	impairment.	Deficits	include	dysfunctions	with	

facial	expression,	proper	enunciation	and	communication,	proper	blink	function	and	

corneal	protection,	and	maintenance	of	oral	competency.	FP	has	an	annual	incidence	of	11-
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40	cases	per	100,000	with	127,000	new	cases	of	FP	diagnosed	annually	in	the	United	States	

alone	[2,	333].	FP	can	arise	from	FN	damage	due	to	tumors,	vascular	lesions	(e.g.,	

hemangioma),	stroke,	congenital	defects,	trauma,	infections,	or	be	idiopathic,	with	29-35%	

of	patients	developing	persistent	dysfunction,	including	reduced	facial	function,	spasms,	

and/or	synkinesis.	Unfortunately,	surgeons	have	a	limited	arsenal	of	treatment	options	that	

offer	patients	some	degree	of	functional	restoration	and	cosmesis	[334-336].	These	options	

range	from	static	(e.g.,	implantation	of	non-muscular	material	in	the	face	to	aid	in	

function/cosmesis)	to	dynamic	interventions	(e.g.,	gracilis	myoneurovascular	free	tissue	

transfer)	that	require	staged	procedures	with	multiple	incision	sites	and	carry	a	10-15%	

failure	rate	[259,	260].	Alternative	approaches	to	facial	reanimation	may	address	the	

shortcomings	of	current	interventions	and	offer	treatment	options	to	a	broader	range	of	

patients	who	may	not	be	eligible	for	or	willing	to	undergo	current	treatments.		

One	such	approach	is	the	application	of	neuroprosthetic	technologies	to	facial	

reanimation.	In	such	a	system,	detection	of	movement	from	the	normal	hemiface	could	

instantaneously	activate	the	same	muscles	on	the	contralateral	paralyzed	hemiface.	This	

approach	would	offer	a	robust,	programmable,	and	customizable	option	for	facial	

reanimation.	In	short,	we	aim	to	apply	neuroprosthetic	devices	that	directly	stimulate	

cranial	nerves,	such	as	vagal	nerve	stimulation	for	epilepsy	or	hypoglossal	nerve	

stimulation	for	obstructive	sleep	apnea,	to	the	FN.	Furthermore,	we	aim	to	expand	the	

functionality	of	existing	cuff	electrode	approaches	by	taking	advantage	of	the	ability	of	

multichannel	cuff	electrodes	(MCEs)	to	selectively	stimulate	motor	nerve	fascicles	and	

subsequently	result	in	selective	muscle	activation.		
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Here,	we	present	data	demonstrating	the	feasibility	of	a	prototype	device	to	detect	

and	process	human	electromyographic	(EMG)	input	through	a	portable	micro-circuit	

board,	and	deliver	current	to	a	MCE	chronically	implanted	on	a	feline	FN	that	subsequently	

results	in	concentric	hemifacial	contraction	of	discrete	muscles.	This	neuroprosthetic	

strategy	can	be	readily	expanded	to	incorporate	multichannel	EMG	input	and	current	

output	while	maintaining	a	small	footprint,	making	it	conducive	for	hermetic	sealing	and	

eventual	clinical	testing.	

	

Materials	and	Methods	

Initial	proof-of-concept	

	 Transcutaneous	EMG	electrodes	were	placed	on	two	facial	muscles	(frontalis	and	

buccinator)	in	a	human	subject,	and	EMG	output	was	recorded	by	a	custom-programmed	

Tucker-Davis	system,	which	interfaced	with	a	Python	controller	program	to	stimulate	

corresponding	facial	muscle(s)	in	the	implanted	hemiface	of	a	sedated	cat	from	the	chronic	

MCE	experiments.	Ultimately,	EMG	input	was	analyzed	by	a	machine	learning	algorithm	

that	identified	EMG	events	in	real	time,	and	a	microcontroller	system	was	used	to	generate	

graded	current	output	that	was	delivered	to	the	specific	MCE	channel	responsible	for	

activating	a	specific	muscle	in	the	feline	hemiface.	

	

Animals	

All	procedures	were	conducted	in	accordance	with	the	NIH	Animal	Welfare	

Guidelines	and	with	a	protocol	approved	by	the	Institutional	Animal	Care	and	Use	

Committee	at	the	University	of	California	at	Irvine.	One	female	domestic	shorthaired	cats	
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(Felis	catus)	was	obtained	from	a	research	breeding	colony	at	the	University	of	California	at	

Davis.	The	cat	was	recorded	for	seven	months	post-electrode	implantation.		

	

Anesthesia	

A	light	level	of	anesthesia	was	induced	with	an	intramuscular	injection	of	.7	mL	of	

ketamine	(20	mg/kg)	and	.3	mL	of	acepromazine	(1	mg/kg);	with	a	booster	dose	of	.3	mL	of	

ketamine	given	when	necessary	to	maintain	stable	sedation.	

	

MCE	Specifications	

A	custom	8-channel	MCE	(MicroProbes	for	Life	Science,	Gaithersburg,	MD,	USA)	

with	an	inner	diameter	of	1.5	mm	was	used.	The	MCE	contained	two	``rings''	of	electrodes	

with	each	ring	containing	4	individual	100	micrometer	rectangular	(tripolar)	platinum	

contacts	housed	within	a	silicon	enclosure.	Each	electrode	was	positioned	at	0,	90,	180	and	

270	degrees	around	the	ring	(Figure	7.1).	This	configuration	allowed	for	monopolar	

stimulation	of	four	discrete	neural	locations	within	each	ring,	which	ultimately	allowed	for	

eight	individual	contact	points	with	the	nerve.	Field	steering	(i.e.	stimulation	of	2	contacts	

simultaneously)	allowed	for	64	unique	stimulation	permutations.	
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Figure	7.1.	(Left)	8-channel	MCE	with	2	electrode	``rings'',	each	with	4	rectangular	
platinum	electrodes	in	a	silicon	enclosure	90	degrees	apart.	(Right)	Intraoperative	image	of	
implanted	MCE.	
	

Surgical	Implantation	

A	pre-auricular	incision	was	made	under	sterile	conditions	and	dissection	through	

the	parotid	gland	proceeded	until	the	FN	trunk	was	identified	and	skeletonized.	The	MCE	

was	positioned	at	the	main	trunk	of	the	FN,	and	fastened	shut	with	incorporated	nylon	

sutures.	The	positioning	(i.e.,	site	and	angle	of	contact)	was	not	predetermined;	positioning	

of	the	MCE	was	dictated	by	the	gross-surgical	anatomy	and	FN	access.	The	MCEs	wire	

connectors	were	tunneled	and	fastened	to	a	skull-mounted	Omnetics	(Minneapolis,	MN,	

U.S.A.)	connector	that	was	encapsulated	by	a	stainless-steel	cylinder.	Acrylic	sealant	was	

used	at	the	floor	of	the	cylinder	and	the	base	of	the	connector	to	make	sure	the	cylinder	

interior	was	inaccessible	from	exposed	tissue	junctions.	The	muscle	and	skin	layers	were	

sutured	and	a	screw-on	cap	was	placed	over	the	stainless-steel	cylinder.	

	

Stimulus	Generation	
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Two	different	set-ups	were	used	to	generate	biphasic	electrical	pulses	(82	µs	

duration/phase).		

In	the	first	set-up	(TDTCS),	electrical	pulses	were	generated	by	a	custom	optically	isolated	

16-channel	current	sources	controlled	by	16-bit	digital-to-analog	converters	(TDT	RX8).	

Each	channel	had	a	maximum	output	of	1	mA	and	four	different	current	intensity	were	

tested:	~	1,	~	0.56	and	~	0.36	mA.	In	order	to	better	investigate	EMG	responses,	in	this	

phase	of	our	study	we	presented	only	a	single	biphasic	pulse	rather	than	train	of	pulses.	

This	allowed	us	to	have	artifact-free	EMG,	as	the	stimulus	artifact	was	confined	to	the	first	1	

ms	of	data.			

	

	

Figure	7.2.	The	developed	EMG-driven	nerve	stimulation	prototype.	A	custom	daughter	
board	was	developed	to	interface	with	the	commercially	available	Adafruit	Feather	32u4	
microcontroller.	
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Figure	7.3.	Detailed	schematic	of	the	EMG-driven	biphasic	current	stimulator.	Input	EMG	
data	are	processed	and	translated	to	output-current	stimulus	amplitude	which	ultimately	
activated	feline	facial	muscles.	
	

In	the	second	set-up	(Portable	Platform),	a	miniaturized	EMG-driven	current	source	

was	developed	(Figures	7.2-7.3).	This	platform	includes	an	EMG	pre-amplifier,	analog	

EMG	signal	conditioning,	an	8-bits	microcontroller,	buffer	electronic	circuitry,	current	

source,	and	digital	switches	to	generate	a	biphasic	current	stimulus	and	with	an	onboard	

Li-ion	battery	for	power	management.	The	platform	is	capable	of	mapping	EMG	data	to	

biphasic	electrical	current	pulses	in	response	to	detection	of	EMG	activity.	Raw	EMG	

activity	from	volitional	human	muscle	activity	was	detected	and	recorded	by	three	surface	
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skin	electrodes	(one	active	and	one	reference	electrode	were	used	for	recording	the	signal	

and	the	third	was	used	as	a	ground	electrode),	and	enhanced	by	an	EMG	preamplifier	

(INA333).	The	EMG	activity	was	low-pass	filtered	to	eliminate	DC	voltage	(cut-off	

frequency	=	1	Hz)	and	was	connected	to	the	10-bit	Analog-to-Digital	converter	of	the	

ATmega32U4	microcontroller.	The	microcontroller	was	programmed	to	read	and	process	

EMG	input	data	every	16	µs	and	to	control	the	current	source	and	the	frequency	of	the	

digitally	controlled	switch	arrays	(ADG611).	The	platform,	therefore,	becomes	a	closed	

loop	EMG	feedback	controller	which	is	capable	of	delivering	biphasic	current	pulses	when	

EMG	activity	surpasses	a	certain	threshold.	For	this	study,	the	maximum	current	level	up	to	

~	1.33	mA	was	utilized.	Circuit	power	consumption	including	the	microcontroller	at	full	

operation	under	EMG	activity	was	measured	to	be	330	mW.	For	the	purpose	of	this	study,	

which	was	to	compare	EMG	recorded	between	the	developed	Portable	Platform	and	TDTCS,	

we	limited	the	stimulation	to	a	single	biphasic	pulse,	even	though	the	platform	has	the	

flexibility	to	generate	a	train	of	pulses	to	any	rate,	the	only	limitation	being	the	ADC	

frequency	conversion.	

	

Electromyography	(EMG)	

Following	biphasic	current	delivery	to	a	MCE	channel,	EMG	activity	from	concentric	

muscle	contraction	in	the	feline	hemiface	was	detected	and	recorded	using	TDT	hardware	

with	clinical	sub-dermal	electrodes.	Four	active	electrodes	were	used	to	record	from	four	

different	facial	muscles:	levator,	orbicularis	oris,	orbicularis	oculi	and	nasalis.	The	reference	

and	the	ground	were	placed	in	the	lateral/long	triceps	head	on	the	front	limb	of	the	cat.	The	

sampling	frequency	was	24,414	Hz.	The	TDTCS	set-up	included	a	high-pass	digital	filter	
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with	a	cut-off	frequency	at	10	Hz,	while	the	prototype	set-up	included	a	high-pass	digital	

filter	with	a	cut-off	frequency	at	1	Hz.	The	signal	was	down-sampled	in	real-time	to	3,052	

Hz	and	then	band-pass	filtered	offline	using	a	4th	order,	band-pass	Butterworth	filter	(100-

1500	Hz).		

	

Results	

Initial	proof-of-concept	

Stimulation	of	specific	facial	muscles	was	achieved	with	our	prototype	closed	loop	

system	that	allowed	for	detection	of	EMG	input	from	human	facial	muscles	and	current	

delivery	to	the	MCE	channel	responsible	for	activating	the	corresponding	muscle	in	the	

feline	(Figure	7.4).	We	then	developed	a	portable	electrical	stimulation	system	which	

times	stimulation	corresponding	to	EMG	activity	movements	defined	by	a	threshold.	The	

closed	loop	algorithm	was	implemented	inside	the	microcontroller	(Figure	7.5).		

	
Figure	7.4.	Raw	EMG	waveforms	from	two	facial	muscles	(Buccinator	and	Frontalis)	
recorded	from	a	human	subject.	These	waveforms	were	used	as	input	in	the	closed	loop	
system.	Each	time	the	EMG	input	overshot	a	pre-defined	500	µV	threshold,	graded	current	
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(.5	mA	in	this	case)	output	was	sent	to	the	MCE	channel	responsible	for	activating	the	
identical	muscle	in	the	feline	face.	
	

	
Figure	7.5.	A	block	diagram	of	the	closed	loop	EMG	electrical	stimulation.	The	
microcontroller	reads	the	EMG	activity	after	initial	stage	of	signal	conditioning	while	
controlling	the	time	delivery	of	the	biphasic	pulses	to	the	electrodes.	Signal	acquisition	of	
the	EMG	envelop	and	current	pulses	were	also	performed	by	the	microcontroller.		
	

TDTCS	set-up	

Figure	7.6	shows	the	results	when	using	the	TDTCS	set-up	and	stimulating	facial	muscles	

through	channel	1	of	the	MCE.	The	first	1	ms	of	the	waveform	represents	stimulus	artifact	

elicited	by	the	biphasic	electrical	pulse.	Levator	and	nasalis	were	activated	when	applying	a	

current	of	1	mA	and	resulting	EMG	activity	was	observed	at	around	5	ms	following	

stimulus	onset.	Conversely,	no	EMG	was	detected	from	oris	and	oculi.	As	the	intensity	of	the	

current	was	decreased	down	to	0.56	mA,	excellent	muscle	selectivity	was	achieved.	At	this	

current	level,	EMG	activity	from	only	the	Levator	muscle	was	recorded,	while	the	other	

three	muscles	remained	``silent''.	The	current	intensity	of	0.3	mA	was	not	sufficient	to	

stimulate	any	of	the	four	muscles	and	only	stimulus	artifact	was	recorded.		
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Figure	7.6.	EMG	recorded	simultaneously	from	four	muscles:	levator,	oris,	oculi	and	nasalis.	
Channel	1	of	the	MCE	was	used	to	deliver	current.	Each	raw	signal	represents	a	different	
level	of	current	presented.	The	best	selectivity	was	achieved	with	0.56	mA,	where	only	
levator	was	activated.	
	

Prototype	set-up	vs	TDTCS	set-up		

Figure	7.7	shows	the	EMG	responses	recorded	from	a	representative	muscle	(nasalis)	

elicited	by	current	delivered	by	the	TDTCS	set-up	(panel	A)	and	the	developed	prototype	

(panel	B).	The	waveform	generated	from	the	prototype	demonstrates	good	agreement	with	

the	waveform	triggered	by	the	TDTCS	set-up,	in	terms	of	both	the	strength	of	the	response	

(similar	amplitude	values)	and	the	latency	(~	5	ms)	of	the	most	prominent	positive	peak	

post	stimulus	onset.				



114	
	

	

Figure	7.7.	EMG	responses	recorded	from	nasalis	elicited	by	the	TDTCS	set-up	(panel	A)	
and	by	the	developed	prototype	(panel	B).	The	two	responses	are	comparable	(Panel	C)	
both	in	terms	of	signal	strength	(similar	amplitude)	and	latency	(~	5	ms).	
	

Discussion		

We	demonstrated	a	novel	application	of	a	neuroprosthetic	device	to	provide	a	

closed	loop	facial	reanimation	system	with	direct	translational	implications	for	FP.	One	cat	

was	implanted	with	MCE	electrodes	and	was	tested	with	the	TDTCS	set-up	every	two	weeks	

starting	from	one-month	post	implantation	up	to	six	months.	After	six	months,	EMG	was	

recorded	every	month	and	the	data	presented	in	this	paper	refer	to	recording	obtained	

seven	months	post-implantation	from	channel	1.	Following	7	months	of	chronic	MCE	

implantation,	the	MCE	remained	functional,	and	able	to	activate	discrete	facial	muscles	in	a	
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feline	hemiface.	This	study	elucidated	stimulation	parameters	required	to	trigger	muscle	

activation,	and	the	data	suggest	that	MCEs	have	the	ability	to	selectively	stimulate	

individual	muscles,	as	long	as	the	current	level	does	not	saturate	the	nerve	and	depolarize	

all	neural	fibers.	This	is	due	to	the	fact	that	delivering	suprathreshold	levels	of	current	to	a	

motor	nerve	can	saturate	the	fascicular	selectivity	and	generate	global	depolarization	of	all	

motor	nerve	fibers.	In	this	study,	we	observed	that	a	current	intensity	of	~0.56	mA	would	

be	ideal	to	activate	the	levator,	while	keeping	the	other	three	muscles	we	recorded	from	

"silent".	As	we	increased	the	current	level	up	to	~1	mA,	this	selectivity	is	partially	lost	and	

EMG	from	the	nasalis	is	also	detected.	The	activation	of	two	muscles	at	1	mA	is	likely	due	to	

the	spread	of	excitation	elicited	by	the	increase	in	current	being	delivered.		

Coupling	the	implanted	MCE	to	the	prototype	device,	which	utilized	volitional	EMG	

input	to	deliver	graded	biphasic	current	pulses	to	specific	MCE	channels,	demonstrated	a	

successful	feasibility	study	that	is	the	first	step	towards	developing	an	implantable	clinical	

device.	We	purposely	used	a	suprathreshold	level	of	current	comparable	to	the	one	tested	

with	the	TDTCS	set-up	that	would	allow	us	to	elicit	muscle	response.	Both	amplitude	and	

latency	of	the	most	prominent	positive	peak	recorded	post-stimulus	onset	were	

comparable	with	the	one	generated	using	the	TDTCS	set-up.		

Ultimately,	the	expansion	of	the	developed	prototype	technology	to	incorporate	

multichannel	input	and	output	functionality	would	allow	for	the	detection	of	EMG	activity	

from	multiple	facial	muscles	of	a	normal	hemiface,	which	would	then	drive	current	delivery	

to	the	appropriate	channels	of	the	implanted	MCE	that	would	subsequently	activate	the	

same	muscles	on	the	contralateral	paralyzed	hemiface.	The	ability	for	this	system	to	

function	requires	the	presence	of	neural	fibers,	which	have	the	potential	to	regenerate	
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following	injury,	but	may	be	too	weak	to	result	in	concentric	muscle	contraction	due	to	

insufficient	endogenous	acetylcholine	release	at	the	neuromuscular	junction	(NMJ)	[337,	

338].	In	this	case,	the	application	of	exogenous	electrical	current	could	potentially	amplify	

endogenous	signals	and	provide	tone	to	the	paralyzed	hemiface,	as	well	as	selectively	

stimulate	individual	facial	muscles	to	provide	volitional,	graded,	and	instantaneous	

bilateral	facial	movement.	Furthermore,	exogenous	electrical	stimulation	has	been	

demonstrated	to	facilitate	endogenous	peripheral	nerve	regeneration	and	upregulate	NMJ	

formation,	which	can	assist	with	FP	recovery	and	strengthen	endogenous	facial	function	

[339-341].	

For	the	purpose	of	this	study,	we	limited	the	current	level	of	the	pulses	to	1.33	mA.	

However,	the	developed	prototype	has	been	designed	to	be	able	to	generate	a	wide	range	

of	current	levels,	that	are	regulated	by	an	8-bit	digital	potentiometer.	The	ultimate	goal	of	

the	prototype	will	be	to	generate	graded	levels	of	current	in	accordance	with	the	amplitude	

of	the	EMG.	This	would	ideally	allow	FP	patients	to	have	different	levels	of	activation	of	the	

paralyzed	facial	muscle,	thus	allowing	them	to	mimic	the	strength	of	the	healthy	facial	

muscle	being	used	to	drive	the	current	source.		

Neuroprosthetic	technologies	have	been	readily	used	in	a	variety	of	clinical	settings	with	

great	success.	Cuff	electrodes,	specifically,	have	been	successfully	employed	to	treat	

obstructive	sleep	apnea	(hypoglossal	nerve	stimulation),	epilepsy	and	heart	failure	(vagus	

nerve	stimulation),	and	are	even	being	tested	in	the	neuromuscular	system	of	the	

extremities	to	treat	paralysis	[325,	342,	343].	We	hope	to	encourage	further	investigation	

into	the	utilization	of	closed	loop	implantable	devices	that	can	selectively	depolarize	

discrete	neural	fascicles,	and	subsequently	activate	individual	muscles.	Possible	inputs	
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could	vary	from	EMG	(as	in	the	present	study),	to	electroencephalogram	data,	which	can	

then	be	used	to	drive	a	variety	of	current	output	parameters,	with	wide	ranging	

opportunities	for	clinical	translatability.			

The	ultimate	goal	of	this	work	is	to	establish	a	novel	approach	to	rehabilitation	of	

permanent	FP	and	circumvent	the	shortcomings	of	current	surgical	interventions.	

Ultimately,	EMG	inputs	will	be	analyzed	by	a	machine	learning	algorithm	that	will	identify	

EMG	events	in	real	time,	and	a	microcontroller	system	will	generate	graded	current	output	

that	will	be	delivered	to	the	specific	MCE	channel	responsible	for	activating	a	specific	

muscle	in	the	contralateral	hemiface.	The	next	steps	include	miniaturization	of	this	

technology	into	a	hermetically	sealed	implantable	device	and	clinical	testing.	Although	we	

have	been	able	to	selectively	activate	feline	facial	muscles	by	sending	current	to	different	

channels	of	an	implanted	MCE,	the	ability	to	selectively	stimulate	human	FN	and	

subsequently	activate	specific	human	facial	muscles	has	not	been	demonstrated.	In	order	to	

progress	the	MCE	and	closed	loop	technologies	towards	the	clinical	setting,	we	aimed	to	

mimic	localized	current	delivery	from	an	MCE	in	human	FN	using	a	bipolar	stimulator	

probe	to	determine	if	selective	and	isolated	contraction	of	human	facial	muscles	can	be	

achieved.	This	would	help	lay	the	groundwork	for	the	translation	of	MCEs	to	FP	patients,	

and	will	be	discussed	in	further	detail	in	the	following	chapter.	
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CHAPTER	8	

FN	Selectivity	in	Humans	

In	prior	chapters,	we	presented	data	from	animal	studies	investigating	the	ability	of	

neuroprosthetic	devices	to	selectively	activate	specific	facial	muscles	by	stimulating	

discrete	fascicles	within	the	FN.	The	preclinical	results	have	demonstrated	that	selective	

facial	animation	can	be	best	achieved	via	MCE	implantation,	and	to	prepare	for	eventual	

translation	to	humans,	the	degree	of	FN	selectivity	in	humans	must	be	well	understood.	It	

has	been	demonstrated	that	significant	crossover	of	fibers	between	fascicles	of	the	FN	

occurs,	and	that	fasicular	repair	of	FN	injuries	does	no	better	than	epineural	repair	of	the	

main	trunk	[344].	To	this	end,	the	somatotopicity	of	stimulation	of	specific	regions	of	the	

main	FN	trunk	remains	poorly	elucidated,	and	thus	important	to	investigate	in	light	of	our	

ultimate	objective	of	selectively	stimulating	the	FN.		

To	date,	the	ability	of	the	FN	to	be	selectively	stimulated	intraoperatively	has	not	

been	investigated.	As	such,	we	enrolled	10	parotidectomy	patients	preoperatively	in	order	

to	investigate	the	ability	of	the	FN	to	be	selectively	stimulated.	The	purpose	of	the	study	

was	to	mimic	MCE	stimulation	by	using	a	commercially	available	Prass	bipolar	probe	to	

determine	if	restricted	and	localized	stimulation	of	the	facial	nerve	trunk	elicits	selective	

and	isolated	contraction	of	facial	muscles.	We	hypothesized	that	stimulating	different	parts	

of	the	FN	trunk	and	different	FN	branches	will	result	in	differences	in	the	levels	of	facial	

muscle	activation	(based	on	maximal	EMG	voltage	response).	

	

Materials	and	Methods	
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Following	IRB	approval,	10	parotidectomy	patients	were	consented	and	EMG	

needles	were	placed	into	4	muscles	–	frontalis,	orbicularis	oculi,	orbicularis	oris,	and	

mentalis.	The	FN	was	exposed	intraoperatively	as	part	of	the	partotidectomy.	A	Prass	

(Medtronic,	Inc.,	Minneapolis,	Minn)	bipolar	probe	(product	number:	8225451)	with	a	.5	

mm	anode-cathode	distance	was	used	to	stimulate	at	the	lowest	possible	current	level	the	

main	FN	trunk	and	the	superior	&	inferior	divisions.	The	trunk	and	each	division	were	

stimulated	at	three	distinct	locations:	the	superior,	lateral,	and	inferior	aspect	of	the	visible	

portion	of	the	nerve.	EMG	voltage	output	was	recorded	and	analyzed	for	differences	in	

muscle	activation	based	on	stimulation	location.	EMG	voltage	outputs	were	directly	

recorded	from	a	nerve	integrity	monitoring	system	(NIM	Response	3.0,	Medtronic	Inc.,	

Minneapolis,	MN,	USA).	

	

Results	

Clinical	experiments	

Representative	data	from	10	patients	has	demonstrated	that	human	FN	can	be	

selectively	stimulated	and	subsequently	activate	individual	facial	muscles	[Table	8.1].	

Furthermore,	bipolar	stimulation	resulted	in	improved	selectivity	of	muscle	activation	as	

opposed	to	monopolar	stimulation	of	identical	locations	of	the	main	FN	trunk	and	branches	

(Figures	8.1-8.3).	Lastly,	stimulation	of	the	upper	and	lower	FN	trunks	resulted	in	

selective	activation	of	upper	and	lower	facial	muscles,	respectively	(Figure	8.4).		
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Table	8.1.	Averaged	maximal	EMG	voltage	outputs	from	four	human	facial	muscles	following	monopolar	
or	bipolar	stimulation	of	the	main	FN	trunk	or	the	superior/inferior	branches.		

Stimulation	Type	 Location	
Maximal	EMG	Output	(µV)	

Frontalis	 Oculi	 Oris	 Mentalis	

Monopolar	

Superior	 26.6	 78.9	 88.3	 705.7	

Lateral	 61.5	 62.1	 141.6	 218.3	

Inferior	 25.0	 9.6	 82.1	 608.4	

Bipolar	

Superior	 93.9	 143.7	 37.9	 30.2	

Lateral	 205.8	 416.3	 115.0	 110.7	

Inferior	 34.3	 40.2	 37.8	 581.7	

Bipolar	

Superior	Upper	Trunk	 95.0	 129.3	 33.7	 23.7	

Lateral	Upper	Trunk	 82.1	 393.6	 55.8	 29.8	

Lateral	Lower	Trunk	 3.7	 8.2	 34.2	 1068.0	
	

	
Figure	 8.1.	 Averaged	 EMG	 voltage	 response	 series	 from	 a	 single	 patient	 following	
monopolar	stimulation	(.3	mA)	of	the	superior	main	trunk	resulted	in	robust	activation	of	all	
4	 facial	 muscles,	 while	 monopolar	 stimulation	 of	 the	 lateral	 and	 inferior	 main	 trunk	
primarily	activated	orbicularis	oris.	Averaged	EMG	voltage	response	series	following	bipolar	
stimulation	(.3	mA)	of	the	superior	main	trunk	resulted	in	robust	activation	of	frontalis,	while	
lateral	trunk	stimulation	activates	orbicularis	oris	(p<.01).	
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Figure	8.2.	Monopolar	stimulation	of	the	main	FN	trunk	lead	to	similar	activation	patterns	
in	the	four	monitored	facial	muscles.	Mentalis	was	preferentially	activated	across	all	
stimulation	locations.		
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Figure	8.3.	Bipolar	stimulation	of	the	main	FN	trunk	lead	to	different	activation	patterns	in	
the	four	monitored	facial	muscles.	Orbicularis	oculi	was	preferentially	activated	following	
stimulation	of	the	lateral	FN	trunk,	while	mentalis	was	preferentially	activated	following	
stimulation	of	the	inferior	FN	trunk.		
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Figure	8.4.	Bipolar	stimulation	of	the	upper	and	lower	FN	branches	leads	to	different	
activation	patterns	in	the	four	monitored	facial	muscles.	Orbicularis	oculi	was	preferentially	
activated	following	stimulation	of	the	lateral	upper	FN	trunk,	while	mentalis	was	
preferentially	activated	following	stimulation	of	the	lateral	lower	FN	trunk.		
	
Discussion	

This	data	demonstrates	that	restricted	bipolar	stimulation	of	discrete	FN	locations	

results	in	selective	activation	of	facial	muscles,	as	opposed	to	monopolar	stimulation	at	the	

same	locations.	Furthermore,	bipolar	stimulation	of	upper	and	lower	FN	branches	resulted	

in	activation	of	“upper”	and	“lower”	facial	muscles,	respectively.	This	suggests	that	either	a	

MCE	can	be	implanted	at	the	level	of	the	main	FN	trunk	to	selectively	activate	facial	

muscles	similar	to	the	chronic	MCE	experiments	conducted	in	Chapter	6,	or	MCEs	can	be	

implanted	on	both	the	upper	and	lower	FN	branches	to	activate	either	upper	(e.g.,	frontalis,	

orbicularis	oculi)	or	lower	(e.g.,	orbicularis	oris,	mentalis)	facial	muscles.		
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Ultimately,	the	translation	of	MCE	bioelectric	interventions	to	humans	required	

establishing	the	ability	of	direct	FN	stimulation	in	activating	specific	facial	muscles.	To	this	

end,	data	from	our	clinical	investigations	suggests	that	the	somatotopicity	of	stimulation	of	

specific	regions	of	the	main	FN	trunk	may	result	in	similar	selectivity	to	what	we	observed	

in	the	chronic	MCE	experiments	in	the	feline	model.	Although	acute	studies	employing	

MCEs	in	human	FN	are	required	to	validate	their	efficacy,	this	preliminary	data	establishes	

the	ability	of	discrete	electrical	stimulation	of	human	FN	to	result	in	selective	muscle	

activation.	

	

	 	



125	
	

SUMMARY	AND	CONCLUSIONS	

The	end	goal	of	our	work	is	to	allow	for	restoration	of	volitional	and	spontaneous	

(emotional)	function	of	a	paralyzed	face	with	a	single,	technically-simple,	surgery	with	a	

single	surgical	(post-auricular)	site	using	clinically-proven	strategies	and	technology.	The	

prior	chapters	have	demonstrated	the	efficacy	of	applying	neuroprosthetic	technologies	for	

facial	animation	[64,	114,	115].	By	selectively	activating	the	frontalis,	orbicularis	oculi	and	

oris,	and	depressor	anguli	oris	muscles	in	humans,	among	others,	therapeutic	goals	for	FP	

could	be	accomplished	in	a	single,	outpatient	surgery	without	any	facial	incisions.	These	

goals	include:	(1)	providing	a	baseline	level	of	stimulation	to	provide	tone	and	bulk	to	the	

muscles	and	facial	symmetry	at	rest,	(2)	regular	and	timed	stimulation	of	the	orbicularis	

oculi	to	routinely	blink	and	protect	the	cornea,	and	(3)	detection	of	muscle	contraction	on	

the	contralateral	(normal)	side	and	consequent,	simultaneous,	and	effort-matched	

stimulation	of	the	same	muscles	on	the	paralyzed	side.	

Prior	to	commercialization	and	marketing	of	this	facial	reanimation	technology,	

safety	and	efficacy	trials	in	human	patients	are	required.	An	investigational	device	

exemption	(IDE)	for	an	early	feasibility	study	would	be	required	to	conduct	a	first	in	

human	study	from	the	FDA	and	IRB	approval	would	need	to	be	obtained	for	(1)	acute	

testing	of	the	MCE	in	human	subjects	followed	by	(2)	chronic	MCE	implantation	in	a	subset	

of	patients	with	House-Brackman	grade	4-5	injuries	who	would	otherwise	have	no	options	

for	facial	reanimation.	Preliminary	testing	of	the	closed	loop	system	utilizing	

transcutaneous	EMG	sticker	electrodes	would	allow	for	signal	detection	from	the	patients’	

normal	facial	muscles	and	subsequent	activation	of	the	paralyzed	facial	muscles	through	a	

controller.		
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Ultimately,	the	application	of	MCE	technology	to	selectively	stimulate	motor	nerve	

fibers/fascicles	has	widespread	clinical	applications	to	any	peripheral	or	cranial	motor	

nerve.	Aside	from	FP,	paralysis	or	paresis	of	motor	nerves,	both	cranial	and	peripheral,	is	a	

debilitating	and	widespread	problem	that	results	from	complete	or	partial	injury	at	the	

level	of	the	nerve.	Each	year	in	the	U.S.,	nearly	5.4	million	people,	or	1.7%	of	the	population	

acquire	a	new	motor	nerve	deficit	[332].	Bioelectronic	approaches	are	readily	available	to	

restore	function	in	numerous	clinical	pathologies,	however,	the	application	of	

neuroprosthetic	devices	to	restore	function	or	augment	endogenous	recovery	has	only	

recently	grained	traction	as	a	therapeutic	option	in	motor	nerve	dysfunction	[13,	16-19].	

The	technology	we	will	develop	can	readily	be	applied	to	any	motor	nerve,	and	we	can	

therefore	target	a	much	broader	patient	population	than	FP	patients	alone.	
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