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FOREWORD

The material in this volume was delivered at the International Conference on the
Physiology and Biophysics of Voice in Iowa City, Iowa, U.S.A., May 7-11, 1983. It was the
third in a series of conferences that was planned in the initial stages by several members of
the Scientific Advisory Board of the Voice Foundation. These individuals were Drs. Hirano,
Fujimura, Titze, and Gould. It was felt that a collection of in-depth papers on vocal fold
physiology would require the joint work of representative researchers from around the world,
each having different disciplines and working environments. Dr. Stevens joined the group
of advisors and assumed the important role of becoming one of the co-editors of the first
volume, together with Dr. Hirano. This first volume consisted of a collection of papers given
in Kurume, Japan in 1980, and was published by Tokyo University Press. The second volume,
edited by Drs. Bless and Abbs and published by College-Hill Press, describes the proceedings
of the first U.S. conference held in Madison, Wisconsin, in 1981. The fourth conference is
now scheduled for New Haven, Connecticut, and will be under the direction of Drs. Katherine
Harris and Thomas Baer.

Although termination after five conferences was contemplated in the original plan, the
scope has become broader, the quality of the contributions has been sustained and the de-
mand for the material has been sufficiently high that indefinite continuation of this series
is conceivable. In order to allow for marked advancement in the various areas of research,
a two-year interval between meetings has become more practical than the original one-year
projection. No major deviation, however, is expected with regard to the approximate number
of participants. The organizers have consistantly stressed the importance of having a small
workshop atmosphere with lots of discussion and adequate time for personal exchange of
information. Furthermore, the main theme of Vocal Fold Physiology has been preserved,
although variations of that theme occur as a continuous reservoir of new topics is being tapped.

The Voice Foundation has helped - and will continue to help - as much as possible. We
have maintained our goal of having the meetings in different geographical areas, and this
has been quite successful in involving different research groups that would not otherwise
be able to attend.

W.J. Gould, M.D.
Chairman of the Board
The Voice Foundation



PREFACE

As the series of vocal fold physiology conferences unfolds, it is becoming evident that
each conference is assuming its own identity and particular emphasis. Although the title
VOCAL FOLD PHYSIOLOGY is sufficiently broad to include all areas of basic and clinical
research on the larynx, the editors are finding it advantageous to highlight the new volumes
with a subtitle. This subtitle tends to reflect a small bias toward the areas of investigation
of the host institution, which conducts tours of its laboratory facilities and involves much
of its staff in technical presentations and discussion.

The first volume, edited by K. Stevens and M. Hirano, carried no subtitle. It served as
an introductory volume to the general field of laryngeal physiology. The series of papers on
morphological and histological descriptions of vocal fold tissue, along with vibratory pat-
terns observed by various optical techniques, reflected not only the focal point of contem-
porary research, but also the strength of the Kurume laboratories. The second volume, edited
by D. Bless and J. Abbs, carried the subtitle: Contemporary Research and Clinical Issues.
It not only provided the reader with a thorough update of many of the topics covered in the
first volume, but also included major contributions in the area of clinical voice. Emphasis
was on a better merger between the voice laboratory and the voice clinic.

The present issue has been given the subtitle: Biomechanics, Acoustics, and Phonatory
Control. This is not to exclude clinical or pedagogical topics, but rather to focus intensely
on the mechanism of voice production with a biophysical orientation. In particular, an at-
tempt was made to bring together a group of experts who could address the problem of acoustic
interaction of a source of sound with a resonator when independence between the two is not
a valid assumption. Thus, while the traditional source-filter theory of speech production was
beginning to be challenged in the previous (Madison) Conference, an effort was made at Iowa
to have adequate representation to make the discussion a focal point of the conference.

Interactions between the source and the resonator are not limited to the acoustic domain.
The entire soft-walled vocal tract, including many structures of the head, neck and shoulders,
are set in motion during phonation. The greatest of these tissue-air interactions occur at the
vocal folds. This oscillating structure, with its rich sensory and motor nerve supply, is one
of the most intriguing and unique control systems to analyze. In no other organ of the body
does one encounter tissue being accelerated and decelerated at such rapid rates, with con-
tinual collision being a requirement, with the balance of fluid within and on the surface of
the tissue being critical for sustained oscillation, and with the formation of jet streams and
air turbulence being key factors in the energy conversion process from the pulmonary airstream
to acoustic waves radiated at the mouth.

In a number of ways the system is analogous to a hydroelectric power plant with its multi-
faceted controls. The available power from the reservoir (or lungs) depends upon the pro-
duct of the pressure developed at the bottom of the dam (or below the vocal folds) and the
average flow produced at exit. The efficiency with which the high-energy jet drives the tur-
bine and the generator (or the vocal tract) depends upon the pressure impulses imparted to
the vanes of the turbine (or to the supraglottal air column). Maintaining constant power out-
put and constant frequency of the rotating shaft of the turbine and generator is a delicate control
problem. Similarily, regulating intensity and fundamental frequency of the voice as the acoustic
load of the vocal tract or the viscoelastic properties of the vocal folds change, is a delicate
task for the sensory and motor systems of the body.

In order to fully understand the operation of such a complex physical (or physiologic)
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plant and make predictions about its behavior under yet unobserved conditions, one needs
to study the structural components separately, one needs to have methods for observing and
monitoring the integrated dynamic behavior, and one needs to understand the physical laws
that govern the interactions between the components.

To this end, we have divided this volume into three major parts,

I. Anatomy and Neurophysiology of the Larynx.
I. Vocal Fold Kinematics and Techniques for Clinical and Pedogogical Observation
III. Biomechanic, Aerodynamic, and Acoustic Interactions

Part I begins with a comparative anatomy of the larynx across species (Chapter 1) followed
by structural details of intrinsic laryngeal muscles (Chapters 2-4). The neuroanatomy of the
motor system is then investigated (Chapters 5 and 6), and four chapters (7-10) on control of
fundamental frequency and vocal fold adduction demonstrate the important role that elec-
tromyography has played in relating specific motor commands to phonatory gestures. Part
Iis concluded with a chapter on the reflexogenic (sensory) system that is responsible for con-
trolling the vocal output (Chapter 11).

Part II provides a sampling of various techniques for observation of the vocal folds in
action. Chapters 12 and 13 describe ultrasonic techniques for tracking the motion of tissue-
air and tissue-tissue interfaces, while Chapters 14 and 15 describe procedures for mapping
the two-dimensional trajectories (vertical and horizontal) of tissue particles either experimen-
tally (by use of implanted lead pellets and an x-ray tracking beam) or computationally (by
use of the finite-element method). Optical methods of quantifying vocal fold movement are
then discussed (Chapter 16) and the combination of optical techniques with glottographic
techniques (Chapter 17) leads into a series of clinical and pedagogical topics (Chapters 18-23)
that combine glottographic, acoustic, and fiberscopic observation with subjective assessment
of vocal function.

Part III deals exclusively with the biophysics of voice production. It is essentially a discus-
sion of the physical laws that govern the motion of tissue and air as sound is produced. These
laws, derived from established theories in the fields of aerodynamics, acoustics, and
biomechanics, are believed to contain sufficient predictive power to model the mechanics
of the vocal folds in a quantitive fashion. Chapters 24 through 26 describe the deformation
of vocal fold tissue when external and internal (muscular) forces are applied. This leads to
a direct measure of the viscoelastic properties of the vocal folds. Indirect ways of determin-
ing these properties, by measuring heat production (Chapter 28), offer the advantage of keeping
the system more intact. The self-oscillatory mechanism resulting from the interaction bet-
ween the airstream and vocal fold tissue is then discussed in Chapters 29-30, which is followed
by a new look at glottal and vocal tract aerodynamics (Chapters 31-34), and finally by a series
of contributions to the problem of acoustic interactions between the glottal source and the
vocal tract resonator (Chapters 35-40).

The organization of the book turned out to be somewhat different from the organization
of the conference. Greater effort was made to group the papers according to content rather
than equal distribution per session. We are very grateful to the section editors, Dr. L.
Malmgren, Dr. C. Larson, Dr. K. Munhall, Dr. D. Childers, and Dr. P. Milenkovic for their
unselfish and unheralded contributions to the editing process, particularly with regard to the
discussion material at the end of each chapter.

The major credit for bringing about this volume, as well as the previous ones, has to
go to Dr. W.J. Gould and the Voice Foundation. In the field of voice, Dr. Gould has become
the primary motivation force in bringing to action what many of us only dream about, and
the Voice Foundation has become the initial source of support for many projects that might



otherwise have been discarded as being unproven or unconventional. The Voice Foundation
was the primary sponsor of this conference.

Special thanks must also be given to the University of Iowa for co-sponsorship. Dr. D.C.
Spriesterbach, Vice President for Educational Development and Research, made available
all the local university facilities, Dr. K. Moll presented a stimulating welcome address, and
Robert Davis provided the resources of his Conference Center staff.

The entire conference would have been doomed to failure, however, without the untir-
ing services of our conference secretary, Mary Lee, who took care not only of the immediate
crises, but worked well in advance to foresee the needs of the conference participants. Also,
Kim Sheplor and Debby Pittard have gained our deepest affection and gratitude for typing
the manuscripts and maintaining order in the publication process. We would also like to thank
Vicki Grabowski, Melanie Simonet, Grant Kuhn, Kerry Kovac, and Janice Lampert from
The Denver Center for the Performing Arts’ Publication Services Department for their un-
tiring help and dedication in making this book become a reality. Finally, we would like to
thank Vivian Heggie and Andy Cleary from Network Graphics, Denver, for their diligent
help in the typesetting of this book.

Ingo R. Titze, Ph.D.

The University of Iowa Iowa City, Iowa 52242

Ronald C. Scherer, Ph.D.

The Recording and Research Center, The Denver Center for the Performing Arts,
Denver, Colorado 80204
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1« COMPARATIVE ANATOMY OF THE
LARYNX: EVOLUTION AND FUNCTION

Malcolm H. Hast

When the first vertebrates migrated from an aquatic to a terrestrial environment in the
early Carboniferous period of the Paleozoic era some 350 million years ago (Romer, 1966;
Romer and Parsons, 1977), they were preceded by the vertebrate ancestor of the mammalian
larynx, the bichir Polypterus. This African ray-finned fish possesses both external gills
and paired ventral lungs, as opposed to other ray-finned fishes which have an air or swim
bladder, the function of which is that of a hydrostatic organ (Romer and Parsons, 1977). The
“larynx” of Polypterus is composed of a simple muscle sphincter to protect the lung from
water (Figure 1-1) (Negus, 1929, 1949). In the later-staged African lung fish (Protopterus)
and the Australian lung fish (Neoceratodus), a mechanism is developed that not only protects
the airway by a sphincteric musculature but allows for active dilatation by a group of separate
muscle fibers that pull the valvular margins apart. The primitive larynx of the lung-fish offers
a great advantage to this vertebrate. The muscular sphincter protects the lung when this river
fish is in water, but during a drought, the dilator muscle fibers actively open the sphincter
to allow for air to be taken into the lung by swallowing (Romer and Parsons, 1977; Negus,
1949). Development of dilator fibers by Protopterus, a structural and functional change
in this early vertebrate, is an excellent example of an adaptive modification to a particular
environment and mode of life.

The next modification of the larynx is seen in the evolution of the vertebrate from aquatic
to terrestrial being (Negus 1949; Romer and Parsons, 1977). With the development of tetrapod
amphibia, the salamander for example, the larynx truly becomes an individual organ, with

DIGESTIVE TRACT

POLYPTERUS PROTOPTERUS SALAMANDER

ALLIGATOR MARSUPIAL EUTHERIAN
MAMMAL

FIGURE 11
Evolution of the larynx (partly after Negus) illustrating development of cartilages and muscles.
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lateral cartilaginous plates (representing the future arytenoid cartilages and part of the future
cricoid cartilage) into which are inserted the dilator muscle fibers for active abduction of
the glottis to meet enhanced ventilatory flow requirements of a land animal. In the frog (a
tailless amphibian) the larynx becomes even more sophisticated for a more terrestrial life.

FIGURE 1-2
Dorsal view of the larynx of the Aldabran giant tortoise (Geochelone gigantea gigantea); (DL)

m. dilator laryngis, (SLa) m. sphincter laryngis anterior, (SLp) m. sphincter laryngis posterior
(t) Tongue.
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The succeeding stage in the development of the larynx is seen in the modification of the
laryngeal skeleton of the reptile. A fused cricothyroid plate is developed, with both the
musculus dilator laryngis and musculus sphincter laryngis taking origin from the crico-
thyroid cartilage and inserting into the arytenoid cartilage. The tortoise and alligator are
representative examples of this stage of animal which has become better adapted for a ter-
restrial habitat than the amphibian (Negus, 1949; Romer and Parsons, 1977).

Figure 1-2 shows the larynx of the Aldabran giant tortoise. Although well adapted to
the functions of protection of the airway from fluids and for respiration, this larynx appears
to be poorly adapted for phonation, possessing long and rigid arytenoid cartilaginous vocal
folds. It is interesting to note that this tortoise larynx is at least as “advanced” hylogenetically,
if not more so, than the frog; yet the infrequent grunts or roars of this reptile are hardly

SYNAPSIDA

I Paleozoic (Permian 240 myr)

THERAPSIDA
PROTOTHERIA /T“ERIA
METATHERIA EUTHERIA
*Primitive
Monotremata *Marsupialia Insectivora
*Primates Tupaia
lemurs
tarsioids

new world monkeys
old world monkeys
great apes

man

# Eorly Cretaceous Period of Mesozoic Era (130myr)
*Late Cretaceous Period of Mesozoic Ero (80myr)
+ Tertiory Period of Cenozoic Ero (Eocene 60)

FIGURE 1-3
Simplified genealogy of hypothetical lines of descent of several mammalian orders with geological
time scale.
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noticeable when compared to the frequent and noisy croaks of the frog. One could attribute
the louder voice to the frog’s buccal air sac employed as a vocal resonator. But there is no
morphological explanation for the difference in the use of the vocal mechanism. The needs
of an animal probably determine its phonatory activity, not only the anatomy of its larynx,
for the vocal repertoire has many functions: recognition, mating, social organization, ter-
ritoriality, etc.

The above observation demonstrates the difficulty in adopting an evolutionary philosophy
or hypothesis based on the scala naturae, a pseudo-evolutionary interpretation of the
“phylogenetic scale.” In fact, the theory of evolution is antithetical to a scala naturae that
places Hominidae at the top and amoeba at the bottom; the “tree of life” is not vertical
(simple) but many branched. What is meant by a “*higher animal”? It should also be noted,
and this is a profound weakness in trying to reconstruct a phylogeny (evolutionary history)
based on any organ of the body, that we must reason from the evidence at hand, describing
characteristics of contemporary animals which are themselves the end-points. Very similar
anatomical structures can be found in superficially dissimilar animals.

With the appearance of the mammal (Figure 1-3) (Romer, 1966; Romer and Parsons,
1977) a true but immovable thyroid cartilage is found articulated to the cricoid cartilage (Romer
and Parsons, 1977). This skeletal arrangement is seen in the reptile-like modern mammal
Monotremata, and in Marsupialia which probably arose 80 million years ago in the
Crestaceous period of the Mesozoic era (Vaughan, 1978). The New Guinea spotted cuscus
(Phalanger maculatus), a typical marsupial (Figure 1-4), demonstrates the larynx of a
phylogenetically early mammal. No cricothyroid muscle is found to stretch the vocal cords,
and the dilator muscle is composed of two parts, cricoarytenoideus dorsalis and a
cricoarytenoideus latero-dorsalis. The only other muscle is a bilateral sphincter whose

FIGURE 14

Dorsal and internal dorsal views of the larynx of the marsupial spotted cuscus (Phalanger
maculatus). (E) epiglottis, (C) corniculate cartilage, (A) arytenoid cartilage, (S) sphincter muscle,
(t) transverse sphincter ligament, (LCD) m. cricoarytenoideus lateral-dorsalis, (CD)
m. cricoarytenoideus dorsalis, (VM) vocal membrane.
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origins are from the lateral and posterior portions of the very large arytenoids, to insert at
a common transverse arytenoid tendon. More than three quarters of the vocal fold is car-
tilaginous, unfavorable to versatile voice production but advantageous to increased respiratory
demands in running.! A typical mammalian structure, the epiglottis is large and well
developed in this keen scented (macrosomatic) animal; it lies dorsal to and in contact with
the palate. It is to be noted that the primitive, nonvalvular type of larynx of the cuscus is atypical
of an aboreal mammal with prehensile tail (Negus, 1929, 1949; Walker, 1974).

Beginning with the insectivore order, there is a skeletal change in the larynx that is unique
to all modern mammals (except Monotremata and Marsupialia); a true cricothyroid joint
develops with movements of the cricoid and thyroid cartilages adjusted by a muscle of the
same name (Negus, 1929, 1949). Additional modifications include:

1. thedivision of the thyroarytenoid fold into inferior and superior folds, plica vocalis
and plica vestibularis, found in insectivores (Figure 1-5), endentates (Figure 1-6),
some ungulates, and primates for example;

2. development of the laryngeal sphincter into a lateral thyroarytenoid muscle and

medial vocalis muscle;

3. areduction in size of the arytenoid cartilage, notably in primates (Figures 17, 1-8);

4. the evolution of a small epiglottis in microsomatic animals like the California sea

lion, many arboreal mammals and cetaceans;

5. aryepiglottic folds;

6. the increased development of intralaryngeal (ventricular) and extralaryngeal air

sacs in many placentals and in all primates; and

7. the descent of the larynx to its lowest position in the great apes.

Examples of the above developments or modifications in the evolution of the larynx can
be demonstrated by a study of its morphology in a number of species from several orders
of mammal. These include the following: African hedgehog (Erinaceus albiventris), an

<]

FIGURE 1-5
Ventral and dorsal views of the larynx of the insectivore African hedgehog (Erinaceus albiventris);
(CT) cricothyroid muscle, (E) epiglottis, (T) thyroid cartilage, (CD) dorsal cricoarytenoid muscle.



FIGURE 1-6

Ventral and dorsal views of the larynx of the edentate collared anteater (Tamandua tetradactyla);
(H) Hyoid, (CT) cricothyroid muscle, (E) epiglottis, (T) transverse arytenoid muscle, (i) in-
terarytenoid ligament, (ct) corniculate cartilage, (cf) cuneiform cartilage, (CD) dorsal cricoarytenoid
muscle,

FIGURE 17
Ventral and internal dorsal views of the larynx of the prosimian primate brown lemur (Lemur

fulvus). (po) pars obliqua and (pr) pars recta of cricothyroid muscle, (c) cuneiform cartilage, (VL)
vestibular ligament, (TVF) true vocal fold, (A) arytenoid cartilage.
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FIGURE 1-8 _
Ventral and internal dorsal views of the larynx of the primate black howler monkey (Alouatta
carayo); (Has) hyoid air sac, (TH) thyrohyoid membrane, (E) epiglottis, (aef) aryepiglottic fold,
(cm) cuneiform cartilage, (ct) corniculate cartilage, (vl) vestibular ligament, (TA) transverse
arytenoid muscle, (VF) vocal fold, (A) arytenoid cartilage, (X) laryngeal ventricle leading to hyoid
air sac, (CAd) dorsal cricoarytenoid muscle.

insectivore; collared anteater (Tamandua tetradactyla), an edentate; sheep (Ovis aries), an
artiodactylan; brown lemur (Lemur fulvus) and black howler monkey (Alouatta carayo),
primates; Amazon river dolphin (Inia geoffrensis), a cetacean; hammer-headed fruit bat
(Hypsignathus monstrosus), a chiropteran.

In both the African hedgehog (Figure 1-5) and Old World monkeys and apes, the
arytenoids are short and the inferior folds (vocal) are long and sharp. With the prosimian
brown lemur (Figure 1-7) and the New World prehensile black howler monkey (Figure 1-8),
the arytenoids are very short and the vocal folds are very long and sharp. But unlike the noc-
turnal and macrosomatic insectivore with a big intranarial epiglottis, the microsomatic ape
has a small epiglottis that just touches the palate. The lemur has a large larynx and intranarial
epiglottis, while the black howler monkey’s large larynx and small epiglottis just touches
the palate. Although not affording as big and protective an airway as the sheep (Figure 1-9)
(Hast, 1979), with its large arytenoids and high vaulted flat vocal folds, the separate long and
sharp inferior vocal folds of the primate provide both for an efficient valve which fixes the
thorax for climbing and lifting a heavy weight, and for excellent adaptation for superior
vocalization.

It is interesting to note that the macrosomatic anteater, Tamandua, shown in Figure 1-6,
with a large larynx similar in structure to many ungulates, can only open its mouth about
6 mm (Walker, 1974), and is usually silent. In the concepts of natural selection and adapta-
tion for survival, the morphology of this anteater’s laryngeal organ probably can be found
and explained only by a detailed study of the orders ancestral to Edentata. This approach
is called by Darwin “unity of descent,” which explains the old law of “‘unity of type.” In
Darwin’s words: “By unity of type is meant that fundamental agreement in structure, which
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FIGURE 1-9
Cartilaginous skeleton and midsagital views of the larynx of the artiodactylan sheep (Ovis aries).

FIGURE 110
Internal dorsal views and entrance of the larynx of the cetacean Amazon river dolphin (Inia
geoffrensis); (E) epiglottis, (CU) cuneiform cartilage, (TA) thyroarytenoid muscle.
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we see in organic beings of the same class, and which is quite independent of their habits
of life” (Darwin, 1859).

Before proceeding to a description of two very different larynges in this study of com-
parative anatomy, an important modifier of vocalization, the air sac, must be considered.
Both ventricular and non-ventricular air sacs are particularly well developed in the primate
(Negus, 1929, 1949). A notable example of a non-ventricular air sac is seen in the hyoid air
sac of the howler monkey. In addition to the tracheobronchial tree and pharynx, the bony
hyolaryngeal air sac of the howler monkey is an important resonator of the voice of this primate.
Since the howler monkey is primarily herbivorous, it has the typically large epiglottis which
is in opposition to the soft palate, to block off the oral cavity. With the loss of the oral cavity
as a resonating chamber, the hyolaryngeal air sac can compensate for this loss and becomes
the principal resonator of the voice (Hilloowala, 1976). The loud howl or roar of the howler
monkey is essential to this mammal, since vocalizations must reach up to two miles through
tropical rain forests to its mate or members of its troop (Vaughan, 1978). With the ultimate
decensus of the larynx in Hominidae, the oral cavity, teeth, and lips become active
resonators of the voice.

Figure 1-10 shows the larynx of the Amazon river dolphin, a cetacean. This intranarial

FIGURE 1-11

Ventral and internal dorsal views of the larynx of the megachiropteran hammer-headed bat
(Hypsignathus monstrosus); (E) epiglottis, (T) thyroid cartilage, (C) cricoid cartilage, (pr)
pars recta of cricothyroid muscle, (CB) cricoid bulla (subcricoid air sac), (L) Lungs, (H) Heart, (A)
arytenoid cartilage, (V) ventricle, (vp) vocal process of arytenoid, (VM) vocal membrane, (AS)
sub-cricoid air sac.
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larynx is composed of the same cartilages and muscles as most mammals. Unlike the typical
mammal, though, this larynx possesses unusually big and lengthy cuneiform cartilages, for-
ming with the epiglottis a spout-like structure which produces whistles and click sounds
(Blevins and Parkins, 1973). Two other interesting structures are: (1) the entrance to the larynx
that resembles the mouth of the dolphin and (2) prominent fibers that radiate from the anterior
cricothyroid membrane to encircle the mucosa at the level of the cricoid, which resemble
the musculi pectinati of the right atrium of the heart. Could these distinctive fibrous ridges
function as acoustic lenses?

Finally, we come to the largest larynx, proportionate to body size, of any living
mammal—the male larynx of the hammer-headed fruit bat (Figure 1-11) (Vaughan, 1978).
In contrast to the larynx of the nocturnal feeding echolocating Microchiroptera, which emits
ultrasonic pulses for orientation, the Megachiropteran hammer-headed bat relies on vision
and olfaction to search for its principal food, fruit. The male larynx of this mammal measures
68 mm in length, which, in proportion to its crownrump length of 260 mm, is about one-
quarter of total body length. This larynx is so large that it occupies most of the space usually
filled by the heart and lungs of most mammals. Using its guttural, explosive, and blaring
call to attract females, this bat is unique among mammals in its unusual development of the
laryngeal organ, for, “‘the remarkable specialization of the vocal apparatus clearly evolved
in association with the importance of loud vocalizations during breeding displays” (Vaughan,
1978). This flying “loud speaker™ also has developed very large lips which can be formed
into a kind of “megaphone,” and a subcricoid cartilaginous air sac that has not been found
in other mammals. Another feature of this larynx, and of other bat larynges, is the structure
of the cricothyroid muscle, which is composed of both superior and inferior oblique parts
in addition to a straight part.2 Research has shown that the cricothyroid muscle has a more
important function in the mechanism of vocalization in chiropteras than in other mammals
(Suthers and Fattu, 1973).

A study of the comparative anatomy of the larynx has been made and the results presented
in the context of a general theory of vertebrate evolution. From a primitive muscle sphincter
protecting the airway of the bichir fish to the simple cartilaginous structure of the salamander
larynx, and finally to the advanced laryngeal organ of the hammer-headed bat, we have seen
the larynx change and develop into a very specialized organ of communication that is essen-
tial to the daily existence and survival of mammals.
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Footnotes:

IThe large arytenoids, internal sphincter muscle (transverse arytenoid), and posterior
cricoarytenoid muscle are the most prominent structures observed in the early human em-
bryo (42 days) (Hast, 1972).

2For a more detailed description of this larynx, see Schneider et al, 1967.
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DISCUSSION

N. ISSHIKI: I am much impressed by your presentation, which shows there are so many
varieties of larynges among different animals. I have long been wondering why some animals
can phonate and some others cannot. What are the structural features of the larynx which
separate the vocal larynx from the non-vocal larynx?

M. HAST: I've been asked this question before. First of all, if there are 4,700 species of mam-
mals, you could say there are 4,700 different larynges. Secondly, why do some animals with
very sophisticated larynges have very little to say, so to speak, and others with simpler larynges
have a great deal to say; for example, the sea lion and the frog? I think it’s the way animals
live. It’s what is needed for them to survive. Voice is part of their pattern of behavior, if they
need it. Or do they need olfaction more: Which particular sense of communication do they
use? I think this is part of it. When people ask me, “Well, if the monkeys, for example, have
larynges that are just as good as ours,” (and they are just as sophisticated) ‘“why don’t they
communicate in a language like humans?”’ I think the answer will be found in studying the
development of the brain. It may sound simplistic, but very frankly, if we with our brain had
the primitive larynx of a marsupial, we would be able to communicate in a human language,
even if we didn’t have a movable cricothyroid joint. I don’t even know how much a wallaby
would benefit possessing a human larynx. I think the amount of vocalization is probably
governed more by the mode of life, behavior, and intelligence than by structure.

P. KITZING: Is there any other animal which has a descended larynx like humans?

M. HAST: That is far away from the palate, that is descended a great distance from the palate?
P. KITZING: I mean in newborns, the larynx is high, very high.

M. HAST: The human neonate is very similar to these animals, yes, and then it descends.
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No, not even in animals that are more bipedal, like the anthropoid ape, is the larynx as high
inrelation to the cervical vertebrae. The more natural stance for most of the apes is still bent
over or on all fours. Among the primates and anthropoid apes, the larynx is just like you
talk about in the newborn; it is very high up, about cervical vertebra C-1 or C-2, unlike the
mature humanoid larynx which has descended to between C-3 or C-4. Because we are bipedal
all the time, (with gravity) all parts seem to be descending.

D. BLESS: You describe characteristics of the larynx peculiar to specific species (e.g. bifed
epiglottis). How much variation in laryngeal structures do you see among animals of the same
species?

M. HAST: I have found that, among animals of the same species, there is no obvious varia-
tion; among animals of the same genera, there are slight or few differences; and among animals
of the same order, there are significant differences. There are, however, obvious differences
in size between sexes, as in the human.

W. CONRAD: In which species do we start to find false vocal folds? Is there a gradual develop-
ment of the ability to close or adduct the false vocal folds? Is there any correlation between
the sophistication of sounds produced and the ability to adduct the false vocal folds?

M. HAST: In answer to your first question, we find false folds in the tapir, pig, porcupine,
raccoon, horse, dog, bear, hedgehog, badger, bat, monkey, ape, and human, for example.
In answer to your other questions, as a scientist (and physiologist) I cannot answer these two
questions based solely on my observations of structure. These are interesting questions; I
just don’t know the answer.

T. BAER: I am interested in the relationship you note between the presence of an air sac and
the intensity of the species’ voice. In some cases, at least, the main purpose of the sac ap-
pears to be for rebreathing in species that need to close the respiratory tract for extended
durations (Negus). To determine whether the sac would be useful as a resonator, it would
be useful to know both the dimensions of the sac and of the connecting duct. Also, the loca-
tion of the connecting duct. Are these data available?

M. HAST: I have some unpublished data in my notes; but for a better discussion of this
problem, I refer you to Hilloowala’s article (see text) or to a book by P. Herskowitz on “Liv-
ing New World Monkeys”.



2 « BOUNDARIES OF THE
CRICOTHYROID, THYROARYTENOID
AND LATERAL CRICOARYTENOID
MUSCLES FORMED BY ARTERIAL
PEDICLES FROM THE SUPERIOR AND
INFERIOR LARYNGEAL ARTERIES

Joel C. Kahane

Thyroarytenoid (TA), lateral cricoarytenoid (LCA) and cricothyroid muscles (CT) make
up 69 percent of the total weight of the intrinsic laryngeal muscles (Bowden and Scheure,
1960). Despite their anatomical importance and functional significance, information is lacking
regarding the anatomical boundaries between these muscles in different parts of the larynx.
Such information is needed to provide complete descriptions of these muscles which may
be particularly useful to morphologists, electromyographers and those developing models
of the larynx.

Determining the boundaries between the TA, LCA and CT muscles is difficult for several
reasons. These include, their small size and the close proximity of the muscles to each other,
the similarity of fiber direction of different muscles in a given region of the larynx and the
lack of well developed fascial sheaths.

Although these muscles are grossly distinguishable from each other, their histologic boun-
daries are not nearly so distinct. It would be useful to find a means to determine the boun-
daries between them. It appeared to us that work from Terracol and Guerrier (1951) on the
arterial supply of the larynx might provide a framework to study the aforementioned intrin-
sic laryngeal muscle relationships.

These investigators showed that the interior of the larynx is supplied by three arterial
pathways called “arcades,” which are derived from the superior and inferior laryngeal arteries.
The three arcades form a triangular network in the interior of the larynx which consists of
anterior, posterior and transverse (anteroposterior) routes. These vessels are accompanied
by branches from the superior and inferior laryngeal veins and are also closely associated
with the superior and inferior laryngeal nerves. Terracol and Guerrier unfortunately did not
describe the specific pattern(s) of the blood supply to the intrinsic laryngeal muscles.

Such information might be useful in defining morphologic relationships among the in-
trinsic laryngeal muscles. It has been noted by Warwick and Williams (1973) that in many
skeletal muscles “.. branches of the principal artery and nerve... enter [the muscle] together
along a strip, often fairly constant in position ...” (p. 483). This suggests that closer examination
of the relationship between the intrinsic laryngeal muscles and branches of the arterial arcades
described by Terracol and Guerrier (1951) may be useful in establishing an anatomical basis
for defining the boundaries between these muscles.

The purpose of the present study was to (1) investigate the morphology of the vascular
pedicles derived from the superior and inferior laryngeal arteries and (2) describe their rela-
tionship to the TA, LCA and CT muscles.
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METHODS

Laryngeal Specimens

Twenty human larynges (10 male and 10 female) were obtained from autopsy. Each group
contained a one month infant and 9 adult specimens. The male adult specimens ranged in
age from 16-71 years, Md age = 49 years; the female adult specimens ranged in age from
20-92 years, Md age = 56 years. All larynges came from persons who were free of laryngeal
trauma or from diseases known or suspected of adversely affecting laryngeal function.

Histologic Preparation

Specimens were preserved in 10% buffered formalin. They were decalcified in EDTA
and prepared for routine histologic processing and embedding in paraffin. Each larynx was
sectioned in the coronal plane at 6um thickness. Sections were taken at 125um with either
Safranin-Phloxine-Hematoxylin or Iron Gallien Elastic stains.

Microscopic Analysis

Serial sections were studied via light microscopy and stereo macroscopy. Histologic
reconstructions were made using a Bauch and Lamb Tri Simplex projection microscope. Sec-
tions were examined to determine the origin, termination, course, muscular relationships
and composition of the principal arterial arcades and their branches associated with the TA,
LCA and CT muscles.

Tracings were made of vascular compartmentation in the aforementioned muscles in the
anterior commissure, anterior, middle and posterior regions of the vocal folds and the mid-
arytenoid cartilage and cricothyroid joint regions. These tracings were used to make com-
posite reconstructions of the typical pattern(s) of the vascular pedicles in these regions, respec-
tively. Light microscopy was used to resolve fine details of structure and to confirm the identity
of contiguous muscle fibers from two or more different muscles which share common at-
tachments (e.g., medial fibers of pars oblique and pars rectus of the CT muscle from LCA,
LCA from TA in the arytenoid cartilage area and LCA from PCA at the muscular process).

RESULTS

Typical Morphology

The typical topography of a vascular pedicle is shown in coronal sections from the anterior
and middle thirds of the vocal fold (Figure 2-1). Each of the pedicles are derived from a
neighboring arcade. Note how they separate contiguous muscles (discussed more fully in
a subsequent section). A more detailed microscopic view of the morphology of a vascular
pedicle is seen in Figure 2-2, taken from the middle third of the vocal fold. Note that this
section illustrates a portion of a pedicle that contains both arterial and venous branches. The
vessels are supported by a connective tissue stroma principally composed of collagenous fibers
which pass between two intrinsic laryngeal muscles (LCA and TA). Branches from pedicles
such as this one penetrate the surrounding muscles to form complex networks as shown in
Figure 2-3.

Sex Differences

Blood vessels in female arterial pedicles tended to be composed of smaller caliber vessels
than in male counterparts. The connective tissue stroma also appeared to be less dense than
in males.
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FIGURE 21

Micrographs of vascular pedicles from the (A) anterior and (B) middle thirds of the vocal folds.
(A) is taken from the right side of the larynx and shows a pedicle that separates the cricothyroid
muscle (CT) from the thyroarytenoid muscle (TA). (B) is taken from the left side of the larynx
and shows a pedicle that separates CT, TA and lateral cricoarytenoid (LCA) muscles. The space
between LCA and CT is due to preparation artifact. See text for discussion. (12X, original magnifica-
tion. Iron Gallien Elastic Stain).
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FIGURE 2-2

Micrograph illustrating the anatomy of a typical vascular pedicle from the middle third of the
vocal fold. This pedicle separates the thyroarytenoid (above) from lateral cricoarytenoid (below)
muscles. One large and two smaller arterial branches are shown, along with a branch of vein which
is sectioned longitudinally. The vessels are supported by connective tissue. Note that spaces in the
connective tissue surrounding the largest blood vessel are preparation artifacts. (33X, origi
magnificaiton, Iron Gallien Elastic Stain).
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Regional Differences

Distinctive differences were found in the origin and distribution of the arterial pedicles
in different regions of the larynx. Though readily identifiable in adult histologic sections,
these relationships were especially well defined in the infant larynx. The small size and ex-
cellent condition of the infant histologic sections made them particularly well suited to illustrate
the typical morphology of the arterial arcades and their relationships to the intrinsic laryngeal
muscles.

Anterior Commissure. In the anterior commisure (Figure 2-4), the CT muscle is
separated from the TA muscle by the main branch of the cricothyroid artery which penetrates
the muscle and passes medially beneath the lamina of the thyroid cartilage. It is joined by
a medial branch of the artery which perforates the cricothyroid ligament. Both branches of
the artery along with supporting connecting tissue intermingle with the perimysium of the

FIGURE 2-3

Micrograph illustrating the
distribution of a branch
from an arterial arcade in-
to the cricothyroid muscle.
Fibers from the external
branch of the superior
laryngeal nerve which ac-
companied this vessel can
be seen within the pedicle
and towards the bottom of
the micrograph. (33X,
original magnification,
Safranin-Phloxine-
Hematoxylin Stain).

respective muscles and serves to separate CT from TA. The lateral border of TA is bounded
by vessels from the superior laryngeal artery and vein.

Anterior Region of Vocal Fold. In the anterior region of the vocal fold (Figure 2-5),
the CT and TA muscles appear to be separated by a vascular pedicle formed through a join-
ing of the cricothyroid artery and a longitudinally coursing branch of the inferior laryngeal
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FIGURE 24

Coronal section from a human infant larynx (7 magnification) from the anterior commissure il-
lustrating the typical relationship of the arterial arcades and pedicles to the intrinsic laryngeal
muscles. 1 = main branch of cricothyroid artery, 2 = medial branch of cricothyreid artery (enters
lateral to cricothyroid membrane), 3 = conus elasticus, connective tissue and glands in anterior
commissure, 4 = vessels from superior arterial arcade, 5 = nodular portion of vocal ligament,
6 = ventricle of Morgagni, T = thyroid cartilage, C = cricoid cartilage, TA = thyroarytenoid
muscle, CT = cricothyroid muscle, Tr = trachea.

FIGURE 2-§5

Coronal section of the human infant larynx (7x magnification) from the anterior third of the vocal
fold illustrating the typical relationship of the arterial arcades and pedicles to the intrinsic laryngeal
muscles. 1 = conus elasticus, 2 = branches from transverse and cricothyroid arteries, 3 = bran-
ches of vessels from superior laryngeal artery and vein (anterior arcade), 4 = lamina propria of
vocal fold, 5§ = ventricle of Morgagni, 6 = sacculus, T = thyroid cartilage, C = cricoid cartilage,
TA = thyroarytenoid muscle, CT, = pars rectus portion of cricothyroid muscle, CT =
cricothyroid muscle, Tr = trachea.
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FIGURE 2-6

Coronal section of the human infant larynx from the middle third of the vocal fold (7 magnifica-
tion) illustrating the typical relationship of the arterial arcades and pedicles to the intrinsic laryngeal
muscles. The configuration of the arterial pedicle in the middle and posterior regions of the vocal
folds is similar. 1 - vessels from posterior arcade, 2 = transverse arcade, 3 = medial limb of
transverse arcade, 4 = inferior limb of transverse arcade, 5 = conus elasticus, 6 = lamina pro-
pria of vocal folds, 7 = ventricle of Morgagni, 8 = vestibular folds, T = thyroid cartilage, C =
cricoid cartilage, TA = thyroarytenoid muscle, CT = cricothyroid muscle, Tr = trachea.

Fig. 27

FIGURE 27

Micrograph of the inferior limb of the transverse arcade (A) which is compeosed of a thin connec-
tive tissue sheath (arrowheads) separating the lateral cricoarytenoid muscle (LCA) from pars oblique
portion of the cricothyroid muscle (CT). Note attachments of LCA muscle fibers to the cricoid car-
tilage (C). (13x, original magnificaiton, Iron Gallien Elastic Stain).
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artery (called the transverse arcade by Terracol and Guerrier). The latter courses along the
lateral border of the LCA muscle giving off medially directed branches along its anteroposterior
course. The lateral border of the TA and CT muscles continue to be supplied by superior
laryngeal blood vessels.

Middle and Posterior Regions of Vocal Fold. In the middle and posterior regions of the
vocal folds the vascular pedicles separate the CT, LCA and TA muscles from each other
and from the thyroid lamina (Figure 2-6). A thick connective tissue sheath supports the
transverse and posterior arcades. This sheath separates the CT from the TA, LCA muscle
complex.

The longitudinally coursing branch of the inferior laryngeal artery (transverse arcade)
is well defined in these regions of the vocal folds and is accompanied by substantial amounts
of supporting connective tissue. The pedicle consists of medial and inferior limbs. The medial
limb is the most prominent separating the LCA from TA muscles. It courses toward the conus
elasticus, occasionally anastomosing with a more medialy coursing branch of the inferior
laryngeal artery which runs anteroposteriorly in an areolar tissue space between the cricoid
cartilage and conus elasticus. The medial limb contains small calibre blood vessels and varying
amounts of connective tissue. The inferior limb is composed of connective tissue which is
thin and delicate (Figure 2-7). It appeared to be routinely damaged in the histologic section-
ing of our paraffin embedded specimens (Figure 2-1B) resulting in a plane of cleavage between
the CT and LCA muscles. Occasionally, a small arterial branch from the transverse arcade
was found in the inferior limb, although this was not typical.

Arytenoid Cartilage. In the arytenoid cartilage (mid portion used for illustration), the
transverse arcade, a branch of the inferior laryngeal artery separates LCA from TA muscles
(Figure 2-8). The pars oblique portion of CT muscle is separated from LCA by a connective
tissue partition which becomes thickened at the upper border of the CT muscle. Blood vessels
and branches of the recurrent laryngeal nerve are contained in parts of this septum (Figure
2-9). Thickening of this septum results from a convergence of blood vessels and supporting
connective tissue from the transverse and posterior arterial arcades (Figures 2-8 and Figure
2-9).

The lateral border of TA is bounded by vessels from the posterior arcade. It is formed
by joining of branches of the superior and inferior laryngeal arteries and veins.

It appears that the upper regions of the larynx derive most of their arterial support from
the superior laryngeal arteries and veins. The exception is the interarytenoid area which
appears to receive substantial vascular supply from both superior and inferior arteries and
veins. The lower region of the larynx and most of the middle of the larynx receive arterial
supply from the inferior laryngeal arteries.

Cricothyroid Joint. The inferior laryngeal artery is closely associated with the
cricothyroid joint (Figure 2-10). In the posterior aspect of the joint, the inferior laryngeal
artery courses deep to PCA muscle fibers which converge on to the muscular process of the
arytenoid cartilage. The inferior laryngeal artery passes over the posterior cricothyroid
ligaments, giving off a a small branch to the pars oblique portion of CT muscle and then
dividing into posterior and anterior branches. The posterior branch is the largest and it courses
superiorly and somewhat anteriorly to join the posterior branch of the superior laryngeal
artery to form the posterior arcade. The anterior branch, passes over the horizontal fibers
of the posterior cricothyroid ligament and courses longitudinally and lateral to the LCA muscle.
This forms the transverse arterial arcade, branches of which separate LCA from TA muscles.
Vessels in the posterior and transverse arcades are surrounded by areolar tissue and collagenous
fibers which form distinct boundaries between the musculature and the thyroid laminae.
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FIGURE 2-8

Coronal section from the human infant larynx through the mid-region of the arytenoid cartilage
(7x magnification) illustrating the typical relationship of the arterial arcades and pedicles to the
intrinsic laryngeal muscles. 1 = posterior arcade, 2 = convergence of posterior and transverse
arcade, 3 = medial limb of transverse arcade, 4 = inferior limb of transverse arcade, A = arytenoid
cartilage with associated glandular tissue, T = thyroid cartilage, C = cricoid cartilage, TA =
thyroarytenoid muscle, LCA = lateral cricoarytenoid muscle, CT, = pars oblique portion of
cricothyroid muscle.

FIGURE 2-9

Micrograph from the mid arytenoid cartilage region which shows the relationship between a por-
tion of the recurrent laryngeal nerve (N) and the superior (S) and transverse (T) arterial arcades.
One of the pedicles from the transverse arcade is separating thyroarytenoid (TA) from lateral
cricoarytenoid (LCA) muscles. Note branches (arrowheads) of the nerve into LCA and TA. (33x,
original magnification, Iron Gallien Elastic Stain).
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FIGURE 2-10

Coronal section from a human
infant larynx from the region of
the cricothyroid joint (7x
magnification) illustrating the
typical relationship of the arterial
arcades and pedicles to the in-
trinsic laryngeal muscles. 1 =
ligaments of cricothyroid joint, 2
= inferior laryngeal artery, 3 =
posterior arcade, 4 = branch
from transverse arcade, A =
arytenoid cartilage, Gl = glands
in mucosa of arytenoid cartilage,
PS = paraglottal space, E =
epiglottis, T = thyroid cartilage,
C = cricoid cartilage, M =
mucosal lining of lumen of
cricoid cartilage, TA =
thyroarytenoid muscle, LCA =
lateral criocoarytenoid muscle,
CT, = pars oblique portion of
cricothyroid muscle, Tr =
trachea.

DISCUSSION

Data from the present study substantiate the arterial pattern within the larynx described
as “arcades” by Terracol and Guerrier (1951). Results from this study extend these authors
findings to show how branches of the arcades relate to the cricothyroid (CT), thyroarytenoid
(TA) and lateral cricoarytenoid (LCA) muscles.

The use of the arterial arcades and their major branches (referred to as pedicles in this
paper) appears to be a feasible method for determining histologic boundaries between the
CT, TA and LCA muscles. These relationships are clearly visible using low power ob-
jectives (20x and lower). It should be noted that in determining the arterial boundaries be-
tween muscles, it is essential to verify the origins of the muscle fibers being separated or
compartmented. This is particularly the case when the fibers from two or more muscles are
closely approximated (e.g., lateral fibers of LCA from pars oblique fibers of CT). Such
verification was found to be reliably made at magnifications of 20-40x.

The extra- and intramuscular courses of the arterial arcades are quite consistent, while
those of the accompanying veins exhibit considerably more variability. The arterial pedicles
were thickest in the middle and posterior portions of the larynx. This appears to result from
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larger calibre vessels and increases in areolar and dense connective tissues which accom-
pany them.

Branches of the inferior (recurrent) laryngeal nerve closely follow the distribution of
the posterior and transverse arterial arcades. They appear to exhibit greater complexity within
the muscle than the blood vessels.

The CT muscle receives extensive blood supply from the cricothyroid artery (derived
from the superior laryngeal artery) and also from the inferior laryngeal artery through branches
from the posterior and transverse arcades. This arrangement appears to insure an adequate
blood supply to this large, physiologically important and active muscle.

More information is needed about the distribution of blood vessels within the intrinsic
laryngeal muscles. Such data will enhance our understanding about the complex morphology
of these muscles and also provide a detailed “map” of the vascular plan within them. Such
data may be useful in future research. It might become feasible to use radioisotopes to track
and localize specific regions of activity within the musculature of the larynx during phona-
tion as has recently been done in the studies of cortical activity (Lassen et al, 1978). Detailed
information about the vascular supply to the intrinsic laryngeal muscles may also be clinically
useful in helping to understand the spread of disease within the larynx.
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DISCUSSION

K. HARRIS: Could you comment again on the relationship between vascular arcades and
nerve fibers?

J. KAHANE: The nerves (superior and inferior laryngeal nerves) travel along with respec-
tive arteries and veins, usually posterior and medial to them. We have observed that the major
branches of the nerves follow the main trunks of the arterial arcades but exhibit more dif-
fuse and complex branches within the muscles they innervate than the artery.

M. HIRANO: Some of your slides frighten me because we have conducted several hundred
EMG studies of VOC in which we insert a needle through the junction between CT and VOC
where those vessels shown in your slides exist. Fortunately, we have had problems very rarely.
Could you comment on the possibility of injuring the vessels during the EMG procedure?
J. KAHANE: This is an interesting and relevant point. It is an area which I have not given
a great deal of thought. It seems to me that there is natural protection afforded to the vessels
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in several ways. They are small caliber vessels and are surrounded by areolar tissues and
in some places also by significant amounts of fibrous connective tissues. Although the major
features of the the morphology of the arcades appear to fit into definable subtypes, the represen-
tation of each aspect of this vascular plan within a single muscle or region of the larynx is
likely to vary. Thus the inherent variation in the basic plan of the arcade affords some in-
surance against injury. Finally, if memory serves me correctly, the placement of your elec-
trodes (Hirano and Ohala, J. Speech Hear. Res. 1969, 12/2, 362-373) is more likely to be
in the neighborhood of the smaller branches supplying the muscle than the larger branch
of the arcade. They are probably more frequently passing through a network of small arerioles
and capillaries than approaching the main trunk of the arcade. Your question deserves serious
study in the future.



3 « VIBRATORY BEHAVIOR
VERSUS THE STRUCTURE OF
THE VOCAL FOLD

Minoru Hirano, Koichi Matsuo, Yuki Kakita, Hiroshi Kawasaki and
Shigejiro Kurita
INTRODUCTION

Over the past four decades, analyses of ultra high speed motion pictures of the vocal folds
have greatly increased the information of the vibratory behavior of the vocal folds and the
mechanism of vocal fold vibration. In many studies employing ultra high speed photography,
trajectories of two selected points facing each other on the edges of the bilateral vocal folds
were investigated. These points were usually located at the place where the amplitude of lateral
excursion was the greatest. However, the exact location of the point of the greatest lateral
excursion has not been determined. It has been presumed to be located at the anteroposterior
midpoint of the membranous portion of the vocal fold. For example, it is written in many
publications that vocal fold nodules and polyps usually occur at the middle of the membranous
portion of the vocal fold because the mechanical stress during vibration is the greatest at this
location.

Moore and von Leden (1958) determined the lateral excursion patterns of four selected
points along the edge of the vocal fold during inspiratory phonation and demonstrated signifi-
cant differences in vibratory behavior among these four points. In addition, Tanabe et al (1975)
illustrated lateral excursion patterns of five selected points on the edge of the vocal fold dur-
ing normal phonation at varying fundamental frequencies and intensities, demonstrating
marked differences in phase and amplitude between these points.

Moreover, Hirano and his co-workers reported variations in the layer structure of the
human vocal folds along the anteroposterior dimension (Hirano, 1975 and 1981; Hirano, Kurita
and Nakashima, 1981; Kurita, 1980).

The purpose of this paper is to investigate how the variations in the layer structure along
the length of the vocal fold are related to the vibratory behavior.

MORPHOLOGICAL STRUCTURE

Before going into the present investigation, an explanation of the morphological structure
of the vocal fold will be given for the sake of a better understanding of the present study.

Figure 3-1 presents a histological picture of a horizontal section of a human vocal fold.
As shown in this figure, the structure of the vocal fold is not uniform along the length. Since
the details have been reported elsewhere (Hirano, 1981; Hirano, Kurita & Nakashima, 1981;
Kurita, 1980), only a brief éxplanation will be given here. :

At the anterior commissure of the vocal folds, there is a mass of collagenous fibers which
is connected anteriorly to the inner perichondrium of the thyroid cartilage and posteriorly
to the lateral portion of the vocal ligament. This mass is called the anterior commissure ten-
don. Posterior to this mass is the anterior macula flava, a mass of elastic fibers. This is a
continuation of the medial portion of the vocal ligament. Thus, there are gradual changes
in stiffness of the structure from the hard thyroid cartilage to the pliable vocal fold mucosa.
At the posterior end of the membranous vocal fold, there is a mass of elastic fibers called
the posterior macula flava. It is a continuation of the medial portion of the vocal ligament
and is connected to the vocal process of the arytencid cartilage posteriorly. Again, there are
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gradual changes in stiffness from the firm arytenoid cartilage to the pliant vocal fold mucosa.
The length of the anterior and the posterior macula flava is approximately 1.5 mm.
Figure 3-2 presents frontal sections of an adult male vocal fold at the five places shown
in Figure 3-1. Figure 3-3 shows thickness measures of three layers, i.e. the cover (I), the medial
portion of the vocal ligament (IT), and the lateral portion of the ligament (IIT). The data were
obtained from the larynges of 5 normal male adults in their thirties. Each line in Figure 3-3
shows the values of each individual. Important findings in these figures are the following:
1. The loose and pliable cover is the thickest at the middle (C) of the membranous
portion, becoming thinner towards the anterior and the posterior ends. It tends to
be thinner in the anterior portion (A, B) than in the posterior portion (E, D).
2. The intermediate layer of the lamina propria, i.e. the medial portion of the vocal

Thyroid cartilage

Anterior commissure tendon
Ao “7#3— Anterior macula flava

Vocal ligament

e ! Posterior macula flava

. -

Arytenoid cartilage

FIGURE 3-1
A histological picture of a hqumntal section of a human vocal fold. (from Hirano, 1981).
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ligament, consisting primarily of elastic fibers, is thinnest at the midpoint (C),
becoming thicker towards both ends. It tends to be thicker in the anterior portion
(A, B) than in the posterior portion (E, D).

3.  The deep layer of the lamina propria, i.e. the lateral part of the vocal ligament,
consisting chiefly of collagenous fibers, is thickest at the posterior end, becoming
thinner towards the anterior portion.

4. The location of the vocal ligament relative to the upper surface of the vocal fold
becomes lower as the posterior end is approached.

METHOD

Subject and Photography
A 39-year-old normal male, who had no voice training, served as the subject. His vocal
folds were photographed under indirect laryngoscopy at speeds of approximately 3500 frames

FIGURE 3-2

Frontal sections of the vocal fold of a 22-year-old male at five different places along the longitudinal
axis which are shown in Figure 3-1. A: At the anterior macula flava. B: At the middle of A and
C. C: At the middle of the membranous portion. D: At the middle of C and E. E: At the posterior
macula flava. (from Kurita, 1980).
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FIGURE 3-3

Thickness of the cover (I), the medial portion of the vocal ligament (II) and the lateral portion-
of the vocal ligament (III). The values of five males in their thirties are presented. The marks a-p
indicate the locations equivalent to those whose vibratory behavior was investigated in this study.
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per second. Since the entire length of the vocal folds were not exposed on one film, we
photographed the anterior and the posterior portion of the vocal folds separately on two films.
The subject phonated at comfortable pitch and loudness level during filming, The apparatus
we used for photography has been described elsewhere (Hirano et al, 1974).

Reference Scale for Absolute Value Determination

In order to obtain absolute values in measuring various parameters, the following pro-
cedures were performed. The subject’s vocal folds were photographed via a laryngoscope
while phonating at the same pitch and loudness as those during the ultra high speed
photography. A piece of graph paper was then photographed while placed at the same distance
from the laryngoscope as that of the vocal folds during the filming. Four photographs were
therefore obtained: two ultra high speed photographs showing the anterior and the posterior
portion of the vocal folds, a laryngoscopic photograph of the entire vocal folds, and a
laryngoscopic photograph of a portion of a sheet of graph paper. The photograph of the graph
paper was used as the reference scale. Two blood vessels having two bends, one on the right
vocal fold and the other on the left, were clearly observed on the ultra high speed film of
the posterior portion of the vocal folds. The vessel on the right vocal fold was clearly visualized
also on the laryngoscopic photograph and the vessel on the left was found on the ultra high
speed film of the anterior portion of the vocal folds (Figure 3-4). Therefore, the absolute
value of the distance between the bends of the two vessels could be determined, and this
measure was used as the reference scale for the anteroposterior dimension on the ultra high

speed films.

Vessel 1] A1
Vessel l::l],. _Vessel 2
\.
Ultra high Ultra high Laryngoscopic
speed film | speed film 2 photograph

FIGURE 34
Schematic presentations of two vessels used as the reference scale.

In order to apply the reference scale correctly for the mediolateral dimension, we
measured the angle of the light to the upper surface of the vocal folds while the subject was
positioned in the same posture used during ultra high speed photography. The angle was deter-
mined by means of X-ray. It was presumed to be a right angle in the frontal plane whereas
it measured 60.5° in the sagittal plane. Therefore, there exists the following relation:

Y = X cos (90° — 60.5°
= 087X

where Y is the anteroposterior dimension and X is the mediolateral dimension on the film
for a given actual length.

This relationship was applied in determining absolute values of length in the mediolateral
direction.
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Selection of Points for Frame-by-Frame Analysis

Thirteen points on the edge of each vocal fold were selected for frame-by-frame analysis
as shown in Figure 3-5. Points a and b were located on the anterior macula flava. The average
length of the anterior macula flava obtained from our separate histological investigation was
approximately 1.5 mm as described earlier. We applied this value to the present investiga-
tion. Point ¢ was located at the posterior end of the anterior macula flava. Points d-1 were
placed at millimeter intervals from Point c. Point m was located at the anterior end of the
posterior macula flava. The posterior portion of the posterior macula flava and the entire
cartilaginous portion of the vocal folds were not visualized on the ultra high speed film.

Distance from
Point the anterior end

Anterior end-~-g~= = ==~ S in mm
Extent of N a 0.5
anterior X b 1.0
macula flava c 1.5

\
d 2.5
e 3.5
f 4.5
g 5.5
Midpoint  ~=~=--=~-=---- h 6.5
i 1.5
j 8.5
d k 9.5
Extent of = b 9.3
posterior “
macula flava :
Posteriorend .M. cc oo - - e P 12.4
FIGURE 3-5

A schematic presentation demonstrating the location of the thirteen points selected for frame-by-
frame analyses of vibratory behavior.

Points a-f were included in the film (Film 1) for the anterior portion and Points f-m in
the film (Film 2) for the posterior portion of the vocal folds. Thus we had Point f on both films.

One vibratory cycle was selected for frame-by-frame analysis. For frame-by-frame
analysis, we used a film motion analyzer (Vanguard Model 16S).
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RESULTS

Comparison of the Two Films

The subject attempted to phonate in the same manner for the two filmings. In order to
examine if the vibratory pattern of the vocal folds was exactly the same for the two filmings,
we compared the vibratory pattern of Point f on the two films. For the sake of differentia-
tion, we call this point Point f in Film 1 and Point f* in Film 2. As shown in Figure 3-6, the
vibratory pattern of Point f and that of Point f were similar but not exactly the same. Therefore,
the manner of phonation should be regarded to be slightly different for the two filmings.

f 7
—

f’

FIGURE 3-6
Lateral excursion pattern of the vocal fold edges at Points f and f.

General Vibratory Pattern

Figure 3-7 presents patterns of lateral excursion of the 13 points and Figure 3-8 shows
glottal width curves at each point.

In Film 1 the acoustic signal was superimposed on the image of the vocal folds. The
location of some of the points to be investigated was difficult to determine in some frames
when the acoustic signal obscured them. The blanks in Figure 3-7A represent these points.
When it was not possible to determine the point on one vocal fold, the glottal width for that
point was obtained by doubling the distance from the midsagittal plane to the point on the
other vocal fold.

Table 3-1 presents maximum amplitude, duration of the closed, opening and closing
phases, speed of opening and closing, open quotient, speed quotient and speed index of the
points investigated. The maximum amplitude and speed shown in this table are the average
of those for the points on the bilateral vocal folds.

The fundamental period of phonation was 7.70 msec (Fo = 130Hz) for Film 1 and 741
msec (Fo = 135Hz) for Film 2.

Phase Differences in Vibration Among the Points Along the Length
As shown in Figures 3-7 and 3-8, the glottis started opening at its posterior half (Points
h-m). The opening movement proceeded anteriorly up to Point c, the posterior end of the
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anterior macula flava. The glottis did not open at all over a large portion of the anterior macula
flava (Points a and b).

The maximum opening occurred first at Point ¢ in Film 1 and at Point m in Film 2. It
took place lastly at Point f in both films. Point f is not the midpoint of the membranous por-
tion of the vocal fold but is located near the junction between the anterior and middle thirds
of the membranous portion.

The glottis was closed first at Point c. At all the other points, the glottis was closed
simultaneously.

A

Dnm ~ .7 iﬁ"\\/

" N
e

FIGURE 3-7
Lateral excursion pattern of the vocal fold edges at the thirteen points investigated.
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FIGURE 3-8
Glottal width curves at the thirteen points investigated.

Maximum Amplitude

Figure 3-9 depicts the maximum amplitude for each point shown as a function of the
distance from the anterior end of the vocal fold. In order to compare the amplitude between
the points photographed on Film 1 (a-f) and those on Film 2 (f-m), values of the amplitude
measured on Film 1 were normalized by the ratio of the amplitude for Point f’ to that for
Point f. The normalized values are connected with the dotted line in Figure 3-9.

The maximum amplitude was the largest at Point j and the second largest at Point i. The
difference in amplitude between these two points was very small. These points are not located
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TABLE 3-1
Maximum amplitude, duration of the closed, opening and closing phases, speed of opening and
closing, open quotient, speed quotient, and speed index of the points investigated.

Maximum Duration in m/sec Speed in m/sec

Point | amplitude | Closed  Opening  Closing | Opening  Closing Open Speed Speed
in mm phase phase phase quotient  quotient  index

a 0 7.70 0 0 0 0 0.00 - —

b 0 7.70 0 0 0 0 0.00 — -
c 0.28 4.85 1.14 1.71 0.25 0.16 0.37 0.67 -0.20
d 0.59 3.7 1.71 2.28 0.35 0.26 0.52 075  -0.14
e 0.87 3.1 1.71 2.28 0.51 0.38 0.52 075 -0.14
f 0.95 3.42 2.00 2.28 0.48 0.42 0.56 0.88 -0.07
£' 0.87 3.13 2.28 2.00 0.38 0.44 0.58 1.14 0.07
g 0.89 2.57 2.57 2.28 0.35 0.39 0.65 1.13 0.06
h 0.96 2.28 2.85 2.28 0.34 0.42 0.69 1.25 0.11
i 1.01 2.28 2.85 2.28 0.35 0.44 0.69 1.25 0.11
j 1.02 2.28 2.85 2.28 0.36 0.45 0.69 1.25 0.11
k 0.97 2.28 2.85 2.28 0.34 0.43 0.69 1.25 0.11
1 0.86 2.28 2.85 2.28 0.30 0.38 0.69 '1.25 0.11
m 0.77 2.28 2.57 2.57 0.30 0.30 0.69 1.00 0.00

near the midpoint but rather at approximately the junction between the middle and posterior
thirds of the membranous portion.

Speed of Lateral Excursion

Figure 3-10 presents the average speed of lateral excursion for each point as a function
of the distance from the anterior end of the vocal fold. In Film 1, the opening speed was faster
than the closing speed at all the points investigated. In Film 2, however, the closing speed
was faster than the opening speed at all the points except for Point m for which the speed
was the same for opening and closing. This indicates that the manner of phonation was not
the same for the two filmings as described earlier. Therefore, we are not able to compare
the speed between the two films directly. Nevertheless, we can presume that the speed was
faster for a large portion of the middle region (Points e-k) than for the anterior (Points c-d)
and posterior (Points 1-m) portions and that the speed was faster at the posterior portion than
at the anterior portion. The speed appeared to be slightly slower near the midpoint than near
places anterior or posterior to it.

Open Quotient, Speed Quotient and Speed Index

Figure 3-11 presents the open quotient (OQ) and the speed index (SI) for each point as
a function of the distance from the anterior end of the vocal fold. As shown in this figure
and Table 3-1, OQ was greater in the posterior half (Points h-m) of the membranous portion
than in the anterior half (Points a-g). In the posterior half, there was no difference in OQ
between the varying points. In the anterior half, 0Q became smaller as the anterior end was
approached.
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FIGURE 3-9
Maximum amplitude for the thirteen points investigated shown as a function of the distance from
the anterior end of the vocal fold.

The speed quotient (SQ) was less than 1 and the speed index (SI) had negative values
in Film 1, indicating that the opening speed was faster than the closing speed. SQ and SI
became smaller as the anterior end was approached. In Film 2, SQ was greater than 1 and
SI showed positive values except for Point m, implying that the opening speed was slower
than the closing speed. SQ and SI did not vary throughout Points h-1, i.e. in most of the por-
tion of the posterior half of the membranous vocal fold.
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COMMENTS

Histologically, the vocal fold appears to be the most pliable at the area around the mid-
point of the membranous portion. The posterior portion of the membranous vocal fold appears
to be slightly more pliant than the anterior portion. At the anterior and the posterior macula
flava, the tissue appear to be firm. The greatest amplitude of lateral excursion, however,
occurred not at the midpoint but at a place posterior to the midpoint. This can be accounted
for, at least in part, by the fact that the anterior end of the vocal fold is a definitely fixed point
while the posterior end can be movable. The amplitude for the anterior end of the posterior
macula flava (Point m) was much larger than that for the posterior end of the anterior macula

“flava (Point c). This suggests that the entire posterior macula flava and presumably the tip
of the vocal process also were moving during phonation.

Tanabe et al (1975) showed figures demonstrating the vibratory pattern of S points along
the vocal fold edge for 12 different phonations. The tip of the vocal process vibrated in 10
of the 12 phonations. One of the two exceptional phonations in which the tip of the vocal
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FIGURE 3-10
Average speed of opening and closing for the thirteen points investigated shown as a function of
the distance from the anterior end of the vocal fold.
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process was fixed was made at the fundamental frequency of 400Hz, which was very high
for a male. (The authors did not specify the sex of the subjects. We suppose, however, that
the subject was a male because the phonations were at 116Hz, 180Hz, 250Hz and 400Hz in
their article). The other exceptional phonation seems to have been an unusual one, because
the maximum glottal width was measured to be approximately 0.7 mm and the glottis was .
not completely closed (Tanabe et al, Figure w-12, right). On the basis of the illustrations by
Tanabe et al and the results of the present investigation, one can say that the tip of the vocal
process vibrates in ordinary phonation.

00(<) Sl(x)
1.0

10.2

FIGURE 3-11
Open quotient (OQ) and speed index (SI) for the thirteen points investigated shown as a function
of the distance from the anterior end of the vocal fold.
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The present investigation indicated that the glottis was not opened over a large portion
of the anterior macula flava. This does not necessarily imply that the anterior macula flava
does not move at all. We rather think that the anterior macula flava is moving in a different
manner from the main portion of the membranous vocal fold. The macula flava presumably
moves in the manner like that of a head rotating back and forth.

In the present investigation, the glottis started opening at the posterior half of the mem-
branous portion. The opening movement then proceeded forward. This indicates, we think,
that the bilateral posterior maculae flavae and the tips of the bilateral vocal processes were
not tightly approximated. The maximum opening first took place at the end of the anterior
and posterior maculae flavae and was observed lastly near the junction between the anterior
and middle thirds of the membranous portion. It is an interesting fact that different portions
along the edge of the vocal fold move in inverse directions at the same time. At present, we
are not able to explain the mechanism of this phenomenon.

The phase differences in vibratory movements between different points along the vocal
fold edge were demonstrated also in the article by Tanabe et al. No systematic rules were
observed with respect to the occurrence of the phase differences in their study.

It has already been well documented that there are phase differences along the longitudinal
dimension. This complex vibratory behavior seems to be mandatory to protect the vocal fold
tissue from mechanical shock or damage possibly caused by vibration. Further analysis and
some theoretical interpretation of the relationship between the structure of the vocal fold and
the vibratory behavior are required.
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DISCUSSION

C. LARSON: Is there any difference in the elastic stiffness versus the viscous stiffness as
you progress along the length of the vocal folds?

M. HIRANO: We have no actual data on that point. However, Yuki Kakita, one of my col-
leagues, estimated on the basis of some experimental data, that the roll of viscous stiffness
is much smaller than the roll of elastic stiffness. (See Vocal Fold Physiology. University of
Tokyo Press, 1981).

R. SCHERER: Does the amplitude of the vocal fold motion of the medial surface increase
as subglottic pressure increases?
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M. HIRANO: Yes. Although we haven’t made any quantitative measurements on that, we
often see the phenomenon subjectively. Your question is really worthy of some research.
T. BAER: Considering that the most posterior point you measured showed significant vibratory
amplitude, could you comment on how much of the arytenoid cartilage participates in
vibration?

M. HIRANO: Since the cartilages and the posterior macula flava are stiff and will not flex
significantly, you can probably draw a straight line between point “m” and the posterior end
of the cartilage, which is fixed to the posterior cricoarytenoid ligament. Considering the length
of the arytenoid cartilage and the location of the fixed point at the posterior cricoarytenoid
ligament, you can estimate the dimension of the movement of the cartilagenous portion.
G. FANT: Can you describe the phonatory mode of this particular subject? Was it a medium
intensity?

M. HIRANO: Medium intensity and pitch, comfortable phonation.

H. HIROSE: Not infrequently, we observe that there is a phase difference in the longitudinal
direction in pathological cases under stroboscopy. Since this type of phase difference i