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ABS T RAC T

Injury to the recurrent laryngeal nerve is accompanied by a poor

functional recovery of the target organ, the larynx. For the patient this

means impairments of vocal fold mobility and various kinds of voice

disorders. In this thesis, an experimental model in the rat is used to

identify the most important pathological factors involved after recurrent

laryngeal nerve injury. The results demonstrate that the posterior

cricoarytenoid muscle, the only abductor of the vocal fold, recieves dual

innervation from both the recurrent laryngeal nerve and the superior

laryngeal nerve, a view that is against the classical understanding of

laryngeal neuroanatomy. When the recurrent laryngeal nerve is injured,

this anatomical relation then serves as a base for collateral reinnervation

by competing, intact nerve fibers in the posterior cricoarytenoid muscle.

Collateral reinnervation is proposed to be a negative factor for the

functional outcome, more important than neuronal death, which was

found to be low after recurrent laryngeal nerve injury. Pharmacological

treatment with the calcium flow inhibitor nimodipine was shown to

improve reinnervation by original recurrent laryngeal nerve fibers in rats.

Early clinical data is also presented that indicate a beneficial effect from

nimodipine treatment after acute recurrent laryngeal nerve injury, in

terms of recovery of vocal fold mobility. Laryngeal electromyography was

shown to be a valuable diagnostic and prognostic tool in detecting axonal

injury in these patients, which may form an indication for nimodipine

treatment.
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L IS T  O F  AB BR E VIATIO NS

AChR acetylcholine receptor

CMAP compound muscle action potential

CT cricothyroid muscle

CTB cholera toxin subunit B

DPO days post operation

EMG electromyogram

FG fluorogold

NA nucleus ambiguus

NF neurofilament

PCA posterior cricoarytenoid muscle

RLN recurrent laryngeal nerve

SLN superior laryngeal nerve

SP synaptophysin

TA thyroarytenoid muscle

VFMI vocal fold motion impairment
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INT R OD U CT ION

Complete unilateral injury to the recurrent laryngeal nerve (RLN) leads to

an immediate vocal fold paralysis on the affected side, and acute loss of

the ability to phonate. When the RLN is permitted to start a regenerative

growth toward the denervated larynx, the long–term functional outcome

is often characterized by paradoxical, uncoordinated movements of the

vocal fold, leading to general laryngeal dysfunction and various types of

voice impairments. This particular clinical problem has interested

researchers in the field of motor neuron injury, muscle reinnervation and

laryngology for a long period of time, but the mechanisms behind the

poor laryngeal reinnervation has remained unclear.

The overall aims of this thesis are to identify the most important

pathological factors following RLN injury, and furthermore to try to

intervene with these processes in order to improve the functional

outcome. Four preclinical experimental studies are presented, followed by

two clinical reports. Based on the results, an algorithm is suggested for the

care of patients with postoperative unilateral RLN paralysis. The thesis

begins with an overview of the larynx and its innervation.

The larynx

It was not until the work of Claudius Galenus of Pergamon (129 to 200

AD), physician to the roman emperor Marcus Aurelius, that the human

larynx was first described1,2. By studying animals—and occasionally

wounded gladiators—Galenus concluded that the larynx was the "first and

supremely most important instrument of the voice", ("primum esse et

principalissimum vocis instrumentum")* and not the heart, which was the

                                                  
* Translation by Prof. Tore Janson
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previous aristotelic belief1. Galenus compared the larynx to a flute, where

the sound of the voice is augmented by the laryngeal cartilages.

He was also the first to recognize the main motor nerve innervating the

larynx—by Galenus termed the recurrent nerve—as a branch of the vagus

nerve, and its importance for normal laryngeal function: During

dissections of living pigs, Galenus also noted that the pig's squealing

ceased when the recurrent nerve was transected.

"I wish to mention, though you already know it, that sound

(phone) and speech (dialektos) are not the same, and that the

[formation of] voice is the function of the phonetic organs (...) I

also want to mention that the larynx and the muscles which move

it are phonetic organs, and so are the nerves which conduct the

power of the brain to these [parts]."

"Since the most important muscles moving the larynx are those

which open and close it, therefore the recurrent nerves are the

most important phonetic nerves."

"De locis affectis", book IV, chapter 9. (Modern English translation

by R. E. Siegler3.)

The primary purposes of the larynx are 1) support of airways, 2)

protection of airways and 3) phonation; although some 50 different

functions have been identified4. From a phylogenetic perspective, the

development of the larynx reflects the change where animals began

respiration through air instead of water. Early creatures, such as the

lungfish, developed a protective sphincter for its primitive lung sac used

during periods when the river that it inhabited dried out. With increasing

demands for dynamic airflow, later species such as salamanders developed

laterally placed cartilages to support the airways, which then served as a

base for attachment of intrinsic and extrinsic laryngeal muscles. The

ability to widen the laryngeal aperture by muscular contraction is a later

acquisition. Phonation represents the last developmental step and also the

most refined laryngeal function. Birds have a reptile–like larynx, and
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instead use a complex of vibrating muscular membranes (syrinx) located

at the tracheal bifurcation for their singing.

The larynx is situated anterior to the laryngopharynx and

prevertebral muscles, connecting the hypopharynx with the trachea, in

close relationship to both the superior part of the thyroid gland and the

carotic sheath on each side. It consists in humans of a framework of six

hyaline cartilages: the thyroid, cricoid and epiglottis (which are unpaired)

and the arytenoid, cuneiform and corniculate (which are paired).  The

cartilages are connected to each other by membranes, ligaments, mucosal

lining, and extrinsic or intrinsic muscles. The arytenoid cartilages are

pyramidal–shaped in structure and reside on the superior margin of the

ring–shaped cricoid cartilage. This anatomical design forms the base for

the complicated physiology and mechanics underlying normal laryngeal

behavior (for a review on laryngeal anatomy and phonation, see 5).

The true vocal fold is made up of the ligament and muscle that

connect the arytenoid cartilage with the thyroid cartilage anteriorly

(thyroarytenoid muscle). In this way, the movement, positioning and

tension of the vocal fold is in large controlled by the rotation and sliding

of the arytenoid cartilage on the cricoid, which in turn is managed by the

combined action of the five paired intrinsic laryngeal muscles: the

cricothyroid, posterior cricoarytenoid (PCA), lateral cricoarytenoid,

interarytenoid, and thyroarytenoid muscle. These five muscles can further

be classified as vocal fold abductor (widening the glottic aperture) and

adductors (closing the glottic aperture). Reflecting the original and

life–supporting function of airway protection, all but one of the intrinsic

laryngeal muscles are vocal fold adductors, closing the glottic aperture,

while only the PCA has the ability to abduct the vocal fold.

The PCA muscle is a paired muscle located at the back of the

larynx. The fibers arise from the midline of the posterior part of the

cricoid cartilage and run superiorly and laterally to attach to the arytenoid

cartilage. By its action, the arytenoid cartilage is rotated and slightly

lateralized, thereby abducting the vocal fold from the midline, providing

antagonizing force to all other intrinsic laryngeal muscles and tension to
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the vocal fold. The PCA is composed of slower fiber types, which

distinguishes the PCA from the adductor intrinsic laryngeal muscles6,7.

The PCA has a rhythmic pattern of activation, synchronous to the

inspiratory phase of breathing 8. Being the sole abductor, the PCA plays a

vital role for laryngeal function.

Laryngeal innervation—peripheral

The larynx is innervated by two branches of the vagal nerve (Fig 1): the

superior laryngeal nerve (SLN) and the recurrent laryngeal nerve (RLN).

Besides large, myelinated motor fibers, both nerves contain myelinated

sensory fibers as well as unmyelinated autonomic fibers9. In the rat, 50%

of the RLN fibers have been reported to be unmyelinated10.

The SLN branches off the vagal nerve just below the inferior vagal

ganglion (ganglion nodosum). It then descends medial to the carotic

sheath and divides into an external and internal branch. The external

branch innervates the inferior constrictor muscle of the pharynx and one

of the intrinsic laryngeal muscles, the cricothyroid muscle11, though a

recent anatomical study have suggested a more complex function of this

branch12. The internal, sensory branch of the SLN penetrates the

thyrohyoid membrane and innervates the mucosa of the pharynx and

larynx down to the plane of the vocal folds.

The RLN arises from the vagal nerve in the thorax, loops anteriorly

around the subclavian artery on the right side and the aortic arch on the

left side, before ascending between the trachea and esophagus, in close

relation to the inferior thyroid artery, toward the larynx. Recent

morphological studies of human larynges report that the RLN divides into

a posterior and anterior terminal branch just before entering the larynx, of

which the posterior branch runs superiorly on the back of the PCA muscle

to form the Galen's anastomosis with the superior laryngeal nerve12,13. The

Galen's anastomosis is one of five frequently abundant connections

between the RLN and SLN within the human larynx14. The anterior
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intralaryngeal branch gives off branches to the PCA muscle and passes the

cricothyroid joint and ends up in the thyroarytenoid muscle.

Fig 1. The larynx is innervated by two branches of the vagus nerve, the

RLN and SLN.

Laryngeal innervation—central

The innervation of the intrinsic laryngeal muscles can be regarded as a

special visceral efferent system. The lower motor neurons in the nucleus

ambiguus (NA) represent the final common pathway for neural networks

in the brainstem and midbrain responsible for the coordination of

laryngeal action. The laryngeal muscles are represented cortically in the

Broca's area, with no clear somatotopic organization15, whereas in the NA

there is a more well–defined representation of the periphery. The location

of the lower motor neurons in the nucleus ambiguus (NA) has been

thoroughly studied with the use of retrograde tracing techniques in several

animal species16-27. These results show that motor neurons projecting

through the RLN are located in a caudal and a rostral group within the

NA, with the rostralmost group lying close to the retrofacial nucleus. As
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suggested by Bieger and Hopkins17, this group can be regarded as a part of

the NA and not the retrofacial nucleus. Adductor neurons projecting to

the thyroarytenoid, lateral cricoarytenoid and interarytenoid muscles are

located caudally in the NA. PCA neurons are located in the middle third,

overlapping the area where the cricothyroid neurons are located26.

Neurons projecting through the SLN are found in the rostral NA

(cricothyroid neurons) and also in the dorsal motor nucleus of the vagus

(small–size preganglionic parasympathetic neurons).

Recurrent laryngeal nerve injury

Unilateral RLN injury may be idiopathic (24%), due to malignant disease

(31%) or surgical trauma (29%)28. Due to its peripheral course in the

neck, the RLN is rather frequently affected after surgery to the thyroid

gland. (The vulnerability of the RLN was noted already by Galenus: "No

surgeon would be so unqualified for his trade that he would involuntary

cut the entire sixth pair of nerves [glossopharyngeus and vagus nerve], but

from ignorance he may occasionally tear apart the recurrent nerve".)3

Despite a macroscopically intact nerve, the incidence of RLN paralysis in

our time following thyroid surgery has been reported to be 2,5–7,0 %29-35 .

The risk increases with the extent of the surgical procedure and decreases

with the surgeon's experience. The majority of these patients with

macroscopically intact nerves recover completely within 6 months29,

whereas some are destined to suffer from permanent voice disorders. This

prognostic uncertainty adds further to the fog surrounding the problem of

RLN injury.

Following an acute lesion, the result is always a complete loss of

vocal fold movement on the ipsilateral side (=vocal fold paralysis or RLN

paralysis), which typically renders the vocal fold in a paramedian position

and causes immediate hoarseness in the patient. The injured RLN has

been reported to have considerable regenerative capability36. In cases

where the regenerating RLN fibers have the possibility to reach the

laryngeal muscles (such as after a crush injury with intact epineurium or
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after end–to–end anastomosis), the end result is sometimes characterized

by chaotic, uncoordinated movements of the vocal fold (=vocal fold

motion impairment [VFMI] or laryngeal synkinesis). The term "synkinesis"

describes the paradoxical synchronous contractions of both vocal fold

abductors and adductors, but has also come to serve as a name for the

condition as a whole, though VFMI perhaps would be a more accurate

expression37,38. Clinically, the vocal fold is often seen bulging over the

midline in a spasmodic manner, resulting in voice impairments of varying

types, as for example spasmodic dysphonia. A classification of laryngeal

synkinesis based on the position of the vocal fold and severity of the voice

impairment has recently been suggested38.

The exact mechanisms underlying laryngeal synkinesis are not

clear. Nevertheless, the condition has for long been attributed to the

presumed chaotic, misdirected reinnervation of the intrinsic laryngeal

muscles by regenerating RLN fibers. It has been suggested, based on the

observation that the RLN carries well–defined intraneural compartments

of adductor– and abductor fibers9, that misdirected reinnervation is

initiated already intraneurally since transection of the nerve would destroy

this axonal organization39. Paradoxical contraction of vocal fold adductors

during inspiratory phase may be seen in patients 40 and has also been

confirmed experimentally in the cat 41.

The injured RLN thus has a bad reputation for actually causing this

troublesome and impairing clinical condition, by the mechanism of

misdirected reinnervation28,42. Surgical transection of the nerve has

previously been a way of treating laryngeal synkinesis, until it was realized

that the condition tended to return with time. More recently,

reinnervation strategies have focused on anastomosing the distal RLN

stump to a donor nerve with electrophysiologically more silent properties,

such as the ansa cervicalis43-46 or the  hypoglossal nerve47-50. Even though

normal vocal fold movement is not achieved by this strategy, it is

hypothesized that silent reinnervation at least can support muscle trophy,

thereby rendering possible phonation by the contralateral vocal fold.

Another way of applying this hypothesis has been the nerve–muscle
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pedicle technique which was introduced by Tucker in 197651, where a

distal nerve along with a portion of its innervated muscle is transplanted

into the denervated intrinsic laryngeal muscle. The disadvantages of these

strategies are that a donor nerve has to be sacrificed and that normal vocal

fold movement never could be expected. Even though some promising

results have been reported, none of the abovementioned reinnervation

attempts have reached worldwide clinical praxis. Instead, unilateral vocal

RLN injury is commonly treated with immediate end–to–end nerve

repair, followed by different kind of mechanical medialization therapies,

i.e. injection of Teflon or autologous fat into the vocal fold. A treatment

aiming at dynamic laryngeal reinnervation and restoration of coordinated

vocal fold movement has not been available.

Effects of peripheral motor nerve injury

There are two principally different types of mechanically induced axonal

injury: one that includes disruption of the axon (axonotmesis) and one

that affects the surrounding schwann cells and nodes of Ranvier but leaves

the axon intact (neurapraxis or conduction block)52 (Fig 2).

Fig 2.  A) Intact axon with normal conduction properties. B) Intact
axon but disrupted myelin sheath (neurapraxis). C) Axonal injury
(axonotmesis)
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Both injury types cause a blockage of the axon potential propagation.

Axonotmesis could be the result of a nerve crush injury, with disrupted

axons inside an intact nerve sheath (endo– and epineurium), but also due

to a complete nerve transection, which is less advantageous in terms of

reinnervation accuracy and functional outcome. Axonotmesis sets off a

number of cellular and molecular events that may lead to neuronal death

or survival, axonal regeneration and eventually the possibility of successful

reinnervation of the peripheral target.

The central part of the neuron undergoes retrograde changes with

characteristic morphological feature, "chromatolysis", dispersal of the

rough endoplasmatic reticulum ("Nissl substance"), together with swelling

and decentralization of the cell nucleus. As a regenerative response, the

neuron's metabolism increases dramatically and the gene expression

machinery changes from a transmitting mode to a growth mode, leading

to a production of factors necessary for cell survival and axonal sprouting

and elongation (for review, see 53).  These molecules include neurotrophic

factors and their receptors54, cell adhesion molecules and regulators of cell

surface–cytoskeleton interaction (such as the growth–associated protein

43, [GAP–43]). There is also a central inflammatory reaction in the grey

matter, causing resting microglial cells to proliferate and migrate in close

proximity to the affected neuron, a potentially neurotoxic event55,56.

Astroglia on the other hand are believed to have a protective role, and are

found hypertrophic with extended processes around the neuron57.

An axonal segment that is disconnected from the centrally located

cell body degenerates within 24–48 days following the injury, by calcium

influx and the activation of axonal proteases58. The schwann cells that

surround the distal segment undergo dedifferentiation to a

non–myelinating state and start to phagocytize their own myelin debris59.

Cleaning up myelin debris is essential for the subsequent axonal

regeneration, since myelin is associated with molecules of strong

inhibitory properties such as the myelin–associated glycoprotein60,61.

Macrophages are recruited by secretion of chemoattractive factors such as

interleukin–1b, LIF, TNF–α  and monocyte chemoattractant protein–162.
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Soon after the injury, the dedifferentiated schwann cells start to express

regeneration–associated genes including neurotrophic factors and

growth–associated protein 43 (GAP–43), and line up in the bands of

Bungner in order to guide the outgrowing neurites. The degeneration of

the distal axonal segment following axotomy was first observed by

Augustus Waller in 185063, and further described histologically by Ramon

Y Cajal in the beginning of the 20th century64.

Axonal regeneration and  pathfinding

Axonal regeneration starts with the formation of numerous parallel

neurites at the end of the proximal stump (located at the first Ranvier's

node proximal to the injury site). At the tip of each outgrowing neurite is

the growth cone. This is a specialized, hand–like structure with numerous

protrusions and spikes (lamellopodia and filopodia) composed of actin

filament, that extend into the extracellular matrix. Distal actin

polymerization and depolymerization together with proximal assembly of

microtubules enable growth cone movement and axonal elongation65,66.

The growth cone motility is modulated through the activation of surface

receptor complexes that detect and respond to molecular guidance cues

(surface–bound or soluble) in the local environment that may be

attractive or repulsive, enabling the neuron to (re–) establish contact with

a peripheral target over considerable distances66. A number of guidance

cues with relevance to both the developing and the regenerating nervous

system have been characterized, such as netrins, slits, semaphorins,

ephrins and neurotrophins67. The dedifferentiated schwann cells are of

crucial importance for axonal guidance, by lining up and elaborating the

basal membrane and synthesizing cell adhesion molecules. Indeed, if only

the structure of the nerve is intact, with continuity of the original

endoneurial sheath, the regenerating axon has a remarkable capacity to

reinnervate the original target despite a long regeneration distance. It has

been reported in a mouse model that over 96% of regenerating motor

fibers re–establish exactly the same synaptic contacts as before a nerve
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crush injury68. A crush injury is therefore considerably less severe than the

transection injury.

The role of calcium/ nimodipine

The neuron strives to maintain a baseline cytosolic calcium concentration,

the resting [Ca2+]i. Alterations in [Ca2+]i above this level is strongly

associated with changes in growth cone behaviour69, since calcium is an

important mediator between activated surface receptors and effector

proteins involved in cytoskeleton rearrangement. Depending on the

charactersistics of the [Ca2+]i change, the outgrowing axon could be

affected in three ways: 1) inhibition, 2) promotion or 3)

steering/branching. Though not fully understood, the ability of calcium to

execute such varying and opposing effects on the outgrowing axon is

affected by factors such as the amplitude, temporal pattern and cellular

location of the [Ca2+]i –shift, and what downstream effectors that are

present at the specific Ca2+ micro– or nanodomain (for review, see 70). For

example, a high frequency of localized filopodial Ca2+–transients are

acting stabilizing on the filopodia, reducing the rate of axonal

outgrowth71,72 whereas a low frequency seems to increase elongation

speed. It has further been recognized that a large and rapid increase in

[Ca2+]i results in inhibition or retraction of the growth cone73, whereas a

reduction in [Ca2+]i promotes the speed of axonal elongation69. It has

therefore been suggested that there is an optimal range in [Ca2+]i where

the speed of axonal elongation is maximized70.

Calcium enters the cytosol through different types of channels

located on the surface membrane or on intracellular stores. The channels

may be controlled in different ways, either directly through ligand binding

to the channel itself, indirectly through enzymatic processes or by

membrane depolarization affecting voltage–operated calcium channels

(VOCCs). The VOCCs are located in clusters at the base of processes

extending from the growth–cone palm74, but have also been reported to

be present in all axons as well as in the neuronal soma75,76. VOCCs have
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important functions in neural induction and development as well as in

mediating axonal pathfinding77.

The dihydropyridine nimodipine78 is a selective, high–affinity

antagonist to the L–type VOCCs. The calcium currents through these

nimodipine–sensitive L–type channels have been reported to be small and

of long duration, not affecting the fast electrical activity of the neuron78.

Interestingly, during netrin–induced chemoattraction, nimodipine

administration alters the growth cone's motility to a repulsive behaviour79.

The functional effect of blocking this type of Ca2+–current in vivo seems to

be an increased speed of axonal protrusion76,80. Nimodipine treatment has

furthermore been shown to improve functional outcome in peripheral

nerve injury models76,81-83.

Functional outcome after a peripheral nerve injury

The restoration of target organ function after a peripheral nerve injury

depends on several factors: neuronal death, insufficient regeneration,

misguided regeneration, dysfunctional reinnervation and also the state of

the muscle cell, which is negatively affected by a prolonged denervation84.

If the neuron survives the trauma of axotomy and succeeds in reaching

the target area of muscle cells, the neuron may end up innervating a

different muscle cell than before the injury (misguided reinnervation). In

addition, the neuron may end up innervating more muscle cells than

before (enlarged motor unit). In any case where the innervation field or

the properties of the motor unit are changed (Fig. 3), the result is

ultimately an alteration in the somatotopical organization. This means

that various cellular adaptations, including synaptic rearrangements, must

take place above the level of the lower motor neuron (central plasticity)

before normal, coordinated function of the target organ can be

restored85,86.
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Fig. 3. A)) De novo reinnervation to original muscle fibers. B) Misguided
reinnervation. C) Collateral reinnervation by uninjured neuron, resulting in
an enlarged motor unit.
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T HE S IS  AIM S

1. To identify the neuropathological mechanisms that are responsible for

the poor functional outcome after RLN injury.

2. To search for methods that could intervene with these mechanisms, in

order to achieve dynamic reinnervation of the intrinsic laryngeal muscles

by the original RLN.

3. To apply these methods in the care of patients suffering from acute

unilateral RLN injury.
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M ET H OD S

In order to study the neurobiological events after RLN injury, we have

developed an injury model in the adult rat (papers I–IV). By performing a

series of microsurgical procedures at different time points in the same

animal, it has become possible to measure the degree of reinnervation

success by 1) retrograde tracing, allowing for neuronal identification and

quantification of lower motor neurons in the NA that project through the

laryngeal nerves to the PCA muscle and 2) electrophysiological evaluation

of the neuromuscular function. Using these evaluation tools, we then have

manipulated with the system by surgical repair strategies (paper IV) and

pharmacological treatment (paper III). The calcium flow inhibitor

nimodipine was administered per orally through rat pellets at 1000 parts

per million (ppm). HLPC–MS/MS assay (performed by Bayer Healthcare,

Dr. Frank–Torsten Hafner) confirmed plasma levels of nimodipine to be

of a mean value of 6,3 ng/l, which corresponds well to therapeutic levels.

Papers I–IV: surgical procedures

Adult Sprague–Dawley rats were anesthetized by intraperitoneal injection

of ketamine (Ketalar, Pfizer, 50 mg/kg body weight) and medetomidine

(Domitor, Orion Animal Health, 0,5 mg/kg body weight). After a midline

incision through skin and pretracheal lymphatic tissue, the trachea and

larynx were identified by gently lateralizing the pretracheal muscles. The

left RLN was identified at the level of the 7th tracheal ring, and injured

either by nerve resection, transection or crush injury. The left SLN was

identified lateral to the thyroid cartilage just before its entry into the

larynx. To get access to the PCA muscle, blunt dissection was made to

separate the larynx and pharynx, and the left sternothyroid muscle was

used to gently lift and rotate the larynx to the right. By also tilting the
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microscope, a clear view of the backside of the larynx and both PCA

muscles was achieved. Care was taken not to stretch or otherwise cause

injury to the laryngeal nerves during this step.

For surgical reconstruction of the RLN (paper IV), an incision was

first made on the lateral side of the distal left hind limb and the sural

nerve was identified, dissected free and resected. Next, the proximal and

distal endings of the previously transected left RLN were exposed and

carefully dissected free from surrounding tissue, placed in the

tracheoesophageal groove and subjected to fresh axotomies, followed by

insertion of a 5 mm sural nerve graft segment to bridge the gap between

the proximal and distal RLN. Efforts were made to ensure full contact of

the nerve endings. Fibrin sealant (Tisseel, Baxter, Deerfield, IL, USA) was

used to fixate the anastomosis.

Fig 4. The experimental settings. The rat is placed
inside a Faraday's cage during electrophysiological
recordings.
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Papers I–IV: retrograde tracing

A neuronal tracer is a compound with the ability to be transported in the

axonal transport system in anterograde or retrograde direction, which is

useful when studying neuronal projections and reinnervation87-89. In this

study, we have used two tracers with predominantly retrograde

charactersistics: fluorogold (FG)90-93 and cholera toxin subunit B (CTB)94-

96. By application of a tracer intramuscularly in the PCA muscle or onto

the transected stump of a laryngeal nerve, the neuronal cell bodies in the

NA in the brainstem become possible to identify and study further by

immunohistochemical techniques. For intramuscular injections, 0,2–0,5

ml of the tracer was pressure–injected through a hand–held glass

micropipette attached to a motor–driven Hamilton syringe. Nerves were

transected, and the proximal stump inserted into a polyethylene capsule

containing the tracer for 15 minutes, followed by removal of the capsule

and rinse–through with saline.

Fig. 5. Schematic drawing showing the posterior larynx
and brainstem and application of the retrograde tracers.
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Papers I–IV: electrophysiology

After visualization of the PCA muscle, a single 0.51 mm steel hook–wire

electrode (Viasys Healthcare, Madison, Wisconsin, US) was inserted into

the body of the left PCA in a rostral–to–caudal direction. The reference

electrode was placed at the rostral end of the wound and connected to a

Key Point®  workstation (Medtronic, Tolochenaz, Switzerland).

Electromyogram (EMG) was recorded: in normal controls, this showed a

phasic, inspiratory pattern synchronous to PCA contraction. To test for

total neuromuscular function, the laryngeal nerves were stimulated with a

1 mm needle electrode, at supramaximal intensity (0.5 mA, stimulation

duration: 0.1 ms). The compound muscle action potential (CMAP) was

recorded from the left PCA.

Papers I-IV: tissue processing

The animals were deeply anesthetized and sacrificed by intracardial

perfusion of 200 ml body–temperature saline, followed by 250 ml cold

paraformaldehyde (4%) in phosphate buffer. The brainstem and the

larynx were removed and postfixed in the same fixative for 1.5 hours, then

rinsed in saline and transferred to phosphate buffer (pH 7.4) containing

15 % w/v sucrose over night. Brainstems were cut transversely in series of

20+14+14 mm using a Leica CM3000 cryostat at –24 °C. A total of ninety

series were collected, covering a rostrocaudal distance of 90x(20+28) mm

= 4.32 mm, enveloping the area of interest in the nucleus ambiguus (NA).

The PCA muscle was cut in 14 mm frontal sections.
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Papers I-IV: Immunohistochemistry

Brainstem– and muscle sections were initially incubated with bovine

serum albumin 1%, 0.1 % Na–Azid and 0.3 % Triton X–100 (Sigma, US)

in phosphate buffer for 60 minutes at room temperature. The sections

were then incubated overnight at 4°C in phosphate buffer containing 0.3

% Triton X–100 with one of the primary antibodies listed below:

antibody directed against type source dilution

anti–CTB Cholera toxin B poly List 1:10000

Ox42 complement receptor 3 mono Abcam 1:1600

GFAP

glial fibrillary acidic

protein poly Dako 1:1000

g9.5 synaptophysin poly gift/Dr.Jahn 1:10000

ChAT Choline acetyl transferase poly Chemicon 1:500

NF neurofilament long chain mono Dako 1:100

To visualize immunoreactivity, sections were processed with Cy3– or

Cy5–conjugated secondary antibody (Jackson, US) for 1 hour at room

temperature. In addition, muscle sections were processed for 2 hours at

room temperature with alexa–488–conjugated α–bungarotoxin

(Molecular Probes, Oregon, US) in order to visualize acetylcholine

receptors. The sections were mounted in a 1:1 solution of glycerol and

phosphate buffer, and analyzed under fluorescence– and confocal

microscopes.
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Papers V–VI: clinical examinations*

Flexible videolaryngoscopy was performed in awake patients. Vocal fold

movements were judged and stroboscopy was performed during

phonation. The motions were categorized into A) normal movement (good

ab/adduction, equal to the contralateral side, complete glottic closure), B)

near normal (good ab/adduction and glottic closure, but not perfect

coordination or a little slower ab/adduction compared to the unaffected

side), C) some movement (detectable minor ab/adduction, but

significantly worse than the unaffected side). D) no movement.

To record laryngeal EMG in awake patients with endoscopically

verified RLN paresis, a concentric needle electrode electrode (0.46 mm)

was inserted through the cricothyroid membrane, into the thyroarytenoid

muscle. To test for proper needle position, the unaffected vocal fold was

examined first. Motor unit activity was registered during spontaneous

inspiratory activity as well as voluntary activity during phonation. Size

and recruitment of motor unit potentials (MUPs) were evaluated to judge

the loss of motor units. Denervation activity, i.e. presence of sharp waves

and fibrillation potentials, were investigated at rest in order to identify

acute axonal injury at the time of surgery.

                                                  
* Performed by Dr. Gunnar Björck and Dr. Jonas Persson at the Departments of Ear–Nose and Throat and Clinical
Neurophysiology, Karolinska University Hospital, Stockholm, Sweden.
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R ES U LT S

Location of laryngeal motor neurons in the rat

The neurons projecting through the RLN were found exclusively in the

ipsilateral NA, in two distinct groups. Neurons projecting through the

SLN were located in the same area of the NA as the rostral group of RLN

neurons. Neurons retrogradely traced from the PCA muscle were found in

both of these two areas of the NA, predominantly ipsilateral to the side of

tracer injection (Fig 6).

Fig 6 . Schematic diagram showing  the normal topographic
distribution of retrogradely traced motor neurons in the nucleus
ambiguus. SLN=Superior laryngeal nerve, RLN=Recurrent laryngeal
nerve, PCA=Posterior cricoarytenoid muscle.
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The SLN innervates the PCA muscle

The PCA is innervated mainly by neurons projecting through the RLN.

However, in uninjured control animals, double–tracing experiments

(paper II) showed that following injection of FG into the PCA muscle and

application of CTB onto the whole SLN, a small but consistent group of

double–labeled cells were present in the rostral NA. These cells thus

represent neurons that innervate the PCA muscle through the SLN, a view

that differs from the traditional anatomical map. In support of these

findings, electrical stimulation of the SLN did also result in reproducible

depolarizations of the PCA muscle (paper II).

Central reactions after RLN resection

Following an RLN resection injury at a level of the 7th tracheal ring, the

number of neurons that project through the nerve was found to be

constant up to one month following the injury, reflecting a high degree of

neuronal survival. The central inflammatory reaction, judged

morphologically by the activation of microglial cells and astrocytes in the

NA, peaked at 1–2 weeks post lesion, followed by a successive decline

(paper I).  There were no transformations of microglia into macrophages,

in line with absence of cell death and phagocytosis.

Collateral reinnervation by the SLN

Six weeks after a chronic RLN injury (transection and ligation of the

proximal stump), electrophysiological evaluation showed increased

neuromuscular function of the SLN in the PCA. This was concluded from

a significant increase in the amplitude of the compound muscle action

potentials (CMAPs) recorded from the PCA following stimulation of the

SLN (Fig  7).
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Fig 7. Compound muscle action potentials recorded from the left
PCA muscle following electrical stimulation of the SLN.

At the same time, the number of centrally located motor neurons

projecting through the SLN to the PCA remained unchanged. These

results indicate that the pre–existing SLN neurons had increased their

peripheral fields within the PCA muscle through intramuscular sprouting

(enlarged motor units). This view was further supported by histological

findings in muscle sections, where there was an increased formation of

thin axonal–like fibers within the RLN–deprived PCA (paper II).

Experimental interventions: nimodipine (paper III)

In paper III, adult rats were subjected to an RLN crush injury. Half the

number of animals were given nimodipine continuously in order to

increase the pace of regenerative RLN growth towards the larynx. The

study included survival times up to 6 weeks. During this time, a gradual

recovery of the RLN was observed in both treated– and untreated groups.

However, at 6 weeks post lesion, the number of FG–positive neurons

retrogradely traced from the PCA muscle was significantly higher in

nimodipine–treated animals than in untreated animals. Regenerated

neurons were in this model located in the same area in the NA as before

the injury. The CMAPs recorded from the left PCA after RLN stimulation

were also significantly higher in treated animals (5,8 mV±1,7 compared to

2,5mV±0,8, [mean±SD]), and almost reached the level of normal control

animals. This means that at 6 weeks following a crush injury, nimodipine

treatment resulted in improved target reinnervation by the original nerve.
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Experimental interventions: surgical repair (paper IV)

Prolonged target denervation (months) is a known negative factor for the

functional outcome after a peripheral nerve injury84, and surgical

reconstructions are in the clinic performed as soon as possible after the

injury97. However, the regenerative machinery of the neuron needs a few

days to wind up following the axotomy, and delayed, secondary repair

could hypothetically result in better regeneration through the surgical

graft. In paper IV, the RLN is transected and repaired at different time

points following the initial transection in order to detect a possible

time–window for intervention. The results demonstrated that no

difference in reinnervation success could be detected if the nerve is

repaired during the first week, whereas repair at 3 weeks after the injury

resulted in fewer motor neurons having regenerated through the graft. In

addition, this study could not demonstrate any beneficial effects of

preoperative nimodipine treatment over postoperative treatment start,

which may increase the clinical usefulness of the drug.

Clinical experience: laryngeal EMG and the prognosis of RLN paralysis

Due to the close relationship between the RLN and the inferior thyroid

artery and thyroid gland, iatrogenic RLN injury is a significant

complication to thyroid surgery (see introduction). When the RLN is

macroscopically intact during the surgery, the majority of the cases of

postoperative RLN paralysis recover spontaneously within 6 months,

whereas some patients are destined to suffer from permanent laryngeal

dysfunction. It could be hypothesized that the patients with poor

functional outcome have a more severe type of nerve injury (axonotmesis),

with breakage of axons within the intact epineurium, whereas the patients

that recover only have a conduction block. In paper V, a cohort of 16

patients presenting with postoperative RLN paralysis were studied

prospectively with the use of laryngeal EMG and repeated laryngoscopies.
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8 patients accepted nimodipine treatment. Laryngeal EMG performed 3

weeks after the nerve trauma showed denervation activity (Fig  8) in 7 of

the cases, indicating axonal damage 98.

Fig 8. Electromyographic recordings from the thyroarytenoid
muscle in a patient 3 weeks after iatrogenic RLN injury.
Spontaneous electrical activity in the form of positive sharp
waves (PS) and fibrillation potentials (FP) indicates axonal
damage (axonotmesis).

The patients without any signs of axonotmesis all returned to normal

vocal fold movements, whereas the others showed varying degree of

recovery, including two cases of complete vocal fold immobility (paper V,

Fig. 4). It seems that the key factor for the functional outcome here is the

presence of axonal damage as detected by the laryngeal EMG.

Nimodipine treatment to patients with RLN axonal injury

In paper V, there were 3 patients with axonal damage that accepted

nimodipine treatment. These patients recovered to normal– or near

normal vocal fold mobility. In contrast, among the patients with axonal

damage that did not receive nimodipine, 2 cases were found with a



28

complete vocal fold immobility. Though the study is limited by the low

number of cases and by the fact that patients were not randomized into

treated– and untreated groups, these results do suggest a beneficial effect

from nimodipine treatment in terms of functional vocal fold mobility

after RLN axonal injury. In the last paper included in this thesis (paper

VI), a case report is presented where a nimodipine–treated patient

recovered with electrophysiologically verified coordinated vocal fold

activity, and good voice quality, despite a complete RLN nerve transection

and graft repair. Recovery of voluntary movement following complete

RLN injury, along with an EMG showing reinnervation, has not

previously been reported in the literature.
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D IS C US S IO N

The present work has investigated both the central and the peripheral

components of the laryngeal motor unit following distal RLN injury in

rats and humans. Data is presented in support of an altered view of

laryngeal neuroanatomy, which at least for the PCA muscle opens up for

additional, non–physiological sources of reinnervation (collateral

reinnervation), possibly a key factor for the development of vocal fold

motion impairment after RLN injury. The underlying aim of this work

has been to support original RLN fibers to reinnervate the intrinsic

laryngeal muscle. This angle of approach is not obvious, considering the

risk for chaotic reinnervation and voice disorders (previous experimental

reinnervation attempts during the past 30 years have excluded the RLN,

instead using electrophysiologically silent fibers).

To be able to apply the results from animal experiments on human

conditions, it is required that the two biological systems are in high

analogy to each other. The larynx is an organ which has life–supporting

roles, and the basic anatomical structures are phylogenetically well

preserved in the two species. Though the rat has not evolved phonatory

functions in the way humans have, the rat larynx is considered to be a

good model for studying laryngeal pathology99. An important difference

to bear in mind when discussing RLN regeneration is however that the

human axons have a longer distance to overcome before reaching the

larynx (centimeters instead of millimeters), whereas the size of the cell

bodies in the brainstem are roughly the same in rats and humans.
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Role of the central reaction

The central part of the motor unit, i.e. the lower motor neuron in the

brainstem with its synaptic input, is subjected to dramatic changes

following a peripheral axotomy. Deprived of trophic support from the

periphery and stressed by elevated calcium levels, neuronal death is an

important negative factor for the subsequent restoration of target organ

innervation. In comparison, intracranial facial nerve injury leads to a

marked neuronal degeneration100. Previous attempts to support the

laryngeal motor neurons after RLN peripheral injury have used gene

therapy101,102 to transfer genes encoding for the growth factors BDNF103,

GDNF103-105 and IGF–1106-109. Beneficial effects from this have been

reported to be increased size of the laryngeal muscles 4 weeks after an

RLN transection106, and increased signs of reinnervation of the

thyroarytenoid muscle 2–4 weeks after an RLN crush injury104. Two

experiments also report on increased motor neuron survival following

gene therapy in a vagal nerve avulsion model, suggesting that this could be

a possible way of treating RLN injury. A major criticism to this conclusion

is however that the vagal nerve avulsion is a much more severe injury type

than RLN injury, more likely to cause neuronal death. The closer to the

brainstem, the higher risk for neuronal death100. Furthermore, the

laryngeal motor neurons in the NA make up only a small fraction of the

total number of motor neurons projecting through the vagal nerve as the

NA also contains lower motor neurons to the pharynx and esophagus.

These findings thus have low relevance to RLN injury and there are no

other reports on the extent of neuronal death following RLN injury.

In paper I, we report that despite a severe injury type (nerve

resection), there is no decline in specifically labeled RLN neurons during

the first 4 weeks, indicating that the motor neuron pool in NA is resistant

to peripheral nerve injury. The glial reactions around the affected neurons

seemed to reach maximum intensity around 2 weeks post lesion, followed

by a successive decline. This temporal pattern is consistent with the

expression of growth–associated protein 43 and nitric oxide synthase
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following RLN transection, which have been reported to reach a peak at 7

and 14 days post lesion, respectively110,111. The emerging picture is

therefore that distal transection of the RLN, at least in the rat, results in a

central reaction that allows for a high degree of neuronal survival and a

successful switch from a transmitting mode to a growth mode. In support

of this view, the injured RLN has been shown to have considerable

regenerative capabilities36. Neuroprotective therapies would therefore be

of minor value after RLN injury, and the reasons for the poor functional

recovery are probably to be found in the periphery; among the factors

affecting the actual reinnervation of the intrinsic laryngeal muscles.

Dual innervation of the PCA muscle

The peripheral neuroanatomy of the larynx is complex, as reflected by

several quite recent gross anatomical studies where the different branches

and connections between the laryngeal nerves are identified in human

cadavers12,14,112-116. The anastomosis of Galen that connects the RLN with

the SLN over the posterior surface of the larynx has also recently been

recognized as an anatomical constant but with unknown functional roles
13,14. Some of these reports have questioned the classical view that SLN

only innervates the cricothyroid of the laryngeal muscles, suggesting that

fibers from the SLN also project to the thyroarytenoid and PCA

muscles12,115-117. It has been demonstrated that anterograde tracing of

human (!) SLN projections results in labeled axons in these muscles118,

which also suggest a more widespread motor function of the SLN than

previously thought. In our experiments in the normal rat (paper II), we

present data showing that there is in fact a small neuron pool located in

the rostral NA that project through the SLN directly to the PCA muscle

(Fig 9), with a neuromuscular impact of about 20% of the RLN. Even

though dual innervation of the PCA had been suspected from the

previous anatomical studies, this is the first study to put forward

functional evidence for such projections. It seems that the general picture

of laryngeal neuroanatomy is currently getting increasingly problematic. A
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better understanding of normal laryngeal anatomy and physiology, and

the relation between these two, would also facilitate the understanding of

the pathology following laryngeal denervation.

Fig. 9 . Anatomical model of normal PCA innervation, based on the
findings from paper II.

Collateral reinnervation

It is known from partial denervation studies that remaining, uninjured

axons have strong abilities to form new sprouts within the muscle

compartment to reinnervate the denervated neuromuscular junctions119-

122. This form of collateral reinnervation (Introduction, Fig 3) is of

functional importance, as the remaining motor units have the potential to

increase severalfold in size and compensate for up to 85% of motor

neuron loss123-125 without any decline in limb muscle twitch force.

Intramuscular sprouting is most likely stimulated by cytokines and

growth factors secreted from the denervated muscle cell126. One of the

sprouting factors is the insulin–like growth factor II, which is upregulated

in the muscle cell upon denervation127,128 and which induces axonal
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sprouting in normal muscles when exogenously administrated129. Of

particular importance for collateral reinnervation seems to be the

perisynaptic schwann cell, which is located at the very end of the axon, in

close proximity to the neuromuscular junction. Immunohistochemical

studies have demonstrated that the terminal schwann cell forms

extensions that navigates away from the denervated neuromuscular

junction130,131, in this way creating a bridge between denervated– and

innervated neuromuscular junctions for guidance of newly formed

neurites132.

The dual innervation of the PCA by two different peripheral nerves

(though branches from the same cranial nerve, the vagus) makes the RLN

transection injury a partial and not complete denervation injury. This

then serves as a base for the collateral reinnervation by intact SLN fibers

that was demonstrated in paper II, where the neuromuscular function of

the SLN increased from 1,4 mV to 2,2 mV after a chronic RLN injury.

Fig. 10. Collateral reinnervation by the SLN after chronic RLN injury.

The presence of such mechanisms is interesting because it opens up for

new ways of looking at laryngeal reinnervation. EMG recordings from the

PCA at 6 weeks following chronic RLN injury could not show any signs of
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denervation activity, indicating that the reinnervation process was

completed by that time, in total absence of the ipsilateral RLN. There were

also signs of inspiratory EMG–activity from the contralateral RLN in both

normal and injured rats, and it is reasonable to believe that fibers of the

contralateral RLN make up an additional source for collateral

reinnervation, as would hypothetically the contralateral SLN.

Interestingly, it has been reported that even sympathetic fibers have the

ability to form persistent connections with denervated neuromuscular

junctions133,134. It is quite possible that injury to the RLN is the starting

point for a competition to reinnervate the laryngeal muscles from

multiple sources, of which only the ipsilateral SLN was demonstrated in

paper II. We don't know the origin of the thin, synaptophysin–positive

fibers observed in the RLN–denervated PCA, but the morphological

impression is that of ongoing, intense sprouting activity (paper II, Fig 4B).

The resulting innervation state of the intrinsic laryngeal muscles

after injury to the RLN could therefore be a mosaic composed of axons of

different origins, with pathologically enlarged motor units. When the

injured RLN is one of the competitors, the risk of misguided

reinnervation to adductor– and abductor muscles is also abundant.

Considering the highly specialized functions of the larynx and the

complexity in vocal fold movements (the intrinsic laryngeal muscles are

among the most fine–tuned neuromuscular apparatus in the human body,

comparable to the extraocular muscles), the demands on central plasticity

should be very high. When the reinnervation of the intrinsic laryngeal

muscles becomes too different from the original neuroanatomy, the result

is permanent vocal fold motion impairment and the clinical

characteristics outlined above. In contrast to nerve injuries to large muscle

groups in the limbs, collateral reinnervation following laryngeal

denervation can thus be regarded as a negative factor for the functional

outcome, perhaps more important than just misguided reinnervation by

abductor– and adductor RLN fibers. (Also, in the typical clinical situation,

the RLN is injured with preserved alignment of fascicles and endoneurial

tubes [crush injury], whereby misguidance into ab/adductor branches
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during regeneration should to be low68.) As a consequence of this

thinking, a dynamic reinnervation therapy should support regeneration

and reinnervation by the original, injured RLN as fast as possible.

Nimodipine

We have used the L–type calcium channel blocker nimodipine as a tool

for increasing the pace of regeneration after RLN injury. There are

previously a number of reports on increased regeneration speed and

improved functional recovery in both rats and humans following

inhibition of the L–type VOCCs76,80-82,135,136. Consistently, the results from

paper III show that administration of nimodipine results in an increased

number of motor neurons having reinnervated the PCA muscle 6 weeks

after an RLN crush injury, with the effect of significantly increased

neuromuscular function. This outcome should be of particular value after

RLN injury, considering the presence of other nerve fibers in the area and

the risk for collateral reinnervation. It is not clear at what level in the

motor unit that nimodipine exerts its action. L–type VOCCs are present

in the soma as well as in the growth cone74-76 and could affect both gene

expression and direct growth cone behavior. Nimodipine does not affect

the fast depolarizing properties of the neuron78.  It could instead be

hypothesized that nimodipine makes the growth cone less disposed to

branching and turning behavior, in favor of  faster rate of axonal

elongation. This theory is supported by the findings that nimodipine

changes the growth cone's response to netrin from attraction to

repulsion79, and also that, in vivo, there is a significant decrease in the

pathological, preferential reinnervation of slow fiber types in the soleus

muscle82. It could only be speculated in what way nimodipine may affect

the outgrowing neurites formed by intact nerve endings during collateral

reinnervation, but if the growth cone is less sensitive to chemoattraction,

this would probably inhibit collateral sprout formation. This mechanism

has not been specifically investigated, even though the increased
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electrophysiological impact of the RLN in nimodipine–treated animals

indicates that this could very well be the case.

Paper V is a prospective clinical evaluation of 15 patients with

postoperative RLN paralysis following surgery to the thyroid gland. Based

on the current knowledge of nimodipine and peripheral nerve injuries,

nimodipine treatment was described to all patients, and some chose a

3–months treatment. As it turned out, three of the patients with verified

axonal injury accepted nimodipine. There were no randomization

procedure into treated– and nontreated groups, and the number of cases

is low. Even so, the results are promising and also consistent with the data

obtained from the animal experiments: treated patients all recovered to

normal– or near normal vocal fold mobility, whereas the untreated

patients showed considerably worse outcome (paper V, Fig 4).

Furthermore, one case report (paper VI) describes restitution of

coordinated vocal fold movements in a patient treated with nimodipine

after transection and graft repair of the RLN, a microsurgical approach

which previously has been associated with a poor functional outcome.

Nimodipine is a registered drug currently used for treatment of

hypertension and prevention of vasospasm following subarachnoidal

hemorrhage, which means that it is well characterized in terms of

pharmacologic properties and side effects. The side effects can be

considered moderate, including sporadic hypotension and dizziness.

Based on the previous knowledge of the regeneration–promoting effects

of nimodipine, together with the data obtained from the studies included

in this thesis, it could be argued that patients that suffer from acute RLN

injury should also be offered nimodipine treatment in the regime of 60

mg x 3 per os for three months, or until axonal injury has been ruled out

by laryngeal EMG. A controlled, randomized study to provide evidence of

higher grade would require 80 cases of RLN axonal injury (calculated for

80 % power). Since not all patients with postoperative RLN paralysis have

injured axons, the total number of patients would have to be 200. The

proportion of such a study would call for a multicenter design with

engagement of many investigators. But there are also arguments against
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conducting this study: early evidence is already at hand, the potential

benefits are strong and the side effects are well–known and of low degree.

Nevertheless, it is clearly necessary to conduct this study before general

guidelines for nimodipine treatment are to be realized.

Surgical repair

Surgical methods to treat RLN injury have, as outlined in the

introduction, mainly focused on creating neural input to the larynx by

nerves other than the RLN43-51. These strategies have not come into

worldwide clinical praxis, and a more common way to treat an RLN

transection injury is still to perform immediate end–to–end anastomosis,

either directly or with the insertion of an autologous nerve graft between

the nerve endings in order to prevent mechanical tension, despite the

varying functional results.

The timing of peripheral nerve surgery has often been discussed in

the light of the neurobiological events that are triggered following an

axotomy97,137. It has been demonstrated that the speed of axonal

outgrowth is increased if the neuron has been subjected to a previous,

conditioning lesion138-142. It could be hypothesized that secondary surgical

repair at a later time point when the neuron's regenerative capacity is

optimized would result in a more successful regeneration through the

repair site, an effect that should be advantageous after RLN injury. In

paper IV, where adult rats were subjected to surgical repair of the RLN,

about one third of the original neuron pool managed to regenerate

through the graft if the nerve was repaired during the first week following

the initial trauma. Relative to the number of neurons, the neuromuscular

function was restored to a higher degree, probably due to enlarged motor

units. (In humans, it may be assumed that surgical reconstruction results

in even better regenerative results because of the increased size of the

nerve, which makes the surgery technically easier.) The data obtained

from paper IV could not demonstrate any differences between the groups

that were repaired during the first week post lesion, whereas fewer
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neurons succeeded to regenerate 3 weeks post lesion. It could be

concluded from these results that the RLN should be surgically

reconstructed as soon as possible, since there are no advantages in

performing the repair at a later time point. Furthermore, regarding the

presence of collateral reinnervation, early arrival of original RLN fibers

should be important.

Clinical applications

Laryngeal EMG has become an established clinical method to identify and

investigate the intrinsic laryngeal muscles, often performed in the

thyroarytenoid muscle which is accessible percutaneously29,143-145. Even

though laryngeal EMG has shown relatively weak prognostic value144 for

RLN paralysis of all etiology (idiopathic, iatrogenic, neurological

disorders, tumors), the diagnostic value for intraoperative damage has

been unknown. It is demonstrated in paper V that laryngeal EMG can be

used to differentiate between conduction block and axonal damage. As the

results show, patients with only a conduction block all regained normal

vocal fold mobility, a prognostic information that is of importance to

both the patient and the doctor. Importantly, by detecting the presence of

axonal injury, there is also a possibility to treat the patient

pharmacologically with nimodipine. Laryngeal EMG should therefore be

performed on all patients with postoperative RLN paralysis and

macroscopically intact nerves. It is important to perform the investigation

right when the denervation activity is expected to appear on the EMG

(around 14 days after the lesion), and not too late, since the denervation

activity will come to an end upon reinnervation. A suggestion of how to

manage patients with postoperative unilateral RLN paralysis is

summarized in Fig 11.
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Fig 11. Suggestion for clinical management of postoperative RLN
paralysis, based on the literature and on the results of this thesis. The
regeneration time may be estimated by the regeneration distance (mm) x
1mm/day. When the site of injury is located at the great vessels in the
thorax, the regeneration distance is about 90 mm, which renders a
postoperative nimodipine treatment of 3 months.
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C ON C LU S IO N S

1. Neuronal death is not a factor of major importance after RLN

injury.

2. The PCA muscle receives dual innervation from both the RLN and

SLN.

3. Complete RLN injury leads to partial denervation of the PCA

muscle.

4. Collateral reinnervation by competing, intact nerve fibers may be

an important negative factor that could explain the vocal fold

motion impairments seen after RLN injury.

5. Nimodipine improves reinnervation by the original RLN and may

result in improved functional outcome in patients.

6. Surgical repair of the RLN should be performed as soon as possible

after a transection injury.

7. Laryngeal EMG is a valuable tool for diagnosing the type of

postoperative RLN injury, which makes it possible to prognose the

functional outcome and to identify the patients who would

potentially benefit from nimodipine treatment.
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