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BVFI Bilateral Vocal Fold Immobility

BVFP Bilateral VVocal Fold Paralysis

CRD Complex Repetitive Discharge
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MUAP Motor Unit Action Potential
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SWAL-QOL Swallowing Quality of Life
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1. INTRODUCTION

The adequate treatment of bilateral vocal fold immobility (BVFI) is still one of the
biggest challenges of Laryngology due to the sophisticated balance between improving
breathing and limiting deterioration of voice and swallow function [1]. Bilateral vocal fold
paralysis (BVFP) is the most common form of the BVFI syndrome, caused by injury to both
recurrent laryngeal nerves. The leading causes include surgery (predominantly thyroid),
intubation, trauma, neurological disorders and extralaryngeal malignancies [2-5]. The classical
presentation of patients with BVFP is inability to abduct the vocal folds with the resulting
narrow glottic chink, compromised airway, inspiratory stridor, and slightly influenced voicing.
Such patients are in a precarious position with respect to the airway. Depending on the width
of the remaining glottic chink, their body mass, the presence of comorbidity and their usual
physical activity, the patients may have dyspnea of a varying degree and respective complaints
[6,7]. Most of these patients must undergo some kind of surgery for enlargement of the airway.
For centuries tracheotomy has been the golden standard for securing it. Numerous surgical
techniques for glottis enlargement have been introduced during the past decades. These
interventions could be classified according to the morphologic changes they cause at the glottic
level, and according to the surgical exploration [8]. The current trends from the eve of the

twentieth century are towards endoscopic minimally invasive technigues.

The endoscopic arytenoid abduction lateropexy (EAAL) was introduced by the upper
airway stenosis workgroup of the Department of Oto-Rhino-Laryngology, Head and Neck
Surgery, University of Szeged as a novel treatment option for vocal fold impairment [9]. The
procedure is based on the lateralization of the arytenoid cartilage with the membranous vocal
fold. The entire vocal unit is displaced in a physiological manner without resection of phonatory
structures. The intervention is a quick, non-destructive, reversible, minimally invasive

technique which immediately provides a stable, wide glottic airway in bilateral vocal fold



paralysis [10-13]. EAAL does not harm neither the passive (cartilaginous) nor the active
(neuromuscular) structures of vocal folds. Thus, due to its unique non-invasive manner it allows
the investigation of the potential regeneration of the vocal fold movements in BVFP patients if
reinnervation occurs. Moreover, theoretically in case of adduction recovery it gives a place of
an active dynamic phonation to improve the vocalization of the patient. Better understanding
of the neural regeneration process might lead to the more favorable dynamic rehabilitation of

vocal fold immobility.

Electromyographic (EMG) investigations of the laryngeal muscles are indispensable for
this purpose. Although recognized as a valuable diagnostic tool for more than 70 years, many
laryngologists do not routinely use laryngeal electromyography (LEMG). This may be due to a
persisting lack of agreement on methodology, interpretation, validity, and clinical application
of LEMG [14-17]. To achieve consensus in these fields, a laryngeal electromyography working
group of European neurolaryngologic experts was formed in 2012 in order to evaluate
guidelines for LEMG performance and identify issues requiring further clarification [18]. Our
research team joined this international LEMG group in 2013 to reintroduce this diagnostic tool

in Hungary [19,20]. Our team performed LEMG in more than 100 patients since then.

EAAL was originally invented for the treatment of vocal fold paralysis, but it is also a
useful method in the endoscopic treatment of posterior glottic stenosis to separate the arytenoid
cartilages during reepithelization after laser resection of the interarytenoid scar tissue [21-23].
Adducted position of the vocal fold(s) or intraluminal collapse of the (supra)glottic soft tissues
may occur in other special pathological situations as well. In cases of partial or total
cricoidectomy due to malignant lesions, the inability to reconstruct the laryngeal structures
often leads to permanent tracheostomy or even total laryngectomy [24-26]. EAAL might be an
alternative solution in these cases, in which the stability of the arytenoid cartilages is impaired

due to the damage of the cartilaginous framework of the larynx.



I have been working in the Department of Oto-Rhino-Laryngology, Head and Neck
Surgery, University of Szeged since 2011. In the first year of my residency | have joined to the
upper airway stenosis workgroup under the supervision of Professor Lasz16 Rovo. Over the past
7 years | took part in several operations of different types of airway stenoses in adult and
pediatric patients as well. In 2013 | became the member of the international laryngeal

electromyography team and I’ve participated several neurolaryngology workshops in Germany.

During my daily work, one of my main tasks is to perform the preoperative and
postoperative laryngeal functional examinations for measuring the airway improvement and
voice quality changes of BVFI patients. Related to this, my other important task is to perform
the neurolaryngological examinations and follow-up the patients to register the potential

regeneration of the vocal fold movements.

2. ENDOSCOPIC ARYTENOID ABDUCTION LATEROPEXY —
BACKGROUND AND SURGICAL TECHNIQUE

In the clinical practice, suturing of the vocal fold laterally (laterofixation) as a sole
intervention procedure for glottis enlargement without any tissue resection was first used by
Ejnell [27]. He introduced a thread through the thyroid lamina using two injection needles. The
major problem with this technique was the difficult orientation of the needles resulting often in
multiple and wide stitching canals, which present a potential risk factor for infection.
An important step further was the introduction of the endo-extralaryngeal approach by
Lichtenberger, based on a specially constructed needle-carrier [28,29]. As the atraumatic
needles are introduced endoscopically from inside to outside of the larynx, the placement of the
threads was done in an extremely precise way. However, the simple rotation around the vertical

axis, which is generally considered to be the theoretical basis for simple vocal fold



laterofixation techniques, does not allow the maximal possible abduction for the arytenoid

cartilages.

Wang has convincingly demonstrated that during abduction the lateral sliding motion
of the vocal process is accompanied by an upward and occasionally slightly posterior movement
simultaneously, with the arytenoid cartilage turning laterally and upward on the cricoid
cartilage facet. On full abduction the arytenoid cartilage lies laterally at the upper and outer
cricoid facet, having moved superiorly, posteriorly, and laterally [30]. To achieve this
physiological displacement passively, more posterior fixating loop(s) must be inserted. These
posterior sutures are practically impossible to be inserted through an externally inserted needle
or by the original Lichtenberger device because the thyroid cartilage is denser in that area. For
this reason, endoscopic arytenoid abduction lateropexy (EAAL) and a new endolaryngeal
thread guide instrument (ETGI) was introduced [31] (Figure 1,2.). With this special instrument,
this simple, quick and safe procedure enables the endoscopic creation of two fixating loops in
one step at suitable laryngeal locations, providing maximal physiological abduction of the

arytenoid cartilage.

In a previous study EAAL was compared to other popular glottis enlarging techniques.
EAAL proved its efficacy: it provided the largest glottic space and the postoperative glottis
configuration was beneficial to preserve the patients’ voice quality [32,33]. The functional
result regarding the breathing were also convincing in patients with excessive posterior glottic
stenosis [21-23]. The purpose of our method is to provide the largest possible space in the
posterior commissure via (bilateral) EAAL thus keeping the wounds apart until healing,
diminishing the chance of developing a fibrin cicatrix. Moreover, the durable separation of the
opposing wound surfaces over a period of weeks counters the contraction forces of the scarring

process due to the myofibroblasts in early healing [34].
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Figure 1. Schematic drawing of the endoscopic arytenoid abduction lateropexy (EAAL).
The skin (s) is illustrated only on the last picture to achieve better visualization. Arrows indicate the
direction of the thread guiding. m= sternohyoid muscle.
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Figure 2. Endolaryngeal Thread Guide Instrument (ETGI).

a) Handling, stem-pipe and curved blade in pushed-out position (stem-pipe and blade designed for
infants
b) Blades and stem-pipes designed for infants, females and males (from top to bottom)



3. AIMS OF THE THESIS

1.

Introducing laryngeal electromyography in the clinical routine for the complex
evaluation of BVFI patients and standardize this diagnostic method.
Electrophysiologic examination of neural regeneration of the inferior laryngeal nerve in
BVFP patients treated by EAAL.

Examination of the effects of spontaneous, isolated recovery of adductor muscle
function on voice quality, breathing function and life quality in BVFP patients treated
by unilateral EAAL.

Introducing EAAL for the complex reconstruction of the glottic and supraglottic airway

after partial and total cricoidectomy.



4. INTRODUCTION OF LARYNGEAL ELECTROMYOGRAPHY INTO
CLINICAL PRACTICE

4.1. Introduction

The differential diagnosis of vocal fold motion disorders is dominantly based on the
endoscopic findings with or without the additional help of laryngo-stroboscopy. With enough
experience these subjective methods allow the differentiation of vocal fold motion impairment
with mechanical or neurogenic origin and make other neuromuscular diseases (e.g. spastic
dysphonia, myasthenia gravis) recognizable as well. However, in cases of paresis or paralysis
of vocal fold muscles, they do not provide an opportunity to determine the grade of neural injury
or the prognosis of the disease. Nevertheless, in case of vocal fold paralysis these factors

fundamentally determine the indication and type of the potential glottis widening intervention.

Due to the rapid development of laryngeal surgical techniques, an objective diagnostic
method has become increasingly important in recent decades to answer the above-mentioned
problems. An appropriate solution is the laryngological application of electromyography, which
has been used in the diagnostics of neuromuscular diseases for decades [14-19]. The application
of this tool is highly important in the clinical practice, thus potential glottic surgery, which is
based on the electrophysiological results, fundamentally determines the patient’s quality of life.
As a member of the upper airway stenosis workgroup, | attended special laryngeal
electromyography workshops three times in 2013 and 2015 in Jena, Hamburg and Wiirzburg as

well. After the animal and cadaver experiments, we started our human trial in 2014 (Figure 3.).



Figure 3. Transcutaneous electric stimulation of the laryngeal muscles under endoscopic
visualization in pig model. (2014, Jena, Germany)

4.2. Method
4.2.1. Indications, contraindications

Vocal fold motion impairment is a clinically heterogeneous disorder that provides
challenges in diagnosis and management at every level. The abnormal innervation of laryngeal
muscles, cricoarytenoid joint dislocation or ankylosis, glottic scarring or glottic fixation by
malignant lesion all lead to a similar symptom complex [35]. The main goal of laryngeal
electromyography is the differentiation of vocal fold immobility with mechanical and
neurological origin. In case of neurological origin LEMG helps to determine the grade of neural
injury and might predict the chance of reinnervation and motion recovery. In connection with
different augmentation and injection techniques, LEMG is also helpful for the identification of

the exact place for the injection (e.g. botulinum toxin, hyaluronic acid) [36-39].



Electromyography of skeletal muscles has practically no absolute contraindication [40].
However, due to the unique state of the larynx special attention must be paid during LEMG. In
case of compromised airway LEMG must not be performed! Due to the extremely uncommon,
but potentially fatal complications (especially in BVFI) one must be ready for intubation, or
conicotomy. Coagulation disorders, local skin lesions, edema are relative contraindications,
such as a cardiac pacemaker during electric stimulation. Bloodborne diseases (e.g. HIV,
Hepatitis) can be prevented with adequate sterility. We performed LEMG only in adult patients
so far, but general anesthesia without muscle relaxation makes the technique feasible in

pediatric patients as well [41].

4.2.2. Equipment

Electromyography electrodes: During electromyography, the summed outcomes of the
muscular fiber’s potentials are recorded with an extracellular electrode. This summation
potential is called motor unit potential. For its registration surface and indwelling (needle)
electrodes are used. For diagnostic purposes, usually transcutaneous EMG is performed.
Accordingly, concentric needle electrode is appropriate. 50 mm long needle electrode allows
the translaryngeal reach of the posterior cricoarytenoid muscle (PCA) through the cricoid plate
as well. However, this requires a rigid electrode with a diameter of at least 0.45 mm. In order
to the comparability and repeatability, same type of needles must be used in every patient.
(TECA Elite, Disposable Concentric Needle Electrode, 37 mm x 26 G; 50 mm X 26 G; Natus

Neurology Inc., Middleton, WI, USA).

Microphone: When a microphone is connected to the channel of a multichannel EMG

amplifier, a synchronic voice recording is possible. This allows a comparison of myoelectric



10

activity with the patient’s sound production. Additionally, the recorded instructions and

comments of the examiners can be helpful for the interpretation of the stored data.

Thermistor and piezoelectric thorax expansion belt: Respiration is another fundamental
parameter of voice production. It can be measured by placing a thermistor in front of a patient’s
nose, mouth or tracheostomy. A thermistor detects the changes of air temperature caused by
every breath and can thus be used to record respiration activity. Alternatively, the movement of
the chest wall and/or the upper abdominal wall can be monitored by using thorax and/or
abdomen expansion belts with piezoelectric sensors. This movement is related to effort and

produces a low frequency sinusoidal waveform as the patient inhales and exhales.

Indirect laryngoscopy: Transnasal flexible fiberoscopy gives additional information and
makes easier to evaluate the relationship between the electric signals and the actual vocal fold

movements.

EMG amplifier: Neuropack X1 (Nihon Kohden Corp., Tokyo, Japan) EMG amplifier
was used for our examinations. This device can record up to 12 channels and makes the electric
stimulation of the laryngeal muscles also possible. The raw data was processed with a special
EMG analyzing software, which was encoded by MATLAB (The MathWorks Inc., Natick,
MA, USA) [42]. The EMG signals were evaluated with Audacity 2.1.3 software

(http://audacityteam.org).

4.2.3. EMG monitoring

Laryngeal electromyography is a medical procedure requiring active cooperation by the
patient. Thus, appropriate information and written consent of the patient cannot be ignored. The
patient’s ability and willingness to cooperate must be considered when planning an LEMG

examination. In addition, a detailed examination of the head and neck, including indirect or
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fiberoptic laryngoscopy and/or videostroboscopy, is important to detect altered anatomy,
previous operations, or acute infections - conditions which can potentially hinder the placement
of the electrode. In our protocol the voice recording, and spirometry always precedes the LEMG
examination. Spontaneous fibrillation activity indicating axonal degeneration does not appear
until 10 to 14 days after the initial injury, which means that LEMG performed before that time

may not be fully reflective of the extent of injury [14].

For LEMG, the patient is asked to adopt a comfortable position with a slightly reclined
head (Figure 4.a,b). If necessary, the larynx can be anaesthetized locally with lidocaine,
either applied transorally to the mucosal surface or with a transcutaneous intraluminal injection.
After the disinfection of the skin and positioning of the above-mentioned sensors, the

examination is about to begin.

Figure 4. Implementation of laryngeal electromyography.

a) Examination of the posterior cricoarytenoid muscle
b) Examination of the left thyroarytenoid muscle

e = electrode; m = microphone; me = piezoelectric thorax expansion belt; t = thermistor

At the beginning of the examination, main structures of the anterior neck are palpated

to identify the midline, the cricoid cartilage, the lower border of the thyroid cartilage and the
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thyroid notch. It is recommended to begin the LEMG with the thyroarytenoid muscle (TA),
followed by an examination of the posterior cricoarytenoid muscle (PCA). The cricothyroid
membrane is the most important anatomic reference for the needle insertion. First, the needle
pierces the skin in midline in sagittal direction and will be placed directly under the lower border
of the thyroid cartilage. Second, the needle tip will be angled laterally and superiorly and
penetrates through the cricothyroid ligament without entering the airway. Depending on the
thickness of the neck and the entry angle, the thyroarytenoid muscle should be reached after
pushing the needle 15 mm through the ligament (Figure 4.b; 5.a,b). Coughing of the patient
generally indicates that the needle has penetrated the airway and is causing irritation of the
mucosa. A burst of sine waves modulated by phonation also indicates that the electrode tip has
entered the airway. The position of the needle is confirmed by asking the patient to say /i:/.
During this, EMG activity sharply increases. Furthermore, swallowing causes a short strong
thyroarytenoid activity during the glottal stop. While deeply breathing in and out, the resting

activity drops periodically during expiration.

Posterior cricoarytenoid muscle usually accessed by passing a needle posteriorly
through the cricothyroid membrane, airway, and cricoid cartilage. For this midline approach,
again, the cricothyroid notch is the anatomic reference for the needle insertion. The needle
pierces the skin and penetrates the cricothyroid ligament in the midline in a sagittal direction.
A burst of sine waves modulated by phonation indicates that the electrode tip is vibrating freely
in the airway. After entering the airway, irritation of the mucosa may cause the patient to cough.
Approximately 5-10 mm lateral to the midline the posterior mucosa of the airway is penetrated.
By slowly rotating the needle, it is drilled through the lamina of the cricoid cartilage. Having
penetrated the whole cartilage, the tip of the needle should be right in the PCA muscle (Figure
4.3, 5.c,d). Pushing any further will cause a penetration of the cricopharyngeal muscle. The

correct position is confirmed by detecting increased EMG activity during sniffing, and
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considerably weaker EMG activity during swallowing and phonation of the sound /i:/. If the
needle is placed too deeply, recording the activity of the cricopharyngeal muscle, a strong

constant EMG activity will be observable, decreasing during swallowing.

Figure 5. Position of the LEMG electrode during the examination of the left thyroarytenoid
muscle (a, b) and left posterior cricoarytenoid muscle (c, d); cadaver larynx

a) The electrode penetrates the cricothyroid ligament (anterior view)

b) The tip of the electrode is placed in the left vocal fold. Due to the illustration, the needle is
not placed under the mucosa. (inside view)

¢) The electrode penetrates the lamina of the cricoid cartilage through the cricothyroid
ligament and the intralaryngeal space. (plan view)

d) The electrode reaches the posterior cricothyroid muscle after the penetration of the cricoid
lamina. Due to the illustration, the tip of the needle (*) penetrates the muscle more than
necessary. (inside view)

1 = cricothyroid ligament; 2 = left vocal fold; e = LEMG electrode; k = right arytenoid cartilage; pa =
thyroid cartilage; pe = cricoid lamina; tr = trachea
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To reveal the complex electric activity of the laryngeal muscles the patient is asked to
perform agonistic and antagonistic maneuvers while recording LEMG. The electric activity is
analyzed during phonation, forced sniffing inspiration and during calm ex- and inspiration for
30 sec. For the differential diagnoses of recurrent laryngeal nerve paralysis and other causes of
vocal fold immobility, temporary electrical stimulation of the PCA could be performed. This

method is applied only for experimental purposes in general anesthesia.

4.2.4. Interpretation of LEMG

An EMG examination should be performed and evaluated in a structured and
standardized way. In a widely used scheme, the EMG of skeletal muscles is evaluated
during insertion, at rest, and during different strength of volitional contraction. These standards
cannot be simply transferred to laryngeal EMG, because the volitional activation of an
individual laryngeal muscle is not possible. When activated, the laryngeal muscles perform
complex movements always involving multiple muscles [18]. In case of vocal fold immobility
complex and personalized examination is necessary. None of the diagnostic methods is

conclusive alone.

During EMG, the morphology (shape, amplitude, duration) of the motor unit potentials
is analyzed. Unlike the skeletal muscle, a nerve fiber innervates only smaller muscle groups in
the larynx. Thus, motor unit potentials are shorter and have smaller amplitude compared to the
skeletal ones. The amplitude shows the number and strength of the muscular fibers innervated
by an actual nerve. The length of the electrical signal depends on the speed of nerve conduction,
which is mostly influenced by the “isolation” of the nerve fiber. The power of muscle
contraction is determined by the number of operating motor units and their discharge frequency.

Parallel to the activated motor units and their discharge frequency, the muscle strength
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increases. Motor unit recruitment refers to the activation of additional motor units to accomplish
an increase in contractile strength in a muscle. Accordingly, the density of the registered
interference pattern correlates to the number of activated motor units and muscle force. Neural
and muscular injuries lead to a decrease in the number of motor unit potentials and recruitment

during the volitional activity of the muscles [18].

During the insertion of the needle into the muscle, an insertion activity should occur.
Typically, the insertion of the needle causes bursts of electrical activity. These should last no
longer than several hundred milliseconds. They are caused by the fact that the needle itself
contains some electrical energy, which, when placed near the muscle membrane, causes a
relative change in the surrounding electrical field. If the electrical charges surrounding the
muscle membrane are unstable, e.g., during early nerve and muscle injuries, the insertional
activity is prolonged. Healing of nerve and muscle injuries sometimes results in the replacement
of normal muscle with scar tissue or fat, which insulates the remaining muscle fibers and causes

a decrease in insertion activity.

In contrast to skeletal muscles, in which electric silence can be observed during
relaxation of the target muscle, it is hardly possible for a healthy and awake person to reach
complete relaxation of the larynx. The optimal resting condition of the small laryngeal muscles
can be observed during quiet breathing. The physiological background activity makes it hard to
interpret muscle activity triggered by inserting the needle. Equally, detecting pathological
spontaneous activity is much more difficult in laryngeal than in most other muscles. At the same
time, a lesion of the nerve also reduces the background activity and thus often makes the

interpretation easier than in physiologically innervated laryngeal muscles.

In a resting muscle with a non-moving electrode, the examiner should check for
pathological spontaneous activity. Spontaneous activity can include fibrillation potentials,

increased insertional fibrillations (insertional activity), myotonic discharges, complex repetitive
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discharges, fasciculations, and positive sharp waves. The most typical pathological spontaneous
activities are the fibrillation potentials. These are defined as low-amplitude, short-duration units
generated by a single-muscle fiber indicating axonal degeneration. This symptom may occur
only 10-14 days after the injury. This degree of denervation occurs only in severe nerve injury.
Spontaneous activity indicates a poor prognosis for recovery. During total denervation, the
muscle has no neural input, thus abnormal EMG activity cannot be registered. Once
regeneration begins, the muscle receives electrical impulses from the regenerated nerve and the

spontaneous activity ceases.

For routine clinical use, it is convenient to classify electrophysiological findings
according to Seddon into neurapraxia, axonotmesis, or neurotmesis [43]. For neurapraxia, the
diagnostic criterion in LEMG is the detection of a rarified recruitment pattern or single action
potentials during volitional contraction without pathological spontaneous activity (e.g., positive
sharp waves or fibrillation activity). Neurapraxia is most likely to recover completely within 8—
12 weeks. The number of polyphasic potentials and the amplitude of motor unit potentials
increase during regeneration, while the number of the fibrillation potentials decrease.
Axonotmesis should be suspected if spontaneous activity, indicating neural degeneration, is
detected. Axonotmesis is thought to have only a poor chance of recovery to a functional level.
If reinnervation occurs following axonotmesis, it is usually associated with sequelae, such as
synkinesis, due to neuronal misdirection [44-48]. Neurotmesis, i.e., the complete destruction of
the whole nerve structure across its entire diameter, is assumed never to recover unless the

damaged nerve endings have direct contact.
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5. ISOLATED RECOVERY OF ADDUCTOR MUSCLE FUNCTION
FOLLOWING BILATERAL RECURRENT LARYNGEAL NERVE
INJURIES

5.1. Introduction

The treatment of bilateral vocal fold immobility is still one of the biggest challenges in
Laryngology. This has been attributed the “zero-sum” balance between the need to improve
breathing at the expense of sacrificed voice and swallowing functions [1]. While no debate
exists about that the need for an immediate and stable airway is paramount, it is possible to
achieve this while sustaining a satisfactory voice and protection from aspiration by using a
minimally invasive, non-destructive and reversible glottis widening surgical technique [8]. This

way the “zero-sum” game can become a “win-win”.

Theories have changed fundamentally since the Semon-Rosenbach and Wagner-
Grossman hypotheses about the reason of the typical paramedian position of the vocal fold(s)
after recurrent laryngeal nerve injury [49-51]. Animal studies clearly demonstrate, that the
recurrent laryngeal nerve has a very strong potential to regenerate after injury. It has also
become evident that most patients with recurrent laryngeal nerve injury attain varying levels of
spontaneous recovery [52-56]. Partial or even total recovery of vocal fold movement can be
seen in untreated patients with unilateral or even bilateral vocal fold palsy. Currently, the widely
accepted conventional “static” glottis widening techniques are based on the partial or complete
resection of the arytenoid cartilage and/or the vocal fold. Clinical signs of recovery, which are
commonly in the form of vocal fold adduction, are not easily detected in patients who are treated
with glottis and/or arytenoid resection procedures, although laryngeal electromyography
(LEMG) can demonstrate some degree of reinnervation [50, 52]. Thus, despite the neural

regeneration, vocal fold movement may not be physically possible or may be undetectable and
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ineffective because of the surgery performed. Moreover, after transverse cordotomy due to

scarring the paralyzed arytenoid remains in the adducted position.

By contrast, the non-destructive, minimally invasive glottis widening technique, the
endoscopic arytenoid abduction lateropexy (EAAL), does not damage either the surgically
treated or the contralateral vocal fold, and, therefore can take advantage of the regeneration of
the recurrent laryngeal nerve [10,11,31,32,33,57]. This way, the devastating clinical and
physiological conundrum resulting from BVFP is reversed: instead of being closed, the glottis
is surgically opened; but it is able to close during phonation or swallowing processes. A
thorough analysis of LEMG, spirometric and acoustic tests are required to assess the
comparative advantage of this surgical method compared to conventional interventions

performed for BVFP.

5.2. Materials and methods

5.2.1. Patients

Twenty-one consecutive patients were diagnosed and treated with unilateral EAAL
because of BVFP caused by thyroid surgery. Ten of the 21 (48%) patients (9 females and 1
male, mean age 54.9 years, range 34-75 years) showed endoscopic signs of only adduction
recovery during the follow-up 1-year period; this homogenous group of patients with adduction
only recovery without any abduction recovery was selected for this report (Fig. 5.). The other
11 patients of the original 21 had unilateral (4 patients) or bilateral (2 patients) abduction
recovery or failed to have any motion recovery (5 patients) during the 1-year interval indicating
an entirely distinct clinical and physiological state as compared to the 10 with unilateral or

bilateral adductor recovery.
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In the 10 patients with isolated adductor recovery (with no abductor function detected),
functional status was assessed preoperatively (as possible), one-week and one year after EAAL.
Laryngeal electromyography (LEMG) of the vocal folds was performed on the 12%
postoperative month to examine the neurophysiologic basis of the glottic movements.
Preoperative respiratory and voice assessment was not feasible due to severe dyspnea or
orotracheal intubation in 4 cases of the 10 patients. Statistical analysis (ANOVA) was
performed with SigmaPlot 13 scientific graphing and statistical analysis software (Systat

Software Inc, CA, USA).

Figure 5. Recovery of right vocal fold volitional adduction after bilateral vocal fold paralysis
treated with left-sided endoscopic arytenoid abduction lateropexy with the ability to cross the
midline. (patient #6, postoperative 12" month, endoscopic view)

a) wide glottis during inspiration

b) cross midline adduction of the right vocal fold
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5.2.2. Voice assessment

Voice assessment was performed according to our previously published protocol and
was based on the guidelines published by the Committee on Phoniatrics of the European

Laryngological Society [58].

Speech recording

Voice samples were recorded with a high sensitivity (40Hz-16 kHz) condenser head
microphone (Audio-Technica ATM 73 ac; Audio-Technica Corporation, Tokyo, Japan). The
patients were in a straight sitting position. The head mounted microphone was placed at 45
degrees to the corner of the mouth, 5 cm from the skin. The acoustic data were obtained by
having three samples of a sustained /a:/ at a comfortable pitch/loudness spontaneously chosen
by each patient and lasting approximately 3 seconds. Three samples of standardized connected-
speech were also recorded. All recordings were digitally collected within a sound-insulated
room and were transformed to a “wav” file format at a sampling frequency of 96 kHz, using a

24 bit external soundcard (Tascam US 122Mkll; TEAC Corporation, CA, USA).

Acoustic and aerodynamic measurements

Sustained /a:/ voices were analyzed using the segment from 0.50 to 2.00 seconds for
each sample. The averages derived from three samples of each phonation of each patient served
as the basis for the analysis. Jitter %, shimmer %, fundamental frequency (Fo), harmonics to
noise ratio (HNR) and maximum phonation times (MPT) were analyzed using Praat® 5.3.37

software (www.praat.org).


http://www.praat.org/
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Subjective self-evaluation

To assess the patients’ voices related to their quality of life, the Hungarian version of
the Voice Handicap Index (VHI), was used [59]. The questionnaire contains 30 items in 3
subscales (10 items in each subscale; functional, emotional, and physical). Answers were given
in a 5-point scale ranging from 0 (never) to 4 (always). The overall VHI score (raw score) can
be used to grade subjective handicap from no handicap (raw score, 0-14), mild handicap (raw
score, 15-28), moderate handicap (raw score, 29-50), and to severe handicap (raw score, 51—

120) [60].

Complex, calculated linear index for evaluation of dysphonia

The Dysphonia Severity Index (DSI) was used in the study to measure the overall quality
of the voicing [61]. The DSl is designed to establish an objective and quantitative measurement
of the perceived voice quality to assess the efficacy of therapy among dysphonic patients. The
index is based on the weighted combination of objective acoustic and aerodynamic parameters,
based on objective measures. DSI = (0.13xMPT) + (0.0053xHighest Frequency) -
(0.26xMinimum Intensity) — (1.18xJitter %) + 12.4. A normal voice °/= 5 and a severely

dysphonic voice scores /= -5.

Friedrich dysphonia index

To evaluate the results, we also used the dysphonia index developed by Friedrich [62].
This index assesses hoarseness (G value from GRBAS scale), frequency range, dynamic range,

maximum phonation time, and impairment of communication (from VHI). For each category,
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a score ranging from 0 (normal) to 3 (severe) is assigned. The mean value of these scores is

used to grade the dysphonia.

5.2.3. Respiratory assessment

Peak inspiratory flow (PIF) is one of the characteristic and commonly used inspiratory
parameters which describes the efficacy of glottis enlarging procedures [63]. Spirometric
measurements were performed by using a Thor Spirotube®- PC spirometer (THOR
Laboratories Kft., Székesfehérvar, Hungary). The functional outcomes of the surgery in terms
of breathing, voice, swallowing, and overall satisfaction were evaluated by the Quality of Life

(QOL) Questionnaire of the Lausanne team [64].

5.2.4. Assessment of vocal fold movement

Indirect endoscopy

Vocal fold movement recovery was assessed by telescopic laryngoscopy using a 70°
rigid endoscope (Karl Storz SE & Co. KG, Tuttlingen, Germany) with the aid of topical
anesthesia (tetracaine) sprayed into the oropharynx. The videos were analyzed by two
laryngologists. The samples were presented in a random order with respect to surgery and
blinded with respect to the patient’s identity. The capacity for vocal fold adduction was

evaluated on each side: none: 0, minimal: 1, normal: 2, able to cross the middle line: 3.
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Laryngeal electromyography

Standard transcutaneous laryngeal electromyography was performed according to the
guidelines of the European Laryngological Society on the side of the larynx, in which the
adduction movements were visible more definite [18,20]. A NIHON KOHDEN Neuropack X1
EMG system (Nihon Kohden Corp., Tokyo, Japan) with concentric needle electrodes (50mm x
26G, 37mm x 26G; Teca elite, disposable concentric needle electrodes, Natus Neurology, CA,
USA) were used for the measurements. The data was analyzed with a MATLAB R2016a (The
MathWorks Inc., Natick, MA, USA) and Audacity 2.1.3 software (http://audacityteam.org) by
a group of three physicians specialized in laryngeal electrophysiology [42]. The thyroarytenoid
(TA) and the posterior cricoarytenoid muscles (PCA) were successfully examined by LEMG in
10 and 8 patients, respectively. The following characteristics were evaluated: insertional
activity (none: 0, reduced: 1, normal: 2, increased: 3); pathological spontaneous activity such
as fibrillation potentials, myotonic discharges, complex repetitive discharges and fasciculations
(none: 0, sparse: 1, clear: 2, strong: 3); Volitional activity (none: 0, single fiber activity: 1, very
reduced: 2, mildly reduced: 3, dense interference pattern: 4). In addition, in the PCA and TA,
activity indicative of aberrant reinnervation known as “synkinesis” during volitional vocal fold
movement was recorded. In this context, a voicing or sniffing gesture would produce the
opposite motor unit action potentials (MUAP) pattern than that which is expected; if present
(none: 0, sparse: 1, clear: 2, strong: 3). Examples of synkinesis include volitional firing of
MUAP’s in the PCA when phonation was being produced and, vice-versa, with MAUP’s in the

TA when deep respiration or sniffing gestures were performed.
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5.3. Results

5.3.1. Endoscopic results

During the one-year follow up, 18 vocal folds showed adduction movements (Table I.).
In 8 of 10 patients, the non-lateralized vocal fold showed complete or over-adduction. In patient
#2 and #3 clear, though incomplete adduction was seen in the non-lateralized side. Two patients
had more movement at a year in the lateralized side than in the unoperated side (patient #2 and
#9). In those patients, the lateralized side crossed the midline to contact the other cord. In total,

8 of the 10 lateralized cords could visibly adduct at the end of one year.

Patient | From BVFP | Vocal .
Adduction
Age/Sex | to EAAL fold
Right 3
#1/52/f | 2 th
152/ months Left 1
Right 3
#2/46/f 1d
/46/ ay Left 1
Right 1
#3/65/f 3d
/65/ ays Left 1
Right 3
#4/39/f | 3 months
139/ Left 1
Right 3
#5/75/m| 4 months 8
Left 0
Right 3
#6/35/f 1 month
/35/ Left 1
Right 3
#7/68/f 2 days
/68/ y Left 1
Right 3
#8/34/f 1 month
/34/ Left 2
Right 2
#9/71/f 1da
/71 y Left 3
Right 3
#10/64/f| 2 months g
Left 0

Table 1. Data of BVFP patients with adduction recovery (1 year postoperative)

The lateralized vocal fold is marked with gray. Third column: grade of endoscopically detected
adduction movement per vocal fold. 0: no adduction, 1: mild adduction, 2: complete adduction, 3:
adduction beyond the middle line of the glottis. f = female, m = male
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5.3.2. Laryngeal electromyography results

The results of laryngeal electromyography (LEMG) are presented in Table I1. Volitional
motor unit action potential (MUAP) activity of the thyroarytenoid muscle was observed in 8 of
9 cases with differing intensities during phonation; however, the interference pattern of the
MAUP’s was dense (and “normal”) in only two cases. In the same muscle, MUAP’s indicating
synkinesis were detected in five cases; this means that there was increased electrical activity

during inspiration. Nonetheless, the ordinal scale of LEMG detection and degree of movement

seen on endoscopy was correlative with only one exception (patient #2).

Patient Vocal Insertion Volitional | Synkinetic
Muscle L. PSA . .
Age/Sex fold activity activity activity
TA muscle 2 0 3 3
#1/52/f Right
PCA muscle 1 0 0 0
TA muscle 2 0 4 0
#2/46/f Right
PCA muscle 2 0 3 3
TA muscle 3 2 0 0
#3/65/f Right
PCA muscle 2 0 1 2
TA muscle 2 0 4 3
#4/39/f Right
PCA muscle 2 0 1 0
i TA muscle Data not obtained
#5/75/m | Right :
PCA muscle Data not obtained
TA muscle 2 1 2 0
#6/35/f Right
PCA muscle 2 0 1 0
TA muscle 2 1 2 1
#7/68/f Right
/68/ '8 PCA muscle Data not obtained
TA muscle 2 1 3 1
#8/34/f Right
PCA muscle 2 0 3 2
TA muscle 1 0 1 2
#9/71/f Left
PCA muscle 0 0 2 1
) TA muscle 2 0 3 0
#10/64/f | Right
PCA muscle 2 0 2 2

Table 11. Results of laryngeal electromyography 1 year after recurrent laryngeal nerve injury.

m. TA: thyroarytenoid muscle; m. PCA: posterior cricoarytenoid muscles; Insertional activity: O:
none, 1: reduced, 2: normal, 3: increased; Pathological spontaneous activity (PSA): none: 0, sparse: 1,
clear: 2, strong: 3; Voluntional activity: none: 0, single fiber activity: 1, very reduced: 2, mildly

reduced: 3, dense: 4; Synkinetic activity: none: 0, sparse: 1, clear: 2, strong: 3. f = female, m = male
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In 7 of 8 cases, volitional (appropriate) MUAP activity was detected in the PCA (2 were
not recorded because could not tolerate LEMG exam of the PCA in one case and of any muscle
in a second case). A dense interference pattern was not detected in any of them. No visible
abduction was seen in any of the larynges of these patients (this was an inclusion criterion). The
mean degree of appropriate MUAP activity was 1.6 based on the scale. The same patients’ mean
MUAP for the TA muscle is 2.5 +/- 1.3. Synkinetic MUAP activity of the PCA muscle

(increased electrical activity during phonation) was detected in 5/8 cases.

5.3.3. Respiratory results

All 10 patients showed objective and immediate airway improvement after unilateral
endoscopic arytenoid adduction (EAAL). The average PIF increased significantly immediately
from 1.01 to 2.04 I/sec. (change 1.03 I/sec., 201.95% of baseline; p<0.001). This parameter has
increased later to average of 2.49 I/sec. [Fig. 6.a]. The significant improvement of quality of
life (QoL) scores also showed the patients’ improved satisfaction with their respiratory function
[Fig. 7.a]. The average score improved in the early postoperative period from 18.6 to 14.2, then

further improved to 10.7 (p < 0.001).
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Figure 6. Objective respiratory and voice results after unilateral endoscopic arytenoid abduction
lateropexy in BVFP patients with adduction regeneration.

Thin lines represent the changing of the individual values, the thick-dashed lines demonstrate the
average of the values. The gray area represents the normal range of values. (1: preoperative
measurement, 2: 1% postoperative week, 3:1% postoperative year, *p <0.05, **p <0.01, ****p<(0.001)

a) Peak inspiratory flow (PIF, significant improvement)

b) Fundamental frequency (FO, non-significant change)

c) Maximum phonation time (MPT, significant improvement)
d) Shimmer (non-significant improvement)

e) Jitter (non-significant improvement)

f) Harmonics-to-noise ratio (HNR, significant improvement)
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Figure 7. Results of subjective respiratory and complex voice analysis panel after unilateral
endoscopic arytenoid abduction lateropexy in BVFP patients with adduction regeneration.
Thin lines represent the changing of the individual values, the thick-dashed lines demonstrate the
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a) Quality of Life score (QoL, significant improvement)

b) Friedrich dysphonia index (FDI, significant improvement)
c) Dysphonia Severity Index (DSI, significant improvement)
d) Voice Handicap Index score (VHI, significant improvement)

5.3.4. Voice results

The average fundamental frequency of the 10 patients slightly increased in the early and
the more in the late postoperative period (109.77% of baseline and 114.09% of baseline
respectively) [Fig. 6.b]. The average maximum phonation time (MPT) improvement was 1.78

sec. in the early postoperative period. It increased significantly to 7.08 sec. [Fig. 6.c] in parallel
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with the improving vocal fold movements. The value of shimmer showed continuous
improvement and decreased to within the physiological range (</= 6.84%) [Fig. 6.d]. Jitter and
harmonic to noise ratio (HNR) slightly deteriorated right after surgery, but HNR increased
significantly (p<0.01) during the regeneration phase compared to the early postoperative period.
Jitter showed notable improvement as well, but this did not reach statistical significance [Fig.
6.e, f]. The complex voice analysis panels verified the improvement of the voice in general.
The Friedrich and the Dysphonia Severity Index (DSI) (non-significantly) improved
immediately after EAAL but showed further improvement with the regeneration process.
Significant improvement (FDI: p<0.001; DSI: p<0.01) was found between the preoperative and
late postoperative values [Fig. 7.b,c]. The Hungarian Voice Handicap Index (VHI)
demonstrated that patients subjectively also found their voices improved [Fig. 7.d]. The average

score decreased significantly from 84.9 to 49.9, then to 24.8 (decrease of 59.5 in total; p<0.001).

After the 12-month postop visit, adduction movements were discovered in two of the
BVFP patients who were not included in the focus of this study; these were discovered at 14
and 16 months after the nerve injury. In one patient, complete abduction regeneration of the
non-lateralized vocal fold was observed in the 22" postoperative month; this allowed the

lateralizing sutures to be removed.
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6. ENDOSCOPIC ARYTENOID ABDUCTION LATEROPEXY FOR THE
COMPLEX RECONSTRUCTION OF THE AIRWAY AFTER TOTAL
CRICOIDECTOMY

6.1. Introduction

Chondrosarcoma of the larynx is an uncommon tumor, accounting for approximately
0.1% to 1% of all laryngeal neoplasms [65]. Its most frequent variants (95%—99% of cases) are
of low- and intermediate-grade disease [66,67]. Laryngeal chondrosarcomas manifest different
pathological behaviors compared to other malignancies of the larynx, and thus the treatment of
these tumors is different [68,69]. Complete surgical excision with negative margins is the
treatment of choice for oncological control [70,71]. The balance between radical resection and
the preservation of laryngeal function is crucial. In the case of cricoid chondrosarcoma, how
well this can be achieved depends on how much and what part of the cricoid cartilage remains.
It is the only complete ring in the cartilage framework of the airway and is key to airway

integrity. This makes preservation of function after cricoidectomy an obvious challenge [24].

The difficulty in reconstruction after the loss of the cricoid often leads to total
laryngectomy [25,26]. To avoid this, many less radical procedures have been described.
Nonetheless, due to the nature of these techniques, the chance of tumor recurrence increases
[73,74]. In the case of more radical techniques, like hemicricoidectomy and the few reported
cases of subtotal and total cricoidectomy, prolonged stenting is unavoidable. If autografts such

as with rib are used, the donor site complications are not rare. Stenosis is a common risk [75,76].
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6.2. Materials and methods

6.2.1. Patients

In four consecutive patients, total cricoidectomy was performed in three patients (#1, 2,
and 4), and subtotal cricoidectomy was performed in one patient (#3). All had low-grade
chondrosarcoma of the cricoid cartilage. In all cases, magnetic resonance imaging or computed
tomography (CT) imaging demonstrated a round cystic lesion of the posterior lamina of cricoid
cartilage. The cortical layer of the cartilage was infiltrated by the tumor in case #1, 2, and 4. In
the third case, the lesion infiltrated the first tracheal cartilage and the lower quarter of the thyroid
cartilage on the ipsilateral (left) side. The maximum diameters of the tumors were 4.5, 3.0, 2.0,
and 4.5 cm (cases #1, 2, 3, and 4), respectively. None of the patients had cervical or mediastinal

adenopathy or findings of distant metastases. Patient data is reported in Table IlI.

Patient 1 Patient 2 Patient 3 Patient 4
Age (year) 59 35 30 64
Gender Male Male Female Male
Maximum diameter 4.5 3.0 2.0 4.5
of the tumor (cm)
Extension of the tumor Cricoid cartilage Cricoid Cricoid cartilage, Cricoid cartilage,
cartilage 1st tracheal cartilage, retropharyngeal space,
lower quarter of the prevertebral fascia,
thyroid cartilage oesophageal introitus
on the left side
Mohbility of the vocal cords Bilaterally Normal Normal Bilateral complete immobility
slightly impaired
Previous surgery - - - Hemicricoidectomy, right-sided
arytenoidectomy,

partial resection of the right
thyroid lamina

Cricoidectomy Total Total Subtotal/right part of Total
the cricoid lamina

Table I11. Patient data and type of the surgery

The first three patients presented with progressive dysphonia and dyspnea that had
started at least 4 months prior to their diagnosis. Vocal fold mobility was normal in the second
and third cases. The first case had slightly impaired mobility. The fourth patient was
tracheostomy-dependent and was referred to the authors after tumor recurrence despite multiple

laryngeal surgeries and external beam radiation therapy. Hemicricoidectomy, partial resection
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of the right thyroid lamina, and right-sided arytenoidectomy were previously performed. The
tumor recurrence was spreading into the retropharyngeal space, infiltrating the surrounding soft
tissues and extending to the prevertebral fascia. Preoperative endoscopy revealed complete

immobility of both vocal folds.

6.2.2. Surgical technique

All operations were performed under general anesthesia through a horizontal incision
made at the level of the cricoid cartilage. The trachea was bluntly dissected from larynx to
superior mediastinum, protecting the recurrent laryngeal nerves and great vessels. Isolating the
tumor, the cricothyroid and cricotracheal ligaments and the inferior horns of the thyroid
cartilage were transected (Figure 8.a). In the cases of total cricoidectomy (cases #1, 2, 4) the
posterior and lateral cricoarytenoid muscles were sacrificed. The cricoid cartilage was dissected
at the cricotracheal ligament and then completely removed together with its outer
perichondrium (Figure 8.b). The pharyngeal constrictor muscle and the esophagus were
carefully dissected from the cricoid and the rest of the tissue to be resected. Then a low, inferior
tracheotomy was performed through a separate skin incision below the fifth tracheal cartilage.
The orotracheal tube was replaced there (cases #1, 2, 3); in patient #4, it was repositioned to

this distal location from the existing tracheostomy.
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Figure 8. Resection of the cricoid cartilage and reconstruction of the airway

a) The explored cricoid cartilage. 1: the cricoid cartilage, 2: the first tracheal ring

b) The completely removed cricoid cartilage. 1,2: the articular surface of the cricoarytenoid
joint, 3: the inner surface of the trachea is infiltrated by the tumor

c) The rotated tracheal trunk. 1: the trachea is rotated clockwise approximately by 90°. Cr-Ca:
cranio-caudal axis

d) The fixation of the rotated tracheal trunk. 1: the thyroid cartilage is retracted, 2: the anterior
wall of the esophagus, 3: the right part of the rotated trachea will be sutured to the left
posterior part of the lower edge of the thyroid cartilage, 4: the posteriorly rotated midline of
the trachea

e) The soft stent in the reconstructed larynx. 1: the inferior edge of the thyroid cartilage, 2: the
soft stent, 3: the first rotated tracheal cartilage, 4: fixing thread of the soft stent, 5: inferior
tracheostomy

f) The reconstructed cartilage framework of the larynx. 1: the remnant of the thyroid cartilage,
2: the rotated first tracheal cartilage
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Resection variations in specific cases

In the first patient, the articular surface of the arytenoid cartilages had to be resected due
to the massive extension of the lesion. In the third patient, the first two tracheal rings and the
lower part of the thyroid cartilage were also resected below the ipsilateral vocal fold on the left
side (Figure 9.a,b). In the fourth patient, a hemipharyngectomy, a partial resection of the
esophageal introitus, and an expanded resection of the surrounding soft tissues were also

performed.

Figure 9. Extension of the resection (patient #3)

a) 1: the left side of the the thyroid cartilage is resected under the level of the vocal fold, 2: the
left pyriform sinus, 3: the third rotated tracheal ring
b) 1: soft stent, 2: the third rotated tracheal ring, 3: distal tracheostomy

Laryngotracheal anastomosis

The distal trachea was mobilized until it could be easily pulled up to the level of the
thyroid cartilage. The trachea was then rotated clockwise (looking at the trachea from above)
by about 90 degrees for the anastomosis (Figure 8.c) simply because it is easier for a right-

handed surgeon. In case 3, where the right side of the cricoid lamina with the right arytenoid
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remained after the resection, the tracheal trunk was rotated counter-clockwise to complete and
support the resected part of the cricoid ring. The right posterolateral edge of the proximal
tracheal cartilage was sutured to the left posterior part of the thyroid cartilage with absorbable
suture (0-PDS, needle: 26 mm, 1/2 circle, round-bodied, Ethicon, Somerville, NJ) (Figure 8.d,
10.a). These massive holding threads fixed the laryngotracheal anastomosis during the healing
period, and the robust needle was necessary for penetration through the rigid thyroid lamina. A
second suture was placed on the opposite corner of the thyroid cartilage (the right posterior
corner); thus, the trachea was fixed to the thyroid lamina on both sides rotated by approximately
90 degrees. This formed a complete ring, thereby replacing the structure of the missing cricoid

cartilage.

In the next step, the arytenoid and interarytenoid mucosa were separately sutured (Vicryl
2.0, Ethicon) to the posteriorly rotated side (formerly the right side) of the trachea (Figure 10.b).
Then a soft stent (silicon tube filled with gauze) was placed into the airway cavity within the
reconstruction to promote better healing with less cicatricial scarring of the mucosa. This also
served to stabilize the arytenoids in their abducted position (Figure 9.e, 9.b). The lower arch of
the thyroid cartilage and the anterior (previously left) side of the trachea were sutured with four
to five interrupted sutures. In summary, a modified thyrotracheopexy was performed in which
the anterior wall of the subglottic part of the larynx was reconstructed with the left side of the
trachea, and the posterior wall was reconstructed with the right side. The new tracheostomy was
intubated with a cuffed tracheal cannula at the end of the surgery. Parenteral ceftriaxone
(Ceftriaxone Kabi; Frensenius Kabi Hungary, Hungary, Budapest) and metronidazole (Klion;
Richter Gedeon, Hungary, Budapest) antibiotics were administered in all cases at least for 7

days.
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This procedure ensured a sufficiently wide subglottic space. However, the glottic
aperture was not intrinsically assured. In cases of total cricoidectomy, the lack of the muscles
attached to the arytenoid cartilages caused the prolapse of the interarytenoid mucosa and the
passive adduction of the vocal folds after removing the soft stent. Therefore, a second operation
was performed involving a unilateral (case #4) or bilateral (cases #1, 2) arytenoid lateropexy
with a special endolaryngeal thread guide instrument (ETGI; Mega Kft, Szeged, Hungary)
[31,32] (Figure 11.). In the same surgery (cases #2, 4), the edema of the supraglottic soft tissue
and interarytenoid mucosa was reduced by Ultra Dream Pulse (UDP) CO2 laser (DS-40U,

Daeshin Enterprise, Seoul, Korea).

Figure 10. 3D model of the reconstruction

a) The tracheal cartilage is pulled up and is rotated clockwise approximately by 90°. The
inferior horns of the thyroid cartilage are resected. The dashed black lines indicate the fitting
points of the reconstruction.

b) The posteriorly rotated right side of the trachea is sutured to the thyroid cartilage and to the
arytenoid and interarytenoid mucosa; 1: the posterior suture line; blue: main fixation sutures
(PDS 0.0), green: the arytenoid and interarytenoid mucosa is sutured to the posteriorly rotated
side of the trachea (Vicryl 2.0).
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6.2.3. Functional evaluation and follow-up care

The voice samples were recorded with a high sensitivity (40Hz—16kHz) condenser head
microphone (Audio-Technica ATMT75) at a sampling frequency of 96 kHz, 24 bit (Tascam US
122MKkIl external soundcard) and analyzed by Praat 5.3.2.9. software (www.praat.org). The
following acoustic parameters were recorded in this study: mean fundamental frequency, jitter,
shimmer, harmonics-to-noise ratio, and mean phonation time. Each patient was invited to fill
out the Hungarian version of Voice Handicap Index (VHI) questionnaire [59,77]. The
functional outcomes of the surgery in terms of breathing, voice, swallowing, and overall
satisfaction were evaluated by the Quality of Life (QOL) Questionnaire of the Lausanne team
[64]. Paying special attention to the swallowing problems, the patients also completed the
Swallowing Quality of Life questionnaire (SWAL-QOL) by McHorney [78]. Spirometric
measurements were performed by using a THOR Laboratories Kft., Szekesfehérvar, Hungary.
Peak inspiratory flow was registered in all cases [63,79]. The status of the postoperative airway
was investigated by high-resolution three-dimensional CT reconstruction. Follow-up

evaluations included systematic endoscopic and radiological examinations (Figure 11.a,b; 12).
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Figure 11. Postoperative endoscopic view (patient #1)

a) A properly wide glottic gap was achieved by bilateral arytenoid lateralization; *: position of
the sutures of the arytenoid lateralization; AC: arytenoid cartilage

b) A wide subglottic space was formed by the reconstruction; 1: the membranous wall of the
trachea, *: position of the sutures of the arytenoid lateralization, (the anteroposterior axis is
marked by the dashed line); AC: arytenoid cartilage

Figure 12. 3D CT reconstruction of the laryngeal framework (patient #2, 6th postoperative month,
sagittal view)
1: the remnant of the thyroid cartilage, 2: the cricoid cartilage is resected, 3: the rotated tracheal rings
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6.3. Results

No major perioperative or postoperative complications occurred. Tumor-free margins
were proven by histology in all cases. The laryngeal soft stents (patient #2,3,4) were removed
during direct laryngoscopy with general anesthesia on the 9, 6™, and 12" postoperative day,
respectively. Events of the early postoperative period are shown in Table 1V. Endoscopic
arytenoid lateropexy was performed in cases of total cricoidectomies (patient #1,2,4) on the
14™ 9™ and 12" postoperative day, respectively. The edema of the false vocal folds was also
reduced by UDP CO: laser in the same session. Edema of the supraglottic region was also
reduced by laser in the third patient on the 39" postoperative day. In the second case, re-opening
of the closed tracheostomy was necessary for one day due to safety reasons 7 weeks after the
surgery. Speech ability was preserved in all cases. Functional results are shown in Table V.
Oral feeding was allowed for the first and third patient from the 9" postoperative day.
Nasogastric feeding tube was used in the second patient for 20 days. The first three patients
were able to tolerate a normal diet. The fourth patient, who had a partial pharyngectomy, was
able to swallow saliva, but remained gastrostomy-dependent throughout the follow-up period
(9 months). During the follow-up time (39, 18, 17, 9 months, respectively), the patients were

free from local and distant recurrences.

Patient 1 Patient 2 Patient 3 Patient 4
Removing of the soft stent No stenting 9 6 12
(postoperative day)
Additional intervention Bilateral EAAL Bilateral EAAL Edema reduction Unilateral EAAL
(postoperative day) Edema reduction with UDP laser Edema reduction
with UDP laser with UDP laser

14 9 39 12
Decannulation 14 20 6 17
(postoperative day)
Oral feeding 9 20 9 Gastrostomy-dependent

(postoperative day)

Table 1V. Postoperative care after total/subtotal cricoidectomy. UDP: Ultra Dream Pulse, EAAL:
endoscopic arytenoid abduction lateropexy.
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Patient 1 Patient 2 Patient 3 Patient 4 Physiological Values

Mean fundamental frequency (Hz) 98,46 1349 150,1 86,65 Female: 155-334;
male: 85-196

Mean phonation time(s) 4,12 2,39 3,55 2,91 10-20
Jitter (%) 7,45 9,36 9,65 8,05 < 1.04
Shimmer (%) 20,86 19,97 19,47 15,24 < 3.81
Harmonics-to-noise ratio (dB) 1,86 46 0,48 2,17 20 <
Voice Handicap Index 14 51 20 25 Min: 0; max: 120
Peak inspiratory flow L/min) 108 134,4 30 83,4 -
Quality of Life 9 14 10 12 Min: 6; max: 25
SWAL-QOL 212 167 200 Gastrostomy-dependent Min: 44; max: 220
Follow-up (month) 38 17 16 8

Table V. Functional Results SWAL-QOL: Swallowing Quality of Life.

7. DISCUSSION

7.1. Introduction of laryngeal electromyography into clinical practice

LEMG patterns of vocal fold immobility with neurological origin are typical and well
recognizable. Pathologic spontaneous activity, polyphasic potentials, neuropathic interference
patterns are specific for neural injury and suggest paresis or paralysis. The result of the LEMG
allows us to draw conclusions about the prognosis of the neural injury. Lack of pathological
spontaneous activity, normal/almost normal motor unit potentials and mildly reduced
interference pattern usually means good prognosis with potential functional reinnervation. In
contrast, pathological spontaneous activity, decreased or missing recruitment means poor

prognosis [16].

The reinnervation of the laryngeal muscles is a complex and precarious process. The
main problem is that adductor and abductor fibers will be mixed in the injured nerve section
during regeneration and this miscellaneous innervation decreases the effectivity of the
volitional movements. This counter-productive reinvention can be attributed to mild residual
symptoms (e.g. slight hoarseness, effort dyspnea) but also for severe dysfunctions that often

mimics the situation of complete laryngeal paralysis. Such aberrant reinnervation is also called
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synkinetic regeneration. Since in these cases there is more or less volitional electric activity in
both the abductor and adductor muscles during inspiration and phonation as well, LEMG alone
cannot distinguish between functional and counterproductive reinnervation [16]. This is the
explanation that endoscopic findings of vocal fold paralysis don’t always correspond to the
assumed prognosis in LEMG. According to meta analyzes, LEMG can safely determine the
adverse outcome of reinnervation but, despite potentially favorable LEMG signals, clinically
detected reinvention is unclear due to possible synkinetic reinnervation processes. [16,35, 80-

83].

The advantages of LEMG are obvious in determining the optimal therapeutic treatment
of bilateral vocal fold paralysis. In case of severe dyspnea, if the physiological LEMG finding
confirms the existence of a mechanical fixation, (function preserving) glottis widening surgical
intervention must be performed as soon as possible [84-86]. If the test proves vocal fold
immobility with neurological origin, different strategy should be chosen in accordance with the
classical principles. The fact, that the introduction of modern surgical procedures (e.g.
intraoperative nerve monitoring) did not significantly reduce the frequency of recurrent
laryngeal nerve injuries (mostly by thyroid surgery) complicates the question further. However,
the number of reversible paralyses increased [87-89]. Even nowadays, many authors suggest a
minimum of 6 months waiting period before the definitive glottis widening surgery (even with
temporary tracheotomy that significantly degrade the quality of life) due to the possible
spontaneous reinvention [8,87-89]. With the help of LEMG, in the early stage of paralysis,
within a few weeks, it is possible to select patients for whom there is no use to wait with the
glottic widening surgery due to the severity of neural lesion. In patients with good or uncertain
prognosis, potentially reversible glottis widening methods must be preferred as a good

alternative to tracheotomy. In the case of bilateral paralysis, LEMG can play a decisive role in
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defining the side of the glottis widening surgery, as these interventions are desirable in that side,

where regeneration is less likely.

Nowadays there is a significant paradigm shift in the surgical treatment of vocal fold
palsy. Modern versions of dynamic glottis widening methods are becoming increasingly
popular instead of the classic static solutions. The most common of these procedures is the
selective reinnervation of the laryngeal muscles via phrenic or hypoglossal nerve. However,
these procedures can successfully be performed only if there is no paralysis, but synkinetic
activity. This synkinetic activity develops with the amalgation of abductor and adductor nerves.
In these cases, the muscular atrophy is negligible due to continuous neural stimulation and the
anastomosis of the peripheral nerves can produce effective muscle movement [10, 90]. Instead
of the highly complicated reinnervation techniques, laryngeal pacing might be a more favorable
solution for these ’synkinetic type’ palsy. With this method, the function-synchronous
movement of the laryngeal muscles is achieved through an implant and an electrode placed in
the muscle. However, motion can only be accomplished if the electrode is inserted near the
nerve, which is responsible for the synkinetic reinnervation. The direct stimulation of the
muscles is not energy-efficient [91,92]. In these cases, the role of LEMG is also obvious for the

selection of the appropriate patients.

7.2. Selective recovery of adductor muscle function following recurrent laryngeal nerve
injuries

According to evolutionary theory, the most primitive larynx can be found in the
Polypterus bichir, also known as “the lungfish”, which inhabits the Nile River [93]. The larynx
of this fish consists simply of a muscular sphincter to protect the lower airway from the intrusion

of foreign matter (mainly water in this case). It does not exhibit active muscular dilatation
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during respiration. Neither does it have any phonatory function, which is considered the “third
function” of the homologous mammalian larynx [93,94]. Though not definitive, these data
support the potential that the human larynx appears designed to default to this same rudimentary
sphincter function. In the case of significant injury to the recurrent laryngeal nerves, the vocal
folds lie in the flaccid paramedian position absent airflow. This can allow for some degree of
respiration if any tone remains and if respiration is not rapid. Phonation is commonly possible
but tends to be of low volume and very low efficiency with short maximum phonation times.

Lower airway protection is passive and often very limited.

The postinjury equilibrium of adduction and abduction forces clearly changes over time.
The complexity of laryngeal innervation (e.g.: Galen's anastomosis, the “human communicating
nerve””) may be responsible for the residual innervation and may also explain or at least
contribute to a significant reinnervation process as well [95-97]. However, reinnervation is
frequently synkinetic rather than functional, as Crumley stated [52], which may be based on the
braded mixing of axons that serve antagonistic functions. Furthermore, the significant
numerical superiority of the adductor muscles fibers and axons leads to preferential
reinnervation of adduction muscles and adduction during phonation and breathing as well [54].
Variations in the position and function of the “paralyzed” vocal folds could be dependent on
the degree and distribution of intrinsic laryngeal muscle reinnervation and synkinesis.
Accordingly, bilateral recurrent laryngeal nerve paralysis generally does not mean a “dead”
larynx. Quite the contrary, in most cases, significant volitional adduction can be observed
within weeks or months after nerve injury. However, volitional nature of the movements must

be confirmed by LEMG.

Volitional motor unit action potential (MUAP) activity of the thyroarytenoid muscle
was detected in the majority of the 10 cases during phonation. Despite the frequency of

synkinetic activity detection (in 5 of 9 cases), the phenomenon of preferential reinnervation of
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the adductor muscles as a functional outcome is strongly supported by our results. The outcome
of this “hybrid” pattern of reinnervation and the resultant vector between the adduction and
abduction forces are the basis of an endoscopically obvious volitional adduction motion which
enables phonation. The technically more challenging LEMG of the posterior cricoarytenoid
muscle was feasible in only 8 of 9 cases. Of the 8, synkinetic activity of posterior cricoarytenoid
muscle was detected in 5 of these patients, none of whom were seen to have functional or visible
abduction. Therefore, while electrical reinnervation of the posterior cricoarytenoid muscle
could be demonstrated, it was clearly overpowered by the adduction from TA reinnervation.
This emphasizes the need for endoscopic assessment to evaluate glottic function regardless of

the LEMG results.

In the case of BVFP, the ultimate goal is the rehabilitation of the all three laryngeal
functions, respiration, deglutition and phonation. The conventional “static” glottis widening
techniques such as arytenoidectomy or transverse cordotomy do not take advantage of the
potential adduction regeneration because they are based on partial or complete resection of the
arytenoid cartilage(s) or the vocal fold(s) [8]. In the case of these interventions, dysphagia,
aspiration with infectious complications, and hypophonia are a common side effect. In addition,
the removal of the interarytenoid mucosa or its post-surgical atrophy, may also increase the risk
of aspiration by producing gaps in the protective rim of the laryngeal inlet through which fluids

can penetrate the airway.

We propose the strong adduction recovery potential found in the larynx post BVFP, can
be used for the generation of active phonation and good airway protection, in parallel with an
adequate airway. This is primarily predicated on the use of a minimally invasive glottis
widening interventions that do not destroy the voice in the service of airway comfort. During
EAAL the entire vocal unit is displaced in a physiological manner without resection of

phonatory structures and without consequential scarring. The procedure does not damage the
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interarytenoid region either, which is essential to safe, aspiration-free swallowing [98]. After
the EAAL procedure, the vocal folds become straighter and tenser than after other endoscopic
glottis enlarging interventions [31,32]. In addition, the EAAL technique produces a relatively
small anterior angle compared to other interventions [32]. This further facilitates better
phonatory closure along with improved breathing potential. Prior to this report, these phoniatric
advantages were hypothetical and based on our cadaver studies. They can now be considered

verified by our phoniatric outcomes.

There are only a few studies in the literature dealing with the voice quality after glottis
widening surgical interventions. Compared to the commonly used posterior transverse laser
cordotomy, EAAL gives better objective and subjective results. Jitter, shimmer, MPT, VHI,
Friedrich index and the Dysphonia Severity Index improved significantly and in parallel with
higher peak inspiratory flows (PIF) [99,100]. The improvement in objective and subjective
voice quality proves that EAAL does not interfere with the potential regeneration process either.
Due to the non-destructive manner of the procedure, it also allows active (over) adduction
movements on the untreated vocal fold if adducting reinnervation occurs. Furthermore, the
lateralized cords in two cases recovered adduction better than the unoperated side in two
patients. This indicates that if reinnervation occurs, even the lateralized side can return to the
service of improved glottic function. The inescapable conclusion is that adduction recovery and
overcome the traction of the lateralization suture without the associated damage to the
phonatory mechanism known to occur with more traditional approaches such as cordectomy

and arytenoidectomy.

The late recovery of movement found well after a year, as mentioned in our results,
confirm our prior clinical experience that the final state of the reinnervation process in the

larynx needs many months or even years to reach finality.
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7.3. Endoscopic arytenoid abduction lateropexy for the complex reconstruction of the
airway after total cricoidectomy

Lesions, requiring partial or total cricoidectomy, mean major challenge regarding the
reconstruction of the airway. Since the cricoid ring is the critical structure supporting normal
laryngeal function, the poor functional results of the existing reconstruction techniques are not
surprising. It can be primarily traced back to two problems. First, the reconstruction of the
subglottic airway is difficult with the existing graft options. Second, published methods do not
address two issues of airway integrity: the unstable and often denervated arytenoid cartilages

and the prolapse of the supraglottic soft tissues into the laryngeal cavity.

Based on our work, the subglottic support that is disrupted by the cricoidectomy can be
reconstructed in a stable manner with the rotation of the autologous tracheal advancement flap.
The remnant of the thyroid cartilage together with the rotated trachea provide a well-
vascularized and mucosa-covered rigid ring. The segmental tracheoesophageal arteries must be
transected on the anterior side down to the proximal 3-4 tracheal rings and maintained on the
posterior side. Moreover, the transverse intercartilaginous arteries and the lateral longitudinal
anastomoses remain intact and provide the basis for a quick, complication-free recovery [101].
Post thyro-tracheopexy, the arytenoid cartilages and the surrounding soft tissues are sitting atop
and supported by the rotated tracheal wall. This connection, however, does not prevent the
passive adduction of the vocal folds since the cricoarytenoid joints are severed and the articular
surface is resected on one or both sides. There are also no attachment points for three of the
four muscles that act on the arytenoid bodies. The thyroarytenoid is the only muscle that may
still be functionally connected, and it only adducts the vocal fold. This can adversely affect the
airway aperture. Endoscopic arytenoid abduction lateropexy can effectively address this

problem as it has been already demonstrated in cases of bilateral vocal fold immobility
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[22,31,32]. An adequately wide glottic gap can therefore be produced with this minimally

invasive procedure after total cricoidectomy.

Swallowing and the prevention of the aspiration are also important issues. In those
patients in whom the pharyngeal structures remained intact (#1,2,3), radiologically proven, safe
swallowing could be achieved in a reasonable period of time. The results presented confirm that
the mucosa of the arytenoid region can be preserved by these techniques. The protecting
laryngeal reflex enables an adequate pharyngeal swallowing function despite the impairment of
the glottic motions.

A decline of voice quality was inevitable in these patients due to the resection of the
arytenoid muscles (#1,2,4). Despite the whispering voice and the relatively low phonation time,
a socially acceptable voice was maintained in all patients. While accounting for oncological
concerns in radical surgery, it may still be possible to preserve the muscles attached to the
arytenoids and the recurrent laryngeal nerve branches. This could lead to higher voice quality

by the preserved motion of the vocal folds.

8. CONCLUSIONS AND NEW RESULTS

8.1. Introduction of laryngeal electromyography into clinical practice

LEMG is a technically complex and highly professional process. However, the new
therapeutic methods, the better understanding of the pathophysiology of laryngeal palsy and
neural regeneration, the resulting modern surgical concepts, and the correct choice of optimal
intervention necessitate the routine use of LEMG in the laryngeal centers. Accordingly, LEMG
was introduced in our clinical protocol for the complex diagnosis of vocal fold immobility. We
use it for the differentiation of vocal fold motion impairment with mechanical or neurogenic

origin. In case of BVFP LEMG helps to choose the appropriate side of larynx to be surgically
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lateralized. Furthermore, the evaluation of neural injury allows to predict the chance of potential

regeneration.

8.2. Isolated recovery of adductor muscle function following bilateral recurrent
laryngeal nerve injuries

EAAL allows a simple, quasi-dynamic option with parallel phonatory and respiratory
improvements. This is accomplished by virtue of generating a passively abducted vocal fold
without sacrificing the functional integrity of the glottic aperture. This includes allowing for
the potential benefits of active adduction recovery in the vocal folds. The long-held premise,
that one or two of the primary functions of the larynx, (voice quality, swallowing safety and/or
breathing) must be sacrificed in order to improve the other in BVFP, can now be discarded. We
can return a patient to safe comfortable breathing and a functional voice while avoiding

iatrogenic aspiration.

8.3. Endoscopic arytenoid abduction lateropexy for the complex reconstruction of the
airway after total cricoidectomy

The subglottic support that is disrupted by the cricoidectomy can be reconstructed in a stable
manner with the rotation of the autologous tracheal advancement flap after partial or even total
cricoidectomy. The remnant of the thyroid cartilage together with the rotated trachea provide
a well-vascularized and mucosa-covered rigid ring, thus total laryngectomy can be avoided.
EAAL allows the lateralization of the unstable arytenoid cartilages, and supraglottic soft tissues
even is case of missing cricoid cartilage. It enables voice preservation and the potential for safe

swallowing as well.
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11. APPENDIX

Quality of life’ kérdoiv felsé léguti sziikiiletes betegek szamara

Név: Dg.:

e Nehézlégzés
1. Nincs
2. Nehéz munkavégzés esetén
3. Enyhe fizikai megerdltetés esetén is
4. Nyugalomban
5. Tracheotomia

e Hangos légzés

Nincs, a 1égz¢s hangtalan

Nehéz munkavégzeés eseten hangossa valo 1€gzés
Enyhe fizikai megerdltetés esetén is hangos
Nyugalomban

Tracheotomia

agrwpdE

o Kohogeés
1. Nincs kohogés
2. Enyhe kohogés
3. Er6s kohogés
4. Tracheotomia

e Hangképzési panasz
1. Normalis
2. Kis foku beszédzavar (hangos kdrnyezetben nehezebben érthetd)
3. Sulyos beszédzavar
4. Aphonia

e Npyelési panasz
1. Normalis
2. Kisebb nehézségek, idonkénti félrenyelés
3. Sulyos nyelészavar

e FElégedettség az allapottal
1. Teljesen elégedett
2. Nagyrészt elégedett
3. Kissé elégedetlen
4. Elégedetlen
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Hungarian version of the Voice Handicap Index

Név: Diagnozis:
Cim: Telefonszam:
Détum: Foglalkozas:

Jelolje meg azt a valaszt, amely megmutatja milyen gyakran fordulnak el6 a kovetkezé
allitasok Onnel!
Valaszok: 0 = soha, 1 = elvétve, 2 = néha, 3 = gyakran, 4 = mindig

F1 A hangomat nehezen halljdk meg mésok. 0 1
P2 Ha beszélek, kifulladok. 0 1
F3 Az embereknek nehéz megérteni engem egy hangos teremben. 0 1
P4 A hangszinem valtozik a nap folyaman. 0 1
F5 A csalddomnak nehézséget okoz meghallani, ha a hazban/ lakédsban
hivom 6ket. 0 1
F6 Kevesebbszer hasznalom a telefont, mint szeretném. 0 1
E7 Fesziilt leszek a hangom miatt, ha masokkal beszélek. 0 1
F8 A hangom miatt hajlamos vagyok arra, hogy a nagyobb

tarsasagokat elkeriiljem 0 1
E9 Az emberek felfigyelnek a hangomra, mert zavaro. 01
P10 Az emberek megkérdezik: ,,Mi tortént a hangoddal?” 0 1
F11 A hangom miatt ritkdbban beszélek baratokkal, szomszédokkal,
rokonokkal. 01
F12 Az emberek megkérnek, hogy ismételjem meg azt, amit mondtam. 0 1
P13 A hangom érdes ¢s fako. 0 1
P14  Ugy érzem, meg kell eréltetnem magam, ha a hangomat hasznalom. 0 1
E15 Ugy érzem, masok nem értik meg a problémamat a hangommal. 0 1
F16 A nehézségeim a hangommal korlatoznak a magén, és tlizleti életben. 0 1
P17 A hangom érthetsége kiszamithatatlan. 0 1
P18 Megprobalom a hangom megvaltoztatni, hogy masképpen csengjen. 0 1
F19 Tarsasagban kirekesztettnek érzem magam a hangom miatt. 0 1
P20  Nagy erbfeszitésembe kertil, hogy beszéljek. 0 1
P21 A hangom esténként rosszabb. 0 1
F22 A hangproblémaim miatt kevesebbet keresek. 0 1
E23 A hangproblémam bosszant. 0 1
E24 A hangom problémai miatt kevésbé jovok ki magammal. 0 1
E25 A hangom miatt gatoltnak érzem magam. 0 1
P26 A hangom ,,elhagy” beszéd kozben. 0 1
E27 Bosszant, ha megkérnek, hogy ismételjem meg amit mondtam. 0 1
E28 Zavarba jovok, ha megkérnek, hogy ismételjem meg amit mondtam. 0 1
E29 A hangom miatt ugy érzem, tehetetlen vagyok. 0 1
E30 Szégyellem magam a hangom miatt. 0 1

o

Hogyan jellemezné a hangjat ma? 1

0 =normalis, 1 = kissé hibas, 2 = kozepesen hibas, 3 = nagymértékben hibas
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A hangszalag-immobilitast okoz6 korképek terdpias lehetGségeinek fejlédése megkovetelte a diagnosztikai modsze-
rek parhuzamos megujuldsat is. Az utobbi években ez a tendencia vezetett a mar 70 éve ismert laryngealis elect-
romyographia Gjrafelfedezéséhez. A nemzetkozi irodalom dttekintésével és sajit tapasztalataik alapjin a szerzdk be-
mutatjak az eljards alkalmazdsinak indikdciéjat, technikai kévetelményeit és modszertandt, kiilonos tekintettel az
eredmények értékelésére. A laryngealis electromyographia lehetévé teszi a beidegzési zavarbél és a mechanikus fixa-
ciobol adédod hangszalag-immobilitas elkiilonitését. Hangszalagbénulds esetén tovabba segitséget nyajt az idegsérii-
1és fokanak objektiv megbecsiilésében, a betegség prognédzisanak feldllitisiban, az esetleges hangréstagité beavatko-
zas indikdcidjaban és pontos tipusinak meghatirozasiban. A dinamikus rehabiliticiés beavatkozasok varhat6 egyre
szélesebb elterjedése sem képzelhet§ el az eljards rutinszer( alkalmazasa nélkil. Ezek a lehet8ségek mindenképpen
sziikségessé teszik a laryngealis electromyographia bevezetését a gégészeti centrumokban.

Orv Hetil. 2018; 159(8): 303-311.

Kulcsszavak: laryngealis electromyographia, hangszalagbénulas, hangszalag-mozgaszavar

The role of laryngeal electromyography in the diagnosis of vocal cord movement
disorders

The development of the therapeutic possibilities of vocal cord immobility necessitated the parallel renewal of diag-
nostic methods. In the last years, laryngeal electromyography, which was first introduced more than 70 years ago, has
been re-discovered. After reviewing the international literature and their own experience, the authors present the
indications, technical requirements, method and, particularly, the evaluation of the results of this procedure. Laryn-
geal electromyography makes the differentiation between mechanical fixation and immobility with neurological ori-
gin of the vocal folds possible. In case of laryngeal paralysis/paresis it also evaluates objectively the severity of neural
injury, the prognosis of the disease and the necessity of any glottis-widening procedure. The widespread application
of dynamic rehabilitation interventions is not conceivable without the routine application of laryngeal electromyog-
raphy, so this sensitive diagnostic tool has to be introduced in all laryngological centers.

Keywords: laryngeal electromyography, vocal cord palsy, vocal cord immobility
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Roviditések

ELS = European Laryngological Society; EMG = electromyo-
graphia; HIV = (human immundeficiency virus) emberi im-
munhidny-el6idézé virus; LEMG = laryngealis electromyo-
graphia; m.CAP = musculus cricoarytenoideus posterior; m. TA
= musculus thyroarytenoideus; SPA = spontin patologids akti-
vitds

A hangszalagok mozgaszavarainak diagnosztikija mind a
hazai, mind a nemzetkozi viszonylatban domindl6an az
endoscopos kép és az ezt kiegészitd stroboscopia alapjan
torténik. Kell§ tapasztalat birtokiban ezek a szubjektiv
moédszerek teszik lehetévé a mechanikai fixdltsigbdl és
az idegsérilésbdl adédd mozgiszavarok difterencidldi-
agnosztikajat és a gégeizmok rendellenes miikodésének
vizsgalatat (pl. spasmodicus dysphonia vagy myasthenia
gravis esetén), azonban a gégeizmok paresise vagy pa-
ralysise esetén nem adnak lehetGséget a beidegzési zava-
rok stlyossaganak megallapitasara és a betegség prognoé-
zisanak felallitdsara sem [1]. Hangszalagbénulds esetén
czek a tényezdk alapjaiban hatirozzik meg az esetleges
korrekciés mitét indikacidjat és tipusat. A terdpids mod-
szerek fejlédése miatt az utdbbi évtizedekben egyre fon-
tosabba valt egy olyan objektiv diagnosztikai moédszer
rutinszerd bevezetése, amely vilaszt adhat a fenti problé-
mikra. Kézenfekvé megoldast nydjt a neuromuscularis
betegségek diagnosztikdjaban évtizedek 6ta alkalmazott
clectromyographia gégeizmokon torténd alkalmazdsa.
Habiér a laryngealis electromyographia (LEMG) tobb
mint 70 éve ismert, a legtobb fiil-orr-gégész, illetve foni-
dter a mai napig nem alkalmazza a mindennapi gyakor-
latban. Ez nagy val6szintiséggel arra vezethet§ vissza,
hogy az utébbi évekig nem [étezett egységes allaspont a
vizsgalat elvégzésének modszerérdl, az eredmények érté-
kelésérol és a vizsgalat klinikai gyakorlatban betoltott
szerepérdl [2-5]. Annak érdekében, hogy az emlitett
kérdésekben konszenzus j6jjon létre, a European Laryn-
gological Society (ELS) neurolaryngologiai munkacso-
portja célul tlizte ki, hogy meghatirozzik a LEMG al-
kalmazasanak irdnyvonalait. Klinikdnk évek ota részt vesz
a nemzetkozi munkacsoport munkdjiaban, a 2012-ben
publikalt eurdpai javaslatok modositisaban, értékelé-
sében [6, 7]. A diagnosztikus eljirds mddszertani alapja-
inak minél szélesebb korben torténd megismertetése és
az optimalis terdpia meghatirozisiban betoltott szere-
pének bemutatasa kiemelt fontossagu, hiszen az utébbi
alapvet6en hatirozza meg a betegcsoport életminGségét
is.

Moébdszer
Indikacid/kontraindikdcio

A gégeizmok beidegzési zavara, a cricoarytenoidealis
iztilet diszlokdcidja vagy ankylosisa, a glottis hegesedése
vagy tumoros fixdcidja klinikailag hasonlé tiinetegyiittes-

hez vezet [8]. A LEMG elsGdleges célja a hangszalag
idegsériilésébdl és mechanikus fixaltsigabol adodoé im-
mobilitdsinak elkiilonitése. Idegsériilés esetén a myo-
graphia tovibba segitséget nyqjt a sériilés fokinak meg-
allapitasaban és a reinnerviacié prognoézisanak felallitasa-
ban is. A LEMG hasznos eszkoz tovabba spasmodicus
dysphonia vagy a hangszalag(ok) medializdldsanak igé-
nye esetén is, amelynek sordn célunk a hangszalagba in-
jektalt anyag (pl. botulinumtoxin, hialuronsav) minél
pontosabb célba juttatasa [9-12].

Vizizmok vizsgilata esetén az electromyographidnak
abszolat kontraindikaci6ja gyakorlatilag nincs [13]. A
gége specidlis helyzetébsl adéddan laryngealis elect-
romyographia végzésekor azonban kiilonos figyelemmel
kell eljarnunk, mivel instabil [égut esetén LEMG-t nem
végezhetiink. A rendkivil ritka, de potencidlisan fatilis
komplikaciok miatt (f6ként kétoldali hangszalag-immo-
bilitas esetén) az esetleges intubaciéra készen kell allni,
conicotomias szettnek elérhetének kell lennie. Véralva-
dasi zavar, a célteriilet sebe, 6démadja, ingerléses vizsga-
latkor pedig a pacemaker relativ kontraindikaciot jelent.
A vérrel atvihetd betegségek (HIV, hepatitis) a megfelels
sterilitassal megel6zhet6k. LEM G-t az eddigiekben kiza-
rolag felnétt betegeken végeztiink, de dltalinos érzéste-
lenitésben specidlis relaxacié nélkiili anesztézia alkalma-
zdsaval lehet8ség van gyermeken torténd vizsgalatra is
[14].

Technikai kovetelmények

Elektroda: Electromyographia sordn az izomrostok in-
nervicidjakor létrejové potencidlok szummdlodott vég-
eredményét regisztraljuk extracellularisan elhelyezkedd
elektroda segitségével. Ezt a szummidciés potencialt
mozgatdegység-potencidlnak  nevezziik. Regisztrala-
sdhoz felszini vagy transcutan elektroddk haszndlhatok.
A diagnosztikus célbdl leggyakrabban végzett transcutan
LEMG-hoz koncentrikus tiielektroéda haszndlata java-
solt: 50 mm hosszusaga td lehet6vé teszi a gége hiatsod
felszinén elhelyezkedd musculus cricoarytenoideus pos-
terior (m.CADP) elérését is a gyliriporcon keresztiil. Eh-
hez azonban kell6en merev, legalibb 0,45 mm dtmérdjd
elektroda sziikséges. A mérések megismételhetSsége és
Osszehasonlithatésiga érdekében érdemes mindig azo-
nos tipust elektrédat hasznalni (TECA Elite, Disposable
Concentric Needle Electrodes, 37 mm x 26 G; 50 mm x
26 G; Natus Neurology Inc., Middleton, WI, USA).

Mikrofon: A beteg nyakara erdsitett mikrofonnal tor-
ténd hangfelvétel a myographiis eszkoz egyik csatornd-
jan rogzithetS, ami jelentésen megkonnyiti a gégeizmok
fonacioval kapcsolatos myoelectronicus aktivitdsinak és a
kiilonbozé gégeizmok agonista és antagonista mitkodé-
sének Osszehasonlitasat. Emellett a hangfelvétel lehetd-
séget biztosit a vizsgald valos idejii verbalis megjegyzése-
inek szimultdn rogzitésére is.

Termisztor, mellkasi mozgisokat mérd ov: A be- és kilé-
legzett levegd hémérséklete a beteg orra vagy tracheoto-
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1. dbra

e = elektroda; m = mikrofon, me = mellkasi 6v; t = termisztor

mias nyilasa elé helyezett termisztorral mérhetS. Ezzel
parhuzamosan egy piezoelektromos elven mikodé mell-
kasi 6v is monitorozza a 1égzési mozgasokat. A két szen-
zor lehet6vé teszi a vizsgilt gégeizmok aktivitisinak és a
légzési fazisok idSbeli Osszefiiggésének pontos rogzité-
sét.

Indirekt laryngoscopin: A gégemozgisok transnasalis
fiberendoscopos kovetése tovabbi adatokat biztosit az
elvezetett izomvilaszok és az dltaluk biztositott valds
hangszalagmozgasok kozotti kapcsolat értékeléséhez.

Vizsgilatainkhoz egy 12 csatornds, a gégeizmok elekt-
romos stimuldldsira is alkalmas NIHON KOHDEN:
Neuropack X1 (Nihon Kohden Corp., Tokyo, Japan)
electromyographot haszndlunk. Az adatokat egy specia-
lisan erre a célra irt, MATLAB-ban (The MathWorks
Inc., Natick, MA, USA) futtathaté LEMG analizalé kéd
és az Audacity 2.1.3 software (http://audacityteam.
org/) segitségével dolgozzuk fel és értékeljiik [15].

A vizsgalat menete

A laryngealis electromyographia olyan invaziv diagnosz-
tikai eljards, amely a beteg aktiv egytittmiikodését kove-
teli meg. A vizsgalat jellegébdl adéddan nem mell6zhetd
a megfelelS tdjékoztatds és a beteg irdsos beleegyezése.
A myographiat a fej-nyaki régié alapos vizsgilata kell,
hogy megelGzze, beleértve ebbe az indirekt laryngosco-
pidt és a videostroboscopiit is. Ilyen médon feltirhaték
az esetleges anatomiai deformitasok, koribbi mitétek
okozta elviltozasok, infekciok — Osszességében minden
olyan allapot, amely megnehezitheti az elektrodak beve-
zetését. A LEMG el6tt érdemes rogziteni a beteg hangjat
és 1égzéstunkcios paramétereit is. A vizsgalatot innerva-
cids zavar gyandja esetén a hangszalag-immobilitas kiala-
kuldsa utan leghamarabb 2 héttel javasolt elvégezni [4].

A vizsgalat alatt a beteg kényelmes 6 poziciot vesz
tel (1/a és 1/b dbra). Amennyiben pirhuzamosan fibe-
roscopiat nem végziink, a gége nydlkahartyajanak és a
nyak bérének érzéstelenitése nem feltétleniil indokolt.
A sziikséges szenzorok, a foldelés felhelyezése és a bér

A laryngealis electromyographia kivitelezése a musculus cricoarytenoideus posterior (a) és a musculus thyroarytenoideus (b) vizsgilatakor

fertStlenitése utan kezdjilk meg a méréseket. Javasolt a
vizsgalatot a musculus thyroarytenoideus (m.TA) méré-
sével kezdeni. Az elektréda megfelel6 pozicionilisihoz
alapvet6é fontossagii a ligamentum cricothyroideum
(ligamentum conicum) kitapintdsa. A t(it a nyak kozép-
vonalaban kozvetlentil a pajzsporc alsé éle alatt vezetjik
be. A kozépvonaltdl kb. 30°-ra lateralisan a tdt cranialis
iranyba billentve a ligamentum conicumon torténd atha-
ladas utan (a nyaki lagyrészektdl és a belépési szogtdl
fiiggben) kb. 15 mm-re varhaté a musculus thyroaryte-
noideus elérése (1/b, 2/n és 2/b dbra). Lényeges, hogy az
elektroda submucosusan érje el a hangszalag izomzatit.
Hirtelen jelentkezd kohogési inger és a fonacidkor re-
gisztrdlt myographids sinushullimok jelzik, hogy a td-
elektroda vége a légatban van. A td pozicidjanak ellendr-
zése a kovetkezOképpen zajlik: a hangszalag intakt
beidegzése esetén, amennyiben az elektroda a m. TA-ban
van, fonacidkor (a beteg ,,i” hangot ad) az elektromos
aktivitas fokozddik. Nyeléskor szintén rovid idére foko-
z6dik az aktivitas. Mély belégzéskor a nyugalmi aktivitds
csOkkenése lathato.

A musculus cricoarytenoideus posterior (m.CAP)
vizsgdlata a gy(iriporc pecsétjének penetrilisaval valosit-
haté meg. A tlelektréda beszurisakor itt is a legfonto-
sabb anatomiai timpont a ligamentum conicum. Az
elektréda a béron és a ligamentum conicumon torténd
athaladasa utan a légutba jut. Ekkor az elektrédavég sza-
bad vibrilasa miatt sinushullimokat regisztralunk, illetve
a nyalkahdartya irritacidja miatt kohogést tapasztalunk. A
kozépvonaltél 5-10 mm-re lateralisan a td lasst forgati-
saval és posterior irinyba torténd tolasaval atfarjuk a
gylrtiporc lamindjat, és elérjiik a musculus cricoaryteno-
ideus posteriort (1/a, 2/c és 2/d dabra). Amennyiben az
elektrodat tal mélyen vezetjiik be, az a cricopharyngealis
izomzatba fog jutni. Ekkor folyamatosan erGs aktivitdst
észleltink, amely nyeléskor hirtelen csokken. A td pozici-
6janak cllendrzése a kovetkezEképpen zajlik: a hangsza-
lag intakt beidegzése esetén, amennyiben a td a m.CAP-
ban van, szippantaskor az elektromos aktivitas fokozédik,
nyeléskor és fonicidkor az aktivitds csokken.
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2. dbra

A tlelektréda helyzete a bal oldali musculus thyroarytenoideus
(a, b) és a musculus cricoarytenoideus posterior (¢, d) vizsgila-
takor. a: A tlfelektréda a ligamentum conicumon keresztiil hatol
a gégébe (cadaver gége, elolnézet). b: A tielektroda hegye a bal
oldali hangszalag izomzataban lithat6. A tlelektroda a szemlél-
tetés érdekében a vizsgilati protokollal ellentétben nem a nyal-
kahartya alatt helyezkedik el (cadaver gége, bal oldali gégefél).
c: A tlielektréda a ligamentum conicumon és a gége lumenén
athaladva éri el a gytrtiporc pecsétjét (cadaver gége, feliilnézet).
d: A tielektroda a gytirtiporc pecsétjének dtftrdsa utdn éri el a
musculus cricoarytenoideus posteriort. A szemléltetés érdeké-
ben a tlielektréda hegye (*) az optimilisndl nagyobb mértékben
penetrilja a gytirtipor pecsétjét (cadaver gége, bal oldali gégefél)

1 = ligamentum conicum; 2 = bal oldali hangszalag; e = tlelekt-
réda; k = bal oldali kannaporc; m = mikrofon; pa = pajzsporc;
pe = a gytrlporc pecsétje; t = termisztor; tr = trachea

A gégeizmok agonista és antagonista aktivaloédasanak
vizsgalata érdekében az adatokat fonacié (a beteg ha-
romszor hosszan ’1” hangot ad), erdltetett belégzés (or-
ron/tracheotomias nyilason keresztiil torténs gyors
szippantds), nyugodt be- és kilégzés (30 s-ig torténd
nyugodt be- és kilégzés fonacid nélkil) alatt is vizsgal-
juk. A differencidldiagnosztikat a m.CAP elektromos sti-
mulaldsaval lehet kiegésziteni. Ezt a beavatkozast jelen-
leg csak kutatasi célbdl, altalanos érzéstelenitésben
végezziik.

A laryngealis electromyographin értékelése

A gégeizmok neurofiziolédgiai kiilonlegességei és a tech-
nikai nehézségek miatt még jol képzett szakembernek is
problémit okozhat a LEMG eredményeinek interpreta-
lisa. Eppen ezért sziikséges, hogy a vizsgilat elvégzése és
értékelése elére megtervezetten, standardizdlva tortén-
jen. Electromyographia sordn a vizizmok elektromos
aktivitasat nyugalomban és kiillonbo6z6 erésségi akaratla-
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gos aktivitds esetén kell elemezni. Laryngealis elect-
romyographia soran ez igen nehéz, mivel az egyes gége-
izmok akaratlagos aktivitisinak mértékét nehéz
szabdlyozni, illetve a gége izmai komplex mozgasi min-
tazatokat kovetnek, és ezek a mozgdsok mindig tobb
izomcsoportot involvalnak [6]. Hangszalag-immobilitas
esetén a kiillonbozd vizsgalomoddszerek onmagukban
nem bizonyité erejiek, minden beteg esetén indokolt a
komplex kivizsgalas.

EMG sorin a mozgatéegység-potenciilok morfologi-
djat (alak, amplitadoé, idStartam) elemezziik. A vazizom-
t6l eltéréen a gégében egy idegrost csak kisebb izomcso-
portokat innervil. Ebb&l adéddan a mozgatdegység-
potencialok révidebbek és kisebb amplitadéjtak a vaziz-
mokhoz képest. Az amplitddé az ideg altal beidegzett
izomrostok szamdt és erésségét mutatja meg, az elektro-
mos jel hossza pedig az ingeriilet sebességétdl fiigg,
amelyet az idegrost ,,szigetelése” befolydsol. Az izom-
kontrakcié erejét a mikodd mozgatdegységek szama és
ezek kistilési frekvencidja hatirozza meg. Az izomerd
fokozdsakor egyre tobb mozgatoegység egyre magasabb
kistilési frekvenciaval aktivilodik. Ezt a folyamatot re-
cruitmentnek nevezziik. Ennek megfeleléen az EMG
soran regisztralt jelstiriség a novekvs izomerével parhu-
zamosan aktival6dé motoros egységek szamaval aranyos.
Az ideg- és izomsériilések a normalis mozgatéegység-
potencidlok szdimanak és a recruitmentnek a csokkenésé-
hez vezethetnek az izmok akaratlagos aktivitdsakor [6].

A tlelektroda izomba torténd beszirisakor insertios
aktivitas jelentkezhet. Jellemz&en ez egy sorozat erds
elektromos kistilést jelent, melyek hossza nem tobb né-
hany szaz milliszekundumnal (3. 2bra). A jelenség annak
koszonhets, hogy az elektroda maga is raktiroz vala-
mennyi elektromos toltést, igy az izom membranjira he-
lyezve relativ toltéskiilonbséget hoz létre. Ha az izmot
koriilvevs elektromos toltés nem stabil (korai idegsériilés
vagy izomsériilés esetén), az insertios aktivitds ideje meg-
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3. abra Insertids aktivitds nyugodt belégzés kozben a bal oldali mus-

culus cricoarytenoideus posteriorban pajzsmirigymitét kovet-
keztében kialakult kétoldali hangszalagbénulds utin 9 hénappal.
A gytirtiporc penetrildsakor mért elektromos jelek (1) kiviil es-
nek az elére bedllitott mérési tartomdnyon. Az izom elérésekor
normilis hosszisigl insertiés aktivitds detektalhaté (2). Az
endoscopos kép a bal oldali gégefél ab- és adductiés mozgisai-
nak csaknem teljes regenerdléddsit mutatta

E = EMG; Me = mellkasi 6v; Mi = mikrofon; T = termométer
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nyulik. Ideg- és izomsériilések esetén az id6 mulasaval a
normalizomszovetet zsir vagy hegszovet helyettesiti, ami
az insertios aktivitdas csokkenéséhez vezet [6].

A vazizmokkal szemben, ahol nyugalomban szinte tel-
jes elektromos csendet tudunk regisztrilni, egészséges,
éber betegnél a gége teljes relaxalasa csaknem lehetetlen.
A nyugalmi dllapotot leginkibb nyugodt belégzéskor
vizsgalhatjuk LEMG sordn. A fiziol6gids hattéraktivitas
igy is nehézzé teszi az insertis aktivitis megitélését.
Szintén nehezebb a patoldgids spontin aktivits (SPA)
detektalasa. Mdsrészrdl azonban az idegsériilések csok-
kentik a gégeizmok hattéraktivitasat. Ez a jelenség néha
megkonnyitheti a vizsgalatot.

A spontan patologids aktivitas (SPA) jeleit nyugalom-
ban [év6 izomban, mozdulatlan telektréda mellett kell
keresniink. Fiziologias allapotok mellett spontan patolo-
gids aktivitassal nem talilkozunk. A SPA magaban foglal-
ja a fibrillaciés potencidlokat (4. dbra), a megnovekedett
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4. dbra Fibrillaciés potencidlok a bal oldali musculus thyroarytenoide-
usban nyugodt belégzés kozben pajzsmirigymitét kovetkezté-
ben kialakult kétoldali hangszalagbénulds utin 9 hénappal. Az
endoscopos kép a bal oldali gégefél ab- és adductiés mozgdsai-
nak csaknem teljes regenerdlédasit mutatta
nyil = fibrilliciés potenciil; E = EMG; Me = mellkasi 6v; Mi =
mikrofon; T = termométer
T
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5. ibra Komplex ismétl6d§ kisiilések nyugodt belégzés kozben a bal

oldali musculus thyroarytenoideusban pajzsmirigymitét kovet-
keztében kialakult bal oldali hangszalagbénulds utin 30 hénap-
pal. A komplex ismétl6d6 kistiléseket kronikus denervici6 ese-
tén regisztralhattuk. Tobb izomrost egymds utdni, mindig
azonos sorrendben torténd kistilésérdl van sz6, ahol egy fibrilla-
16 izomrost pacemakerként szerepel. Az endoscopos kép a bal
oldali gégefél teljes immobilitdsit mutatta

1 = komplex ismétl§d§ kisiilések; E = EMG; Mi = mikrofon; T =
termométer

insertios aktivitdst, a myotonicus kisiiléseket, a komplex
ismétlddo kisiiléseket (5. dbra), a fasciculatiokat és a po-
zitiv éles hullamokat. A leggyakrabban fibrillaciés poten-
cidlokat regisztralhatunk. Ezek alacsony amplitadéja,
rovid ideg tart6 jelek, amelyek az axonok degeneracioja-
hoz kothetdk, ¢és jellemzben az idegsériilést kovets 10—
14. napon jelennek meg. A denervicié ilyen foka csak
stlyos idegsériiléskor lathatd, ami a regenericidé szem-
pontjabdl rossz prognoédzist jelent. Hangstlyozandd,
hogy denervicié alatt nincs neuralis input az izomban,
igy abnormalis hullimformak sincsenek. Ezek csak a re-
generdcio alatt jelennek meg [6].

Az clektrofiziolégiai mérések eredményeit megtelel-
tethetjiik a periférias idegsériilések Seddon-féle klasszifi-
kacidjinak [16]. Amennyiben single-fiber aktivitast (6.
dabra) vagy megritkult recruitmentmintizatot (7. dbra)
észleliink akaratlagos aktivitds alatt, és emellett nem re-
gisztralunk spontin patologias aktivitast, neurapraxiarél
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6. dbra Nyugalmi fibrilliciés potencialok és single-fiber aktivitds fondcié
sordn a bal oldali musculus thyroarytenoideusban pajzsmirigy-
mitét kovetkeztében kialakult kétoldali hangszalagbénulds utin
13 hoénappal. Amennyiben LEMG sorin egy t(ipoziciéban 5
vagy anndl kevesebb mozgatéegység-potenciil figyelheté meg,
single-fiber aktivitdsr6l beszéliink. Az endoscopos kép a bal ol-
dali gégefél minimdlis ab- és adductiés mozgdsait mutatta
Er6sen csokkent akaratlagos aktivitds/single-fiber pattern (1)
fondci6 alatt (2); nyil = fibrilliciés potencidl, E = EMG; Me =
mellkasi 6v; Mi = mikrofon; T = termométer
il e S
1 =
T ' ‘ 1
‘ J J\‘

A < "
et A
E : VA

|
Mi |2
I I
L st :":”{,‘!'NWWWMWWMW@
Me = = .
7. abra Kozepes mértékben csokkent akaratlagos aktivitas fondcié sordn

a bal oldali musculus thyroarytenoideusban pajzsmirigymditét
kovetkeztében kialakult kétoldali hangszalagbénulds utin 9 ho-
nappal. Az endoscopos kép a bal oldali gégefél csaknem norm4-
lis ab- és adducti6s mozgdsait mutatta

Kozpesen csokkent akaratlagos aktivitds (1) fondcié alatt (2);
E = EMG; Me = mellkasi 6v; Mi = mikrofon; T = termométer
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thyroarytenoideus vizsgilata fondcidkor és kilégzéskor pajzsmi-
rigymiitét kovetkeztében kialakult bal oldali hangszalagbénulds
utdn 25 hénappal. Az endoscopos kép a bal oldali gégefél teljes
immobilitisit mutatta. a: Erés synkineticus aktivitds (1) a bal
oldali musculus cricoarytenoideus posteriorban fonacié (2) so-
rdn. b: Synkineticus aktivitds (1) a bal oldali musculus thyroary-
tenoideusban belégzés soran. Fonicio alatt (2) akaratlagos akti-
vitds nem detektdlhaté (3)

E = EMG; Me = mellkasi 6v; Mi = mikrofon; T = termométer

beszéliink, és 8—12 hét alatt a beidegzés regeneracidjara
szamithatunk. A regenerici6 folyaman a polifizisos po-
tencidlok szdma és a mozgatoegység-potenciilok ampli-
tadoja nd, a fibrilliciés potencidlok szima csokken. Axo-
notmesist valoszintsit, ha idegi degenericiéra utald
spontin patologias aktivitist észleliink. Ebben az eset-
ben joval kisebb az esély a beidegzés regeneracidjara. Ha
mégis reinnervici6é kovetkezik be, az jellemz6en synki-
nesissel (a gégeizmok egyiittes ab- és adductios aktivitd-
saval) jar [17-21] (8. 4bra). Neurotmesis esetén az ideg
teljes keresztmetszetében kirosodast szenved. Ilyen eset-
ben reinnervacio ritkdn, csak az idegvégek direkt kontak-
tusa esetén johet létre.

Megbeszélés

A laryngealis electromyographiait (LEMG) 1944-ben
Weddel és mtsaivezették be [22]. A kovetkez évtizedek-
ben (Faaborg-Andersen, 1956; Buchthal, 1959; Knuts-
son, 1969; Gay, 1972; Haglund, 1973) a moddszert
ugyan jelentés mértékben tovibbfejlesztették [23-27],
de csak az 1980-as, ’90-es években vilt széles korben
elterjedt diagnosztikai eszkozzé. Magyarorszagon is vol-
tak probalkozasok a LEMG bevezetésére, azonban a
nem megfelels technikai feltételek, a vizsgalati protokoll
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és a konszenzus hianya megakadalyozta a modszer széles
korben torténd elterjedését [28].

Amennyiben a hangszalag(ok) ab- vagy adductios
mozgasai csokkentek vagy teljesen hidnyoznak, a nem-
zetkozi irodalomban szivesebben haszniljik a ,,hangsza-
lag-immobilitds” terminust, mint a kordbban hasznalt
»hangszalagbénulas” kifejezést. Habdr a hangszalag-im-
mobilitas hatterében a leggyakrabban valéban hangsza-
lagbénulas all, hasonlé dllapotot tud tobb, a beidegzési
problémaktdl fiiggetlen kérkép is elbidézni. Az utdébbi
csoportot Osszességében mechanikus fixacids problé-
midknak nevezziik. Ez utébbi esetén, ahol a gége beideg-
zése intakt, altalaban hegesedés vagy a cricoarytenoidea-
lis iziilet ankylosisa magyardzza a csokkent mozgdst.
Normalis hullamformak és interferenciamintiazat hang-
szalag-immobilitds esetén mechanikus fixaciét igazol
(9. abra) [8]. Ezzel szemben a valodi bénuldsos korké-
peknél jellegzetes eltéréseket regisztralunk a LEMG so-
ran. A vizsgalatkor észlelt spontin patoldgids aktivitas, a
polifizisos mozgatdegység-potenciilok, a neuropathiis
interferenciamintizatok idegsériilésre jellemz&ek, és
paresist, illetve paralysist valoszinGsitenek.

A LEMG eredményébdl kovetkeztethetiink a progné-
zisra is, mivel a patologids spontin aktivitds hidnya és
a mozgatoegység-potencidl normdlis/kdzel normalis
morfolégidja dltalaban j6 prognézisra, valészintsithetd
reinnervacios folyamatra utal. Hasonl6an biztaté jelként
értékelhet§ a hangerd er@sodésekor észlelt ,,recruitment
spike”-ok szinkrén strdsodése. Gyenge prognozist je-
lent ezzel szemben a spontin patologias aktivitas jelenlé-
te, tehat akaratlagos gégemozgastdl fiiggetlentil is észlel-
hetd, altaldban alacsony amplitidéja akcids potencidlok
detektalasa és a csokkent vagy teljesen hidnyzé recruit-
ment [4].

A gége reinnervicidja komplex és bizonytalan kimene-
teld folyamat. Az alapvetS probléma az, hogy a sériilt
idegszakaszon a regeneracié soran az adduktor és abduk-
tor rostok keverednek, és a kevert beidegzés miatt jelen-
tésen csokken az akaratlagos mozgasok hatékonysaga.

e

= - . ¢ 5
Lo DR T

T

»wwwwwwwwmwwijw

WWWWWWWWWWWWMWWW)

ban hossszan tarté intubdciét kovetden kialakult kétoldali hang-
szalag-immobilitds esetén. A hangszalag-immobilitds hitterében
a hdts6 commissura hegesedése igazolédott

1 = normalis recruitment; 2 = fonicié; E = EMG; Mi = mikro-
fon; T = termométer
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Ez a kontraproduktiv reinnervacié tehetd feleléssé az
enyhe fokti maradvanytiinetek (pl. kisfokd rekedtség,
nem teljesen jol nyil6é gégefél miatti, csak terheléskor je-
lentkezS dyspnoe) mellett a gyakran stlyos, a teljes gége-
bénulds képét utinzd salyos funkcidézavarokért is. Az
ilyen aberrdns reinnervaciét mas néven synkineticus re-
generdciénak nevezziik. Mivel ezekben az esetekben
tobbé-kevésbé mind a zard-, mind a nyitéizmokban,
mind belégzés és fondcid alatt akaratlagos aktivitds mu-
tathat6 ki, a LEMG 6nmagaban képtelen elkiiloniteni a
funkcionalis és a kontraproduktiv reinnervaciét [4]. Ez a
magyardzata annak, hogy a hangszalagbénulas endosco-
pos képekkel lithaté végkifejlete nem mindig felel meg a
LEMG soran feltételezett prognézisnak. A metaanalizi-
sek szerint tehit a LEMG nagy biztonsaggal képes meg-
hatdrozni a reinnervacié kedvezétlen kimenetelét, azon-
ban a potencidlisan kedvez6 LEMG-jelek ecllenére a
klinikailag észlelt reinnervacié nem egyértelmd a lehet-
séges synkineticus folyamatok kialakuldsa miatt [4, 8,
29-32].

A fentiek alapjan a LEMG el6nyei kézenfekvGek a két-
oldali hangszalagbénulds optimdlis terdpidjinak megha-
tarozdsiban. Amennyiben stlyos dyspnoét okozé hang-
szalag-immobilitds esetén a fiziologidas LEMG-lelet
alaitdmasztja a mechanikus fixdltsag fennallasat, a lehetd-
leg funkciokimél$ hangréstagitdé mitét elvégzése miha-
marabb indokolt [33-36]. Amennyiben a vizsgilat idegi
credeti mozgaszavart igazol, a klasszikus elveknek meg-
felelGen eltérd stratégiat kell valasztani. Tovabb arnyalja
a kérdést az a tény, hogy a modern mdtéti eljarasok (pl.
az intraoperativ idegmonitorozas) bevezetése érdemben
nem csokkentette a nervus laryngeus inferior tertiletén
végzett mitétek (leggyakrabban pajzsmirigymdtét) ko-
vetkeztében kialakul6 nervus recurrens sériilések gyako-
risigat. Aranyaiban azonban megndétt a reverzibilisnek
tarthaté bénulasok szidma [37-39]. Emiatt sok szerzé
még napjainkban is minimum 6 hénapos virakozasi id6t
javasol a definitiv hangréstagité mitét elStt (akdr az élet-
mindséget jelentGsen ronté ideiglenes tracheotomiaval)
a spontan reinnervicio lehetsége miatt [40]. A LEMG
segitségével azonban mdar a bénulds korai szakaszaban,
néhany héten beliil lehet&ségiink nyilik azon betegek el-
kiilonitésére, akiknél az idegsériilés stlyossiga miatt nem
érdemes varni a hangréstagité mtitét elvégzésével. Ezek-
ben az esetekben a munkacsoport tapasztalatitél fiiggd-
en kiilsé (pl. Réthi- [I-II.], King—Schobel-m{tét) vagy
belsd feltarasbol végezhets beavatkozasok széles tarhdza
(pl. laser arytenoidectomia, posterior chordotomia) dll
rendelkezésre. A j6 prognézist vagy bizonytalan esetek-
ben a bénulds ezen szakaszdban a tracheotomia helyett
jo alternativ megoldas lehet olyan mdtéti technikikat
elényben részesiteni, amelyek kevésbé karositjak a gégét,
tehat potencialisan reverzibilisek. Ilyen megoldas lehet a
kannaporc fonallal torténd endoscopos rogzitése, a klini-
kankon kidolgozott endoscopos arytenoid abductids la-
teropexia [41-45]. A kétoldali bénulas esetén a LEMG
dontd szerepet jatszhat a hangréstagité mitét oldalanak
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meghatarozasiban is, hiszen ezeket a beavatkozasokat
ott érdemes elvégezni, ahol a regenericié kevésbé valo-
szint.

Napjainkban a gégebénuldsok sebészi kezelésében je-
lent8s paradigmavaltis tapasztalhaté. A fenti, tobbsé-
gében statikus megoldasokkal szemben egyre inkibb
elétérbe keriilnek a dinamikus hangréstagité modszerek
modern véltozatai. Ilyen példdul a reinnervicidés proce-
darak klinikai gyakorlatba torténd rutinszerd bevezetése,
melyek koziil az egyik legelterjedtebb a gégeizmoknak a
nervus phrenicusszal vagy a nervus hypoglossusszal tor-
ténd szelektiv reinnervicidja. Ezek az eljardsok azonban
csak akkor végezhetSk el sikeresen, ha a bénulas hatteré-
ben nem paralysis, hanem az idegregenericié soran a
nyit6 és zard beidegzés keveredéseként 1étrejott synki-
neticus aktivitas alakult ki, mivel ezekben az esetekben a
folyamatos ingerlés hatdsira az izomatrofia elhanyagol-
hat6, és a sériléstdl dltaliban distalisan elhelyezkedd
végagak anasztomozisa képes a hatékony izommozgas
kivitelezésére [42, 46]. A rendkiviil bonyolult reinnerva-
ci6s mitétek kivaltasat jelentd, varhatéan hamarosan az
ilyen tipustt bénuldsok standard megoldasava valé ,la-
ryngeals pacing” alkalmazasa sorin az izmok funkcié-
szinkrén mozgatisit egy implantitumon keresztiil az
izomba helyezett elektrodakkal érjiik el. A mozgas azon-
ban ebben az esetben is csak akkor valdsithaté meg, ha
az elektroddt izmokba belépd synkineticus regenericiot
mutat6 idegek kozelébe tudjuk behelyezni, mivel izmok
direkt ingerlése nem energiahatékony [47, 48]. Ezekben
az esetekben is nyilvinvalé a LEMG szerepe a megtelel§
betegcsoport kivalasztasaban.

Kovetkeztetés

Osszefoglalasként elmondhaté, hogy a LEMG a mai na-
pig technikailag bonyolult, nagy szakmai tapasztalatot
igényl§ eljards [7]. Am az Gj terdpids modszerek, a gége-
bénulas és a regenericié patofiziologidjinak jobb megis-
merése, illetve az ebbdl fakadé modern mitéti koncepci-
o0k megjelenése és ezek koziil az optimdlis beavatkozas
kivilasztisa mindenképpen sziikségessé teszi a LEMG
rutinszerd alkalmazasat a gégészeti centrumokban.

Anyagi tamogatds: A kozlemény megirasa, illetve a kap-
csol6dd kutatdmunka anyagi timogatisban nem része-
stilt.

Szerzdi munkamegosztis: B. A.: A kézirat megszovegezé-
se, irodalmi dttekintés, az electromyographias mérések
elvégzése. Sz. B.: Lektoralas, az electromyographiis mé-
rések elvégzése. K. J. G., G. E. V., A. M., C. P.: Szakmai
tandcsadas, az electromyographids mérések koordinalasa.
R. L.: Lektorilas, szakmai tanacsadds, az electromyo-
graphids mérések koordindlasa. A cikk végleges valtoza-
tat valamennyi szerz§ elolvasta és joviahagyta.

Erdekeltségek: A szerz6knek nincsenek érdekeltségeik.
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ABSTRACT

OBJECTIVES: The aim of this study was to analyze the phoniatric and respiratory outcomes of
a subset of bilateral vocal cord paralysis (BVCP) patients who were all treated with unilateral
endoscopic arytenoid abduction lateropexy (EAAL). EAAL is a non-destructive, minimally
invasive glottis widening operation, which does not damage either the surgically treated or the

contralateral vocal cord. It, therefore, does not impair the regeneration potential of the recurrent

laryngeal nerve.

METHODS: 10 out of 21 BVCP patients who were treated with EAAL showed signs of isolated
adduction recovery at one year and were chosen for this study. Functional results (objective and

subjective voice analysis, spirometric measurement) and vocal cord movements were assessed
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preoperatively, one week and one year after EAAL. Laryngeal electromyography was performed
on the 12th postoperative month.

RESULTS: The volitional adductor movement seen on laryngoscopy was corroborated by LEMG
evaluation. Peak inspiratory flow increased significantly after EAAL. Quality of Life scores also
showed high patient satisfaction. Shimmer showed consistent improvement along with Harmonic
to Noise Ratio, and average Maximal Phonation Time in parallel with the improving vocal cord
movement. Complex voice analysis and subjective self-evaluation tests also demonstrated
significant improvement.

CONCLUSION: EAAL, as a minimally invasive non-destructive airway widening technique,
does not interfere with the potential regeneration process that can still occur after BVCP, allowing
for laryngeal functional recovery. It is a safe and effective treatment for BVCP which allows a
simple solution with good phonatory, swallowing and respiratory benefits, by unilateral passive

and reversible vocal cord lateralization.

Level of evidence: 4

INTRODUCTION

The treatment of bilateral vocal cord immobility is still one of the biggest challenges in
Laryngology. This has been attributed the “zero-sum” balance between the need to improve
breathing at the expense of sacrificed voice and swallowing functions [1]. While no debate exists
about that the need for an immediate and stable airway is paramount, it is possible to achieve this
while sustaining a satisfactory voice and protection from aspiration by using a minimally invasive,
non-destructive and reversible glottis widening surgical technique [2]. This way the “zero-sum”
game can become a “win-win”.

Theories have changed fundamentally since the Semon-Rosenbach and Wagner-Grossman
hypotheses about the reason of the typical paramedian position of the vocal cord(s) after recurrent
laryngeal nerve (RLN) injury [3-5]. Animal studies clearly demonstrate, that the RLN has a strong
potential to regenerate after injury. It has also become evident that most patients with RLN injury
attain varying levels of spontaneous recovery [6-9,10]. Partial or even total recovery of vocal cord

movement can be seen in untreated patients with unilateral or even bilateral vocal cord palsy
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(BVCP). Currently, the widely accepted conventional “static” glottis widening techniques are
based on the partial or complete resection of the arytenoid cartilage and/or the vocal cord. Clinical
signs of recovery, which are commonly in the form of vocal cord adduction, are not easily detected
in patients who are treated with glottis and/or arytenoid resection procedures, although laryngeal
electromyography (LEMG) can demonstrate some degree of reinnervation [4, 6]. Thus, despite the
neural regeneration, vocal cord movement may not be physically possible or may be undetectable
and ineffective because of the surgery performed.

By contrast, the non-destructive, minimally invasive, reversible glottis widening technique,
known as the endoscopic arytenoid abduction lateropexy (EAAL), does not damage either the
surgically treated or the contralateral vocal cord, and, therefore can take advantage of the
regeneration of the RLN [11-16]. This way, the devastating clinical and physiological conundrum
resulting from BVCP is reversed: instead of being closed, the glottis is surgically opened; but it is
able to close during phonation or swallowing processes. A thorough analysis of LEMG,
spirometric and acoustic tests are required to assess the comparative advantage of this surgical

method compared to conventional interventions performed for BVCP.

MATERIALS AND METHODS

Patients

Twenty-one consecutive patients were diagnosed and treated with unilateral EAAL
because of BVCP caused by thyroid surgery. Ten of the 21 (48%) patients (9 females and 1 male,
mean age 54.9 years, range 34-75 years) showed endoscopic signs of only adduction recovery
during the follow-up 1-year period; this homogenous group of patients with adduction only
recovery without any abduction recovery was selected for this report (Table I, Fig. 1). The other
11 patients of the original 21 had unilateral (4 patients) or bilateral (2 patients) abduction recovery
or failed to have any motion recovery (5 patients) during the 1-year interval indicating an entirely
distinct clinical and physiological state as compared to the 10 with unilateral or bilateral adductor
recovery.

In the 10 patients with isolated adductor recovery (with no abductor function detected), functional

status was assessed preoperatively (as possible), one-week and one year after EAAL. Laryngeal
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electromyography (LEMG) of the vocal cords was performed on the 12 postoperative month to
examine the neurophysiologic basis of the glottic movements. Preoperative respiratory and voice
assessment was not feasible due to severe dyspnea or orotracheal intubation in 4 cases of the 10
patients. The study was approved by our Institutional Ethics Committee (registration number
47/2015). Statistical analysis (ANOVA) was performed with SigmaPlot 13 scientific graphing
and statistical analysis software (Systat Software Inc, CA, USA).

Voice Assessment

Voice assessment was performed according to our previously published protocol and was
based on the guidelines published by the Committee on Phoniatrics of the European

Laryngological Society [17].

Acoustic measurements

Voice samples were recorded within a sound-insulated room with a high sensitivity
condenser head microphone (Audio-Technica ATM 73 ac; Audio-Technica Corporation, Tokyo,
Japan). The acoustic data were obtained by having three samples of a sustained /a:/ at a comfortable
pitch/loudness spontaneously chosen by each patient and lasting approximately 3 seconds. The
averages derived from three samples of each phonation of each patient served as the basis for the
analysis. Jitter %, shimmer %, fundamental frequency (F0), harmonics to noise ratio (HNR) and

maximum phonation times (MPT) were analyzed using Praat® 5.3.37 software (www.praat.org).

Subjective self-evaluation

To assess the patients’ voices related to their quality of life, the Hungarian version of the
Voice Handicap Index (VHI), was used [18]. The questionnaire contains 30 items in 3 subscales
(10 items in each subscale; functional, emotional, and physical). Answers were given in a 5-point
scale ranging from O (never) to 4 (always). The overall VHI score (raw score) can be used to grade
subjective handicap from no handicap (raw score, 0—14), mild handicap (raw score, 15-28),

moderate handicap (raw score, 29—50), and to severe handicap (raw score, 51-120) [19].
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Complex calculated linear index for evaluation of dysphonia

The Dysphonia Severity Index (DSI) was used in the study to measure the overall quality
of the voicing [20]. The DSI is designed to establish an objective and quantitative measurement of
the perceived voice quality to assess the efficacy of therapy among dysphonic patients. The index
is based on the weighted combination of objective acoustic and aerodynamic parameters, based on
objective measures. DSI=(0.13xMPT)+(0.0053xHighest Frequency)—(0.26xMinimum Intensity)—

(1.18xJitter %)+12.4. A normal voice >/=5 and a severely dysphonic voice scores </=—5.

Friedrich dysphonia index

To evaluate the results, we also used the dysphonia index developed by Friedrich [21]. This
index assesses hoarseness (G value from GRBAS scale), frequency range, dynamic range,
maximum phonation time, and impairment of communication (from VHI). For each category, a
score ranging from 0 (normal) to 3 (severe) is assigned. The mean value of these scores is used to

grade the dysphonia.
Respiratory assessment

Peak inspiratory flow (PIF) is one of the characteristic and commonly used inspiratory
parameters which describes the efficacy of glottis enlarging procedures [22]. Spirometric
easurements were performed by using a Thor Spirotube®- PC spirometer (THOR Laboratories
Kft., Székesfehérvar, Hungary). The functional outcomes of the surgery in terms of breathing,
voice, swallowing, and overall satisfaction were evaluated by the Quality of Life (QoL)
Questionnaire of the Lausanne team [23].

Assessment of vocal cord movement

Indirect endoscopy
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Vocal cord movement recovery was assessed by telescopic laryngoscopy using a 70° rigid
endoscope (Karl Storz SE & Co. KG, Tuttlingen, Germany) with the aid of topical anesthesia
(tetracaine) sprayed into the oropharynx. The videos were analyzed by two laryngologists. The
samples were presented in a random order with respect to surgery and blinded with respect to the
patient’s identity. The capacity for vocal cord adduction was evaluated on each side: none: 0,

minimal: 1, normal: 2, able to cross the middle line: 3.

Laryngeal Electromyography (LEMG)

Standard transcutaneous LEMG was performed according to the guidelines of the
European Laryngological Society on the side of the larynx, in which the adduction movements
were visible more definite [24, 25]. A NIHON KOHDEN Neuropack X1 EMG system (Nihon
Kohden Corp., Tokyo, Japan) with concentric needle electrodes (50mm x 26G, 37mm x 26G; Teca
elite, Natus Neurology, CA, USA) were used for the measurements. The data was analyzed with

MATLAB R2016a  (https:/www.mathworks.com) and Audacity 2.1.3  software

(http://audacityteam.org) by a group of three physicians specialized in laryngeal electrophysiology
[26]. The thyroarytenoid (TA) and the posterior cricoarytenoid muscles (PCA) were successfully
examined by LEMG in 9 and 8 patients, respectively. The following characteristics were
evaluated: insertional activity (none: 0, reduced: 1, normal: 2, increased: 3); pathological
spontaneous activity such as fibrillation potentials, myotonic discharges, complex repetitive
discharges and fasciculations (none: 0, sparse: 1, clear: 2, strong: 3); volitional activity (none: 0,
single fiber activity: 1, very reduced: 2, mildly reduced: 3, dense interference pattern: 4);

synkinetic activity (none: 0, sparse: 1, clear: 2, strong: 3).

RESULTS

Endoscopic results

Vocal cord motion recovery is reported in Table I. During the one-year follow up, 18 vocal

cords showed adduction movements. In 8 of 10 patients, the non-lateralized vocal cord showed
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complete or over-adduction. In patient #2 and #3 clear, though incomplete adduction was seen in
the non-lateralized side. Two patients had more movement at a year in the lateralized side than in
the unoperated side (patient #2 and #9). In those patients, the lateralized side crossed the midline
to contact the other cord. In total, 8 of the 10 lateralized cords could visibly adduct at the end of

onc year.

Laryngeal Electromyography results

The results of LEMG are presented in Table II. Volitional motor unit action potential
(MUAP) activity of the TA was observed in 8 of 9 cases (9/10 cases successfully having LEMG
exams) with differing intensities during phonation; however, the interference pattern of the
MAUP’s was dense in only two cases. In the same muscle, MUAP’s indicating synkinesis were
detected in five cases [Fig. 2.a,b]; this means that there was increased electrical activity during
inspiration. Nonetheless, the ordinal scale of LEMG detection and degree of movement seen on
endoscopy was correlative with only one exception (patient #2).

In 7 of 8 cases, volitional (appropriate) MUAP activity was detected in the PCA (2 were
not recorded because could not tolerate LEMG exam of the PCA in one case and of any muscle in
a second case). A dense interference pattern was not detected in any of them. No visible abduction
was seen in any of the larynges of these patients (this was an inclusion criterion). The mean degree
of appropriate MUAP activity was 1.6 based on the scale. The same patients’ mean MUAP for the
TA muscle is 2.5 +/- 1.3. Synkinetic MUAP activity of the PCA muscle (increased electrical

activity during phonation) was detected in 5/8 cases.

Respiratory results

All 10 patients showed objective and immediate airway improvement after unilateral
EAAL. The average PIF increased significantly immediately from 1.01 to 2.04 1/sec. (change 1.03
I/sec., 201.95% of baseline; p<0.001). This parameter has increased later to average of 2.49 1/sec.
[Fig. 3.a]. The significant improvement of quality of life scores also showed the patients’ improved
satisfaction with their respiratory function [Fig. 4.a]. The average score improved in the early

postoperative period from 18.6 to 14.2, then further improved to 10.7 (p < 0.001).
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Voice results

The average fundamental frequency of the 10 patients slightly increased in the early and
then more in the late postoperative period (109.77% of baseline and 114.09% of baseline
respectively) [Fig 3.b]. The average MPT improvement was 1.78 sec. in the early postoperative
period. It increased significantly to 7.08 sec. [Fig. 3.c] in parallel with the improving vocal cord
movements. The value of shimmer showed continuous improvement and decreased to within the
physiological range (</= 6.84%) [Fig. 3.d]. Jitter and HNR slightly deteriorated right after surgery,
but HNR increased significantly (p<0.01) during the regeneration phase compared to the early
postoperative period. Jitter showed notable improvement as well, but this did not reach statistical
significance [Fig. 3.e, f]. The complex voice analysis panels verified the improvement of the voice
in general. The Friedrich and the Dysphonia Severity Index (nonsignificantly) improved
immediately after EAAL, but showed further improvement with the regeneration process.
Significant improvement (FDI: p<0.001; DSI: p<0.01) was found between the preoperative and
late postoperative values [Fig. 4.b,c]. The Hungarian VHI demonstrated that patients subjectively
also found their voices improved [Fig. 4.d]. The average score decreased significantly from 84.9

to 49.9, then to 24.8 (decrease of 59.5 in total; p<0.001).

DISCUSSION

The human larynx appears designed to default to a rudimentary sphincter function from
bilateral recurrent laryngeal nerve injury, with the vocal cords lying in a flaccid paramedian
position while there is no airflow. This can allow for some degree of respiration and even
phonation, which is commonly possible but tends to be of low volume and very low efficiency.
Lower airway protection from aspiration becomes a passive process and often very limited.
However, during inspiration, the Bernoulli principle explains the acceleration of the air column
between the narrowing of the cords that can, by the generation of a Venturi vacuum, cause a further
collapse of the glottic structures because no active abduction can be used to resist this movement.
Clinically, this results in inspiratory stridor and necessitates urgent, if not emergency, surgical

intervention.
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The postinjury equilibrium of adduction and abduction forces from reinnervation clearly
changes over time. The complexity of laryngeal innervation (e.g.: Galen's anastomosis, the “human
communicating nerve”’) may be responsible for the residual innervation and may also explain or at
least contribute significantly to reinnervation [27-29]. However, reinnervation is frequently
synkinetic rather than functional, which may be based on the braided mixing of axons that serve
antagonistic functions [6]. Furthermore, the significant numerical superiority of the adductor
muscle fibers and axons leads to preferential reinnervation of adduction muscles and adduction
during phonation as well as inhalation [8]. Variations in the position and function of the
“paralyzed” vocal cords could be dependent on the degree and distribution of intrinsic laryngeal
muscle reinnervation and synkinesis. Accordingly, BVCP generally does not mean a “dead”
larynx. Quite to the contrary, in most cases, significant volitional adduction can be observed within
weeks or months after nerve injury. Conversely, abduction is not known to be as common,
occurring in about 30% of the larger cohort, from which the 10 patients for this report were chosen,
while about 75% recovered adduction.

Laryngeal electromyography (LEMG) has been used for decades in the evaluation of vocal
cord motion impairment. The technique was reinvented in the recent past and has become an
essential tool of the patient selection for laryngeal pacing implantation [24,30]. Volitional motor
unit action potentials (MUAP) activity of the thyroarytenoid muscles (TA) was detected in 18 of
the 20 vocal cords (or 9 larynges within the 10 cases who tolerated LEMG) during phonation.
Despite the frequency of synkinetic activity detection (in 5 of 9 cases), the phenomenon of
preferential reinnervation of the adductor muscles as a functional outcome, is strongly supported
by our results. The outcome of this “hybrid” pattern of reinnervation and the resultant vector
between the adduction and abduction forces are the basis of an endoscopically obvious volitional
adduction motion which enables phonation. The technically more challenging LEMG of the PCA
was feasible in only 8 of 10 cases. Of the 8, synkinetic activity in the PCA was detected in 5 of
these patients, none of whom were seen to have functional or visible abduction. Therefore, while
electrical reinnervation of the PCA (which should cause abduction) could be demonstrated, it was
clearly overpowered by the adduction from TA reinnervation. This emphasizes the need for
endoscopic assessment to evaluate glottic function regardless of the LEMG results. This also
validates the concept that reinnervation is functionally selective even if nervous input is going to

both the PCA and adducting muscles like the TA.
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In the case of BVCP, the ultimate goal is the rehabilitation of the all three laryngeal
functions, respiration, deglutition and phonation. The conventional “static” glottis widening
techniques such as arytenoidectomy or transverse cordotomy do not take advantage of the potential
for adduction recovery [2] because they are based on partial or complete resection of the arytenoid
cartilage(s) or the vocal cord(s). In the case of these interventions, dysphagia, aspiration and
hypophonia are common side effects. In addition, the removal of the interarytenoid mucosa or its
post-surgical atrophy, may also increase the risk of aspiration by producing gaps in the protective
rim of the laryngeal inlet. Selective reinnervation procedures, or laryngeal pacing which may
restore the physiological mobility of the vocal cord might be the ideal solutions for this problem
[31,32]. However, nowadays these surgeries are performed only in a few centers around the globe.

We propose the strong adduction recovery potential found in the larynx post BVCP, can
be used for the generation of active phonation and good airway protection, in parallel with an
adequate airway. This is primarily predicated on the use of a minimally invasive glottis widening
interventions that do not destroy the voice in the service of airway comfort. The EAAL displaces
the entire vocal unit in a physiological manner without resection of phonatory structures and
without consequential scarring. The procedure does not damage the interarytenoid region either,
which is essential to safe, aspiration-free swallowing [33]. After the EAAL procedure, the vocal
cords become straighter and tenser than after other, published endoscopic glottis enlarging
interventions [11,12]. In addition, the EAAL technique produces a relatively small anterior angle
compared to other interventions [12]. This further facilitates better phonatory closure along with
improved breathing potential. There are only a few studies in the literature dealing with the voice
quality after glottis widening surgical interventions. Compared to the commonly used posterior
transverse laser cordotomy, EAAL gives better objective and subjective results. Jitter, shimmer,
MPT, VHI, Friedrich index and the Dysphonia Severity Index improved significantly and in
parallel with higher peak inspiratory flows [34,35]. The improvement in objective and subjective
voice quality proves that EAAL does not interfere with the potential regeneration process either.
Due to the non-destructive manner of the procedure, it also allows active (over) adduction
movements on the untreated, and even on the lateralized vocal cord if adducting reinnervation
occurs. This indicates that if reinnervation occurs, even the lateralized side can return to the service

of improved glottic function. The inescapable conclusion is that adduction recovery can overcome
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the traction of the lateralization suture without the associated damage to the phonatory mechanism

known to occur with more traditional approaches such as cordectomy and arytenoidectomy.

CONCLUSIONS

Endoscopic arytenoid adduction lateropexy is an easy to perform, safe and effective
solution of BVCP in the properly chosen patients. EAAL allows a simple, quasi-dynamic option
with parallel phonatory and respiratory improvements. This is accomplished by virtue of
generating a passively abducted vocal cord without sacrificing the functional integrity of the glottic
aperture. This includes allowing for the potential benefits of active adduction recovery in the vocal
cords. The long-held premise, that one or two of the primary functions of the larynx, (voice quality,
swallowing safety and/or breathing) must be sacrificed to improve the other in BVCP, can now be
discarded. We can return a patient to safe, comfortable breathing and a functional voice while

avoiding iatrogenic aspiration.
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Table 1. Data of BVCP patients with adduction recovery (1 year postoperative)

10 The lateralized vocal cord is marked with gray. Third column: grade of endoscopically detected
adduction movement per vocal cord. 0: no adduction, 1: mild adduction, 2: complete adduction, 3:
15 adduction beyond the middle line of the glottis. Two of the 10 patients showed more adduction in

17 the lateralized side than the unoperated side (patients 2 and 9).

22 Table II. Results of laryngeal electromyography 1 year after recurrent laryngeal nerve injury.

24 m. TA: thyroarytenoid muscle; m. PCA: posterior cricoarytenoid muscles; Insertional activity: 0:

none, 1: reduced, 2: normal, 3: increased; Pathological spontaneous activity (PSA): none: 0,

29 sparse: 1, clear: 2, strong: 3; Voluntional activity: none: 0, single fiber activity: 1, very reduced:

31 2, mildly reduced: 3, dense: 4; Synkinetic activity: none: 0, sparse: 1, clear: 2, strong: 3).

60 John Wiley & Sons
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FIGURES

FIGURE 1. Recovery of right vocal cord volitional adduction after bilateral vocal cord paralysis
treated with left-sided endoscopic arytenoid abduction lateropexy (patient #6, postoperative 12t
month, endoscopic view) with the ability to cross the midline.

a. wide glottis during inspiration

b. cross midline adduction of the right vocal cord

FIGURE 2. Laryngeal electromyography of the left thyroarytenoid muscle in a 68-year-old
female BVCP patient. (patient #4; 12t postoperative month)
E: electromyography; T: thermometer; M: microphone

a) Very reduced volitional activity (1) of the thyroarytenoid muscle during phonation (2)

b) Sparse synkinetic activity (1) of the thyroarytenoid muscle during inspiration

FIGURE 3. Objective respiratory and voice results after unilateral endoscopic arytenoid
abduction lateropexy in BVCP  patients with adduction regeneration.
Thin lines represent the changing of the individual values, the thick-dashed lines demonstrate the
average of the values. The gray area represents the normal range of values. (1: preoperative
measurement, 2: 1% postoperative week, 15t postoperative year, *p<0.05, **p<0.01,
Hix*p <0.001)

a) Peak inspiratory flow (PIF, significant improvement)

b) Fundamental frequency (FO, non-significant change)

¢) Maximum phonation time (MPT, significant improvement)

John Wiley & Sons
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d) Shimmer (non-significant improvement)

e) lJitter (non-significant improvement)

oNOYTULT D WN =

f) Harmonics-to-noise ratio (HNR, significant improvement)

FIGURE 4. Results of subjective respiratory and complex voice analysis panel after
15 unilateral endoscopic arytenoid abduction lateropexy in BVCP patients with adduction
17 regeneration. Thin lines represent the changing of the individual values, the thick-dashed lines
demonstrate the average of the values. The gray area represents the normal range of values. (1)
22 preoperative measurement, (2) 15t postoperative week, 1% postoperative year, *p<0.05,
24 **p<0.01, ****p <0.001)

a) Quality of Life score (QoL, significant improvement)

29 b) Friedrich dysphonia index (FDI, significant improvement)

31 c) Dysphonia Severity Index (DSI, significant improvement)

33 d) Voice Handicap Index score (VHI, significant improvement)
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Recovery of right vocal cord volitional adduction after bilateral vocal cord paralysis treated with left-sided
endoscopic arytenoid abduction lateropexy (patient #6, postoperative 12th month, endoscopic view) with
the ability to cross the midline.

a. wide glottis during inspiration
b. cross midline adduction of the right vocal cord
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41 Laryngeal electromyography of the left thyroarytenoid muscle in a 68-year-old female BVCP patient. (patient
42 #4; 12th postoperative month)

E: electromyography; T: thermometer; M: microphone

a) Very reduced volitional activity (1) of the thyroarytenoid muscle during phonation (2)
44 b) Sparse synkinetic activity (1) of the thyroarytenoid muscle during inspiration
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Objective respiratory and voice results after unilateral endoscopic arytenoid abduction lateropexy in BVCP
patients with adduction regeneration.

Thin lines represent the changing of the individual values, the thick-dashed lines demonstrate the average of
the values. The gray area represents the normal range of values. (1: preoperative measurement, 2: 1st
postoperative week, 1st postoperative year, *p < 0.05, **p <0.01, ****p <0.001)

a) Peak inspiratory flow (PIF, significant improvement)

b) Fundamental frequency (FO, non-significant change)
¢) Maximum phonation time (MPT, significant improvement)

d) Shimmer (non-significant improvement)

e) Jitter (non-significant improvement)

f) Harmonics-to-noise ratio (HNR, significant improvement)
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a) Quality of Life score (QolL, significant improvement)

b) Friedrich dysphonia index (FDI, significant improvement)

c) Dysphonia Severity Index (DSI, significant improvement)

d) Voice Handicap Index score (VHI, significant improvement)
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Patient | From BVCP Vocal
Age/Sex | toEAAL fold
Right 2+
Left 1
Right 2+

#2/46/f 1 day :
9 Left
10 Right 1

#3/65/f 3 days

/65/ ¥ Left
Right 2+
Left 1
Right 2+

15 #5/75/m | 4 months &

16 Left 0
17 Right 2+
#6/35/f 1 month
18 135/ Left 1
Right 2+
Left 1

Right 2+
22 #8/34/f | 1month &
23 Left

24 Right 2
#9/71/f 1d
25 /71 ay Left 2+

Right 2+
27 #10/64/f| 2 months 8
28 Left 0

Adduction

#1/52/f | 2 months

oNOYTULT D WN =

13 #4/39/f | 3 months

20 #7/68/f 2 days
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Patient Vocal Insertion Volitional | Synkinetic
Muscle . PSA .. ..
Age/Sex fold activity activity activity
. TA muscle 2 0 3 3
#1/52/f Right
PCA muscle 1 0 0 0
TA muscle 2 0 4 0
#2/46/f Right
PCA muscle 2 0 3 3
. TA muscle 3 2 0 0
#3/65/f Right
PCA muscle 2 0 1 2
TA muscle 2 0 4 3
#4/39/f Right
PCA muscle 2 0 1 0
) TA muscle Data not obtained
#5/75/m | Right :
PCA muscle Data not obtained
TA muscle 2 1 2 0
#6/35/f Right
PCA muscle 2 0 1 0
17/68/f Richt TA muscle 2 1 2 1
i
g PCA muscle Data not obtained
TA muscle 2 1 3 1
#8/34/f Right
PCA muscle 2 0 3 2
TA muscle 1 0 1 2
#9/71/f Left
PCA muscle 0 0 2 1
) TA muscle 2 0 3 0
#10/64/f | Right
PCA muscle 2 0 2 2

John Wiley & Sons
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Rotational Thyrotracheopexy After Cricoidectomy for Low-Grade
Laryngeal Chrondrosarcoma

Laszl6 Rovo, MD, PhD; Adam Bach, MD; Balazs Sztano, MD, PhD; Vera Matievics, MD;
Ilona Szegesdi, MD; Paul F. Castellanos, MD, FCCP

Objectives: The complex laryngeal functions are fundamentally defined by the cricoid cartilage. Thus, lesions requiring
subtotal or total resection of the cricoid cartilage commonly warrant total laryngectomy. However, from an oncological per-
spective, the resection of the cricoid cartilage would be an optimal solution in these cases. The poor functional results of the
few reported cases of total and subtotal cricoidectomy with different reconstruction techniques confirm the need for new
approaches to reconstruct the infrastructure of the larynx post cricoidectomy.

Study Design: Retrospective case series review.

Methods: Four consecutive patients with low-grade chondrosarcoma were treated by cricoidectomy with rotational thy-
rotracheopexy reconstruction to enable the functional creation of a complete cartilaginous ring that can substitute the func-
tions of the cricoid cartilage. The glottic structures were stabilized with endoscopic arytenoid abduction lateropexy. Patients
were evaluated with objective and subjective function tests.

Results: Tumor-free margins were proven; patients were successfully decannulated within 3 weeks. Voice outcomes
were adequate for social conversation in all cases. Oral feeding was possible in three patients.

Conclusion: Total and subtotal cricoidectomy can be a surgical option to avoid total laryngectomy in cases of large
chondrosarcomas destroying the cricoid cartilage. The thyrotracheopexy rotational advancement technique enables the effec-
tive reconstruction of the structural deficit of the resected cricoid cartilage in cases of total and subtotal cricoidectomy. An
adequate airway for breathing, swallowing, and voice production can be reconstructed with good oncological control. In cases

Level of Evidence: 4.

where the pharynx is not involved, good swallowing function can also be achieved.
Key Words: Airway reconstruction, chondrosarcoma, conservation resection, cricoid cartilage, cricoidectomy.

Laryngoscope, 00:000-000, 2016

INTRODUCTION

Chondrosarcoma of the larynx is an uncommon
tumor, accounting for approximately 0.1% to 1% of all
laryngeal neoplasms.’ Its most frequent variants (95%—
99% of cases) are of low- and intermediate-grade dis-
ease.?® Laryngeal chondrosarcomas manifest different
pathological behaviors compared to other malignancies of
the larynx, and thus the treatment of these tumors is dif-
ferent.*”® Complete surgical excision with negative mar-
gins is the treatment of choice for oncological control.®”
The balance between radical resection and the preserva-
tion of laryngeal function is crucial. In the case of cricoid
chondrosarcoma, how well this can be achieved depends
on how much and what part of the cricoid cartilage
remains. It is the only complete ring in the cartilage
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framework of the airway and is key to airway integrity.
This makes preservation of function after cricoidectomy
an obvious challenge.® The difficulty in reconstruction
after the loss of the cricoid often leads to total laryngec-
tomy.®!? To avoid this, many less radical procedures have
been described. Nonetheless, due to the nature of these
techniques, the chance of tumor recurrence increases.12
In the case of more radical techniques, like hemicricoidec-
tomy and the few reported cases of subtotal and total cri-
coidectomy, prolonged stenting is wunavoidable. If
autografts such as with rib are used, the donor site com-
plications are not rare. Stenosis is a common risk.'>®
The authors report a reconstruction technique useful
after total and subtotal cricoidectomy for cases of large,
low-grade chondrosarcomas of the cricoid cartilage. This
technique provides an oncologically sound surgery using
only local structures for reconstruction. Therefore, it effi-
ciently leads to an adequate and stable airway with
acceptable voice quality and swallowing function.

MATERIALS AND METHODS

Patients

In four consecutive patients, total cricoidectomy was per-
formed in three patients (1, 2, and 4), and subtotal cricoidectomy
was performed in one patient (3). All had low-grade chondrosar-
coma of the cricoid cartilage. In all cases, magnetic resonance

Rovo et al.: Rotational Thyrotracheopexy
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TABLE I.
Patient Data and Type of the Surgery.

Patient 1 Patient 2 Patient 3 Patient 4

Age (year) 59 35 30 64

Gender Male Male Female Male

Maximum diameter 4.5 3.0 2.0 4.5

of the tumor (cm)
Extension of the tumor Cricoid cartilage Cricoid Cricoid cartilage, Cricoid cartilage,
cartilage 1st tracheal cartilage, retropharyngeal space,
lower quarter of the prevertebral fascia,

thyroid cartilage oesophageal introitus
on the left side

Mobility of the vocal cords Bilaterally Normal Normal Bilateral complete immobility

slightly impaired
Previous surgery - -

Cricoidectomy Total Total

- Hemicricoidectomy, right-sided
arytenoidectomy,

partial resection of the right
thyroid lamina

Subtotal/right part of Total
the cricoid lamina

imaging or computed tomography (CT) imaging demonstrated a
round cystic lesion of the posterior lamina of cricoid cartilage.
The cortical layer of the cartilage was infiltrated by the tumor in
case 1, 2, and 4. In the third case, the lesion infiltrated the first
tracheal cartilage and the lower quarter of the thyroid cartilage
on the ipsilateral (left) side. The maximum diameters of the
tumors were 4.5, 3.0, 2.0, and 4.5 cm (casesl, 2, 3, and 4), respec-
tively. None of the patients had cervical or mediastinal adenopa-
thy or findings of distant metastases. Patient data is reported in
Table I.

The first three patients presented with progressive dys-
phonia and dyspnea that had started at least 4 months prior to
their diagnosis. Vocal fold mobility was normal in the second
and third cases. The first case had slightly impaired mobility.

The fourth patient was tracheostomy-dependent and was
referred to the authors after tumor recurrence despite multiple
laryngeal surgeries and external beam radiation therapy. Hemi-
cricoidectomy, partial resection of the right thyroid lamina, and
right-sided arytenoidectomy were previously performed. The
tumor recurrence was spreading into the retropharyngeal space,
infiltrating the surrounding soft tissues and extending to the
prevertebral fascia. Preoperative endoscopy revealed complete
immobility of both vocal folds.

Surgical Technique

All operations were performed under general anesthesia
through a horizontal incision made at the level of the cricoid
cartilage. The trachea was bluntly dissected from larynx to
superior mediastinum, protecting the recurrent laryngeal
nerves and great vessels. Isolating the tumor, the cricothyroid
and cricotracheal ligaments and the inferior horns of the thy-
roid cartilage were transected (Figure 1.a). In the cases of total
cricoidectomy (cases 1, 2, 4) the posterior and lateral cricoaryte-
noid muscles were sacrificed. The cricoid cartilage was dissected
at the cricotracheal ligament and then completely removed
together with its outer perichondrium (Figure 1.b). The pharyn-
geal constrictor muscle and the esophagus were carefully dis-
sected from the cricoid and the rest of the tissue to be resected.
Then a low, inferior tracheotomy was performed through a sep-
arate skin incision below the fifth tracheal cartilage. The oro-
tracheal tube was replaced there (cases 1, 2, 3); in patient 4, it
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was repositioned to this distal location from the existing
tracheostomy.

Resection Variations in Specific Cases

In the first patient, the articular surface of the arytenoid
cartilages had to be resected due to the massive extension of
the lesion. In the third patient, the first two tracheal rings and
the lower part of the thyroid cartilage were also resected below
the ipsilateral vocal fold on the left side (Figure 2.a,b). In the
fourth patient, a hemipharyngectomy, a partial resection of the
esophageal introitus, and an expanded resection of the sur-
rounding soft tissues were also performed.

Laryngotracheal Anastomosis

The distal trachea was mobilized until it could be easily
pulled up to the level of the thyroid cartilage. The trachea was
then rotated clockwise (looking at the trachea from above) by
about 90 degrees for the anastomosis (Figure 1.c) simply
because it is easier for a right-handed surgeon. In case 3, where
the right side of the cricoid lamina with the right arytenoid
remained after the resection, the tracheal trunk was rotated
counter-clockwise to complete and support the resected part of
the cricoid ring. The right posterolateral edge of the proximal
tracheal cartilage was sutured to the left posterior part of the
thyroid cartilage with absorbable suture (0-PDS, needle: 26
mm, 1/2 circle, round-bodied, Ethicon, Somerville, NJ) (Figure
1.d, 3.a). These massive holding threads fixed the laryngotra-
cheal anastomosis during the healing period, and the robust
needle was necessary for penetration through the rigid thyroid
lamina. A second suture was placed on the opposite corner of
the thyroid cartilage (the right posterior corner); thus, the tra-
chea was fixed to the thyroid lamina on both sides rotated by
approximately 90 degrees. This formed a complete ring, thereby
replacing the structure of the missing cricoid cartilage.

In the next step, the arytenoid and interarytenoid mucosa
were separately sutured (Vicryl 2.0, Ethicon) to the posteriorly
rotated side (formerly the right side) of the trachea (Figure 3.b).
Then a soft stent (silicon tube filled with gauze) was placed into
the airway cavity within the reconstruction to promote better
healing with less cicatricial scarring of the mucosa. This also
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Fig. 1. (1.a) The explored cricoid carti-
lage (patient 2). The cricothyroid liga-
ment is already transected. 1: the
cricoid cartilage; 2: the first tracheal
ring. (1.b) The completely removed cri-
coid cartilage (patient 2). 1,2: the artic-
ular surface of the cricoarytenoid joint;
3: the inner surface of the trachea is
infiltrated by the tumor. (1.c) The
rotated tracheal trunk (patient 2). 1: the
trachea is rotated clockwise approxi-
mately by 90 degrees (the anteroposte-
rior axis is marked by the dashed line).
(1.d) The fixation of the rotated tracheal
trunk (patient 2). 1: the thyroid cartilage
is retracted; 2: the anterior wall of the
esophagus; 3: the right part of the
rotated trachea will be sutured to the
left posterior part of the lower edge of
the thyroid cartilage; 4: the posteriorly
rotated midline of the trachea. (1.e) The
soft stent in the reconstructed larynx
(patient 2). 1: the inferior edge of the
thyroid cartilage; 2: the soft stent; 3:
the first rotated tracheal cartilage; 4:
fixing thread of the soft stent; 5: inferior
tracheostomy (the endotracheal tube is
temporarily removed). (1.f) The recon-
structed cartilage framework of the lar-
ynx (patient 2). 1: the remnant of the
thyroid cartilage; 2: the rotated first tra-
cheal cartilage.

served to stabilize the arytenoids in their abducted position
(Figure l.e, 2.b). The lower arch of the thyroid cartilage and the
anterior (previously left) side of the trachea were sutured with
four to five interrupted sutures. In summary, a modified thyro-
tracheopexy was performed in which the anterior wall of the

Laryngoscope 00: Month 2016

subglottic part of the larynx was reconstructed with the left
side of the trachea, and the posterior wall was reconstructed
with the right side. The new tracheostomy was intubated with
a cuffed tracheal cannula at the end of the surgery. Parenteral
ceftriaxone (Ceftriaxone Kabi; Frensenius Kabi Hungary,
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Hungary, Budapest) and metronidazole (Klion; Richter Gedeon,
Hungary, Budapest) antibiotics were administered in all cases
at least for 7 days.

This procedure ensured a sufficiently wide subglottic
space. However, the glottic aperture was not intrinsically
assured. In cases of total cricoidectomy, the lack of the muscles
attached to the arytenoid cartilages caused the prolapse of the
interarytenoid mucosa and the passive adduction of the vocal
folds after removing the soft stent. Therefore, a second opera-
tion was performed involving a unilateral (case 4) or bilateral
(cases 1, 2) arytenoid lateropexy with a special endolaryngeal
thread guide instrument (ETGI; Mega Kft, Szeged, Hun-
gary).'®!7 In the same surgery (cases 2, 4), the edema of the
supraglottic soft tissue and interarytenoid mucosa was reduced
by Ultra Dream Pulse (UDP) CO, laser (DS-40U, Daeshin
Enterprise, Seoul, Korea).

Functional Evaluation and Follow-up Care

The voice samples were recorded with a high sensitivity
(40Hz-16kHz) condenser head microphone (Audio-Technica
ATM75) at a sampling frequency of 96 kHz, 24 bit (Tascam US
122MKII external soundcard) and analyzed by Praat 5.3.2.9.
software (www.praat.org). The following acoustic parameters
were recorded in this study: mean fundamental frequency, jitter,
shimmer, harmonics-to-noise ratio, and mean phonation time.
Each patient was invited to fill out the Hungarian version of
Voice Handicap Index (VHI) questionnaire.'®'® The functional
outcomes of the surgery in terms of breathing, voice, swallow-
ing, and overall satisfaction were evaluated by the Quality of
Life (QOL) Questionnaire of the Lausanne team.?° Paying spe-
cial attention to the swallowing problems, the patients also
completed the Swallowing Quality of Life questionnaire (SWAL-
QOL) by McHorney.?! Spirometric measurements were per-
formed by using a THOR Laboratories Kft., Székesfehérvar,
Hungary. Peak inspiratory flow was registered in all cases.?%%3
The status of the postoperative airway was investigated by
high-resolution three-dimensional CT reconstruction. Follow-up
evaluations included systematic endoscopic and radiological
examinations (Figure 4.a,b and Figure 5).

RESULTS

No major perioperative or postoperative complica-
tions occurred. Tumor-free margins were proven by his-
tology in all cases. The laryngeal soft stents (cases 2, 3,
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Fig. 2. Extension of the resection
(patient 3). (2.a) 1: the left side of
the thyroid cartilage is resected
under the level of the vocal fold; 2:
the left pyriform sinus; 3: the third
rotated tracheal ring. (2.b) 1: soft
stent; 2: the third rotated tracheal
ring; 3: distal tracheostomy. [Color
figure can be viewed in the online
issue, which is available at www.
laryngoscope.com.]

4) were removed during direct laryngoscopy with general
anesthesia on the ninth, sixth, and 12th postoperative
day, respectively. Events of the early postoperative
period are shown in Table II. Endoscopic arytenoid
abduction lateropexy (EAAL) was performed in cases of
total cricoidectomies (cases 1, 2, 4) on the 14th, 9th, and
12th postoperative day, respectively. The edema of the
false vocal folds was also reduced by Ultra Dream Pulse
(DS-40U, Daeshin Enterprise) CO, laser in the same
session. Edema of the supraglottic region was also
reduced by laser in the third patient on the 39th postop-
erative day. In the second case, reopening of the closed
tracheostomy was necessary for 1 day due to safety rea-
sons 7 weeks after the surgery. Speech ability was pre-
served in all cases. The acoustic parameters, VHI, and
QOL scores for every subject are shown in Table III.
Oral feeding was allowed for the first and third patient

Fig. 3. Three-dimensional model of the reconstruction. (3.a) The
tracheal cartilage is pulled up and is rotated clockwise approxi-
mately by 90 degrees. The inferior horns of the thyroid cartilage
are resected. The dashed black lines indicate the fitting points of
the reconstruction. (3.b) The posteriorly rotated right side of the
trachea is sutured to the thyroid cartilage and to the arytenoid
and interarytenoid mucosa. 1: the posterior suture line. [Color fig-
ure can be viewed in the online issue, which is available at www.
laryngoscope.com.]

Rovo et al.: Rotational Thyrotracheopexy


http://www.praat.org
http://www.laryngoscope.com
http://www.laryngoscope.com
http://www.laryngoscope.com
http://www.laryngoscope.com

Fig. 4. Postoperative endoscopic
view (patient 1). (4.a) A properly
wide glottic gap was achieved by
bilateral arytenoid lateralization.
*Position of the sutures of the aryte-
noid lateralization; AC: arytenoid
cartilage. (4.b) A wide subglottic
space was formed by the recon-
struction. 1: the membranous wall
of the trachea; (the anteroposterior
axis is marked by the dashed line);
AC: arytenoid cartilage. [Color figure
can be viewed in the online issue,
which is available at www.laryngo-
scope.com.]

from the ninth postoperative day. Nasogastric feeding
tube was used in the second patient for 20 days. The
first three patients were able to tolerate a normal diet.
The fourth patient, who had a partial pharyngectomy,
was able to swallow saliva, but remained gastrostomy-
dependent throughout the follow-up period (9 months).
Functional results are reported in Table III. During the
follow-up time (39, 18, 17, 9 months, respectively), the
patients were free from local and distant recurrences.

DISCUSSION

Chondrosarcoma is the most common nonepithelial
neoplasm in the laryngeal region. In 75% to 80% of the
cases, the lesion arises from the cricoid cartilage, with a
special predilection for the paramedian inner surface of
the posterior plate.’?* Their relatively low malignant
potential allows the application of conservative surgical
procedures. Options may vary from endoscopic resection
and open-neck partial resection to total laryngectomy,
depending on the localization, extension, and histological
grade of the tumor.?® If a complex surgery is not feasi-
ble, debulking through an anterior laryngofissure or
endoscopic laser resection (generally by CO. laser) can
be performed.’' If the tumor involves less than half of
the cricoid cartilage, conservative surgical treatment can
be considered. Vertical hemicricoidectomy is a good sur-
gical option with adequate oncologic and functional
results as well.* For the reconstruction of the airway
after partial cricoidectomy, several autologous graft
materials have been published. Thyroid cartilage, rib
cartilage, rotated epiglottic cartilage, scapular tip, and a
hyoidsternohyoid osteomuscular flap can be used to rees-
tablish the posterior wall of the larynx.?%?” Delaere
et al. published a case of a cricoid chondrosarcoma
treated with a vertical hemicricoidectomy, followed by a
complex two-step tracheal autotransplantation proce-
dure.?® However, the need for total cricoidectomy takes
the problem of the airway reconstruction to a higher
level. Total cricoidectomy was first described for the
treatment of large chondrosarcomas by Leroux-Robert in
1956 and was recently cited by Nakano et al., Thomé
et al., and de Vincentiis et al. in connection with a total
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of six cases.!®2®3! The shortest stenting periods were

34, 90, and 56 days, respectively. Thomé et al. did not
provide any functional results for their two cases. In the
other two series (four patients), decannulation was possi-
ble in only one case.'*3!

Because the cricoid ring is the critical structure
supporting normal laryngeal function, these outcomes
are not surprising. In the opinion of the authors, poor
functional results from the extended resection of the cri-
coid can be primarily traced back to two problems. First,
the reconstruction of the subglottic airway is difficult
with the existing (previously described) graft options.

Fig. 5. Three-dimensional computed tomography reconstruction of
the laryngeal framework (patient 2, 6th postoperative month). 1:
the remnant of the thyroid cartilage; 2: the cricoid cartilage is
resected; 3: the rotated tracheal rings (sagittal view). [Color figure
can be viewed in the online issue, which is available at www.laryn-
goscope.com.]
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TABLE II.
Postoperative Care After Total/Subtotal Cricoidectomy.

Patient 1 Patient 2 Patient 3 Patient 4
Removing of the soft stent No stenting 6 12
(postoperative day)
Additional intervention Bilateral EAAL Bilateral EAAL Edema reduction Unilateral EAAL
(postoperative day) Edema reduction with UDP laser Edema reduction
with UDP laser with UDP laser

14 39 12
Decannulation 14 6 17
(postoperative day)
Oral feeding 9 9 Gastrostomy-dependent

(postoperative day)

UDP = Ultra Dream Pulse (DS-40U, Daeshin Enterprise, Seoul, Korea); EAAL = endoscopic arytenoid abduction lateropexy.

Second, published methods do not address two issues of
airway integrity: the unstable and often denervated ary-
tenoid cartilages and the prolapse of the supraglottic
soft tissues into the laryngeal cavity.

Based on this work, the subglottic support that is
disrupted by the cricoidectomy can be reconstructed in a
stable manner with the rotation of the autologous tra-
cheal advancement flap. The remnant of the thyroid carti-
lage, together with the rotated trachea, provide a well-
vascularized and mucosa-covered rigid ring. The segmen-
tal tracheoesophageal arteries must be transected on the
anterior side (after rotation) down to the proximal three
to four tracheal rings (where the maximal rotation hap-
pens) and maintained on the posterior side. Moreover, the
transverse intercartilaginous arteries and the lateral lon-
gitudinal anastomoses remain intact and provide the
basis for a quick, complication-free recovery.>? Postthyro-
tracheopexy, the arytenoid cartilages, and the surround-
ing soft tissues are sitting atop and supported by the
rotated tracheal wall. This connection, however, does not
prevent the passive adduction of the vocal folds because
the cricoarytenoid joints are severed and the articular
surface is resected on one or both sides. There are also no
attachment points for three of the four muscles that act
on the arytenoid bodies. The thyroarytenoid is the only

muscle that may still be functionally connected, and it
only adducts the vocal fold. This can adversely affect the
airway aperture. Endoscopic arytenoid abduction latero-
pexy can effectively address this problem because it has
been already demonstrated in cases of bilateral vocal fold
immobility.'¢173% An adequately wide glottic gap can
therefore be produced with this minimally invasive proce-
dure after total cricoidectomy.

The laryngotracheal mucosa is difficult to anasto-
mose due to the narrow surgical access. That is why the
use of the soft stent is placed within the upper airway
but only for a short postoperative interval. It also helps
to keep the unstable arytenoids separated, obviating the
need to use a Montgomery T-tube (e.g., The Montgomery
Safe-T-Tube; Boston Medical Products, MA). The effec-
tiveness of this approach is demonstrated by the results
of the respiratory function tests. Some degree of dyspnea
on exertion occurred in all patients. This was especially
in the only female (case 3), whose laryngeal structures
were significantly smaller and whose thyroid lamina had
been resected. All the other patients were able to return
to premorbid activities of daily living.

Swallowing and the prevention of the aspiration are
also important issues. In those patients for whom the
pharyngeal structures remained intact (cases 1, 2, 3),

TABLE Ill.
Functional Results.

Patient 1 Patient 2 Patient 3 Patient 4 Physiological Values

Mean fundamental frequency (Hz) 98,46 134,9 150,1 86,65 Female: 155-334;
male: 85-196

Mean phonation time(s) 4,12 2,39 3,55 2,91 10-20
Jitter (%) 7,45 9,36 9,65 8,05 < 1.04
Shimmer (%) 20,86 19,97 19,47 15,24 < 3.81
Harmonics-to-noise ratio (dB) 1,86 4,6 0,48 2,17 20 <
Voice Handicap Index 14 51 20 25 Min: 0; max: 120
Peak inspiratory flow L/min) 108 134,4 90 83,4 -
Quality of Life 9 14 10 12 Min: 6; max: 25
SWAL-QOL 212 167 200 Gastrostomy-dependent Min: 44; max: 220
Follow-up (month) 38 17 16 8

SWAL-QOL: Swallowing Quality of Life.
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radiologically proven, safe swallowing could be achieved
in a reasonable period of time. The results presented
confirm that the mucosa of the arytenoid region can be
preserved by these techniques. The protecting laryngeal
reflex enables an adequate pharyngeal swallowing func-
tion despite the impairment of the glottic motions.
Crumley observed this after partial medial arytenoidec-
tomy as well.>* For the patient who required a partial
pharyngectomy (case 4), the widening of the esophageal
introitus such as with a free graft or other flap tech-
nique might still be a possible option in the future to
restore physiological deglutition.

A decline of voice quality was inevitable in these
patients due to the resection of the arytenoid muscles
(cases 1, 2, 4). Despite the whispering voice and the rela-
tively low phonation time, a socially acceptable voice
was maintained in all patients. While accounting for
oncological concerns in radical surgery, it may still be
possible to preserve the muscles attached to the aryte-
noids and the recurrent laryngeal nerve branches. This
could lead to higher voice quality by the preserved
motion of the vocal folds.

CONCLUSION

Total cricoidectomy is an excellent surgical option to
obviate the need for total laryngectomy in cases of large
chondrosarcomas destroying the cricoid cartilage. We
present an easily performed reconstruction option using
local tissues that are well-vascularized, readily avail-
able, and appropriately shaped. This facilitates the crea-
tion of an adequate airway in a single- or two-stage
process, and enables voice preservation and the potential
for safe swallowing. Moreover, this can be achieved in
accordance with the concepts of oncologically sound sur-
gery and only a temporary tracheostomy. This technique
is described for low-grade chondrosarcoma but might be
a reasonable option for other types of cricoid malignancy
or even high-grade subglottic stenosis.
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