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Chapter1

Introduction



The larynx is located in the upperrespiratory tract at the junction between the

airway andthe digestive tract. It serves to protect the airway from aspiration, to

maintain optimal airway during respiration, and its vocal folds generate the vocal

sound.

The intrinsic muscles ofthe larynx involved in these mechanismsare all

innervated bythe recurrent laryngeal nerve (RLN), with the exception of the

cricothyroid muscles which are innervated by the superior laryngeal nerve. Paralysis

of the RLN can lead to impairmentofall three laryngeal functions due to the resultant

immobility of the hemilarynx concerned. In unilateral paralysis phonatory problems

predominate and can be accompanied by aspiration, especially in vagal nervepalsy.

The airway usually remains sufficient. In bilateral RLN paralysis the airway is usually

severely compromised, whereas phonation is usually less impaired. Swallowing

problemsare not obligatory but often occur.

Treatment, especially of bilateral RLN paralysis, has proved difficult as

improvement or recovery of one function could only be obtained at the cost of the

other functions. The treatment options other than permanent tracheotomy, usually

comprised an anatomical widening ofthe airway, in bilateral RLN paralysis, at the

cost of voice quality and increased risk of aspiration.

Physiological recovery of laryngeal functions by restoration of coordinated

laryngeal mobility still presents a problem. Laryngeal reinnervation and laryngeal

pacing are both methods which seek to bring about laryngeal mobility. Laryngeal

pacing is associated with subsequent problems of implantation of electrodes and

power source. Furthermore,thereis still little data available on long-term nerve or

muscle stimulation. This thesis will focus on laryngeal reinnervation as the method of

choiceto restore laryngeal function.

In order to understand the problems involved in restoring laryngeal mobility,

the anatomy ofthe larynx and the RLNisfirst described. The physiological

functioning of the larynx is summarized. Relevant to surgical reinnervation, the

process of nerve damage, degeneration and regenerationis outlined.

Laryngeal reinnervation has been attempted in the past both in animal

experimentsandin the treatmentof patients. Inconsistent and insufficient recovery of

laryngeal function is generally reported.

With the recent performance of a human laryngeal transplantation by Strome,

Cleveland, Ohio, USA (Birchall 1998) this subject has gained renewedinterest. In

laryngeal transplantation, laryngeal reinnervation should form anessential aspect,

together with adequate revascularization and immunosuppression,as restoration of

laryngeal function depends on appropriate reinnervation. During the transplantation

performed by Stromereinnervation was attempted by reanastomosis of both superior

laryngeal nerves and one RLN,the other RLN could notbe identified. Although

sensory reinnervaton may be established no adequate laryngeal motory restoration can

be expected using these anastomoses. The procedure wassolely performedto attain

voice. Furthermore, the procedure was not performed in a cancer patient, but

following crush injury to the larynx, thus avoiding the imminent problem of

immunosuppression in cancer patients.

FUNCTIONAL ANATOMY OF THE LARYNX
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Figure 1.1 The upper respiratory and digestive tract

The upperrespiratory tract consists of a number of connecting cavities, the

nose, nasopharynx,oral cavity-oropharynx, hypopharynx,larynx and trachea (Figure

1.1). The larynx at the upperend of the trachea (Figure 1.2), consists of the annular

cricoid cartilage, the thyroid cartilage and the paired arytenoidcartilages.
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Figure 1.2 Laryngealframework, A, anierior view; B, lateral view
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Figure 1.3 Laryngealframework, A, posterior view; B, sagittal view
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The thyroid can move with respectto the cricoid cartilage in two ways - bysliding

forward, and by tilting forward and down. The arytenoid cartilages are seated on the

upper rear edge ofthe cricoid cartilage (Figure 1.3) where they can be rotated

(i) aroundtheir vertical axis, (ii) be moved toward or away from one another by

sliding over the cricoid cartilage and(iii) be tilted forward aroundtheir horizontal

axis.

The vocal folds are located between the anterior inner side of the thyroid

cartilage, and the vocal processes of the arytenoids, and consist of folds of

membranoustissue enclosing ligaments and muscles. The space between them is

called the glottis (Figure 1.4). The ventricular folds are located just above the level of

the glottis. The cranial part ofthe larynxis the epiglottis. The entrance ofthe larynx is

lined by the aryepiglottic folds on either side which connect the epiglottis to the

posterior part of the arytenoids. (Figure 1.4, Figure 1.5)

Anterior    
 

Ventricular fold

Glottis

Vocal fold

Aryepiglottic
fold

Arytenoid Esophagus entrance
Posterior

Figure 1.4 Cranial view afvocalfolds



   

   

 

Aryepiglottic fold

Piriformis sinus

ligament

Figure 1.5 Sagittal view ofthe larynx with intact mucosa

Intrinsic laryngeal muscles

All the intrinsic muscles are paired except for the interarytenoid muscle. The

posterior cricoarytenoid muscle (Figure 1.6) is the only true abductor ofthe vocal

folds. It arises from the back of the cricoid lamina, from whichthe fibers are directed

upward andlaterally to be inserted onto the back of the muscular process of the

ipsilateral arytenoid. The upperfibers are almost horizontal, the middle fibers are

oblique and the lowerfibers are vertical. Contraction of the horizontal fibers moves

the muscular processes towards each other, thereby rotating each arytenoid aboutits

ownaxis with resulting separation of the vocal process and the openingoftheglottis.

Thevertical component draws the arytenoids downward on the sloping shoulder of

the cricoid laminain a lateral gliding motion, causing separation of the arytenoid

withoutrotation. The oblique muscle fibers serve to stabilize the arytenoid during

action of the other muscular components. Contraction of the muscular components

occurs simultaneously, the lateral gliding displacement constitutes the greater portion

of the total arytenoid movement during abduction.

      

 

y Oblique
arytenoid

Posterior cricoarytenoid
muscle

Interarytenoid muscles

Figure 1.6 Jntrinsic laryngeal muscles

The lateral cricoarytenoid muscle (Figure 1.6) arises from the upper border

of the lateral part of the arch of the cricoid cartilage and is inserted into the anterior

surface of the muscular process ofthe arytenoid cartilage. Contraction of the muscle

draws the muscular process forward, causing approximation ofthe vocal processes by

rotating the arytenoids medially.

The thyroarytenoid muscle (Figure 1.6) arises from theinside of the anterior

angle made by the thyroid alae, and from the cricothyroid ligament belowthis. It

forms a broad thin muscle situated lateral to the vocal ligaments and conuselasticus.

The fibers pass backwardlaterally and superiorly to be inserted into the anterolateral

surface of the arytenoid cartilage. The medial part of the muscleis thicker and forms a

distinct bundle called the vocalis muscle. The fibers of the vocalis muscle are inserted

into the vocal process of the arytenoid cartilage. Contraction of the thyroarytenoid

muscle shortens and thickensthe vocal folds.

The interarytenoid muscle (Figure 1.6) has two components:the paired pars

obliqua and the single pars transversa, arising from the posterior surface and lateral

border of one arytenoid cartilage and inserting into the correspondingparts of the



contralateral arytenoid. Contraction drawsthe arytenoid cartilages up the sloping

shoulders of the cricoid lamina, thereby approximating the arytenoid cartilages

without rotation, in a so-called medial compression movement, closing the posterior

glottic chink when the vocal folds are in an adducted position.

The cricothyroid muscle (Figure 1.7) arises from theanterior andlateral part

of the cricoid arch, from whichit fans out in a posterior direction, gaining attachment

to the inferior cornua and lower border ofthe thyroid cartilage. There are two

components (Fink 1975, Vilkman et al, 1987) the rectus and oblique bellies. The

rectus rotates the thyroid cartilage about the horizontal axis, formed by the

cricothyroid joints, thus approximating the cricoid arch andthe thyroid. The oblique

componentcauses anterior displacementofthe thyroid relative to the cricoid, by

ventrodorsalsliding of the cricoid relative to the thyroid. Contraction ofthe two

bellies occurs simultaneously, increasing the distance between the vocal processes and

the thyroid cartilage, thus lengthening and increasing the tension of the vocalfolds.

As a result the vocal processesare rotated inward thus also adducting the vocal folds

(Amold 1961, Negus 1947).
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Figure 1.7 The cricothyroid muscle

In respiratory distress conditions, contraction of the cricothyroid muscle occurs

together with contraction of the posterior cricoarytenoid muscle. By lengthening the

abductedvocal folds, the glottic space, the airway is enlarged (Suzukict al. 1970,

Horiuchi et al. 1978). In this condition the cricothyroid muscles have a subsidiary

respiratory function.The intrinsic muscles interact in a coordinated fashion to abduct

the vocal folds during inspiration and adduct them during swallowing, coughing and
phonation. The collective force ofcontraction of the different musclesacts as a vector

at a point in time, and determines the effective movement ofthe vocal fold. The only

true abductoris the posterior cricoarytenoid muscle. All the other intrinsic muscles are

adductors. The assumption that the activity of these muscle groupsalternate to open

and close the glottis is an oversimplificationof the actual events. This assumption,

however, serves as a useful modelfor attempting laryngeal function restoration.

Extrinsic laryngeal muscles

The extrinsic musclesofthe larynx are constituted by the so-called strap

muscles: the sternohyoid, thyrohyoid, sternothyroid and omohyoid muscles (Figure

1.8). The main function of these muscles is to adjust the position ofthe larynx in the

neck as is most obvious, for example, whenthe larynx is elevated at the beginning of

the pharyngeal phase of swallowing. These muscles, however, also have an accessory
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Figure 1.8 Extrinsic laryngeal muscles



respiratory function andare therefore also activated during respiratory distress. Their

collective activity in this respect is most effective in non-calcified larynges, the

cartilage having some degreeofflexibility. This “pseudoactivity”of the vocal folds,

should be distinguished from the true adductor and abductoractivity of the larynx.

INNERVATION OF THE LARYNGEAL MUSCLES

The intrinsic laryngeal muscles with the exceptionofthe cricothyroid muscle

are all innervated by the RLN.The cricothyroid muscle is innervated by the external

branchofthe superior laryngeal nerve (SLN). The RLN and SLN are both branches of

the vagus nerve, branchingoff along its descending cervical path. Before branching

off, the RLN fibers form a separate bundle on the medial side, enclosed byajoint

epineurium.

The left RLN (Figure 1.9) passes caudalto the aortic arch to then ascend along

the oesophago-tracheal groove. The right RLN loops around the right subclavian

artery to pass cranially along the esophageal grooveto the larynx. The length of the

      
Vagus nerve

Internal
Superior branch
laryngeal
nerve External

Right recurrent >
laryngeal nerve {

H< Left recurrent
j laryngeal nerve

Figure 1.9 Course ofthe recurrent and superior laryngeal nerves
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left RLN in the human exceeds the right RLN by about 10cm.

In the ascendingpart there are multiple sensory fibers branching from the RLN.

Onebranch, usually branching extralaryngeally forms an anastomosis with the SLN,

and is known as the ansa galeni. Its fibers are considered to be purely sensory in nature

(Diamondet al. 1992). Wu and coworkers (1994) have described another

communicating nerve branch in humans with evidence of a motor supply to the

thyroarytenoid (TA) muscle arising from the SLN.

The RLN always proceeds posteromedially to the cricothyroid joint which is an

important landmark forits identification. Intralaryngeally it divides into its motor

branches. The posteromedial bundle runs to the posterior cricorytenoid muscle and the

interarytenoid muscles. The anteromedial bundle (adductor branch) innervates the

remaining intrinsic laryngeal muscles with the exception of the cricothyroid muscle.

The alpha motor fibers reach the motor units from their parent nerve cell bodies in the

nucleus ambiguus in the medulla oblongata. The interarytenoid muscleis the only

muscle that receives bilateral innervation.

As mentionedearlier, the cricothyroid muscleis the only intrinsic laryngeal

muscle whichis not innervated by the RLN.It is innervated by the external branch of

the SLN. The extrinsic laryngeal muscles including the omohyoid muscle are

innervated by the ansa cervicalis branching off from the hypoglossal nerve.

THE INTRANEURAL STRUCTURE AND FUNCTION OF THE RLN

The main trunk of the RLN carries motorfibers to both the intrinsic laryngeal

adductor and abductor muscles and contains 500-1000 myelinated nerve fibers. The

ratio of adductor to abductor fibers is approximately 3:1. Besides efferent axons the

RLN also carries many afferent axons, In the proximal RLN somato-motory fibers

constitute only 30%, whereas just before its entry into the larynx the nerve is mainly

motory, 80% of the fibers being somato-motory. The laryngeal motor nerves vary

widely in diameter but most ofthem are between 6,1m and 101m (Gaceket al. 1976).

Alongits ascending path, the sensory fibers supplying the mucosa ofthe trachea and

subglottic larynx, branching off from the RLN consist of relatively thin fibers. The

RLNalso has a relatively small number (2%) of large afferent axons, probably

originating from the muscle spindles ofthe intrinsic laryngeal muscles (Suzukietal.

1969). Finally, there are also efferent sympathetic and parasympathetic fibers with

vasomotorand secretory functions (Crumley 1989).

11



‘The intraneural structure of the RLN forms no topographical separation of the

abductor and adductor fibers. Sunderland and Swaney (1952)in their serial sections in

humans found a constantly changing pattern with frequent communication between

fascicles. The abductor and adductorfibers intertwine throughout the whole length of

the nerve to only form separate bundles just before the RLN divides into the

respective nerve abductor and adductor nerve branches. The abductor branch contains

motorfibers supplying the PCA muscle. The adductor branch innervates the

thyroarytenoid, vocalis, lateral cricoarytenoid muscles and interarytenoid muscles. The

motor units ofthe adductor muscles are small and have 2-20 muscle fibers per motor

unit and the muscle fibers mainly comprise muscle fibers with fast contraction times,

12-18ms (Hirose et al. 1969). The abductor muscle has much larger motor units with

200-250 muscle fibers per motorunit and has mainly fibers with slower contraction

times, 30-50ms.

NEUROPHYSIOLOGY OF THE LARYNX

Neurophysiology ofairway protective function

During the swallowing act, the larynx is elevated and movedanteriorly beneath

the base of the tongue. Theepiglottis is tilted covering the larynx, the passage of the

bolusis propelled forward bycontraction of the pharyngeal constrictor muscle and the

upper esophagealsphincter opens. Simultaneous sphincteric closure of the upper

airway occursfor protection of the airway.

In healthy subjects, sphinteric closure of the upper airway can be induced by

bilateral SLN stimulation, which results in protective adduction of three musculartiers

within the laryngeal framework. The highest level of closure occursat the

aryepiglottic folds, which contain the superior most division of the thyroarytenoid

muscle, With reflex contraction of thesefibers, the aryepiglottic folds approximate to

cover the superiorinlet of the larynx. Atthis level the anterior gapis filled bythe

epiglottic tubercle and the posterior gapisfilled by the arytenoid cartilages,

completing the first of three sphincteric tiers of protection.

The secondtier of protection occursat the level ofthe ventricular folds.

Laterally, along each fold are fibers of thyroarytenoid muscle that are capable of

approximating the folds.

The third tier of protection occurs at the level of the true vocal folds, which are

shelflike, with slightly upturned free edges. The inferior division ofthe
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thyroarytenoid muscle forms the bulk of each shelf, thus producing the potential for

strong reflex closure. In conjunction with the passive valvular effect caused bythe

upturned edges of the vocal fold margin, the true vocal folds represent the strongest of

the three barriers to aspiration.

Airway protective function of the larynx may be viewed neurophysiologically

by examining the glottic closure reflex. This simple reflex produces protective

laryngeal closure during deglutition. In this regard, electrostimulationofthe internal

branch of the SLN produces a low-threshold evoked action potential in the adductor

branches of the RLN. In humans,the threshold of the adductor reflex measures 0.5V

and has latency of25ms, indicating this to be a polysynaptic brainstem reflex, a view

supported by appropriate calculations of latency measures (Sasakiet al. 1976, Suzuki

et al. 1977). Unlike commonlyused animal models, however, human subjects do not

have a crossed adductorreflex; i.e. stimulation of the SLN only results in ipsilateral

stimulation of adductor muscles and does not produce simultaneous action potentials

in the contralateral adductor musculature.It is possible, therefore, that unilateral SLN

injury in the human mayresult in failure of ipsilateral cord closure, a condition

predisposing to aspiration despite the anatomic integrity of both RLNs.

SLN stimulation results in a variety of excitatory adductor responses but also

exerts an inhibitory effect on the medullary inspiratory neurons. Not only does

laryngeal abductoractivity cease, but phrenic nerve activity is also inhibited, resulting

in various degrees of apnea. Similar mechanisms occur during laryngospasm.

Neurophysiology of respiratory function

In 1949, Negus observed that the glottis opens a fraction of a second beforeair

is drawn in bythe descentof the diaphragm. In 1969, Suzuki and Kirchnerestablished

this activity as a direct effect of the medullary respiratory center, thereby opening the

way to further understanding of laryngeal respiratory function. Having established that

widening ofthe glottis occurs with rhythmic bursts of activity in the RLN, Suzuki and

Kirchner (1969) then demonstrated that like phrenic nerve activity, this rhythmicity is

accentuated by hypercapnia and ventilatory obstruction and depressed by

hyperventilation and resultant hypocapnia.

From a purely structural perspective, because the true vocal folds move

passively to obstruct the ingress ofair to the lungs (Murakumiet al. 1972), active

inspiratory abduction by phasic muscular contraction ofthe posterior cricoarytenoid

muscleis essential to successful ventilation. With electromyographical techniques

Sasaki and coworkers (1973) indeed proved that the phasic inspiratory abduction is



synchronous with inspiration. Furthermore, the degree of abductor activity appears to

varydirectly with ventilatory resistance, disappearing entirely when inspiratory

resistance is absent, only to return whenresistance to ventilation is reestablished.

Because selective deafferentation of the feline vagal nerve abolishes this response,it is

believed that the afferent limb for the reflex modulation ofphasic inspiratory

abduction lies within ihe ascending vagus nerve (Fukudaetal. 1973). Receptors

concerned with this reflex presumably lie within the thorax, althoughtheir exact

nature and location are unknown. Pertinent to respiratory laryngeal function is therole

of the cricothyroid muscle, known to lengthen and increase tension to the vocal folds.

Neurophysiologic investigation demonstrates that this muscle contracts phasically with

inspiration (Suzuki et al. 1970, Mathewet al. 1988). Its role in lengthening the vocal

fold enhances the cross-sectional diameter by increasing its anteroposterior dimension.

Furthermore, contraction of the cricothyroid muscles results in increased tension and

stiffness of the vocal folds. This stiffness prevents passive adduction and decrease of

glottal width induced bythe ingress ofair and the resulting Bernoulli effect.

Therefore, it would appearthat both the posterior cricoarytenoid andthe cricothyroid

muscles are driven by the medullary respiratory center, with the level of their activity

modulated in cupneic breathing by afferent impulses originating in the chest. Posterior

cricoarytenoid contraction increases the horizontal diameter of the glottic aperture,

while its anteroposterior diameter is increased by phasicinspiratory contraction ofthe

cricothyroid muscle. The cricothyroid muscle also exhibits expiratory activity and

appearsto play a majorrole in regulation of expiratory resistance and flow (Horiuchi

et al. 1978). Effective adduction by contraction ofthe cricothyroid muscle only occurs

whenthe posterior cricoarytenoid muscle relaxes, during the expiratory phase when

the vocal folds move passively to the intermediate position (Murakumiet al. 1972).

Neurophysiology of phonation

Voice production is essentially the process of generating vibrating air, which is

perceived as sound. Thevibrating air is generated by the periodic opening and closing

of the glottis by the passage of air between them. The frequency at which the vocal

folds vibrate is the fundamental frequency of the tone produced. The periodic opening

and closing ofthe glottis is regulated by a complex interaction of aerodynamic and

myoelestic forces whichis still not fully understood. But vocal fold vibrationis a

passive phenomenon. The aerodynamic theory of sound production finds support in

the observation that the completely denervated larynx is capable of producing a
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fundamental tone, as is the cadaver larynx, when subglottic pressureis forcefully

increased.

Although sound production itself may be considered a passive function, the

onset, regulation and changes of phonation are not passive phenomena. Rather, vocal

fold shaping and positioning are under direct neurophysiologic regulation. During

phonation,the vocal folds are positioned near the midline by the lateral cricoarytenoid

muscles. Additionally, the thyroarytenoid muscle provides finer isometric

modification, reflected in fine shaping of the vocal folds. When the vocal folds are

viewedin the frontal plane during phonation, the effect of shaping may be further

appreciated. During the phonation of high-pitched tones, the folds seen on cross

section appear thin, and during low pitches, the vocal folds appear to broaden

considerably. Vocal fold tension and length are modified by contraction of the

cricothyroid muscles.

The frequency of vibration depends on (1) vocal fold length, (2) vibratory

mass, (3) antero-posterior tension, (4) stiffness of the vocal folds, and (5) subglottic

pressure. Asthe true vocal folds tense and lengthen by the action ofthe cricothyroid

muscles, pitch increases. Although cord lengthening alone would result in a reduction

of pitch, this effect is offset by thinning andstiffening of the vocal fold produced by a

combination of muscle contraction including the thyroarytenoid muscle, which

increases the internal tension ofthe true vocal fold. Meanwhile, a counteraction occurs

in the posterior cricoarytenoid muscleto stabilize the arytenoid. It also must be

recognized that the activity of the extrinsic laryngeal muscles affects pitch by altering

the spatial relation between the cricoid and the thyroid cartilages and may even have

direct influence on the laryngeal framework especially in non-calcified larynges.

Especially the sternothyroid muscle is thought to influence pitch in this way.

NERVE DAMAGE AND REGENERATION

The alpha motor nerve fibers innervating the motor units in the intrinsic

laryngeal muscles reach them from their parent nerve cell bodies in the nucleus

ambiguus in the medulla oblongata through the branchesofthe ipsilateral RLN. The

cell bodies exchange biologic materials with their axon through several neuronal

transport mechanisms. Both centripetal and centrifugal directions of axoplasmic flow

have been demonstrated. Normally, much of this metabolism is concerned with

production of neurotransmitter materials, such as cholineacetyltransferase and

15



acetylcholinesterase (Ducker et al. 1977).

Thealpha motornerve fibers are myelinated. The characteristic structure is

seen in Figure 1.10. The myelin sheath surrounds the axon, exceptat the location of

the nodes of Ranvier. Immediately external to the myelin layerlies the cytoplasm of

the Schwanncell, the so called sheath of Schwann. The Schwanncell and the layer

immediately externalto it, the endoneurium, form the endoneurial tube.

Whena nerveis transected (axotomy) a biological signal is transmitted via

centripetal axoplasmic flowto the cell body. A marked metabolic transformation takes

place in the cell body. The production of substances concerned with excitation and

depolarization, such as acetylcholinesterase is decreased dramatically. Concurrently,

RNAsynthetase and glucose-6-phosphatase dehydrogenaselevels are increased.

These substances are important in protein and lipid synthesis for regeneration.

Wallerian degeneration takes place distal to the injury site consisting ofdissolution of

the axon and its myelin sheath. The Schwanncell and endoneurium undergo changes

but persist as a contracted empty endoneurial tube, expectantly awaiting the

subsequentarrival of a regenerating axon sprout. ‘The segment proximalto the injury

Axon

Myelin sheath

Schwann cell

Endoneurium

Node of Ranvier

 
Figure 1.10 Alpha motor nervefiber (longitudinal cross section), The Schwann cell and
endoneurinumform the endoneurtal tube
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site undergoes degeneration over a length of about lem, the remainderstays intact.

Between the first and third weeks, each individual axon will show tiny axon buds to

probe the periphery. Each axon sprout has the opportunity to enter any vacant

endoneurial tube. Each endoneurial tube will accept only one sprout. Through the

multiple sprouting mechanism it is possible for one axon to innervate several

endoneurial tubes. Other axons may pushto the peripheral end of the nerve, but may

not achieve their goal without the protective and inductive function ofthe endoneurial

tube.

After an axon attains an endoneurial tube it biochemically induces the Schwann

cell to reproduce a myelin layer. When the axon reaches the peripheral end of the

nerve, neuromuscular continuity is established by reformation ofthe motor endplate.

Nerve conduction and muscular function do not appear until a further period of time

has elapsed, This period is believed to represent the time in which the cell body

reconverts its metabolic machinery to produce those substances required for normal

nerve function, while diminishing those materials solely concerned with regeneration

of the axon.

Axonal regeneration is enhanced by neurotrophic substances such as

gangliosides and melanocortins. Melanocortins are neuropeptides and are related to

adrenocorticotrophic hormone (ACTH)and melaninstimulating hormone (MSH) and

have similar molecular structures. The influence ofa variety of ACTH-related

substances have beentested on stimulation of nerve regeneration. Org 2766, an

ACTH4-9 analogue, has been found to have a potent neurotrophic activity. Earlier

studies have shown Org 2766 to enhance axon regeneration probably by stimulating

axon sprouting (Dekker 1987a and b, Tonnaeret al. 1992),

Furthermore, muscle denervation results in local production of substances

which appear to increase their susceptibility to reinnervation. These substances

include "neurocletin" (Hoffman 1950) and "nerve growth factor substance" (Spiro

1978) and are believed to stimulate axon sprouting.

17



LARYNGEAL REINNERVATION

Surgicalreinnervation ofthe larynx encompassesa surgical technique using

nerve anastomoses, implantation of a nerve-end or nerve muscle pedicle into a

recipient muscle to allow regenerating axons to growinto and reinnervate the

laryngeal muscles.

Laryngeal reinnervation can be either nonselective or selective. Nonselective

reinnervation comprises anastomosis to the mainstem of the RLN leading to

reinnervation of both abductor and adductor muscle groups.In selective reinnervation

the abductor and/or adductor muscles are separately reinnervated.

Nonselective reinnervation

By anastomosing either the RLN proximal stump or a foreign donor nerve to

the mainstem of the RLN the regenerating axons can growalong the adductor as well

as the abductor branches and will simultaneously reinnervate both muscle groups.

REN-repair

Thefirst reports of laryngeal reinnervation were all cases in which

reanastomosis of the cut proximal and distal stumps of the RLN was performed. In

1909, Horsley reported thefirst successful vocal fold reinnervation, describing

complete return of function following RLN reanastomosis in a 40-year-old female

patient following a gunshotinjury. This led to a numberofinvestigations with

conflicting results. In 1926, Blalock and coworkers reported experimental repair of the

RLNsin dogs. They described successful results suturing the distal cut end of one

RLNinto slit on the side of the contralateral RLN, In 1928, Lahey reported

successful repair of the RLN in a patient, with subsequentlimited restoration of

function. McCall and coworkers (1946) also reported successful repair in patients.

Colledge and coworkers (1927) werethe first to describe paradoxical glottic

movements of expiratory abduction and inspiratory adduction following RLN repair.

Thereafter, study reports involving direct RLN repair repeatedly described

unsuccessful restoration of function (Clerf 1937, Hoover 1953, Capps 1958).

Introduction of electromyography (EMG) allowed further evaluation of these

"failures". Sirhibodhi and coworkers (1963) performed a careful electromyographical

study following regeneration of repaired RLN nerves in dogs. They found EMG

activity but no meaningful function. They proposed the theory of aberrant regeneration
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of adductor and abductor fibers to inappropriate motor end plates, a phenomenon

already well documented in other nerves, especially the facial nerve.

In 1968, Gordon and McCabereported in dogs that accurate alignment without

twisting of the nerve stumps would permit physiological regeneration. However, only

return of adduction was reported andit is not unlikely that this adduction was a result

of cricothyroid muscle action, unrelated to the RLN reanastomosis. Similar findings

were reported by Boles and coworkers (1969).

Doyle and coworkers (1967) reanastomosed the RLN in 4 dogs and evaluated

the reinnervation using electrical stimulation. They concluded that reanastomosis was

successful on the basis of electrical stimulation although no spontaneous function was

observed, Reanastomosis of the cut RLN in 2 patients was also reported (Doyle etal.

1967). In one patient both RLNshad been transected in traumatic injury.

Reanastomosis in the acute phase resulted in 80% recovery oflaryngeal mobility on

one side and complete immobility in the paramedian position on the contralateral side,

10 monthspost-injury. The patient had an excellent voice and had no complaints of

the airway even during physical exertion. The second patient had reanastomosisin the

acute phase after thyroid surgery. Eighty percent recovery of movement wasreported,

anormalvoice and norespiratory difficulty.

Murakumi and Kirchner (1971) found no purposeful motion after RLN

reanastomosis and regeneration of the RLN in dogs. They divided the adductor branch

within the larynx and found that abduction would then occur withinspiration.

Stimulation of the SLN, normally evoking glottic reflex closure, even resulted in

paradoxical abduction of the vocal fold. This again supported the importanceofthe

role of synkinesis in the impaired recovery of laryngeal function mobility.

In summary, the consensus over the years has been that RLN repairs are

incapable ofproducing cyclic abduction or adduction (Tashiro 1972, Muetal. 1990,

Nahm et al. 1993).

Anastomosis offoreign nerves to the RLNmainstem

Attempts to reinnervate the extralaryngeal distal part of the RLN main trunk

with foreign nerves have also been attempted, using the vagus nerve, the phrenic nerve

and the ansa cervicalis.

The vagus nerve was used by a numberofinvestigators but none of them

reported recovery oflaryngeal function (Ballance 1924, Colledge 1925, Barnes 1928).

In 1967, Doyle anastomosed a split vagus nerve to the mainstem of the RLN in 8 dogs.

Although he claimed success in 4 dogs, none had recovery of spontaneous function.
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Recovery of function wastested by electrical stimulation which wascarried to tetanic

spasm.If the cord had an identical position as during electrical stimulation before

surgery, the recovery wassaid to be successful. Murakumi and coworkers (1971)

similarly performed nonselective reinnervation with the vagus nerve in 2 dogs and

reported the same purposeless motion as the dogs that underwent RLN-reanastomosis.

The phrenic nerye has been used as early as 1924 by Ballance in a patient

resulting in excessive, but purposeless motion of the vocal fold. Repeated studies,

(Barneset al. 1927, Barnes 1928) also reported no adequate return of function.

Murakumi and coworkers (1971) studied the same technique in dogs and found

paradoxical adduction during inspiration until the adductor branch wastransected

intralaryngeally. Thereafter, adequate abduction occurred during each inspiration. In

1974, Iwamura reported 10-60% recovery of abduction after phrenic-RLLN

anastomosis without transection of the adductor branch in dogs.

The ansa cervicalis was suggested as a possible donor nerve for laryngeal

paralysis as early as 1924 (Frazier). Frazier and coworkers (1926) reported improved

phonation andrelief of dyspnea using this technique in 5 of 10 patients with bilateral

vocal fold paralysis. Ballance (1924) reported failure in one patient with end-to-end

anastomosis ofthe ansa hypoglossi to the RLN.

Muchlater, Crumley and coworkers (1986, 1991), extensively used this

technique in patients with unilateral vocal fold paralysis. No active mobility was

achieved but patients did develop muscle tonusin the adductor musculature and

improvementofthe voice.

In summary, nonselective reinnervation, therefore, irrespective ofthe foreign

nerve used,will always lead to laryngeal synkinesis as the regenerating axons grow to

both abductor and adductor muscle groups. Therefore, no effective return of function

can be expected. Ifa donor nerve with a very weak activity pattern, such as the ansa

cervicalis, is used, the synkinesis results in immobility of the vocal fold with recovery

of muscle tonus, without adverse purposeless motion. Although no adductor function

recovery occurs, recovery of the muscle tonus alone can lead to voice improvementas

Crumley demonstrated (Crumley 1986, 1991).

Selective reinnervation

Selective reinnervation is accomplished by reinnervating the adductor and

abductor muscle groups separately using different “foreign” nerve transfers for each

muscle group. The foreign nerves are usually chosen to match the activity required in

the respective muscle groups. In generalthree different techniques have been applied
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to achieve selective laryngealreinnervation: neural implantation, nerve-muscle pedicle

implantation and selective nerve anastomosis.

Neural implantation

Neural implantation comprises implantation of the proximal stump of a cut

motory nerve into a denervated muscle in order to reinnervate the muscle by muscular

neurotization and formation of new motor end plates (MEP's). Several donor nerves

have been used for implantation in the posterior cricoarytenoid (PCA) muscle: the

mainstem of the RLN,the phrenic nerve and the sympathetic cervical trunk.

Doyle (1967) implanted the proximal stump of the RLN in the PCA muscle in 7

dogs. He evaluated function onlyby electrical stimulation. He reported that in 3 dogs

the abductedposition of the vocal fold was the sameas before surgery when carried to

tetanic spasm and concludedthis to be a good functional result.

Fex (1970) performed this technique in 23 cats of which only in 8 cats

reinnervation ofthe PCA muscle with partial to normal restoration of abductor

function was achieved; in the remaining 15 cats avulsion of the nerve implant

occurred. Doyle and coworkers (1993) implanted the phrenic nerve in 12 cats; in 9

functional abductor reinnervation occurred, and in 3 cats failure was caused by

detachmentofthe nerve. Taggart (1971) implanted the phrenic nerve into the PCA

muscle in 6 dogs, 3 of which also resulted in avulsion of the phrenic nerve. Brondbo

and coworkers, in 1987, used a nerve graft to anastomose the phrenic nerve to achieve

adequate length and implanted a stumpinto the PCA musclein dogs. After a

reinnervation period of seven months, he reported poor functionalresults, because of

laryngeal synkinesis. Coinciding adductor reinnervation was found butthe origin of

this inappropriate reinnervation remained unclear.

Morledge, in 1973, achieved goodresults implanting the phrenic nerve in the

PCA muscle in 12 dogs. He evaluated the effect of a delay period between denervation

and reinnervation surgery and concludedthat the extent of abduction varied inversely

with the length of the delay period.

The sympathetic cervical trunk which is known to haye a very weak respiratory

activity has also been implanted into the PCA muscle in 4 dogs (Jacobset al. 1990).

No vocal fold abduction was seen during quiet respiration, slight abduction during

hyperpnea.

In summary, neural implantation in the PCA muscle with a nerve with an

appropriate activity pattern such as the phrenic nerve, can result in functional abductor

reinnervation. To achieve reinnervation with this method it is essential that the motory
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nerve has length in excess,or that a free nerve graft is used, to avoid avulsion during

swallowing. Using the RLNto reinnervate the PCA muscle, restoration oflaryngeal

function is doomedto fail, as the mixed activity pattern of the nerve is not appropriate.

Nerve-muscle pedicle technique

The technique encompassestransfer of an intact donornerve in continuity with

asmall block of the muscleit serves (together referred to as a nerve-muscle pedicle

(NMP)), to the recipient muscle. The NMPis buried into a pocket created by an

incision in the fascia of the recipient muscle andfixedin situ.

Tuckerfirst examined the NMP technique in dogs (Tucker et al. 1970, 1971) as

a methodfor reinnervation of the larynx in laryngeal transplantation. He excised the

adductor and abductor nerve branches in continuity with a small block of muscle,

provedthat the vocal fold was denervated and then replaced the NMPs. He wasable to

demonstrate reinnervation and restoration of function as early as 2 weeksafter

surgery. Tucker speculated on two possible mechanismsofreinnervation usingthis

technique.Firstly, reinnervation could result by "spillover" of depolarizing motorunits

within the NMPto surrounding muscle fibers ofthe recipient muscle. Tucker assumed

that with activity induced byspillover of depolarizing motor units from muscle fiberto

muscle fiber, formation of new neuromuscular junctions would not be necessary.

Secondly, he proposed occurrence of axon regeneration from the NMPinto the

recipient muscle followed by reinnervation of denervated muscle end plates.

Later Tucker applied the NMPtechniquein order to restore laryngeal

abduction. Having demonstrated success in dogs using the sternohyoid branch of the

ansa cervicalis to reinnervate the PCA muscle (Hengereret al. 1973, Lyonset al.

1974), Tucker treated patients with bilateral vocal fold paralysis using the sternohyoid

branch (Tucker 1975) and later the omohyoid branch (Tucker 1978) of the ansa

cervicalis. He reported return of spontaneous inspiratory abduction in most patients

and some were even able to have their tracheostomy tube removed. No EMG was

performed, however, to prove denervation prior to surgery or to prove reinnervation

after surgery.

Crumleytested the ansa cervicalis NMP in 5 dogs (Crumley 1982b). Apparent

vocal fold abduction was seen during hyperpnea, from airwayobstruction,in all dogs,

but was abolished by SLN transection or detachment of sternothyroid muscle,

suggesting abductory activity resulting from activity of the cricothyroid or extrinsic

laryngeal musculature. None ofthe nerves in the NMP's were electrically excitable.

Crumley, therefore, concluded that the NMP procedure does notresult in
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‘einnervation of the PCA muscle. Rice (1983a) also failed to show any evidence of

‘einnervation using an NMPwith the ansa cervicalis in 7 dogs.

In summary, reinnervation using the NMPtechniqueis perhapsfeasible, and

nostlikely by neurotization of the recipient muscle from the NMP,provided the

“ecipient muscle has recently been denervated,as an innervated or subclinically

‘einnervated muscle is not susceptible to reinnervation.

Selective surgical reinnervation by nerve anastomoses

Selective surgical reinnervation can basically be performed in two different

ways. First, a foreign nerve can be directly anastomosed to the abductor or adductor

ranch, if necessary in combination with a free nerve graft to cover the distance.

Second, by anastomosis to the mainstem ofthe RLN andtheneither directing all the

ierve branches toward the target muscle or ligating the other nerve branches.

Abductorreinnervation

For selective abductor reinnervation the following nerves have been used, the

split-vagusnerve, the ansa cervicalis, a split-phrenic nerve graft and the phrenic nerve.

Miehlke (1974) anastomosed a split-vagus nerve directly to the abductor branch

of the RLN in 6 dogs. By using a split-vagus nerve he was able to cover the distance

o the abductor branch. Reinnervation of the PCA muscle was evaluated after 10-12

nonths and compared to the unoperated side. Synchronous abduction of both vocal

‘olds was found. Miehlke did not specify the degree of abduction during inspiration of

he operated side nor whether abduction was foundin all dogs. Laryngeal mobility

juring swallowing or coughing, elicited in the experimental condition bystimulation

of the internal branch of the SLN (the afferent componentofthe glottic closure reflex)

was not investigated.

Miehlke performed the split-vagus nerve anastomosis to the abductor branch

“vagus recurrent bypass anastomosis”) in a patient in 1972 with bilateral vocal fold

yaralysis after a thyroidectomy four months earlier (Michlke 1974). Ten weeksafter

he surgical reinnervation an abduction movement was observed during inspiration.

After six months the vocal fold had resumed immobility in the intermediate position,

10 abduction was seen on phonation. Mielhke concludedthat the result was

:omparable with a successfully performed laterofixation.

Attali and coworkers (1988) anastomosed the ansa cervicalis, sternothyroid

yranch to the abductor branchto reinnervate the PCA muscle in 15 dogs. An immobile

vocal fold in abduction position was seen in 14 dogs and an inspiratory polyphasic
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EMGpattern wasseen in 12 of these dogs. The abduction allowed adequate airflow

during quiet respiration and appeared to be the result of increased tonus of the PCA

muscle throughoutthe respiratory cycle. The ansa cervicalis normally innervates the

strap muscles and is only activated during forced inspiration, the strap muscles being

active mainly in respiratory support. Rice (1983b) applied the same technique in 4

dogs. After four months inspiratory abduction was seen on the reinnervated side

varying between 50 and 70% ofthe normalside. Transection of the ansa cervicalis

resulted in loss of abduction.

Crumley (1982b)selectively reinnervated the PCA muscle using a split-phrenic

nerve graft procedure in 10 dogs. Splitting the phrenic nerve and using a length of

15cm free nerve graft, harvested from the ansa cervicalis, enabled the distance to be

covered to connect the split-phrenic nerve to the abductor branch. The adductor

branch wasligated. Five dogs showed successful reinnervation, and good function

duringrespiratory distress, only 2 showed good abductor function during quiet

respiration. Avulsion of the nerve from the PCA muscle was the causeoffailure in 4

dogs and from the phrenic nerve in 1. Furthermore, regeneration of RLN axons

through the ligated proximal adductor branch accounted for simultaneous

inappropriate reinnervation of the adductors and poor functionalresults.

The split-phrenic nerve graft technique has been applied in four patients with

bilateral laryngeal paralysis (Crumley 1983), In all cases the paralysis had existed for

over 24 months. In none ofthe patients inspiratory abduction could be observed two

years after the reinnervation. Onepatient claimed a subjective improvementofstridor

and dyspnea during physical exertion. Crumley assumedthat avulsion of the nerve had

occurred in 2 patients and that in the remaining 2 cases, pre-existent subclinical

reinnervation was the reason for failure. Subclinical reinnervation had been evident

during electrical stimulation of the RLN in these 2 cases before the reinnervation

procedure, and denervation was not performedat the time of reinnervation surgery.

The subclinically (re)innervated PCA muscle was therefore not susceptible to

reinnervation.

The phrenic nerve wasalso used by Rice (1982)to selectively reinnervate the

PCA muscle in 8 dogs. He anastomosed the phrenic nerve to the RLN mainstem and

tied off the adductor branch. Ten to 24 weeksafter the surgical reinnervation, in 6 of

the 8 dogs excellent abduction on inspiration was reported, and 1 dog showed 50%

abduction as compared with the normalside.

The best results have been achieved using the phrenic nerve in a cat model by

Baldiserra and coworkers (1986). They anastomosed the cranial root of the phrenic
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ierve to the mainstem of the RLN and directed the branches toward the PCA muscle

n 9 cats. Forty-five to 60 days after surgical reinnervation inspiratory abduction was

seen which was equal to the normalside during quiet respiration in all cats. In 2 cats

he abduction of the reinnervated side even exceeded that on the normal side. EMG

‘ecordings revealed a typical phrenic nerveactivity pattern which started 30 to 40

nilliseconds later than in the PCA muscle, slowly increasing at the onset of

nspiration, and slight decrease followed by an abrupt endofactivity, at the end of

nspiration. The normal PCA muscle, typically, almost immediately, reachesits

naximalactivity at the onset of inspiration and slowly decreases towards the end. The

‘esting EMG baseline activity, which is present during expiration in the normal PCA

nuscle, was absent in the reinnervated PCA muscle.Electrical stimulation proved

‘egeneration of the nerve. Histology with horse radish peroxidase staining andits

‘etrograde transport established reinnervation by the phrenic nerve.

In summary, excellent restoration of abductor function can be achieved using

he phrenic nerveto selectively reinnervate the PCA muscle, especially in the cat

nodel in which spontaneouslaryngeal mobility could be observed. The phrenic nerve

s the most appropriate substitute for the abductorfibersas its inspiratory activity

yattern closely resembles that of the normal PCA muscle. Thesplit-vagus nerve with

ts mixed activity pattern is unlikely to bring about appropriate abductor function. The

isa cervicalis only has inspiratoryactivity during respiratory distress and thus cannot

de expected to bring about inspiratory abduction during normalbreathing.

Adductor reinnervation

Attempts have been madeto selectively reinnervate the adductor by

anastomosing either the SLN orthe ansa cervicalis to the adductor branch.

Rice (1982) anastomosedthe external branch of the SLN to the adductor

sranch in a group of 10 dogs. Nine dogs were evaluated, of which 4 showed excellent

zlottic closure during cough or whine. Two dogs showed an immobile vocal fold in

che medianposition, for which no explanation wasavailable. In 1 dog abduction only

securred on electrical stimulation, in 1 dog the anastomosis had broken down,and in |

10 cause offailure was found.

Zheng and coworkers (1996a) investigated anastomosing the ansacervicalis to

the adductor branch in 9 dogs. In 7 of the 9 dogs goodto excellent abduction was

described during whining. In 1 dog ihe vocal fold was immobile in the intermediate

position and in the other the vocal folds were immobile in the medialposition.

25



This technique was then applied in 8 patients (Zheng 1996b) with unilateral

vocal fold paralysis. EMG was recorded in 5 patients and proved that reinnervation

had taken place in all 5 cases. No effective movement wasseen ofthe paralyzed vocal

fold, but objective and subjective improvement ofthe voice quality, loudness and

pitch was demonstratedin all the patients, as well as improvement ofacoustical

parameters(jitter, shimmer and normalized noise energy).

Selective reinnervation of the adductor muscles is mainly ofinterest for

unilateral vocal fold paralysis after which phonatory problems predominate and to a

lesser extent aspiration problems may occur. No optimal substitute is available for the

adductor fibers which are active during phonation, swallowing, and coughing (reflex

glottic closure). Using the SLN to reinnervate the adductors meanssacrificing the

main accessory adductor, Crumley (1984) has described this as “robbing Peter to pay

Paul”, which would be difficult to advocate. The ansacervicalis brings about muscle

tonus but no active adduction which nevertheless can result in voice improvement

(Zheng 1996b).

Separate selective abductor and adductor reinnervation

Iwamura (1974) anastomosed the phrenic nerve to the RLN mainstem and

simultancously performed anastomosis ofa split-vagus nerve directly to the adductor

branch which had been ligated just after its division from the RLN mainstem.In all 6

dogs tested, reinnervation ofboth the thyroarytenoid and the PCA muscles occurred as

confirmed byreturn of normal EMGpatterns after an average period of 2.2 to 2.6

months. After a period of 12-14 months the degree of adductor function restoration

was described as 50-100% and abductorfunction 10-60% compared to the unoperated

side. In 2 dogs an adductor spasm wasseenat the beginningofeach inspiration for a

fraction of a second. This paradoxical mobility was ascribed to adductor reinnervation

by abductor fibers partly comprising the split-vagus nerve which are active at the onset

of inspiration. Iwamura explainedthe poorerrestoration of abductor function

compared with the adductorfunction to the longer distance the regenerating phrenic

nerve axonshad to grow to reach the PCA muscle.

In 1984, Crumley combinedselective abductor reinnervation with the phrenic

nerve and free nerve graft in dogs, with a simultaneousselective adductor

reinnervation. Adductor reinnervation was attempted by suturing the ansa cervicalis (2

dogs) , the external branch of the SLN (3 dogs) or the proximal RLN stumpto the

adductor branch of the RLN (4 dogs). One year after the reinnervation in all except 1

dog abduction of the vocal fold occurred on electrical stimulation of the anastomosed
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nerve. The degree of spontaneous abduction was comparable with normal phonation

and coughing. In 4 of the 9 dogs spontaneousinspiratory abduction occurred. In these

cases electrical stimulation of the phrenic nerve or along the graft section also resulted

in abduction. In 1 dog in whichthe adductor was reinnervated with the RLN and the

PCA muscle with a phrenic nerve graft, the abductor was reinnervated bythe phrenic

nerve as proved byelectrical stimulation. In 1 of the dogs with an RLN anastomosis

spontaneousinspiratory abduction was observed butneither the abductor nor the

adductor branch was stimulable. The spontaneous abduction disappeared by

transection of the RLN.This led Crumley to believe that the RLN has a strong

proclivity to reinnervate intrinsic laryngeal muscles. The RLN had biological

advantage over the phrenic nerve and graft as the original blood supply had beenleft

intact and the regenerating axons had a shorter distance to cover before reaching the

denervated muscle. Once the PCA muscle has been reinnervated by the RLN it is no

longer susceptible to reinnervation by the phrenic nerve.

Marie and coworkers (1989) reported results of selective abductor and adductor

reinnervation with the phrenic nerve and ansa cervicalis, respectively, in dogs. Seven

dogs were evaluated 3 and 8 months after the surgical reinnervation. Functional

rehabilitation of both abductor and adductor functions occurred in only | dog. Only

abduction was restored in 5 dogs. The most important reason forfailure to restore

abductor function wassaid to be axonal escape from the anastomosis. Histological

findings indeed revealed axonal escape. The regenerated phrenic nerve axons,

therefore, may well have also reinnervated the antagonistic adductors, resulting in

synkinesis.

In summary, separate selective adductor and abductor reinnervation has been

realized in the animal model, in which various different donor nerves have been used.

The best abductor function results have been achieved using the phrenic nerve. lor

selective adductor reinnervationthere is no foreign nerve available whichis optimally

suited. Use of the ansa cervicalis with its weak activity pattern during normal

breathing, has been shownto restore muscle tone with voice improvement. The loss of

normal ansa cervicalis function has no great disadvantages and altogether at this time

appears to be the best choice as a donor nerve for restoraton of adductor function.
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AIMS OF THE STUDY

Despite the numerous reports on experimental laryngeal reinnervation,

apparently no satisfactory procedure has as yet been developed that can be appliedin

humansto adequately restore laryngeal function. Regeneration after reanastomosis of a

transected RLN,as well as any method of nonselective reinnervation, have usually

been shownto lead to laryngeal synkinesis, with impaired laryngeal function. Separate

selective reinnervation of the opposing abductor and adductor muscle groups appears

to be a promising option to restore laryngeal reinnervation as this method,at least

theoretically, prevents the adverse effects of synkinesis.

The continuing quest for laryngeal transplantation over the years, and the

concurrent necessity to restore laryngeal function, has stimulated us to further

investigate the possibilities of laryngeal reinnervation.In therelatively rare cases of

bilateral RLN paralysis or injury, there is, at present, no good solution for the

combined problems of a compromised airway, phonatorydisorders and increasedrisk

of aspiration. Experimental research on laryngeal reinnervation may lead to a

physiologic restoration ofthese laryngeal functions.

In the more commoncases of unilateral RLN paralysis, phonatory problems

predominate. Althoughsatisfactory treatment methodsare available, laryngeal

reinnervation mayalso offer an alternative treatment to improve voice quality.

Therefore, experimental studies are mandatory and we chose to perform such a study

in animal model.

The aims ofthe study were

- to investigate restoration of laryngeal function after different types of

nerve injury

- to confirm the feasibility of selective laryngeal reinnervation with

respect to abductor and adductor function

- to determinethe influence of delay of selective laryngeal reinnervation

on the functional outcome

- to determine the influence ofnerve regeneration enhancementby

administration of Org 2766 on functional outcome

- to develop a managementprotocol for laryngeal nerve injury onthe basis

of animal experiments andclinical experience.

We choseto studylaryngeal reinnervation in a cat model. Cats can be

anesthetized satisfactorily while breathing spontaneously using ketamine chloride and

xylazine hydrochloride without interfering with spontaneousinspiratory laryngeal
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movementand glottic reflex closure. Therefore, laryngeal function can be accurately

evaluated without having to perform electrical stimulation, which doesnot reflect

spontaneousactivity. Furthermore, the feline RLN andits branches are large enough

to be anastomosed under the operating microscope.

In Chapter2 laryngeal function recovery obtained afier crush injury or

nonselective reanastomosis after nerve transection is described.

In Chapter3 selective reinnervation methods were investigated since

nonselective reanastomosis did not result in adequate function restoration, as was

anticipated. As respiratory function is most importantin bilateral RLN paralysis our

first efforts were directed toward abductorrestoration. Selective abductor

reinnervation was performed with a phrenic nerve transfer as this nerve has an

inspiratory activity pattern similar to the abductor nerve fibers. The surgical procedure

was performedin a similar way as described by Baldiserra and coworkers (1986) in an

effort to confirm their excellent results. The results of an integrated double-blind

placebo controlled pilot study to examine nerve regeneration enhancement by

administration of the neuropeptide Org 2766, are also presented in this chapter.

In Chapter4 selective adductorrestoration was investigated. The adductor

function is more difficult to substitute with a foreign nerve than the abductor function.

For phonation, restoration of muscle tone by, for example, reinnervation with the ansa

cervicalis has been shown to improve voice quality. In this chapter, selective adductor

reinnervation with the ansa cervicalis was combined with separate selective abductor

reinnervation with the phrenic nerve.

Chapter5.In clinical practice usually some time has elapsed before surgical

reinnervation can be taken into consideration after RLN injury. The nerve injury may

not immediately be apparentor a tracheotomy may have been performedinthe early

stage to secure an adequate airway. Therefore, the feasibility of selective abductor

reinnervation after a delay period between onsetofparalysis and surgical

reinnervation is of interest for its application in humans. A 9-month delay was chosen

before selective abductor reinnervation was performed with the phrenic nerve.

Chapter6. In order to develop a managementprotocol for acute unilateral

RLNinjury, the results of spontaneous abduction and glottic reflex closure were

evaluated and comparedafter crush, nonselective reanastomosis, selective adductor

reinnervation in the acute phase and transection of the RLN without reconstruction.

Theclinical results of 2 patient histories in which the RLN was accidentally transected

during thyroid surgery and reanastomosed in the acute phase are described. An
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algorithm for managementof acute injury to the RLN was proposed considering these

results and results reported in the literature.

Chapter 7. Experimental laryngeal transplantation is a recurring issue in

laryngological research. Recently, the first human laryngeal transplantation has been

performed in a patient wholost his laryngeal functions due to trauma. The

transplantation was performed by Strome (Birchall 1998). A numberoffactors play a

crucial role in success oflaryngeal transplantation: revascularization,

immunosuppression and reinnervation. Revascularization has proved feasible

especially with present microsurgical techniques. Most ofthe patients who would be

eligible for laryngeal transplantation are cancerpatients. Immunosuppression is known

to increase the risk of metastatic disease and is still a major issue in research. The most

difficult problem to solve, however, remains the problem of adequate reinnervation in

order to restore laryngeal function. This has not been attempted by Strome but should

be considered oneofthe major issues in contemplating this type of surgery. The

results obtained in our studies are reviewedin this respect.

Chapter 8. Throughout the study a double-blind placebo controlled trial was

integratedto test the effect of Org 2766, a neuropeptide which has been demonstrated

to enhance nerve regeneration after crush injury in rats (Tonnaeret al. 1992), The

histological and functional results with regard to the Org 2766 or placebotreatment

are considered.
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Abstract

Objective To determinethe influenceofseverity of neural injury of the recurrent

laryngeal nerve on recovery oflaryngeal abductor function and the importance of

synkinesis.

Design The recovery of laryngeal abductor function was studied in 30 cats after

crushing (second degree injury) or transection followed by reanastomosis (fifth degree

injury) of the recurrent laryngeal nerve, with a reinnervation period of 10 weeks.

Main outcome measures Recovery of laryngeal abductor function was evaluated by

videolaryngoscopy of spontaneouslaryngeal abduction during respiration and by

electromyography ofthe posterior cricoarytenoid and vocalis muscles. Neural lesions

were applied unilaterally, and recovery of laryngeal function was compared with the

contralateral unimpaired hemilarynx. Reinnervation was confirmedby histologic

examination.

Results Afier the recurrent laryngeal nerve wascrushed,laryngeal abductor function

was similar to normal after a 10 week reinnervation period in 19 ofthe 20 cats; after

reanastomosis, no notable recovery of laryngeal abduction resulted in any of10 cats.

Electromyographic recordings disclosed synkinesis after reanastomosis and recovery

ofnormalactivity patterns after crush injuries.

Conclusions Severity of neural injuryto the recurrent laryngeal nerve influences the

recovery of laryngeal abductor function. Damageto the endoneurium leadsto

misdirection of regenerating axons, inappropriate reinnervation and synkinesis. No

effective laryngeal function can then be expected.

Introduction

Recovery of laryngeal function after a recurrent laryngeal nerve (RLN) injury

is an importantclinical issue becauseofthe highly coordinated activity required for

proper functioning ofrespiration, swallowing and phonationat the crossroads of

airway and digestive tract.

Poor recoveryoflaryngeal function, with permanent immobility, or restricted

mobility of the hemilarynx, often has been observedafter surgical reinnervation

attempts (Hirotoet al. 1968, Tashiro 1972, Siribodhiet al. 1963, Dedo 1971).

Misdirected reinnervation is considered to be the cause of this poor functional result

(Hiroto et al. 1968, Tashiro 1972, Siribodhiet al. 1963, Crumley 1989). Misdirected

reinnervation is a phenomenonthatoccurs after nerve damage. Regenerating nerve

fibers sprout and may grow alongpathsto other denervated muscles than to the

original target muscle. For the RLN, misdirection of regenerating axonsis facilitated

32

by the intraneural topography. Abductor and adductor axonsare intertwined and

divide into the subsequent branchesonly intralaryngeally, close to their target muscles

(Sunderland et al. 1952). Misdirected regeneration of these axonsleads to

inappropriate reinnervation of opposing muscle groups. The neural activity, which is

adequate, thus causes simultaneous contraction (synkinesis) of adductors and

abductors, resulting in inadequate mobility, immobility, or paradoxical movement of

the larynx. Laryngeal paradoxical movement implies adduction during inspiration,

abduction during phonation, or both.

The presence of synkinetic activity can be established by electromyography

(EMG)as shown in 1963 by Siribodhi and coworkers The incidence of synkinesis

after RLN injury in humansis unknown (Crumley 1979) and, in clinical practice, is

probably grossly underestimated; especially in cases of total immobility after vocal

cord paralysis. In animal experimental reinnervation studies (Siribodhi et al. 1963,

Dedo 1971, Crumley 1979) synkinesis varies between 66% and 88%.

To explain the occurrence of synkinesis in the facial nerve, a correlation

between synkinesis and severity of nerve injury has been suggested (Crumley 1979).

Sunderland (1952) classified peripheral nerve injuries into five degrees of severity. A

first-degree injury corresponds to neuropraxia. The axon and its endoneurial tube

(consisting of sheath of Schwann and endoneurium)retain continuity through the

injury site. Axoplasmic flow continues; only neural conductionis lost. Complete

recovery of normal function occurs, often within hours.

A second-degreeinjury involves loss of axonal continuity but the endoneurium

remains intact. Wallerian degeneration occurs, and the distal nerve does not respond

to stimulus 72 hours after injury. The regenerating axon stays within the endoneurial

tube and thusis directed toward the original target muscle. Nerves subjected to first-

and second-degree injuries usually recover their normal function.

In a third-degree injury, axonal and endoneurial discontinuity oceurs. In fourth-

and fifth-degree injuries disruption ofthe fascicular arrangementofthe nerve trunk

and transection of the whole nerve trunk occur, respectively.

In third-, fourth- and fifth-degree injuries the regenerating axon has no

confining conduit to direct it to its appropriate muscle. Multiple sprouting occurs with

sprouts randomly entering the distal endoneurial tubes, which are unlikely to be the

original tube. Misdirected axons cause reinnervation of inappropriate muscles, and

synkinesis results. To determine the influenceof the severity of a neural lesion to the

RLN on recovery of laryngeal abductor function and the importance ofsynkinesis, we

studied the laryngeal abductor function after crushing the nerve (second-degree
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injury) and after transection followed by reanastomosis(fifth-degree injury). We

specifically evaluated recovery ofthe abductor function. Restoration of abductor

function is clinically important because of the respiratory problems caused by a

bilateral RLN injury.

Materials and methods

Surgical method

Thirty female cats (aged, 6 months, weight range, 2200g to 2800g) were

anesthetized with ketamine chloride (20mg/kg intramuscularly) and xylazine

hydrochloride (0.5mg/kg subcutaneously), allowing spontaneousrespiration. A

midline incision of the neck was performed. Pretracheal muscles were separated in the

midline and the proximalpart ofthe trachea was exposed. The right RLN was then

identified.

In 20 cats, a crushinjury of the right RLN was induced. Ata distance of 2.0cm

from the cricothyroid joint, the nerve was crushed for 30 seconds with hemostatic

forceps with grooved jaws (Halstead No. 02.401.12), by closing the forceps for three

clicks (Tonnaeret al. 1992). Immediatelyafter the nerve was crushed, the distal point

ofthe crush injury was marked with a suture in the perineurium.

In 10 cats the right RLN was transected at a distance of 2.0cm from the

cricothyroid joint. The ends were then reapproximated and reanastomosed with a 10-0

microsuture (Ethilon, Ethicon Inc Somerville NJ) and fixed with fibrin glue (Tissucol,

Austrian Hemoderivates GES m.b.h., Vienna, Austria). An extra suture was placed

adjacentto the site to facilitate reidentification.

Assessmentoflaryngeal abductorfunction

To assess laryngeal abductor function, videolaryngoscopy and EMG,were

performed, using the same anesthesia that was used for the surgical procedure.

Electromyography was performed by transorally introduced hooked wire electrodes in

the left and right posterior cricoarytenoid (PCA) muscle,andin the left and right

vocalis muscles (pars medialis of the thyroarytenoid muscle). An EMG type MS6

(Medelec, Old Walking England) was used. Respiratory monitoring was performed

simultaneously, using a custom-made impedance plethysmograph,registering chest

movement.

Laryngeal abductor function was assessed before and following the creation of

the neural lesion, and thereafter, weekly, during the 10-week follow-up period. The
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time at which first signs of mobility and EMG activity were seen was recorded.

Laryngeal abductor function was evaluated after 10 weeks. To eliminate influence of

che cricothyroid muscles or of the extrinsic laryngeal muscles on the abduction and

adduction ofthe right vocal fold, these muscles were severed bilaterally before the

final assessment.

The operated-on right side was compared with the normal left side. The

spontaneous abduction wasclassified as poor, no effective or slight abduction on

inspiration; /imited, abduction on inspiration half or less than half of the maximal

abduction ofthe left side; adequate, abduction on inspiration more than half but

slightly less than the maximal abductionofthe left side; good, abduction on

inspiration synchronous with and equal to or more than the maximal abduction ofthe

left side.

Electromyographic recordings of the right vocalis and right PCA muscles were

analyzed considering signs of an inspiratory activity pattern. After final assessment

and electrical stimulation of the right RLN proximalto the lesion, the animals were

<illed.

Histology

Histologic examination of the nerve anastomosis was performed to obtain

aistologic proofof reinnervation. The right RLN was fixed in situ in the anesthetized

animal using a cacodylate-glutaraldehyde solution and wasthen resected (Tonnaer

1992). After postfixation in the samesolution, the tissue was embeddedin epoxy resin

and 1-pm-thick transverse sections were cut. These were stained for myelin using 1%

saraphenylenediamine. Histologic evaluation was performed 0.5cm distalto the

anastomosis. By computed screening of a 500j1m band across the widest nerve

jJiameter, the axon count (axons per square millimeter) was estimated.

Statistical analysis

Statistical analysis was performed using the Mann-Whitney U test to compare

che results of the crush injury and reanastomosis groups.
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Results

Preoperatively, all cats showed symmetric, spontaneous laryngeal abduction on

inspiration. Immediately postoperatively, the right vocal cord was immobilein all

cases. Denervation of the right RLN after the crush injury and transection was

confirmed by EMGinactivity in the right vocalis muscle and the right PCAinall

cases.

Crush injury

A first sign of mobility after crush injury of the right RLN was seen with

videolaryngoscopy on average after 2.5 weeks (range, 2 to 4 weeks) and comprised a

slight trembling of the right vocal cord. Electromyographically, signs of reinnervation

were recorded in the right vocalis muscle at an average of 2.4 weeks (range, 2 to 3

weeks) and in the right PCA at an average of 2.9 weeks (range, 2 to 4 weeks). This

difference was notstatistically significant (p=0.6).

Good recovery of abductor function was found in 16 of the 20cats; in two of

these cats, the maximal abduction on the right side even exceeded that on the normal

left side. In three cats the abduction was adequate. In one cat the abduction was

limited, which seemedto beattributable to a developing ankylosis of the

cricoarytenoid joint that was diagnosed on palpation of the arytenoid. Noneofthe cats
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Figure 2.1 Top, Electromyography (2cm/s) 10 weeks after crush lesion to the right recurrent

laryngeal nerve. Synkinesis is absent (no sign ofinspiratory activity in the right vocalis muscle).

PCA indicates posterior cricoarytenoid muscle. Bottom, The respiratory cycle. Simultaneous

videolaryngoscopy (not shown) demonstrated normal abduction.
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showedpoorrecovery of abduction, nor were there signs of paradoxical mobility.

Normal inspiratory activity was recorded in the right PCA muscle ofall 20 cats.

The right vocalis muscle showed no activity on inspiration in 19 cats (Figure 2.1). In

one cat minor simultaneousinspiratory activity was recordedin the right vocalis

muscle simultaneous with that in the right and left PCA. The activity in the right

vocalis muscle consisted of the action potential of a single motor unit increasing in

frequency at inspiration and decreasing during expiration; a rich recruitment pattern

was recorded during inspiration in the right PCA. Noinspiratory activity was found in

the left vocalis muscles of any ofthe cats.

Electrical stimulation of the right RLN was performed in 19 cats. In all cases,

stimulation resulted in a laryngeal response, visible during videolaryngoscopy and

EMGrecording.In 1 cat, electrical stimulation could not be performed because

iatrogenic damage to the RLN had occurred during reexploration of the anastomosis

site.

Histological evaluation was performed in specimens acquired from 19 of the 20

cats after the crushinjury. The remaining specimenhadto be excluded from

evaluation because oftechnical inconsistencies during the post-fixation procedure.

Regenerated axons were seen in all 19 specimens, the median axon count was 3778

axons per square millimeter,

RLN-reanastomosis

After reanastomosis,first signs of mobility of the right hemilarynx were seen

with videolaryngoscopy at an average of 3.9 weeks(range, 3 to 6 weeks), The

mobility, as after crush injury, compriseda slight trembling movementofthe right

vocal cord. First signs of EMG activity were recorded in the right vocalis and right

PCA muscles at an average of 3.8 weeks (range, 3 to 5 weeks) after surgery.

All 10 cats showed poor abduction during inspiration 10 weeksafter

reanastomosis. No signs of paradoxical movements during inspiration were observed.

Simultaneousinspiratory activity in the right PCA andthe right vocalis muscles was

recorded in all 10 cats. The EMGactivity was characterized by a rich recruitment

pattern during inspiration simultaneouslyin the right vocalis muscles and right and

left PCA muscles (Figure 2.2). No inspiratory activity was foundin theleft vocalis

muscles of any ofthe cats.

37



R Voc

R PCA

L PCA

 

Inspiration

Respiration lL

Expiration

Figure 2.2 Top, Electromyography (2cm/s) 10 weeks after neurorrhaphyofthe right recurrent

laryngeal nerve. Simultaneousinspiratory activity in the right vocalis (RVoc) and right posterior

cricoarytenoid (PCA) muscles indicate synkinesis. Bottom, The respiratory cycle. Simultaneous

videolaryngoscopy (not shown) demonstrated almost total immobility ofthe right vacalfold.

Electrical stimulation ofthe right RLN was performed in 9 ofthe 10 cats. In all

cases, stimulation resulted in a laryngeal response, visible during videolaryngoscopy

and EMGrecording.In the remainingcase, iatrogenic damage to the RLN occurred

during reexploration of the anastomosissite, so electrical stimulation could not be

performed.

Histologic evaluation was performed in specimens acquired from 9 ofthe 10

cats. Because of a technical inconsistency during the postfixation procedure, the

remaining specimen was excluded from evaluation. Regenerated axons were seen in

all specimens; the median axon count was 3339 axons per square millimeter,

Statistical analysis

First signs of return of mobility were significantly earlier after crush injury than

afier reanastomosis (p<0.001). First EMGsignsofreinnervation in the right PCA

muscle were seen significantly later, after reanastomosis than after crush injury

(p<0.01). Reinnervation in the right vocalis muscle also appearedsignificantly later in

the reanastomosis group than in the crush group (p<0.001). After 10 weeks a
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gnificantly better abductor function resulted after the crush injury than after the
‘anastomosis (p<0.001). Synkinesis occurred in significantly more cats after

‘anastomosisthan after crush injury (p<0.001). Histologic examination showed the
amberof regenerated axons per square millimeter of the RLN,distal to the lesion, 10

eeks after crush injury or reanastomosisto be similar.

iscussion

Severity of injury to the RLN influencesthe recoveryoflaryngeal abductor

inction after reinnervation. This is not a newobservation. Boles and Fritzell (1969)

vestigated crush injury and reanastomosis of the RLN in dogs and reached the same

melusion. However, in that study the influence of the strap muscles and the

‘icothyroid muscles was not excluded, as it was in our study. Especially in non-

ucified larynges, the activity of the strap muscles and cricothyroid muscles can result

a significant "pseudomobility" of the vocal cords (Fink et al. 1956, Kotbyet al.

70, Suzuki et al. 1970). Although Boles and Fritzell (1969) did not exclude the

yssibility of pseudomobility, their study showedthat reanastomosis leads to

sfunction based on synkinesis.

This observation has hadlittle effect on the views aboutlaryngeal

‘uromuscular function and reinnervation. In 1989, Crumley again pointed out the

iportance of synkinesis in laryngologic practice. Meanwhile, many unsuccessful

forts had been madeto reinnervate the larynx by making anastomoses with several

ves to the distal RLN stump.

Although unrecognized, these failures undoubtedly resulted from synkinesis.

mkinesis is probably the most commoncondition of a so-called laryngealpalsythat

's been immobile for more than 6 months, as those whoregularly perform laryngeal

MiGs know. This, however, changed the conceptof laryngeal reinnervation.

sparently, the aim should not only be to achieve reinnervation, but also to achieve

innervation without synkinesis. This can be achieved only by separate reinnervation

adductor and abductor muscle groups(selective reinnervation),

Our study showsthe uselessness of RLN-reanastomosis for recovery of

nection. Recovery of tonus is the most one can expectfrom such a procedure, but

‘er crush injury, return of normal laryngeal abductor function is the rule. Only one

se of crush injury showed minimalsigns of synkinesis on the EMGrecording,

thout apparentinterference with recovery of laryngeal function.In principle,

ishing the nerve may preserve the endoneurial tubes but in practice sometimes may

use more severe damage, thus allowing sprouting and sporadic inappropriate
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reinnervation to occur.

The practical consequences of this study and other studies are that in surgical

or traumatic cases in which the RLN has been injured, stretched, or clamped without

losing continuity, it is worthwhile to wait for spontaneous recovery. When the

continuity has been lost, reanastomosis or any other nonselective reinnervation

procedure mayat best result in a restoration of muscle tonus. In cases with a bilateral

loss of continuity of the RLN, good recovery of function, can be achieved only by a

separate selective reinnervation of abductor and adductor muscle groups (Baldiserra et

al. 1986, Mahieu et al. 1993).

40

Chapter 3

Selective Laryngeal Abductor

Reinnervation in Cats using a

Phrenic Nerve Transfer and

Org 2766

Hans F Mahieu (MD,PhD), Julie T van Lith-Bijl (MD),

Cees Groenhout (MD), Jeroen ADM Tonnaer (PhD),

Peter de Wilde (MD).

Archives ofOtolaryngology, Head & Neck Surgery 1993;119:772-776

41



Abstract

Reinnervation of the recurrent laryngeal nerve following nerve injury often

leads to laryngeal synkinesis. Selective reinnervation of adductor and abductor

muscles might be able to avoid synkinesis. This study presents the results of selective

abductor reinnervation in cats, using a phrenic nerve transfer to the recurrent

laryngeal nerve anddirecting all reinnervating axons towards the abductor muscle.

Simultaneously a blind, placebo controlled, pilot study was performed to evaluate the

capacity of Org 2766, administered subcutaneously (25p2/kg/48hours), to facilitate

reinnervation by stimulation ofaxon sprouting. Reinnervation surgery was performed

in 10 cats, Postoperative evaluation included videolaryngoscopy, electromyography,

histological examination and quantification of reinnervating axons. Nine cats could be

evaluated, of which 8 demonstrated electromyographic and laryngoscopic activity as

soon as 6 weeksfollowing surgery. The 1 cat showing no abduction, was found to

have an inadequate nerve anastomosis and was markedas a surgical failure. After 10

weeks near-normal or more than normal abduction was seenin the 8 cats and

histological proof of reinnervation was obtained in 7 of them; | cat could not be

evaluated histologically due to unsuccessful fixation. Although no conclusive

evidence was obtained concerning the effect of Org 2766, the tendencies found

warrant further experiments with this compoundon laryngeal reinnervation.

Introduction

The recurrent laryngeal nerve (RLN) innervates laryngeal adductor as wellas

laryngeal abductor muscle groups. Injury of the RLN causing partial ortotal

denervation results in impairment of the complex coordinated interaction of adductor

and abductor muscle groups.

The intertwined architecture of adductor and abductor axons within the RLN

(Sunderlandet al. 1952) facilitates misdirection of reinnervating axons. Adductor

axons can thus inappropriately reinnervate abductor muscles and vice versa.

The uncoordinated simultaneous contraction of laryngeal adductor and

abductor muscles following this misdirection of axons will result in a mobility

disorder ofthe affected hemilarynx. This mobility disorder may present as a reduced

but otherwise adequate mobility, a paradoxical mobility (adduction during inspiration

and abduction during phonation), or an immobility of the hemilarynx. Also,

combinations of these mobility disorders can occur. This so-called laryngeal

synkinesis is the reason why laryngeal function often remains impaired despite the

fact that reinnervation has actually occurred as shown in Chapter 2 and in other
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studies (Crumley 1989).

Theliterature on surgical laryngeal reinnervation is extensive, but the majority
is concerned with either RLN reanastomosis or anastomosis of another nerveto the
RLN main stem.In all these situations laryngeal synkinesis will develop, as was

already noted as early as 1963 by Siribodhi and coworkers.

Therefore, surgical attempts to achieve functional laryngeal reinnervation

should be directed towards selective appropriate reinnervation and prevention of

synkinesis. This can be achieved by reinnervating the adductor and abductor muscle

zroups separately using different nerve transfers for each muscle group (Rice 1983,

Crumley 1983, Crumley 1984, Baldiserra et al. 1986, Attali et al. 1988, Marieet al.

1989), The donor nerves will have to have activity patterns comparable to the

aryngeal function which theyhave to restore. For restoration of abduction a

‘espiratory-dependentactivity during inspiration is required, as is found in the phrenic

ierve (PN),

The aim ofthe present study was to test this conceptof selective laryngeal

‘einnervation for the abductor function. We choseto start with attempting to

accomplish restoration of abductor function because of the predominantrespiratory

yroblems with which a bilateral RLN injurypresents itself. Good restoration of

ibductor function has been described by Baldiserra and coworkers (1986)in cats

ising a PN tranfer.

The anatomical situation of the PN in the cat differs from that in humans in

wo importantrespects. First, the cat has two distinguishable PN roots, which unite in

he PN properin the lowerpart of the neck, just cranially of the thorax aperture. This

ituation enablesthe transfer of only one oftheseroots, leaving at least part of the PN

nnervation to the diaphragm intact. Second, the length of either of the PN roots in the

‘at is not sufficient to anastomose themdirectly to the abductor branch of the RLN.

(herefore, Baldiserra and coworkers (1986) anastomosed the PN root with the main

tem of the RLN. The adductor branch of the RLN was then severed, so that

einnervating PN axons could not reach the adductor muscles. Thus,a selective

cinnervation of the abductor muscle was achieved, provided that no axonal escape

owards the adductors occurred.

Aninteresting recent developmentin reinnervation studies is the experimental

ise of neuropeptides which are thought to enhancethe reinnervation process by

timulating axon sprouting (Strand et al. 1980, Verhaagenet al. 1987). The peptide

iften used for this purposeis a corticotrophin analogue known as Org 2766 (Met(O,)-

jlu-His-Phe-D-Lys-Phe) (Organon International BV, Oss, the Netherlands). Several
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studies, mostly involving crush lesions and reanastomosis performed onthe sciatic

nerve in rats, have demonstrated a favorable effect of these neuropeptides on function

restoration (De Koning et al. 1987, Dekkeret al. 1987, Tonnaeret al. 1992),

However, beneficial effects have also been reported following nerve transection and

microsurgical repair in rats (Edwardsetal. 1986).

To investigate the possibility of stimulating laryngeal reinnervation with Org

2766, we integrated a blind, placebo-controlled treatment in our study.

Materials and methods

Surgical method

Ten female cats (aged 6 months to 1 year) were anesthetized with ketamine

chloride (20mg/kg intramuscularly) and xylazine hydrochlorde (0.5mg/kg

subcutaneously), allowing spontaneousrespiration. Laryngeal function was assessed

preoperatively and immediately postoperatively by videolaryngoscopic monitoring

and hooked wire electromyography (EMG)ofthe left and right posterior

cricoarytenoid (PCA) muscles. Respiratory monitoring was performed simultaneously

using a custom-made impedance plethysmography,registering chest movement.

A modification of the surgical technique described by Baldiserra and

coworkers (1986) was used. The right RLN wasidentified. A small part of the thyroid

cartilage was resected to expose the adductor and abductor nerve branches. The

abductor branch was preserved and the adductor branch was severed; its proximal

stump wasburied in the right PCA muscle using a 10-0 microsuture (Ethilon, Ethicon

Inc Somerville NJ) and fixed with fibrin glue (Tissucol, Austrian Hemoderivates GES

m.b.h., Vienna, Austria). To exclude any influence of the ansa galeni, although

unlikely because of its sensory nature (Diamondetal. 1992), it was also severed and

its proximal stump buried in the right PCA muscle. The tworootsofthe right PN

wereidentified. The uppermost PN root was resected just before it joined the other

root. The right RLN was severed 2.0cm from the cricothyroid joint and the distal RLN

stump was anastomosed to the proximal PN stump using a 10-0 microsuture and fibrin

glue. Thus, all reinnervating PN axons were directed towards the PCA muscle, even

those that followed the path of the adductor branch orthe ansa galeni (Figure 3.1).

Org 2766

All cats were injected subcutaneously with 0.1ml/kg every 48 hours during 1

month, starting at the time of reinnervation surgery; half of them (group A) were

injected with solution A, the other half (group B) with solution B. At the time of the
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study the investigators were unaware which solution contained Org 2766, 250mg/L,

and which solution was placebo. Animals treated with the active ingredient thus

received Org 2766 at a dose of 25.2/kg every 48hours.

Follow-up

Laryngeal function was assessed every 2 weeks using the same anesthesia that

was used for the surgical procedure, allowing spontancousrespiration. The assessment

was performed by videolaryngoscopic monitoring and hooked wire EMGoftheleft

and right PCA muscle. Respiratory monitoring was performed simultaneously using

impedanceplethysmography. After 10 weeks the animals were killed following

assessmentof laryngeal function in rest, during respiratory distress and during

electrical stimulation ofthe PN. The respiratorydistress condition was achieved by

performing a tracheotomy and occluding the tracheostomafor 1 minute. To eliminate

any influence of the strap muscles or the cricothyroid muscles on the abduction and

arytenoid   
   

   

PCA muscle
adductor branch

  cricothyroid
joint

abductor branch

r=.” ansa galeni
cricoid plate

recurrent laryngeal nerve

phrenic nerve

branches

Figure 3.1 Situation afier selective laryngeal abductor reinnervation with a phrenic nerve graft on
the right side. Anastomosis ofthe upper branch ofthe phrenic nerve with the recurrent laryngeal

nerve. Proximal stumps ofthe adductor branch and ansa galeni are sutured into posterior crico-

arytenoid (PCA) muscle.
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adduction ofthe right vocal fold, all these muscles were severedbilaterally before the

final assessment. Furthermore, histological examination ofthe nerve anastomosis was

performed to obtain histological proof of reinnervation and to quantify the amount of

reinnervating axons. The whole complex ofthe transferred PN root, the nerve-

anastomosis, and the right RLN was fixed in situ in the anesthetized animalusing a

cacodylate-gluteraldehyde solution and wasthen resected for histological examination.

After postfixation in the samesolution,the tissue was embedded in epon and |-m-

thick transverse sections were cut. These were stained for myelin using 1%

paraphenylenediamine. Histological analysis was performed 0.5cm distally from the

anastomosis, by computerized screening of a 500-um-wide band across the widest

nerve diameter. The axon count, axon diameter and thickness of the myelin sheath

were estimated.

Results

Overall results

Preoperatively, normallaryngeal mobility and normal respiratory-dependant

EMGactivity of the PCA muscles was found in all cats. Immediate postoperative

examination revealed immobility ofthe right vocal fold and absence ofelectrical

activity in the right PCA muscleinall cats. Nine of the 10 cats could be evaluated

(Table 3.1), the remaining cat (in group B) died of hemorrhage a few days

postoperatively. Two weeks postoperatively, respiratory-dependant EMGactivity was

found in the right PCA muscle of only 1 cat (in group B). In the other 8 cats the EMG

pattern ofthe right PCA muscle showed no coherent EMGactivity (Figure 3.2).

Immobility of the right vocal fold was observedin all 9 cats.

After 4 weeks, all four cats in group B and two in group A showedrespiratory

EMGactivity in the right PCA muscle; three animals in group B and one in group A

demonstrated abductor mobility. After 6 weeks, all but 1 of the cats demonstrated

someinspiratory EMGactivity in the right PCA muscle (Figure 3.3) as well as

inspiratory abduction of the right vocal fold. One cat (in group A) showed no mobility

of the right vocal fold at all and EMG ofthe right PCA muscle showed dubioussigns

of reinnervation withoutany relationship to respiration. After 8 and 10 weeksthe

sameeight cats demonstrated inspiratory EMG activity and restoration of abductor

function. In 6 cats, the abduction 10 wecks following reinnervation surgery was more

outspoken on the operated right side than on the intactleft side. In 1 cat, the abduction

ontheright side was slightly less than onthe left, and in another it was equivalent to

the abduction on theleft.

46

Table 3.1 Overall results of right laryngeal abductor function in 9

cats *

 

 

No. of Cats

EMGActivity Abductor Mobility
(R PCA muscle) (Laryngoscopy)

Time

Preoperative 9 9

Postoperative, week

0 0 0

2 l 0

4 6 4

6 8 8

8 8 8

10 8 8 (6R>L)

Hypoxia 8 8 (GR>L)

Electrical stimulation ofPN 8 8

EMGindicates electromyography; PCA, posterior cricoarytenoid; PN, phrenic nerve; and R>L,

ight abduction mobility greater thanleft. There was histological proofofreinnervation in 7 cats as

ssessed 10 weeks postoperatively. In I cat (without restoration ofabductorfunction), the

nastomosis betweenthe recurrent laryngeal nerve andthe PN could notbe identified owing to

urgicalfailure, and in another cat the anastomosis could not be evaluated owing to unsuccessful

xation, Electrical stimulation ofthe PN was done 10 weeks postoperatively.

In the situation ofrespiratory distress, the EMGactivity of both left and right

'CA muscles increased in 8 cats, as did the abductionofthe right andleft vocal folds. -

\gain, in 6 of these 8 cats the abduction was more pronouncedontheright side.

‘lectrical stimulation of the right PN resulted in abduction of the right vocal fold in 8

ats.

In the only cat without restoration of abductor function, the anastomosis

etween the RLN and the PN could not be identified. This case is considered a

urgicalfailure. In all other cats the anastomosis was identified. Histological proofof

zinnervation was obtained in 7 cats. One anastomosis (in group A) could not be

valuated histologically due to unsuccessful fixation.

47



R PCA

L. PCA

Inspiration

Respiration

Expiration

Figure 3.2 Electromyography (0.5cm/sec) 2 weeksafter selective laryngeal abductor reinnervation

procedure onthe right side. Note the normal inspiratory EMGin the lejt posterior cricoarytenoid

(L PCA) muscle, no respiratory-dependant EMG in the right posterior cricoarytena id (R PCA)

 

muscle,

L PCA

Inspiration

Respiration

Expiration

Figure 3.3 Electromyography (0.5cm/sec) 6 weeks after selective laryngeal abductor reinnervation

procedure on the right side. Note similar inspiratory EMG in both the right posterior crico-

arytenoid (R PCA) muscle andthe left posterior cricoarytenoid (L PCA) muscle.
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Specific EMGrecordings and videolaryngoscopic observations

In the EMGregistrations as well as the videolaryngoscopic evaluations a

ypical PN activity pattern was observedin the right PCA muscle: the EMGactivity

Figure 3.4) and abduction on theright, started 30 to 40 milliseconds later than on the

eft side. Furthermore, the right PCA muscle showed a slowly increasing EMG

ictivity at the onset of inspiration and an abrupt end of activity at the end of

nspiration. The normalleft PCA muscle almost immediately reached its maximal

.ctivity at the onset of inspiration and slowly decreased towards the end. Theresting

{MGbaseline activity, which was present during expiration in the normal left PCA

nuscle, was absent in the reinnervated right PCA muscle.

R PCA
nh ue

‘ pails ‘ ’ '

Inspiration

espiration —L

Expiration

‘igure 3.4 Electromyography (2cm/s) 6 weeks after selective laryngeal abductor reinnervation
rocedure on the right side. Note the slight delay in onset of the EMGactivity in the right posterior

ricoarytenoid (R PCA) muscle, the slowly increasing EMG activity in the R PCA muscle, and the

hsence ofEMGactivity in the R PCA muscle during expiration when compared with normal

ispiratory EMGactivity in the L PCA muscle.

Irg 2766 versus Placebo

For comparison of Org 2766 with placebo, the EMG and videolaryngoscopic

scordings of 8 cats (4 in group A,4 in group B) were evaluated. One cat in group B

yas excluded because of death due to postoperative hemorrhage and | cat in group A

as excluded because it was considered a surgical failure. Furthermore, histological

valuation was performedin 7 ofthese cats (3 in group A, 4 in group B); 1 cat in

roup A was excluded because of unsuccessful fixation.

Solution A proved to be placebo and solution B contained Org 2766. Both

‘MG and videolaryngoscopic recordings showed a tendency toward earlier return of
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activity of the PCA muscle in the Org 2766-treated group. After 4 weeks all of the 4

cats in group B demonstrated EMGactivity, compared with only2 of the 4 cats in

group A;first signs of abduction were observed in 3 cats in group B and only in 1 in

group A. Furthermore, return to normal or more than normal abduction seemedto be

earlier in the cats in group B (Table 3.2).

Histological evaluation 0.5cm distal from the anastomosis showed no

difference between groups A and B concerning myelin thickness and axon diameter.

The mean axon density was, however, 26% higher in the Org 2766-treated group

(6679 + 1207[mean SEM]axonsper square millimeter) than in the placebo-treated

group (5301 + 1186 axonsper square millimeter). This difference in axon density is

notstatistically significant owing to the small number ofcats.

Table 3.2 Org 2766 versus Placebo: Effect on right laryngeal abductor

activity in 9 cats*
 

 

 

Placebo Org2766

EMG Laryngoscopy (n=4) EMG Laryngoscopy (n=4)

Week (n=4) R<L R2L_ Total (n=4) R<L Rel Total

2 0 0 0 0 1 0 0 0

4 2 0 ] 1 4 3 0 3

6 4 3 1 4 4 3 1 4

8 4 2 2 4 4 1 3 4

10 | 1 3 4 4 0 4 4

* EMG indicates electromyography; R<L, right abduction activity less than left; and R2L, right

abduction mobility equal to or greater thanleft.

Discussion

This study has demonstrated that unilateral selective laryngeal abductor

reinnervation with a PN transfer is a highly effective procedure to restore laryngeal

abductor function in cats. These results strongly support the findings of Baldiserra and

coworkers (1986). Although the excellent restoration of abduction achieved in cats

can not be simply translated to the human situation, we feel that the described

technique holds promises for laryngeal reinnervation in humansas well. Some facts

should be taken into consideration, however.
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Firstly, the reinnervation surgery was performed immediately following the

RLN section. Normally, in patients there is a considerable delay between the time of

the nerve injury and the momentthat therapeutical intervention is taken into

consideration.

Secondly, this study involved only unilateral RLN lesions. It remains debatable

whether patients with unilateral paralysis of the RLN should undergo reinnervation

surgery. The main problem following unilateral RLN paralysis is usually dysphonia,

which can successfully be treated with laryngeal framework surgery or slightly less

successfully with Teflon or collagen injections. If reinnervation surgery is considered

in unilateral RLN paralysis,it is only to improve the voice by increasing the tonus of

the paralyzed vocal fold, without expectations ofrestoring mobility (Crumley etal.

1986). For this purpose a nonselective ansa cervicalis nerve transfer seemsto be suit-

able (Crumley et al. 1991).

Thirdly, there is the trade-off between the morbidity of sacrificing a PN nerve

and the morbidity of a bilateral RLN nerve palsy. The morbidity ofunilateral PN palsy

is considered to be minorand transection of one PN is generally well tolerated without

negative pulmonary side-effects (Fackler et al. 1967, Robotham 1979, Eastonetal.

1983, Kelly 1950). This may be because the diaphragm is innervated not only by the

PN proper,but also by accessory PNs and thoracic branches (Kelly 1950). Bilateral

transection of the PN, however, is associated with a higher morbidity. Therefore,

selective abductor laryngeal reinnervation with a PN transfer can only be performed

unilaterally, or bilaterally if only one PN is used, as has been described by Baldiserra

and coworkers (1989). Considering the remarkably goodrestoration of laryngeal

abduction in this study, a unilateral PN reinnervation might even result in a sufficient

airway in bilateral RLN palsy.

Ideally, not only the respiratory abductor function, but also the adductor

phonatory function, should berestored. This might be achieved by an additional ansa

cervicalis transfer to the adductor branch of the RLN. However, theactivity patterns

of the ansa cervicalis nerve branchesare not specific for phonation. The ansa

cervicalis shows a rather weak activity throughout the respiratory cycle, with a minor

increase during inspiration. Improvement of tonus of the adductor muscles due to ansa

cervicalis nerve transfer, more than actual adduction, is held responsible for the voice

improvementobserved following this procedure (Crumleyet al. 1986, Crumley 1991).

Such an improvement of tonus might be important in combined selective abductor and

adductorlaryngeal reinnervation to counterbalancethe activity of the reinnervated

abductor muscles during inspiration, thus preventing an otherwise flaccid vocal fold to

$1



be sucked caudo-medially by the inspiratory airstream. Furthermore, this study

demonstrated that the resting activity of the PN, reinnervated laryngeal abductor

during expiration is markedly less than the resting activity of the normallaryngeal

abductor.In this situation of extreme antagonistic relaxation, the ansa cervicalis

activity in the adductor muscles might be able to elicit a laryngeal adduction during

the expiratory phase for phonatory purposes.

In addition, reinnervation of the adductor muscles with the ansa cervicalis will

prevent axonal escape of PN axon sprouts from the PCA muscle to the adductor

muscles. Although it was not observed during the ten week follow-upin this study,

such an axonalescape is likely to occur towards denervated muscles. Innervated

muscles, however, are not susceptible to ingrowing "foreign" axons. Axonal escape of

PN axonsinto the laryngeal adductors would of course result in laryngeal synkinesis.

Theresults obtained following treatment with Org 2766 are not conclusive,

owing to the small numberofcats involved. However, the tendency towards

facilitation of axon sprouting by Org 2766 (26% more axons) in the present study is of

comparable magnitude asreported for facilitation of regeneration of crushedsciatic

nerve in rats (32% more axons) (Tonnaeretal. 1992).

The tendency toward a more rapid innervation and a higher numberof

reinnervating axonsis a very interesting observation, Especially in muscles with small

motor units, like the laryngeal muscles, the numberof reinnervating axons might be of

great importanceto restoration of function. More axons enable the formation of

smaller motor units and consequently a more finely graded control of muscle

contraction. Theresults of this pilot study justify further research, both concerning the

conceptofselective laryngeal reinnervation and the use of Org 2766to stimulate axon

sprouting.
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reinnervation of both adductor and abductor muscles and synkinesis (Laheyetal.

1938, Ballance 1924, Barnes et al. 1927, Crumleyet al. 1986): if selective

reinnervation was attempted, donornerves without specific respiratory or phonatory

activity patterns were often used, resulting in reinnervation with inappropriate activity

for laryngeal function (Tucker 1975, 1978); and subclinical reinnervation (Elsberg

1917, Edds 1949, 1953, Gwynnet al. 1966) that usually occurs in cases of long-

standing laryngealpalsy, without clinical signs ofreinnervation. Since subclinically

mnervated muscles are not susceptible to reinnervation, surgical reinnervation will

fail if the subclinical innervation pathwayis not severed. For example, a frequently

applied laryngeal reinnervation procedure, Tucker's nerve muscle pedicle

reinnervation of the posterior cricoarytenoid (PCA) muscle (Tucker 1975, 1978) has

the disadvantages of the last 2 causesoffailure to restore laryngeal mobility. This

-echnique uses a branch ofthe ansa cervicalis, the inspiratory activity of which is too

weak in quiet breathing to activate the abductor muscles. Only in respiratory distress

2onditions the branches ofthe ansa cervicalis show a significant inspiratory activity.

Furthermore, the original innervation path (ie the RLN) remainsintact in Tucker's

srocedure, whichis likely to contain subclinically reinnervating axons, keeping the

nuscles in a condition resistant to reinnervation.

Reinnervation of the adductor musculature in patients with unilateral laryngeal

yaralysis, using a non-selective procedure anastomosing the ansa cervicalis to the

nain trunk of the RLN,has resulted in voice improvement (Crumleyet al. 1986,

Crumley 1991). This improvement must be attributed to the restoration of muscle

‘onus rather than actual adduction. Restoration of functional mobility can be obtained

only by using separate selective surgical reinnervation with donor nerves with

appropriate activity patterns for the abductor and adductor muscles. This procedure

van prevent synkinesis and result in adequate muscle activity.

In ourearlier study (Chapter 3) and the work reported by Baldiserra and

soworkers (1986) a selective laryngeal abductor reinnervation with a phrenic nerve

‘PN) transfer has proved an effective procedure to restore adequate laryngeal abductor

‘unction during inspiration in cats. The inspiratory abductor, as well as the adductor

‘unction, ideally should be restored. Laryngeal adduction is a key element in airway

yrotection, phonation, and coughing andthe regulation of airwayresistance.

Unlike the inspiratory activity of the PN, no adequate donor nerve with

yppropriate activity is available for laryngeal adduction during phonation,

swallowing, effort closure, vomiting and coughing.

The ansa cervicalis branches, which are often suggested for adductor
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reinnervation, display a very weak inspiratory activity pattern that increases during the

respiratory distress condition. There is a slight increase in activity during swallowing,

coughing andstraining (Ellenbogen et al. 1981, Fink 1975). There is also a difference

in the histochemical and contractile properties of the adductor and strap muscles and

their nerve supply. Muscle fibers can be divided into specific types based on their

histochemical and contractile properties (Fata et al. 1987). The following are 3 basic

groups:type 1, slow contractile period and anaerobic metabolism; type 2B,fast

contractile period and anaerobic metabolism; type 2A, intermediate contractile period

and both aerobic and anaerobic metabolism. Muscles with lowtension during a

sustained period will have a high concentration oftype | muscle fibers. A high

concentration of type 2B fibers is seen in muscles that contract rapidly generating

high tension during a short time. The thyroarytenoid muscle (part of which is the

vocalis muscle ofthe vocal fold) contracts quickly (14 milliseconds) and has less than

36% oftype 1 musclefibers. The strap muscles, however, have a higher percentage of

type 1 muscle fibers (almost 66%) and a contraction time of 50 milliseconds (Hast

1968). Therefore, although the branches ofthe ansa cervicalis are not ideal as donor

nerves for laryngeal adductor reinnervation, they are a realistic alternative. Adductor

reinnervation with the ansa cervicalis will at least result in a resting muscle tonus.

Furthermore, our previous study (Chapter 3) demonstrated that the resting

activity of the laryngeal abductor, reinnervated using the PN,during expiration,is less

than that of the normal abductoractivity of the RLN. In extreme antagonistic

relaxation, the activity of the ansa cervicalis activity in the adductor muscles might be

able to elicit laryngeal adduction during the expiratory phase for phonation.

To test the feasibility of selective adductor and abductor reinnervation, we

combined the selective reinnervation ofthe laryngeal abductorusing the PN with a

selective laryngeal adductor reinnervation using an ansacervicalis sternohyoid branch

to restore both laryngeal abductor and adductorfunction.

Materials and methods

Surgical method

Ten female cats (age, 6 months; weight range, 2200g to 2800g) were

anesthetized with ketamine hydrochloride 20mg/kg intramuscularly and xylazine

hydrochloride 0.5mg/kg subcutaneously, allowing spontaneousrespiration. Using a

midline incision in the neck, the larynx, the proximal trachea andthe right RLN were

exposed. Theright ansacervicalis was then identified and followedto its sternohyoid
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branch. The sternohyoid branch was severed near the sternohyoid muscle. The
proximal stump was thentransferred and anastomosedto the adductor branch ofthe
RLN.Thelarynx wasthen rotated 90° alongits longitudinal axis. The inferior

pharyngeal constrictor muscle wassectioned at the insertion on the inferior margin of

the right thyroid lamina. A small, inferior, posterior part of the thyroid lamina was

resected to expose the adductorand abductor nerve branches of the RLN.Preserving

the abductorbranch and severing the adductor branch, the proximal adductor stump

wasburied in the PCA muscle and fixed with a 10-0 microsuture (Ethilon, Ethicon

Inc, Somerville NJ) andfibrin glue (Tissucol, Austrian Institute for Haemoderivates,

Vienna, Austria). The distal adductor stump was anastomosedto the proximal stump

of the sternohyoid branchof the ansa cervicalis with a 10-0 microsuture and fibrin

glue. To eliminate possible influence of the ansa galeni or Galen’s anastomosis,

although unlikely because ofits allegedly sensory nature (Diamondetal. 1992), it was

also severed andits proximal stump buried and fixed in the right PCA muscle with

fibrin glue.

The 2 roots of the right PN were identified. Unlike humans, PN in the cat has

two roots. The uppermost PN root wasresected just before the intersection with the

other root. The right RLN was severed 2.0cm caudalto the cricothyroid joint and the

distal stump of the RLN was anastomosedto the proximal stump ofthe PN using a

10-0 microsuture and fibrin glue. Thusall reinnervating PN axons were directed

towards the PCA muscle, even those that followed the path of the adductor branch or

the ansa galeni (Figure 4.1).

Assessment aflaryngealfunction

To assess laryngeal abductor and adductor function, videolaryngoscopy and

electromyography (EMG) were performed, using the same anesthesia that was used

for the surgical procedure. Laryngeal function was assessed before and immediately

after reconstruction; thereafter, it was assessed weekly during a 10-week follow-up

period. The time at which the first sign of mobility and EMGreinnervation activity

was seen was recorded.

After 10 weeks, laryngeal abductor function was evaluated during quiet

espiration and respiratory distress. The respiratory distress condition was achieved by

verforming a tracheotomy and occluding the tracheotomy tube (type Shiley 00 CFS;

Aallinkrodt Medical, Irvine, CA) for | minute. To eliminate any influence of the

ricothyroid muscles or extrinsic laryngeal musculature, these muscles were severed
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Figure 4.1 Anastomosis ofthe sternohyoid branch ofthe ansa cervicalis with the adductor branch of
the right recurrent laryngeal nerve; anastomosis ofthe upper branch ofthe phrenic nerve with the
recurrent laryngeal nerve. Proximal stumps ofthe adductor branch and ansa galeniare sutured into |the posterior cricoarytenoid muscle.

bilaterally prior to the final assessment. The superior laryngeal nerve (SLN) was
preserved. Reflex adductor movement was evaluated by recording mobility and EMG
activity on tactile stimulation ofthe right-sided supraglottic mucosa. The RLN-PN std
ansa-adductor anastomoses were thenidentified and electrically stimulated (1mAmp, |
90 Hz) proximalto the anastomosis, the laryngeal response was observed by
videolaryngoscopy and EMG.

Videolaryngoscopic evaluation

The mobility of the reinnervated right hemilarynx was compared with the
normal left hemilarynx. Abduction was scored accordingto the following: good,if
abduction on inspiration occurred almost synchronouswith and equal in degree of
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abduction to the abduction ofthe left side; adequate, if abduction on inspiration was

more than half but slightly less than the abduction ofthe left side: limited, if

abduction on inspiration wasless than half or half of the abduction ofthe left side; or

poor, if no effective or slight abduction on inspiration was observed. Adduction was

scored accordingto the following: normal, ifright hemilarynx adduction was equal to

that ofthe left hemilarynx; decreased, adduction ofthe right side wasless than the left

side; immobile, if the right hemilarynx was immobile; and paradoxical, if abduction

of the right side occurred during adduction ofthe right side.

EMGevaluation

Electromyography was performed by meansoftransorally introduced, hooked

wire electrodes in the left and right posterior cricoarytenoid (PCA) muscle, and in the

left and right vocalis muscles (medial part of the thyroarytenoid muscle). An EMG

type MS6 (Medelec, Old Walking, England) was used. Respiratory monitoring was

performed simultaneously, using a custom-made impedance plethysmograph,that

registered chest movement.

Histology

To obtain histological proof ofthe reinnervation, nerve anastomoses were

fixed in situ in the anesthetized animal using a cacodylate-gluteraldehyde solution and

resected for histological examination. After postfixation in the samesolution, the

tissue was embeddedin epoxy resin and 1-um-thick transverse sections were cut.

These were stained for myelin using 1% paraphenylenediamine.Histological analysis

was performed 0.5cm distal to the anastomosis, by computerized screening of a

500-j1m-wide bandacross the widest nerve diameter. The numberofaxonsper square

millimeter and the axon diameters were estimated.

Results

Preoperative assessment

Before the operation,all cats showed symmetrical spontaneouslaryngeal

abduction on inspiration and symmetrical adduction ontactile stimulation of the right-

sided supraglottic mucosa (reflex adduction). EMGactivity patterns were normalin

all muscles recorded. The PCA muscles showed an inspiratoryactivity pattern. In the

vocalis muscles, a quiet baseline activity was recorded throughoutthe respiratory

cycle. On reflex adduction a burst of activity was recorded in both vocalis muscles.

In 1 cat iatrogenic damageto the right RLN occurred before performance of
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the PN-RLN anastomosis, precluding successful anastomosis. This case was not

evaluated. The other 9 cats could be evaluated.

Table 4.1 Laryngeal abduction mobility observed with

videolaryngoscopy 10 weeks after selective laryngeal reinnervation

 

 

 

Abduction of Right No.of cats
Hemilarynx

Quiet Respiration Respiratory Distress

Good 6 5

Adequate 2 2

Limited 0 2

Poor 1 0

Table 4.2 Laryngeal reflex adduction mobility observed with

videolaryngoscopy 10 weeksafter selective laryngeal reinnervation

 

Reflex Adduction of Right

Hemilarynx

No.of cats

 

Normal

Decreased

Immobile

o
~

Y
P

&

Paradoxical

Intermediate assessment

Immediately after the operation the right hemilarynx was immobile in all 9

cats. Denervation of the right RLN was confirmed by EMG inactivityin the right

vocalis muscle and the right PCA muscle.

A first sign of spontaneous mobility of the right vocal fold, comprising a slight

trembling movement on inspiration was seen with videolaryngoscopy an average of

4.8 weeksafter the operation in 8 cats (range, 3-6 weeks). In 1 cat the right vocal fold

was still immobile 10 wecksafier the operation, although the EMG patterns showed

appropriate reinnervation. In 9 cats, the results of EMG indicated reinnervationofthe

right vocalis muscle an average of 4.8 weeks after the operation (range, 4-6 weeks)

and of the right PCA an average of 4.7 weeksafter the operation (range, 3-7 weeks).
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These recovery periods did notdiffer statistically (Mann-WhitneyUtest).

Final assessment

Videolaryngoscopic findings are shownin Table 4.1 and Table 4.2. The cat

with poor abduction during quiet respiration showeda slight abduction during

respiratory distress. The results of EMG, however, showed appropriate reinnervation.

Palpation ofthe cricoarytenoid joint disclosed a reduced mobility ofthe joint, possibly

due to fibrosis caused by weekly repeated manipulation with EMGelectrodes or

during the initial reinnervation surgery. In the other cats videolaryngoscopic

evaluation during quiet respiration showed smooth abduction on inspiration, which

occurred slightly later on the right side than on the left. During respiratorydistress,

videolaryngoscopytypically showed bulging of the vocalfold, together with a

decrease of right-sided abduction. The abduction movement onthe right side was

slower and jerkier than ontheleft side. The jerky movementpersisted during

sustained abduction. The results ofEMG ofthe reinnervated right PCA muscles

showeda typical PN activity pattern in 9 cats. The EMGactivity and abduction on the

reinnervatedright, started 30 to 40 millisecondslater than ontheleft side.

Furthermore, EMGactivity slowly increasedat the onset of inspiration; the activity

decreased slightly and abruptly stopped at the end ofinspiration. The normalleft PCA

muscle almost immediately reachedits peak activity at the onset ofinspiration and

ROL tan

"9AHU
LAal

Inspiration
Respiration

Expiration

Figure 4.2 Top, Electromyogram (2cm/s) ofquiet respiration, 10 weeks after selective reinnervation

procedure on the right side. Minorinspiratory activity in the right vocalis muscle (R Voc) is typical

for the ansa cervicalis during quiet respiration. The inspiratoryactivity is typicalfor the phrenic

nerve in right posterior cricoarytenoid (R PCA) muscle almost synchronous with the activity in the

left posterior cricoarytenoid (L PCA) muscle. Bottom, The respiratory cycle.
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slowly decreasedat the end ofinspiration. The resting, baseline EMGactivity, which

was present during expiration in the normal left PCA muscle, was absentin the

reinneryated right PCA musclein all cats.

The EMGactivity in the reinnervated right vocalis muscle, had a weak

inspiratory pattern whichstarted later than thatin the left or right PCA muscles and

only consisted of a single motor unit potential in 7 cats. In 2 cats no activity was seen

during quiet breathing, whereas there was evidence ofa firm inspiratory pattern,

recruiting, multiple motor units, during respiratory distress. In the other 7 cats, the

EMGactivity increased in the right vocalis muscle during the respiratorydistress.

This activity pattern is typical for the ansa cervicalis.

Examples of the EMGactivity of the right vocalis muscle and right and left

PCA muscles during quiet respiration and respiratory distress are shownin Figure 4.2

and Figure 4.3, respectively.

No EMGactivity was recorded during reflex adductionin the right vocalis

muscle or in the right and left PCA muscles. A normal responseactivity was recorded

in the left vocalis muscle.

 

Inspiration

Respiration

Expiration

Figure 4.3 Top, Electromyogram(2cn1/s) ofrespiratory distress 10 weeks ajter the selective

reinnervation procedure onthe righi side. Note the inspiratory activity in the right cricoarylenoid

(R PCA) muscle, which is typicalfor the phrenic nerve, and the marked simultaneous inspiratory

activity in the right vocalis muscle (R Voc), which is typicalfor the ansa cervicalis during respiratory

distress. This synkinetic activity only slightly compromised the abductor movement as observed
laryngoscopically (nat shown). Bottont, The respiratory cycle.
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Electrical stimulation of the PN showed abduction ofthe right vocal fold in 9
cats, and an EMGactivity response was recorded simultancouslyin the right PCA
muscle, Electrical stimulation of the right ansa cervicalis sternohyoid branch showed
adduction ofthe vocal cord in 9 cats. In the right vocalis muscle, an EMG response

activity was recorded simultaneously.

Histological analysis

The PN-RLN anastomosis could be histologically examined, but an

examination was notfeasible for the ansa-adductor nerve anastomosis due to the small
caliber and extensive fibrosis near the anastomosis which precluded proper

preparation. Evaluation ofthe distal part of the right RLN was performedin8 ofthe 9
cats, and histologicalproof of reinnervation was obtained in these specimens. The

remaining case could not be evaluated because of unsuccessful fixation. The median

axon count was 3097 axonsper square millimeter, with a median axon diameter of

1.97pm.(In one of our previous studies (Chapter 2) involving cats of the samebreed,

sex and weight range as were usedin this study the median axon count in the

unaffected RLN was 3144 axons per square millimeter and the median axon diameter

was 4.68pm).

Discussion

To our knowledge, few attempts have been madein animal experiments to

simultaneously combine selective reinnervation ofthe laryngeal abductor and

adductor muscles using the phrenic nerve and ansa cervicalis, respectively. Crumley

(1984) reported performing such a procedure in 2 dogs. In both dogs, reinnervation

was achieved,and the results were comparable with those ofourpresent study.

Crumley's method differed in that respect that he used a nerve graft to connectthe

ohrenic nerveto the intralaryngeal abductor branch and the sternothyroid branch of

the ansa cervicalis. Marie and coworkers (1989) used a similar procedure in 7 dogs:

direct implantation of a phrenic nerve stump in the PCA in combination with the ansa

cervicalis sternothyroid branch to the adductor branch. Eight monthslater functional

seinnervation of both adductor and abductor muscles was obtained in only one dog

with good abduction. Adduction wasrestored in 5 dogs. The main reason forfailure

of restoration of abductor function besides avulsion in 1 dog and infection in 1 dog

appeared to be synkinesis resulting from “axonal escape”.

Ourpresent study showsthat a good laryngeal function can be achieved in cat

during quiet respiration when combining abductorreinnervation with a PN and
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adductor reinnervation using the ansa cervicalis branch. A minor compromiseofthe

maximal abduction is found during respiratory distress due to simultaneously

increased inspiratory activity in the PN and ansacervicalis under this condition, as

comparedto the abduction during quiet respiration. ‘This is in contrast to our previous

study (Chapter 3) in which abductor and no adductor reinnervation was performed,

resulting in an increased abduction during respiratory distress, The results ofEMG of

the vocalis muscles and electrical stimulation of the ansa cervicalis indicated that the

adductors were indeed reinnervated, and, thus, a muscle tonus had been achieved in

the right vocalis muscle. This might be advantageous in phonation as in unilateral

recurrent nerve paralysis. Achieving only muscle tonusin the vocal fold, without

active adduction, has been shownto improve voice quality (Crumley et al. 1986,

Crumley 1991). Furthermore, this muscle tonus may be advantageous during

respiration, especially during quiet inspiration and inspiration during respiratory

distress, by preventing an otherwise flaccid vocal fold to be sucked caudo-medially by

the inspiratory airstream.

In theory, reinnervating the adductor muscles with the ansa cervicalis might

prevent axonal escape of PN axon sprouts to the adductor muscles and might thus

preventlaryngeal synkinesis, since (re)innervated muscles, as opposed to denervated

muscles, are insusceptible to ingrowing foreign axons. However, we did not observe

PNactivity in the adductor musclesin ourearlier study (Chapter 3) in which only the

abductorreinnervation was performed.

Tactile stimulation of the right supraglottic mucosa resulted in an adductor

responseontheleft side but not on the right side as expected, since the ansa cervicalis

is not involvedin the reflex arc. The protective reflex arc is triggered by stimulation

oftactile receptors in the glottic and supraglottic mucosa. The stimulus passes along

the sensory fibers ofthe internal branch ofthe superior laryngeal nerve (SLN)via the

nodose ganglion to the nucleussolitarius, which is the nucleus ofthe SLN inthe brain

stem. There is a polysynaptic connection to the nucleus ambiguus and the motor fibers

of the RLN,evoking contraction ofthe laryngeal adductor muscles and inhibition of

the phasic inspiratory action potentials in the PCA muscles (Kirchner 1991, Isogai et

al. 1991, Sasakiet al. 1976). In the cat, there is a bilateral glottic closure response due

to crossing axons, whereasthis reflexis strictly unilateral in humans(Sasakietal.

1976). Therefore, the cats in our studystill had a partly intact glottic closure reflex, in

humans,tactile stimulation ofthe right-sided supraglottic mucosa following a similar

reinnervation procedure would result in no adduction.

In this study the sternohyoid branch of the ansa cervicalis was chosen for the
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adductor reinnervation becauseit is easy to locate in the cat. Since the concept of

separate selective adductor and abductor reinnervation has proved feasible, it might

oe better, in theory, to use the thyrohyoid branch ofthe ansa cervicalis in future

‘esearch models, as this branch has a slightly more pronounced expiratory and

shonatory activity than the sternohyoid branch (Ellenbogen et al. 1981, Fata etal.

1987, Hast 1968, Diamondet al. 1992).

Alternative transfer of the SLN which is knownto be active during phonation

ind coughing has been considered by Crumley (1984) for reinnervation. However, the

cricothyroid muscle normally functions as an accessory adductor andits adductory

activity is especially of importance in larynges with RLN paralysis. By transferring the

SLN to the adductor branch one would be as Crumley describes, "robbing Peter to pay

aul", which would hardly be advantageous.

Since phonation could not be evaluated in this study and effective reflex glottic

slosure was not achieved,it remains to be proven that reinnervation of the adductor

nusculature is a meaningful addition to selective abductor reinnervation alone. The

heoretical advantages of adductor muscle tonus and the favorable experience in

‘einnervation with ansa cervicalis branches in unilateral laryngeal paralysis in humans

o improve phonation, together with the minor additional morbidity ofsacrificing an

insa cervicalis nerve branch, in our opinion, justifies further developmentofselective

ibductor and adductorreinnervation and its eventual use in humans. Theresults

»btained with selective reinnervation are much better than those which can be

ichieved by direct RLN reanastomosis whichresults in gross laryngeal function

mpairment due to synkinesis (Chapter 2).
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Abstract

Objective Totest the feasibility of delayed selective abductor reinnervation following

transection ofthe recurrent laryngeal nerve (RLN). Successful restoration of laryngeal

abductor function, using the phrenic nerve has been described in the cat model, in the

acute phase. However,in clinical practice there is usually a considerable delay

between injury to the RLN andpresentation for treatment. Delayed reinnervation

therefore would be moresuitable in clinical practice.

Materials and methods In 12 cats, the right RLN was severed. Nine monthslater, the

phrenic nerve was anastomosedto the distal RLN stump with all its branches directed

toward the posterior cricoarytenoid muscle. For 10 weeks after the reconstruction,

electromyography and videolaryngoscopy were performed weekly. Finally,

histological analysis of the RLN wasperformed.

Results Evaluation was possible in | 1 cats. Reinnervation of the right posterior

cricoarytenoid muscle with the phrenic nerve occurred in 10 cats following nerve

anastomosis, but results of videolaryngoscopy showed adequate to good abduction in

only 4 cats. The main limiting factor was reduced mobility of the cricoarytenoid joint.

Evidence of spontaneous subclinical reinnervation after the delay was observed in 7

cats but apparently did not impedethe surgical reinnervation.

Conclusion Delayed selective laryngeal abductor reinnervation was feasible, but

function recovery was less successful than if performed immediately. Future

investigations should concentrate on early determinants of spontaneousrestoration of

function to allow early selection ofpatients whoare eligible for reinnervation surgery.

Introduction

The diagnosis ofRLN or vagus nerve paralysis often is made after a

considerable delay, particularly in cases of unilateral paralysis, when the symptoms of

dysphonia and sometimesaspiration may have been present for weeks or even months

before a laryngological consultation is sought. In the less commoncaseofbilateral

(RLN or vagus nerve) paralysis, progressive stridor and dyspnea often lead to an

earlier diagnosis. Unless respiratory insufficiency warrants urgent airway

management, attention is first directed toward the cause, extent and site of the nerve

injury. In addition, before any form of permanent and mostly irreversible surgical

treatment is performed, spontaneous recovery or compensation (in case of unilateral

paralysis) is awaited for some months. Therefore, a considerable delay between the

onset of nerve injury and the timing of surgical intervention generally elapses.

In the case of persistent unilateral paralysis where dysphonia predominates,
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vocal fold augmentation (Ford 1991) or medialization laryngeal frameworksurgery

‘sshiki et al. 1974, Mahieu et al. 1996) are the most suitable procedures to correct the

incomplete glottis closure. For permanentbilateral paralysis, the present treatment

aptions consist of vocal fold lateralization (Geterud et al. 1990), arytenoidectomy

(Ossoff 1984), posterior transverse cordotomy (Dennis et al. 1989) or permanent

tracheostomy. With the exception of permanenttracheostomy,all of these procedures

are aimedat enlargingthe airwayat the glottic level at the inevitable cost of voice

quality and an increasedrisk of aspiration.

Experimental work has therefore been directed towardsreinnervation surgery

(Chapter 3 & 4, Crumley 1982, Rice 1982) as well as laryngeal pacing procedures

(Broniatowski 1985, Zealear 1994), Both methodsaim to improve laryngeal function

by restoring laryngeal mobility with opening ofthe airwayduring inspiration without

sacrificing voice quality or increasingtherisk of aspiration. Our previous studies

(Chapter 3 & 4) have concentrated on reinnervation surgery as a potential technique to

restore laryngeal function and have achieved excellent results using surgical

reinnervation techniques immediately following nerve injury in an animal model.

In treatmentoflong-standing paralysis, many factors may adversely influence

successful surgical reinnervation and laryngeal function restoration. These include

denervation atrophy, spontaneous subclinical reinnervation, inappropriate

reinnervation and,fixation ofthe cricoarytenoid joint. If extensive denervation

atrophy has occurred, this may preclude successful reinnervation because of

irreversible muscle fibrosis and degeneration of muscle endplates (Gutmannetal.

1949, Saito et al. 1969). Usually, however, some spontaneous reinnervation takes

place due to axonal regeneration across the injury site or neurotization from

surrounding musculature. The process ofatrophyis then halted and reversed. Such

reinnervation, generally will not provide laryngeal mobility, a condition known as

subclinical (re)innervation (Elsberg 1917, Edds 1949). Alternatively, should the

reinnervation be sufficient to produce adequate muscular contraction, the regenerated

axons may connectto the wrong target muscle, causing synkinesis and thus

impairmentof function (Crumley et al. 1982, Chapter 2). This condition is referred to

as inappropriate reinnervation.In either reinnervated condition the muscle is no longer

susceptible to reinnervation or neurotization from other sources, thus precluding

successful reinnervation surgery. These conditions can be diagnosed using laryngeal

electromyography (EMG) whichtypically demonstrates EMG activity in the absence

of laryngeal mobility. Subclinical reinnervation and inappropriate reinnervation, rather

than true persistent denervation, seem to be the rule sometimeafter serious nerve
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injury. Furthermore, in long-standing laryngeal immobility, the cricoarytenoid joints

may becomefixed. This phenomenon appears to be rare in humans, (Elieset al. 1983)

but extensive fibrous ankylosis has been observed in rabbits after experimental section

of the RLN (Langnickel 1973). This will of course impederestoration of laryngeal

mobility despite successful reinnervation.

Considering these factors, time appears to be of paramount importance when

contemplating laryngeal reinnervation surgery. Separate selective reinnervation ofthe

adductor and abductor muscle groups can prevent inappropriate laryngeal

reinnervation by misdirection of regenerating axons. This reinnervation technique has

proved very effective in cats when performedin the acute stage, ie, immediately after

denervation by transection of the RLN (Chapter 3&4). Little experimental data are

available regarding laryngeal reinnervation surgery after a delay (Neal et al. 1981,

Morledgeet al. 1973, Lyonset al. 1974).

Weperformedthis study to test the feasibility of selective abductor

reinnervation ofthe posterior cricoarytenoid muscle using a phrenic nerve (PN)

transfer after a delay of 9 months after RLN transection.

Materials and methods

Surgical method

Twelve female cats (age, 6 months; weight range, 2200-2800 g) were

anesthetized with ketamine chloride (20mg/kg given intramuscularly) and xylazine

hydrochloride (0.5mg/kg given subcutaneously), allowing spontaneousrespiration.

A midline incision of the neck was performed. Pretracheal muscles were separated in

the midline, and the upperpart of the trachea was exposed. The right RLN was then

identified. At a distance of2.5cm from the cricothyroid joint, the RLN was transected.

The proximal RLN wasthen resected as far caudally as possible, usually a length of4

to 5cm. Thedistal stump wasthen fixed in a small piece of plastic tubing to facilitate

reidentification.

After 9 months, the neck was again explored using an extended midline

incision. The distal RLN stump wasidentified and retransected slightly more distal to

the initial transection, 2.0cm from the cricothyroid joint. The larynx was rotated 90°

aroundits longitudinal axis. The inferior pharyngeal constrictor muscle was partly

sectionedat its insertion on the lower posterior margin ofthe right thyroid lamina. A

small inferior posterior part of the thyroid lamina was resected to expose the adductor

and abductor RLN branches. The abductor branch waspreserved, the adductor branch
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Figure 5.1 Diagramofselective abductor reinnervation procedure anastomosing the
phrenic nerve (PN) to the main stemofthe recurrent nerve. To direct all regenerating axons
Jromthe PN to the posterior cricoarytenoid (PCA) muscle, the adductor branch and the
ansa galeni were also cut andthe proximal stumps were buried in the PCA muscle.

‘as severed and the proximal adductor stump was buried in the PCA muscle and fixed
ith a 10-0 microsuture (Ethilon, Ethicon Inc, Somerville NJ) and fibrin glue

lissucol, Austrian Institute for Haemoderivates, Vienna, Austria). To exclude any

ifluence of the ansa galeni, although unlikely becauseofits allegedly sensory nature
Jiamondet al. 1992) it too was severed, and its proximal stump was buried in the
CA muscle. The tworoots ofthe right PN were identified. In contrast to the situation
i humans, the PN in the cat has 2 clearly distinguishable roots originating from C-5
ad C-6, respectively. The PN root from C-5 wastransected just beforeit joined the
ther root. The distal RLN stump was anastomosedto the C-5 PN stumpusing a 10-0
licrosuture andfibrin glue. Thus, all reinnervating PN axons were directed toward
ie PCA muscle (Figure 5.1), even those that followed the path of the adductor branch
r the ansa galeni.
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Laryngeal abductorfunction assessment

To assess laryngeal function, videolaryngoscopy and EMG were performed,

using the same anesthesia as for the surgical procedure.

Laryngeal abductor function was assessed before and immediately after initial

transection of the RLN, before and immediately after retransection of the RLN, before

the PN-transfer 9 months later and weekly during a 10-week follow up. The timeat

which first sign of mobility and EMGreinnervation activity were seen was recorded.

After the 10 weeks,a final assessment oflaryngeal abductor function (using

videolaryngoscopy and EMG)was performed during quiet respiration and respiratory

distress. Respiratory distress was achieved by performing a tracheotomy and occluding

the tracheotomy tube (type Shiley 00 CFS; Mallinkrodt Medical, Irvine, CA, USA.)

for 1 minute. The tracheotomy tube closely fit the tracheain all cases so that on

occlusion, there was no passage ofair. To eliminate anyinfluence from the

cricothyroid muscles orextrinsic laryngeal musculature, these muscles were severed

bilaterally before the final assessment.

Electrical stimulation of the right PN was performed proximal to the

anastomosis, and mobility and evoked activity were recorded using videolaryngoscopy

and EMG.

The right PN-RLN anastomosis was fixed in situ, and removedfor histological

analysis, The animals were killed, and the larynx was excised. The right arytenoid was

then palpated for signs of a reduced passive mobility ofthe cricoarytenoid joint

compared withtheleft cricoarytenoid joint.

Videolaryngoscopic evaluation

The mobility of the reinnervated right hemilarynx was compared with the

normalleft hemilarynx. Abduction wasscored as good if abduction on inspiration

occurred almost synchronously with and equal in degree to the abduction ofthe left

side; adequate if abduction on inspiration was morethan half the abduction of theleft

side; limited if abduction on inspiration washalfor less of the abduction ofthe left

side; or poorifno effective or very slight abduction oninspiration was observed.

EMGevaluation

Electromyography was performedusing transorally introduced hooked wire

electrodesin the left and right PCA muscles, and in the left and right vocalis muscles

(pars medialis of the thyroarytenoid muscle). An EMG type MS6 (Medelee, Old
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Walking, England) was used. Respiratory monitoring was performed simultaneously,

using a custom-made impedance plethysmograph,registering chest movement.

Histological analysis

To obtain histological proof ofthe reinnervation, the nerve anastomoses were

fixed in situ after the final assessmentin the anesthetised animal using a cacodylate-

gluteraldehyde solution and then resected for histological examination. After

postfixation in the samesolution, the tissue was embedded in epoxy resin, and lum

thick transverse sections were cut. These were stained for myelin using 1%

paraphenylenediamine. Histological analysis was performed 0.5cmdistal to the

anastomosis, by computerized screening of a 500-m-wide band across the widest

nerve diameter, the axon count(axons per square millimeter) and the axon diameters

were estimated.

Results

Evaluation was possible in 11 cats. One cat (cat 2) died during the delay.

Laryngeal abductorfunction assessment

(1) Before and after initial transection ofRLN

Before transection, normal symmetrical abduction was seen oninspirationin all

cats, and normal EMGactivity was recorded in the PCA and vocalis muscles.

Normally in the PCA muscle, there is a phasic inspiratory activity pattern, whereas the

vocalis has only sporadicactivityin rest, a burst of activity is seen during phonation

and reflex glottic closure.

Immediatelyafter transection of the right RLN, complete immobility ofthe

right hemilarynx was seen and there was absence ofEMGactivity in the right vocalis

and right PCA musclesin all cats.

2) Before and after retransection ofthe RLN

Before retransection ofthe RLN, /imited abduction mobility of the right hemilarynx

was observed in 3 of the cats using videolaryngoscopy. The EMGrecordingsofthe

‘ight PCA muscle showed signs of spontaneous subclinical reinnervation in 7 cats, in

he other 4 cats no EMGactivity was found. The EMGactivity consisted of an

nspiratory pattern (Figure 5.2a). After retransection of the distal RLN stump,ie, just

»efore performing the delayed PN-RLN anastomosis, the right hemilarynx was

mmobile in all cats. EMG activity persisted in the right PCA musclein 3 cats,

73



consisting of a minor inspiratoryactivity pattern in 1 cat and an uncoordinated pattern

in 2 cats (Figure 5.2b).The EMGrecordingsofthe right vocalis muscles showed a

minor inspiratoryactivity in 6 cats and an uncoordinated pattern of single motorunit

potentials in 5 cats. In the 6 cats with minorinspiratoryactivity patterns in the vocalis

muscle, EMGactivity disappeared after retransection of the RLN (Figure 5.2b), R VocA

whereas in the 5 cats with uncoordinated single motorunits potentials, the activity

persisted. The results of EMGof the PCA muscle and vocalis muscle are summarized os asipeneMBSE

ea “on cemcneenmeneans
Inspiration

Respiration Srieeeamenanenema cccaenauminenOia

Table 5.1 EMGrecordingsin the right PCA andright vocalis muscles Eanineson

after 9-month delay

 Figure 5.2a Yop, Electromyographic (EMG) recordings (2cm/s) 9 monthsafter initial
Gatne. Before retransection of RLN After retransection of RLN recurrent laryngeal nerve (RLN) transection. Spontaneously an inspiratory activity pattern

has occurred in the right voealis muscle (R Voc) andin the right posterior cricoarytenoid

 

PCA Vocalis PCA Vocalis (R PCA)musele. The pattern is almost synchronous with the normal inspiratoryactivityin the
‘ ; 4 4 left PCA (L PCA) muscle. Bottom, The respiratorycycle.

3 0 8 0 S

4 ] 1 0 0

] ] 0 0

6 ] 1 Ss 0

; 5 ' 5 R Vor eenner

‘ . ‘ ‘ ‘ RPCA | Un

| : 7ceR
10 1 1 s 0 . ms

ll 1 S 0 s Respiration1 ee ee
12 1 S 0 8 Expiration

*EMGindicates electromyographic; PCA, posterior cricoarytenoid; RLN, recurrent laryngeal nerve;

], inspiratory EMG activity; S, uncoordinated single motor unit potentials; and 0, no EMG activity Figure 5.2b Top, EMG recordings(2cm/s). Afier RLN retransectionafter the 9-month delay
period, no EMGactivity patiern is seen in the R Vor muscle and an uncoordinated pattern
ofsingle motor unit potentials is seen in R PCA muscle. In the L PCA muscle, normal

inspiratory activity is seen. Boltom, The respiratory cycle.
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(3) Follow up after PN-transfer

First signs of PN activity in the EMG recordings, an inspiratory activity pattern

starting about 30-40mslater than the normally innervated left PCA muscle, were

recorded in the right PCA muscles at 4.8 weeks (LSD, 2.3 weeks). First signs of

abduction mobility were seen at 6.7 weeks (4SD, 2.3 weeks).

(4) Final assessment

Quietrespiration. Abductor function 10 weeks after the reinnervation procedure

during quiet respiration was good in 3 cats, adequate in 1 cat. limited in 1 cat and poor

in 6 cats (Table 5.2). Between the presence of subclinical EMG activity in the right

PCAafter the 9 month delay period, recorded before and after retransection ofthe

RLW and the final degree of abductor function recovery, Spearman rank correlations

of 0.23 and 0.5 respectively, were found. Evaluation ofEMG recordings showed

typical PN phasicinspiratory activity in the right PCA muscle in 10 of the 11 cats

(Figure 5.2c). In the remaining case (cat 8), the anastomosis waslater found to have

lost continuity and therefore considered a surgical failure. In the right vocalis muscle,

a weak inspiratory EMGactivity pattern was recorded in 9 of the 11 cats (Figure

5.2c). In the other 2 cats, uncoordinated series of single motor unit potentials were

seen,

Respiratory distress. During respiratory distress the abductor function was good in 1

cat, adequatein 2 cats, limited in 3 cats and poor in 5. The 5 cats included the cat with

surgical failure (cat 8). In 10 cats, the inspiratory EMGpattern in the right PCA

increased during respiratory distress with recruitment of multiple motor unit

potentials. In the cat with surgical failure (cat 8), no EMGactivity was seen during

respiratory distress, as in quiet respiration. In the right vocalis muscle, an increase in

the inspiratory EMGactivity pattern was seen during respiratorydistress in 9 ofthe 11

cats. This occurred simultaneously with the activity in the PCA muscle and indicated

synkinesis. The remaining 2 cats showedslight enhancement ofthe resting activity in

the right vocalis muscle, with no coordinated pattern.

Electrical stimulation. Electrical stimulation of the PN nerve proximal to the

anastomosis resulted in visible abduction or contraction of the right hemilarynx and

evoked EMGactivity in 10 of the 11 cats. In the cat with surgical failure (cat 8) there

was no response to electrical stimulation.

Cricoarytenoid joint mobility. Palpation of the right arytenoid revealed reduced

cricoarytenoid joint mobility in 6 cats. Five of these cats had a poor abductor function

and | of them had limited abductor function. The 3 cats with good and the | cat with
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adequate abductor function had a normal passive mobility ofthe cricoarytenoidjoint.

In 1 cat (cat 9), palpation of the arytenoid was not conclusive. Spearman rank

correlation between restoration of function and normal passive mobility ofthe

cricoarytenoid joint was 0.49.

R Voc {prorneemecarersolAIM

i

ta
Inspiration

R PCA

LPCA

Respiration

Expiration

Figure 5.2¢ Top, EMG recordings (2em/s). Ten weeks after delayed selective

reinnervation ofR PCA muscle with phrenic nerve (PN), minorinspiratoryactivity is

seen in the R Voc muscle, a typical PN inspiratory activity pattern in the R PCA and

normal inspiratory activity in the L PCA, Bottom, The respiratorycycle.

Histological analysis

Histological proof of reinnervation in the RLN was found in all 8 examined

specimens. The specimen from the cat with surgical failure (cat 8) was excluded and

specimens from the remaining 2 cats (cats 4 and 5) could not be evaluated due to an

unsuccessful fixation procedure. The median axon count was 3771 axons/mm?with a

mean axon diameter of 2.17um.In one ofour previous studies (Chapter 2) involving

cats of the same breed, sex and weight range as were used in this study we found that

the median axon countin the unaffected RLN was 3144/mm/?and the mean axon

diameter was 4.68um. Analysis of variance indicates a significantly higher number

and significantly thinner (regenerating) axonsin the reinnervated RLN thaninthe

normal RLN (p=0.009).
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Table 5.2 Results of final assessment 10 weeks after reinnervation procedure

 

 

Abducetor function EMGactivity

: : Electrical Mobility of

ext Rei ya PCA Vocalis Stimulation CA Joint

1 poor limited 1 1 1 R

3 good adequate 1 1 1 N

4 poor poor | l 1 R

3 good adequate ] S ] N

6 good good ] | ] R

as limited limited ] | 1 R

8 poor poor O S 0 R

9 poor poor 1 | 1 a=

1] adequate limited 1 | I N

12 poor poor 1 1 I R

13 poor poor 1 1 | R

*EMGindicateselectromyographic; PCA, posterior cricoarytenoid; CA, cricoarytenoid;1,

inspiratory, 0, no inspiratory, 8, uncoordinated single motor unit potentials; R, reduced; and N,
normal,

Discussion

Selective reinnervation of the PCA muscle with a PN transfer has proved

feasible even after a delay of 9 months. This was established by EMG PNactivityin

the PCA muscle in 10 of the 11 cats, PCA muscle contraction onelectrical stimulation

of the right PN in these 10 cats, and histological proof of reinnervation in examined

nerve specimensin 8 cats. Evenif subclinical reinnervation persisted following

retransection ofthe RLN stump,it did not prevent surgical reinnervation in our study.

A correlation is even suggested betweenpersistence of subclinical reinnervation after

retransection of the RLN and a goodrestoration of function (Spearman rank

correlation coefficient: 0.50).

No histological examination of the muscular condition was performed, but no

apparent denervation atrophy was observed during laryngoscopy or macroscopic

postmortem examination. Probablythe process of severe denervation atrophy had been
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prevented or reversed as a result of the subclinical reinnervation.

Despite evident reinnervation, however, the abductor mobility function

following the delay was clearly less successful than after immediate reinnervation with

the PN nerve transfer (Chapter 3&4). The results of our study are compared with

previously reported results following immediate selective abductor reinnervation

(Figure 5.3) during quiet respiration and respiratory distress. The main limiting factor

in mobility restoration in our study appears to have been reduced passive mobility of

the crico-arytenoid joint. In earlier studies (Chapter 2, 3 & 4) in which reinnervation

was performed in the acute stage only 2 of 30 cats showed reduced passive joint

mobility. Fixation of the cricoarytenoid joint due to fibrous ankylosis has occurred in

rabbits starting at 5 months after RLN section, leading to complete fixation at 12

months (Langnickel 1973). In humansfibrous ankylosis due only to immobility after

RLN paralysis appears to be exceptional (Elies ct al. 1983). This difference is

explained by lack of passive movementofthe arytenoid owing to the lack of use of the

vocal cords in animals (Elieset al. 1983).

Inappropriate reinnervation resulting in synkinesis may have been anadditional

limiting factor in the restoration of mobility in our study. All cats except that with

surgical failure showed signs of inappropriate reinnervation ofthe right vocalis muscle

with inspiratory EMGactivity. Despite this fact, 3 cats achieved a good abductor

function during quiet respiration. However, during respiratory distress, the abductor

function decreased in 2 of these cats, although an enhanced inspiratory EMG activity

pattern was observed in the PCA muscles. This can only be explained by inappropriate

spontaneousreinnervation of the not surgically reinnervated vocalis muscles, resulting

in synkinesis. Inspiratory EMG activity that was alreadypresent in the vocalis muscle

during quiet respiration showed a markedincrease during respiratory distress. This

activity occurred simultaneously with the increasedinspiratory activity in the PCA

muscles during respiratory distress, impeding abductor function. In a previous study

(Chapter 3) in which PN transfer was performed immediately following RLN

transection, no inappropriate reinnervation of the vocalis muscle was observed, and

respiratory distress condition resulted in an increased abduction.

Theresults obtained in our study cannot simply be translated to humans, but a

numberoffactors are important to take into consideration when contemplating human

reinnervation surgery. The best results of reinnervation surgery are obtained if the time

interval between the injury and the time of reconstruction is short. Future research

should be directed toward tests that can predict the chances of spontaneous nerve
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recovery, at an early stage, to select the patients with a poor prognosis of nerve

recoveryso they can benefit from reinnervation surgery. Although EMG data are

believed to be reliable in predicting the spontaneous outcomeoflaryngealparalysis

(Thumfart 1988), conclusive evidence to support these claimsis still lacking.

Reinnervation surgery is likely to be beneficial especially for patients with bilateral
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Figure 5.3 Graph demonstrating the abductorfunction results afier immediate

(n=9) and delayed (n=11) selective abductor reinnervation wiih the phrenic nerve.

paralysis.Ifthere is certainty of loss of continuity of both RLNs,a unilateral

reinnervation procedure using the PN may be considered immediately, as no

spontaneousrecovery can be expected following transection dueto the inevitable

inappropriate reinnervation and subsequent synkinesis as has been demonstrated in our

previous study (Chapter2).

For patients with unilateral paralysis and dysphonia, vocal fold augmentation or

surgical medialization still appears superior to reinnervation surgery, and therefore

early selection is less important in these cases.

In conclusion, reinnervation surgery may be considered immediately after

severebilateral nerve injury or in selected cases of long-standingbilateral RLN or

vagus nerve paralysis where there is no hope for spontaneous recovery, provided there

is normal cricoarytenoid joint mobility.
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Abstract

Introduction In a unilateral recurrent laryngeal nerve (RLN)paralysis, voice

problems due to incomplete glottic closure are predominant. Asthe final position of

the paralytic vocal fold and degree of compensation of the unaffected vocal fold are

unpredictable in the acute phase, permanentsurgical medialization does not seem to

be appropriate at this early stage. Laryngeal reinnervation procedures, if indicated,

could, however best be performed in the acute phase. Onthe basis of reviewof the

literature, a laryngeal reinnervation study in a cat model and our clinical experience, a

managementprotocol for acute unilateral recurrent laryngeal nerve (RLN) injury is

proposed.

Methods Adductorfunction recovery was evaluated in a cat model after RLN crush

injury (N=20), nonselective RLN repair (N=10) and selective adductor reinnervation

with the ansa cervicalis in combination with a selective abductor reinnervation with

the phrenic nerve (PN) (N=10) and compared with a control group (N=11) in which

the RLN wastransected but not reconstructed. Using videolaryngoscopy and

electromyography reinnervation was evaluated after a period of 10 weeksin thefirst

three groups and after 9 months in the control group.

Resulis RLN crushinjury resulted in restoration of norma) adductor function in the

majority of cats. Immobility of the reinnervated hemilarynx and inappropriate

paradoxical movement was seen after nonselective nerve repair (simple

reanastomosis). Selective abductor and adductor reinnervation resulted in restoration

of muscle tonus without inappropriate paradoxical mobility. Protective reflex

adduction to prevent aspiration was, however,not achieved. In addition two patient

case reports are presented, and demonstrate paradoxicallaryngealactivity after RLN-

reanastomosis immediately following nerve transection.

Conclusions Based on our study and the review of the literature, selective adductor

reinnervation with the ansa cervicalis seems to be the best reinnervation procedure in

the acute phaseafter unilateral RLN injury, even though norestoration of reflex

adduction will be achieved. Reanastomosis of the RLN must NOTbe performed as

this will lead to paradoxical mobility and severe functional impairment. Staged vocal

fold medialization surgery is indicated if dysphonia resulting from insufficientglottic

closureis still present after 6 to 9 months.
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Introduction

Recurrent laryngeal nerve (RLN)or vagal nerve injury can result in a

permanentdisturbance of laryngeal mobility. In a unilateral paralysis, dysphonia due

to incomplete glottic closure is predominant and depends on the position of the

paralytic vocal fold and the compensatory adduction ofthe unaffected vocal fold

across the midline. Incomplete glottic closure results in a breathy voice. Furthermore,

loss of tonicity may result in an asymmetricalglottic cycle and diplophonia.In the

case of a unilateral RLN paralysis respiratory and deglutitional problemsare rare, but

aspiration may occur. Problemsof deglutition and aspiration are more commonin

unilateral vagal nerve paralysis.

These functional deficits are partly due to impaired laryngeal adduction,

specifically the loss ofreflex glottic closure, normally elicited by tactile stimulation of

supraglottic mucosa, aimed at prevention of aspiration during the swallowing act. The

protective reflex are (Figure 6.1) is triggered by stimulationoftactile receptors in the

glottic and supraglottic mucosa. The stimulus passes along the sensory fibers of the

 

  

brain stem

 

nodose
ganglion 4 ;

\

‘

. SLN

ep reflex glottic
closure

RLN

larynx

Figure 6.1 Diagram showing laryngeal protective glottic closure reflex arch resulting from tactile

supragloiticstimulation, SLN = superior laryngeal nerve; RLN = recurrentlaryngeal nerve.
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internal branch ofthe superior laryngeal nerve (SLN) via the nodose ganglion to the

nucleus solitarius, the nucleus of the SLN in the brain stem. There is a polysynaptic

connection to the nucleus ambiguus and the motorfibers of the RLN, evoking

contraction of the laryngeal adductor muscles and inhibition of the phasic inspiratory

action potentials in the posterior cricoarytenoid PCA muscles (Kirchner 1991, Isogai

et al. 1991, Suzuki et al. 1976).

latrogenic or traumatic injury to the RLN orvagal nerveis not always noticed

at the time of surgeryor trauma. Often the diagnosis is made muchlater, whenthe

symptomspersist. Current surgical treatment options for incomplete glottic closure

due to longstanding unilateral vocal fold paralysis consist of vocal fold augmentation

bymeansof intracordal injection (Amold 1962, Spiegel et al. 1987, Mikaelian et al.

1987); vocal fold medialization by meansof laryngeal framework surgery (Isshiki et

al. 1974, 1978, Mahieu et al. 1996), (usually considered a better option than

intracordal injection); or reinnervation surgery, the use ofwhich remains controversial

(Crumley et al. 1986, Zhenget al. 1996, Tucker 1981). Laryngeal reinnervation

proceduresperformedin cases with unilateral laryngeal paralysis consist of

nonselective ansa cervicalis transfer to the RLN main stem (Crumley et al. 1986)or

selective ansa cervicalis transfer to the adductor branch (Zhenget al. 1996). Tucker

(1981) tried to achieve neurotization ofthe adductor muscles by using a nerve-muscle

pedicle technique with a block ofomohyoid muscle andits branch from the ansa

cervicalis. He presently combinesthis procedure with laryngeal framework surgery

(Tucker 1990, 1993). These surgical rehabilitation procedures which areall aimed at

correction of the loss of adductor function, are usually applied after a period of at

least 6 monthsto a year following the initial injury, to await possible spontaneous

recovery or compensation. However, contrary to the later surgical treatment options

no clear evidenceis extractable from literature review concerning the best course of

action if a traumatic RLN injuryis evident at the time of surgery or trauma. More

specifically, should an immediate effort be made to restore nerveintegrity. are other

procedures including nerve transfers to be preferred or is a wait and see policy

advisable.

RLNinjury can range from crushing orstretching of the nerve (in which

continuity of the axons, endoneurium and perineurium are preserved),to total loss of

continuity of the nerve. If the RLN is found to be transected and both stumps are

identified it would scemlogical to perform a reanastomosis. It is however

questionable whetherthis is the best treatmentoption, considering possible

developmentoflaryngeal synkinesis (Crumley 1979, Chapter 2). After reanastomosis
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regenerating nerve fibers sprout and some may grow along paths to denervated

muscles other than the original target muscle, a phenomenon known as misdirection

of regenerating axons. For the RLN, misdirection is facilitated by the intraneural

topography, abductor and adductor axonsare intertwined and only divide into the

subsequent branchesintralaryngeally, close to their target muscles (Sunderlandetal.

1952). Misdirected regeneration of these axons leads to inappropriate reinnervation of

opposing muscle groups. The neuralactivity then causes simultaneous contraction

(synkinesis) of adductors and abductors (Figure 6.2), resulting in inadequate mobility,

immobility, or even paradoxical movementofthe larynx. Laryngeal paradoxical

movementimplies abduction during phonation and adduction during inspiration or

both.
As the final position of the paralyzed vocal fold and degree of compensation of

the unaffected vocal fold are unpredictable in the acute phase, permanent

augmentation and medialization methods of treatment do not seem to be appropriate

at this early stage. In the caseofcrush injury a good chance of spontaneous recovery

 

Figure 6.2 4: contraction ofthe adductor muscles leadsto adduction ofthe vocalfolds (indicated by
arrows), during phonation andreflex closure. B: contractionofthe abductor muscle leads to

abduction ofthe vocalfolds (indicated by arrows), during the inspiratory phase ofrespiration.
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might be expected as long as continuity of the endoneurial sheath remains intact

(Chapter 2, Boleset al. 1969). If there is loss of continuity of the nerve, spontancous

function recovery is unlikely. Regeneration of axons may lead to inappropriate

reinnervation and synkinesis.In the case of loss of continuity at the acute stage there

appear to be four treatment options: (1) nonselective reinnervation (RLN-

reanastomosis) with repair of the transected nerve ends; (2) nonselective anastomosis

ofa foreign nervetransferto the distal RLN stump; (3) selective reinnervation with a

foreign nerve anastomosis to the adductor branch with or without additional selective

abductor reinnervation; (4) await spontaneous compensation with correction of

insufficient glottic closure at a later stage if required.

In order to determine the most appropriate mode ofmanagement we

investigated the laryngeal adductor function recovery in a cat model after crush injury,

nonselective RLN repair and selective adductor reinnervation using the ansa

cervicalis in combination with a selective abductorreinnervation using the phrenic

nerve and comparedthe results with a control group in which the RLN mainstem was

transected and not reconstructed.

The second nonselective option of anastomosing a foreign nerveto the distal

RLNstump seemsto be the poorest option in the above described situation,as it

would addloss of function of the foreign nerve to only achieve a nonselective

anastomosis, while the originally innervating nerve (proximal RLN stump)is also

available for reanastomosis. Therefore this option is not taken into consideration in

our study.

Materials and methods

Surgical method

Fifty-one female cats (aged: 6 months; weight range: 2200g to 2800g) were

anesthetized with ketamine chloride (20mg/kg intramuscularly) and xylazine

hydrochloride (0.5mg/kg subcutaneously), allowing spontancousrespiration.

Anesthesia was maintained with repeated doses of ketamine chloride (10mg/kg) every

10-20 minutes.

The following procedures were performed each in a separate group ofcats: (1)

crush injury to the RLN,(2) repair of the transected RLN and(3) selective

reinnervation of the laryngeal adductor and abductor muscles, (4) the RLN was

transected and notsurgically reinnervated.
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A midline incision of the neck was performed. Pretracheal muscles were
separated in the midline and the proximal part of the trachea was exposed. Theright
RLN wasthen identified.

In 20 cats a crush injury of the right RLN was induced (Figure 6.3). Ata

distance of 2.0em caudally from the cricothyroid joint the nerve was crushed for 30
seconds with hemostatic forceps with grooved jaws (Halstead No. 02401.12,

manufacturer: Simal, Mariakerke, Belgium)by closing the forceps for three clicks
(Chapter 2). Immediately after crushing, the distal point of the crush was marked with
a suture in the perineurium.

In 10 cats the right RLN wassectioned at a distance of 2.0cm caudally from the

cricothyroid joint (Figure 6.3), The ends were then reapproximated with an 10-0

microsuture (Ethilon, Ethicon Inc, Somerville, NJ) and fixed withfibrin glue

(Tissucol, Austrian Institute for Hemoderivates, Vienna, Austria). An additional

suture was placed adjacentto thesite to facilitate reidentification.

In 10 cats the right RLN and right ansa cervicalis were identified. The latter

was followedto its sternohyoid branch and transected near the sternohyoid muscle.

arytenoid

ansa galeni

    

 

PCA muscle adductor branch

 cricothyroid abductor branch

joint

cricoid plate

recurrent laryngeal nerve

site of injury

Figure 6.3 Site ofcrush injury and transection, dorsal viewoflarynx.
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The proximal stump was then transferred and anastomosed to the distal stump ofthe

adductor branch of the RLN using a microsuture and fibrin glue, having transected

the adductor branch just distal to the abductor branch. The procedure was combined

with a selective reinnervation of the abductor muscle using a phrenic nerve (PN)

transfer to the RLN main trunk,as described in previous studies (Chapter 3 & 4)

(Figure 6.4). In our present study only the adductor functionis evaluated.

In the control group, the right RLN was exposed in 11] cats and transectedat a

distance of 2.5cm from the cricothyroid joint. To prevent early spontaneous

restoration of continuity, 4-5cm of the proximalpart ofthe right RLN was resected.

Assessment ofLaryngeal Adductor Function

Laryngeal mobility was recorded by videolaryngoscopy. Normally in cats,

(Chapter 2, 3 & 4) as in humans,there is abduction ofthe vocalfolds during

inspiration followed by an adduction movement back to the paramedian position

during expiration. During respiration an inspiratory EMGactivity pattern is observed

in the PCA muscles but no particular pattern is seen in the vocalis muscle, suggesting

that the adduction movementduring expiration maybe a result of passive elastic

forces.

During phonation orreflex glottic closure the vocal folds adductactivelyto the

midline and EMG showsa “burst" of activity in the vocalis muscles and inhibition of

the phasic inspiratory activity in the PCA muscles.In the catthere is a bilateral glottic

closure response due to crossing axons, whereas this reflex is strictly unilateral in

humans(Sasakiet al. 1976).

Phonation could not be examinedin the anesthetized animal, but adduction

during (1) the expiratory phase of normalrespiration and (2) active glottic reflex

closure or "reflex" adduction,as a responseto tactile stimulation of the supraglottic

laryngeal mucosaon the right side, were evaluated.

Adduction movementof the right hemilarynx was compared to the unaffected

left side. Adduction was scored as normalifthe right-sided adduction was equalto or

more than theleft side; decreased if right-sided adduction wasless than theleft:

immobile if the right hemilarynx was immobile duringleft-sided adduction; and

paradoxicalif there was abduction ofthe right hemilarynx during left-sided

adduction.

Electromyographical (EMG)activity was recorded by using transorally

introduced hooked wire electrodes and an EMG type MS6 (Medelec, Old Walking,

England). The EMGactivity was recordedofthe left and right posterior
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Figure 6.4 Selective adductor and abductor reinnervation procedure with ansa cervicalis
anastomosis to the adductor branch andphrenic nerve to main recurrent laryngeal nerve trunk,

cricoarytenoid (PCA) muscles, andtheleft and right vocalis muscles (the medial part
of the thyroarytenoid muscles). Respiratory monitoring was performed simultaneously
using a custom-made impedance plethysmograph registering chest movement.

Laryngeal adductorfunction was assessed preoperatively, immediately
postoperatively andafter a ten week follow-up period using Videolarynposcopy and
EMG.At 10 weeks, during final assessmentafter reinnervation, the strap muscles and
the cricothyroid muscles were transected to eliminatetheir influence on vocalfold
adduction. Thereafter electrical stimulation of the nerves involved was performed
proximalto thesite of injury.

In the control group in which the RLN wastransected butnotreconstructed
laryngeal function assessment was performed only after a 9 month period. Since no
site for electrical stimulation could be identified proximalto the injury site, reaction to
electrical stimulation was not assessedin the control group.
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Histological Analysis

With the exception of the control group, which was used for a delayed

reinnervation study, the right RLN was fixedin situ in the anesthetized animal using a

cacodylate-gluteraldehyde solution and was then resected. Afier postfixation in the

samesolution, the tissue was embedded in epon and 1-um-thick transverse sections

were cut. These were stained for myelin using 1% paraphenylenediamine.

Histological analysis was performed 0.5cm distal to the anastomosis. By computed

screening of a 500-t1m-bandacross the widest nerve diameter, the axon count (axons

per square millimeter) was estimated. The cats were sacrificed after this evaluation.

Results

Preoperatively, as observed by videolaryngoscopy,inall fifty-one cats

adduction was symmetrical in the expiratory phase during normalrespiration and on

tactile stimulation ofthe right-sided supraglottic mucosa. EMG showed normal

inspiratory activity in the PCA muscles and a minoractivity pattern with somesingle

motorunits in the vocalis muscles. Ontactile stimulation of the supraglottic mucosa, a

burst of activity was recorded in the right and left vocalis muscles. Immediately

postoperatively the right vocal fold was immobile in all cases. Denervationof the

right RLN after each surgical procedure was confirmed by absence of EMG activityin

the right vocalis muscle and the right PCA muscle. The results of evaluation of the

adductor function 10 weeksafter each surgical procedure, and 9 monthsafter

resection in the control group, are presented in Table 6.1. A further explanation ofthe

results is given below.

Adductorfunction after crush injury

Ten weeks after crush injury of the right RLN videolaryngoscopic evaluation

showedthat adduction during normalrespiration after crush injury was normalin 18

cats (in one cat adduction ofthe right side even exceededthat ontheleft); and in 2

cats adduction onthe right was decreased.

No EMGactivity was seen in the right vocalis muscle, in 18 cats during normal

respiration, and expiratory activity was recorded in the right vocalis muscle in 2 cats

(one ofthese had decreased adduction movement). During normal respiration no

EMGactivity was recorded in the unaffected left vocalis muscles in any of the cats. In

the right and left PCA muscles an inspiratory activity pattern was recordedinall cats.

The reflex adduction was normalin 19 cats (videolaryngoscopy) in 1 of which

right-sided adduction even exceededthat on the left side and in 1 cat there was
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decreased adduction on the right side (this cat also had decreased adduction during

10rmal respiration and expiratory EMGactivity in the right vocalis muscle).

Tactile stimulation of the right-sided supraglottic mucosaresulted in a burst of

2MGactivity in the right vocalis muscle in all 20 cats as well as in the 20 left vocalis

nuscles, but did notresult in activity in the right or left PCA muscles.

Table 6.1 Laryngeal adductor function results of the four reinnervation
conditions

 

 

Non-selective Selective RLN

Adduction Mobility Crush reinnervation reinnervation transected
n=20 n=1() n=9 n=11

Normal normal 18 0 6 0

Respiration
decreased 2 5 2 3

immobile 0 3 1 8

paradoxical 0 2 0 0

Reflex normal 19 0 0 ]

Adduction
decreased l 3 2 l

immobile 0 0 7 8

paradoxical 0 7 0 |

reflex adduction indicates adduction evoked by stimulation ofsupraglottic mucosa; Non-selective

einnervation, reanastomosis ofthe recurrent laryngeal nerve mainstem; Selective reinnervation,

msa cervicalis anastomosis to the adductor branch; RLN transected, the nerve was cut and not

econstructed during a period of 9 months.

4dductorfunction after non-selective RLN repair

Ten weeksafter nonselective RLN repair videolaryngoscopy during normal

espiration showed decreased adduction ofthe right hemilarynx in 5 cats, and the

‘ight vocal fold was immobile in 3 of the 10 cats. In 2 cats there was paradoxical

novement,the right vocal fold abducting during adduction ofthe left vocal fold.

EMGofthe right vocalis muscle, during normal respiration showed no activity

n | cat, and an inspiratory activity pattern in 9 cats. In the left vocalis muscles, during

1ormal respiration, no activity was found in 9 cats; and an expiratory activity pattern

n 1 cat. In both the left and right PCA muscles synchronousinspiratory activity
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patterns were recorded in all 10 cats.

Videolaryngoscopic evaluation on tactile stimulation of the right-sided

supraglottic mucosa resulted in decreased reflex adduction on the rightside in 3 cats

and paradoxical reflex abduction on the right side in 7 cats. Normal reflex adduction

of the left hemilarynx was seeninall cats.

In response to tactile stimulation ofthe right-sided supraglottic mucosa, a burst

of EMGactivity was recorded in the right vocalis muscle in 8 cats, and no increase of

activity in 2 cats. In the left vocalis muscle there was a burst of EMGactivityin all

cats. A simultaneous burst of EMG activity was found in 9 cats in the right PCA

muscle as well. No increase of EMGactivity was recordedin anyofthe cats

concerning the unaffected left PCA muscle.

Adductorfunction after selective reinnervation ofthe laryngeal adductor and

abductor muscles

In 1 cat iatrogenic damageto the right RLN occurred before performance of

the PN-RLN anastomosis, precluding successful reinnervation. This case was

excluded from further evaluation. The other 9 cats could be evaluated. Ten weeks

after selective adductor and abductor reinnervation, videolaryngoscopy during normal

respiration showed normal right-sided adduction in 6 ofthe 9 cats. In 2 there was

decreased adduction movement, and in onecat the right vocal fold remained

immobile throughout the respiratory cycle. In the latter case reduced passive mobility

ofthe cricoarytenoid joint was found on palpation, which was probablydueto fibrosis

following the reinnervation surgery.

In 7 right vocalis muscles a weak inspiratory EMG pattern typical for the ansa

cervicalis was recorded, comprising a weak inspiratory pattern whichstarted later than

that in the left or right PCA muscles and usually consisted of a single motor unit

potential. In 2 cats there was no spontaneousactivity in the right vocalis muscle.

Videolaryngoscopic evaluation on tactile stimulation of the right-sided

supraglottic mucosa resulted in decreased right-sided reflex adduction in 2 cats and

immobility of the right hemilarynx in 7 cats, whereas normal reflex adduction was

seen in all cats on the left side.

No EMGactivity was recorded in the right vocalis muscles, in response to the

tactile mucosal stimulation, in any of the cats, whereas a burst of EMGactivity was

recordedin the left vocalis musclesin all cats. The left and right PCA muscles

showed no increasein activity in any ofthe cats following tactile mucosal stimulation.
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Adductorfunction after RLN transection

In the control group, 9 months followingresection ofthe right RLN without
reconstruction, decreased adduction mobility of the right hemilarynx was observed

during normalrespiration in 3 ofthe cats with videolaryngoscopy,in the other 8 cats

the right vocal fold was immobile.

EMGrecordingsofthe right vocalis muscle showed a minorinspiratory

activity in 6 cats and an uncoordinated pattern of single motor unit potentials in 5 cats.
EMGrecordings of the right PCA muscle showed signs of spontaneous subclinical
reinnervation in 7 cats, in the other 4 cats no EMGactivity was found in the right

PCA muscle. The EMGactivity consisted of an inspiratory pattern.

Videolaryngoscopic evaluation ontactile stimulation ofthe right-sided

supraglottic mucosaresulted in normalright-sided reflex adduction movementin1

cat, decreased adduction in | cat and immobility ofthe right hemilarynx in 8 cats. In |

cat paradoxical abduction movement was seen on the right side. Normalreflex

adduction was seen inall cats onthe left side.

EMGactivity was observed onlyin the cat with decreased adduction in both

the right vocalis and PCA muscles, in responsetotactile supraglottic stimulation,

whereas a burst of EMGactivity was foundin the left yocalis musclein all cats.

Electrical stimulation

Electrical stimulation proximal to the anastomosis or injurysite, was performed

in 19 cats after crush injury, 9 after reanastomosis and after selective adductor

reinnervation. In all cases a contraction of the hemilarynx concerned was observed on

videolaryngoscopy,also in the cat with reduced mobility of the cricoarytenoid joint,

verifying that axon regeneration had taken place across the anastomosis.

Histological analysis

Histological analysis was performed on 19 nerve specimensafter crush injury

and on 9 specimensafter RLN repair. In both groups regenerated axons were

zncountered, the numberof axonsper square millimeter did not differ significantly.

After the selective adductor reinnervation procedure the ansa-adductor branch

anastomosis nerve specimens could not be examined successfully due to fibrosis

around the anastomosissite and the small caliber of the nerve anastomosis involved.

The PN-RLN anastomosis for the abductor reinnervation in this group showed

successful regeneration. Thehistological results of the latter specimens have been

jocumented and discussed in our previous paper onlaryngeal abductor function
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restoration (Chapter 4). Histological analysis was not perfomed in the control group.

Patient Case Histories

PATIENT 1

A 52 year old male was referred to our hospital with severe dysphonia. He had

undergoneleft-sided thyroidectomy because ofa goitre 10 months previously. During

the surgical procedure the left RLN had been accidentally cut, its ends identified and

reanastomosed. Postoperatively he had no complaints of dyspnea, but a severe

dysphonia persisted.

On videolaryngostroboscopic examination we saw a dysfunction oftheleft

hemilarynx and normal mobility of the right hemilarynx. During inspiration a short

paradoxical adduction movementwasseen of the left arytenoid. During phonation the

left hemilarynx remained immobile in a lateral position, leaving a large glottic gap.

The maximal phonation time was 5 seconds.

To medialize the left vocal fold a thyroplasty Type 1 and arytenoid adduction

procedure (Isshiki et al. 1974, 1978) with fixation of the cricoarytenoid joint were

performed onthe left side under local anesthesia. Good voice quality resulted. On

videolaryngostroboscopy a good glottic closure was seen during phonation and the

maximal phonation time had increased to 11 seconds.

PATIENT 2

A 53 year old female patient presented with complaints of dyspnea during

physical exertion. Her voice was dysphonic but functionally acceptable when

speaking normally. When attempting to phonate loudly the voice deteriorated. Two

years and 2 months earlier she underwenta right-sided thyroidectomy for treatment of

a goitre. During the thyroidectomy the right RLN wasaccidentally severed and

reanastomosed.

Videolaryngostroboscopy demonstrated normal function ofthe left hemilarynx

and dysfunction of the right hemilarynx. During normalrespiration the right

hemilarynx was immobile but the glottic aperture was sufficient. During forced

inspiration slight paradoxical adduction movement wasseen ofthe right hemilarynx,

whereas the normalleft side abducted. Whilst phonating the right hemilarynx

remained immobile in an intermediate position and incomplete closure ofthe glottis

was seen over the whole length of the vocal folds. During loud phonationthe glottic

gap remained unchanged despite the increased subglottic pressure associated with

louder phonation which usually decreases the incomplete closure. Spirometrie
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revealed a normal vital capacity and a mildly restricted inspiratory cycle ofthe flow-

volume curve.

Considering the acceptable voice quality during normal speech and the

mildness ofthe dyspnea nofurther action was undertaken. In case of severe dyspnea

retransecting the RLN would have been considered.

Discussion

Asthe condition of obvious acute injury to the RLNis rare, no large series of

patients have been published from which a mode of management can be derived.

Therefore we have attempted, on the basis of our animal experiments, the 2 patient

aistories, our own experience on treatment of unilateral vocal fold paralysis and

review ofthe literature, to form a managementprotocol whichis summarized in the

algorithm in Figure 6.5.

Ourresults show that after RLN crush injury the adductor function usually

recovers. These observations are in agreement with the generally held beliefin

slinical practice, that recovery of function is the rule after crush injury to the nerve. If

these findings can be directly translated to the situation in humans, no specific

reatment will be required if the nerve is crushed during traumaor has accidently been

aught in a hemostat during surgery.

In the case of loss of continuity of the RLN, reanastomosis of both stumps,

though tempting, appears to be contraindicated seeing the poorresults in our study.

he poor results can be explained by synkinesis of abductor and adductor muscles as

$ proven by simultaneous EMGactivity of these opposing muscle groups. This

ynkinesis can even result in paradoxical mobility which can severely impairall

aryngealfunctions. In our experiment, paradoxical movementofthe right hemilarynx

vas seen, especially on tactile stimulation of the supraglottic mucosa, so that glottic

eflex opening resulted instead of reflex closure, subsequently increasingtherisk of

spiration whereas paradoxical mobility could only be demonstrated in | cat after a

rolonged period of time after transecting the RLN without surgical reconstruction.

In patients severe damage to the RLN withoutreconstructioninvariably results

fn permanent immobility of the hemilarynx concerned. The 2 patients who underwent

\LN-reanastomosis during thyroidectomy, both showedsigns of synkinesis.

saradoxical adduction during inspiration and dysfunctional immobility of the

iemilarynx concerned during phonation.

Since reanastomosis ofthe RLN leads to paradoxical mobility with poor

unctional results the only sensible option when the RLN (or VN)is found to be
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transected is therefore, either to wait and see or to perform a selective reinnervation

procedure. If no immediate action is undertaken voice therapy can be initiated to assist

compensation ofthe contralateral vocal fold and prevent improper compensatory

mechanisms, such as ventricular phonation. It remains controversial whether voice

therapy actively stimulates compensation of the contralateral vocal fold or whether

this compensation occurs spontaneously anyway. In our department 3 to 6 months is

usually awaited for compensation to becomeeffective. If there is sufficient glottic

closure and adequate phonation 3 to 6 months after RLN injury, no further action is

required. If however,thereis still no noticeable compensation 3 to 6 months following

known RLNdiscontinuity a medialization procedure of the paralyzed vocal fold is

indicated, consisting of laryngeal framework surgery(Isshiki et al. 1974, 1978,

Mahieuet al. 1996), as the first treatment of choice or augmentation by means of

intracordal injection as an alternative (Arnold 1962, Spiegelet al. 1987).

Non-selective anastomosis of the ansa cervicalis branch to the RLN main stem

as is suggested by Crumley (1986) will of course also lead to synkinesis of the

abductor and adductor muscles and therefore will not result in restoration of function.

The tonicity achieved, however, in the absence ofparadoxical mobility may be

beneficial to phonatory function.

A selective reinnervation procedure such as anastomosis ofa branch ofthe ansa

cervicalis to the adductor branch of the RLN may be considered in the acute phase of

RLN with loss of continuity of the nerve. An additional anastomosis ofthe phrenic

nerve to the laryngeal abductor muscle, however, only seemsto be indicated in cases

of bilateral transected RLNsbecause usually in unilateral paralysis, the airway remains

sufficient. Our results showthat selective reinnervation of the vocalis muscle and thus

restoration of tonicity is achieved but that reflex adduction is not restored, since the

ansa cervicalis is not involved in the reflex are (Figure 6.1).

If a reinnervation procedure has been performed, a recovery period ofat least 6

nonths must be taken into account (Crumley 1979). During theinitial period there

will probably be considerable dysphonia with its accompanying morbidity. Voice

therapy is optional. Ifafter a period of 6 to 9 monthsthereis still insufficient glottic

closure an additional surgical medialization procedure can be taken into consideration.

Based on ourresults in the animal model, the best laryngeal reinnervation

srocedure in the acute phase after unilateral RLN section in patients, seemsto be,

selective adductor anastomosis with the ansa cervicalis in orderto restore tonicity of

che vocal fold, even though no restoration of reflex adduction will be achieved.

Reanastomosis of the transected stumps of the RLN must NOTbe performedat the

97



acute stage as this will lead to paradoxical mobilityin the majority of cases. Staged

medialization surgery 1s indicated if insufficient glottic closureisstill present after 6 to

9 months.

Chapter 7
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Abstract

Introduction Restoration oflaryngeal function after laryngeal transplantation depends

on appropriate reinnervation. Non-selective reinnervation proceduresresult in

synkinesis and poor function restoration. This study was performed totest the

feasibility ofselective reinnervation procedures to restore laryngeal function.

Materials and methods Three surgical reinnervation procedures were studied each in

a group of 10 cats. In group | a non-selective procedure in which the recurrent

laryngeal nerve (RLN) was cut and reanastomosed.In group 2 selective abductor

reinnervation was performed with the phrenic nerve. In group 3 selective abductor

reinnervation with the phrenic nerve (PN) was combined with selective adductor

reinnervation with the ansa cervicalis. Ten weeksafter surgical reinnervation abductor

and reflex adductor function was evaluated with videolaryngoscopy and EMG.

Results Nonselective reinnervation not only gave poor abduction during inspiration

but even resulted in paradoxical movement during reflex adduction. Selective

abductor reinnervation resulted in good abductor function. Selective adductor

reinnervation with the ansa cervicalis brought about muscle tonus but no restoration

of reflex adduction. Enhancedactivity during respiratory distress caused only slight

compromise of the abductor function.

Conclusions Selective laryngeal reinnervation with the PN and ansa cervicalis results

in a good restoration ofthe respiratory laryngeal function. Concerning deglutition

following laryngeal motor and sensoryreinnervation, protection of the respiratory

tract may not howeverbe sufficient as no reflex glottic closure is achieved. More

research is required.

Introduction

Total laryngectomyas is often performed in advanced laryngeal canceris

generally considered to be a severely debilitating surgical procedure due to the

aphonia produced (McNeil et al. 1981). Therefore alternatives have been sought.

These include (1) subtotal laryngectomy, indications being limited to specific tumor

extensionsandresulting in less than optimal laryngeal function concerning voice,

respiration and deglutition; (2) creationof an artificial larynx whichisstill in an early

stage of development; and (3) laryngeal transplantation.

Experimental laryngeal transplantation has been performed in several animal

investigations using rats and dogs (Oguraet al. 1966, Silver ct al. 1970, Berke et al.

1993, Anthony et al. 1995, Stromeet al. 1992, Weedetal. 1995), The only reported
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iuman laryngeal transplantation by Kluyskens in 1970 was no success andled to

nany critical comments. Longstanding viability of a properly functioning larynx has

iot yet been achieved in an animal model, For laryngeal transplantation lo succeed

hree basic problems have to be solved: patent vascular anastomoses, prevention of

‘raft rejection and functional reinnervation.

Thefirst of these issues, has been solved in the canine model (Oguraet al.

966, Silver et al. 1970, Berke et al. 1993). Laryngeal viability has been obtained with

eestablishmentofthe arterial blood supply through a unilateral commoncarotid

inastomosis proximalto the superior thyroid branch, In clinical practice with

-urrently available modern microsurgical techniques reanastomosis of the superior

hyroid artery or even the superior laryngealartery, which normally supplies

ipproximately 80% of the blood to the larynx, could be used. Unilateral external

ugular vein anastomosis including the hyoid venous arcade can be and has been used

o reestablish a patent venous system.

Theissue of graft rejection seems to be a moredifficult problem, especially

since the potential recipient may well be an oncological patient, who is considered to

‘equire an unimpaired immunological system to fend off metastatic disease. The

esson from the past concerningthe only patient who actually did undergo laryngeal

ransplantation, involved his succumbing to generalized metastatic disease attributable

© immunosuppression. As a consequence, this matter should betakento heart

Kluyskens 1970). However, progressin the field oftransplantation in general,

sspecially concerning the developmentof new selective immunosuppressive drugs,is

sromising in this respect (Stromeet al. 1991). Liver transplants have now been

serformed successfully in patients for both primary and metastatic tumors (Starzletal.

(989). Furthermore, one should realize that graft rejection of a larynx is not now the

fatal condition thatit is in many otherfields of transplantation. This mightallow for a

ess aggressive immunosuppressive approach in laryngeal transplantation.

Restoration of functional laryngeal reinnervation is the remaining aspect which

nust yet be adequately solved before laryngeal transplantation becomesfeasible in

qumans. The normallarynxserves three functions. In orderof priority for restoration

these functions are: sufficient airway for respiration by meansofphasic active

abduction of the vocal folds during inspiration; protection of the respiratory tract

during swallowing by reflex glottic closure; and phonation by voluntary adduction,

Efforts to functionally reinnervate the larynx by means of anastomosisofthe

recurrent laryngeal nerve (RLN) mainstem are doomedto fail because of the

synkinesis that will develop in the opposing laryngeal muscle groups (Chapter 2). If
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the separate abductor and adductor branches could be preserved and anastomosis of

the separate branches and/or a nerve muscle pedicle for the abductor (Tucker 1974)

could be performed, motor reinnervation and adequate laryngeal function could be

achieved (Berkeet al. 1993, Anthonyet al. 1995), However, oncologicalprinciples,

cannot be violated.    an
sa

ce
rv
ic
al
is

In most laryngeal malignancies and the occasional laryngeal trauma case in

which the larynx cannot be preserved due to oncological safety marginsor fibrosis,

the separate RLN branches are not available for anastomosis. In such cases the RLN

will also have to be removed, Therefore alternative reinnervation procedures must be

sought such as separate selective motor reinnervation of the opposing laryngeal

muscle groups (Chapter 3 & 4, Marie et al. 1989). Restoration oflaryngeal abductor

respiratory function remains the main priority, followed by reflex glottic closure

g
r
o
u
p
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adductor activity, in order to prevent aspiration during swallowing. Phonatory

function does not necessarily require active adduction, as long as both vocal folds are

moreor less in the median or paramedian position during phonatory effort. Current

experience has shownthatrestoration of active voluntary adduction appears to be of

least importance and wasnot specifically studied at this time. Our present study

objective was to look into the feasibility of restoring laryngeal motor function with a

surgical reinnervation technique. Forthis purpose an experimental animal model in

cats was used.

g
r
o
u
p

2

Materials and methods

Thirty cats (female, age, 6 months: weight range, 2200-2800 g) were

anesthetized with ketamine chloride (20mg/kg given intramuscularly) and xylazine

hydrochloride (0.5mg/kg given subcutaneously), allowing spontaneousrespiration.

A midline incision of the neck was performed. Pretracheal muscles were separated in

the midline, and the upperpart of the trachea was exposed. The right RLN was then

identified and transected followed by one of three surgical reinnervation procedures

(Figure 7.1). The left RLN served as the normal control in each cat.

Ten cats (group 1) underwenta reanastomosis of the sectioned right RLN. Ata

distance of 2.0cm from the cricothyroid joint the right RLN was cut and the ends

reanastomosed using one approximating 10-0 microsuture (Ethilon, Ethicon Inc,

Somerville NJ) and fibrin glue (Tissucol, Austrian Institute for Haemoderivates,

Vienna, Austria).

Ten cats (group 2) underwenta selective abductor reinnervation with a phrenic

nerve (PN) transfer. Since the cat has two PN branchesoneachside originating from
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the cervical roots C5 and C6, the C5 PN branch was dissected and anastomosed to the

distal stump of the transected RLN. The ansa galeni and adductor branches ofthe

RLN were transected and the proximal stumps were sutured into the posterior

cricoarytenoid (PCA) muscle, so that all reinnervating axons from the PN were

directed into the PCA muscle.

Ten cats (group 3) underwentreinnervation of both adductor and abductor

muscle groups. The above described procedure using a phrenic nerve to reinnervate

the abductor (PCA muscle) was combined with a selective adductor reinnervation

with the ansa cervicalis. The sternohyoid branch of the ansa cervicalis was

anastomosedto the distal RLN adductor stump.

Assessment oflaryngealfunction

Ten weeksafter each surgical reinnervation, laryngeal function was assessed

by meansoflaryngeal electromyography (EMG)and videolaryngoscopy. Abductor

function was evaluated during quiet respiration and respiratorydistress. The latter

condition was achieved by performing a tracheotomy and occlusion ofthe

tracheotomy tube (type Shiley 00 CFS; Mallinkrodt Medical, Irvine, CA, USA.)for 1

minute. The tracheotomytubeclosely fitted the trachea in all cases so that on

occlusion there was virtually no passage of air. To eliminate anyinfluence from the

cricothyroid musclesor extrinsic laryngeal musculature, these muscles were severed

bilaterally prior to the final assessment.

Adductor function was assessed on tactile stimulation ofthe right-sided

supraglottic mucosa, resulting in reflex glottic closure in the normalsituation. Reflex

adduction was evaluated in the two groups in which the vocalis muscle was surgically

reinnervated (group 1 and group3).

Electrical stimulation ofthe each nerve was performed proximalto the

anastomosis, after surgery, while mobility and evoked activity were recorded with

videolaryngoscopy and EMG.Followingthis the animals were killed.

Evaluation oflaryngeal mobility

Mobility observed by videolaryngoscopyof the reinnervated right hemilarynx

was compared with the normalleft hemilarynx. Abduction was scored as goodif

abduction on inspiration occurred almost synchronous with and equal to abduction of

the left side; adequate if abduction on inspiration was more than half the abduction of

the left side; /imited if abduction on inspiration was less than half; or poor if no

effective or only very slight abduction on inspiration was observed. Adduction was
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cored as normal if right hemilarynx adduction was equalto the left hemilarynx:

ecreasedifright-sided adduction wasless than the left side; immobile ifthe right

emilarynx was immobile and paradoxicalif right-sided abduction occurred during

eft-sided adduction.

EMG evaluation

Electromyography was performed by meansof transorally introduced hooked

vire electrodes in the left and right PCA muscles, and inthe lefi and right vocalis

auscles (pars medialis of the thyroarytenoid muscle). An electromyograph type MS6

Medelec, Old Walking, UK) was used. Respiratory monitoring was performed

imultaneously, using an impedance plethysmograph,to register chest movement.

tesults

saryngealfunction 10 weeks after reinnervation surgery

Preoperatively, normal laryngeal mobility and normal respiratory-dependant

(MGactivity of the PCA muscles and an occasional single motorunit potential in the

ocalis muscles was foundin all 30 cats. Immediatelyafter the surgical reinnervation

ideolaryngoscopy revealed immobility of the right hemilarynx and EMG showed

bsenceof activity in the right vocalis and PCA muscles. All 10 cats in group 1 could

e evaluated during quiet respiration and reflex adduction. During respiratory distress

nly 9 cats could be evaluated, as in | cat the right RLN wasiatrogenically damaged

uring the performanceofthe tracheotomy.

Nine cats could be evaluated in group 2, the remaining cat dying of

ostoperative hemorrhage. In group 3, 9 cats were evaluated while 1 cat was excluded

ue to iatrogenic damageto the right RLN prior to performing the PN-RLN

Table 7.1 Reflex adduction 10 weeks after reinnervation surgery

 

Adduction group 1 group 3

mobility

normal 0 0

decreased 3 2

immobile 0 7

paradoxical 7 0

eflex adduction indicates adduction evoked by tactile stimulation ofsupraglottic mucosa; group 1,

‘anastomosis ofthe recurrent laryngeal nerve; group 3, selective adductor reinnervationwith the

asa cervicalis and selective abductor reinnervation with the phrenic nerve.
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Figure 7.2 Graph showing abductorfunction results during quiet respiration, 10 weeksafter

reinnervation surgery. Group 1: reanastomosis ofrecurrent laryngeal nerve (n=10); group 2:

abductor reinnervation with the phrenic nerve (n=9); group 3: adductor and abductor reinnervation

with the ansa cervicalis and PN respectively (n=9).

anastomosis, precluding successful anastomosis. Results of laryngeal abductor

function seen by videolaryngoscopy in each group during quiet breathing are

summarized in Figure 7.2. Function during respiratory distress is shown in Figure 7.3.

Reflex glottic adduction results are depicted in Table 7.1,

Examples ofEMGpatterns in the right vocalis and right and left PCA muscles

10 weeks following surgical reinnervation during quiet respiration are shown for

group | (Figure 7.4), group 2 (Figure 7.5) and group 3 (Figure 7.6). A phasic

inspiratory pattern was seen in the normal PCA muscle andin the normal vocalis

muscle only sporadic activity in rest and a burst ofactivity during reflex glottic

closure were recorded.

An example of the EMG recordings madeontactile stimulation of the right

sided supraglottic mucosa in group 1 is shown in Figure 7.7. Paradoxical activity was

observed in the PCA muscle indicating synkinesis due to aberrant regeneration of

adductorfibers.
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Figure 7.3 Graph showing abductorfunctionresults during respiratory distress, 10 weeks after

reinnervation surgery, Group I; reanastomosis ofrecurrentlaryngeal nerve (n=9); group 2:

abductor reinnervation with the phrenic nerve (n=9); group 3: adductor and abductor reinnervation
with the ansa cervicalis and PN respectively (n=9).

Stlectrical Stimulation

Electrical stimulation was performed proximal to the anastomosis in 9 ofthe 10

‘ats in group 1. In all 9 cats laryngeal response to stimulation was observed with

rideolaryngoscopy and EMG.In the remaining case iatrogenic damage to the RLN

sccurred during performanceofthe tracheotomy, precluding electrical stimulation.

In group 2 electrical stimulation of the PN proximal to the anastomosisresulted

n abductionofthe right vocal fold and an evoked EMGresponse inthe right PCA

nuscle in 8 of the 9 group 2 cats. In the remaining cat in this latter group the

inastomosis was foundto have lost continuity. Electrical stimulation of the PN

‘howed abduction of the right vocalfold in all 9 cats in group 3 and an EMGactivity

esponse was recorded simultaneously in the right PCA muscle. Electrical stimulation

of the right ansa cervicalis sternohyoid branch showed adductionofthe vocal fold in

ul 9 cats, while an EMG responseactivity was recorded simultaneously in the right

vocalis muscle ofall these cats.
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Respiration—

Expiration

Figure 7.4 Group 1, non-selective reanastomosis ofthe right recurrent laryngeal

nerve. EMG (2cm/s) 10 weeks after reinnervation surgery during quiet respiration.
Note evident signs ofsynkinesis: simultaneousinspiratory activityin right vocalis

(R Voc) and right posterior cricoarytenoid muscles (R PCA); normal inspiratory

pattern in left PCA muscle (L PCA), Simultaneousvideolaryngoscopy (not shown)

demonstrated avirtually immobile right vocalfold with a trembling movement of

the arytenoid during inspiration.

R Voc

L PCA

R PCA

Inspiration

Respiration —.

Ex piration

Figure 7.5 Group 2, selective abductor reinnervation withthe phrenic nerve. EMG (2cm/s)

10 weeks after reinnervation surgery during quiet respiration. No EMGactivityin the right

yocalis muscle (R Voc) and a typical phrenic nerve inspiratorypattern in the right PCA
muscle (R PCA); normal inspiratory patternin left PCA muscle (L PCA). Videolaryngoscopy

(not shown) demonstrated abduction on inspiration,
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Figure 7.6 Group 3, selective abductor and adductor reinnervation with the phrenic nerve and ansa

servicalis. EMG (2cm/s) 10 weeks after reinnervation surgery during quiet respiration, Single motor

ynit activity is observedin the right vacalis muscle (R Voc) and a iypical phrenic nerve inspiratory

nattern in the right PCA muscle (R PCA), normalinspiratory activity in the left PCA (L PCA).

Videolaryngoscopy (not shown) demonstrated abduction on inspiration.

supraglottic
mucosa

| stimulation of

R Voc

RPCA

 

LPCA

bts Inspiration
Respiration

Expiration

Figure 7.7 Group I, non-selective reanastomosis of the right RLN. EMG (2cm/s} 10 weeks

afier reimervation surgery during reflex adductionfollowing tactile stimulation ofthe

supragloitic mucosa. Note synkinetic activity in the right vocalts muscle (R Voc) andthe

right PCA muscle (R PCA). In the left PCA muscle (L PCA) activity is inhibited during the

reflex adduction.
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Discussion

Our study demonstrates that laryngeal reinnervation wasfeasible in the cats in

all of our three reinnervation groups. Laryngeal abduction during inspiration was only

obtained using selective laryngeal abductor reinnervation with the PN (groups 2 and

3). In group 1, after reanastomosis of the RLN, no abduction was observed during

inspiration. EMG recordings demonstrated synkinetic activity during inspiration in

vocalis and PCA muscles. We therefore concludethat, a functional restoration could

not be obtained by reanastomosis of the RLN (in our group 1 cats) because of

synkinesis.

Tactile stimulation of the supraglottic mucosa produced paradoxical abduction

after RLN reanastomosis in the majority of group 1 cats. Following selective adductor

reinnervation with the ansa cervicalis (group 3) no restoration of reflex adduction was

achieved, but no paradoxical abduction was observed either. This was to be expected

as the ansa cervicalis does not form a part ofthe reflex glottic closure arc. This

protective reflex is triggered bystimulation of tactile receptors in the glottic and

supraglottic mucosa. The stimulus passes along the sensory fibers of the internal

branch ofthe SLN via the nodose ganglion to the nucleussolitarius (the nucleus of the

SLN in the brainstem). There is a polysynaptic connection to the nucleus ambiguus

and the motorfibers of the RLN, evoking contraction of the laryngeal adductor

muscles and inhibition ofthe phasic inspiratory action potentials in the PCA muscles

(Kirchner 1991, Isogai et al. 1991, Sasaki et al. 1976). No other nerve suitable for

transfer is therefore likely to be able to restore reflex glottic adduction.

It is generally accepted that optimal deglutition requires adequate sensory

innervation and a functionalprotective glottic closure reflex. Reports of normal

deglutition have, however, been madein a canine modelafter total deafferentation

(Berke etal. 1993). Since the canine larynx is located more cranially in the neck than

in humans, deglutition is more likely to cause greater problems in humansafter

deafferentation. Restoration of sensory innervation can be achieved by reanastomosis

of the SLN mainstem (Anthonyet al. 1995, Silver et al. 1974). Such a restoration of

sensoryinnervation, without restoration ofthe protective glottic reflex closure, in

combination with conditioning and training of the swallowing act might be sufficient

to allow swallowing withoutsignificant aspiration. Investigation ofthis is not possible

in an animal model.

While our present study has only consisted ofa unilateral reinnervation

procedure, a methodto reinnervate both hemilarynges with only one PN has been

described (Baldiserra et al. 1989). The sacrifice of one PN is usually considered to be
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.cceptable (Fackleret al. 1967, Robotham 1979, Eastonet al. 1983, Kelly 1950),

thoughin somecasesofpre-existing COPD disorders, additional respiratory

listurbances might be expected.

In the present study phonation wasnotinvestigated. As was mentionedearlier
his function appears to havelesspriority than the other two laryngeal functions as
vatients are often able to phonate reasonablywell despite bilateral laryngeal paralyses.
selective adductor reinnervation with the ansa cervicalis did not bring aboutactive

\dduction movementbutdid reinnervate the muscle group. Theresulting muscle tonus

s considered to be advantageous for phonatory function.

In conclusion, separate selective reinnervation of laryngeal abductor and

\dductor muscle groups with phrenic and ansa cervicalis nerve transfers, respectively,

‘ave proved a good option to restore laryngeal motor function in cats. To achieve

hysiological deglutition following laryngeal motor and sensory reinnervation clearly

equires more research before laryngeal transplantation can be considered feasible in

iumans. Once this has been achieved, the gain, risks and costs of transplantation must

sutweigh thoseoftotal laryngectomy with optimal speech rehabilitation. Clearly the

juality of post-laryngectomy rehabilitation has advanced considerably during the past

ears andis no longer comparableto the situation two decades ago when Kluyskens

1972) performedthe first laryngeal transplantclinically.
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Abstract

Objective To determine the effect of the Adrenocorticotrophin (ACTH) analogue Org

2766 on laryngeal reinnervation in four laryngeal reinnervation conditions:

spontaneousreinnervation after crush lesion to the recurrent laryngeal nerve (RLN),

reinnervation after transection and neurorrhaphy,selective laryngeal reinnervation

with an ansa hypoglossi and phrenic nerve transfer; and a phrenic nerve transfer after

delayed reconstruction of the transected RLN.

Design Double-blind placebo controlled randomized trial. Study parameters were: (1)

first signs of reinnervation as observed with electromyography; (2) first signs of

restoration of laryngeal mobility, (3) assessment of degree of laryngeal abductor

function recoveryafter 10 weeks; and (4) histological analysis of the regenerated

nerve in terms of axon density, axon diameter and myelin sheath thickness. These

parameters were studied in cats after the four different laryngeal reinnervation

conditions.

Results No statistically significant difference was found between Org 2766treated

group and placebo group concerning any ofthe study parameters, but a tendency

toward regeneration ofa larger number of thinner axons wasdisclosed in the

histological analysis. This difference however, was notreflected in the functional

recovery.

Conclusions Although nosignificant neurotrophic effect of Org 2766 was found in

the four laryngeal reinnervation conditions examinedin the cat model, the tendency

toward formation of a larger numberof thinner regenerated axons supportsearlier

findings that Org 2766 stimulates axon sprouting.

Introduction

Finely graded control of muscle contraction depends on a large number of

innervating motoneurons and small motor units. These factors characterize the

laryngeal musculature whosefine and coordinatedactivity are essential for proper

functioning of respiration, swallowing and phonation at the cross roads ofairway and

digestive tract.

The motoneurons involvedin inspiratory abduction and phonatory adduction

or refiex glottic closure ofthe larynxare all located in the recurrent laryngeal nerve

(RLN). Reinnervationofthe larynx after RLN injury has been the subject of many

studies, as recovery of the laryngeal function proved inconsistent and usually

insufficient. Studies involving reanastomosis after transection of the nerve showed

misdirection of the reinnervating axons to be a majorfactor in laryngeal function
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impairment (Chapter 2, Tashiro 1972, Boleset al. 1969, Shimazaki 1957) .

Alternatives have been sought to overcomethe problems of misdirected reinnervation

by application of selective reinnervation procedures with foreign nerve transfers

(Chapter 3 & 4, Crumley 1982, 1984, Baldiserra et al. 1986, Marie et al. 1989).

The importance of the numberof reinnervating axons and formation of small

motor units for the coordination of the reinnervated larynx, however, has received

little attention. After injury and regeneration, substantial loss of axonsis usually

encountered, The smaller numberofreinnervating axonsusually results in larger

motor units, ie, one axon serves a larger number of musclefibers in the reinnervated

muscle, than before denervation.

Theoretically, the higher the numberofreinnervating axons the smaller the

motorunits formed, and consequently more finely graded control of muscle

contraction ofthe reinnervated muscle. Stimulation of the process of axonsprouting

during nerve regeneration could enhance the numberofregenerating axons and the

formation of small motor units. Nerve regeneration and axonsprouting in rats have

successfully been stimulated in such a way by the neurotrophic effects of

adrenocorticotrophin (ACTH) and «-melanocyte stimulating hormone (#-MSH)

derived peptides (De Koninget al. 1987, Strand et al. 1980, Van der Zee et al. 1989).

The neurotrophic properties of ACTH,...) analogue Org 2766 (Met(O,)-Glu-

His-Phe-D-Lys-Phe) have been studied most extensively in therat sciatic nerve crush

model. Functional, histological and immunohistochemical studies have revealed that

regeneration of the nerve can be enhanced by peptide treatmentin this model probably

by stimulation of axon sprouting (Strand etal. 1980, Bijlsma et al.1981, Dekkeretal.

1987)

In cats the possibility of stimulating laryngeal reinnervation with Org 2766 has

deen investigated after selective abductorreinnervation with a phrenic nerve graft

‘Chapter 3). A tendency toward facilitation of axonsprouting by Org 2766 was found:

26% more regenerating axons in the Org 2766-treated group than in the placebo

zroup. Theseresults are comparable to findingsin the rat sciatic nerve crush model

‘32% more axons) (Tonnaeret al. 1992).

In the present study laryngeal reinnervation with Org 2766 was investigated in

the cat modelin four reinnervation conditions. These conditions included

reinnervation following:

(1) RLN crush injury; (2) transection and reanastomosis of the RLN; (3) selective

reinnervation of the laryngeal abductor and adductor muscle groups with a phrenic

nerve and ansacervicalis nerve transfer respectively; and (4) selective abductor
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reinnervation with a phrenic nerve transfer 9 monthsafter transection of the RLN.

Materials and Methods

Surgical method

Fifty-two female cats (aged: 6 months; weight range: 2200g-2800g) were

anesthetized with ketamine chloride (20mg/kg intramuscularly) and xylazine

hydrochloride (0.5mg/kg subcutaneously), allowing spontaneousrespiration.

Anesthesia was maintained by additional ketamine chloride (10mg/kg

intramuscularly) every 10-20minutes.

A midline incision of the neck was performed. Pretracheal muscles were

separated in the midline and the upperpart of the trachea was exposed. The right RLN

wasthen identified.

In 20 cats a "crush"injury of the right RLN was performed. At a distance of

2.0cm from the cricothyroid joint, the nerve was crushed for 30 seconds with

hemostatic forceps with grooved jaws (Halstead No. 02.401.12), by closing the

forceps for three clicks (Tonnaeret al. 1992). Immediately after crushing, the distal

point of the crush was marked with a suture in the perineurium.

In 10 cats the right RLN wastransected at a distance of 2.0cm fromthe

cricothyroid joint. The ends were then reapproximated and reanastomosed with a 10-0

microsuture (Ethilon, Ethicon Inc, Somerville NJ) and fibrin glue (Tissucol, Austrian

Institute for Haemoderivates, Vienna, Austria). An extra suture was placed adjacentto

the injury site to facilitate identification at a later stage.

In 10 cats a selective laryngeal reinnervation procedure was performed. After

transecting the right RLN,the right ansa cervicalis was identified and followed toits

sternohyoid branch. The sternohyoid branch wastransected near to the sternohyoid

muscle. The proximal stump was then transferred to be anastomosed to the adductor

branch of the RLN. A small posterior part of the thyroid cartilage was resected to

expose the adductor and abductor RLN nerve branches. The abductor branch was

preserved and the adductor branch wastransected, the proximal adductor stump was

buried in the right posterior cricoarytenoid (PCA) muscle and fixed with fibrin glue.

Thedistal adductor stump was anastomosedto the proximal stump of the sternohyoid

branch ofthe ansa cervicalis with a 10-0 microsuture andfibrin glue. To exclude any

influence ofthe ansa galeni (Diamondetal. 1992), although unlikely because of its

allegedly sensory nature, it was also transected andits proximal stumpburied in the

right PCA muscle. The 2 roots ofthe right phrenic nerve (PN) were identified. In
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zontrast to the situation in humans, the PN in the cat has two clearly distinguishable

-oots. The uppermost PN root wasresected just beforeit joined the other root. The

sight RLN wastransected about 2.0cm belowthe larynx and the distal RLN stump

was anastomosedto the proximal PN stump using a 10-0 microsuture andfibrin glue.

Thus (Figure 4.1) all reinnervating PN axons were directed towards the PCA muscle,

sven those that followed the path of the adductor branch or the ansa galeni.

In 12 cats the RLN wastransected at 2.0cm from the cricothyroid joint, and a

ength of approximately 4-Sem was removed from the proximal stump. Nine months

cater the distal stump wasidentified cut near its end and anastomosed to the phrenic

ierve. A small posterior part of the thyroid cartilage was resected to expose the

adductor and abductor RLN branches. The abductor branch waspreserved, the

adductor branch and ansa galeni were transected, the proximal stumps were buried in

he PCA muscle and fixed with fibrin glue.

Org 2766

The cats in each reinnervation procedure group were randomly divided into

xroup A and group B,to receive solution A or B, respectively. At the time of studyit

was unknownto the investigators which solution contained Org 2766 or the vehicle

‘0.9% saline) as placebo. Starting immediately postoperatively each cat was given

).01ml/kg subcutaneously of solution A or solution B, every 48 hours during 28 days.

drg 2766-treated cats received the compoundat a dose of 25ug/kg/48 hours.

Evaluation ofreinnervation and laryngeal mobility

Using the same anesthesia that was used for the surgical procedure, the cats

vere evaluated weekly. Using videolaryngoscopy laryngeal mobility was observed.

[he mobility of the reinnervated right hemilarynx was compared with the normalleft

1emilarynx. Using electromyography (EMG)reinnervation was evaluated. EMG was

serformed by meansoftransorally introduced hooked wire electrodes and an

slectromyograph type MS6 (Medelec, Old Walking, England). EMG recordings were

yerformedin the left and right posterior cricoarytenoid (PCA) muscle, andin the left

ind right yocalis muscles (pars medialis of the thyroarytenoid muscle). Respiratory

nonitoring was performed simultaneously, using a custom-made impedance

ylethysmograph,registering chest movement.
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Study parameters

(1) First electromyographicalsigns of reinnervation

EMGwasperformedbefore and immediately after the surgical procedure, and

thereafter weekly. The time at whichfirst signs ofreinnervation were observed in the

right vocalis and right PCA muscles was recorded.

(2) First signs of restoration ofmobility

Videolaryngoscopy was performed before and immediatelyafter the surgical

procedure, and thereafter weekly. The time at whicha first sign of mobility of the

right hemilarynx was observed wasrecorded.

(3) Final assessment oflaryngeal abductorfunction

Ten weeksafter the surgical procedure, laryngeal abductor function was evaluated

using videolaryngoscopy, during normalrespiration. To eliminate any influence of the

cricothyroid muscles or extrinsic laryngeal musculature, these muscles were severed

bilaterally prior to the final assessment. Abduction was scored as good if abduction on

inspiration occurred almost synchronous with and equalin degree of abduction to the

abduction of the left side; adequate if abduction on inspiration was more than half the

abduction ofthe left side; imiied if abduction on inspiration was less than half or half

the abduction ofthe left side; and poor if no effective or very slight abduction on

inspiration was observed.

(4) Final electromyographical assessment and responseto electrical stimulation

Ten weeksafter the surgical procedure, reinnervation was evaluated by performing

EMG ofthe left and right vocalis muscles and the left and right PCA muscles. The

crush injury site or anastomosis wasthen identified and electrically stimulated

(1mAmp,50 Hz) proximal to this site. The laryngeal response was observed by

videolaryngoscopy and electromyography.

(5) Histological evaluation

After 10 weeks, the right RLN wasfixedin situ in the anesthetized animal using

cacodylate-gluteraldehyde solution and was resected. After postfixation in the same

solution, the tissue was embedded in epon and Im thick transverse sections were cut.

These were stained for myelin using 1% paraphenylenediamine. Histological analysis

was performed 0.5cm distal to the anastomosis. By computerized screening of a

500-jpm-wide band across the widest diameter, the axon density, axon diameter and
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thickness ofthe myelin sheath were estimated.

Statistical analysis

Thetimetakenforfirst signs of laryngeal mobility and reinnervation to appear
was evaluated using the Mantel Cox log ranktest, « was corrected for multiple

comparisonsand takenat 0.005. Theeffect of administration of Org 2766 or placebo

on these parameters was also evaluated with the Mantel-Cox log ranktest.

The restoration of abductor function was analyzed using the Mann-Whitney U-

test to compare outcomesofall reinnervation conditions and the effect of Org 2766

administration per reinnervation condition. Again « was corrected for multiple

2omparisonsand taken at 0.005.

To compare the effect of Org 2766 and placebo on the histological parameters:

axon density, axon diameter and myelin thickness an analysis of variance was used.

Results

Twocats could not be evaluated, | cat in the selective reinnervation group,in

which an inconsistency in the surgical procedure precluded successful reinnervation

ind | cat in the delayed reinnervation group which died during the delay period.

Study parameters

The mean times at which (1) first electromyographical signs ofreinnervation

ind (2)first signs ofrestoration ofmobility were observed are demonstrated in Table

’.1. The mean time at whichfirst signs of reinnervation (EMGactivity) appeared in

he PCA andin the vocalis muscles as well as the meantime at which first sign of

nobility restoration was seen using videolaryngoscopy was significantlyearlier

ollowing crush injury than following the surgical reinnervation procedures (Mantel-

20x, p<0.005). The time at whichfirst signs of reinnervation were seen in the PCA

nuscle after the different types of surgical reinnervation procedures (RLN-

eanastomosis, selective abductor reinnervation with PN and delayed reinnervation)

lid not differ (p>0.05), Org 2766 appeared to have no significanteffect on the

ecoveryperiods concerning both EMGand laryngeal mobility parameters when

compared with the placebo-treated animals in anyofthe four reinnervation

conditions. The p values obtained with the Mantel-Cox (log-rank) test are shown in

“able 8.1.

3)Results ofthefinal assessment ofabductorfunction for the four reinnervation
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groups and Org 2766 / placeboare given in Table 8.2. Org 2766 hadnosignificant

effect on the abduction mobility in any of the reinnervation groups although a strong

tendency towarda better abductor function in the Org 2766 treated group was found

in the delayed reinnervation group (p=0.07). The best abduction mobility resulted

after crush injury, the poorest after RLN reanastomosis (p<0.0001 Mann-Whitney).

Good abduction mobility was achieved using the PN-RLN and AC-add anastomoses

and did notdiffer significantly from the results after crush injury (p=0.41). The

abduction restoration after delayed reinnervation was clearly poorer than after

selective reinnervation in the acute stage and better than after RLN reanastomosis but

did not differ significantly from either of the two groups (p=0.37 and 0.18,

respectively).

Table 8.1 Meantimeoffirst sign of reinnervation after recurrent laryngeal

nerve crush injury or surgical reinnervation

 

 

Surgical Numberof Mobility EMG R Voe EMG R PCA
pracednie cats (weeks) (weeks) (weeks)

CRUSH Org 2766 10 2.7[0.2] 2.2[0.1] 2.8[0.1]
injury

Placebo 10 2.3[0.1] 2.6[{0.2] 3.1[0.2]

p(Mantel- O14 0.08 0.18
Cox)

RLN-RLN Org 2766 5 3.8[0.2] 3.6[0.5] 4.2[0.4]
reanastomosis

PLacebo 5 4.0[0.5] 4.2[0.5] 3.4[0.4]

p(Maniel- 0.94 0.4 0.26
Cox)

PN-RLN and Org 2766 5 6.2[1.1] 5.0[0.5] 5.0[0.6]
AC-add ;
anastomosis

Placebo 4 4.3[0.7] 4.3[0.3] 4.0[0.6]

p(Mantel- 0.19 O19 0.35
Cox)

PN-RLN after Org 2766 6 6.0[0.9] 9.0[0.5] 5.0[1.0]
9 months

delay Placebo 5 7.2(0.8] 8.8[0.8] 4.4(0.8]

(Mantel- 0.4] 0.96 0.68
Cox)
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Table 8.2 Laryngeal abductor function 10 weeks after recurrent laryngeal

nerve crush injury or surgical reinnervation

 

 

Surgical Mobility of right hemilarynx
procedure Number (inn

cee good adequate limited poor eaeney)

CRUSH Org 2766 10 9 l 0 0 0.25
injury

Placebo 10 a 2 1 0

RLN-RLN Org 2766 5 0 0 0 5 I
reanastomasis

Placebo 5 0 0 0 5

PN-RLN and Org 2766 5 3 1 0 I 0.56
AC-add

anastomosis placebo 4 3 0 0

PN-RLN after Org 2766 6 3 ] 0 2 0.07
9 months
delay Placebo 5 0 0 ] 4

(4) Final electromyographical assessment and responseto electrical stimulation

Nerve regeneration and subsequent reinnervation results as evaluated by EMG and

electrical stimulation, are shown in Table 8.3. In 1 cat avulsion of the nerve

anastomosis precluded reinnervation in the delayed reinnervation group.In all other

cats successful regeneration and reinnervation had taken place according to the EMG

results and electrical stimulation. Simultaneousactivity was observed in the right

vocalis and PCA muscles after RLN-reanastomosisin the 5 cats treated with Org

2766 and in the 5 cats treated with placebo.

(5) Histological analysis

Three nerve specimens werelost to evaluation due to inconsistenciesin the fixation

procedure although successful regeneration and reinnervation had taken place

accordingto the electrical stimulation results and EMG. The specimen from the cat

with avulsionofthe nerve-anastomosis histological examination was not performed.

The overall results are given in Table 8.3. After crush injury a tendency toward a

larger numberofthicker regenerated axons was found with thicker myelin sheaths

than in the other three reinnervation conditions. A consistent tendency toward

formation ofthinner regenerating axons (axon diameter) was observed in the Org

2766-treated group compared with placebo but this was notstatistically significant in

any of the groups(analysis of variance p=0.18).
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Discussion

As the outcomesin terms of restoration of mobility differed between the four

reinnervation conditions, we felt the groups could not be combined to determine the

effect of Org 2766 treatment compared with placebo, The effect ofOrg 2766 was

therefore considered separately for each reinnervation condition. No differences were

found in the mean times at whichfirst signs of recovery of mobility and reinnervation

of the vocalis and PCA muscles were observed, in any of the reinnervation

conditions. These results do not further support the findingsin our earlier study

concerning the effect of Org 2766 treatment in selective abductor reinnervation with

the phrenic nerve in cats, where a tendency toward a shorter mean reinnervation time

was observed in the Org 2766 group compared with the Placebo-treated group.

The recovery of abductorfunction 10 weeksafter injury or surgical

reinnervation appeared uneffected by Org 2766 treatment. Only in the delayed

reinnervation condition a strong tendency toward a better abductor function

restoration was seen in the Org 2766-treated cats (p=0.07), Abductor function results

in this group were found also to be influenced by a reduced mobility of the

cricoarytenoid joint (Chapter 5). An aspect associated with prolonged laryngeal

immobility in animals (Langnickel 1973). Correction for the factor of reduced

mobility of the cricoarytenoid joint was not feasible for these small numbers.

Abductor function restoration was foundto be devastatingly influenced by

synkinesis, in the cats in which this was encountered. The occurrence ofsynkinesis

wassimilar in the Org 2766- and placebo-treated cats. In the reinnervation conditions

in which synkinesis could be largely prevented, abduction oninspiration was good

leaving little room for improvement. The type of reinnervation procedure therefore

proves to have more influence on the functional outcomeof laryngeal reinnervation

than administration ofOrg 2766.

A consistent tendency was observedin the histological analysis towards

formation of thinner axons in the Org 2766-treated group and, with the exception of

selective abductor and adductor reinnervation with the phrenic nerve and ansa

cervicalis, a tendency toward formation of a larger numberof axons. This findingis

in accordance with earlier observed results in the crush injury in the sciatic nerve in

rats (Tonnaerctal. 1992) and supports the theory that Org 2766 enhances

reinneryation by stimulation of sprouting of regenerating axons. This difference,

however, was not reflected by an improyementofthe functional results. In laryngeal

reinnervation the problem of synkinesis remains the most important adverse aspect

which has to be avoided to achieve good functional results. What wasoriginally
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considered to be an interesting model to investigate the influence of Org 2766 on

functional recovery, because ofthe small motor units in the larynx, has proved to be

unsuitable for this purpose.

Chapter 9

Summary and Conclusions
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In Chapter1, the introduction, the laryngeal functions, anatomy and physiology

have been described. ‘The larynx has 3 major functions.It serves to protect the airway

from aspiration, to maintain optimal airway and its vocal folds generate vocal sound.

Proper functioning ofthe larynx is a result of coordinated activity of the abductor and

adductor muscles, opening and closing the vocal folds, respectively. The abductor and

adductor nerve fibers are intertwined throughout the length of the recurrent laryngeal

nerve (RLN) until they divide into their respective branchesclose to the target

muscles,

Injury to the RLN can result in impairmentofall three laryngeal functions. The

RLNis capable of regeneration but laryngeal functions usually remain impaired. This

impairmentis caused largely by the occurrence oflaryngeal synkinesis. A review of

surgical laryngeal reinnervation techniques is given. Considering the various

reinnervation techniques andresults, selective reinnervation seems to be the most

promising option. Hereby the opposing adductor and abductor muscle groups are

separately reinnervated with foreign nerves and synkinesis may theoretically be

avoided. We investigated reinnervation in a cat model, with the following aims:

— to investigate restoration of laryngeal function after different types ofnerve

injury

—  toconfirm the feasibility of selective laryngeal reinnervation with respect to

abductor and adductor function

— to determinethe influence ofdelay of selective laryngeal reinnervation on the

functional outcome

— to determine the influence of nerve regeneration enhancement by

administration of Org 2766 on functional outcome

- to develop a managementprotocol for laryngeal nerve injury on the basis of

animal experiments and clinical experience.

In Chapter 2 restoration of laryngeal function was investigated after crush injury to

the RLN in 20 cats and compared with the laryngeal function results after complete

transection of the nerve followed by immediate reanastomosis in 10 cats. The

standardized crush injury was designed to damage the nerve axons but preserve the

endoneurial tubes surrounding the individual axons. Transecting the nerve resulted in

discontinuity of both the axons as well as the endoneurial tubes. Good recovery of

function occurred after the crush injury whereas poor results with limited abductor

mobility or immobility resulted after reanastomosis of the RLN. The poorresults after

RLN-reanastomosis were caused by the well-known phenomenon of misdirection of
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regenerating axonsresulting in laryngeal synkinesis. The regenerating axonsafter

crush injury were directed to their original muscles guidedby the intact endoneurial
tubes whereas the regenerating fibers afier transecting the nerve, grew at random,
partly into inappropriate tubes to eventually reach and reinnervate the wrong target

muscle. The resulting synkinetic activity of opposing adductor and abductor muscle

groupsresulted in an uncoordinated ineffective laryngeal function.

It was concluded that normalrestoration of abductor function will occur after crush

injury, whereas no effective abductor function restoration occurs after reanastomosis

of the RLN, because ofmisdirection of regenerating axonsresulting in inappropriate

reinnervation and laryngeal synkinesis.

In Chapter3 selective abductor reinnervation wasstudied in 10 cats using a phrenic

nerve transfer. Reinnervation of the PCA muscle occurred andresulted in excellent

abduction mobility synchronous with inspiration. The phrenic nerve has an inspiratory

activity pattern whichis similar to the pattern observed in the abductor axonsin the

RLN and thusserves as an excellent substitute to reinnervate the abductor

musculature. Using a selective reinnervation procedure to reinnervate only the

abductor prevented the developmentoflaryngeal synkinesis and using the phrenic

nerve, good restoration of abductor function can be achieved.

Concurrently, in this study, double-blind administration of the neurotrophic

neuropeptide Org 2766 or placebo was performed. Although nosignificanteffect

could be detected, a strong tendency toward earlier reinnervation was foundin the

Org 2766-treated group, and histological analysis also demonstrated a tendency

toward formation ofa larger numberof thinner axons in the regenerated nerves in the

Org 2766-treated group.

{n Chapter 4 selective adductor muscle reinnervation was performed in combination

with selective reinnervation of the abductor muscle with the phrenic nerve in10 cats.

For recovery of adductor muscle function the donornerve should havea similar

activity pattern to the adductor fibers with enhanced activity during phonation and

orotective reflex closure. As no optimallysuitable nerve is available for this purpose

we chose the ansa cervicalis which has a very weak activity pattern during normal

breathing. The ansacervicalis innervates the strap muscles which have an accessory

respiratory function, and an inspiratory activity pattern only duringrespiratory distress.

Reinnervation of the adductor muscles with the ansa cervicalis resulted in a recovery

of muscle tonus during normal breathing. During respiratory distress, simultaneous
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inspiratory activity occurredin the adductors as well as the abductors. ‘Theactivity

generated by the phrenic nerve, by far outweighed that of the ansa cervicalis and the

synkinetic activity resulted only in a slight compromise of the abductor function.

It is concluded that both the abductor and adductor muscle groups can be

simultaneouslyreinnervated to obtain good abductorfunction, as well as restoration of

adductor mobility. Active reflex glottic closure, using the ansa cervicalis to substitute

the adductor, was not achieved.

Chapter 5. Since usually in clinical practice quite sometime elapses betweenthe time

ofinjury and the time oftreatment, research onthe effect of this delayperiod is

essential, if reinnervation is contemplated in humans.Selective reinnervation using a

phrenic nerve transfer was performed 9 months after transecting the RLN in 11 cats.

After the 9 month delay period signs of spontaneous subclinical reinnervation had

occurred in 7 of the 11 cats. These signs were abolished after retransecting the RLN in

4 cats and in 3 a very minoractivity pattern persisted. Reinneryation ofthe PCA

muscle using selective abductor reinnervation with the phrenic nerve, did occur, but

recovery of abductor function was clearly less successful than after selective abductor

reinnervation in the acute phase. The main causeofthis impairment seemed to be a

reduced mobility of the cricoarytenoid joint, a phenomenon whichhas been described

in rabbits after RLN paralysis, butis relatively rare in humans. The persistence of

subclinical reinnervation in the PCA muscle at the time of reinnervation did not have

any influence onthe reinnervation by the phrenic nerve. In conclusion,the sooner a

reinnervation procedure is performedthebetter, as carlier intervention prevents

progression of subclinical reinnervation andfixation ofthe cricarytenoid joint. Further

research should concentrate on development of techniques such as laryngeal EMG,

which can accurately predict prognosisat an early stage after RLN paralysis.

Chapter6. Acute unilateral RLN injury, such as could be encountered after trauma or

surgical proceduresin the neck or thorax will usually give rise to phonatory problems

and to a lesser extent to aspiration, but the long term problemsare unpredictable in the

acute phase. Asnoclear consensusexists for managementof transection of the RLN

in the acute phase, adductor function restoration was investigated in a cat model.

Adductorfunction recovery was evaluated after crush injury (20 cats), RLN-

reanastomosis (10 cats) and selective adductor reinnervation with the ansa cervicalis

and abductorreinnervation with the phrenic nerve (10 cats). As a control the RLN was

transected andleft unrepaired, and 9 monthslater the adductor function was also
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evaluated (11 cats). In all conditions, spontaneous adduction during normalrespiration

and reflex adduction on mechanical stimulation of the supraglottic mucosa was

examined, Crush injury resulted in normal recovery of adductor function. After RLN-

reanastomosis, synkinesis and severe impairment of adductor function during normal

breathing as well as paradoxical mobility during laryngeal protective reflex occurred.

Ansacervicalis anastomosisto the adductor branchresulted in reinnervation, recovery

of muscle tonus, normal spontaneous adductor mobility during normal breathing, but

no recovery ofreflex adduction. RLN transection without repair showed no recovery

of adductor function.

Twopatient histories after RLN-reanastomosis in the acute phase, with poor

functional outcome, are described. Based on the above described experiments and

clinical practice a management algorithm is proposed for treatment of unilateral RLN

crush injury or transection in the acute phase.

In conclusion, reanastomosis of the transected RLN is contraindicated. Selective

adductor reinnervation can be considered in the acute phase especially as improved

phonation maybe expectedin patients, but laryngeal framework surgeryin a later

stage is also a good treatment option.

Chapter7. In laryngeal transplantation, laryngeal reinnervation forms an essential

aspect, together with adequate revascularization and immunosuppression, as

restoration of laryngeal function depends on appropriate reinnervation. Our

experiments in the cat model showedthat restoration of a good respiratory function

can be achieved. Optimal deglutition requires adequate sensory innervation and a

functional protective glottic closure reflex. Successful restoration of sensory

reinnervation has been reported (Anthonyet al. 1995, Silveret al. 1974) by

reanastomosis of the superior laryngeal nerve mainstem. Selective reinnervation ofthe

adductor with the ansa cervicalis as was performed in our study did not, however,

bring about adequate restoration of glottic reflex closure. Although restoration of

respiratory function is feasible, further investigationsare still required before optimal

restoration ofal] laryngeal function may be expected after laryngeal transplantation.

Chapter 8. The effect ofthe neurotrophic neuropepetide Org 2766 was tested by

integrating a double blind Org 2766/placebotrial in the different groups ofcats.

Finely graded control of muscle contraction depends on a large numberofinnervating

motoneurons and small motor units. These factors characterize the laryngeal

musculature whose fine and coordinated activity are essential to normallaryngeal
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function at the crossroads of airway and digestive tract. Org 2766 has been shown to

enhancenerve regeneration by stimulation of nerve sprouting and could thus stimulate

formation of smaller motor units. Laryngeal function results and reinnervation results

with respect to Org 2766 were considered. A consistent tendency toward formation of

thinner regenerated axons was found. This finding was in accordance with earlier

observed results after crush injury in the sciatic nerve in rats (Tonnaeret al. 1992) and

supports the theory that Org 2766 enhancesreinnervation bystimulation ofsprouting

of regenerating axons. Theseresults were, however, not reflected by any detectable

improvementin laryngeal function recovery, in comparison to the placebotreated cats.

In conclusion, Org 2766 wasnot found to have anysignificant effect on reinnervation

or function recovery.
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In Hoofdstuk 1, de introductie, wordt de anatomie en fysiologie van de larynx

beschreven. De larynx heeft 3 belangrijke functies: Bescherming van de ademwegbij

het slikken teneinde aspiratie te voorkomen, behoud van een open ademweg en

generatie van stemgeluid. Goed functioneren van de larynx is het resultaat yan een

gecodrdineerdeactiviteit van de abductor en adductorspieren die de stemplooien,

respectievelijk, openen en sluiten. De zenuwvezels die deze spieren verzorgen

verlopen in een vlechtwerk door de n.recurrens totdat ze hun afzonderlijke takken

bereiken, dichtbij de doelspieren. Beschadiging van de n.recurrens kan resulteren in

uitval van alle 3 laryngeale functies.

Een literatuur overzicht van chirurgische laryngeale reinnervatie technicken wordt

beschreven. Herstel van de laryngeale functies blijft meestal uit ondanks eventuele

regeneratie van de n.recurrens. Deze geringe herstelkans wordt grotendeels

veroorzaakt door het veelvuldig voorkomenvan laryngeale synkinesieén. Van alle

reinnervatie techniekenlijkt selectieve reinnervatie van de abductor en adductor

spieren de beste optic, hiermee zouden laryngeale synkinesicén kannen worden

voorkomen.

In deze studie werd laryngeale reinnervatie onderzocht in een katten model met de

volgende doelstellingen:

= Evaluatie van het herstel van de laryngeale functies na verschillende

soorten zenuwbeschadiging

- Bevestiging van herstel yan abductor- en adductorfunctie met selectieve

laryngeale reinnervatie

- Onderzoek naar de mogelijkheid van een uitgestelde selectieve

reinnervatie

- Bepaling van het effect van een zenuwregeneratie bevorderend middel

(Org 2766) op het functionele herstel

- Ontwikkeling van cen behandelingsprotocol voor enkelzijdige

beschadiging van de n.recurrens op basis van onze dierexperimentele

resultaten en klinische ervaringen.

In Hoofdstuk 2 worden de resultaten van laryngeaal functieherstel vergeleken na

kneuzing van de n.recurrens (20 katten), en na doormemen van de n.recurrens gevolgd

door continuiteitsherstel (reanastomose) (10 katten). De gestandaardiseerde kneuzing

had tot doel de axonen te beschadigen maar de endoneurale buizen, die de individuele

axonen omsluiten, intact te laten. Doornemen van de n.recurrens resulteerde in

volledige discontinuiteit van zowel de axonen als de endoneurale buizen. Na
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zenuwkneuzing trad er over het algemeen een goed herstel op. Na n.recurrens

reanastomose bleef herstel van abductie uit. Het uitblijven van herstel van abductie na

n,recurrens reanastomose, werd veroorzaakt door het bekende fenomeen van

misdirectie van regenerende axonen en laryngeale synkinesicén. Na zenuwkneuzing

groeien de regenerende axonenlangsde intacte endoneurale buizen naarde juiste

doelspier. Na n.recurrens reanastomose kunnen de regenerende vezels gedceltelijk

andere neurale buizen ingroeien en zodoende een onjuiste doelspier bereiken.

Laryngeale synkinesieén ontstaan doorgelijktijdige activiteit in de tegengestelde

spiergroepen en leiden daardoortotineffectieve laryngeale functie. Geconcludeerd

wordt, dat de abductiefunctie zich na zenuwkneuzing herstelt, maar na doornemen en

reanastomose van de n.recurrensblijft herstel uit door misdirectie van regenererende

zenuwvezels, onjuiste reinnervatie en laryngeale synkinesieén.

In Hoofdstuk 3 werd selectieve abductor reinnervatie met de n.phrenicus bestudeerd

bij 10 katten. Reinnervatie van de m.posticus, de enige ware abductor, werd

verkregen met uitstekende abductie, synchroon met de inademing. De n.phrenicus

heeft een inspiratoir activiteitspatroon vergelijkbaar met het activiteitspatroon van de

abductor axonen in de n.recurrens en is zodoende een geschikte donorzenuw. Met

selectieve reinnervatie van de abductor werden laryngeale synkinesieén voorkomen en

het gebruik van de n.phrenicus zorgde voor cen goed herstel van abductie.

In Hoofdstuk 4 wordt selectieve reinnervatie van de adductoren verrichtin

combinatie met de selectieve reinnervatie van de abductor met de n.phrenicus (10

katten). De donorzenuw voor de adductoren zou bij voorkeur een toename van

activiteit moeten hebben bij fonatie en reflectoire adductie (bij slikken of hoesten).

Omdater geen optimale donorzenuwvoor de adductoren voorhanden is, werd

gekozen voorde ansa cervicalis. De ansa cervicalis innerveert de extrinsicke

laryngeale spieren, die als hulpademhalingsspieren fungeren. Deze hebben een

basisactiviteit in rust en een inspiratoir activiteitspatroon in ademnood. Reinnervatie

van de adductor spieren met de ansa cervicalis zorgde voor een herstel van de

spiertonus bij normale ademhaling. Bij ademnood werd een inspiratoir

aciviteitspatroon gezien in de m.vocalis gelijktijdig met inspiratoire activiteit in de

m.posticus. Deze synkinetischeactiviteit uitte zich echter maar in cen geringe

beperking van abductie bij iedere inspiratie. De activiteit in de adductoren werd

kennelijk overheerst door de n.phrenicusactiviteit in de abductor spier.

Geconcludeerd wordt dat de adductor en abductorspieren gelijktijdig door
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verschillende donorzenuwen kunnen worden gereinnerveerd. Hiermee treedt een goed

herstel van abductorfunctie en enige adductiemobiliteit op. Acticve reflectoire

glottissluiting blijft echter uit.

Met deze techniek kan een goederespiratoirefunctie met redelijke fonatie worden

bereikt, maar zal waarschijnlijk onvoldocnde bescherming geven van de ademwegbij

slikken.

Hoofdstuk 5. Indien in een klinische situatie de n.recurrens beschadigd wordt,

verstrijkt over het algemeen enige tijd alvorens een behandeling wordt ingesteld.

Onderzoek naar het effect van een uitgestelde reinnervatie is daarom essenticel.

Selectieve abductorreinnervatie werd verricht 9 maanden na doornemen van de

n.recurrens bij 11 katten. Preoperatief was al bij 7 van de 11 katten spontane

subklinische reinnervatie opgetreden. Deze spontane reinnervatie verdween na

opnicuw doormmemen van de n.recurrens bij 4 katten. Bij de andere 3 katten bleefer

een zeer zwak activiteitspatroon bestaan.

Chirurgische reinnervatie van de m.posticus werdin alle katten bewerkstelligd door

selectieve reinnervatie van de abductor met de n.phrenicus, maar het mobiliteitsherstel

van de abductor was duidelijk minder goed dan wanneer deze selectieve reinnervatie

van de abductor wordt verricht in de acute fase. De belangrijkste oorzaak bleek een

verminderde mobiliteit van het crico-arytenoid gewricht, een fenomeen dat bij

konijnen is beschreven na n.recurrens paralyse, maar relatief zeldzaam blijkt bij de

mens. Het persisteren van subklinische spieractiviteit na opnieuw doornemen yan de

n.recurrens bleek geen nadelige invloed te hebben op de reinnervatie met de

n.phrenicus.

Er wordt geconcludeerd dat een zo kort mogelijk interval tussen beschadiging van de

n.recurrens en reinnervatie poging gunstig is. Hiermee kan progressie van

subklinische reinnervatie en fixatie van het crico-arytenoid gewricht worden

voorkomen. Verder onderzoek naar een methode om de prognose van herstel na

n.recurrens uitval zo spoedig mogelijk en betrouwbaar te kunnen stellen zou moeten

worden verricht, op basis van bijvoorbeeld electromyografisch onderzoek.

Hoofdstuk 6. Bij acute enkelzijdige beschadiging van de n.recurrens, hetgeen op kan

treden bij trauma of bij chirurgische ingrepen van hals of thorax, treedt uitval van

abductie- en adductiefunctie op. Klinisch blijkt de adductieuitval het belangrijkst

gezien de fonatie problematiek en in mindere mate het voorkomen vanaspiratie. Er is

geen consensus overhet beleid bij een doorgenomen n.recurrens in de acute fase. De

134

problemen op de langer termijn zijn niet goed te voorspellen in de acute fase.
In deze studie werd herstel van adductiefunctie onderzochtin het kattenmodel.

Herstel van de adductiefunctie werd bestudeerd na kneuzing van de n.recurrens (20
katten), na n.recurrens reanastomose (10 katten) en na selectieve reinnervatie van de
adductoren met de ansacervicalis (en reinnervatie van de abductor met de

n.phrenicus) (9 katten). Bij een controle groep werd de n.recurrens doorgenomen en

niet gereconstrueerd (11 katten), 9 maanden later werd de adductiefunctie

geévalucerd. De spontane adductiemobiliteit bij normale ademhalingenreflectoire

adductie gestimuleerd door aanraken van de supraglottische mucosa werden

onderzocht. Na zenuwkneuzingtrad er een normaalherstel op. Na n.recurrens

reanastomose werd doorhet optreden van synkinesieén vrijwel geen herstel van

spontane adductiefunctie gezien en bij supraglottische stimulatie, zelfs paradoxale

activiteit. Ansa cervicalis reinnervatie van de adductorresulteerde in herstel van

spiertonus en normale spontane adductiemobiliteit bij normale ademhaling, maar geen

herstel van reflectoire adductie. Doornemen van de n.recurrens zonder reconstructie

toonde geen herstel van adductie.

Twee patiénten casus met cen slechte larynxfunctie na n.recurrens

reanastomose in de acute fase worden beschreven. Opbasis van de beschreven

experimentele resultaten en enkele ervaringen uit de kliniek werd een

behandelingsprotocol opgesteld voor eenzijdige n.recurrens kneuzing oftransectie in

de acute fase.

Concluderend, is reanastomose van een doorgenomen n.recurrens gecontraindiceerd.

Selectieve adductor reinnervatie zou eventueel in de acute fase kunnen worden

overwogen. Bij patiénten zal de selectieve reinnervatie van de adductoren de stem in

ieder geval ten goede komen, eventueel kan in een later stadium een stemverbeterende

ingreep ook nog kunnen worden overwogen.

Hoofdstuk 7. Laryngeale reinnervatie vormt een essenticel onderdeel van larynx

transplantatie. Voor herstel van laryngeale functie is adequate reinnervatie vercist. Uit

onze experimentenin het kattenmodelblijkt herstel van de respiratoirefunctie goed

mogelijk. Voor een optimaal verlopendeslikactie is adequate sensibele innervatie en

zen normaal functionerendereflectoire adductie noodzakelijk. Sensibele reinnervatie

verkregen met reanastomose van de hoofdstam van de n.laryngeus superioris reedsin

de literatuur beschreven (Anthony etal. 1995,Silveret al. 1974). Selectieve

reinnervatie van de adductoren metde ansa cervicalis, zoals in onze studie, zorgt niet

voor een adequatereflectoire adductie. Hoewelherstel van de respiratoirefunctie goed
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mogelijk is, zal verder onderzoek moeten worden verricht naar voldoende herstel van

de 3 belangrijke laryngeale functies na larynx transplantatie.

Hoofdstuk 8. Het effect van de neurotrofe neuropeptide Org 2766 werd onderzocht

middels integratie van een dubbelblinde, placebo gecontroleerdetrial bij de

verschillende groepen katten. Nauwkeurige controle van spier contracties is

afhankelijk van een groot aantal innerverende zenuwvezelsen kleine motorunits.

Deze factoren karakteriseren de laryngeale spieren, waarvan de nauwkeurig

gecodrdineerde activiteit van essenticel belang is voorhet functioneren van de larynx

op het kruispunt van bovenste luchtweg en spijsweg. Bij Org 2766 is aangetoond dat

het sprouting van regenerende axonenstimuleert en zodoende formatie yan kleinere

motor units kan bevorderen. Laryngeale functie resultaten en reinnervatie uitkomsten

met betrekking tot toediening van Org 2766 ofplacebo worden geévalueerd. Een

consistente tendens tot vorming van dunnere zenuwvezels werd gevonden. Deze

resultaten zijn in overeenstemming met de bevindingen van cen reeds eerder verricht

onderzoek met Org 2766 na kneuzing van de n.ischiadicusbij ratten, en ondersteund

de theorie dat Org 2766 reinnervatie bevordert door stimulatie van sprouting bij

regenerende axonen. De bovengenoemde resultaten werden niet gereflecteerd door

enige verbetering in herstel van laryngeale functie, vergeleken metde placebo-

behandelde katten. Org 2766 bleek geen significant effect op reinnervatie of

functieherstel te hebben.
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