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Forward

This Eighth Status and Progress Report comes at the end of a busy summer that included a general NCVS
Conference in Madison, Wisconsin, and a new set of aims and priorities for all investigators. We thank the National
Institutes of Deafness and Other Communication Disorders for allowing us to continue in the framework of this
research and training center for another five years. We also thank our peers who brought many helpful suggestions to
the site visit last February.

As this report shows, many questions are still posed, and answers given, to the complex nature of vocal fold
vibration. On the one hand, Alipour, Scherer and company are approaching these questions from a computational
point of view, looking carefully at glottal airflow. On the other hand, Herzel, Berry and company are studying
vibration patterns on excised larynges, and Gray, Hammond, and colleagues are digging deep to discover the corre-
sponding tissue microstructure.

Clinical studies continue to highlight collagen injections, botulinum toxin injections, and tongue and hand
fatigue assessment. For Parkinson’s disease, formant trajectory and electroglottographic measures have been added to
diagnostic and treatment approaches. Some success is also reported on sulcus vocalis, a disorder that has been poorly
understood and managed.

Finally, we have included a tutorial on electromyographic techniques in Part II. Readers at any technical
level should find this both informative and entertaining.

Ingo R. Titze, Director
July, 1995
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Velocity Distributions in Glottal Models

Fariborz Alipour, Ph.D.

Department of Speech Pathology and Audiology, The University of lowa

Ronald Scherer, Ph.D.

Wilbur James Gould Voice Research Center, The Denver Center for the Performing Arts

James Knowles, B.S.

Department of Speech Pathology and Audiology, The University of lowa

Abstract

Understanding phonatory mechanism and acous-
tics requires the study of the air velocities within the larynx.
Velocity distributions within three models of the human
larynx, namely, a rigid plexiglas model, an excised canine
larynx, and a computational model were investigated. A
plexiglas wind tunnel with a glottal constriction was used as
a two-dimensional steady flow model to measure velocity
upstream and downstream of the glottis. Canine excised
larynges were used as a prototype pulsatile flow model to
study pressure and velocity variations during phonation.
Results of the plexiglas modelling indicated a parabolic
laminar velocity profile upstream of the glottal constriction
and turbulent and asymmetric velocity profiles downstream
of the glottal constriction. The time averaged velocities of
the excised larynx had similarities to the plexiglas model
results. Velocity instabilities and asymmetries were demon-
strated by the computational method. The results suggest
that both temporal and spatial velocity asymmetries exist in
the glottal flow, and therefore the acoustics of phonation
must take them into considération.

Introduction

The vocal folds within the larynx oscillate during
phonation to modulate the airflow from the lungs and create
sound. The dynamic motion of the vocal folds depends on
their tissue characteristics, their initial positions, and the air
pressure distributions within the glottis (the space between
the vocal folds). The air pressures on the surface of the vocal
folds act as external driving forces to help displace them and
dynamically change the shape of the glottis (1-3). Another
driving force is the shear force resulting from air viscosity
near the tissue surface. The amount of this force is deter-
mined by the velocity distribution within the glottis.

Since a vibratory cycle of the glottis will typically
result in shapes that are convergent during glottal opening
and divergent (or nearly parallel) during glottal closing (4),
anumber of experimental studies have reported information
on the translaryngeal and intraglottal pressure and bulk
airflows for the these glottal shapes (5-11). Analytic expres-
sions have been devised in the attempt to predict these
pressure drops (11,12), and some of these have been useful
in computer models and theories of vocal-fold oscillations
that include analogues of the tissue characteristics and
acoustic ducts above and below the glottis (13,14).

The glottal flow rate (volume velocity) has been of
primary interest in modelling studies of phonatory fluid
mechanics because of the ease of its measurement and its
usage in the one-dimensional analysis of airflow and acous-
tics in the larynx and vocal tract. The volume velocity is
sometimes referred to as the source of sound in phonation,
and is the primary output of the glottis for speech and
modelling purposes, particularly in the electric analogs
(linear circuits) of vocal tracts (1,14). Under the one-
dimensional assumption of airflow in the larynx, the glottal
flow rate is considered continuous and mean velocity may
be obtained from the continuity of mass and cross-sectional
area. However, this one-dimensional analysis suffers from
the assumption of uniform velocity profiles in the larynx and
vocal tract which has been challenged recently (15,16).
Also, shear forces can only be obtained from nonuniform
particle velocity distributions.

Since the particle velocity output is the more fun-
damental measure for the acoustic nature of sound produc-
tion, any non-uniformities in instantaneous velocity distri-
butions may be relevant to the resulting acoustic output.
There have been few theoretical studies of particle velocities
of the larynx (17-19), and experimental investigation of the
velocity in glottal models is at the beginning stage.

NCVS Status and Progress Reporte 1



The glottis is a 3-dimensional space. Atany instant
of time, the airflow within the glottis is not necessarily
uniform across any specific cross section. In particular,
when the glottis takes a diverging shape, the flow may move
toward one of the boundaries, more or less clinging to the
wall on that side, but separating from the wall on the other
(17). This asymmetry of flow may also give rise to differ-
ences in the wall pressures on the two sides of the diffuser
(the glottis). Because of the importance of the intraglottal
pressures in controlling vocal fold motion, the flow profiles
within the glottis need to be studied. Also, if the velocity
profile within the glottis is asymmetric, the velocities just
downstream of the glottis will also be asymmetric, and thus
can be detected and measured with hot wire anemometry.
Subtleties of acoustic variation dependent upon velocity
distributions just downstream of the glottis depend upon
knowledge of those velocity distributions, the topic of this
report.

In this study complementary information on par-
ticle velocities are obtained within three models of the
human larynx, namely, a rigid plexiglas model, excised
canine larynx models, and a computational model. The
purpose of this study was to obtain and compare velocity
profiles upstream and downstream of the glottis within these
models. Only the divergent glottis which occurs just priorto
glottal closure was considered in the plexiglas and compu-
tational models

Methodology

In this section, various methodologies involving the
plexiglas model, the excised larynx model, hot wire anemom-
etry, and the computational model will be discussed.

Plexiglas Model

The plexiglas model was constructed with two
primary parts, a relatively long duct that acts like a “wind
tunnel”, and the glottal orifice made of vocal fold pairs and
shims that create realistic glottal shapes and diameters.

i T exit

Tund entronca Test—section
 onemometer
Preumotach
——
Pow vave
Pressure
Tronsducer Suction
to- computer
Variac
PotterPrinter

Figure 1. Schematic of the plexiglas wind tunnel model.

The plexiglas wind tunnel (Figure 1) was created
by the [owa Institute of Hydraulic Research at the University
of Iowa. The length of the tunnel was approximately 2
meters, with an internal height of approximately 25.2 mm
and an internal width of 152 mm, for an aspect ratio of 6:1.
This aspect ratio can be decreased by insertion of styrofoam
walls (down to 1:1). The tunnel inlet consisted of an
extended aluminum honey comb and wire mesh assembly
15.5 cm long followed by a gradual contraction. This
construction was used to laminarize the flow. The down-
stream extension contracted over an extent of 32 cm and
attached to a suction source (a 4 hp Power Tank sweeper) to
draw the air. The output of the sweeper was controlled by a
Variable Autotransformer (Staco Energy Products, type
3PN1010V), with an intervening valve for fine flow control.
A pneumotach (F.E. Wiedeman & Sons double core) was
used with a Validyne DP103-10 pressure transducer to
record the bulk flow through the model.

The glottal flow constriction (Figure 1) was created
by the Medical Instrument Shop of the University of lowa.
This section consisted of removable plexiglas plates on the
wall of the wind tunnel to which were attached aluminum
vocal fold pieces and separation shims. The length of the
vocal fold pieces were the same as the width of the flow
tunnel (152 mm), creating essentially two-dimensional flow
conditions with a glottal length of 152 mm.

Brass and aluminum shims ran the width of the
tunnel and allowed a range of glottal gaps (distance between
the two constriction pieces). After the fitting of the glottal
pieces with the prescribed glottal gap, the gap was measured
using feeler gages along the length of the gap. In this study,
a uniform glottal gap with diameter of 0.6 mm * 0.01 mm
was used.

Excised Larynx Model

Excised canine larynges acquired from the Univer-
sity of Iowa Hospitals and Clinics were kept in saline
solution priorto experimentation. The larynges were trimmed
and the false vocal folds removed to expose the true vocal
folds. Air of 100% humidity and 37 degrees Celsius was
achieved using a Concha-Therm III Servo Control Heater
unit (RCI Laboratories). The larynges were mounted on a
pseudo-tracheal rigid tube (i.d. of 17.5 mm). The glottis was
easily viewed by a camera and accessible by the equipment
(Figure 2). Adduction and tension controls were established
by connecting cartilages to micrometers with sutures (20).

The mean pressure in the subglottal region 7 cm
below the glottis was monitored with a wall mounted ma-
nometer (Dwyer No. 1230-8). The mean flow rate was
monitored with an in-line flowmeter (Gilmont rotameter
model J197) upstream of the Concha-Therm 1l device. The
time varying subglottal pressure was measured with a
piezoresistive pressure sensor (Microswitch 136PC01G1)
at the same location as the manometer tap. Bandwidth for
the pressure transducer was approximately 0-800 Hz.

NCVS Status and Progress Report ¢ 2
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Figure 2. Schematic of the excised larynx experimental setup.

The Dantec 55P11 hot wire probe was placedin the
subglottal section 4.5 cm below the pressure tap location,
and the 55P14 probe was placed above the glottis over the
midline at a height of approximately 10 mm.

During the experiment, analog data from the hot-
wire probes, EGG (Synchrovoice), and the pressure trans-
ducers were monitored on a digital oscilloscope (Data Pre-
cision Data 6000) and simultaneously recorded on a Sony
model PC-108M Digital Audio Tape (DAT)recorder. These
data were digitized later with a 16-bit analog/ digital conver-
tor and analyzed on VAX-station computers.

Hot Wire Anemometry

Particle velocities within the plexiglas model, in
the inlet pipe of the excised larynx, and in the exiting jet of
the excised glottis were measured with a constant tempera-
ture hot-wire anemometer system (Dantec S6C01). In the
plexiglas model the hot wire probe (Dantec 55P14) was
mounted either upstream or downstream of the glottal re-
gion for experimental recordings. The upstream location
was 20.2 cm from the glottis (from the minimum cross-
section), and the downstream location was 2.1 cm from the
glottis outlet. The probe tip was traversed in the upstream
and downstream channels to transduce the velocity profiles
transverse to the glottal slit. The hot-wire signal was
calibrated at experimental temperatures and expected bulk
flows by placing a pitot tube in the center section of the
upstream measurement location, and calibrating the result-
ing velocity estimates with the hot wire system outputs for
the same bulk flows. The expected range of bulk flows were
used for this calibration. The best fit for velocity calibration
was obtained with a least-square polynomial model.

Calibration of the hot wire probe for the excised
larynx setup was performed by placing both a pitot tube and
subsequently the hot wire probe in the center of the jet
exiting a 0.6 cmuniform tube at the glottal bench attachment
location. This allowed calibration in steady flow at experi-
mental temperature and humidity conditions for the typical
range of velocities.

Computational Method

To obtain a detailed description of the flow field,
steady flow through divergent glottal constriction models
was solved numerically. A commercially available package
(FIDAP?") based on the finite element technique was used in
computational fluid dynamic (CFD) modelling. The major
task in using any CFD package is preparing the input data,
which includes grid point coordinates, element topology,
and boundary conditions. A total of 1000 elementsand4141
nodes were used in the computation. Based on the wall
coordinates and size of the gap, a data file was prepared that
included information on the keypoints on the boundaries,
boundary conditions, mesh density and the element distribu-
tions. The wall coordinates were obtained from the vocal
fold pieces in the plexiglas model.

Computations were performed onthe NCSACRAY
Y-MP supercomputer. A nine-node quadrilateral element
was used with higher mesh density near the constriction. An
iterative method with successive substitution was used to
solve the nonlinear Navier-Stokes equations. The Stokes
solution was used for initial iteration, and convergence was
set based on the maximum velocity residual of 1%. As the
Reynolds number increased to 100 for the upstream channel
(corresponding to 200 based on the hydraulic diameter of the
glottis), the convergence took longer, particularly for nar-
rower glottal gaps. The two control parameters, Reynolds
number and glottal gap ratio, both had major influence on
the convergence and outcome of the solution which will be
discussed later.

Results and Discussion

Results will be discussed relative to the subglottal
and supraglottal velocity profiles for the plexiglas, excised
and computational models.

Velocities in the Plexiglas Model

Figure 3 shows velocity profiles in the upstream
section of the plexiglas model. The distance between the
walls was 25.2 mm, and the closest hot wire probe placement
was about 0.6 mm from either bottom or top of the tunnel.
The six profiles shown represent Reynolds numbers (based
on the upstream dimensions) ranging from 1000t0 2000. As
Reynolds number increased, the profiles expectedly altered
from a parabolic shape to a shape with a relatively flat
portion near midline. This is due to the fact that at higher
Reynolds number the tunnel length required to achieve the
parabolic profile is longer. There is some minor asymmetry
noted for the intermediate Reynolds number profiles. The
velocity signal from the hot wire probe was quite stable
(noise free) in the upstream section of the model.

1 Fluid Dynamics Intemational, Inc., 500 Davis St., Suite 600, Evanston, IL 60201
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Figure 3. Velocity distributions upstream of the plexiglas model.

Unlike the upstream, the downstream velocity sig-
nal was changing with time at almost any location. Thus the
hot-wire signal was recorded on a microcomputer with a
digitizing board. Figure 4 shows velocity time waveforms
recorded at four positions 2.1 cm downstream of the glottis.
The four waveforms (V1, V2, V3, and V4) correspond to
transverse locations that are approximately 1, 2.5, 4.0, and
7.0 mm from the upper wall, respectively, where 7 mm is
28% of the channel height. Turbulence is noted for all four
locations, with the waveform V2 showing the largest abso-
lute velocity values, and V3 showing the next highest
values. The location closest to the wall shows the least
.amount of turbulence and the smallest absolute values. In
this example, the glottal shape was divergent with an in-
cluded angle of 30 degrees, and a minimal gap of 0.6 mm.
The Reynolds number at the glottal minimal gap, using the
hydraulic diameter, was approximately 2000 which corre-
sponds to a Reynolds number of 1000 in the upstream
section.

Figure 5 shows the average velocities for a two-
second interval at various vertical probe locations in the
channel. The profiles are transverse to the constriction gap
and were measured 1.70 cm downstream of the glottal exit.
The bottom of the channel corresponds to the right on the
horizontal axis. The non-uniformity of the velocity values
just discussed can be seen in this figure. This asymmetry
was probably caused by the instability of the jet. The jet
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Figure 4. Velocity waveforms recorded 2.1 cm downstream of the
Plexiglas glottis model with hot-wire positions of 1, 2.5, 4, and 7 mm from
the wall (traces from bottom to top, respectively). The glottis shape was
divergent; glottal diameter was 0.6 mm.

flows are very unstable and the critical Reynolds number for
them could be as low as 4 (21). The instability caused flow
to cling to one side of the glottal duct, and separate from the
other, causing flow to be faster toward one side of the
diffuser exit. Further, the instability caused a time depen-
dent (turbulent) flow downstream of the constriction as was
demonstrated in Figure 4. This will be demonstrated more
clearly in the computational modelling below.

Velocities in Excised Larynx Model v

Figure 6 shows a portion of the time varying signals
for an excised canine larynx (male, 27 kg, 18.0 mm vocal
fold length). In this figure the EGG signal, subglottal
pressure (Ps), and subglottal velocity (Vs) for three different
probe positions and jet velocity (Vj), are shown. The case
corresponds to a mean flow rate of 470 ml/s. About four
cycles are shown. The EGG signal waveshape suggests that
there was normal vocal fold contact during each period. The
frequency spectrum examination of the Ps waveform indi-
cates the existence of the first three partials in the waveshape
with a fundamental frequency of 111.3 Hz. The three
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Figure 5. Velocity profiles downstream of the plexiglas model with
divergent glottis and 0.6 mm gap.

subglottal velocity waveforms were taken at the 2, 4 and 8
millimeter locations from the tracheal wall within approxi-
mately a one minute interval. Although these waveforms
were not recorded simultaneously, the three subglottal ve-
locity profiles are similar in shape, with fluctuations in the
velocity waveform corresponding to the tracheal pressure
changes (20). The flow fluctuations are not completely
(phase) synchronized, however, suggesting different spatial
effects. It is expected that the velocity measured closest to
the wall (solid lines) might have greater viscous effects than
the other two locations. The discrepancies within the
subglottal velocity profiles across the same cross section
warrants deeper investigation. The output velocities Vj will
be discussed below.

Figure 7 (following page) shows velocity profiles
at the subglottal section 11.5 cm below the glottis. The
profiles are foreshortened on the right side of the figure
because of cautious placement slightly away from the wall
on that side. The subglottal tubing in the hot-wire section
was about 20 mm in diameter. Ten cycles of each subglottal
velocity waveform were averaged at alocation of 0.6 cm; the
average waveform is plotted under the profiles. Seven
locations on the cycles (1 and 7 at the two ends when flow

vj, m/s
10 20 30 40

Vs, m/s

30

Ps, cm-w
20

510

EGG
o

TIME, ms

Figure 6._The waveforms of a typical excised larynx result. The signals
are: electroglottograph EGG, subglottal pressure Ps, velocity in the
trachea Vs, and supraglottal jet velocity Vj.

is minimum, and 4 at the peak) were marked on each
waveform and extracted data were plotted as a function of
distance from one wall. The velocity profile changes in
shape and magnitude with time and has some inconsistent
asymmetry and skewness to the side. The average wave-
form is similar to the glottal volume velocity with skewness
to the right.

Figure 8 (following page) shows four profiles for
time averaged velocities at the subglottal cross sectionin the
excised larynx setup for four different bulk flows. The data
were obtained from the same larynx that was used for
Figures 6 and 7. The lowest flow rate of 292 ml/s (100Hz,
13.0 cm H,O subglottal pressure) had a relatively flat aver-
age velocity profile compared to the other higher flow
conditions. The subglottal setup included approximately 3
meters of helical plastic tubing to simulate a pseudo lung,
attached to one foot of straight tubing with imbedded honey
comb to recondition the air particle velocity for the hot wire
velocity measurement. The other three profiles correspond
to consecutively increased mean flow rates (470, 558, and
680 ml/s, respectively), with corresponding frequencies of
111, 166 and 146 Hz, and subglottal pressures of21.0, 13.2,
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Figure 7. Velocity profiles in subglottal section of the excised model.
These velocity profiles were selected at different phase of the oscillation
cycle.

and 18.1 cm H,0. Thus, these cases refer to different
frequency, subglottal pressure, and adduction conditions.
The four curves show increasing slopes of velocity change
away from (but near to) the wall, which is consistent with
shear stress dependence on the frequency and mean flow for
oscillating flow (21).

The supraglottal jet velocity (Vj) measured 10 mm
above and on the midline of the glottis is shown Figure 6.
The figure shows significant turbulence in the flow. The
flow undoubtedly exits the glottis in the form of a relatively
free field jet, giving rise to turbulence. The shape of the
velocity waveform depends on the location of the probe
(20), and may be quite different from the subglottal velocity
shape. Itis noted that there was no supraglottal ductto create
asignificant resonance structure that might have affected the
particle velocity waveshape.

Figure 9 shows time averaged and maximum par-
ticle velocities taken transversely across the glottis. Thedata
for this figure were obtained from a male canine larynx of 29
kg with a vocal fold length of 18.1 mm. The flow was 510
ml/s, fundamental frequency of 235 Hz, and a subglottal
pressure of 14.0 cm H,0. The peaks of the maximum and
time averaged particle flows were offset to the right, and thus
did not occur in the midline of this glottis. This suggests that
the glottal jet was displaced due to either asymmetric motion
of the vocal folds or asymmetric aerodynamics of the glottis.
Another possibility might be due to slightly asymmetric
mounting of the larynx on the bench or deviation of the
supporting tracheal tube from vertical position. Although
stroboscopy helps, itis not completely clearin this case if the
glottal motion is suspected. The aerodynamic possibility
suggests that the divergence of the glottal shape near maxi-
mum flow and at the beginning of closure may influence this
asymmetric output velocity seen in Figure 9. The datainthe
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Figure 8. Velocity profiles upstream of excised model. Data were
obtained from time-averaging of velocity waveforms measured in the
subglottal section at various flow rates.

excised larynx study show that both temporal and spatial
velocity asymmetries in the glottal flow are possible.

Velocities in Computational Model

Figure 10 shows the computational results for a
divergent glottis model at a Reynolds number of 50 and a
gap size of 1 mm. In the top figure, velocity profiles within
the glottal region are enlarged to provide greater detail.
Parabolic velocity profiles enter the glottis with increasing
values, and separate near the minimum glottal cross sec-
tional area. The flow then exits as a jet which maintains its
speed for a certain length and gradually spreads towards the
walls. At both sides of the jet, vortices are formed and
circulate in opposite directions. The shape of the profiles
and the jet are symmetric for low Reynolds numbers and
wider gaps. As Reynolds number increases or as gap size
decreases, this symmetry may not hold. As seen in Figure
11, at the top the glottal flow pattern for the divergent model
with a gap size of 0.73 mm and Reynolds number of 100 is
symmetric, but at the bottom, the flow pattern for the same
Reynolds number and a smaller gap size of 0.32 mm has
become asymmetric and the jet attaches to the wall. The
flow in the vocal tract past the glottis model becomes so
unstable that ordinary steady flow laminar CFD codes are
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Abstract

Self-sustained oscillation of the vocal folds was
simulated by combining two-dimensional laryngeal airflow
with multi-dimensional tissue movement. A finite-element
model was used for the solution of viscoelastic waves in the
tissue and a finite volume method was used in the solution
of Navier-Stokes equations for the airflow. A so-called
‘shadow method’ simulated the glottal constriction in the
flow model to avoid the complexity of grid movement. The
two-dimensional flow equations were solved in an iterative
manner until the given transglottal pressure was approxi-
mated. The flow solution was then used in the estimation of
the aerodynamic forces on the tissue, required in the finite
element solution of tissue movement. The results indicate
that inlet velocity profiles to the glottis are almost parabolic
at any instant of time. The glottal velocity increases to its
maximum at glottal exit at the center of a jet, with values
exceeding 40 m/s for 0.8 kPa of lung pressure. The jet
velocity waveform is similar to that of an excised larynx and
the pressure profiles are similar to those of steady flows in
physical models. Also, the displacement of the inferior
portion of the vocal folds leads the superior -position in
phase.

Introduction

Voice research has benefitted vastly from techno-
logical advancements in the last few decades. Among those
advancements are the new generations of workstations that,
combined with computer networks put computing power for
simulations of complex physical systems within reach of
almost every researcher. One particular form of the speech
simulation that received a lot of attention in recent years is
the biophysical modeling of voice production. In such a
models, physical laws of tissue and air movement are in-
volved in every aspect of voice production. Although the

models initially may include a set of rules built on empirical
relationships obtained from a speaker, gradual refinement
and validation ultimately favors physical laws over speaker
specific rules.

A biophysical model of voice production requires
at least three submodels. These submodels describe tissue
mechanics, laryngeal aerodynamics, and vocal-tract acous-
tics. Tissue mechanics dictates the vibrations of the vocal
folds and provides the geometry of the glottis, displace-
ments, and stress and strain distributions within the vocal
folds at every instant of time. Laryngeal aerodynamics
handles the calculations of pressure and velocity fields
within the glottis and the estimation of the external forces on
the vocal fold tissues. Vocal tract acoustics brings about the
acoustic pressure field within the vocal tract and radiation
from the mouth, nose, and skin surface. These submodels
can sometimes work independently, but generally need to
work interactively. The complete biophysical model in-
volves the integration of these submodels to run simulta-
neously.

Tissue mechanics has evolved from discrete low
dimensional models [1,2] to a finite element method (FEM)
continuum model [3]. Among the advantages of continuum
models are greater accuracy and ability to incorporate the
effects of complex tissue properties, such as anisotropy,
inhomogeneity, and mixed boundary conditions. Also,
continuum models provide a more detailed description of
the movement of fleshpoints that facilitate visual presenta-
tion of vocal fold oscillations (animation). The price paid for
these benefits is an increase in the computation time and the
need to specify more parameters.

Laryngeal aerodynamics can be the most compli-
cated part of the biophysical modeling process. This com-
plexity arises from the nonlinearity of the governing equa-
tions and the boundary interactions between tissue move-
ment and airflow at oscillation rates of over 100 Hz. Many
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Figure 3 (top). Inlet velocity profiles entering the glottis at various phases
of a cycle. Figure 4 (bottom). Intraglottal velocity profiles within the
glottis.

cycle. This predicted maximum velocity is close to the
measured peak velocity in the excised larynx with hot-wire
anemometry [14].

The effect of wall movement can be seen as the jet
width changes. Examination of jet velocities at other cross
sections shows that the peaks of the jet velocities stay
unchanged for a couple of centimeters away from the glottis,
but they pulsate as a function of time.

The instantaneous centerline pressure profiles of
the simulation case with lung pressure of 1 kPa are plotted
along the channel lengthin Fig. 6. The geometry of the vocal
fold wall is shown below. As vocal folds separates, the
pressure distribution is built-up in the glottis and a sharp
pressure gradient, similar to that of steady flow, controls the
laryngeal airflow. During the oscillation of the vocal folds,
the amount of the transglottal pressure and the shape of the
pressure profile changes. Once the glottis is closed, the
pressure becomes almost uniform on each side of the glottis.
The pressure drops on the walls (surface of the vocal folds)

Velodity, m/s
8

110

Figure 5 (above). Jet velocity profiles at the glottal exit.

may be a little higher than at centerline because of the longer
particle path on the walls {12].

Figure 7 shows the typical time-waveforms of a
simulation at lung pressure of 0.8 kPa. The waveforms from
top to bottom are glottal Reynolds number, jet velocity atthe
glottal exit, and glottal flow rate (volume velocity). The
Reynolds number is essentially proportional to glottal flow
rateand canexceed 1300 duringacycle. The flow rate signal
differs from that found by Bernoulli’s solution, but its
maximum is about the same. The jet velocity has a big jump
from zero at glottal opening and shows some fluctuations
that could be due to the iteration method of the solution.

Figure 8 shows overlaid waveforms of glottal width
and glottal area for the lung pressure values of 0.4-1.2 kPa.
The profiles show skewness, a well known phenomena in
the phonation [20]. As the lung pressure increases, the peak
of these waveforms increases and moves to the left.

Conclusions

The results of this study have shown that flow-
induced self-oscillation is obtainable by solution of the
Navier-Stokes equations in a two-dimensional glottal flow
duct. the calculations are tedious and require iterations
within a time step. The benefit, however, is a better descrip-
tion of the velocity and pressure profiles during all parts of
the glottal cycle. This detailed information about the
velocity and pressure distribution should complement ex-
perimental data from excised larynx in the development of
comprehensive theory of aerodynamics of phonation. Vor-
tex shedding and jet formation are now predictable for given
specific glottal geometries, even for time-varying cases.
From these results, we hope to provide correction factors for
simplified Bernoulli flow equations when computation speed
is a major criterion.
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Abstract

Bifurcation analysis is applied to vocal fold vibra-
tion in excised larynx experiments. Phonation onset and
vocal instabilities are studied in a parameter plane spanned
by subglottal pressure and asymmetry of either vocal fold
adduction or elongation. Various phonatory regimes are
observed, including single vocal fold oscillations. Selected
spectra are shown to demonstrate the correspondence be-
tween these regimes and vocal registers noted in the litera-
ture. To illustrate the regions spanned by the various
phonatory regimes, two-dimensional bifurcation diagrams
are generated. Many instabilities or bifurcations are noted
in the regions of coexistence, i.e., the regions where the
phonatory regimes overlap. Bifurcations are illustrated with
spectrograms and fundamental frequency contours. Where
possible, results from these studies are related to clinical
observations.

Introduction

Given the nonlinearities associated with aerody-
namically coupled oscillations, a nonlinear dynamics ap-
proach is essential in any study of vocal fold vibrations.
While nonlinearities are routinely implemented in the simu-
lation of vocal fold movement, it is less common to use a
nonlinear approach in the analysis of vocal fold vibrations.
The bifurcation diagram (to be explained shortly) is a crucial
element in nonlinear analysis, especially when the system s
expected to be governed by low-dimensional dynamics.

In relation to vocal fold dynamics, a bifurcation is
a sudden qualitative change in the vibratory pattern of the
folds, usually induced by a small change of some parameter

such as lung pressure, vocal fold tension, or asymmetry.
One common bifurcation (induced by gradually increasing
the subglottal pressure) is phonation onset, an initialization
of self-sustained vocal fold oscillations from a state of rest
(1-3). Other common bifurcations include frequency jumps
to new periodic oscillations or to subharmonic oscillations
(Fy/2, F/3, etc.), the onset of low-frequency modulations
into the vibration pattern, and jumps to irregular oscillations
associated with chaos (4-9).

The purpose of the bifurcation diagram, especially
the two-dimensional bifurcation diagram explored in this
paper, is to document the regions where distinct vibration
patterns occur. Some regions which might have physiologi-
cal relevance include the parameter space spanned by
subglottal pressure and vocal fold tension, or the region
spanned by subglottal pressure and an asymmetry param-
eter, such as the ratio of tensions between the left and right
fold.

For nonlinear systems like the vocal folds, the
regions of different vibratory regimes may overlap. This
overlap between regions poses serious consequences for
vocal control: wherever an overlap occurs, more than one
vibration pattern may result from the same vocal fold con-
figuration. In suchregions, involuntary, spontaneous jumps
from one vibration pattern to another may occur. In fact, all
the examples of bifurcations just listed may occur in such
regions. Consequently, bifurcation diagrams have immedi-
ate clinical relevance for pin-pointing the regions where
instabilities, voice breaks, and other transitions may occur.
They are also useful for documenting the overall range and
capabilities of a particular voice.
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A two-dimensional bifurcation diagram that has
often been used in connection with voice training and voice
analysis is the Voice Range Profile (VRP). In the plane
spanned by fundamental frequency and intensity, the VRP
maps out the region where phonation is possible. Conse-
quently, a central focus of the VRP is the Hopf bifurcation,
the bifurcation associated with phonation onset. In generat-
ing the VRP, usually no attempt is made to maintain a
particular voice type or vocal fold configuration. Rather,
just one cumulative region is noted to encompass the entire
vocal range of the subject.

In a recent study by Steinecke and Herzel (3),
extensive bifurcation diagrams were generated for an asym-
metric two-mass model of the folds. While the results ofthat
study have implications for vocal fold paralysis, they need
to be substantiated with models more directly related to the
vocal fold morphology. Thus, in this investigation, bifurca-
tions will be generated with excised larynges in an attempt
to narrow the gap between biomechanical simulations and
clinical observations.

In this paper, we first describe the methods for
generating phonation from the excised larynges, and the
protocol for data collection for the bifurcation diagrams.
Next, an illustration of Hopf bifurcations (bifurcations asso-
ciated with phonation onset) is presented. A qualitative
description is given of the vibration patterns observed in the
investigations, as well as a comparison of these patterns to
registers discussed in the literature. In another section,
bifurcations of relatively symmetric folds are presented.
Finally, two bifurcation diagrams are shown for bifurcations
induced by both adduction and elongation asymmetries. All
observations are discussed and compared with clinical ob-
servations and with results from biomechanical simulations.

Methods

Five larynges of large mongrel dogs (on the order
of 25 kg) were obtained from the cardiac unit of the Univer-
sity of Iowa Hospitals and Clinics. The animals were
sacrificed for other purposes, but the tissue was made
available to us post mortem. Each larynx was dissected and
trimmed as described elsewhere (10). The thyroid cartilage
was bracketed and firmly mounted on a tube supplying
heated and humidified air. One suture was attached to the
anterior arch of the cricoid cartilage, allowing the vocal
folds to be symmetrically elongated before asymmetries
were applied, i.e., an upward pulling on the suture would
elongate both folds, whilea downward pulling wouldshorten
both folds. '

To permit asymmetrical adductory adjustments,
sutures 4, and 4, were attached to the muscular processes of
the arytenoid cartilages (see Figure 1). As shown, the
sutures coursed anteriorly, medially and inferiorly, to ap-
proximate the action of the lateral cricoarytenoid muscle
during adduction. Sutures L and S (see Figure 1) were

Figure 1. A schematic of the sutures used to induce the asymmetries on the
excised larynx.

attached to the left arytenoid cartilage, enabling asymmetri-
cal elongation of the folds. All sutures were attached to
micrometers for precise control in manipulating the degree
of asymmetry.

All experiments in this study were recorded with a
Super VHS color video system, including an audio record-
ing with a Sennheiser-MD441U3 microphone, displaced
from the glottal opening by approximately 6 inches verti-
cally and 4 inches horizontally. Selected portions of the
audio signals were later digitized with 16-bit resolution and
a sampling rate of 22.1 kHz (anti-aliasing filters were set at
10 kHz). In general, the following protocol was used:

* The micrometer settings were adjusted (typically
in 1 mm increments) and documented.

* The subglottal pressure was gradually increased
from zero to 20-30 cm H,0. A special note was made of
pressures associated with phonation onset, jumps from
one vibration pattern to another, instabilities, etc. Where
possible, an attempt was made to strobe the various
phonatory regimes.

* The subglottal pressure was gradually decreased
back to zero. Again, it was noted where phonation
stopped, and where instabilities and transitions occurred.

The process was repeated until all desired asymme-
tries had been investigated on 5 different larynges. No
instabilities or bifurcations were noted for the asymmetries
applied to Larynx 1 or 2 other than those associated with
phonation onset. “Symmetric” bifurcations related to vocal
fry-like regimes were noted for Larynx 3, especially at high
pressures. For Larynx 4, extensive bifurcations were in-
duced with adduction asymmetries. Finally, bifurcations
due to elongation asymmetries were observed in the inves-
tigations of Larynx 5. All these findings will be presentedin
the following sections on Phonation Onset, Symmetric Bi-
furcations, Bifurcations due to Asymmetric Adduction, and
Bifurcations due to Asymmetric Elongation of the Folds.
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Phonation Onset

How much pressure is required to initiate and
sustain phonation? In a more formal sense, where does the
Hopf bifurcation (phonation onset) occur within a given
parameter space? This question has immediate clinical
relevance for investigating the “ease of phonation” under
various conditions, including hydration level (11), pre-
phonatory glottal shaping (12), vocal fold tension or funda-
mental frequency, and degree of disorder (e.g., to initiate
phonation with unilateral paralysis, a relatively large
subglottal pressure would be required). For computer mod-
els of phonation, related questions have already been care-
fully documented (2-3,13-14).

It is also of interest to know whether the Hopf
bifurcation is supercritical (a soft onset with n0 hysteresis)
or subcritical (an abrupt onsetwith hysteresis). Forthe latter
case, two thresholds exist: one associated with phonation
onset as subglottal pressure is gradually increased, and one
corresponding to the cessation of phonation as subglottal
pressure is decreased (15). Examples of subcritical Hopf
bifurcations from Larynx 2 are shown in Figure 2. The upper
line denoted by “+” symbols indicates the sudden onset of
phonation as pressure is increased, whereas the lower line
denoted by “0 “ symbols indicates the location where pho-
nation stopped as the pressure was lowered.

Phonation Threshold Pressures
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Figure 2. Phonation threshold pressures for Larynx 2. The horizontal

axis displays the micrometer readings associated with suture S for
negative elongation values, and suture L for positive values.

Both the upper and lower thresholds shown in the
Figure 2 represent the average value of at least two repeated
measurements for Larynx 2. The mean difference of re-
peated measures was approximately 0.35 cm H,0. Over
most of the range of induced asymmetries, there isa 1-2 cm
H,O hysteresis observed in the curves separating aphonia
from phonation. However, for large asymmetries, this

number increases substantially. Also, as might be sus-
pected, the phonation threshold increases as the elongation
asymmetry is increased.

The area between the upper “+” and the lower “0*
symbols is the region where aphonia and phonation coexist
for Larynx 2. In this region, small perturbations (i.e., suture
adjustments or variations in subglottal pressure) were ob-
served to induce or terminate phonation. Such findings are
reminiscent of the involuntary and intermittent aphonia
observed in patients with vocal paralysis. Although the
details of Figure 2 are not necessarily general observations,
all 5 larynges showed some hysteresis in connection with
phonation onset.

Vibration Patterns and Phonatory Regimes

Through systematic and extensive variations of
subglottal pressure and asymmetric adduction and elonga-
tion, a wide variety of vibratory regimes have been explored
in the canine larynges, reminiscent of the wide range of
vocalizations possible in the human voice. Although not
always strictly defined, the concept of registers is often used
to describe different vibratory regimes (16-20). Some of the
registers which are commonly distinguished include:

*  vocal fry or pulse register

* chest

* falsetto or head

*  whistle, flageolet, or flute register.

Below we present regimes which might fit within
these general classifications, although no rigorous justifica-
tion will be given for assigning a particular vibration pattern
toa particularregister. Rather, assignments will be based on
perceptual evaluations and qualitative differences in spec-
tra.

Figure 3 (following page) shows spectra for (a)
chest-like phonation, (b) falsetto-like phonation, and (c)
flute-like phonation. Spontaneous jumps were observed
between (a) and (b), and just a small variation in elongation
asymmetry (i.e., a 1 mm increase) induced the jump to (c).
The vibration pattern for chest-like phonation revealed large
amplitudes of vibration, complete closure, a pronounced
mucosal wave, and relatively intense higher harmonics (see
Figure 3a). The falsetto-like phonation was characterized
by small amplitude vibrations, incomplete closure, weak
phase delay between the upper and lower edges of folds, and
less intense higher harmonics (see Figure 3b). The flute-like
phonation had nearly double the frequency of the other two
vibrations patterns (about 200 Hz, instead of 100 Hz),
despite similar conditions. It had small vibrations, a weak
glottal opening, no visible mucosal wave, and very weak
harmonics (Figure 3c). Water on the folds appeared to be
rotating synchronously with vocal fold oscillations, giving
an indication of vorticity at the same frequency as the vocal
fold oscillations. Virtually the same characterization has
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small ornon-existent. Atlargerelongationasymmetries, the
coexistence region became very significant and many spon-
taneous jumps were observed between chest and falsetto-
like vibrations.

Only a small region corresponded to flageolet or
whistle register. Althougha high frequency whistling sound
was present for higher asymmetries as well, vibrations did
not appear to be induced at the higher frequencies. This
high-pitched whistling might be comparable to “whining”
elicited from anesthetized dogs (27). We expect that pure
whistling and whistle or flageolet register (i.e., vortex-
induced vibrations) are closely related, both being induced
by vorticity above the glottis. Indeed, if plotted in a bifur-
cation diagram such as Figure 10, these two phenomena
would occur at neighboring parameter regions.

Although elongation asymmetries were often not
visible (they increased the tension of the folds, but usually
did not significantly alter the vocal fold geometry), experi-
mental results indicate their profound influence on the
overall vocal fold vibration patterns. Thus, in the treatment
of unilateral paralysis, the influence of elastic asymmetries
needs to be considered in addition to the more obvious
geometric asymmetries.

In summary, bifurcation diagrams have proven
useful for studying vocal fold dynamics, just as they have for
many other nonlinear systems. We envisionthat the system-
atic framework demanded in the generation of bifurcation
diagrams will guide many future studies of vocal fold
oscillations.
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Coupling of Neural and Mechanical Oscillators in

Control of Pitch, Vibrato, and Tremor

Ingo Titze, Ph.D.

Department of Speech Pathology & Audiology, The University of lowa

Introduction

Traditionally, voice production has been concep-
tualized as the combination of one active source (an oscilla-
tor) and several passive systems that modify the sound
produced by the source [1]. Oscillation seemed to occur
only at the vocal folds while “resonation” occurred in the
vocal tract (subglottal, supraglottal, nasal). This simple
division between active and passive systems is no longer the
most useful conceptualization. First, the vocal folds them-
selves have resonances (normal modes) that are in principle
no different from the resonances (formants) of the vocal
tract. Each normal mode of a single vocal fold can be
thought of as a distinct oscillator, as each vocal tract formant
isan oscillator. Thus, we have a system of many mechanical
and acoustic oscillators, some of which are strongly coupled
while others are weakly coupled or non-excited.

Overriding the mechanical and acoustic oscillators
are the neurologic oscillators. Evidence is growing that
vocal vibrato, for example, may be a cultivated vocal tremor
[2]. A collection of tremor frequencies in the 4-7 Hz range
is assumed to originate in the central nervous system. This
collection of frequencies produces a band of low-frequency
noise in laryngeal muscle contractions. A peripheral oscil-
lator (we suspect partly mechanical and partly reflexive) is
tuned to a specific frequency within this band (around 5.0
Hz). When the peripheral oscillator is excited by the tremor
spectrum, a relatively stable vibrato frequency results, typi-
cally between 5-6 Hz. :

Confusion can arise between neural oscillations
and low frequency modulations within the mechanical and
acoustic oscillators. These low frequency modulations are
often beat frequencies between two oscillators (say, two
similar modes of the left and right vocal folds) that have been
observed in the 20-30 Hz region [3].

The purpose of this paper is to lay the groundwork
for exploring some of the similarities and differences be-

tween neural and mechanical oscillations. The work is
incomplete, but there is enough data and theory to draw
some tentative conclusions.

Review of an Experiment

During the course of an experiment designed to
record the electromyographic (EMG) activity of laryngeal
muscles in a singer, the opportunity presented itself'to probe
the natural vibrato with an artificial vibrato [4). This
allowed for some basic hypotheses to be explored about a
peripheral resonance phenomenon for vibrato (and possibly
vocal tremor) in the larynx.

Figure 1 illustrates the experimental design. We
assumed that a natural vibrato begins with a collection of
tremor frequencies in the 4-7 Hz region, shown in the upper
left portion of the diagram. This collection of frequencies
excites both the TA and CT muscles, which are otherwise
activated tonically to produce the mean fundamental fre-
quency (F). Mechanical rotation and translation takes place
around the cricothyroid joint. A resonant system is pre-
sumed to exist on the basis of reflex loops between mecha-
noreceptors and the intrinsic musculature, as the center of
the diagram suggests.

In the experiment, a stimulator was used to excite
the cricothyroid muscle with a train of pulses (bottom of Fig.
1). The pulse train contained a harmonic spectrum of
frequencies. By superposition, each harmonic component
could be thought of as a separate excitation of the muscle.
The fundamental component of the pulse train varied be-
tween 2-8 Hz. Direct muscle stimulation was used with a
pair of hooked-wire electrodes placed into the belly of the
muscle. This method of stimulation was not necessarily the
best method, but seemed highly convenient since the elec-
trodes were already placed for EMG recording. The subject
could produce both vibrato and non-vibrato phonations
when the stimulator was turned either on or off. Thus, all
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Figure 1. Diagram of an experiment to test the interaction between
natural and artificial vibrato.

combinations of natural and artificial vibrato could be probed.
We hypothesized that the two vibratos would interfere and
that the natural vibrato could be entrained by the artificial
vibrato.

Figure 2 shows the frequency response curve of the
peripheral oscillator when the fundamental frequency of
stimulation was varied from 2-8 Hz. The subject phonated
an /a/ vowel without natural vibrato at 220 Hz. The
excitation level of the stimulator was kept constant as the
fundamental component ofF, variation was measured. Note
the tuning around 5 Hz, suggesting that there is a resonance
in this peripheral system.

In the next part of the experiment, the combination
of natural vibrato and artificial vibrato was probed. In Fig.
3, the natural vibrato frequency is plotted as the stimulation
frequency (the artificial vibrato) is varied. Note that when
the stimulation frequency was considerably below the natu-
ral vibrato frequency, e.g., 3-4 Hz, the two frequencies
appeared to be independent of each other. In other words,
the vibrato frequency remained roughly constant as the
stimulation frequency was increased. In the region of 5-6
Hz, however, an entrainment took place between the stimu-
lation frequency and the natural vibrato frequency. Thetwo
frequencies locked onto each other. When the stimulation
frequency was increased further, e.g., into the 6-8 Hz range,
the two frequencies became independent again. This sug-
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Figure 2 (top). Frequency response curve of a peripheral oscillator
apparent in a singer. (From Titze, Solomon, Luschei & Hirano, 1994)
Figure 3 (bottom). Vibrato frequency as afunction of stimulation frequency,
showing entrainment in the 5-6 Hz region. (From Titze, Solomon, Luschei
& Hirano, 1994)

gested that the frequency of the peripheral oscillator is not
hard-wired, but rather can be puiled up or down by about 1
Hz with a more dominant oscillator.

The current step in the investigation of vibrato is to
determine what some of the mechanical properties of the
peripheral oscillator might be, and how they can produce the
observed effects.

Characteristics of the Peripheral Oscillator

The mechanism of rotation of the cricoid cartilage
relative to the thyroid cartilage is shown in Fig. 4. The force
produced by the cricothyroid muscle, F,, produces a clock-
wise rotation of the cricoid cartilage about the CT joint. This
rotation is quantified by the angle 6. The torque arm for this
rotationisw. A counterclockwise torque is produced by the
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Figure 4. The mechanics of rotation about the cricothyroid joint.

thyroarytenoid muscle, with a contractile force F,, and a
torque arm 4. In combination, the two torques produce a
length change AL,. The equation of motion for this rota-
tional dynamics can be written as

WFo, = hFp + k0 +d6 +18 . §))

where/ is the rotational inertia, & is the rotational stiffness,
and d_is the rotational damping. The “dot-over” is used to
indicate time differentiation. By identifying the rotational
strain € = h@/L , where L is the resting length of the vocal
folds, equation (1) can be rewritten as

WFer = hFp, + (K LJh) (e, + 1,8,) + (L [R)&, 2)

where a time constant of the rotational system has been
defined as ¢ = d/k. This differential equation for the
rotational strain € canbe solved if the muscle forcesF.and
F,, are known.

The translational dynamics of the system are illus-
trated in Fig 5. We assume that the cricothyroid joint can be

CT joint

Figure 5. The mechanics of translation (gliding) over the cricothyroid
Jjoint.

displaced from its equilibrium position. In other words, the
cricoid cartilage can glide forward or backward on this joint
by contraction of either the CT or the TA muscle. The
change in vocal fold length produced by this gliding is
labeled AL,. The equation of motion can be written as

Fepcosh = Fp + k(AL) + d(AL) + M(AL) (3)

where M, is the mass, & is the stiffness and d, is the damping
for translation. An additional parameter for this mechanical
system is now the relative angular orientationcos¢ between
the CT force and the TA force. Defining a second time
constraint as ¢, = d/k, and the translational strain as €, the
equation becomes

FCTco‘ﬂb = FTA + krl‘o(er * tl‘ét) + MrLoé: (4)

As before, this equation can be solved for the translational
strain if the muscle forces are known.
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Figure 6. A model of muscle. (a) Sketch of basic sarcomere components,
(b) a lumped element mechanical representation.

Lumped Parameter Models for the CT and TA Muscles

A lumped parameter model of muscle tissue is
shown in Fig. 6. Part (a) shows a schematic of the sarcomere.
According to the sliding filament theory, molecular forces
of attraction cause the actin protein molecule to slide in the
direction of greater overlap with the myosin molecule,

causing a force against the load F. In part (b), the parameter
k, represents the parallel stiffness of sarcolemma, i.e., the
connective tissue between muscle fibers; k, represents the
series stiffness within the sarcomere; and d is the internal
viscous damping when sliding takes place. The internal
contractile force F, will be discussed later.

Twopointsare identified in Fig. 6b where Newton’s
laws of motion can be solved. The first is an internal point,
where the displacement of the actin in the sarcomere is V. At
this point the equation of motion is

k(p + ¢ + d;"i = F, 5)

At the load end of the muscle, the displacement y is
identified. For this displacement, Newton’s law of motion
yields

kx(‘l’ + P+ kplll = F )

These two equations can be combined by solving for V,in
equation 6 and substituting the result into 5. This gives

k +k, .
p " s d :
d_k, Y +kP1|: = F-F + —k F )

s

By defining two new time constants

k +k
t, = d-2—=
’ Kk, ®
and
d
t = =
, 9
s ks )
equation 7 can be simplified to the following form,
k(W+t¥) = F-F +tF . (10

The equation can now be normalized to include
stress and strain variables. If4 is the cross-sectional area of
the muscle, L is the resting length, g, is the active stress, and
E is the Young’s modulus, then

F+tF = Alo,+E(e+19] , (1)
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where e= WL ,0,=F/4, andE = kPLo/A. Henceforth in
the development of the rotational and translational models,
this equation will be used to represent the dynamic charac-
teristics of both the CT and TA muscle.

The time course of the activation can be repre-
sented by another first-order differential equation,

(12)

where ¢_ is the activation time, a is the normalized muscle
activity (ranging from 0.0 to 1.0), and g, is the maximum
active stress. In combination, equations 11 and 12 represent
a second-order mechanical system for the muscle [5].

. To test the model of a muscle, the following para-
digms are usually adopted: 1) the stress strain response, 2)
the force velocity response, 3) the stress relaxation response
after a step strain, 4) the strain creep response after a step
stress, and 5) the maximum active isometric stress as a
function of strain. We will present only a few of these tests
as a validation of the muscle model.

Figure 7 shows the passive stress strain response
for a sample of thyroarytenoid muscle (data circles) and for
the model (solid curves). Note that this stress strain curve is
nonlinear and that the straining process involves energy
dissipation, as measured by the area between the rising and
falling curves. This hysteresis suggests that the stress is not
only a function of strain but also of strain rate. Strain rate is
of course quantified by the damping element in the muscle
model of Fig. 6b.

Figure 8 shows the responses of the muscle model
to step strains and sudden activation. Six different step
strains are applied att=0.2 s, as shown in part (b). Note how
quickly the stress relaxes in part (a). This time constant is
less than 0.1 s in this simulation. Att=2.0s, the muscle is
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Figure 7. Passive stress-strain curves of muscle, as (a) measured on
canine TA, (b) simulated with a model.

activated on to 50% of maximum. The response delay is on
the order of 0.4 s. Both the relaxation time and the activation
time can of course be varied at will with the model param-
eters.

Table 1 (next page) shows the entire set of param-
eters selected currently for the CT and TA muscle models
and the CTJ dynamics. Note that some of the parameters are
constants while some vary with &, the muscle or vocal fold
strain. The most complex parameter so far is the empirical
formula for translational strain at the bottom of the table [6].
Also of interest are maximum active stresses and Young'’s
moduli in the CT and TA muscles [7,8]. The constant values
are mostly estimates from unpublished data in our labora-
tory or order-of-magnitude calculations from basic physical
principles.

Nonlinear Mechanisms That May Contribute to Oscilla-
tion

The major challenge that remains is to determine
what nonlinear mechanisms can produce oscillation in this
neuromuscular system. The most likely candidate is a slow
reflex [9], combined with several mechanical response
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Figure 8. Stress relaxation and muscle activation in a muscle model: (a)
the stress response afier elongation at 0.1 s and activation at 2.0s, (b) the
step stimulus at six levels of strain.
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Table 1.
Parameters for the Biomechanical Model

CT Muscle Symbo! { Value Unit
Activation time 1, .03 s
Series contraction time X .04 +.08¢ s
Parallel contraction time 4 .10+.80e s
Reflex loop time 3 .07 s
Resting length Locr 015 m
Maximum active stress O 100-420 (¢-.4) kPa
Young's modulus E 20-120¢+600¢* kPa
Cross-sectional area A .000078 m?

TA Muscle (Vocal Fold)

Activation time t, .03 ]
Series contraction time t .04+.08¢ s
Paralle! contraction time L, .10+.80¢ s
Reflex loop time t, .07 s
Resting membranous length | L, 016 m
Maximum active stress % 100-87.5 (e-.4) kPa
Young's modulus E 20-120¢+600¢* kPa
Cross-sectional area A .000031 m?

Cricothyroid Joint Dynamics

Rotational inertia I, .000001 N s

Translational mass M, .01 kg
Rotational time constant t .02 s
Translational time constant 4 02 s
TA moment arm h 015§ m
CT moment arm w 0148 m
Rotational stiffness k. 08185 N-m
Angle between TA and CT | cosé 263 -
Translational stiffness k, 500 (1+10°L,26°)(1+20/xh |¢]) | N/m

latencies in the muscles and CTJ rotation. These combined
latencies could produce positive feedback in a negative
feedback control loop. A reflex latency of 70 ms, for
example, combined with a 30 ms muscle activationtime and
a 20 ms CTJ rotation time, produced an oscillation on the
order of 6 Hz in the model (Fig. 9). The reflex loop was
modeled as

a = a, - ge(t - tn) , 13)
where a is the modulated muscle activation after feedback
has been applied,a is the unmodulated activation,gisaloop
gain (chosentobe 0.1 inFig. 9), €isthe vocal fold strain, and
¢ is the neural reflex delay time (70 ms as listed in Table 1).
! To explain Fig. 9 further, the calculated F, varia-
tion is shown in part (a). This F, calculation was based on
a model described earlier [10]. In part (b) is shown the
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Figure 9. Oscillatory behavior of the combined model of muscle
contraction, cricothyroid joint dynamics, and feedback delay in the CT
and TA reflex loop. (a) the F contour. (b) Strain in the TA muscle (solid)
and the CT muscle (dashed). (c) Muscle activities; the solid line is
modulated TA activity, the dotted line is unmodulated TA activity, the
dashed line is modulated CT activity, and the dot-dashed line is
unmodulated CT activity.

variation in vocal fold strain (solid line) and the correspond-
ing variation in the strain of the CT muscle (dashed line).
Finally, in part (c) we see the modulated and unmodulated
(tonic) muscle activities. For the TA muscle, the chosen
unmodulated activity (dotted line) was 30% (0.3) and for the
CT muscle it was 60% (0.6). These activities were switched
onatt=0.2s. Note that the modulated activities oscillate
around the tonic values and finally asymptotic toward them
when oscillation damps out. Self-sustained oscillation was
also achieved with higher loop gain, but we don’t know how
realistic any of these gains are.

Conclusion

This investigation is incomplete at this point. Sev-
eral of the subsystems of the vibrato and tremor model have
been quantified, but other subsystems are just beginning to
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be explored. Hence, no final conclusion can be drawn about
the explicit mechanism that produces vibrato or tremor in
the larynx. A longreflex latency remains a prime candidate,
however, because it does seem to produce the type of
resonance measured as a human subject. We expect that
better answers will be obtained once the entire system has
been quantified adequately. In particular, we need to know
more about the mechanical response times of the muscles
and the loop gain of the late reflex [9].
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Abstract

The presence of shimmer (changes in the cycle-to-
cycle amplitude) in frequency modulated synthetic vowels
(used to simulate jitter phenomena) has often been attributed
totime-aliasing. Time aliasing occurs whenadding aperiodic
overlapping impulse responses. The resulting cycle be-
comes distorted relative to previous cycles, resulting in
measurable shimmer. As a consequence, whenever jitter is
present, any measurement of shimmer is the sum of this
jitter-induced shimmer plus the inherent amplitude modula-
tion from the vocal fold oscillations. In this study mecha-
nisms of jitter-induced shimmer other than time-aliasing are
considered. The behaviour of a time domain simulation
model that generates vocal fold motion and the pressure and
flow signals generated in the vocal tract was observed. The
simulations used a driven model of vocal fold tissue dis-
placement, permitting the characterization of sources of
shimmer induced by frequency modulating the displace-
ment. It was found that shimmer appears as a result of slope
changes in the glottal area and glottal flow waves, and from
direct amplitude modulation of the maximum tissue dis-
placement. These jitter-induced amplitude perturbations
then propagate through the vocal tract. In this paper, we
discuss these mechanisms, and also the effect of wave
propagation speed. A self-oscillating mass-spring model is
also simulated for comparison.

Introduction

Measurements of jitter and shimmer on voice sig-
nals are obtained for the purpose of discerning perturbations
in the oscillatory behaviour of the vocal folds. Jitter is
defined as the average cycle-to-cycle change in the funda-
mental period length, and shimmer is the average cycle-to-
cycle change in amplitude. Although the fundamental pe-
riod length is well defined, there is no generally accepted
definition of amplitude for a complex signal. Traditional
definitions rely on specific cyclic events in time, such as the
largest positive peak-to largest negative peak, or the largest
negative peak value. Other definitions include the root-
mean-squared (RMS) value of each cycle (given that the
fundamental period markers have been correctly placed)
used by Kempsterand Kistler(1984) and Hillenbrand (1987),
or the gain factor defined by Milenkovic (1987).

All of these amplitude definition and extraction
algorithms work well with amplitude modulated (AM) voic-
ing signals, reporting linear increases in shimmer as the
extent of the AM is increased. Their behaviour under fre-
quency modulation (FM), however, is nonlinear. This
nonlinearity is often attributed to time-aliasing (Qi, 1994);
(Oppenheim, 1989). The phenomenon has been observed by
both Hillenbrand and Milenkovic and found to vary with
vowel and F . The concept of time-aliasing stems from the
impulse driven nature of the source-filter model of speech.
The vocal tract is modeled as a linear filter excited by an
impulse train. From cycle to cycle, preceding vocal tract
impulse responses overlap and add to the current cycle.
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When the train is aperiodic, the changing phase relation-
ships between consecutive impulse responses cause the
signal to become distorted relative to previous cycles, result-
ing in measurable shimmer. Since all of the amplitude
definitions defined above extract measurements at a stage
where the time aliasing has already occurred, they all suffer
from its effects.

As a consequence, whenever jitter is present, any
measurement of shimmer cannot be solely attributed to
amplitude modulation ofthe vocal fold oscillations. It would
. thus be useful to devise techniques that can ignore or
overcome aperiodic time aliasing as a shimmer source, or
else identify and analyze other signals that more accurately
reflect the fold behaviour.

In this study the second alternative is pursued. We
examined the behaviour of a time domain simulation model
that generates signals describing vocal fold motion and the
resulting pressure and flow signals generated throughout the
vocal tract. This enabled us to characterize possible sources
of shimmerinduced by the FM modulation of a driven model
of vocal fold tissue displacement. It was found that vocal
tract time aliasing is only one of a number of sources of
shimmer originating from different mechanisms and affect-
ing various signals. Shimmer also appears to be a result of
the nonlinear interactions between the transglottal acoustic
pressure, mucosal wave velocity, and tissue displacement.
These jitter-induced amplitude perturbations then propa-
gate to the supraglottal pressure P, , the subglottal pressure
P, the minimum glottal area A , the glottal flow U and its
time derivative (dU/dt in this paper), and, finally, the output
pressure from the vocal tract P,. In this paper, we study the

possible mechanisms for these perturbations.

Method and Model

An interactive computer simulation of the vocal
fold and vocal tract system has been used to model the
behaviour of the folds under conditions of FM subharmonic
modulation of the vocal fold tissue displacement.
Subharmonic modulation of order 1/2 was chosen so that
any changes in the plots could be observed by inspection. An
FM extent level of 30% was chosento exaggerate the effects,
although it is acknowledged that this is likely to be much
greater than values typically found in human phonation. The
model, SPEAK-model 2, was developed at the University of
Jowa by one of the authors. It incorporates source-tract
interaction, but does notincorporate self oscillation. Instead,
there is direct control of tissue displacement by a mathemati-
cally described driving function. Empirical relationships
previously described in the literature involving F,, vocal
fold length and thickness, mucosal wave velocity, lung
pressure, and transglottal pressure are used to define the
behaviour of the system. The effects of modulation are then
demonstrated as mechanisms supported by these equations.

Figures from the simulations are used to illustrate the phe-
nomena.

Modeling Equations

An early description of the model was given by
Titze (1984) and a brief outline is given here. Consider the
top view of the vocal folds (Figure 1). The vocal processes
areatx =+/-{ ,, aty=0. The lowest mode of vibration occurs
as a half-sinusoid in the y-direction. When { is small,
complete closure can occur, while for large values, a glottal
chink causing flow leakage occurs (the parameter h in
Figure 1 indicates the height of the chink).

Figure 1. Top view of vocal fold model. From (Titze 1994).

For the simple case without jitter, the edges of the
vocal folds oscillate sinusoidally in time with an angular
frequency @ = 2nF . The glottal width at any point on the y
axis (as the folds move outward) is defined as

g(y.t) = 2[E(1-y/L) + § sin(wsin(my/L)] (1)

where L is the vocal fold length, and {_ is the maximum
vocal fold displacement (at y =L/2). The first term in (1) is
the prephonatory (static) glottal width.

To make the model respond in a manner similarto
the human folds, empirical relationships extracted from the
literature have been utilized. For example, it is known thatl;m
is dependent on lung pressure and F,. The following rule is
adopted from Titze (1988):

§, = 17.4P 5F 8 0)

where P, is the lung pressure.

Figure 2 shows a three dimensional view of the
folds. A z-axis has been added to describe the motion of the
mucosal wave as it travels from the bottom to the top of the
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folds. If the vertical dimension is sliced into layers, each
layer k can have its own value of initial condition {, and
maximum displacement {_,. The propagation of the mu-
cosal surface wave can then be obtained by replacing sin{wt)
in equation (1) with sin(w(t-z/c)), where z is the vertical
point under consideration and ¢ is the mucosal wave veloc-
ity. If the vertical axis is sliced into N layers, the phase
between layers is assumed to vary linearly between layers
from the bottom (k=1) to the top (k=N) of the z-axis:

¢, = o(t-z/c) = at-kT /(Nc)) &)

where ¢, replaces wt in equation (1) and T' is the thickness
from bottom to top.

Titze, Jiang and Hsiao (1993) conducted an experi-
ment to measure c. They examined the motion of two
sutured points on a canine hemi-larynx placed in the vertical
dimension. The time required for the displacement of the
superior suture to ‘catch up’ to the displacement of the
inferior suture was measured by observing the time taken to
pass a certain point (i.e., the arrival time with respect to a
coordinate along the transverse dimension). This time was
interpreted as an indication of the wave propagation speed.
Inthe results section of the paper, the authors discuss the fact
thatthe inter-suture distance (and the overall thickness of the
folds) may vary during vibration as a function of F,

We present an equation which takes this thickness
variation into account:

¢/T' = aF /T, 4
where T, is the nominal thickness at rest, T ' is the thickness

during vibration fora given F, anda is a constant parameter
of value 0.01 meters (Titze, unpublished data).

Ribbon

Figure 2. Three dimensional view of vacal folds. From (Titze 1994).

From the above driving equations, the glottal width
g at any point (y,k) may be obtained:

g(y.kit) = 2[5, (1-y/L) + € sin(¢)sin(ry/L)]  (5)

The glottal area between the symmetric folds at any layer k
can be calculated by integration, and the minimum glottal
area A, observable by a photoglottogram, can be estimated
by finding the minimum area layer at each point in time.

The glottal flow is determined by the subglottal
pressures P, and the supraglottal pressure P, , the glottal area
Ay the densnty p, and an empirically detenmned pressure
coefﬁcnent k;

P,- P, =kpUIU/A 2 (6)

An /a/ vocal tract shape is modeled using wave reflection
equations (Liljencrants, 1985; Story, 1995).

Frequency Modulation

If F, is sinusoidally modulated, then the instanta-
neous fundamental frequency can be written as:

F, = F(1 + Ecos(2nF, 1)) )

where F_ is the unmodulated fundamental frequency. In
equation (1), g(y,t) now becomes frequency modulated at a
modulation frequency F_ and an extent E, proportional to
F_/F,. Figure 3 illustrates the basic shape of the modulated
displacement when F = 125 Hz, F_ =62.5 Hz, and E=0.2.
The effects of Equation 7 propagate through the model in the
following ways:

Modulation of the Mucosal Wave Velocity

The mucosal wave velocity ¢ is modulated because
it varies with F' according to Equation 4. This modulation
effect then propagates into Equations 3 (where the param-
eter U becomes modulated) and 5 (where the parameter o,
becomes modulated). Consider the signal in Figure 3. It
might represent the oscillation of the bottom layer (k=1) of
the folds. If a constant time delayed version of this signal is
used to represent the top layer (k=N) of the vocal folds,

: s«n[\Not+rnodoxl 2pi* sin(Wm\)]

0 0005 001 0015 002 0025 003 0035 004 0045
FOw125Hz : mod_fraqm=625Hz : mod_extonte 20% 008

Figure 3. Subharmonic Frequency Modulated Sinusoid. F,=125 Hz,
F_=625Hz E = 20%
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Figure 4. Time delayed FM subharmonic (1/2) modulated sine waves and
the minimum aperture wave result.

amplitude variations will occur in the minimum glottal area
wave A . These variations in the minimum glottal area are
depicted in Figure 4 (described as minimum aperture). Such
peak-to-peak variations in the minimum aperture appear
regardless of the relative amplitudes of the waves. However,
consider the top of the folds to be oscillating with a constant
phase delay relationship. The minimum glottal area exhibits

no amplitude variations here (Figure 5). It is shown in.
Appendix | that the minimum glottal area in Figure 5 will-

always be free of amplitude variations, regardless of the
relative amplitudes of the top and bottom displacements
provided that a constant phase lag is maintained between the

. layers and that each of the contributing displacements ex-
hibit no amplitude variations independently.

In our vocal fold model, if ¢ is proportional to the
‘nominal’ value F;, it can be shown analytically that a
constant time delay mucosal wave will be observed (see
Appendix 2). However, if ¢ is instead proportional to the
instantaneous value of fundamental frequency F, it is also
shown in Appendix 2 that a constant phase delay relation-
ship will be produced. Studies on the mucosal wave e.g.
(Titze 1989) report a constant phase delay, although an FM
situation is not considered. It remains to be demonstrated
which type of delay - constant time, constant phase, or
neither - actually occurs for FM modulations of the vocal
folds.

Figure 6 demonstrates what happens in the driven
vocal fold model when the nominal average value of F is
used for both the maximum vocal fold displacement and the
speed of mucosal wave propagation. The displacement
signal x (the glottal width g(y,k,t) fory=L/2 andk=21 [the
top layer]) exhibits FM behaviour, but no peak amplitude
perturbation. The glottal area waveforms (nonminimum)

Botiom Segment with Phase-Lagged Top Segment [ phase lag = 60 deg ]
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Figure 5. Phase delayed FM subharmonic (1/2) modulated sine waves
and the minimum aperture wave result.

for three layers on the z axis (bottom (k=1), middle (k=10),
and top (k=21)) show a similar result to Figure 4. The FM
subharmonic in x produces amplitude perturbations in mini-
mum glottal area A, the flow U, the flow derivative dU/dt
and on into other signals in the vocal tract. The results
indicate shimmer in A . due to a constant time delay, as
predicted earlier. Note that the contact area CA does not
exhibit any amplitude perturbations, and that thexand A,

P
WWMWMM‘W&MMWN}WQW e,
NITITTIITINITIvIe

Figure 6. SPEAK generated subharmonic (1/2) array of signals. Assumes
F,is constant for Equations 2 and 4, causing a constant time delay between
displacements.
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Figure 7. SPEAK generated subharmonic (1/2) array of signals. Assumes
F,,is constant for Equation 2, and varies for Equation 4, causing a constant
phase delay between displacements.

A, »and A, plots are on an expanded time scale relative to
the other plots, so that the effect of overlapping A, wavescan
be seen (this applies to Figures 6 through 10).

Figure 7 demonstrates the situation when the in-
stantaneous F' is used for the mucosal wave speed. A
constant vibrational amplitude is assumed (time varying € |
will be discussed later). The three glottal area waves induce
no visible minimum aperture amplitude variation in A_ or
CA, aspredicted by the previous discussion. The glottal flow
U, however, does exhibit amplitude variations, which then
propagates into dU/dt and on into the vocal tract. The cause
of this variation is discussed next.

Transglottal Pressure, Glottal Area, and Glottal Flow
Signal Slopes

The glottal flow U in Figure 7 demonstrates ampli-
tude perturbation even though A, does not. This occurs
because of a combination of two effects. First, from Equa-
tion 6, U is related to A, and the transglottal pressure P -P, .
P, is affected by vocal tract inertance, causing the flow to
skew to the right (i.e. the peak in U is delayed relative to the
peak in A). Second, while the peaks of A_ are the same
height, the negative closing slope varies due to the FM
modulation. This is illustrated in dA , inFigure 7 (although
the negative peaks in dA, vary only slightly in amplitude, it
is enough to modulate the peak flow). As a result, the value
of A_at the instant of peak flow will vary, causing changes
in U via Equation 6.

Ay
Ayo
Ay

X

Figure 8. SPEAK generated subharmonic (1/3) array of signals. Assumes
F, is constant for Equation 2 and varies for Equation 4, causing a constant
phase delay between displacements, but uses 1/3 subharmonic to generate
displacement slope changes.

This phenomena can be seen in Figure 8, in which
the model is modulated with a 1/3 FM subharmonic. Again,
A, exhibits no amplitude perturbation, while U, dU/dt and
subsequent propagated signals exhibit amplitude changes.
The slopes of A_ (or equivalently, the negative peaks in dA)
clearly influence U, which in turn influences dU/dt. The
negative slopes in both U and A, appear to be the determi-
nants of peak magnitudes in the vocal tract pressure signals.

Modulation of {

If §_ were constant, the glottal width equation (1)
would vary sinusoidally for constant F. When-a time vary-
ing relationship between{_ and F,' is assumed for Equation
2 (againassuming that these equations apply to dynamically
modulated conditions), direct amplitude modulation of the
maximum tissue displacement occurs. Figure 9 assumes a
constant phase delay (F,' used in Equation 4) and dynami-
cally varying {_. The displacement x shows both amplitude
and frequency modulation. As a result, amplitude perturba-
tion appears in all other signals (except for CA) in Figure 9.

Discussion

This study has identified several sources of shim-
mer. One source is the modulation of the maximum ampli-
tude of vibration (), which directly influences the ampli-
tude of the glottal areas. A second source is the slope of the
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minimum glottal area (A, which determines the peak in the
flow wave (in conjunction with the inertive load of the vocal

tract). It should be noted that it is the slope of the flow wave, -

not the peak, which is closely tied to the excitation of the
vocal tract pressure wave (P,). Often it is this peak in P that
is marked and measured in voice waveform analysis.

It is necessary at this point to consider whether ¢
and {_ are likely to vary instantaneously with F or, as an
alternative, they are likely to be proportional to the nominal
F, instead. In the driven model, ¢ and {_ are empirically
related to F,, and therefore, F,'. In self oscillating models
using multi-mass-springs or finite elements, the relationship
of cand { to F, is not explicit, but occurs as a natural
consequence of the tissue stiffness parameters. -

Two alternative scenarios to the proposed mecha-
nisms remain to be considered: (1) the mechanisms of
shimmer when ¢ and {_ do not vary with F,' in the driven
model, and (2) the mechanisms of shimmer in a self oscillat-
ing model.

Consider the first case. If ¢ is proportional to the
nominal F, a constant time delay system between the top
and bottom of the folds results, producing shimmerin the Ag
peaks (demonstrated in Figure 4). The amplitude of vibra-
tion Cm, however, will be constant, and will thus disappear as
a source of shimmer. Therefore, regardless of whether F,or
F,'is used in the empirical relationships, some form of jitter-
induced shimmer occurs. In addition, the shimmer in the

o o
el e e~

Figure 9. SPEAK generated subharmonic (1/2) array of. signals. Assumes
F,’ (time varying) is used for Equations 2 and 4, causing a constant phase
delay between displacements, and amplitude modulation of the
displacement.

flow and flow derivative due to changing A slopes-and
inductive vocal tract loading remains.

For a self oscillating multiple-mass-spring
model, F, is determined approximately by the equation F,=
‘J(K/m)/Z‘n: where K is an approximation to the overall tissue
stiffness. K is often approximated as a nonlinear cubic
stiffness i.e. the force contribution from K is proportional to
the cube of the displacement. Ina human vocal fold, changes
in the stiffness of the muscle can occur due to dynamic
muscle tensioning, where the cubic stiffness relationship
increases the force contribution greatly as the tissue is
displaced. The mass-spring model developed by Wong
(1991) exhibited 1/2 order subharmonics when the stiffness
was decreased asymmetrically. This was likely due to the
nonlinear cubic response of the spring (Minorsky, 1962), or
to the left/right vocal fold asymmetry (Herzel, 1995).

We have also used the three mass body-cover
model developed by Story and Titze (1994), and simulated
a case of bilateral vocal fold paralysis. This was done by
decreasing the stiffnesses symmetrically by a factor of 10
from the normal case. The results appear in Figure 10. An
amplitude and F, subharmonic can be observed. The first
plot represents the speech output P, and the second plot
shows the upper and lower cover displacements (the lower

- displacement leads the upper). Note the changing peak

amplitudes from cycle to cycle in the displacements. This is
analogous to the {_ modulation in the driven model. A
numerical time/phase delay analysis of the displacement
signals (Lange et al., 1995) indicates that the relationship is
neither purely time delayed nor purely phase lagged. This
would suggest that ¢ is neither a constant nor a strict linear
function of F. Although A_is not plotted, it can be approxi-
mated as the minimum between the two displacements

Speoch out PO

—t

1&” 1500
upper and lower displacoments
30 1000

2000 2500 3000 3500 4000

1500 2000 2500 3000 3500 4000
glotta! flow

1500 2000 2500 3000 3500 4000
glottal flow dorivative

™ T2

‘hocn

1000 1500 2000 2500 3000 3500 4000

T1 = 629 samp (70.1 Hz), T2 = §52 semp (79.9 Hz)
Figure 10. Results from the 3 mass body-cover self-oscillating model of the

vocal folds (Story. 1995). Shown are Speech output P, displacements,
glottal flow, and flow derivative.
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Figure 11. SPEAK generated subharmonic (1/2) array of signals. Assumes
F,' (time varying) is used for Equations 2, and 4, causing a constant phase
delay between displacements, and amplitude modulation of the
displacement. Lower folds do not close. CA exhibits amplitude shimmer.

above the zero axis. From this approximation and the glottal
flow wave, one can identify the A, peaks and slopes as
sources of shimmer. The flow slopes also become a source
of shimmer in the flow derivative signal.

Returning to the SPEAK simulation, it is interest-
ing to note that the contact area CA is amplitude insensitive
to FM. CA can be measured with the electroglottograph, and
it would be useful to know whether the CA demonstrates
shimmer or not. It is a measure of the electrical conductivity
measured from one side of the folds to the other. In all the
examples that have been given, complete closure was
achieved (the z layers were preconfigured so that the initial
le were close together, causing CA to reach a maximum for
all cycles). Figure 11 illustrates the case where this assump-
tion is relaxed, resulting in incomplete closure for some of
the layers in the z-axis. As a result, CA exhibits amplitude
perturbation. It should thus be noted that the ability of CA to
demonstrate glottal displacement amplitude perturbation is
limited due to ‘saturation’, because it is inherently ameasure
of behaviour during collision rather than glottal opening.

Since the electroglottograph does not directly re-
flect maximum tissue displacement, it may be an unreliable
indicator of shimmer, especially if complete closure of the
glottis is maintained.

Summary

The interactions among several voice production
variables have been qualitatively described for a driven
model of vocal fold displacement. The mechanisms identi-
fied here suggest that shimmer in the glottal flow U occurs
from slope changes in A , while direct modulation of the
peak tissue displacement‘tm will affect A,.

The observations made here suggest further study.
The simple model we have studied drives the tissue displace-
ment explicitly using predetermined fundamental frequency
behaviour. While the mechanism due to slope changesin A,
islikely to be common to all classes of vocal fold models, the
empirical equations relating {_ and c to F, are not used in
self-oscillating models, since F is not directly controlled.
An examination of the three mass body-cover self-oscillat-
ing model has been attempted, in which the stiffness of both
folds was decreased. The results suggest that our observa-
tions regarding {_and A_ shimmer in the driven model are
confirmed by the self-oscillating model.
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Appendix 1

Two sinusoidal functions which differ by a con-
stant phase lag will intersect each other at a constant value
(a constant “height” y =y ).

Define:
f(@) = asin(a)
f(0) = bsin(a +9¢)
o is an arbitrary phase angle.

(ab) are the coefTicients on the sinusoid which
yield arbitrary magnitudes in f and f,.
¢ isthe constant phase lag between f, andf,.

« may be a function of [wt]; wherein, ® is a constant
frequency of arbitrary value. o may also be a function of
(t); wherein, the sinusoidal frequency is modulated con-
tinuously over time. In other words, f, and f, are restricted
to being constant maximum-amplitude oscillations, butthey
may exhibit jitter.

Let (o = ) be a particular phase angle where f
and f, intersect.

Then
filo) = fi(&) = ¥,
asin(o) = bsin(a,+¢) = y,
asin(a) = bsin(a) cos(d) + b cos(ar,) sin(9)
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Thus
sin(a) [a - beos(9)] = b cos(ar) sin(¢)

and

sin(a,) / cos(e,) = bsin(¢)/[a - b cos(d)]
o, sin(¢), cos(¢),a, andbareall constants. Therefore, define:

k =bsin(¢)/[a - bcos()]
tan(o,) = k
o, = tan'(k)

This means thatf, andf, intersect at the phase angle
(o= 0, and the value (y = y,):

fi(a) = (o) = ¥, = asin [tan'(K)]

But
sin(cr) = sin(o + n27)
where
n=20,12,..
Therefore,
f(o) = asin(o) = asin(o, +n2x) = f (o, +n27)
(o) = bsin(e, +¢) = bsin(e, + n2n+¢) =
f,(o,+ n2m)
Thus

f(o, +n2r) = y, = f(o, +n27)
In other words, £, andf;, intersect at many additional points.
Each point of intersection is separated by a phase angle

(% 2x). Note that the value of the intersection (its height) is
always the same:

Y, = asin [tan”'(K)]
And the phase angle of coincidence is governed by:
o, = tan"'(k)

Furthermore,
sin(ot + ) = -sin(oY)

So that
(0, +m) = -asin(o) = -y,
fz(ao + n) = -h Sin(ao + ¢) =Y,

This means that f and {, intersect again at an another set of
points whose value is constant:

f(a, +n+n2n) = -y, = f(o, +n+n2n)

If the set of points intersecting at the value y, appear in the
upper half-plane, then their counterparts (intersecting at the
value -y ) appear in the lower half-plane.

Appendix 2

Consider the tissue displacement equations { and
€, for the top and bottom of the fold:

A2.1
A22

€, = &g +sin(o,')
C‘ = Cm +sin(@,'(t-T '/c))

where {, and C, are the initial displacements, ;' is the
fundamental frequency (possibly time varying), tis the time
variable, T'is the variable vertical thickness, of the fold and
¢ is the velocity of the traveling wave.

If F,is assumed constant, ¢ = aFT /T, then a
constant time delay equation replaces A2.2:

¢ = &, +sin(w,\(t - T,aF) A23

On the other Hand, if F,(and therefore ¢) is assumed time

varying, then ¢ = aF ' T /T or ¢ = aoy T /25T, and A2.2
becomes a constant phase lag equation:

&= Lo+ sin(wy't - T'0 2nT /(T 'awy))
= {, + sin(w,'t - 2nT/a)
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Abstract

We evaluated the proteoglycan composition of

normal vocal folds using immunocytochemical techniques. .

Frozen sections of 14 normal cadaveric vocal folds were
obtained within 12 hours of death and sectioned immedi-
ately. Vocal fold sections were stained with antibodies
against keratan sulfate, chondroitin sulfate, heparan sulfate
proteoglycan (HSPG), decorin and the hyaluronate recep-
tor. We found that the lamina propria has diffuse staining of
fibrillar components with keratan sulfate and decorin, In-
tense staining was observed in the vocal ligament area with
keratan suifate. HSPG was localized to the basement mem-
brane zone. Chondroitin sulfate, HSPG and hyaluronate
receptor were detected in the cytoplasm of interstitial cells
with immunocytochemical characteristics of macrophages.

Keratan sulfate distribution suggests that
fibromodulin may be significant in normal vocal folds.
Production of HSPG and probably versican occurs in mac-
rophages and fibroblasts in the lamina propria.

Introduction

Benign laryngeal lesions such as polyps, nodules,
scars and polypoid corditis may represent a disturbance in
the balance of the extracellular matrix constituents of the
vocal folds. To evaluate this hypothesis, it is first necessary
to characterize the components contributing to the normal
extracellular matrix in the lamina propria.

The vocal fold lamina propria consists of two
important tissue components: cellular and extracellular
matrix. As the cellular component is sparse, it appears that
the extracellular matrix has the determining biochemical

role.! The extracellular matrix is composed of two families
of macromolecules: collagen/elastins which provide the
fibrous scaffolding of the lamina propria, and the substance
of the interstitium or “filling” between the fibrous scaffold-
ing - the proteoglycans and structural glycoproteins.?

Proteoglycans are ubiquitous substances that have
been implicated in a wide variety of processes, such as cell
adhesion and migration, matrix assembly, growth factor
sequestration and regulation, immune function, binding of
plasma proteins and control of thrombogenesis.>*

Proteoglycans are composed of glycosaminogly-
can chains covalently attached via a linkage protein to a
protein core.* Glycosaminoglycans are linear polymers and
include keratan sulfate, chondroitin sulfate, dermatan sul-
fate, heparan sulfate and hyaluronic acid. Hyaluronic acid
differs from other glycosaminoglycans in that it is not
covalently attached to proteins.®

Three subgroups within the extracellular matrix
proteoglycan family have been identified: (1) small, inter-
stitial matrix proteoglycans -- decorin, biglycan and
fibromodulin; (2) large, aggregating chondroitin sulfate
proteoglycans -- aggrecan and versican; and (3) heparan
sulfate proteoglycans. This classification is based on the
similarities of the protein cores and glycosaminoglycan
chains.*” Each of the proteoglycans has characteristic
features in relation to glycosaminoglycan chains, structure,
function and localization in other tissues, as summarized in
Table 1 (following page).

Proteoglycans have not received as much attention
as the other components of the lamina propria of vocal folds.
Understanding the normal distribution and interactions of
these macromolecules may be a guide to discovering the
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‘CS-chondroitin sulfate

t KS-keratin sulfate
*DS-dermatan sulfate
SHS-heparan sulfate
‘ECM-extracellular matrix
1BMZ-basement membrane zone
“LP-lamina propria

#VF-vocal folds

Proteoglycan  Glycosaminoglycan Size
Aggrecan CS" and KS! 2,500 kDa
Versican cs >1000 kDa
Biglycan CS/DS? (2 chains) 50-200 kDa
Decorin CS/DS (1 chain) 50-200 kDa
Fibromodulin KS 59 kDa
Heparan Sulfate HS$ 55,000 to
Proteoglycan > 400,000 kDa
Hyaluronic Acid 100-5,000 kDa

Table 1.
Characteristics of Proteoglycans

Function

o binds hyaluyronic acid®

o provides a strongly hydrated space
filling gel®

« modulates the proliferative and
metabolic activities of chondrocytes
and fibroblasts'!

« plays a structural role in the develop-
ment of cartilaginous structures®?

o binds hyaluronic acid'

« ability to fill space, bind and organize
water molecules®

« role in hydration of cartilage®

o binds transforming growth factor-
(TGF-B) in vitro — feedback mechanism
regulating the synthesis of biglycan’
« absorbs to hydroxylapatite crystals
after being shed from the osteoblasts

¢ binds to collagen types [ and Il in

in vitro assays, resulting in a delayed
fibril formation and the formation of
thinner fibrils'!?

« binds to fibronectin and transforming
growth factor-§ (TGF-B)"

« binds to collagen types I and Il in
in vitro assays, resulting in a delayed
fibril formation and the formation of
thinner fibrils'*"?

« binds to fibronectin, collagen IV and
laminin'¢

« integral component of basement
membranes

« may play a role in tissue morpho-
genesis, growth contro! and
differentiation'®

« contributes to structure of ECM via
interaction with aggrecan and versican

o creates a highly viscous environment
that plays a role in molecular exclusion,
flow resistance and tissue osmosis

« influences cell adhesion and migration®!

Localization

« not found in LP™ or VF't
» ECM' of cartilage, tendon, sclera, aorta
and bone***

« found in macrophages and fibro-
blasts in LP and VF

« expressed by fibroblast cells

o isolated from various cell cultures and
tissue sources, such as intima of aorta®

« has not been searched for in the VF

o CS: fetal/young bone

« DS: articular cartilage, skin, tendon and
sclera’®¥?

» specialized cell types in developing
human tissues including bone, cartilage,
blood vessel endothelial cells, skeletal
myofibrils, renal tubular epithelia, and
differentiating keratinocytes****

« found in ECM (fibrillar component) of
superficial LP of VF

¢ CS: developing bone

o DS: cartilage, skin, tendon and sclera®

« found in ECM (fibrillar component) of
intermediate and deep layers of LP and VF
« found in vocal ligament area

o cartilage, tendon, skin, sclera and
comnea'?*

« found in BMZ' of VF

« found in macrophages and fibroblasts
of LP of VF

* ECM of cultured epithelial and
mesenchymal cells (i.e. human lung
fibroblasts)!°

o found in macrophages and fibroblasts
of LP of VF

¢ ECM of synovial fluid, umbilical cord,
dermis, subcutaneous tissue, and

cartilage'*
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~ function and interaction of components of the extracellular
matrix and eventual correlation with various disease states
of the vocal folds. We therefore undertook this descriptive
study of normal vocal cord proteoglycans.

Materials and Methods
Tissues Studied

Frozen sections of 14 normal cadaveric vocal folds
(no known laryngeal injury, no history of laryngeal
intubation) were obtained within 12 hours of death and
sectioned immediately. Sections were cut using an
Instrumedics attachment to a Tissue Tek Cryostat.

Antibodies
Commercially available antibodies and their dilu-

tions used in this study were as follows:

-Anti-keratan sulfate (Clone 5D4) (ICN Biochemicals)
1:500

-Anti-proteoglycan DI-6S (Clone 3B3) (ICN
Biochemicals) 1:50 (epitopes recognized: 0-, 4-, and 6-
chondroitin sulfate)

-Anti-Heparan Sulfate Proteoglycan (Chemicon) 1:20

-Anti-hyaluronate receptor (Life Technologies, Inc.)
1:100

-Anti-decorin (PG40) (Life Technologies, Inc.) 1:50

-Anti-CD 68 (DAKO) 1:100 (stains cells of macrophage
lineage)

Immunocytochemical Method

For the immunocytochemical studies, frozen sec-
tions of normal vocal fold were stained with each antibody
and compared with the staining of normal skin frozen
sections. Antibodies directed against specific proteoglycans
and glycosaminoglycans were detected in tissues using the
avidin-biotin immunoperoxidase method and
diaminobenzidine as a substrate.® In the case of decorin, an
indirect immunofluorescence method was used with a fluo-
rescein conjugated anti-mouse IgG as the secondary re-
agent.’ Controls of skin were used with each staining
process.

Interpretation of Results

The intensity and distribution of staining of the
peroxidase and immunofluorescence localized antibodies
were evaluated by one observer who examined vocal fold
slides and compared them to control skin slides stained
similarly. The intensity of staining in vocal folds was graded
as 0+ to 3+ based on its relationship to the control. If the
staining of the specimen was as intense as that found in the
control, the grade was considered 3+. Weak staining was
considered as 0 to 1+. Intermediate grades of staining were
considered to be 2+.

Results
Keratan Sulfate and Decorin

We have found that normal vocal fold lamina
propria has staining of fibrillar components with keratan
sulfate and decorin (intensity of 2+). Decorin was more
prominent in the superficial rather than deeper layers (Photo
1, see center plate). It is also of interest, that a very intense
staining of the vocal ligament area occurred with keratan
sulfate (intensity 3+) (Photo 2, see center plate).

Chondroitin Sulfate and Hyaluronate Receptor
Chondroitin sulfate and hyaluronate receptor stain-
ing were detected only in the cytoplasm of cells inthe lamina
propria (intensity 2+ for both) (Photo 3, see center plate).
Many cells which displayed cytoplasmic staining had im-
munocytochemical characteristics of macrophages. Serial
sections stained with antibody directed against CD68 illus-
trated that many cells (up to 25%) were positive for CD68
and proteoglycans. Remaining cells not staining with CD68
were spindle-shaped and were presumed to be fibroblasts.

Heparan Sulfate Proteoglycan

Heparan sulfate proteoglycan, an integral compo-
nent of basement membrane in probably all mammalian
tissues,'® was localized to the basement membrane zone of
the vocal folds and blood vessels (intensity 2+). In addition,
a cytoplasmic localization in macrophages and spindle cells
(presumed to be fibroblasts) in the lamina propria was also
observed (intensity 2+).

In summary, the fibrillar component of the lamina
propria stained with keratan sulfate and decorin, vocal fold
ligament stained with keratan sulfate, basement membrane
zone stained with heparan sulfate proteoglycan, and cyto-
plasm of many macrophages and perhaps fibroblasts stained
with heparan sulfate proteoglycan, chondroitin sulfate and
hyaluronate receptor (summary results in Table 1).

Discussion

The results of this work indicate that diverse
proteoglycans are found in the lamina propria and may play
animportant biologicrole, as demonstrated for proteoglycans
present in other tissues.

The intense staining of the fibrillar components of
the lamina propria and specifically of vocal fold ligament
with keratan suifate suggests an important role for the
proteoglycan fibromodulin. The staining pattern for this
proteoglycan outlines the vocal ligament area in a way not
previously fully appreciated by the authors. Previous de-
scriptions of the vocal ligament have been based on histo-
logic stains of elastin and collagen. The delineation between
the superficial tissues and the deeper structures such as the
vocal ligament is often not clear histologically. The keratan
sulfate stain demarcates an area which appears to correlate
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with the vocal ligament. Fibromodulin, with its keratan
sulfate glycosaminoglycan attachments, has been found to
bind collagen types I and II in other tissues. Collagen I and
11 also have been localized to lamina propria and are known
to be major components of the vocal ligament. The presence
of fibromodulin in the extracellular matrix results in delayed
collagen fibril formation leading to formation of thinner
fibrils and inhibition of collagen matrix contraction.'-3

Decorin, a proteoglycan present mainly in the
superficial layer of the lamina propria, has functions in
common with its family member fibromodulin. It binds to
types I and II collagen fibrils and changes the kinetics of
collagen fibril formation. Thisbinding is thought to regulate
the size and morphology of collagen fibrils. In vitro, the
presence of decorin has resulted in thinner and smaller
collagen fibrils.!"""* It is curious that fibromodulin and
decorin are closely related proteoglycans, both in function
and structure, yet decorin is found predominantly in the
superficial layer of vocal fold lamina propria and
fibromodulin is intensely present in the intermediate and
deep layers of the vocal fold lamina propria. As these
findings are correlated with our knowledge of collagen fiber
population density in the various lamina propria layers, a
biologic and perhaps therapeutic role may be established for
these proteoglycans.

Aggrecandoes notappearto have animportantrole
in vocal folds, as indicated by our results. Since aggrecan
has both chondroitin and keratan sulfate giycosaminogly-
cans, it would have been expected that the pattern of staining
of these glycosaminoglycans would overlap if aggrecan
were present. We did not find this congruency of staining.
By contrast, versican appears to play a role in the lamina
propria of the vocal fold. Its presence is suggested by the
finding of abundant cytoplasmic staining of macrophages
with antibody against the hyaluronate receptor. Versicanis
involved in interaction with hyaluronic acid. Versican’s
structure includes a hyaluronic acid binding domain and
consequently its activity is thought to be related to hyalu-
ronic acid in the extracellular matrix."* Hyaluronic acid,
which can have voluminous configurations with large, re-
peating networks of molecular structure, is important in
tissue viscosity, osmosis and flow resistance.!* These prop-
erties may make this proteoglycan very important in tissue
oscillation.

Heparan sulfate proteoglycan is found in basement
membrane zones and also binds matrix components such as
collagen IV, laminin and the structural glycoprotein
fibronectin.'® Fibronectin is present in normal vocal fold
lamina propria although it has been implicated in benign
laryngeal disease.!” Thus, the importance of interaction of
proteoglycans with fibronectin should not be overlooked
and needs further research.

The significance of heparan sulfate proteoglycan
can be further deduced by examining tissues undergoing

fibrosis and scars. The presence of heparan sulfate at these
sites during collagen polymerization may result in local
changes in the collagen matrices that affect the ability of
fibroblasts to remodel the matrix. The discontinuous pack-
ing of collagen fibrils as promoted by heparan sulfate,
results in abnormal arrangements of collagen fibrils and
decreased tensile strength of scar tissue.'® The contribution
of heparan sulfate proteoglycan must be considered in vocal
fold injury. :

Chondroitin sulfate, heparan sulfate proteoglycan
and hyaluronate receptor exhibit a common feature of stain-
ing the cytoplasm of macrophages and fibroblasts in the
lamina propria, as indicated in our research. A study
comparing glycosaminoglycan synthesis by human fibro-
blasts from normal skin, normal scar and hypertrophic scar
suggests the influence of these specific proteoglycans/gly-
cosaminoglycans on organization of collagen following
vocal fold injury. Hypertrophic scar tissue contains in-
creased amounts of chondroitin sulfate, dermatan sulfate,
heparan sulfate and hyaluronic acid. In addition, the col-
lagen from hypertrophic scar has an altered 3-dimensional
arrangement compared to that found in normal skin and
normal scar. It appears that increased amounts of gly-
cosaminoglycans protect the collagen from normal remod-
eling by collagenase, leading to the collagen accumulation
and excessive scar formation.'? Therefore, increased syn-
thesis of proteoglycans/glycosaminoglycans by fibroblasts
secondary to a vocal fold injury, may result in scar formation
(as evidenced by increase in collagen fibers). This subse-
quently could lead to dampening of the mucosal wave and
result in decreased vocal fold vibration. Assessment of
those proteins in benign laryngeal disease is needed.

The cytoplasmic localization of glycosaminogly-
cans in lamina propria of normal vocal folds suggests a role
for these macromolecules in responses to inflammatory
stimuli. It has been shown that glycosaminoglycan synthe-
sis is altered in the presence of the cytokine IL-1, a central
mediator of inflammation. IL-1 causes fibroblasts to pro-
duce less versican and more hyaluronic acid (see table I,
biological properties of both).2>#' Such changes could have
pronounced effects on vocal fold lamina propria properties.
By contrast, macrophage chondroitin sulfate production has
shown to be increased by exposure to inflammatory stimuli
such as bacterial polysaccharide.? Since macrophages can
produce IL-1 in response to inflammation, they can directly
influence fibroblast production of these glycosaminogly-
cans as well.

Insummary, using monoclonal antibodies, we have
demonstrated that decorin and probably fibromodulin have
a lamina propria layer specificity. Other proteoglycans are
also present in the lamina propria. Alteration in the concen-
tration or production of the proteoglycans could have a
profound effect on the physical properties of the extracellu-
lar matrix. Our observations establish a baseline for the
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normal distribution of proteoglycans. Further study will
allow precise quantitative analysis of macromolecules, as
well as elucidation of specific vocal fold disease states that
exhibit distinctive changes in the proteoglycan/glycosami-
noglycan content and distribution in the lamina propria.
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Abstract

The lamina propria of vocal folds are important in
voice production. We undertook an evaluation of the
morphologic features of elastin and hyaluronic acid, two
important constituents of the lamina propria. Thirty normal
human vocal folds were obtained from patients dying of
traumatic causes without vocal fold injury. These tissues
were immediately prepared for histologic and ultrastruc-
tural examination by standard methods. For specific study of
the ultrastructure of the layers of the lamina propria, 6 vocal
folds were divided horizontally through the mid plane of the
lamina propria.

We found that the elastin composition of the vocal
folds is variable, the largest amount being seen in the mid
portion on elastin-van Gieson (EVG) staining and ultra-
structural evaluation.. The superficial layer of the lamina
propria contains fewer large elastin fibers. In this region, we
found that elastin was predominantly composed of elaunin
and oxytalan which stain poorly with EVG. Using computer
assisted image analysis, we quantified the differences in
elastin composition between the layers. The amount of
elastin varied between men and women and these differ-
ences could not be accurately measured by the methods
employed. Hyaluronic acid was abundant especially in the
mid portion of the lamina propria and was significantly more

abundant in men than women on quantification. The signifi-
cance of these observations in normal vocal folds is dis-
cussed.

Introduction

Although it is known that the composition the
lamina propria of the normal vocal fold plays an important
role in the in the biomechanics of sound production, few
detailed morphologic studies have described the character-
istics of this vocal fold region in normal human subjects. It
is imperative to determine the normal homeostasis in the
lamina propria in order to evaluate conditions in which that
balance has been disrupted. Knowing what physiological
components have been altered may permit the design of
better restorative measures.

Previous work has detailed that the lamina propria
in normal human vocal fold which is comprised of cells,
mostly fibroblasts, and matrix substances secreted by these
cells including glycosaminoglycans (GAG), proteoglycans,
and fibrous proteins including collagen and elastin
(1). Capillaries, nerves and macrophages are also found
here.

In this report, we describe our morphologic studies
concerning two important matrix constituents, elastin and
hyaluronic acid. Elastin plays a large role in the actual
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vibration of the vocal cord and is found in three distinct
forms in the lamina propria: oxytalan, which is composed of
microfibrils 10-12nm in diameter, elaunin, which is com-
posed of microfibrils and an elastic amorphous component,
and mature elastic fibers which are characterized by a large
amorphous component surrounded by small microfibrils.
Hyaluronic acid is one of the major GAGs in biological
systems. GAGs are hydrophilic molecules thatare relatively
inflexible which gives them their “space filling” character-
istic through gel formation. They also are osmotically active
because their negative charge attracts Na+ ions and there-
fore water. This osmotic activity is what the extracellular
matrix uses to resist compressive forces (2). The morphologic
studies employed a computer imaging system which en-
abled us to obtain quantitative data on the structure of
normal vocal fold matrix, which has not previously been
available (3).

Materials and Methods

Tissue Preparation _

Larynges were obtained from the Medical Exam-
iner from individuals dying of traumatic causes in which the
vocal folds were known not to have undergone injury or
instrumentation. Patient age ranged from 20-60 years old.
All vocal folds were obtained within 24 hours of death. Forty
vocal folds were prepared and processed for permanent
sections.

Larynges were examined grossly for evidence of
injury. Vocal folds were removed and cut vertically, perpen-
dicular to the free edge of the vocal cord. One 2 mm mid
section was frozen in OCT embedding compound in a
Tissue tek cryostat equipped withan Instrumedics modifica-
tion. (Instrumedics Corp, Hackensack, NJ). A facing mid-
section was fixed in Carson’s Fixative (4) and embedded in
paraffin using routine histologic methods. An adjacent sec-
tion was fixed in Carson’s Fixative and processed for elec-
tron microscopy.

Electron Microscopy

Thirty vocal cords were examined ultrastructur-
ally. In most cases, thin sections of matrix adjacent to the
epithelium were evaluated. To compare the ultrastructure of
elastin in the superficial and deep layers 6 vocal cords were
specially cut into two sections each. The full thickness
section of the vocal fold was bisected horizontal (parallel) to
the epithelial surface, using a dissecting scope to visualize
the epithelial surface and muscularis. This divided each
specimen into superficial and deep portions of the lamina
propria. One mm thick blocks of each were processed
routinely for electron microscopy using osmium tetroxide
post fixation, acetone dehydration and embedment in EM-
BED (EM Sciences; Fort Washington, PA). Ultrathin sec-
tions were prepared using a NOVA ultratome. Sections were

stained with Uranyl acetate and lead citrate and examined in
a JEOL 100S transmission electron microscope. For stain-
ing of elastin fiber, a 0.1% tannic acid solution was used.
Unstained sections were incubated in tannic acid for 10
minutes at 70°C. This staining causes elastic fibers to stain
black (5). Six vocal folds were examined using this proce-
dure.

Histochemical Evaluation of Histologic Sections

Four micron-thick sections of normal vocal fold
were stained to detect their elastic tissue content using
Verhoeff’s elastic tissue stain (EVG) (6). This stain uses
ferric chloride and iodine to detect elastin and acid fuchsin
as a counterstain. Forty vocal folds were examined with this
stain.

Hyaluronicacid was stained usinga Muller-Mowry
Colloidal Iron stain (7). The hyaluronic acid component was
evaluated by incubating the tissue sections for 2 hours at 37
C with (AMPc) and without (AMPs) treatment by testicular
hyaluronidase. The hyaluronidase enzyme removes hyalu-
ronic acid. Masson’s Trichrome (TRIC) (8) stain was used
to assess the collagen content. Twenty cases were examined
with this stain.

Image Analysis

The slides were analyzed using an image analysis
system specially configured for histological and cytological
studies. This systemis runona486 PC compatible computer
with a 70 megabyte hard disk. A Microimager 1400 high
resolution (1280 X 1024 X 10 bit) image scanner (XILLIX
Tech Corp., Vancouver, B.C. Canada) is mounted on an
Olympus BH2 microscope with a DPlanApo 20UV 20X
Lens and BHT 5X Photo eye piece(Olympus Corp., Lake
Success, New York, U.S.A.) forthe image acquisition. The
illumination was carefully controlled viaa DC Lamp Power
Supply (Olympus Corp, Lake Success, New York, U.S.A.).
Optical interference filters which restrict the wavelengths of
light bombarding the specimen are chosen to optimize the
measurement of the desired substance. The image was
viewed on a high resolution color monitor to be sure that the
proper image was acquired. Optimas Image Analysis Soft-
ware (Bioscan Corp, Edmond, WA) developed from macros
was used to analyze the images. The distribution and the
intensity of the substance of interest are measured and
recorded by the software.

Forthe EVG stain, a single interference centralized
at a wavelength of 630nm with 10nm bandwidth was used
which deemphasizes the pinkin the stain and accentuates the
black staining of the elastin fibers. The black fibrillar mate-
rial (elastin) was measured and a value for the extensiveness
(positive staining area per unit matrix area) and intensity
(integrated amount of stain per unit matrix area) (3) within
a given region was recorded (magnification was 100X).
Initially, random samplings with the scanner were made. It
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was subsequently found to be more effective to acquire
images of the entire thickness of the lamina propria thereby
controlling for zonal distribution of the elastin fibers. The
number of images required to cover the matrix varied with
each case depending on the thickness. The range of images
was between 7 and 13. We could not use these measure-
ments to assess the actual width of the lamina propria
because the thickness depended on the angle of cut. A vocal
cord with a perpendicular cut would appear to have a much
thicker lamina propria than the same vocal cord cut at an
angle. Relative distances (percentage of the lamina propria
crossed) can be used because they do not change. 25 vocal
folds were examined by this process.

We usedthe AMPc and AMPs stains to measure the
amount of hyaluronic acid present in a given region in the
vocal fold. Two identical serial slides were stained. One
with AMP and hyaluronidase (AMPc) and one with AMP
alone (AMPs). The amount of hyaluronic acid was mea-
sured by imaging the two slides and calculating the differ-
ence in extent between them (the slide treated with hyalu-
ronidase would have less staining proportional to the amount
of hyaluronic acid present). No filter was used with the
transmitted light because only one color of stain was re-
corded (pink) unlike the EVG stain where there were two
(black and pink).

Results

Elastin Composition of the Lamina Propria

Histologically, the elastin could best be observed
in an EVG stain. The large elastin fibers were most numer-
ous in the intermediate layer of the lamina propria. How-
ever, abundant, tiny fibrils were also observed in the super-
ficial portion (photo 4; see center plate). By electron micros-
copy, we found that the type of elastin present in the
superficial layers was distinct from mature elastin fibers.
The elastin in the superficial layer was either in the fibrillar
form (oxytalan), or consisted of small amounts of amor-
phous material mixed with the fibrillar component (elaunin)
(photo 5 and 6; see center plate). Mature elastic fibers were
mostly found in the mid portion and deeper layers. In these
regions large amounts of elastin fibers were found (photo 7;
see centerplate). Itisimportant to note that in comparing the
electron micrographs and the elastin found therein with the
sections stained with EVG, it appears that the immature
fibrillar elastin does not stain nearly as well as mature elastic
fibers. The data is tabulated in Table 1.

Quantitative Elastic Layering in the Lamina Propria
Using image analysis on EVG stained slides of
normal vocal fold,, we found that the vocal fold was
separable into three distinct layers. Although these layers
differed in thickness with each patient, the presence of the
layers in every patient was consistent with this model (photo

Table 1.
Hyaluronic Acid Content in Males and Females

Male Hyaluronic
Acid Content

Female Hyaluronic
Acid Content

26
14
44
14
31
29
31
35
25
24

N — b WwWwWw
N

w

Average = 27.3 Average = 9.6

This table displays the relative amount of hyaluronic acid
present in males and females using an image analysis system.
Each value represents an individual patient.

8; see center plate). By EVG staining, the superficial layer
of the lamina propria appears to contain little elastin
staining. The mid portion shows increased amounts of
elastin. Inthe deepest layer, the amount of elastin decreases.
This is consistent with the literature (1).

Comparisons were done with respect to gender and
the EVG stain. While the layering remained constant, the
amount of elastin present varied in each case. There was
enough variance to override any conclusions with respect to
gender.

Quantitative Hyaluronic Acid Composition of the Lamina
Propria

Table 1 shows the distribution and quantification
of hyaluronic acid in the lamina propria of men and women.

. Weobserved that men had a threefold increase in the amount

of hyaluronic acid present over females. This difference was
highly significant (p<<.01), using the Wilcoxon Signed
Rank Test which tests the hypothesis that the dataina given
data set are randomly distributed and that there are no
underlying groups.

Discussion

In this study we have described and illustrated
evidence indicating that layers of the lamina propria of the
normal human vocal fold are morphologically distinct.
These observations are important because much of the
mechanics of the vocal fold is dependant on the size and
composition of the lamina propria (9). Changes in the
lamina propria affect the performance and elasticity of the
vocal fold which can cause dysynchronous vibrations. For
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example, a stiffer, thinner lamina propria will cause the
vocal fold to oscillate faster and have a lower amplitude(9).
The individual layers of the vocal fold have been
studied using the EVG stain (1). In this report, it was found
that in the superficial layer, elastin is scanty, the mid and
mid-deep layers contain a significant amount of elastin, and
the layer proximal to the vocalis muscle is somewhat less in
elastic composition. Using refined observation image analy-
sis techniques, we have established that the lamina propria
is divisible into three definable layers which have been
quantified. By using electron microscopy, we have shown
that the superficial layer does contain substantial quantities
of elastin of types which stain poorly with EVG. These types
of elastin are elaunin and oxytalan (photo 5 and 6; see center
plate) which are immature forms of elastic fibers (5).
Quantitative studies done on the difference in elas-
tic composition between men and women proved inconclu-
sive. There was a wide range of extensiveness of elastic
fibers with each individual. Most individuals regardless of
sex showed increased elastin in the midportion (1) but the
amount of elastic fibers within each layer was highly vari-
able. We intend to do similar quantitative studies with
different elastic stains (aldehyde fuschin, orcein, resorcin
fuschin) which stain immature forms of elastin as well (10)
Elastic fibers are composed of two types of pro-
teins: an amorphous hydrophobic protein and a fibrillar
hydrophilic protein. The elastic properties of an elastic fiber
are believed to be directly related to the amount of amor-
phous elastin present (11). Complete elastic fibers are
capable of being stretched to roughly two times their length
without loss of resiliency (12). The development of an
elastic fiber occurs in stages beginning with the secretion of
the fibrillar protein. This protein is then modified with an
amorphous component and then compiled into a larger
mature elastic fiber (10). This amorphous modification is a
result of the cross-linking of elastin in previously deposited
microfibrilsandisthe first step of elastogenesis(13). Oxytalan
and elaunin are believed to be interrupted states of elastic
fiber maturation differing only in the amount of cross-
linking present (5, 13). We conclude thatthe functions of the
differing types and stages of elastin are important in regulat-
ing the mechanics of the superficial layer of the human vocal
fold. Therefore the location, type, and quantity of elastin in

a given vocal fold help determine how that vocal fold will

vibrate and perform.

Oxytalan is a grouping of microfibrils 10-12nm in
diameter with no amorphous component. The core of each
fibril is electrolucent which gives them a hollow appearance
(11). Oxytalan consists mostly of hydrophilic (polar) amino
acids, contains less glycin than elastin and has no hydrox-
yproline, desmosin or isodesmosine. The thicken by lateral
addition of each microfibril and at some point are coated
with fibronectin and amyloid P components (10,14). Itdoes
not elongate under mechanical stress because of its paucity

of amorphous elastic material and therefore is more abun-
dant in tissues where stress is common (superficial layer of
tendons, cartilage) (11). This may be why it is more
abundant in the superficial layer of the lamina propria. It
was previously thought that oxytalan was completely fibril-
lar having no elastic component, but recent studies have
shown that oxytalan does indeed exhibit elastic properties
(13) It has also been hypothesized that oxytalan is partially
responsible for the folding of collagen in tendons (15).
Oxytalan gets its name because it can be stained only in the
oxidized state (10).

Elaunin is an intermediary between the completely
fibrillar oxytalan and the large amorphous and fibrillar
elastic fibers (hence its name, elaunin). Elaunin fibers are
smaller and shorter than complete elastic fibers (10) but do
contain some amorphous component. This amorphous
component is hydrophobic and rich in valine. It is lacking
in hydroxyproline and has no hydroxylysine. It is similar to
collagen in that about one third of the amino acids are
glycine and about 11 percent are proline (10). Little is
known about the specific function of these intermediaries.
Theyare knownto be an interruption in elastogenesis (5) and
are thought to show elastic properties of both oxytalan and
complete elastic fibers to some degree (11).

The hyaluronic acid composition of the lamina
propria was quantified in the vocal folds of men and women.
Based on our data, we conclude that the lamina propria of
vocal folds of human males and females are morphologi-
cally distinct. In past studies, it has been shown that the
lamina propria in males is usually thicker than that in
females. The thickness of the lamina propria is important
because it has been shown that there is a direct relation of
thickness to pliability of the fold (16). We suggest that this
gender specific difference is due in part to the amount of
hyaluronic acid present. Hyaluronic acid is a negatively
charged, osmotically active macromolecule which attracts
sodium ions when present (2). An abundance of hyaluronic
acid would therefore increase the amount of sodium ions
present and thus create an osmotic potential. The extra
hydration of the vocal cord would therefore make it larger
and distinct from that of a vocal fold with less hyaluronic
acid. It has been shown that the swelling involved in injury
is related to a buildup and secretion of hyaluronic acid.
Hyaluronic acid has been proven to be an osmotic regulator
in other systems(17).

One other possible application of the difference in
hyaluronic acid in men and women deals with the subject of
vocal fold nodes. Nodes are generally found in adult
fernales and are relatively sparse in adult males. Itis thought
that the reason behind this is that the adult female has a
higher fundamental frequency of vibration than the adult
male. This high frequency leads to more shock and more
numerous collisions. Another possible explanation of why
men don’t develop nodes could be the difference in hyalu-
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ronic acid content. The heightened amounts of hyaluronic
acid would give them a more shock absorbing character
through gel formation.

Hyaluronic acid has also been shown to be respon-
sive to growth factors (18). It was suggested that hyaluronic
acid transports the growth factors to the individual cells in
the extracellular matrix thereby stimulating mitosis and the
cell cycle. Many of these same growth factors had no effect
when associated with other GAGs. This is believed to occur
because most other GAGs are sulfated whereas hyaluronic
acid is not. This responsiveness to growth factors would
support the hypothesis that the size of the lamina propria is
directly related to the amount of hyaluronic acid present.

Hyaluronic acid is also involved in the support of
collagen which suggests another biomechanical signifi-
cance (19). It also ‘protects’ proteoglycans from degrada-
tion (20) and is involved in tissue proliferation, regenera-
tion, and repair including fibrogenesis and clotting (19).
The metabolism and catabolism of hyaluronic acid has been
shown to occur in matrix-forming cells such as fibroblasts
(which are found in the lamina propria of the human vocal
fold) (17). It is believed to be synthesized as a large
molecule that is gradually depolymerized. It usually binds
with aggrecan upon secretion to form new proteoglycans
(17). In a previous study, we found that the GAG precursors
to aggrecan (chondroitin sulfate and keratan sulfate) were
present in the cells of the lamina propria of human vocal
folds (21). Hyaluronic acid is also one of the major contribu-
tor to a tissue’s resistance to compression forces, likely an
important factor in voice mechanics.

In summary, the differences in the extracellular
matrix are presumably important in the mechanics and
function of the human voice. Further research will deter-
mine if differences in the makeup of this region lead to
differences in vocal performance. We hope that a better
understanding of the exact composition will help with future
clinical and preventative medicine.
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