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ABSTRACT

Because the larynx is situated anatomically in an area which is difficult to measure and visualize, theoretical, in vitro, and in vivo
models are used in laryngeal research. Vocal fold vibration was studied in anesthetized dogs, while electrically stimulating independent-
ly the superior and recurrent laryngeal nerves under conditions of constant airflow. Photoglottographic (PGG), electroglottographic
(EGQG), and subglottic pressure signals were obtained while stroboscopically photographing the larynx. Specific points along PGG,
EGG, and subglottic pressure waveforms were correlated with laryngeal events which occurred during vibration. The canine larynx, in
an experimentally produced phonatory mode, vibrates in a two mass (upper and lower margin) system and appears comparable to modal
human voice production, The recorded glottographic waveforms from experimentally produced phonation in the canine are similar to
signals recorded from humans. However, observed differences can be related to anatomic differences.

Everyday, otolaryngologists and speech patholo-
gists see many patients with voice problems related
to the phonatory neuromuscular system. Unfortun-
ately, except for grossly visualizing the larynx and
listening to the patient, few objective tests are used
as aids in diagnosis and therapy. One of the long
term goals of current laryngeal research is the devel-
opment of valid and reliable measurements of vocal
cord vibration during phonation. These measures
may someday assist clinicians in understanding la-
ryngeal responses to changes in vocal cord tension,
mass, and airflow.

For many years investigators have used models to
study the function of physiologic systems. Because
the larynx is situated anatomically in an area which
is difficult to measure and visualize, researchers in-
terested in voice have had to rely, in part, on models
to study laryngeal physiology. The inherent prob-
lems in examining the larynx have also led to the
development of a number of techniques for studying
laryngeal vibration.

Current Techniques

Several techniques now exist which allow investi-
gators to examine the nature of glottal movement
during phonation. Photoglottography (PGG) is a
method which measures the amount of light trans-
mitted through the vocal cords during phonation.
Typically, a light source is placed in the mouth or
pharynx while a photosensor is placed on the neck
below the cords. As the vocal cords vibrate, changes
in the glottal area produce proportional changes in
the intensity of light transmitted. It has been shown
by comparison with high-speed photography that the
intensity of the transmitted light during photoglot-
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tography is a good approximation of cross-sectional
area of the glottal aperture during phonation.!-?

Another technique, electroglottography (EGG),
measures change in electrical impedance across the
larynx as the vocal folds vibrate. Comparison be-
tween electroglottographic (EGG) and stroboscopic
investigation of the vibrating vocal folds substanti-
ates the view that the EGG signal reflects varia-
tions of lateral vocal fold contact area.* Baer? stated
that EGG and PGG are complementary measures,
in that the former provides information about glot-
tic closure while the latter helps describe glottic
opening,

Analysis of PGG and EGG waveforms provides
the length or period of the vibratory cycle (in msec).
The period can be further subdivided into opening,
closing, and closed portions during each cycle. Two
measures of the glottal cycle that may be of clinical
importance are the open quotient (0Q) and speed
quotient (SQ). Open quotient is defined as the frac-
tion of time the cords are open during the glottic cy-
cle. Speed quotient is the duration of time the cords
are opening divided by the duration of time the
cords are closing. For example, Kitzing® showed a
decrease in speed quotient as a result of voice thera-
py in a patient with voice strain. Gauffin® also found
“pressed”’ phonation to be characterized by a de-
creased open quotient. Additionally, Hildebrand’
observed a decrease in OQ with rising intensity in
normal adults.

Although directly related to the micromechanics
of vocal fold vibration, photoelectric techniques such
as PGG and EGG do not provide detailed informa-
tion about the morphology of the cords during phona-
tion. Movement of the vocal folds can be observed
by ultra-high-speed cinematography {4,000-10,000
frames per sec). This technique provides highly
detailed information about morphologic changes of
the cords during phonation. However, although the
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technique was introduced over 40 years ago, the
high cost and technical difficulty of the filming and
analysis has prevented widespread use or develop-
ment. An alternative method has used a stroboscop-
ic light source synchronized to phonation to create
composite representations of vocal cord vibration.
Toepler (1866) performed the first stroboscopic ex-
amination of the vocal cords. In 1937, Kallen and
Polin® produced the first completely electronic
stroboscope. In the modern medical laryngostrobo-
scope, synchronization of the light flash with the
motion of the vocal cords is achieved automatically
using an acoustical voice signal and a built-in pitch
tracking filter to obtain a stationary image. Kitzing®
has discussed the principles upon which strobo-
scopy is based and has reaffirmed its value in the
diagnosis of phonatory disorders.

Pederson'® described a technique which simulta-
neously displayed a time-marker of the stroboscopic
flash with the EGG waveform on an oscilloscope.
He observed characteristic features in the glot-
togram and related them to specific moments within
the vibratory cycle of the vocal cords.

Although techniques which measure glottal move-
ment have become increasingly sophisticated, few
significant applications have been made to clinical
patient care. The explanation for this is complex,
however one major factor may be that glottographic
techniques have not yet been demonstrated to have
proven value in diagnosing or treating dysphonias.
Gerratt, Berke, and Hanson!' applied PGG, EGG,
and acoustic analyses to patients with Parkinson’s
disease and laryngeal nerve paralyses (superior,
recurrent, and vagal). Glottographic waveforms
from these patients were abnormal in each instance.
However, the abnormalities could not be directly
related to specific pathologic changes in laryngeal
vibration associated with each of these specific le-
sions. This difficulty was due, in part, to the prob-
lem of accurately interpreting the pathophysiology
reflected in the abnormal glottographic waveforms.

The degree to which techniques which measure
glottal movement become clinically useful will de-
pend on how precisely glottographic waveforms are
shown to demonstrate changes in laryngeal neuro-
muscular function. If waveform patterns can be
shown to clearly describe the underlying vocal fold
physiology, then abnormal patterns could be used to
diagnose and monitor treatment of phonatory disor-
ders. Since human phonatory control is not amena-
ble to careful parametric testing, investigators have
instead begun to examine models of human larynge-
al function. The development and testing of larynge-
al models that replicate human phonation is there-
fore one important component of current laryngeal
research.

Historical Notes

The first recorded attempts to examine voice pro-
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Fig. 1. Diagrammatic representation of experimental setup for
an in vivo canine laryngeal preparation,

duction are those of Leonardo da Vinci.'? Using a
cadaver, he noted that sound was produced by nar-
rowing the windpipe while squeezing air out of the
lungs. Subsequent studies of phonation using ex-
cised laryngeal preparations have been performed
by many investigators. Experiments using excised
larynges have simulated contraction of the intrinsic
laryngeal muscles both isotonically and isomet-
rically. Ferrein (1741)" carried out extensive stud-
ies on excised human and canine larynges. He found
that vocal intensity was influenced by glottal width
and air velocity. J. Muller (1839)'* examined the re-
lationship between vocal cord tension and subglot-
tal pressure in the control of fundamental frequen-
cy. van den Berg (1958)!* advanced the myoelas-
tic/aerodynamic theory of phonation, in which a
complex interplay between airflow from the lungs
and the mass and tension of the vocal cords pro-
duces cord vibration.

Since van den Berg’s contributions, many ad-
vances have been made in the understanding of vo-
cal fold physiology. Several authors have examined
the detailed histology and morphology of the vocal
cords.'*-'® Hirano proposed the ‘‘cover-body’’ theory
of fold vibration and proposed that changes in vo-
calis muscle tension (body) affect the elasticity of
the mucosa (cover). Concurrently, investigators
have developed mathematical models describing
vocal cord movement from a mechanical view-
point.'*-2? Others have studied the effect of vocal
fold movement on the contour of the air stream and
its coupling with the vocal tract.?*>-*¢ However, fun-
damental questions concerning the effect of change
in vocal fold mass and tension on the micromechan-
ics of vocal fold oscillation still remain unanswered.
In an effort to answer some of these questions, la-
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Fig. 2. Simultaneous PGG and EGG with an 80 usec, 24 klux
strobe flash documented on copy from a storage oscilloscope.
The PGG signal remained elevated longer than the actual strobe
flash due to recovery time of the photosensor.

ryngeal models have been developed to study vocal
fold physiology. These models include computer-as-
sisted theoretical models as well as in vitro and in
vivo animal models.

Human Laryngeal Studies

One of the primary aims of laryngeal research is to
understand the function of the human larynx.
However, relatively few investigators have at-
tempted to study the vibratory physiology of the
human larynx parametrically.?” Consequently, most
human laryngeal research has been qualitative in
nature rather than quantitative. A problem with in
vivo human studies is that it is difficult, from a
practical viewpoint, to separate the effects of a
number of independent variables which are interact-
ing simultaneously. For example, the intensity of
sound produced by the larynx can be modulated by
changing airflow or intrinsic laryngeal muscular
tension. Therefore, results obtained from measure-
ment of human phonatory tasks are often subject to
a number of differing but valid interpretations.
Thus many investigators have turned to laryngeal
models to study the physiology of phonation.

Theoretical Models

A number of mathematical investigations have
examined the relationship of changes in glottic area
and vocal cord morphology to alterations in laryn-
geal tension and mass. Ishizaka and Flanagan*!
developed a two mass model of vocal fold vibration
based on examination of high-speed cinephotogra-
phy of the vibrating larynx. This two mass model
has become the cornerstone on which most theoreti-
cal modeling studies have been based. According to
this model, a vocal fold consists of an upper and a
lower mass (or margin). Although the two masses
vibrate at the same frequency (the pitch or fun-
damental frequency of phonation), the morphology
of the cords determines the degree of phase lag be-
tween excursion of the upper margin and the lower.

Fig. 3. A strobe photograph which was taken at position
marked STROBE in Figure 2. At this point in the glottic cycle,
the lower vocal folds have approximated, while the edges of the
upper vocal fold mucosal cover have not yet returned to midline.

Using a computer simulation of an electrical analog
of the model, Ishizaka demonstrated that change in
the mass of the vocal folds, change in the coupling
constant (Kc) between the upper and lower margins
of the cords, and change in the stiffness constant
(K2) of the upper margin of the vocal folds produced
consistent, predictable alterations in calculated
glottic area and airflow.

Titze?® refined the Ishizaka and Flanagan model
and parameterized glottal area, flow, and contact
area using a computer simulation. He predicted a
truncated sinusoidal shape in the glottic area
waveform during breathy phonation at low pitches
which could be related to forms of vocal cord
paralysis. Titze? also suggested that the elastic and
viscous properties of the vocal folds, rather than
aerodynamic forces, are the major determinants of
the vibrational characteristics of vocal fold move-
ment.

Using a four parameter model, Fant*® studied
changes in vocal cord configuration (morphology) in
relation to glottal airflow and the harmonic spec-
trum of the sound produced during phonation. For
example, as airflow termination became less abrupt
(i.e., as the cords close less rapidly as in the case of
reduced tension produced by a laryngeal nerve
paralysis), the energy in the higher harmonics was
reduced and the voice sounded breathy.

Success using computer assisted mathematical
models is generally measured by realistic appearing
simulated glottographic waveforms and synthe-



874 BERKE, ET AL.: LARYNGEAL MODELS

CICII CIII
|l
K
| |
|

PGG

DPGG

EGG

|
I
!
|
|
!
|
|
I
|
|
I
|
l
I
|
|
|
l

DEGG

l
l |
| I
| |
| |

° 3 6 8 12 15
MSEC

Fig. 4. PGG and EGG signals are shown with the first
derivatives of the signals from recordings during phonation in a
canine preparation. Points which identify proposed physiologic
events, as identified in the signals are labeled O’ to C'’".

sized speech. However, the relationship of mathe-
matical parameters to actual physiologic control
mechanisms is difficult to interpret. Although much
has been learned from studying theoretical compu-
ter simulations, a complete understanding of laryn-
geal physiology will depend on verification of cur-
rent theories using physiologic preparations.?s

Canine Models

The use of animals to study laryngeal function
provides a setting to test new concepts, while allow-
ing manipulation of variables not easily controlled
in humans. Traditionally, investigators have used
the dog as the principal animal model on which
laryngeal studies have been based. The canine
larynx is similar to the human larynx in size and
vocal fold histology. However, the upper portion of
the canine vocal fold has a thicker lamina propria

than seen in humans, accounting for the greater
thickness of the canine vocal cord.** The canine
larynx has a posterior V-shaped chink behind the
arytenoids, and there is a postglottic space in some
animals during phonation. There are anastomotic
fibers between the superior and recurrent laryngeal
nerves in the canine (Galen’s nerve).** In addition,
the cricoid and thyroid cartilages are more angu-
lated and of less height than in man, the ventricles
are considerably larger, and there is no well-defined
vocal ligament. In spite of these differences, much
of the information on the mechanics of vocal fold
vibration has emerged from the study of excised
canine larynges. Baer**** used excised canine laryn-
ges to describe the vertical and horizontal move-
ments of vocal fold mucosa during vibration. This
work significantly contributed to the ‘‘traveling-

wave’’ concept of glottic mucosal movement in pho-
nation.

However, a number of problems exist in modeling
vocal fold vibration based on excised preparations,
E. Muller (1938)** showed that the internal muscular
tension of the vocal cord influenced its vibratory
characteristics. It appears that the most important
parameter in controlling pitch and intensity during
phonation is the tension and the mass of the vocalis
muscle. Vocalis muscular tension is determined by
the interplay between the extrinsic pull exerted by
the cricothyroid muscle and the intrinsic contrac-
tion of the vocalis muscle itself, Laryngeal resear-
chers have been unable to simulate the intrinsic
muscular contraction of the vocalis muscle in excis-
ed preparations. Perlman®*® demonstrated that the
elastic properties of viable and dead intrinsic
laryngeal muscle differ significantly. Using x-ray
stroboscopy, Fukuda®’ compared trajectories of lead
particles injected into the vocal fold mucosa of live
dogs with and without stimulation of recurrent
laryngeal nerves. He found significantly larger tra-
jectories for pellets in the mucosa when the muscles
and nerves were stimulated. This suggests that ex-
cised larynges do not accurately reproduce physio-
logic conditions of vocal cord tension and mass.
Finally, if one considers the effects of muscle fatigue
or tissue heat produced during phonation, it be-
comes essential to carry out these studies under con-
ditions of constant blood flow since the degree of
blood flow can effect muscular tension and fatigue.*®
In vivo canine models, by maintaining blood flow
and intrinsic laryngeal muscular tension with pre-
vention of post-mortem deterioration of the tissue,
appear to be more physiologic preparations for
studying vocal fold vibration than excised larynges.

A few investigators have examined the canine
larynx in vivo. Hast?*® and Rubin*® stimulated canine
laryngeal nerves in vivo while controlling airflow.
Hast used an in vivo canine model to disprove the
Neuro-Chronaxic Theory, which incorrectly postu-
lated that the frequency of vocal fold vibration was
determined solely by the frequency of recurrent la-
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Fig. 6. Strobe photographs are presented, labeled A through K, taken at different points along the glottic cycle. The relative posi-
tions of these prints are depicted on the PGG and EGG signals in Figure 6.

ryngeal nerve impulses to the muscles of the larynx.
Rubin studied the influence of stimulus frequency,
voltage and airflow on fundamental frequency, sub-
glottic pressure, and intensity. He found that in-
creased electrical stimulation to the laryngeal
nerves (either recurrent or superior) was associated
with increased pitch, subglottic pressure, and inten-
sity. Rubin also noted that pitch was unaffected by
changing airflow. These investigators did not mea-
sure the opening and closing phases of the glottic
cycle and thus were unable to comment on what
physiologic events were occurring at the vocal fold
level to produce their results.

The goal of this initial study was to examine

whether the canine larynx, when stimulated to pho-
nate in vivo, provides a reasonable approximation of
human laryngeal function using clinically applicable
measures of vocal cord vibration (PGG, EGG, and
stroboscopy). It is our premise that studying an in
vivo canine model of the larynx might help to bridge
the present gap between theoretical and clinical
studies of laryngeal physiology

METHODS
Subjects

Ten healthy, male, mongrel dogs were studied as acute prepar-
ations,



